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Abstract. 

 

Platelet activation is pathological in acute myocardial infarction (AMI). Despite treatment with dual 

anti-platelet therapy (DAPT), platelet activation can continue to occur post-AMI and has been 

linked to an increased risk of recurrent cardiovascular events. Toll-like receptors (TLRs) are 

important innate immune receptors, and platelets are known to express a subset of TLRs. The 

functional significance of these platelet-TLR pathways in AMI has not been fully examined but may 

contribute to persistent post-AMI platelet activation. Platelet-TLR expression, TLR-mediated 

platelet activation and the platelet effect on leukocyte responses to TLR stimulation were 

examined in this thesis.  

 

Platelet-TLR expression and TLR-mediated platelet activation was examined for a subset of these 

receptors (TLR1, 2, 4, 6 and 9) in healthy subjects and in AMI subjects on DAPT. We observed an 

increase in platelet expression of TLR1, 4 and 9 in AMI platelets compared to healthy subjects. 

Further investigation into platelet-TLR9 expression showed an increase in expression upon platelet 

activation in healthy, but not AMI, subjects. We observed direct, dose-dependent platelet 

activation in response to Pam3CSK4 (TLR2/1 agonist) and ODN2009 (TLR9 agonist) in healthy 

subjects and in AMI on DAPT. For both cohorts, platelets were also directly activated by a high 

dose of LPS (TLR4 agonist) but were not directly activated by FSL-1 (TLR6 agonist). These results 

demonstrate that some (TLR1, 2, 4 and 9), but not other (TLR6), platelet-TLR pathways can cause 

platelet activation in AMI despite treatment with potent anti-platelet therapy.  

 

For the results described above, we were unable to assess TLR-mediated platelet activation in the 

absence of anti-platelet therapy in AMI subjects as these drugs are administered before or 

immediately upon presentation to hospital. It was therefore not possible to exclude the possibility 

that DAPT was providing a degree of inhibition of platelet activation in AMI patients. To address 

this, we determined the extent to which aspirin monotherapy or DAPT could inhibit platelet 
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activation in response to TLR2/1, TLR4 and TLR9 stimulation in a cross-over study in healthy 

subjects. We demonstrated that DAPT only modestly inhibited, and aspirin monotherapy did not 

inhibit, platelet activation in response to all TLR agonists tested and platelets still became potently 

activated despite treatment with anti-platelet agents. These platelet-TLRs represent intact on-

treatment platelet activation pathways.  

 

Lastly, we determined the extent to which platelets modulate leukocyte responses to TLR2/1, 

TLR2/6 and TLR4 stimulation. Platelets were able to reduce neutrophil responses to TLR 

stimulation, and modulated PBMC cytokine and chemokine production in a complex manner 

following stimulation with LPS and FSL-1. The presence of platelets did not change 

cytokine/chemokine production in response to Pam3CSK4, demonstrating a TLR agonist-specific 

manner of platelet modulation. We further investigated the effect of platelets on neutrophil 

responses to TLR stimulation. With platelets, neutrophil activation was attenuated, and phagocytic 

activity was increased in unstimulated cultures and in response to various doses of Pam3CSK4 and 

FSL-1. Neutrophil elastase secretion was attenuated in unstimulated cultures and in response to 

low-dose stimulation with all three TLR agonists. We show that platelets can both augment and 

attenuate various markers of neutrophil function. 

 

Together, this work indicates that platelets express functional TLR pathways that can differentially 

regulate a number of thrombotic and inflammatory responses in healthy subjects and in subjects 

with AMI.  
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1.1 The role of platelets in haemostasis and thrombosis. 

 

Platelets are anucleate, blood-bourne cells that are produced by bone marrow-residing 

megakaryocytes and remain in circulation for their 8- to 10-day lifespan. Under normal 

haemostatic conditions, circulating platelets remain quiescent. However, in the presence of 

vascular injury, platelets play a critical role in thrombosis and function to localize, amplify and 

sustain the coagulation cascade at the site of injury. As the first line of defence against such injury, 

platelets adhere to the vessel wall and, from here, platelets become activated, aggregate, and 

encourage thrombus formation to plug the circulatory leak.  

 

 Platelet adhesion and activation. 

 

Vascular injury mediates platelet adhesion and activation largely through sub-endothelial 

exposure of von Willebrand factor (vWF) and collagen. Platelet adhesion is facilitated by 

expression of a number of adhesion receptors. For example, glycoprotein (GP) Ib-IX-V, which binds 

to vWF, and α2β1 and GP VI, both of which bind to collagen. Once bound, platelets are exposed to, 

and activate in response to, a multitude of factors that localize to the site of injury. The cumulative 

action of platelet secretory factors (such as adenosine diphosphate (ADP), thromboxane A2 

(TXA2), Ca2+ and serotonin) and of pro-thrombotic factors (such as thrombin and fibrinogen) leads 

to platelet activation by a number of distinct pathways [1]. These include:  

i) Extensive shape change and spreading, 

ii) Platelet degranulation, and subsequent expression and secretion of inflammatory 

mediators such as CD40L and CD62p (P-selectin),  

iii) Production of a pro-coagulant phenotype for enhanced thrombin generation, and 

iv) Activation of platelet integrin complexes such as GP IIb/IIIa, and subsequent 

aggregation. 
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 These initial platelet-activating signals are propagated via potent paracrine and autocrine 

signalling pathways that encourage activation and aggregation of circulating platelets into a 

growing platelet plug.  

 

 Platelet aggregation. 

 

Platelet aggregation is initiated by activation and cross-linking of GP IIb/IIIa [2]. GP IIb/IIIa is one of 

the most abundant platelet surface receptors [3] and maintains a low affinity for ligand binding 

when platelets are quiescent. Immediately following platelet adhesion and activation, ‘inside-out’ 

signalling converts this receptor to its active state. Fibrinogen, a major circulating coagulation 

factor, instantly occupies the binding sites of active GP IIb/IIIa [4] and acts as a bridging molecule 

to cross-link adjacent platelets, thus strengthening the growing platelet plug. Following ligand 

binding, GP IIb/IIIa induces ‘outside-in’ signalling which mediates integrin-cytoskeletal interactions 

and cytoskeletal rearrangement in order to accelerate platelet aggregation [5]. Platelets, which 

are spherical when quiescent, extensively reorganize their actin skeleton into spiky spheres with 

long pseudopod projections. Platelet-platelet interactions are further promoted within the 

resulting fibrinogen-containing platelet plug by extensive Ca2+-dependent shape change [6]. Shape 

change converts platelets from an ‘adherent’ state to an ‘aggregation’ state, and this further 

encourages platelet activation and aggregation pathways. 

 

 Thrombus formation. 

 

The fibrinogen-containing platelet plug, which is formed as a consequence of platelet adhesion, 

activation and aggregation, serves to propagate local coagulation processes at the site of injury. 

Platelets encourage thrombin generation by providing an altered, phospholipid-rich surface for 

cleavage of prothrombin into thrombin, a serine protease. Thrombin generation on the platelet 

surface also encourages ongoing platelet activation via activation of protease-activated receptors 

(PARs) 1 and 4 on the platelet surface [7]. Among other functions, the newly generated thrombin 
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can cleave soluble fibrinogen into insoluble fibrin to create a fibrin-mesh thrombus. The forming 

thrombus encapsulates circulating platelets, red blood cells and leukocytes to effectively plug the 

circulatory leak. Platelets that are newly recruited into this thrombus will signal to platelets deeper 

within the thrombus to strengthen the adhesive bonds between platelets and the sub-

endothelium, as well as encouraging the ongoing release of platelet mediators. The result is a 

thrombus that is stabilized against opposing blood flow and that blocks the circulatory leak.  
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1.2 The role of platelets in inflammation.  

 

Alongside their roles in haemostasis and thrombosis, platelets have emerged as important 

effectors of the immune system, and their responses have been characterized in both host 

defence and sterile inflammation. The functions of platelets are often two-pronged: alongside 

initiating thrombosis, these processes often initiate critical immune responses concurrently. To 

name a few examples:  

i) Platelet activation encourages platelet aggregation and primes the platelet for 

interaction with leukocytes, and  

ii) Platelet degranulation enhances platelet adhesion at the site of vascular injury and 

releases a multitude of inflammatory mediators.  

 

 Host defence.  

 

Platelets are increasingly recognized as participants in anti-microbial host defence via direct 

pathogen detection and via cross-talking with leukocytes [8]. Platelets can directly facilitate 

pathogenic clearance by various processes including the release of microbicidal proteins [9], 

pathogen internalization [10] and killing [11]. The important role of platelets in host defence has 

been demonstrated in clinical and animal models of sepsis. Thrombocytopenia in septic patients 

[12] and platelet depletion in mouse models of sepsis [13, 14] are associated with mortality, and 

platelet transfusion can ameliorate this effect on survival in mice [13]. A number of studies have 

shown that the loss of platelets can drive an elevation in plasma TNFα and IL-6 levels in septic mice 

[13, 15, 16], and these are cytokines known to be associated with mortality in infection [17]. 

Interestingly, the loss of a single platelet receptor, GP Ib-IX, is enough to induce elevated levels of 

plasma TNF-α and IL-6 in septic mice [18]. Furthermore, platelets are known to recruit and interact 

with various leukocyte subsets to promote leukocyte host defence functions, which include 

neutrophil extracellular trap (NET) formation [19] and effective antigen presentation [20].  
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 Platelets can modulate leukocyte inflammatory responses. 

 

It is tempting to suggest that platelets induce predominantly pro-inflammatory responses to 

infection [21]. However, accumulating evidence suggests that platelets can dampen leukocyte 

effector functions and this is postulated to be a mechanism to prevent rampant inflammation 

which, if left unchecked, can cause host damage [22]. Platelets are known to dampen leukocyte 

cytokine production [23-25] and this dampening effect has also been reported for platelet-derived 

microparticles [26, 27], indicating both direct and indirect effects of platelets. Some of the 

dampening effects of platelets seem to be at odds with other pro-inflammatory platelet effects. 

For example, platelets are able to mediate a reduction of ROS production by neutrophils [28, 29], 

but can also propagate NET formation in response to infectious agents [19]. These findings suggest 

that platelets can finely balance the induction of both pro-inflammatory and anti-inflammatory 

responses to infection and inflammation.  

 

The immune functions of platelets are various and diverse; it is likely that the induction of a 

particular platelet response is a combination of the type of ligand present, the magnitude of the 

immune response and the type of platelet-leukocyte interaction occurring. In particular, platelets 

are known to elicit different responses to various agonists [30, 31], which includes the differential 

release of immunomodulators from their stored granules [32, 33]. This suggests an ability to elicit 

distinct pro-inflammatory or anti-inflammatory responses depending on the type of inflammatory 

stimulus received by the platelet population.   
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1.3 Cardiovascular disease. 

 

Cardiovascular disease (CVD) is an umbrella term for any disorder of the heart and blood vessels. 

CVD remains the leading cause of death in New Zealand and accounts for 30% of deaths annually, 

many of which are premature and preventable [34]. Approximately one in 20 adults are diagnosed 

with heart disease currently, and the flow-on economic and health burden are a substantial health 

concern. Additionally, Māori and Pacific Island populations feature disproportionately in mortality 

statistics; Māori are more than twice as likely to die from CVD and 1.5 times more likely to be 

hospitalized for CVD [34].  

 

 

Coronary artery disease (CAD) is the clinical manifestation of atherosclerosis that may present 

clinically as stable angina or as an acute coronary syndrome (ACS), the latter of which is responsible 

for the majority of deaths from CVD [35]. Following an ACS, these patients have an increased risk 

of experiencing a repeat event, further confounding health and economic burdens both for the 

individual and for the New Zealand community. Atherosclerosis and ACS are a product of, among 

other processes, an intrinsically tight link between pathological thrombotic and inflammatory 

processes. These processes are discussed in more detail in the below sections.  

 

 

 Atherosclerosis. 

 

Atherosclerosis is the underlying cause of CAD, and is characterized by the accumulation of lipid 

rich plaques within the arterial wall. These atherosclerotic plaques are a complex of lipids, immune 

cells, endothelial and smooth muscle cells, collagen, and cholesterol crystals, among other 

components [36]. Atherosclerosis begins to develop in childhood and adolescence [37], and can 

remain sub-clinical but can also develop into complex and vulnerable plaques. It is the rupture or 

erosion of these vulnerable atherosclerotic plaques can cause a potentially life-threatening ACS.  
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The development of the atherosclerotic plaque is outlined in Figure 1.1. Atherosclerotic plaques 

preferentially develop at areas of the coronary artery that experience turbulent blood flow [38], 

which limits endothelial access to nitric oxide (essential for the maintenance of vascular 

homeostasis), and ultimately results in increased endothelial permeability, leukocyte adhesion and 

endothelial cell death [39]. Initial atherosclerotic development is characterized by intimal 

intracellular lipid accumulation and extracellular lipid pooling. Intimal oxidation of low-density 

lipoproteins (LDLs) results in the release of phospholipids that can pathologically activate 

endothelial cells [40]. Such induction of chronic endothelial inflammation supports initial 

atherosclerotic development. Platelet adhesion to the endothelium and platelet-endothelial cell 

interactions early on in atherosclerotic development allows for leukocyte recruitment and 

infiltration [41].  

 

 

Atherosclerosis can be considered an inflammatory disease and is characterized by mass 

infiltration of monocytes, T cells and dendritic cells and the subsequent production of pro-

inflammatory cytokines and chemokines within the plaque microenvironment [42, 43]. Leukocyte 

infiltration is a double-edged sword: for example, as a protective mechanism against excess lipid 

deposition, monocytes infiltrate into the plaque, differentiate into macrophages and engulf intimal 

oxidised LDLs. However, excess lipid accumulation within these macrophages induces a switch of 

these macrophages to pathological foam cells. These lipid-laden foam cells accumulate focally 

within the intima and initiate the formation of a necrotic core. A growing necrotic core and high 

burden of infiltrating macrophages are the hallmarks of a vulnerable atherosclerotic plaque [44]. 

 

As the plaque continues to grow and push into the lumen, further endothelial disruption results in 

proliferation of vascular smooth muscle cells (VSMCs) and increased collagen production [45]; a 

fibrous cap forms. This cap is composed of fibrous collagen and elastin with leukocyte and smooth 

muscle cell infiltration and is thicker and less cellular than normal intima. This fibrous cap forms a 

barrier between the thrombogenic plaque contents and the vessel lumen. As these atherosclerotic 

plaques develop, the artery will initially compensate by undergoing positive remodelling to allow 
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normal blood flow to be maintained [46]. Eventually, this arterial remodelling slows down and the 

atherosclerotic plaque will expand into the lumen and impede blood flow. 
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Atherosclerotic plaques form preferentially at areas of turbulent blood flow. The resultant inflammatory microenvironment causes chronic endothelial activation, 

induces leukocyte recruitment and increased cytokine and chemokine production. Recruited leukocytes and oxidised LDL move through the chronically inflamed 

endothelium. Recruited monocytes differentiate into macrophages, and macrophages engulf oxidised LDL to become pathological foam cells. Continued foam cell 

formation and endothelial cell proliferation encourages the formation of a necrotic core underneath a growing plaque. Increased vascular smooth muscle cell 

proliferation and collagen deposition encourages fibrous cap formation. As atherosclerosis progresses, the coronary arteries stiffen and, eventually, the plaque 

expands into the lumen. The fibrous cap can become unstable over time, and can erode or rupture. The thrombotic processes that occur at the site of plaque 

rupture/erosion can manifest clinically as ACS. Image taken with permission from Skeoch et al., 2015 [47]. 

.

Figure 1.1 The development of the atherosclerotic plaque.  
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 Acute coronary syndromes (ACS): definitions. 

 

As atherosclerosis develops, the coronary arteries can become stenotic and obstruct blood flow. 

This may cause symptoms, most common of which are exertional (anginal) chest pain and 

dyspnoea (shortness of breath); this is defined clinically as stable angina.  

 

Alternatively, atherosclerotic plaques within the coronary arteries can rupture or erode, causing 

thrombosis with various degrees of thrombotic occlusion. Plaque rupture/erosion can manifest 

clinically as an ACS. Sixty to 70% of ACS cases are characterized by plaque rupture and other cases 

are characterized by plaque erosion or, less commonly, coronary vasospasm [48]. ACS 

encompasses the clinical presentation of unstable CAD including: unstable angina (UA), non-ST-

segment myocardial infarction (NSTEMI) and ST-segment myocardial infarction (STEMI) (Table 

1.1). ACS typically presents with prolonged chest pain at rest, and these clinical conditions are 

characterized by varying degrees of myocardial damage. UA presents clinically as chest pain that 

occurs with minimal exertion or at rest, on the background of a history of exertional chest pain. 

UA patients will have electrocardiogram (ECG) changes that are consistent with myocardial 

ischaemia. UA is differentiated from NSTEMI, as NSTEMI presents as ischaemia that is severe 

enough to cause detectable leakage of a marker of myocardial injury, such as troponin, into the 

circulation. The extent of myocardial ischaemia in NSTEMI patients is non-transmural, with 

associated pathological ECG changes (see Table 1.1). STEMI patients will present with ST-segment 

elevation on the ECG that is consistent with transmural ischaemia and high circulatory levels of 

markers of myocardial injury. Collectively, the terms NSTEMI and STEMI can be classed under 

acute myocardial infarction (AMI). As a result of the improved sensitivity of troponin assays, the 

incidence of unstable angina is decreasing with a proportionate increase in the incidence of AMI 

[49].   



Chapter 1.   Introduction.  

Page | 12 

 

Unstable angina (UA) Non-ST-segment elevation 

myocardial infarction (NSTEMI) 

ST-segment elevation myocardial 

infarction (STEMI) 

 

 

(Increasing severity) 

 

 

 

 

Exertional pain that: 

 Has a more severe onset 

 Worsens in 

severity/length of 

episode 

 Occurs with minimal 

exertion 

 

 

Clinical features of unstable 

angina: 

 + elevation of blood 

cardiac biomarkers  

(e.g. troponin) 

 +/- ST segment 

depression and T wave 

flattening/inversion  

 

Clinical features of myocardial 

infarction: 

 + ST-segment elevation. 

Adapted with permission from Boateng et al., 2013 [50].   

Table 1.1 The spectrum of acute coronary syndromes. 
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 Pathology of ACS.  

 

ACS events are typically characterized by thrombus formation at the site of plaque rupture/erosion 

[51]. These plaques, known as culprit lesions, are frequently only mildly stenotic prior to plaque 

rupture/erosion [52]. Consequently, the onset of an ACS is not always preceded by symptoms of 

angina; rather, the onset of chest pain is often sudden and not dependent on the level of exertion. 

Atherosclerotic plaques that are most likely to rupture are often referred to as vulnerable plaques. 

These are characterized by a thin fibrous cap, a large necrotic core, infiltration by inflammatory 

cells and neovascularization [53]. The fibrous cap thins due to the degradation of collagen 

(responsible for maintaining mechanical stability) via the action of matrix metalloproteinases 

(MMPs) [54]. Particularly, overexpression of MMPs has been characterized in plaque-resident 

monocytes and macrophages, which are key players in atherosclerotic development. This indicates 

the importance of the presence of these cells for the progression of plaques towards a vulnerable 

phenotype [55]. Upon rupture/erosion of these plaques, the necrotic core is exposed and various 

pro-thrombotic components (such as Tissue Factor, collagen fragments and crystalline surfaces) 

are released into the circulation. Such release initiates and accelerates platelet activation, 

aggregation and thrombosis at the site of plaque rupture. The platelet-containing thrombus 

initially begins within the ruptured plaque, distorts the plaque and eventually extends into the 

lumen. The extent of expansion into the lumen determines the limitation of blood flow to the 

myocardium and, as a result, the extent of myocardial ischaemia.  

 

It is agreed that plaque rupture/erosion, as an isolated event, may not solely propagate an ACS 

[56]. Rupture and erosion can occur frequently but does not manifest clinically and, instead, 

contributes to plaque development [57]. A pro-thrombogenic state, local flow dynamics, and high 

thrombogenicity of the plaque components is required to propagate plaque rupture/erosion into 

a coronary event [58].   
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1.4 The role of platelets in CAD. 

 

Although critical to maintaining haemostasis during vascular injury, platelet activation and 

aggregation is pathological in both atherosclerotic development and ACS. Their participation in 

atherosclerosis and ACS can be explained by 3 processes: i) a pro-thrombotic response to 

endothelial dysfunction during atherosclerotic development, ii) a pro-thrombotic response to 

atherosclerotic plaque rupture/erosion, and 3) a pro-inflammatory response to atherosclerosis 

and ACS.  

 

 Platelets and endothelial dysfunction.  

 

Endothelial dysfunction is a hallmark of atherosclerotic development and this process can also 

cause significant alterations in the platelet phenotype, away from their physiological anti-

thrombotic state [59]. During atherosclerotic development, endothelial cells develop a pro-

thrombotic phenotype. A hallmark of this is the accumulation of vWF in their storage granules, 

which is secreted upon injury and acts as an anchor for circulating platelets [60]. Platelets are also 

exposed to a multitude of agonists in the dysfunctional endothelial cell microenvironment (such 

as collagen fibres, ADP and thrombin) [61], and these dysfunctional cells also fail to produce 

platelet antagonists such as nitric oxide [62] and prostaglandin E1 [63]. Concurrent exposure to 

various potent agonists combined with the attenuated production of dampening cues can trigger 

extensive platelet activation at the site of endothelial dysfunction.  

 

 Platelets and thrombosis. 

 

Atherosclerotic plaque rupture or erosion is a critical event in the occurrence of ACS. The sudden 

thrombotic response to plaque rupture/erosion is the most severe consequence of 

atherosclerosis. In a purely pro-thrombotic sense, platelet adherence and activation occurs in 

reaction to sub-endothelial exposure of a number of pro-thrombotic mediators (as described in 

Section 1.1). Furthermore, exposition of the lipid-rich and necrotic core into the circulation 
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prompts unstable platelet aggregation in circulation which may drive distal embolism or which 

may be incorporated into a localized fibrin-rich coronary thrombus [64]. Partial or total occlusion 

of the coronary artery, due to the formation of a platelet-rich thrombus, limits blood flow distally 

and results in myocardial ischaemia and infarction that manifests clinically as chest pain. A 

summary of the involvement of platelets in coronary thrombus formation is shown in Figure 1.2.  
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When the weakened plaque ruptures or erodes, the lipid-rich, necrotic core and sub-endothelium are exposed to pro-

coagulant factors and platelets in circulation. Platelet activation and aggregation occurs rapidly and a fibrin-containing 

platelet plug initially forms and this is primed for development of a thrombus. This thrombus forms and might occlude 

the coronary artery, leading to limitation of blood flow distally, and eventual myocardial ischaemia. Image taken with 

permission from Hansson et al., 2006 [65].  

Figure 1.2 Activated platelets contribute to the formation of coronary thrombi during atherosclerotic plaque rupture 

and ACS. 
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 Platelets and inflammation.  

 

Platelets are increasingly being recognized as critical immune cells in atherosclerosis and ACS. 

During these processes, platelets upregulate several adhesion molecules that promote platelet-

endothelial adhesion [41, 66] and promote platelet-leukocyte adhesion [67, 68]. This combination 

can promote leukocyte and platelet infiltration into the developing atherosclerotic plaque and, 

during ACS, accumulation into the growing thrombus [69]. The importance of these interactions is 

evident; knocking out the single platelet adhesion receptor, GP IIb, attenuated atherosclerotic 

lesion development in the carotid artery of atherosclerotic mice [70]. Importantly, platelet 

expression of CD62p can advance the inflammatory plaque microenvironment by promoting 

leukocyte recruitment [71] via binding to leukocyte-expressed P-selectin glycoprotein ligand 1 

(PSGL-1). The importance of platelet-CD62p expression for the progression of AMI has also been 

shown in the clinical setting. The SELECT-ACS trial evaluated the use of inclacumab, a CD62p (P-

selectin) antagonist, in NSTEMI patients. The trialists showed a significant reduction in multiple 

markers of myocardial injury (troponin and CK-MB (creatine kinase-myocardial band)) when 

inclacumab was administered <3 hours before invasive coronary intervention in this patient group 

[72, 73]. It is likely that the effect of inclacumab is mediated, in part, by neutralization of CD62p-

expressing platelets.  

 

 

Several studies have reported an increase in circulating platelet-leukocyte aggregates following 

ACS [74, 75], a process that can be dampened by anti-platelet therapy [76]. Others have also 

demonstrated the importance of platelet-monocyte aggregation as an early marker of AMI [77]. 

One important pathological consequence of the formation of these aggregates in AMI may be the 

initiation and propagation of leukocyte rolling [78]. Leukocytes within these heterotypic 

aggregates are known to exhibit increased transmigration and endothelial activation when 

compared to non-conjugated leukocytes [79].  
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CD40 ligand (CD40L) is well characterised as an immune cell activator and has been implicated in 

the progression of atherosclerosis [80], and by expression and secretion of CD40L, platelets can 

contribute to the pro-inflammatory milieu surrounding the plaque. Upon platelet activation, 

surface expression of CD40L can induce endothelial cell and leukocyte secretion of cytokines and 

chemokines. This secretion, in turn, facilitates leukocyte-endothelial cell interactions [81]. To 

strengthen these interactions, localized activated platelets also enhance MCP-1 (monocyte 

chemoattractant protein -1) secretion and ICAM-1 (intracellular adhesion molecule -1) expression 

by endothelial cells [82]. Furthermore, soluble CD40L release by platelets following activation 

represents the majority of circulating CD40L [81], and high soluble CD40L levels have been 

associated with a worse prognosis in STEMI patients [83]. From within the plaque 

microenvironment or thrombus, platelets can regulate several crucial leukocyte responses such as 

tissue factor expression [84], fibrin deposition [85] and cytokine and chemokine expression [86, 

87].  

 

 

Aside from CD62p and CD40L, platelet secretion of various other cytokines has also been linked to 

atherosclerotic progression and ACS. RANTES (Regulated on Activation, Normal T cell Expressed 

and Secreted) and Platelet Factor 4 (PF4) are released from platelet alpha-granules upon activation 

and both are considered pro-atherogenic by promoting leukocyte recruitment into the 

atherosclerotic plaque [88, 89]. Antagonism of RANTES has also been shown to reduce myocardial 

injury in a mouse model [90]. Also, IL-1β protein and mRNA is present in resting platelets, 

upregulated in activated platelets and is known to be critically involved in vascular inflammation 

and atherosclerosis [91].  

 

 

A summary of the platelet involvement in atherosclerosis and ACS is shown in Figure 1.3. The 

evidence presented above suggests that platelets respond to, and contribute to, the inflammatory 

milieu that is characteristic of atherosclerotic plaque progression to ACS, and act as an interface 

between inflammation and thrombosis. 
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Activated platelets interact with leukocytes either directly, via upregulation or activation of cell surface receptors, or indirectly, via the release of soluble mediators, 

to facilitate leukocyte transmigration. Transmigration of leukocytes contributes to the inflammatory milieu that drives atherosclerosis into ACS. Adapted from 

Lievens et al. [92] with permission. 
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Figure 1.3 Activated platelets contribute to atherosclerosis and ACS. 
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1.5 Treatment of ACS. 

 

The treatment of patients that present to hospital with AMI is determined by the type of AMI 

(NSTEMI vs. STEMI, see Table 1.1). Treatment is aimed at reducing myocardial ischaemia and 

infarction, preserving left ventricular function and optimizing the health outcomes for each 

patient. Ultimately, treatment reduces the risk of Major Adverse Cardiovascular Events (MACE) 

such as ventricular fibrillation, heart failure and cardiogenic shock [93].  

 

STEMI is typically characterized by thrombotic occlusion of the artery, causing transmural 

ischaemia, and prompt reperfusion is indicated in order to return blood flow to the myocardium. 

Percutaneous coronary intervention (PCI) is an invasive intra-arterial intervention that involves 

balloon dilation and, usually, the placement of stents in the coronary arteries at sites of severe 

stenosis or occlusion. In the setting of STEMI, PCI is the treatment of choice to restore and 

maintain blood flow in order to limit infarct size. Where PCI is not available or cannot be achieved 

in a timely manner, thrombolysis with agents such as tenecetaplase is indicated [94]. Timely 

reperfusion, compared to thrombolytic therapy, increases salvage of the ischaemic myocardium 

and, therefore, reduces patient morbidity and mortality [95]. NSTEMI is characterized by a smaller, 

non-transmural ischaemic region and blood flow to the myocardium is present but limited. Within 

the NSTEMI population, there is a broad spectrum of risk of ischaemia; low-risk patients can be 

managed conservatively and higher risk patients can be managed invasively. NSTEMI patients are 

treated with agents such as nitroglycerin and beta-blockers, but if ischaemic symptoms persist, 

invasive PCI is indicated [96].  

 

Other adjunctive therapies include analgesia, anti-platelet therapy, hypertensive medication, 

anticoagulation and statin therapy [93]. The use and effectiveness of anti-platelet therapy (aspirin, 

clopidogrel, ticagrelor) is discussed in more detail below.  



Chapter 1.   Introduction.  

Page | 21 

 

 Aspirin.  

 

Aspirin (acetylsalicylic acid) irreversibly inhibits the synthesis of TXA2 by inactivation of the 

upstream platelet cyclooxygenase-1 (COX1) [97]. Once released by activated platelets, TXA2 plays 

an important role in encouraging platelet aggregation and is also a potent vasoconstrictor. Aspirin 

has been shown to reduce the incidence of death and AMI in patients with stable angina [98], 

unstable angina [99, 100], NSTEMI and STEMI [101]. As such, aspirin is considered a drug-of-choice 

for secondary prevention of recurrent ischaemic events in ACS patients. The New Zealand 

guidelines for the management of both NSTEMI [102] and STEMI [103] patients recommend a 

loading dose of 150-300 mg and a maintenance dose of 75-100 mg daily. This recommendation is 

consistent with those of the American Heart Association (AHA) [94, 104] and European Society of 

Cardiology (ESC) guidelines [105, 106] (Table 1.2). 

 

 Dual anti-platelet therapy (DAPT). 

 

For treatment of ACS patients, aspirin is often combined with a P2Y12 receptor antagonist, which 

blocks platelet activation by ADP (see Table 1.3). The combination of aspirin and a P2Y12 receptor 

antagonist, both of which target different mechanisms of platelet activation/aggregation, is known 

as dual anti-platelet therapy (DAPT). In both patients presenting with ACS and those undergoing 

PCI, DAPT reduces adverse events when compared to aspirin alone (see, for example, the CURE 

trial [107]). 

 

1.5.2.1 Clopidogrel.  

 

Clopidogrel is an oral, irreversible, non-competitive P2Y12 receptor antagonist that is paired with 

aspirin for DAPT (Table 1.3). Clopidogrel is metabolized by the hepatic cytochrome P (CYP) 450 

system of enzymes to generate a highly unstable active metabolite (R-130964). R-130964 exerts 

its anti-platelet effects by binding to platelets that are trafficked through the hepatic circulation 
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and irreversibly inhibits ADP-mediated platelet activation and aggregation. DAPT with clopidogrel 

has been demonstrated to be a more effective therapy for secondary prevention than aspirin 

alone. The CURE [107], CREDO [108] and CLARITY [109] trials, all of which compared DAPT with 

clopidogrel against aspirin monotherapy, reported reductions in MACE (a composite of death, AMI 

and stroke at varying follow-up times) in the DAPT with clopidogrel arm. Clopidogrel, at a loading 

dose of 300-600 mg and 75-100 mg maintenance dose is recommended in addition to aspirin for 

the treatment of ACS by the New Zealand [102, 103] and international guidelines [94, 104-106] 

groups (Table 1.2).  

 

1.5.2.2 Ticagrelor. 

 

Ticagrelor is an alternative oral P2Y12 receptor antagonist that is paired with aspirin for treatment 

of ACS. Unlike clopidogrel, ticagrelor is a reversible and direct acting antagonist (see Table 1.3). 

These properties have translated clinically into more effective anti-platelet treatment when 

compared to DAPT with clopidogrel. In stable CAD patients, ticagrelor (180 mg loading /90 mg 

daily) produced greater and more rapid platelet inhibition when compared to clopidogrel (600 mg 

loading/75 mg daily) [110]. More specifically, mean platelet inhibition of greater than a 50% fall 

from baseline was seen in 98% of patients treated with ticagrelor 2 hours after administration, 

compared with just 31% in clopidogrel-treated patients. Most importantly, the PLATelet inhibition 

and patient Outcomes (PLATO) trial demonstrated more effective protection against MACE 

following DAPT with ticagrelor compared to DAPT with clopidogrel in ACS patients [111]. In this 

trial, the rate of AMI (5.8% in ticagrelor-treated vs. 6.9% in clopidogrel-treated patient group, 

p=0.005), death from vascular causes (4.0% vs. 5.1%, p=0.001) and death from any cause (4.5% 

vs. 5.9%, p<0.001) were all attenuated following DAPT with ticagrelor, in comparison to DAPT with 

clopidogrel [111]. There was no significant difference in the rates of major bleeding events 

between the ticagrelor (11.6%) and clopidogrel (11.2%, p=0.43), but there was a small increase in 

non-coronary artery bypass graft (CABG) bleeding [111]. Following this landmark trial, the New 

Zealand [102, 103] and international guidelines [104-106] for the treatment of ACS recommend 

the use of DAPT with ticagrelor over DAPT with clopidogrel. Under New Zealand and international 
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guidelines, ticagrelor is administered as a 180 mg loading dose followed by a 90 mg twice-daily 

maintenance dose (Table 1.2). 

 

1.5.2.3 Prasugrel. 

 

Prasugrel is a potent irreversible P2Y12 receptor antagonist that is available for treatment of ACS. 

The TRITON-TIMI 38 trial established the superiority of DAPT with prasugrel over DAPT with 

clopidogrel in ACS patients undergoing PCI, where the primary end-point was a composite of death 

from cardiovascular causes, non-fatal AMI or non-fatal stroke [112]. For patients receiving 

prasugrel, there was a attenuated rate of recurrent AMI, a reduction in the rate of 

revascularization of the target vessel, and a reduction in the rate of stent thrombosis when 

compared with patients receiving clopidogrel. However, treatment with prasugrel was also 

associated with a higher risk of life-threatening and fatal bleeding.  

 

Whilst prasugrel is approved for use in New Zealand, this P2Y12 receptor antagonist is not funded 

by the Pharmaceutical Management Agency (PHARMAC) for routine use in the treatment of ACS. 

In the New Zealand setting, ACS patients predominantly receive aspirin paired with either 

clopidogrel or ticagrelor.   
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Classes of recommendation: 

Class I: Benefits >>> Risk. Procedure/ treatment should be performed/administered.  

Class IIa: Benefits >> Risk. Additional studies with focused objectives needed; it is reasonable to perform 

procedure/administer treatment. 

Class III: Evidence/general agreement that the given treatment or procedure is not useful/effective, and in some 

cases, may be harmful.  

 

Levels of Evidence:  

 

Level A: Multiple populations evaluated; data derived from multiple randomized clinical trials or meta-analyses  

Level B: Limited populations evaluated; data derived from a single randomized trial or nonrandomized studies  

Level C: Very limited populations evaluated; only consensus opinion of experts, case studies, or standard of care.  

Table 1.2 Guidelines for the treatment of ACS with oral anti-platelet agents. 

 UA/NSTEMI STEMI 

 ESC [105] AHA/ACC [104] NZ arm of 

CSANZ [102] 

ESC [106] AHA/ACC [94] NZ arm of 

CSANZ [103] 

Aspirin 

indefinitely 

I A I A I Ae, 1 Cf I A I A I A 

DAPT up to 

12 months 

I A Recommended I A I C Recommended -- 

Clopidogrel I Ba I B, I Bc II Ac, IIa Ba I Cg, I Bc I B I Ca 

Ticagrelor I Bb I B, IIa Bd I B I B I B I B 

UA, unstable angina; NSTEMI, non-ST-segment elevation myocardial infarction; STEMI, ST-segment elevation myocardial 

infarction; ESC, European Society of Cardiology; AHA/ACC, American Heart Association/American College of Cardiology; 

CSANZ, Cardiology Society of Australia and New Zealand. 

a if other P2Y12 receptor antagonists are unavailable or contraindicated, b when a patient is at moderate-to-high risk of an 

ischaemic event, c as an alternative to aspirin in patients who are intolerant to aspirin, d in preference to clopidogrel for 

patients with an early invasive or ischaemia-guided strategy, e immediate administration, f indefinite administration, g 

preferably when prasugrel or ticagrelor are not available or contraindicated. 
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 Clopidogrel Ticagrelor 

Chemical class Thienopyridine Cyclopentyl-

triazolopyrimidine 

Administration Oral Oral 

Dose Loading 300-600 mg 180 mg 

 Maintenance 75 mg once daily 90 mg twice daily 

Binding Irreversible Reversible 

Activation Prodrug, variable 

liver metabolism 

Active drug, additional 

active metabolite 

Onset of loading dose effecta 2-6 hoursb 30 minutesb 

Duration of effect 3-10 days 3-5 days 

Plasma half-life of active 

inhibitor 

30-60 minutes 6-12 hours 

a time at which 50% inhibition of adenine diphosphate (ADP)-induced platelet activation was reached, 
b onset of effect may be delayed if intestinal absorption is delayed. Adapted with permission from 

Roffi et al., 2015 [105]. 

  

Table 1.3 P2Y12 receptor antagonists. 
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 Residual platelet activation in AMI patients.   

 

Despite treatment with DAPT, residual platelet activation and aggregation has been observed. 

High on-treatment platelet reactivity (HOTPR) to ADP has been consistently and robustly 

associated with the development of ischaemic events [113, 114]. HOTPR has been noted in ACS 

populations treated with both clopidogrel and ticagrelor. Extreme variability in platelet inhibition 

following clopidogrel administration has been reported [115, 116]. In post-PCI patients with a 

attenuated responsiveness to clopidogrel (those patients falling into the first quartile when 

stratified according to percentage reduction in ADP-mediated platelet aggregation), a 40% rate of 

recurrent cardiovascular events was recorded as opposed to a 0% rate recorded for quartiles 3 

and 4 [117]. In another study, HOTPR despite treatment with clopidogrel was significantly 

associated with cardiovascular death (2.8% vs. 0%, p=0.04) and stent thrombosis (4.6% vs. 0%, 

p=0.004) [118]. Although the rates are lower than reported for clopidogrel, patients can still 

experience HOTPR despite treatment with ticagrelor. Our laboratory group has previously 

reported a 16% rate of HOTPR in AMI patients undergoing invasive management [119] and Verdoia 

et al. [120] reported a 13% rate of HOTPR in a population of PCI-ACS patients. However, others 

have reported that only a low percentage (1.5%) of a pooled patient population experience HOTPR 

with ticagrelor [121].  

 

Residual platelet reactivity while on DAPT is likely to be due to a combination of factors, such as 

patient non-compliance, co-morbidities and drug pharmacodynamics [122]. It has also been 

shown that platelets retain their responsiveness to agonists that are not therapeutically targeted 

by DAPT [123, 124]. For example, platelet activation and aggregation was still noted following 

treatment with various P2Y12 receptor antagonists and stimulation with collagen, epinephrine and 

thrombin receptor activator peptide (TRAP)-6 [123, 124]. This is highly clinically relevant, given the 

multitude of pathways by which platelets can become activated in the setting of ACS. If platelets 

continue to respond to pathological signals in the aftermath of an ACS and despite treatment, 

there continues to be a risk of recurrent thrombosis in these patients.  
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1.6 Alternative pathways of platelet activation: platelets and infection.  

 

The mechanisms underlying ACS events are complex and include increased coronary and systemic 

inflammation coupled with increased pro-thrombotic processes. We hypothesize that current 

anti-platelet medication, which targets two well-known pro-thrombotic pathways (COX-1/TXA2, 

ADP), may not adequately dampen down the many actions of platelets in driving both thrombotic 

and inflammatory responses during ACS. Infection may be an alternative pathway of platelet 

activation by which platelets may still become activated post-ACS, despite treatment with DAPT.  

 

 

Pathogens are known to activate platelets via various indirect and direct mechanisms. For 

example, platelet aggregation was shown in response to the common oral bacterium 

Streptococcus sanguis [125] and Staphylococcus aureus [126]. Similarly, platelets that are exposed 

to Staphylococcal α toxin release PF4 and induced aggregation [127]. Aerococcus urinae, which 

has the capacity to cause urinary tract infections and infectious endocarditis, has been 

demonstrated to induce platelet activation and aggregation [128]. Platelet aggregation in 

response to 1 µM ADP was significantly higher in a cohort of patients with suspected viral upper 

respiratory tract infections (76% aggregation) when compared to both healthy controls (22%) and 

to the 6-week follow-up results (26%) [129, 130]. The percentage of circulating CD62p-positive 

platelets increased in Helicobacter pylori infected wild type mice when compared to healthy 

controls [131]. Similar results were recorded for H. pylori patients [132] and direct incubation of 

H. pylori with platelets causes activation (increased CD62p), increased apoptosis (increased 

Annexin V binding) and high levels of adhesion with the bacteria [133]. Infection characteristically 

establishes a pro-inflammatory response in the host and, in this manner, is likely to indirectly 

activate platelets. Systemic inflammation often precedes or accompanies the occurrence of an 

ACS [134] and elevation of blood-borne inflammatory biomarkers has been demonstrated to be 

predictive of further ischaemic events [135].   
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1.7 Toll-like receptors (TLRs): the first effectors of the response to infection. 

 

Toll-like receptors (TLRs) are a group of pattern recognition receptors (PRRs) that are constitutively 

expressed on immune cells and act as sentinels against both exogenous and endogenous ‘danger’ 

signals. TLRs are the ‘first line of defence’ against broad, microbe-specific pathogen-associated 

molecular patterns (PAMPs). TLR activation during infection sets in motion a series of molecular 

events that leads to initiation of the innate immune system followed by development of acquired 

immunity.  

 

Mammalian TLRs were discovered following the discovery of the Toll receptor in the Drosophila 

fly. A mutation in this Drosophila receptor confered severe susceptibility to fungal infection by 

inhibiting the production of defensive anti-fungal peptides [136]. The human homologue, TLR4, 

was subsequently identified [137]. The mechanism by which TLR4 induces innate immune 

responses to infection was shown to involve nuclear factor-κB (NF- κB) activation and subsequent 

production of NF-κB-controlled pro-inflammatory cytokines [137]. NF-κB is the ‘master controller’ 

of inflammation and, in activating this transcription factor, TLRs rapidly induce inflammation in 

response to infection.  

 

Although classically characterized as responding to PAMPs, TLRs are also increasingly recognized 

as responding to host-derived danger-associated molecular patterns (DAMPs). Also known as 

‘alarmins’, these molecular patterns are released by stressed and necrotic cells to perpetuate a 

non-infectious, sterile inflammatory response which ultimately mediates tissue repair. Increased 

circulating levels of DAMPs have been associated with many inflammatory diseases [138, 139] and 

binding of DAMPs to TLRs can lead to a self-sustaining auto-inflammatory response [140, 141]. 

This suggests that the TLR response to DAMPs can initiate a long-lasting, heightened pro-

inflammatory state.  
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 Sub-cellular localization.  

 

Within the mammalian TLR family, there are 10 identified receptors which can be divided into 2 

subpopulations by their cellular localization and, hence, by their PAMP/DAMP specificity. TLR1, 2, 

4, 5, 6 and 10 are expressed on the cell-surface and traditionally respond to extracellular lipid 

molecular patterns. TLR3, 5, 7, 8 and 9 are expressed in the endosome, lysosome or endoplasmic 

reticulum of immune cells and traditionally detect microbial nucleic acid components that are a 

by-product of microbial digestion.  

 

 Structure and signalling.  

 

TLRs are Type I transmembrane proteins (these proteins contain an extracellular N-terminal) and 

are characterized by the presence of 19-25 tandem copies of the leucine-rich repeat (LRR; 

xLxxLxLxx) in their extracellular N-terminal domain. This N-terminal domain of TLRs is responsible 

for recognizing their respective ligands. The unique structure of the LRR domain forms a distinctive 

3D horseshoe-like structure. Following ligand binding, TLRs undergo dimerization and these 

horseshoe structures come together to sandwich the ligand. Most TLRs transduce their signal via 

homodimerization following ligand binding. However, TLR2 is unique in that this receptor will 

heterodimerize with either TLR1 or TLR6 to recognize different bacterial lipopeptides. 

Conformational shape change of the receptor complex occurs following dimerization and is 

required for signal transduction. The TLR intracellular domain is homologous to the Interleukin 

(IL)-1 receptor (IL-1R), thus named the Toll/IL-1R (TIR) domain, and is essential for downstream 

signalling. Engaging these receptors initially activates various TIR-domain containing adaptor 

proteins and, secondarily, the signal is transduced to various kinases and ubiquitin ligases. 

Ultimately, signal transduction results in nuclear translocation of NF-κB, among other transcription 

factors and the production of pro-inflammatory cytokines and type I interferons (IFNs). 
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 Ligand binding.  

 

The ligand binding properties of a subset of TLRs (TLR1, 2, 4, 6 and 9) which were examined in this 

thesis are discussed below. There is consensus in the literature that this TLR subset is expressed 

on and/or within healthy human platelets (also discussed in Section 1.10), and this was the basis 

for choosing to study these receptors in this thesis. The expression patterns of other TLRs on and 

within platelets are less well-characterized and were not studied here. Further discussion of the 

TLR family is restricted to this subset. 

 

1.7.3.1 TLRs 1, 2 and 6.  

 

TLR2 is essential for the recognition of bacterial lipopeptides through the association of TLR1 and 

6, which are both highly structurally homologous to TLR2 [142]. TLR1 and 6 allow for the subtle 

discrimination between diacylated (TLR2/6 agonist) and triacylated (TLR2/1 agonist) bacterial 

lipopeptides. The TLR2-mediated inflammatory responses to bacterial lipopeptides is enhanced by 

association with co-factor molecules such as CD14 [143] and CD36 [144] as well as coupling with 

other PRRs such as dectin [145]. Aside from reacting to exogenous PAMPs, TLR2 is known to 

respond to various DAMPs. For example, high mobility group box 1 (HMGB1) is a late cytokine 

mediator released from immune cells which utilizes the TLR2 signalling pathway [146]. Similarly, 

heat-shock protein (HSP) 70, which is upregulated following exposure to a variety of stressful 

stimuli, can elicit a pro-inflammatory response through TLR2 [147].  

 

1.7.3.2 TLR4.  

 

TLR4 is perhaps the most well-studied TLR and induces potent innate immune responses to 

lipopolysaccharide (LPS), which is a PAMP that constitutes approximately 75% of the outer 

membrane of Gram-negative bacteria [148]. TLR4 interacts with LPS with the participation of 

various other molecules. Lipid binding protein (LBP) is an acute phase protein that is rapidly 

produced following an inflammatory challenge [149] and shuttles LPS to CD14, which is either 
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soluble or cell surface-bound, and this complex facilitates the transfer of LPS to TLR4, which is 

complexed to MD-2. MD-2, in complex with TLR4, confers responsiveness of TLR4 to LPS [150]. 

Thus, a large complex of proteins is required for effective TLR4 signalling in response to LPS. TLR4 

expression increases on monocytes during LPS challenge [151] and during sepsis [152], and these 

results indicate that cells can dynamically and rapidly respond to infection via the TLR4 pathway. 

TLR4 has also been shown to respond to HMGB1 [146] and HSP70 [147], alongside TLR2, as well 

as to other DAMPs including hyaluronic acid [153] and fibrinogen [154].  

 

1.7.3.3 TLR9.  

 

Bacterial DNA is known to induce pro-inflammatory effects on mammalian immune cells [155] and 

these effects are dependent on the presence of unmethylated cytidine-guanosine (CpG) 

dinucleotides in prokaryotic DNA. CpG dinucleotides are under-represented and methylated in 

vertebrate DNA, such that the immune-stimulatory activity is specific to prokaryotic DNA [156]. 

TLR9 was shown to mediate the response to prokaryotic CpG; TLR9-deficient mice showed no 

elevation of serum pro-inflammatory cytokines and are resistant to the lethal effects of CpG DNA 

[156]. TLR9 localizes in the endoplasmic reticulum of immune cells and is translocated to 

compartments containing CpG DNA following immune cell exposure to infection [157]. TLR9 has 

also been shown to respond to tissue necrosis and exacerbate the innate immune response to 

ischaemia [158]. For example, endogenous extracellular histones can function as immunogenic 

DAMPs by activating the TLR9 pathway [159], and have previously been shown to act as mediators 

of death in sepsis [160].  
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1.8 TLRs and CAD. 

 

Activation of TLRs in CAD is two-pronged: CAD is likely to be influenced by both systemic and 

localized infection (PAMPs) and influenced by the release of ‘danger’ self-ligands by both the 

ruptured atherosclerotic plaque and infarcted myocardium (DAMPs).  

 

 TLRs and atherosclerosis.  

 

Atherosclerotic progression is primarily an inflammatory disease and is heavily dependent on 

sustained inflammation at the plaque site. As a host defence mechanism, TLR-mediated 

inflammation is generally beneficial in limiting infection although the response of TLRs to both 

PAMPs and DAMPs can contribute to the atherosclerotic pathogenesis. See Table 1.4 for a 

summary of the involvement of TLRs in atherosclerosis. 

 

TLRs were first shown to be involved in atherosclerosis by Bjorbacka et al. [161]. Total body 

deficiency of MyD88 (Myeloid differentiation primary response 88), a downstream signalling 

molecule of the TLR signalling pathway, attenuated the development of atherosclerosis via a 

reduction in macrophage accumulation, and a subsequent reduction in cytokine and chemokine 

release, at the plaque site in atherosclerotic (ApoE-/-) mice [161]. These findings have been 

confirmed by others [162]. 

 

Most of the current literature has focussed on the contribution of TLR2 and 4 to atherosclerosis. 

Total-body deficiency of TLR2 [163-165] and 4 [162] produce the same protective phenotype 

described for MyD88-deficient mice. Interestingly, decreased plasma cholesterol was noted in 

atherosclerotic-prone, TLR2-deficient mice [165] suggesting a role of TLR2 for regulating 

cholesterol. Increased endothelial TLR2 expression has been noted in areas of disturbed, 

compared to laminar, flow and this region was associated with an increase in leukocyte infiltration 
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and lipid accumulation [166]. Atherosclerotic plaques occur at regions of disturbed blood flow 

[167] and, via this mechanism, TLR2 may regulate plaque development at these sites. Increased 

TLR4 expression was noted in lipid-rich plaques of human coronary arteries, and a majority of 

these TLR4-positive cells were identified as macrophages [168, 169]. Furthermore, there was a 

significant and dose-dependent increase in macrophage TLR4 mRNA in response to oxidised LDL, 

a chief component of atherosclerotic plaques [168]. The latter results suggest the importance of 

macrophage TLR4 for atherosclerotic development. 

 

Less is known about how TLR1 and 6 influence atherosclerosis, although one study has reported 

on their effects. Agonizing wildtype mice with the prototypical TLR2/1 agonist, Pam3CSK4, 

significantly increased the size of aortic lesions when compared to TLR1-deficient mice [170], 

which suggests that agonizing TLRs can encourage atherosclerosis. The same authors also 

reported increased heart valve lesions and interleukin release following MALP2 agonism (TLR2/6 

agonist) in wildtype mice when compared to TLR6-deficient mice [170]. The effect of TLR9 on the 

progression of atherosclerosis remains understudied.  
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TLR Author 
[reference] 

Methods (test vs. control) Results TLR pro-atherogenic or 
athero-protective? 

1 Edfeldt et 
al., 2002 
[171] 

Human atherosclerotic 
plaques (obtained by carotid 
endarterectomy) vs. internal 
mammary artery (CABG). 

>3-fold ↑ TLR1 mRNA transcript level in atherosclerotic plaques. Pro-atherogenic. 

 Curtiss et 
al., 2012 
[170] 

Ldlr-/-Tlr1-/- vs. Ldlr-/-Tlr1+/+ 
mice, received HFD ± i.p. 
injections of Pam3. 

– sinus lesion volume, – area of aortic lesions in Ldlr-/-Tlr1-/- vs. Ldlr-/-

Tlr1+/+ mice.↑ area of aortic lesions in Ldlr-/- Tlr1+/+ mice w/ vs. w/out 
Pam3 stimulation. 

Pro-atherogenic. 

2 Mullick et 
al., 2005 
[172] 

Ldlr-/-Tlr2-/- vs. Ldlr-/-Tlr2+/+ 
mice, received HFD ± i.p. 
injections of Pam3. 

↓ total plasma cholesterol, ↓ aortic atherosclerosis, ↓ aortic valve 
lesion size in Ldlr-/-Tlr2-/- vs. Ldlr-/-Tlr2+/+ mice. ↑ area of aortic lesions, ↑ 
aortic sinus lesion volume in Ldlr-/- Tlr2+/+ mice w/ Pam3 stimulation vs. 
Ldlr-/- Tlr2-/-  mice.  

Pro-atherogenic. 

 Mullick et 
al., 2008 
[166] 

Ldlr-/-Tlr2-/- vs. Ldlr-/-Tlr2+/+ 
mice, received HFD. 

↑ endothelial TLR2 expression in lesser curvature of aorta (area of 
disturbed flow) in Ldlr-/-Tlr2+/+ mice.↓ leukocyte infiltration, ↓ lipid 
accumulation, ↓ pathological change in endothelial cell morphology in 
the lesser curvature of the aorta in Ldlr-/-Tlr2-/- vs. Ldlr-/-Tlr2+/+ mice. 

TLR2 expression is pro-
atherogenic in areas of 
disturbed flow. 

 Dunzendor
fer et al., 
2004 [173] 

HCAECs exposed to laminar vs. 
disturbed flow. 

↓ TLR2 protein + mRNA expression, ↓ responsiveness to MALP-2 in 
HCAECs under laminar vs. disturbed flow. 

TLR2 suppression is 
athero-protective in 
areas of laminar flow. 

 Edfeldt et 
al., 2002 
[171] 

Human atherosclerotic 
plaques (obtained by carotid 
endarterectomy) vs. internal 
mammary artery (CABG). 

>3-fold ↑ TLR2 mRNA transcript level in atherosclerotic plaques. 

TLR2 expressed in macrophages and endothelial cells. 

Pro-atherogenic. 

 Madan et 
al., 2008 
[164] 

Apoe+/-Tlr2-/- vs. Apoe+/-Tlr2+/+ 
mice, received a HFD + i.v. 
injections of P. gingivalis or 
FSL-1. 

↓ area of aortic lesions, ↓ macrophage infiltration and apoptosis, ↓ 
SMC mass, ↓ pro-inflammatory cytokine in Apoe+/-Tlr2-/- vs. Apoe+/-Tlr2+/+ 
mice w/ P. gingivalis.↑ aortic atherosclerosis in Apoe+/-Tlr2+/+ vs. Apoe+/-

Tlr2-/- mice w/ FSL-1. 

Pro-atherogenic. 

 

Table 1.4 Evidence for involvement of TLRs in atherosclerosis. 
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Table 1.4 Evidence for involvement of TLRs in atherosclerosis (continued).

2 Monaco et 

al., 2009 

[174] 

Atheroma cells (obtained from 

carotid endarterectomy) 

cultured ± TLR2 neutralizing 

antibody. 

↓ NF-kB activation, ↓ MCP-1, ↓ IL-6 and -8, ↓ MMP-1, 2, 3, 9 

production in TLR2-neutralized vs. non-TLR2-neutralized cells. 

Pro-atherogenic. 

4 Michelsen 

et al., 2004 

[162] 

Apoe-/-Tlr4-/- vs. Apoe-/-Tlr4+/+ 

mice, received HFD. 

↓ total atherosclerotic lesion area, ↓ lipid and macrophage 

accumulation in aortic sinus plaques, ↓ circulating levels of pro-

inflammatory cytokines in Apoe-/-Tlr4-/- vs. Apoe-/-Tlr4+/+ mice. 

 

Pro-atherogenic.  

 Vink et al., 

2002 [169] 

Human coronary artery 

segments (post-mortem). 

TLR4 expression in the adventitial cells of atherosclerotic arteries, TLR4-

positive cells identified as macrophages and fibroblasts. 

Pro-atherogenic.  

 Xu et al., 

2001 [168] 

Human coronary artery 

segments (post-mortem). 

↑ TLR4 expression in lipid-rich plaques, – expression in fibrous plaques. 

TLR4-positive cells identified as macrophages. 

↑ macrophage TLR4 mRNA dose-dependently in response to oxLDL. 

Pro-atherogenic. 

 Edfeldt et 

al., 2002 

[171] 

Human atherosclerotic 

plaques (obtained by carotid 

endarterectomy) vs. internal 

mammary artery (CABG). 

>3-fold ↑ TLR4 mRNA transcript in atherosclerotic plaques. 

TLR4 primarily expressed by macrophages and endothelial cells. 

Pro-atherogeinc. 

 Kiechl et 

al., 2002 

[175] 

Screening for the Asp299Gly 

LOF polymorphism of TLR4 + 

progression of carotid 

atherosclerosis assessed in 

810 people. 

↓ pro-inflammatory cytokine levels, ↓ acute-phase reactants, ↓ soluble 

adhesion molecules, ↑susceptibility to severe bacterial infections, ↓ risk 

of carotid atherosclerosis in subjects with 1 or more of the Asp299Gly 

TLR4 allele. 

Pro-atherogenic. 

6 Curtiss et 

al., 2012 

[170] 

Ldlr-/-Tlr6-/- vs. Ldlr-/-Tlr6+/+ 

mice, received HFD ± i.p. 

injections of MALP2. 

– sinus lesion volume, – area of aortic lesions in Ldlr-/-Tlr1-/- vs. Ldlr-/-

Tlr6+/+ mice. 

↑ heart valve lesions, ↑ IL-2 and IL-23p40 in Ldlr-/-Tlr6+/+ mice w/ vs. 

w/out MALP2.  

Pro-atherogenic. 
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Table 1.4 Evidence for involvement of TLRs in atherosclerosis (continued). 

MyD88 Bjorkbacka 

et al., 2004 

[161] 

Apoe-/- MyD88-/- vs. Apoe-/-

MyD88+/+ mice, received HFD. 

↓ aortic sinus atherosclerotic lesion size, ↓ chemokine levels, ↓ 

macrophage recruitment to the artery wall in Apoe-/-MyD88-/- vs. Apoe-/-

MyD88+/+ mice. 

Pro-atherogenic. 

 Michelsen 

et al., 2004 

[162] 

Apoe-/-MyD88-/- vs. Apoe-/- 

mice, received HFD. 

↓ total atherosclerotic lesion area, ↓ lipid and macrophage 

accumulation in aortic sinus plaques, ↓ COX-2 in aortic sinus plaques, ↓ 

circulating IL-12 and MCP-1 levels, ↓ leukocyte-EC adhesion in Apoe-/-

MyD88-/- mice. 

Pro-atherogenic.  

 

↑, increase; ↓, decrease; –, no change. Abbreviations: CABG, coronary artery bypass graft surgery; Ldlr, low-density lipoprotein receptor; HFD, high fat diet; i.p., intraperitoneal; Pam3, 
Pam3CSK4 (TLR2/1 agonist); BM, bone marrow; HCAECs, human coronary artery endothelial cells; MALP-2, macrophage activating lipoprotein-2; P. gingivalis, Porphyromonas gingivalis, 
SMCs, smooth muscle cells; NF-kB, nuclear factor kB; MCP-1, macrophage chemoattractant protein 1; IL, interleukin; MMP, matrix metalloproteinases; AthSMCs, athesrosclerotic tissue 
SMCs; AoSMCs, aorta SMCs; Poly I:C, polyinosinic:polycytidylic acid; LOF, loss-of-function; oxLDL, oxidised low-density lipoprotein; COX-2, cyclooxygenase-2; EC, endothelial cell. 
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 TLRs and ACS: the role of TLRs in myocardial ischaemia/reperfusion injury. 

 

Aside from their role in atherosclerotic development, TLRs are known to be important during an 

ACS. Patients with ACS experience two waves of inflammation during their event: the initial insult 

as a result of plaque rupture/erosion and thrombotic occlusion, and the secondary insult as a 

result of reperfusion of the culprit coronary arteries. The damage caused by the initial myocardial 

ischaemia is exacerbated upon restoration of blood flow in these arteries and reperfusion of the 

myocardium. The sudden restoration of blood flow during reperfusion causes a second wave of 

inflammation, the hallmark of which is the production of ROS [176, 177]. This can cause further 

myocardial ischaemia, and this damage is termed myocardial ischaemia/reperfusion (I/R) injury. 

As such, although reperfusion by thrombolytic therapy or PCI is necessary to recover maximal 

myocardial function, these therapies themselves can result in an increased ischaemic region.  

 

It is likely that the wave of inflammation upon reperfusion is mediated, in part, by the release of 

DAMPs by the damaged myocardium and the subsequent activation of TLRs. As such, there has 

been emerging evidence to suggest that TLR2 and 4, in particular, have roles in enhancing 

myocardial I/R injury. Shishido et al. have shown the importance of TLR2 in mediating ventricular 

remodelling following infarction by demonstrating a reduction in myocardial fibrosis and left 

ventricular dimensions 4 weeks after AMI in TLR2 knockout mice, compared to wildtype controls 

[178]. Furthermore, contractile dysfunction was more evident in reperfused hearts from wildtype 

mice, compared to hearts from TLR2-knockout mice [179]. After reperfusion, endothelial 

dysfunction was improved in TLR2-deficient mice, compared to wild-type mice [180] indicating 

TLR2-induced endothelial dysfunction following myocardial I/R injury. Favre et al. also reported a 

reduction in infarct size and leukocyte infiltration into the myocardium in the absence of TLR2 

[180]. 

 

These findings are also echoed by Oyama et al. [181] and Chong et al. [182] in TLR4-deficient mice. 

In these studies, attenuated neutrophil infiltration [181] and attenuated cytokine and chemokine 
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production, such as MCP-1 and IL-6 [182], in the reperfused ischaemic myocardium was noted in 

TLR4-deficient, compared to wildtype, mice. Treatment of mice with eritoran, a TLR4 antagonist, 

before ischaemia and reperfusion was shown to reduce infarct size and cytokine expression 

compared to untreated mice [183]. These results reflect the phenotype that is achieved in TLR4 

knockout mice.  

 

Taken together, these studies demonstrate the importance of global TLR2 and 4 expression in 

myocardial I/R injury, and hint at the importance of TLR expression in modulating inflammation 

during reperfusion.  
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1.9 Platelet-TLR expression and activation. 

 

TLRs have established roles in exacerbating CAD in response to both infectious (PAMPs) and 

injurious (DAMPs) mediators. This section discusses the repertoire of platelet-TLRs and the current 

understanding of platelet responses to TLR agonism. Based on this evidence, we suggest that 

platelets are able to respond to both infectious and injurious mediators that signal through 

particular TLRs.  

 

Of the TLRs known to be expressed on and within immune cells, a subset have been well-studied 

in platelets. The expression and activation of TLR1, 2, 4, and to a lesser extent TLRs 6 and 9, have 

been characterized in healthy human and murine platelets to varying degrees. As described 

earlier, this subset of platelet-TLRs were examined in this thesis. This section provides an overview 

of what is currently known about these platelet-TLRs, of which the expression data (Table 1.5) and 

activation data (Table 1.6) are summarized in tables below this section. Although platelet-TLRs are 

variably studied in healthy humans, there remains a lack of understanding of the significance of 

platelet-TLR expression and activation in disease states such as AMI, where platelets are known to 

play a large and detrimental role. 

 

 Platelet-TLR1, 2 and 6. 

 

1.9.1.1 Expression.  

 

Consistently low, but significant, expression of TLR1 has been reported on the surface of platelets 

previously [184, 185]. Furthermore, platelet-TLR1 mRNA was detected in a large cohort of patients 

from the Framingham Heart Study [186] and this has been confirmed by others [185]. In this study, 

platelet-TLR1 mRNA was present in about 50% of the Framingham participants. However, others 

recorded negligible TLR1 expression both on the platelet surface and intracellularly by flow 

cytometry [187].  
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In previous flow cytometry [187, 188] and immunoprecipitation [184] experiments, low platelet-

surface TLR2 expression was detected, with approximately 5% to 15% of the platelet population 

expressing platelet-surface TLR2. TLR2 expression has been shown to increase following platelet 

activation [187], although this response was not seen by others [188]. Intracellular TLR2 

expression is moderate, with approximately 15% of the platelet population expressing intracellular 

TLR2, and expression increases upon activation [187].  

 

 

There is little evidence regarding platelet-TLR6 expression; low cell-surface expression of TLR6 has 

been reported by some [184, 185] but not by others [187]. 

 

1.9.1.2 Activation.  

 

In healthy subjects, dose-dependent increases in platelet activation [189] and aggregation [189, 

190], vWF release [189] and increased adhesion to a collagen surface [190] have been reported 

following stimulation with the prototypical TLR2/1 agonist, Pam3CSK4. These results demonstrate 

the ability of platelets to form a platelet plug in response to TLR2/1 engagement. Furthermore, 

PF4 [190], thrombospondin and Factor XIIIA [190] are released from platelets upon stimulation 

with Pam3CSK4. The release of these pro-thrombotic molecules demonstrates an increase in the 

platelet thrombotic response to TLR2/1 stimulation.  

 

 

Aside from these pro-thrombotic responses, engaging the TLR2/1 complex induces a range of 

platelet-immune responses. Pam3CSK4 stimulation significantly increases platelet-monocyte 

[184] and platelet-neutrophil [184, 189] interactions over very short periods of incubation (10 

minutes). Interestingly, attachment of platelets to leukocytes was more abundant following 

Pam3CSK4 stimulation, when compared to thrombin stimulation [190] and the authors theorized 

that TLR2/1 engagement induces a stable clot formation by primarily utilizing platelet-leukocyte 

aggregates.  
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The platelet-mediated immune response to periodontiopathogens has been well studied and 

demonstrates that platelets can directly respond to infection via the TLR2 pathway. An in vivo 

challenge with Porphyromonas gingivalis, a periodontopathogen that signals via TLR2, induces 

significant platelet-neutrophil aggregation [184] and platelet release of the chemokine, RANTES 

[191]. Platelet activation in response to this type of infection, and the resulting direct interaction 

with neutrophils, has been demonstrated to enhance neutrophil-mediated periodontopathogen 

clearance in a platelet-TLR2-specific manner [192].  

 

 

There remains a lack of understanding as to whether platelets can become activated in response 

to TLR2/6 agonism. 

 

1.9.1.3 Platelet-TLR2/1 signalling.  
 

The effects of agonizing platelet-TLR2 has been attributed to activation of several distinct signalling 

molecules. TLR2/1 engagement directly activates the phosphoinositide-3-kinase (PI3K)/Akt 

pathway, as evidenced by a dose-dependent increase in phosphorylation of the serine-473 residue 

of Akt [184, 190] and a dose-dependent increase in p85 co-localization with TLR2 [184], where p85 

is the regulatory subunit of PI3K. Serine phosphorylation of Akt was significantly induced within 

only 15 minutes of Pam3CSK4 stimulation and is similar to the pattern seen in thrombin-activated 

platelets [190]. Additionally, TLR2/1 signalling induces src- and Syk-family tyrosine 

phosphorylation of Linker for Activation of T cells (LAT), an adaptor protein, and of phospholipase 

C (PLC)-γ2 [193, 194]. Platelet-TLR2/1-mediated activation of the src/Syk/LAT/PLCγ2 pathway 

mimics the signalling of the classical platelet receptor, FCγRIIA [195]. A role for both PI3K and PLC 

were confirmed, as inhibition of either protein resulted in complete inhibition of bacteria-induced 

platelet activation [196]. Additionally, signalling through both the P2X1 ATP receptor and the P2Y12 

ADP receptor are required to amplify classical platelet responses to TLR2/1 engagement [194]. A 

non-genomic role for NF-kB in response to TLR2/1 engagement was also proposed [189]; 

Pam3CSK4 stimulation induces the degradation of IkBα and phosphorylation of the NF-kB p65 
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subunit. Phosphorylation of extracellular signal-regulated kinases (ERK) 1 and 2 was rapidly 

induced following Pam3CSK4 stimulation but abated over longer stimulation times [190]. Similarly 

Pam3CSK4-mediated phosphorylation of p38 MAPK reached 60-70% of the levels achieved with 

thrombin stimulation [190].  

 

 

 Platelet-TLR4.  

 

1.9.2.1 Expression.  

 

TLR4 is perhaps the most well characterised platelet-TLR. Several studies report high platelet-

surface TLR4 expression [187, 188, 197-199] with between 40 to 60% of the platelet population 

expressing platelet-surface TLR4. Some report a significant increase in cell-surface TLR4 expression 

following thrombin stimulation [197], while others report a decrease in expression following 

activation with thrombin [187] and with LPS [188].  

 

1.9.2.2 Activation.  

 

LPS is the classical TLR4 agonist that elicits strong inflammatory responses in circulating leukocytes 

but there are conflicting reports concerning LPS-mediated platelet activation. Some [197, 198] 

describe increased CD62p expression following incubation with ≤10 μg/mL LPS but platelet 

activation under similar conditions was not described by others [19, 189, 200]. In one study, 

platelet aggregation was not noted in response to LPS stimulation, up to very high concentrations, 

but LPS was able to enhance platelet aggregation in response to sub-threshold concentrations of 

thrombin and collagen [198]. Similarly, the absence of aggregation in response to LPS has been 

reported by others [19, 201]. Low ATP and CD62p release has been noted in response to LPS 

stimulation in some studies [197, 198], and it is possible that low-level platelet degranulation plays 

a role in potentiating the aggregation effect in response to other platelet agonists, but LPS alone 

is not sufficient to induce aggregation. In other studies, platelets exhibit less sensitivity to LPS than 
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other leukocytes [19] and have suggested that LPS may also negatively regulate platelet 

aggregation [202].  

 

 

LPS was demonstrated to bind to healthy human platelets, a process which is enhanced by 

thrombin generation [197], and which demonstrates a possible requirement for thrombin to 

potentiate the LPS effects on platelets. These synergistic platelet effects of thrombin and LPS 

stimulation may be relevant in a clinical setting where infection coincides with a hypercoagulable 

state. Histone release from dying cells was shown to increase cell-surface CD62p and 

phosphatidylserine expression and this was demonstrated to be a TLR4-specific effect, as all 

parameters decreased following incubation with a TLR4-neutralizing antibody [203]. This provides 

evidence for an endogenous agonist inducing an activated platelet phenotype. 

 

 

In conclusion, the platelet response to LPS in healthy subjects has been widely studied but, despite 

this, there remains a lack of consensus as to whether platelet-TLR4 activation via LPS can cause 

robust platelet activation. 

 

1.9.2.3 The platelet immune response.  

 

Reports of platelet-mediated immune response to LPS are similarly mixed. Increased cell-surface 

CD40L expression [197] and soluble CD40L (sCD40L) release [204] and was seen upon LPS 

stimulation, although this was not noted by others [189]. LPS engagement of platelet-TLR4 may 

contribute to the elevated systemic sCD40L level that is seen in septic patients [205], as a large 

portion of circulating sCD40L is released from activated platelets. LPS can induce splicing of 

unprocessed IL-1β mRNA as well as translation and accumulation of the protein [201], although 

large variation in IL-1β protein levels were seen between healthy donors. Others have shown that 

microparticles which are shed from LPS-activated platelets contain mature IL-1β protein [206]. 
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LPS-mediated platelet-leukocyte aggregation is also reported inconsistently [19, 189]. Flow 

cytometric data has demonstrated an increase in platelet-leukocyte aggregation [201, 207] in 

response to LPS activation. Similarly, LPS-treated platelets actively attached to adherent 

neutrophils under flow conditions, a response which only occurs at high LPS concentrations [19]. 

Similarly, a mouse model of endotoxaemia, which is characterized by neutropenia and 

thrombocytopenia, shows significant co-aggregation of platelets and neutrophils within the liver 

sinusoids in response to LPS [19]. However, in other studies, LPS stimulation was unable to 

stimulate platelet-leukocyte aggregation [189]. As with platelet activation, we cannot yet clearly 

define the immune-mediated responses of platelets in response to LPS stimulation.  

 

1.9.2.4 Platelet-TLR4 signalling. 
 

TLR4 requires a complex to be formed at the receptor to transduce a signal; receptors CD14 and 

TLR4 interact with MD-2 at the plasma membrane in nucleated immune cells [208] and is engaged 

in response to LPS bound to LPS-binding protein (LBP). Platelets are known to express TLR4 (see 

Figure: Evidence for platelet-TLR expression) and MD-2 [198, 209] both of which increase upon 

thrombin stimulation. However, platelets do not express CD14 [206, 210, 211] and rely on soluble 

CD14 for potentiating the LPS signal [201, 209]. Furthermore, sCD14-mediated TLR4 signalling has 

been described for endothelial and epithelial cells [212]. The disparity in the reports of platelet 

responses to LPS may be due to a lack of sCD14 in washed platelet preparations.  Consistent with 

this, Rivadeneyra and colleagues demonstrated that the presence of serum was required to 

observe LPS potentiation of thrombin-induced platelet aggregation [189]. Similarly, Brown and 

colleagues report increased microparticle shedding when washed platelets are supplemented with 

recombinant CD14 as well as LBP [206]. Zhang and colleagues demonstrated LPS-induced 

potentiation of platelet aggregation, where the potentiation effect was seen at much lower LPS 

concentration with the addition of plasma [198]. 
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Platelet-TLR4 utilizes both MyD88 and TRIF as immediate TIR-domain containing proteins. Xiong 

and colleagues demonstrated a severe reduction in platelet-leukocyte aggregates following pre-

incubation of platelets with either MyD88- or TRIF-inhibitory peptides and LPS stimulation [207]. 

MyD88 was shown to be essential for platelet-TLR4 signalling [213], as LPS-mediated potentiation 

of platelet aggregation in response to native agonists was not seen in MyD88-deficient mice [198]. 

Similarly, incubation with an MyD88 inhibitory peptide significantly attenuated the quantity of 

mature IL-1β secreted by platelets [206]. Further, IκBα and NF-κB p65 proteins were identified in 

platelets [213, 214]. Similar to the non-genomic role proposed for NF-κB upon TLR2/1 

engagement, LPS stimulation resulted in the degradation of IκBα and phosphorylation of p65 

subunit of NF-κB [189]. Additionally, thrombin-triggered NF-κB activation was significantly 

enhanced by the addition of LPS, and completely abolished when platelets were pre-incubated 

with an NF-κB inhibitor. Activation of kinases associated with TLR signalling in nucleated cells was 

also noted in platelets following LPS stimulation. Phosphorylation of JNK T183 and Y185 residues 

increased over 2-fold within 5 minutes of LPS activation of washed platelets and remained 

elevated over a longer period. Similarly, phosphorylation of Akt T308 and S473 residues is rapid 

and transient following LPS stimulation [206].  

 

Zhang et al. demonstrated activation of the nitric oxide (NO)/cyclic guanosine monophosphate 

(cGMP)/protein kinase G (PKG) in platelet-TLR4 signalling [198]. LPS stimulation dose-dependently 

increased platelet cGMP levels, a response that was significantly attenuated in TLR4-deficient 

mice.  To support this, inhibition of NO synthase (NOS) or of PKG abolishes LPS-induced 

potentiation of platelet aggregation induced by low concentrations of thrombin. 
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 Platelet-TLR9. 

 

1.9.3.1 Expression.  

 

Variable cell-surface TLR9 expression has been reported on the surface of platelets; both low [187, 

215] and high [188] expression has been recorded. Furthermore, TLR9 surface expression 

increases upon thrombin and collagen stimulation [188, 215]. However, the physiological 

significance of cell-surface expression is not yet understood as TLR9 acts intracellularly to identify 

prokaryotic CpG DNA. High intracellular TLR9 expression has been reported [187] and has been 

demonstrated to localize to electron-dense tubular system-related granular compartments 

situated around the platelet periphery [215].  

1.9.3.2 Activation.  

 

Incubation with CpG oligodeoxynucleotides (ODNs), prototypical TLR9 agonists, resulted in 

increased cell-surface CD62p expression [215]. CpG ODN sequestration was seen following a short 

20-minute stimulation time and this sequestration was encouraged by collagen pre-incubation 

[215] and CpG stimulation. Platelet activation has also been demonstrated following incubation 

with 2-(ω-Carboxyalkyl) pyrrole protein adducts (CAPs) [216]. These are free-radical self-altered 

ligands that are a product of oxidation, a process that is heavily involved in atherosclerotic 

progression. Immunostaining experiments demonstrated CAP accumulation in atherosclerotic 

plaques under hyperlipidemic conditions [216]. Incubation with CAPs results in potent integrin 

activation and CD62p expression in platelets, indicating an increased ability to bind to fibrinogen 

and other immune cells, respectively. Furthermore, whole blood pre-treated with CpG and 

perfused across a type I collagen-coated surface produced thrombus formation [215], which 

demonstrates the potential for this co-stimulation to cause thrombosis. Similarly, using the FeCl3-

carotid artery model, time to complete thrombotic occlusion of the tail significantly shortened 

with CAP treatment [216].  
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1.9.3.3 Platelet-TLR9 signalling. 
 

Both Thon et al. and Panigrahi et al. demonstrated the necessity of IRAK1 and 4 activation for 

transducing the CpG-mediated or CAP-mediated TLR9 signal. Abolition of the co-stimulatory 

effects of CpG on collagen-primed platelets was noted following pre-incubation with an IRAK-1/4 

inhibitor [215]. Stimulation with CAPs alone or CAPs following ADP-priming induced IRAK1 

phosphorylation [216]. Panigrahi and colleagues also demonstrated phosphorylation of the Ser473 

residue of Akt following CAP stimulation, a response that was blocked following incubation with 

inhibitors of PI3K/Akt, Src kinase and Syc kinase. Furthermore, Akt1 and 2, but not Akt3, isoforms 

were shown to be involved in transducing the CAP-induced signal [216]. 
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Table 1.5 Evidence for platelet-TLR expression. 

TLR Authors [reference] Evidence for expression Medium used 

1 Blair et al., 2009 
[184] 

Low cell-surface TLR1 expression on resting human platelets.   WPs 

 Cognasse et al., 
2005 [187] 

Negligible cell-surface or intracellular TLR1 expression on resting human platelets.  MPCs 

 Shiraki et al., 2004 
[185] 

Cell-surface TLR1 expression on platelets within the coronary thrombus of AMI patients, as analysed 
by immunohistochemistry.  

Results confirmed with PCR and WB. 

Coronary thrombus 
of AMI patients 

2 Aslam et al., 2006 
[188] 

Low-moderate cell-surface TLR2 expression on resting human platelets (~15% of platelets). 

Expression remains unchanged following thrombin (1 U/mL) or LPS (50 µg/mL) stimulation. 

WPs 

 Blair et al., 2009 
[184] 

Low cell-surface TLR2 expression on resting human platelets. 

Expression confirmed by immunoprecipitation.   

WPs 

 Cognasse et al., 
2005 [187] 

Low-moderate cell-surface (15% of platelets) and high intracellular (48%) TLR2 expression on resting 
human platelets. 

Significant increase in expression following activation. 

MPCs 

4 Aslam et al., 2006 
[188] 

Significant cell-surface TLR4 expression on resting human platelets (~60% of platelets). 

Expression remains unchanged after thrombin (1 U/mL) stimulation.  

Expression significantly attenuated after LPS (50 µg/mL) stimulation (attenuated to ~33%). 

WPs 

 Cognasse et al., 
2005 [187] 

Significant cell-surface (59% of platelets) and intracellular (79%) TLR4 expression on resting human 
platelets. 

Significant increase in intracellular expression following activation, but significant decrease in cell-
surface expression following activation.  

MPCs 

 Zhang et al., 2009 
[198] 

Cell-surface TLR4 expression on resting human platelets (amount not quantified). 

Results confirmed with WB. 

WPs 
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Table 1.5. Evidence for platelet-TLR expression (continued).  

  

TLR Authors [reference] Evidence for expression Medium used 

4 Stahl et al., 2006 

[197] 

Significant cell-surface TLR4 expression on resting human platelets (median, 43%; range 24-60%). 

Significant increase in expression after thrombin (1 U/mL) stimulation (median, 79%; range 64-85%). 

PRP 

 Andonegui et al., 

2005 [199] 

Significant cell-surface expression of TLR4 on resting human platelets (37% of platelets). WPs 

6 Blair et al., 2009 

[184] 

Low cell-surface TLR6 expression on resting human platelets.   WPs 

 Cognasse et al., 

2005 [187] 

Negligible cell-surface or intracellular TLR6 expression on resting human platelets. MPCs 

 Shiraki et al., 2004 

[185] 

Cell-surface TLR6 expression on platelets within the coronary thrombus of AMI patients, as analysed 

by immunohistochemistry. Results confirmed with PCR and WB. 

Coronary thrombi 

from AMI patients 

9 Aslam et al., 2006 

[188] 

Significant cell-surface TLR9 expression on resting human platelets (~37% of platelets). Expression 

remains unchanged after LPS (50 µg/mL) stimulation (~33%). Expression significantly increased after 

thrombin (1 U/mL) stimulation.  

WPs 

 Cognasse et al., 

2005 [187] 

Low cell-surface (10% of platelets) and moderate intracellular (34%) TLR9 expression on resting 

human platelets. 

MPCs 

 Thon et al., 2012 

[215] 

Low cell-surface expression on resting (~3%) and moderate expression on thrombin-activated (~25%) 

platelets. TLR9 agonism significantly increases TLR9 cell-surface expression. Intracellular expression of 

TLR9 in resting human platelets determined with immunofluorescence microscopy (amount not 

quantified). 

WPs 

Highlighted in bold: type of expression analysed. MPCs, mixes of platelet concentrates; PRP, platelet-rich plasma; PCR, polymerase chain reaction; WB, western blotting; AMI, acute 

myocardial infarction; U, unit; LPS, lipopolysaccharide. 
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Table 1.6 Evidence for TLR-mediated platelet activation. 

TLR Authors 

[reference] 

Agonist used  Medium 

used 

Platelet activation results 

2/1 Blair et al., 

2009 [184] 

10 µg/mL Pam3CSK4  hWB Increased number of platelet-monocyte, platelet-neutrophil aggregates following 10 minutes of 

stimulation. 

Rivadeneyra 

et al., 2014 

[189] 

Various 

concentrations 

Pam3CSK4  

hWPs Increased platelet aggregation dose-dependently (EC50= 5±0.2 µg/mL) and significant release of 

ADP (10 µg/mL) after 10 minutes of stimulation. Significant release of vWF (1 µg/mL), significant 

increase in surface CD40L (10 µg/mL) and P-selectin (1 µg/mL) expression, increased number of 

platelet-neutrophil aggregates (1 µg/mL) after 15 minutes of stimulation. 

Assinger et 

al., 2012 

[196] 

1 µg/mL and 10 

µg/mL Pam3CSK4  

hPRP Increased surface CD40L expression after 20 minutes of stimulation. Increased sCD40L release 

after 1 and 3 hours of stimulation.  

4 Zhang et al., 

2009 [198] 

1-10 µg/mL LPS 

(serotype 0111:B4) 

hWPs Potentiated aggregation in response to low concentrations of thrombin (0.0185 U/mL) and 

collagen (0.3 µg/mL) after 10 minutes of stimulation. Low ATP release with LPS alone after 10 

minutes of stimulation. Increased cell-surface P-selectin expression with LPS alone after 30 

minutes of stimulation. 

Xiong et al., 

2011 [207] 

500 ng/mL LPS 

(0111:B4) 

mWB Shape change, extended pseudopodia, aggregates formed at 30 and 60 minutes after stimulation. 

Platelet-leukocyte aggregates increased time-dependently from 5 to 60 minutes of stimulation. 

Number of aggregates attenuated in whole blood incubated with MyD88 or TRIF-inhibitory 

peptides prior to 60 minutes stimulation.  

Stahl et al., 

2006 [197] 

1 µg/mL LPS (various 

serotypes) 

hPRP Significant LPS-binding to platelets, significant increase in PAC-1 and P-selectin expression, 

significant increase in fibrinogen binding after 45 minutes of stimulation. 

Rivadeneyra 

et al., 2014 

[189] 

Various 

concentrations LPS 

(0111:B4) 

hWPs Co-stimulation (10 µg/mL) with thrombin (0.01 U/mL) induces release of ATP after 10 minutes of 

stimulation. Increased release of vWF with 1 µg/mL LPS alone after 15 minutes of stimulation. No 

increase in CD40L or P-selectin expression, no increase in platelet-neutrophil aggregates with 1 

µg/mL LPS alone after 15 minutes of stimulation. Could not modify thrombin-induced expression 

of these parameters.   
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Table 1.6. Evidence for TLR mediated platelet activation (continued). 

TLR Authors 

[reference] 

Agonist used  Medium 

used 

Platelet activation results 

4 Clark et al., 

2007 [19] 

5 µg/mL LPS 

(0111:B4) 

hWPs No increase in cell-surface P-selectin after 10 minutes of stimulation. No increase in aggregation. 

Induced platelet-neutrophil interactions and neutrophil degranulation. 

Brown et al., 

2011 [206] 

100 ng/mL LPS with 

100 ng/mL 

recombinant CD14 

and LBP 

hWPs Overnight exposure to increased microparticle shedding and release of mature IL-1β. Pre-

incubation with MyD88 inhibitory peptide attenuated release of IL-1β by nearly half. 

Assinger et 

al., 2012 

[196] 

1 and 10 µg/mL LPS  hPRP Increased cell-surface CD40L expression after 20 minutes of stimulation. Increased sCD40L 

release after 1 and 3 hours of stimulation.  

Andonegui et 

al., 2005 

[199] 

5 µg/mL LPS mWPs Increased adhesion to fibrinogen at low shear rates, 50% as effective as thrombin after 30 

minutes of stimulation. 

9 Panigrahi et 

al., 2013 

[216] 

CAPs synthesized in-

house (1.5 µM 

albumin, 12.5 µM 

pyrrole) 

hWPs Increased P-selectin and PAC-1 expression after 20 minutes of stimulation. Increased modification 

of CAPs increases platelet aggregation, low modification CAPs can induce aggregation in the 

presence of TRAP or ADP. 

Thon et al., 

2012 [215] 

5 µM ODN2006 hWPs Increased cell-surface P-selectin expression and increased CpG sequestration after 20 minutes of 

stimulation. 

Highlighted in bold: methods of measuring platelet activation. Highlighted in italics: time of stimulation. Abbreviations: h, human; m, murine; WB, whole blood; WPs, washed platelets; ADP, 

adenosine triphosphate; CD40L, CD40 ligand; vWF, von Willebrand factor; IL-1β, interleukin-1β; PF4, platelet factor 4; MyD88, myeloid differentiation primary response protein 88; TRIF, 

Toll-IL-1 receptor (TIR)-domain containing adapter-inducing interferon β; LPS, lipopolysaccharide; LBP, LPS-binding protein; TRAP, thrombin receptor activating peptide; CAPs, 2 (ω-

Carboxyalkyl)pyrrole protein adducts; CpG, cytosine-phosphate-guanine. 
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1.10 The link between infection and CAD.  

 

The association between systemic inflammation and atherosclerotic development suggests that 

an inducer of inflammation such as an infection, even if sub-clinical, may play a role in triggering 

AMI [217]. 

 

 Atherosclerosis and infection. 

 

As an example, severe intimal infiltration of inflammatory and smooth muscle cells were observed 

in atherosclerotic plaques in ApoE-/- mice following infection with influenza A virus, a response 

that was not observed in infected wild-type mice [218]. At autopsy, pathological examination of 

coronary atherosclerotic sections found significant increases in leukocyte infiltration into plaques 

in patients with infection compared to those without infection [219]. C. pneumoniae infection of 

atherogenic mice reduces the fibrous cap of plaques and increases plaque instability [220], and 

infection promotes plaque-localized TNF-α and IFN-γ production in the aorta of ApoE-/- mice [221]. 

There are several other examples where infection has been shown to trigger inflammation and 

atherosclerotic development [222-225]. 

 

 AMI and infection.  

 

Well-designed retrospective studies have demonstrated a consistent two- to three-fold increase 

in the risk of AMI within 1-2 weeks following infection, with the peak incidence of AMI occurring 

within the first few days of infection onset. Additionally, a number of predominantly case-control 

studies, ranging from small cohort sizes (40 cases, 71 controls [226]) to large cohort sizes (11 155 

cases, 11 155 controls [227]), have demonstrated an association of acute infection and the 

incidence of AMI, with an odds ratio of between 2.2 and 4.2 [226-231]. 
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During influenza epidemics, increased morbidity and mortality related to AMI was noted [232], 

and the authors urged public health organizations to incorporate cardiovascular treatment into 

preparations for influenza pandemics. A study that examined early influenza pandemics (1918-

1929) in the United States concluded that cardiovascular events was the leading cause of excess 

mortality behind deaths caused by influenza and pneumonia [233]. Upon examination of a large 

number of autopsies, AMI causing death was 30% more likely to happen during the influenza 

season when compared to the off-season [234]. In a retrospective study of patients admitted for 

pneumococcal pneumonia and followed up for 5 years, approximately 20% of patients had at least 

one major cardiovascular event [235], a finding that was confirmed by others [236, 237]. Patients 

with a respiratory tract infection [230] or influenza-like symptoms [226] are 3 times as likely to 

experience an AMI as patients without these symptoms. Failure to respond to pneumonia 

treatment in severe cases of community acquired pneumonia was associated with an increased 

risk of experiencing an AMI [237]. These studies indicate an association between infection and the 

onset of AMI.  

 

 Seasonal variation in AMI.  

 

It has been consistently demonstrated that there is a seasonal pattern of AMI incidence and death, 

with a peak in winter. In examining STEMI patients admitted to Waikato hospital, New Zealand, 

between 1998 and 2007, 35 STEMI cases per month were admitted to hospital during the winter 

months, and this was higher than the rate reported for summer (27 STEMI cases per month) [238]. 

Elsewhere, an 11% increase in the risk of AMI has been reported in winter versus non-winter 

months [239]. A relative risk of 1.052 for the incidence of AMI deaths was recorded during winter 

and this is higher than the relative risk of 0.954 recorded during summer [240]. Similarly, a rate of 

4.8 deaths due to AMI per 10,000 inhabitants was reported for winter and was statistically higher 

than the rate of 3.5 deaths due to AMI per 10,000 [241].   
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1.11 Overall aims. 

 

We suggest that the TLR pathways, which are not currently therapeutically targeted, may 

represent an alternative pathway of platelet activation in AMI despite treatment with DAPT. This 

thesis explores platelet-TLR expression and TLR-mediated platelet activation in healthy subjects 

and subjects with AMI, the effect of DAPT on this type of activation, and the effect of platelets on 

leukocyte function in response to TLR stimulation. The overall hypotheses and aims of this thesis 

are as follows: 

 

 

Firstly, we hypothesized that there will be an increase in platelet-TLR expression in AMI subjects, 

compared to healthy subjects. We have tested this hypothesis in Chapter 2 and Chapter 3, with 

the following aims: 

1. To examine baseline TLR9 expression in healthy subjects and in AMI subjects treated with 

DAPT, and to determine how TLR9 expression changed in response to platelet activation in 

both cohorts (Chapter 2). 

2. To examine whether total protein expression of platelet-TLR 1, 2, 4 and 6 changed between 

healthy subjects and AMI subjects treated with DAPT (Chapter 3).  

 

 

Secondly, we hypothesized that the TLR pathways are a mechanism by which platelets can become 

activated. We have tested this in Chapter 2 and Chapter 3: 

3. To examine platelet activation in response to ODN2006, a TLR9 agonist, in healthy subjects 

and in AMI subjects treated with DAPT (Chapter 2). 

4. To compare the level of platelet activation in response to TLR4, TLR2/1 and TLR2/6 agonism 

in healthy subjects and in AMI subjects treated with DAPT (Chapter 3). 
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We also hypothesized that anti-platelet therapy does not inhibit, or only slightly inhibits platelet 

activation in response to direct TLR stimulation. We have tested this in Chapter 4: 

5. To determine the extent to which aspirin alone or in combination with ticagrelor, a potent 

P2Y12 receptor antagonist, can inhibit platelet activation in response to TLR2/1, TLR4 and 

TLR9 stimulation.  

 

Fourthly, we hypothesized that platelets will modify the responses of leukocyte subsets in a TLR 

agonist-specific manner. We have tested this in Chapter 5: 

6. To determine the extent to which platelets modulate PBMC (monocyte, T cell) and 

granulocyte (neutrophil) responses in vitro to TLR4, TLR2/1, and TLR2/6 agonism in healthy 

subjects. 

 

 

Lastly, on the basis of our previous results from Chapter 5, we hypothesized that platelets will 

attenuate various neutrophil functions in a TLR agonist-specific manner. This was examined in 

Chapter 6: 

7. To determine the extent to which platelets can modulate multiple markers of neutrophil 

function in response to in vitro stimulation with TLR4, TLR2/1, and TLR2/6 agonists in 

healthy subjects. 
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 Chapter 2. TLR9 expression and ODN2006-mediated platelet activation in AMI 

patients on DAPT. 

 

 

 

 

Publication arising from this chapter: 

 

Hally, K. E., La Flamme, A. C., Larsen, P. D., & Harding, S. A. (2016). Toll-like receptor 9 expression 

and activation in acute coronary syndrome patients on dual anti-platelet therapy. Thrombosis 

Research, 148, 89-95. doi:http://dx.doi.org/10.1016/j.thromres.2016.10.026.  
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2.1 Introduction.  

 

As we have established in Chapter 1, platelet activation can occur via multiple thrombotic and 

inflammatory signalling pathways. Although AMI patients are treated with DAPT, a proportion of 

patients will continue to experience recurrent ischaemic events despite treatment with DAPT [242, 

243]. Alternative activation pathways that are not currently therapeutically targeted may 

contribute to this ongoing ischaemic risk in some patients. Platelet-TLRs may represent such 

alternative pathways. A subset of TLRs are known to be expressed on and within platelets [185, 

187, 188] and various immune-driven, anti-microbial effects have been attributed to platelet-TLR 

agonism [9, 244, 245].  

 

The subset of platelet-TLRs (TLR1, 2, 4, 6 and 9) that was examined in this thesis can neatly be 

divided into two groups based on their sub-cellular localization. Platelet-TLR9 is predominantly 

expressed intracellularly and, therefore, recognizes microbial nucleic acids. Platelet-TLR1, 2, 4 and 

6 are predominantly expressed on the platelet surface and respond to different extracellular lipid 

molecular patterns. Characterization of platelet-TLR expression and TLR-mediated platelet 

activation has been examined in Chapters 2 and 3 according to their sub-cellular localization; 

platelet-TLR9 is addressed in Chapter 2 and platelet-TLR1, 2, 4 and 6 are addressed in Chapter 3.  

 

TLR9 traditionally recognizes unmenthylated CpG ODNs present in bacterial and viral DNA [246]. 

More recently, platelet-TLR9 has been shown to respond to free radical-altered self-ligands, 

thereby acting as a sensor of endogenous ‘danger’ [216]. Stimulation with these free radical-

altered ligands or with the prototypical TLR9 agonist, ODN2006, has been shown to activate 

platelets from healthy subjects previously [215, 216]. However, TLR9 expression and platelet 

activation in response to a TLR9 agonist remains incompletely characterized in healthy subjects, 

and there is no data examining its role in pathological conditions such as AMI.  
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We hypothesize that platelet-TLR9 expression will increase with platelet activation and will 

increase during AMI. We further hypothesize that platelets will become activated in response to a 

TLR9 agonist in both a cohort of healthy subjects and a cohort of AMI subjects treated with DAPT. 

Therefore, we addressed the following aims in this study: 

1. To examine baseline TLR9 expression in healthy subjects and in AMI subjects treated with 

DAPT, and to determine how TLR9 expression changed in response to platelet activation in 

both cohorts.  

2. To examine platelet activation in response to ODN2006, a TLR9 agonist, in both cohorts.  
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2.2 Materials and methods. 

 

 Subject recruitment.  

 

2.2.1.1 Healthy subjects. 

 

Two distinct healthy cohorts were recruited for this study: a cohort of 5 healthy subjects was 

recruited to examine TLR9 expression in platelets and a separate cohort of 16 healthy subjects was 

recruited to examine platelet activation in response to ODN2006. Healthy subjects who had no 

known cardiovascular disease, diabetes mellitus or any inflammatory or immunological disease 

were recruited. Exclusion criteria included an acute illness within 6 weeks prior to recruitment, 

pregnancy, a known platelet function disorder, a platelet count of less than 100×109/L or if they 

had taken anti-platelet agents, non-steroidal anti-inflammatory drugs or any cardiovascular or 

immune-modulating medication within 7 days prior to recruitment. The healthy subject 

component of the study was reviewed and approved by the University of Otago Human Ethics 

Committee, New Zealand (HE16/004), and all subjects provided written informed consent.  

 

2.2.1.2 AMI subjects. 

 

As defined for healthy subjects, a cohort of 5 AMI subjects was recruited to examine platelet-TLR9 

expression and a cohort of 16 AMI subjects was recruited to examine ODN2006-mediated platelet 

activation. AMI subjects who were adequately treated with DAPT were recruited prior to coronary 

angiography. AMI was defined according to the Third Universal Definition of Myocardial Infarction 

[247]. AMI subjects were recruited if they had a dynamic elevation in cardiac troponin levels with 

either symptoms suggestive of myocardial ischemia and/or ≥1 mm of new ST segment deviation 

or T wave inversion on an ECG in at least 2 contiguous leads. All AMI subjects were categorized as 

presenting with either NSTEMI or STEMI. Adequate DAPT was defined as chronic therapy of ≥5 

days of aspirin (≥75 mg once daily) with either clopidogrel (≥75 mg once daily) or ticagrelor (≥90 

mg twice daily) and/or loading with ≥300 mg aspirin at least 2 hours with either ≥300 mg 
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clopidogrel at least 6 hours or ≥180 mg ticagrelor at least 2 hours prior to recruitment. Patients 

were excluded if they were administered with a fibrinolytic agent within 24 hours or a glycoprotein 

IIb/IIIa receptor antagonist within a week prior to recruitment, had a concurrent illness, a known 

platelet function disorder and/or a platelet count of less than 100x109/L. All enrolled AMI subjects 

underwent coronary angiography and, following this, either underwent PCI, were referred for 

CABG or were medically managed. The AMI subject component of the study was reviewed and 

approved by the Health and Disability Ethics Committee, New Zealand (16/CEN/68) and all subjects 

provided written informed consent.  

 

For all subjects, demographics, relevant clinical characteristics and current medications were 

obtained following consent.  

 

 Platelet preparation.  

 

Blood was drawn via venepuncture from healthy subjects into hirudin anticoagulated tubes 

(Dynabyte, Munich, Germany). For AMI subjects, blood was sampled via intra-arterial sheath 

immediately after insertion and prior to heparin administration in the cardiac catheterization 

laboratory. Platelet rich plasma (PRP) was prepared by centrifuging whole blood (WB) at 200 xg 

for 12 minutes. PRP was centrifuged at 100 xg for 20 minutes to pellet contaminating leukocytes. 

Leukocyte-depleted PRP was adjusted to 100,000/µL with phosphate-buffered saline (PBS; 145 

mM NaCl, 8.7 mM Na2HPO4, 1.3 mM NaH2PO4; also see Appendix 2).  

 

 

 Flow cytometric analysis of TLR9 expression.  

 

The flow cytometry panel design for TLR9 detection is describe in Table 2.1. PRP was incubated 

with 1 µM or 10 µM TRAP6 (Tocris Bioscience, Bristol, UK) for 15 minutes, or left unstimulated for 

15 minutes, at room temperature. 1 µM and 10 µM TRAP stimulation produces low and maximal 

platelet activation, respectively. Following this incubation, PRP was incubated with anti-CD42a-
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PerCP (clone Beb-1; Becton Dickinson, San Jose, CA, USA) for 20 minutes at room temperature. 

Separately, an aliquot of PRP was incubated with anti-CD62p-PE (clone AK4; BioLegend, San Diego, 

CA, USA), a platelet activation marker, to ensure sufficient platelet activation was being achieved 

under these stimulation conditions. In parallel, unstimulated and stimulated PRP was incubated 

with PerCP-IgG1,κ (Becton Dickinson) or PE-IgG1,κ (BioLegend) isotype controls for 20 minutes at 

room temperature. All samples were fixed with 1 mL 1% paraformaldehyde, centrifuged at 1000 

xg for 20 minutes at room temperature, permeabilized and pelleted twice in 1 mL permeabilization 

wash buffer (BioLegend). Resuspended in residual permeabilization wash buffer, platelets were 

incubated with anti-TLR9-FITC (clone 26C593.2; Thermo Fisher Scientific, Waltham, MA, USA) in 

staining buffer (2% fetal calf serum, 0.1% sodium azide in phosphate-buffered saline) for 20 

minutes in the dark at room temperature. Following staining, platelets were diluted in 1 mL 

permeabilization wash buffer, pelleted and finally resuspended in 250 µL staining buffer for 

analysis. For TLR9 expression, the geometric mean fluorescence intensity (MFI) was determined. 

Flow cytometric data was analysed using FlowJo software (Tree star, Ashland, OR, USA).  

 

 

Flow cytometric detection of monocyte-TLR9 was used as a positive control. WB was incubated 

with either anti-CD64-APC/Cy7 (clone 10.1; BioLegend) or APC/Cy7-IgG1,κ isotype control 

(BioLegend) for 20 minutes at room temperature before fixation and incubation in red blood cell 

lysis buffer (Qiagen, Venlo, Netherlands) for 15 minutes at room temperature. Lysed WB was 

centrifuged at 100 x g for 20 minutes at room temperature prior to permeabilization and staining 

with anti-TLR9-FITC under the same conditions as described for PRP. All samples were analysed on 

a Millipore Guava easyCyte 8HT flow cytometer (Merck Millipore, Darmstadt, Germany).  

 

 

The platelet and monocyte population were identified as described in Figure 2.1. For TLR9 

expression, the MFI was determined. Representative examples of TLR9 expression in the 

monocyte and platelet population are given in Figure 2.2. All flow cytometric data was analysed 

using FlowJo software (Tree star, Ashland, OR, USA). 
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 Laser/channel 

(fluorophore) 

Antibody target 

(clone) 

Concentration in final staining 

volume (final dilution) 

Platelet-TLR 

expression 

Blue/Red (PerCP) CD42a (Beb1) 1.25 μg/mL (1 in 10) 

Blue/Green (FITC) TLR9 (26C593.2) 40.00 μg/mL (1 in 12.5) 

Monocyte-TLR 

expression 

Red/NIR2 (APC/Cy7) CD64 (10.1) 1.00 μg/mL (1 in 200) 

Blue/Green (FITC) TLR9 (26C593.2) 40.00 μg/mL (1 in 12.5) 

A list of all antibody formats, clones, isotypes and manufacturers can be found in Appendix 1. 

Table 2.1 Panel design for TLR9 expression in platelets and monocytes. 
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The platelet population was identified from PRP by their forward and side scatter properties (A) and, further, by their 

CD42a-positivity (C) against the isotype control (B). The gates in (B) and (C) stem from the gate in (A). The monocyte 

population was identified from lysed WB by their CD64 positivity (E) against the isotype control (D).   

SS
C
 

Anti-CD42a-PerCP 

B 

SS
C
 

FSC 

 

A 

SS
C

 

Anti-CD64-APC/Cy7 

D 

C 

E 

Figure 2.1 The platelet and monocyte populations were identified by flow cytometry. 
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Representative plots of TLR9 expression in healthy (A) and in AMI (B) platelets under resting and activated conditions 

are shown. Adequate platelet activation was achieved under each of the TRAP stimulation conditions, as measured 

by cell-surface CD62p expression, which indicates an activated platelet (C). TLR9 expression in resting monocytes was 

used as a positive control (D). Filled grey line, isotype control; solid black line, no agonist; dotted black line, 1 µM 

TRAP; dashed line, 10 µM TRAP.  
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Figure 2.2 TLR9 expression in healthy and AMI platelets was assessed by flow cytometry. 
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 Western blot analysis of TLR9 expression.  

 

For whole platelet lysate preparation, PRP was either stimulated with 1 µM or 10 µM TRAP6 or 

left unstimulated for 50 minutes at RT. Prostaglandin E1 was added to a final concentration 1 µM 

prior to centrifugation at 1,000 x g for 20 minutes at RT. The platelet pellet was resuspended in 

radio-immunoprecipitation buffer (10 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 1% Triton-X-100, 

0.1% SDS, 1% sodium deoxycholate, pH 7.5; also see Appendix 2) containing 10 µL/mL protease 

inhibitor cocktail (Sigma Aldrich, St. Louis, MO, USA) and incubated for 60 minutes at 4°C. Cell 

debris was removed by centrifugation at 14,000 x g for 5 minutes. The protein concentration of 

whole cell lysates was quantified using the bicinchoninic acid assay (BCA; Thermo Fisher). Aliquots 

were stored at -20°C until analysis. For western blotting analysis, each cell lysate was incubated in 

Laemmli buffer (30 mM Tris-HCl, 2% SDS, 20% glycerol, 1% bromophenol blue) containing 10% 

final concentration of β-mercaptoethanol and boiled at 95°C for 5 minutes. 50 µg platelet lysate 

was loaded onto an 8% SDS-PAGE and run at 120V for 120 minutes at room temperature in SDS-

PAGE running buffer (25 mM Tris, 192 mM glycine, 1% SDS). The proteins were blotted onto a 

PVDF membrane at 20V for 17 hours at 4°C in transfer buffer (25 mM Tris, 192 mM glycine, 10% 

methanol) in a wet transfer system. The membrane was blocked with 5% BSA in Tris-buffered 

saline (TBS; 50 mM Tris, 150 mM NaCl, pH 7.4) with 0.1% Tween 20 (TBS-T) for 1 hour at room 

temperature and probed with primary mouse anti-human TLR9 (clone 26C593.2; Thermo Fisher 

Scientific) overnight at 4°C. After washing with TBS-T, the membrane was incubated with a 

secondary goat anti-mouse antibody conjugated to horse radish peroxidase (HRP; Bio Rad, 

Hercules, CA, USA) for 1 hour at room temperature. Antibody-antigen complexes were then 

detected using an enhanced-chemiluminescent detection system (Bio Rad). The blots were then 

stripped as per manufacturer’s instructions (Restore Stripping Buffer, Thermo Fisher Scientific) 

and probed with primary mouse anti-human β-actin (clone AC-74; Sigma Aldrich) for 3 hours at 

room temperature before incubation with HRP conjugated secondary goat anti-mouse antibody 

and detection using enhanced-chemiluminescence detection. 
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 Flow cytometric detection of ODN2006-mediated platelet activation.  

 

The flow cytometry panel design for ODN2006-mediated platelet activation is described in Table 

2.2. Platelet activation in response to ODN2006 was assessed in both WB and PRP. Platelet 

activation in PRP determines the component of activation that is mediated by direct TLR agonism. 

Incubation in WB determines whether any component of platelet activation is mediated by 

indirect TLR agonism through ‘off-platelet’ TLR pathways. 2 µL PRP or WB was incubated with 5 

µM of the TLR9 agonist, ODN2006 (InvivoGen, San Diego, CA, USA). As a positive control, PRP and 

WB were incubated with TRAP6 to a final concentration of 2.5 µM (sub-maximal platelet 

activation) and 10 µM (maximal platelet activation). As a negative control, PRP and WB were 

incubated with PBS. All samples were incubated for 15 minutes at room temperature. Following 

stimulation, each aliquot of PRP and WB was incubated with anti-CD42a-PerCP (clone Beb-1; 

Becton Dickinson), anti-CD62p-PE (clone AK4; BioLegend), and anti-CD63-AF647 (clone H5C6; 

BioLegend) in a 50 µL total staining volume for 20 minutes in the dark at room temperature. Cell-

surface CD62p and CD63 expression indicates an activated platelet. These are markers of platelet 

degranulation; CD62p is released from the alpha granules and CD63 is released from the dense 

granules, and both markers are expressed on the surface of platelets upon platelet activation. In 

parallel, aliquots of PRP and WB were incubated with PerCP-mouse IgG1,κ (Becton Dickinson), PE-

mouse IgG1,κ (BioLegend) or AF647-mouse IgG1,κ (BioLegend) isotype controls. All samples were 

fixed with 1 mL 1% paraformaldehyde following stimulation and staining and analysed by flow 

cytometry. Platelets were identified in PRP and WB as shown in Figure 2.3. For CD62p expression, 

where a distinct positive and negative platelet population was observed, the percentage of CD42a-

positive platelets that were positive for this activation marker was determined. For CD63 

expression, where a fluorescence shift of the whole platelet population was observed, the MFI 

was determined. Representative plots of CD62p and CD63 expression in platelets are shown in 

Figure 2.3. 
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 Channel 

(fluorophore) 

Antibody target 

(clone) 

Concentration in final staining 

volume (final dilution) 

ODN2006-mediated 

activation 

Blue/Red (PerCP) CD42a (Beb1) 1.25 μg/mL (1:10) 

Blue/Yellow (PE) CD62p (AK-4) 1 μg/mL (1:100) 

Red/Red2 (AF647) CD63 (H5C6) 2 μg/mL (1:100) 

A list of all antibody formats, clones, isotypes and manufacturers can be found in Appendix 1. 

  

Table 2.2 Panel design for ODN2006-mediated platelet activation. 
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Platelets were identified by their side scatter and forward scatter properties for both WB (A) and PRP (B) and, further, 

by their CD42a-positivity (as described in Figure 2.1). Representative plots of CD62p (C) and CD63 (D) expression are 

shown for unstimulated and ODN2006-stimulated platelets.  
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Figure 2.3 Identification of the platelet population and of the platelet activation markers, CD62p and CD63. 
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 Statistical analysis.  

 

Because the difference in platelet-TLR9 expression or the difference in TLR9-mediated platelet 

activation between a healthy and diseased cohort has not yet been studied, we did not have data 

on the variance of these measurements to properly estimate an appropriate sample size. 

Therefore, for each cohort, we empirically chose to recruit 5 subjects to examine TLR9 expression 

and 16 subjects to examine TLR9-mediated platelet activation, respectively.  

 

 

Differences in expression of platelet activation markers or TLR9 expression within each cohort 

were examined using one-way ANOVA. Where significant differences were found to exist, post-

hoc paired t-tests were performed. All values are reported as mean ± standard deviation (SD). 

Differences between cohorts were examined using unpaired t-tests. For demographics data, 

continuous variables were analysed using an unpaired t-test and reported as mean ± SD and 

categorical variables were analysed using a Chi-squared test and reported as frequency 

(percentage). Statistical analysis was performed using GraphPad Prism 6 (GraphPad Software Inc., 

La Jolla, CA, USA).  
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2.3 Results.  

 

 TLR9 expression in healthy and AMI subjects.  

 

During the study period, 5 healthy and 5 AMI subjects were enrolled to examine TLR9 expression. 

The healthy cohort had a mean age of 26 years and 2 were male. The mean age of AMI patients 

was 66, 4 were male. 3 AMI subjects presented with an NSTEMI and 2 presented with a STEMI. 

TLR9 expression in resting AMI platelets (MFI, 14.3±4.5) was significantly greater compared to 

healthy subjects (MFI 7.2±2.5, p<0.01; Figure 2.4A). In the healthy cohort, a dose-dependent 

increase in TLR9 expression was reported for 1 µM TRAP-activated platelets (MFI 9.8±2.7, ns) and 

10 µM TRAP-activated platelets (MFI 12.8±3.6, p<0.05) in comparison to unstimulated platelets. 

However, in AMI subjects TLR9 expression following 1 µM (MFI 14.7±4.5) or 10 µM (MFI 14.8±5.1) 

TRAP activation was similar to TLR9 expression seen in unstimulated platelets. Cell-surface CD62p 

expression, a platelet activation marker, was examined to ensure sufficient TRAP-mediated 

platelet activation was achieved across both cohorts (Figure 2.4B). The percentage of the platelet 

population expressing cell-surface CD62p expression was low in unstimulated platelets and no 

different across the cohorts (healthy cohort, 2.3% of the platelet population was CD62p-positive; 

ASC cohort, 1.8%). CD62p expression was mildly elevated in both healthy (23.6%) and AMI (15.5%) 

subjects in response to 1 µM TRAP and markedly elevated in response to 10 µM TRAP (healthy, 

74.3%; AMI, 66.8%). The trends in TLR9 expression described above were qualitatively verified by 

western blot (Figure 2.4C); elevated TLR9 protein levels were seen in AMI platelets, across all 

treatments, in comparison to resting healthy platelets.  
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Platelet-TLR9 expression, as measured by MFI, was analysed in response to 1 µM and 10 µM TRAP stimulation (A). 

Mean ± SD for 5 subjects in each cohort are shown. For TLR9 expression, one way ANOVA and paired t-tests were 

performed to detect differences within each cohort and unpaired t-tests were performed to detect differences 

between cohorts. * p<0.05, ** p<0.01. Cell-surface CD62p expression was assessed to ensure sufficient platelet 

activation under the TRAP stimulation conditions (B). Western blotting confirms the trends seen by flow cytometry 

(C).   

Figure 2.4 TLR9 expression increases in AMI platelets and upon platelet activation, compared to resting healthy platelets. 
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 Dose response curves for ODN2006-mediated platelet activation.  

 

In order to establish a dose-response curve for platelet activation in response to ODN2006 

stimulation, PRP from 5 healthy individuals was incubated with 0.156 µM to 10 µM ODN2006, a 

TLR9 agonist, or TRAP (Figure 2.5). Maximal platelet activation, as measured by CD62p expression, 

occurred following incubation with 5 µM ODN2006. This concentration was, therefore, used for 

the subsequent platelet activation studies. 2.5 µM and 10 µM TRAP produced sub-maximal and 

maximal platelet activation, respectively, and were used as positive controls for subsequent 

platelet activation studies. 

 

 

 

 

 

 

 

 

 

 

 

 

The percentage of the platelet population that was CD62p-positive, which indicates an activated platelet, was 

measured following incubation with 0.156 µM – 10 µM TRAP, a universal platelet agonist, and ODN2006, a TLR9 

agonist. Agonist concentrations were log transformed and a sigmoidal curve was fitted. Mean ± SD for 5 healthy 

subjects is shown.  
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Figure 2.5 Dose-response curves for TRAP and ODN2006. 
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 Demographics for ODN-mediated platelet activation.  

 

16 healthy and 16 AMI subjects were enrolled to examine ODN2006-mediated platelet activation, 

separate from the subjects that were enrolled to examine TLR9 expression. The baseline 

demographics and clinical characteristics of both cohorts enrolled for this part of the study are 

given in Table 2.3. The healthy cohort had a mean age of 52 years and 9 (56%) were male. The AMI 

cohort were older than the healthy group (64±11 years vs. 52±8 years, p<0.001) but had a similar 

gender distribution (56%) and body mass index (29±6 vs. 26±4, p=0.12). In the AMI cohort, 94% 

presented with a NSTEMI, 19% were diabetic, and the prevalence of hypertension (63%) and 

dyslipidaemia (69%) was high. All AMI subjects were pre-treated with DAPT; 9 subjects received 

clopidogrel with aspirin and 7 received ticagrelor with aspirin. 
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Table 2.3 Demographics and clinical characteristics of the AMI and healthy cohort. 

 AMI cohort 
(n=16) 

Healthy cohort 
(n=16) 

p-value 

Demographics    

Age, years 64±11 52±8 p<0.001 

Male 9 (56) 9 (56) -- 

BMI, kg/m2 29±6 26±4 p=0.12 

Cardiovascular risk factors    

Hypertension 10 (63) 0 (0) -- 

Dyslipidaemia 11 (69) 0 (0) -- 

Diabetes 3 (19) 0 (0) -- 

Current smoker 1 (6) 0 (0) -- 

Renal dysfunction 1 (6) 0 (0) -- 

Clinical presentation    

STEMI 1 (6) 0 (0) -- 

NSTEMI 15 (94) 0 (0) -- 

Anti-platelet medication    

Aspirin 16 (100) 0 (0) -- 

Clopidogrel 9 (56) 0 (0) -- 

Ticagrelor 7 (44) 0 (0) -- 

All continuous variables were reported as mean ± standard deviation and all categorical variables were reported 

as frequency (percentage). BMI, body mass index; STEMI, ST-elevation myocardial infarction; NSTEMI, non-ST-

elevation myocardial infarction. 
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 Platelet activation in healthy subjects following ODN2006 agonism.  

 

At a group level, ODN2006 resulted in a significant increase in the percentage of CD62p-positive 

platelets (55% increase from no agonist, p<0.0001) in healthy WB (Figure 2.6A). Similarly, a 

significant increase in CD63 expression was observed across the whole platelet population (MFI, 

0.61 in no agonist vs. 3.81 in ODN2006 stimulated sample, p<0.0001, Figure 2.6C). Similar to the 

response in WB, ODN2006 stimulation significantly increased CD62p (46% increase, p<0.0001, 

Figure 2.6B) and CD63 expression (MFI 1.63 vs. 3.17, p<0.001, Figure 2.6D) in healthy PRP in 

comparison to unstimulated platelets. Stimulation of platelets with both doses of TRAP produced 

significant increases in both activation markers across WB and PRP.  
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CD62p (A, B) and CD63 (C, D) expression in response to TRAP and ODN2006 was analysed in WB (A, C) and PRP (B, D). 

Mean ± SD for 16 subjects in each cohort are shown. Within each cohort, one way ANOVA was found to be significant 

(p<0.05) for each parameter and allowed for paired t-tests to be performed. * denotes significance in relation to the 

no agonist sample, ɸ in relation to 2.5 µM TRAP, # in relation to 10 µM TRAP. # , ɸ p<0.05, ***, # # #, ɸ ɸ ɸ  p<0.001, **** 

p<0.0001.  
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Figure 2.6 Incubation with ODN2006 in WB and PRP induced significant platelet activation in healthy subjects. 



Chapter 2.                                      TLR9 expression and ODN2006-mediated platelet activation in AMI patients on DAPT.  

Page | 77 

 

 Platelet activation in AMI subjects following ODN2006 agonism.  

 

In response to ODN2006, there was a significant increase in both CD62p (61% increase from no 

agonist, p<0.0001, Figure 2.7A) and CD63 expression (MFI 0.75 in no agonist vs. 4.84 in ODN2006 

stimulated, p<0.0001, Figure 2.7C) in AMI WB when compared to unstimulated platelets. Similarly, 

ODN2006-mediated platelet activation in AMI PRP was significantly larger than that observed in 

the no agonist sample for both CD62p (47% increase, p<0.0001, Figure 2.7B) and CD63 (MFI 0.67 

vs. 2.41, p<0.0001, Figure 2.7D). As noted in the healthy cohort, there was a significant increase 

in TRAP-mediated platelet activation in WB and PRP. 
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CD62p (A, B) and CD63 (C, D) expression are shown in response to TRAP and ODN2006 was analysed in WB (A, C) and 

PRP (B, D). Mean ± SD for 16 subjects in each cohort is shown. Within each cohort, one way ANOVA was found to be 

significant (p<0.05) for each parameter and allowed for paired t-tests to be performed. * denotes significance in 

relation to the no agonist sample, ɸ in relation to 2.5 µM TRAP, # in relation to 10 µM TRAP. # , ɸ p<0.05, ** p<0.01,  
# # # p<0.001, ****, # # # # p<0.0001.  
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Figure 2.7 Incubation with ODN2006 in WB and PRP induced significant platelet activation in AMI subjects. 
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 Comparison of PRP and WB responses to ODN2006.  

 

There was a significantly greater increase in the percent of platelets expressing CD62p following 

ODN2006 stimulation in WB than in PRP in both the healthy (12% increase, p<0.01) and AMI (16% 

increase, p<0.01) cohort (Figure 2.8A). Similarly, there was a greater increase in CD63 expression 

in WB when compared to PRP for the AMI cohort (MFI 4.84 in WB vs. 2.41 in PRP, p<0.01, Figure 

2.8B). However, the increase in CD63 expression in the healthy cohort following ODN stimulation 

was not statistically different in WB compared with PRP (MFI 3.81 vs. 3.17, p=0.23). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Platelet activation between WB and PRP was analysed by CD62p (A) and CD63 (B) expression in both cohorts. Within 

each cohort, paired t-tests were performed to detect differences. ** p<0.01.   
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Figure 2.8 Platelet activation in response to ODN2006 is greater in WB than in PRP. 
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 Comparison of ODN2006-mediated platelet activation across cohorts.  

 

A similar response to ODN2006 was seen across both the AMI and healthy cohorts, shown in Figure 

2.9. CD62p expression in healthy WB (59% of platelets were CD62p-positive) and PRP (47%) was 

not different to that of AMI WB (64%) and PRP (48%). There was also no difference in CD63 

expression recorded for WB (MFI 3.81 in healthy vs 4.84 in AMI cohort) and PRP (MFI 3.17 vs 2.41). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Platelet activation between the healthy and AMI cohort was analysed by CD62p (A) and CD63 (B) expression in both 

WB and PRP. Unpaired t-tests were performed to detect differences between cohorts.   
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Figure 2.9 Platelet activation in response to ODN2006 is similar across cohorts. 
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 A differential platelet response to 2.5 µM TRAP was seen between cohorts.  

 

Compared to healthy WB, platelet CD63- and CD62p-positivity were attenuated in AMI WB in 

response to 2.5 µM TRAP (CD62p, 24% absolute decrease; CD63, 3.8% absolute decrease; both 

p<0.001; Figure 2.10). The same trend can be described for the results in PRP; CD62p expression 

(8% absolute decrease, p=0.25) and CD63 expression (2.3% absolute decrease, p<0.01) is higher 

in the healthy cohort.  

 

 

 

 

 

 

 

 

 

 

 

The AMI platelet population becomes less activated in response to 2.5 µM TRAP, in comparison to healthy platelets 

for both CD62p (A) and CD63 (B) expression. Unpaired Student’s t-tests were performed, ** p<0.01, *** p<0.001.  
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Figure 2.10 Platelet activation in response to 2.5 µM TRAP in WB is greater in the healthy cohort. 
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2.4 Discussion.  

 

In this study, we demonstrated that platelet-TLR9 expression is significantly higher in AMI subjects, 

compared to healthy subjects. Furthermore, TLR9 dose-dependently increased in response to 

TRAP activation in the healthy cohort, although this was not observed in the AMI cohort. 

Stimulation with ODN2006, a TLR9 agonist, produced significant platelet activation in PRP and WB 

across both cohorts. Interestingly, the level of ODN2006-mediated platelet activation was similar 

across cohorts, despite treatment with DAPT in the AMI cohort.  

 

Consistently, TLRs have been implicated in the development and progression of atherosclerosis. 

Immune cell-TLR activation has been reported to be pro-atherogenic, resulting in increased plaque 

infiltration and cytokine release and, ultimately, exacerbating the pro-inflammatory environment 

at the atherosclerotic plaque site [171, 174]. Platelets are increasingly implicated in immune 

responses at the plaque site and are known to be pathogenic in AMI. Platelet-TLRs may act as a 

link between thrombosis and inflammation, but platelet-TLR expression and activation is not well 

characterised in atherosclerosis or AMI.  

 

Elucidating TLR function in healthy platelets remains the focus throughout the current literature. 

However, the significance of TLR expression and function in disease states where platelets are 

known to play a large and detrimental effect has yet to be fully addressed. Inappropriate platelet 

activation in AMI patients increases the risk of experiencing recurrent MACE [248], representing a 

real and significant concern for clinicians. Stimulating alternative platelet activation pathways may 

contribute to this risk, but these remain relatively unexplored. We are the first to demonstrate 

that platelet-TLR9 expression is increased in AMI and that ODN2006 stimulation causes platelet 

activation in AMI patients, despite treatment with DAPT. We suggest that the platelet-TLR9 

pathway is an alternative platelet activation pathway that may be of therapeutic importance in 

AMI. 
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TLR9 expression has been variably reported in healthy platelets previously [187, 188], residing in 

tubular system-related compartments situated towards the periphery of the platelet [215]. We 

demonstrate elevated TLR9 expression in AMI platelets when compared to healthy platelets. The 

difference in TLR9 expression between a healthy state and a diseased state, such as AMI, indicates 

dynamicity of platelet function and reactivity during disease. It is possible that AMI platelets have 

an entirely different phenotype, which reflects the pro-inflammatory and pro-thrombotic 

environment that arises during an AMI, compared to healthy individuals. Increased platelet-TLR9 

expression may represent a pro-inflammatory state which predisposes AMI platelets to elevated 

sensitivity towards TLR9 agonists. Ultimately, such sensitivity could contribute to high platelet 

reactivity in AMI and increased involvement in both the thrombotic and immune responses 

directed against the ruptured atherosclerotic plaque environment.  

 

We have demonstrated that TLR9 expression increases upon activation in healthy platelets. 

Further to this, maximally stimulating healthy platelets with 10 µM TRAP resulted in TLR9 

expression levels similar to that seen in unstimulated AMI platelets. These findings suggest that 

platelet activation is a likely mechanism to explain increased TLR9 expression in AMI platelets. AMI 

patients experience extensive platelet activation during their event [249] and it is possible that 

platelet-TLR9 upregulation occurs as a by-product of this activation. Stimulating AMI platelets 

further does not result in any additional increase in expression. We suggest TLR9 expression is 

upregulated to a maximum level at some point during the AMI event.  

 

AMI patients were recruited into this study an average of 4 days following symptom onset, which 

suggests platelet-TLR9 is upregulated during AMI and remains elevated post-AMI. Following AMI, 

the atherosclerotic plaque environment remains highly pro-thrombotic and pro-inflammatory 

and, during this time, patients are at risk of experiencing recurrent ischaemic events. Increased 

platelet sensitivity to TLR9 antigens post-AMI may contribute to this increased risk. 
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With this in mind, we aimed to determine the extent to which ODN2006, a TLR9 agonist [250, 

251], activated platelets from AMI platelets treated with DAPT. ODN2006 agonsim resulted in 

significant platelet activation in both healthy subjects and in AMI subjects treated with DAPT. 

ODN2006 resulted in a significant increase in expression of both CD62p and CD63 in PRP, 

suggesting direct activation of platelet-TLR9. Previous studies have reported TLR9-mediated 

platelet activation in similar platelet-only suspensions [215, 216], demonstrating TLR9 to be a 

functional platelet receptor. In WB, the expression of both activation markers in response to 

ODN2006 was greater than the response in PRP, which suggests an indirect component of platelet 

activation. A wide range of leukocytes express TLR9 to varying degrees [252-254] and TLR9 

agonism induces various cell-specific responses [255-258]. These responses include leukocyte 

activation and release of immunomodulators, both of which can result in platelet activation [259, 

260]. The various indirect effects of ODN2006 in WB provide a mechanism for the greater level of 

activation seen in this medium, when compared to PRP.  

 

TLRs recognize a number of PAMPs and DAMPs, and engagement of these receptors rapidly 

triggers a series of innate immune responses. The platelet-TLR9 response to DNA-derived PAMPs 

may provide a link between infection, platelet activation and increased risk of AMI. Many groups 

have demonstrated the seasonal variation in admission to hospital [261, 262] and death [263] due 

to AMI. All report a peak incidence in winter, concurrent with a peak in infection rates. Alongside 

these reports, there is mounting evidence to link acute infection with the development of AMI 

[264, 265]. The persistent and high inflammatory state which exists in response to infection 

increases plaque infiltration of inflammatory cells and local secretion of pro-inflammatory 

cytokines [266]. This environment may transiently increase platelet-TLR activation, thus increasing 

the risk of thrombosis and susceptibility to an AMI as a result.  

 

Although TLR activation has traditionally been described in response to external infection, 

responses to internal ‘dangerous’ self-ligands have also been recently characterized [267-269]. 

Stimulating platelet-TLR9 by such DAMPs is also a mechanism by which TLRs cause platelet 
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activation and increased risk of thrombosis. Platelet-TLR9 has recently been shown to respond to 

CAPs, formed as a by-product of phospholipid oxidation during oxidative stress [216]. Responses 

included granule secretion and aggregation in vitro and thrombosis in vivo, demonstrating platelet-

TLR9 to be a novel connection between oxidative stress, innate immunity and thrombosis.  

 

All AMI patients were sufficiently loaded with DAPT (aspirin with either clopidogrel or ticagrelor) 

at the time of blood collection. Anti-platelet therapy did not significantly alter the platelet 

response to high-dose (10 µM) TRAP, when compared to healthy subjects, but did inhibit the 

response to low-dose (2.5 µM) TRAP. These results indicate that DAPT is sufficient to inhibit TRAP-

mediated platelet activation at a dose that produces sub-maximal platelet activation. However, a 

similar response to ODN2006 stimulation was seen across both cohorts, indicating a lack of 

inhibition of ODN2006-mediated platelet activation (at the dose tested in this study) by DAPT. 

Based on these results, we suggest that platelet activation via the TLR9 pathway may not be 

adequately inhibited by guideline-recommended anti-platelet therapy and may contribute to 

persistent on-treatment platelet activation post-AMI. 

 

CpG ODNs, which are recognized by TLR9, have potent immunostimulatory effects and have been 

used as adjuvants to a number of monoclonal antibody and vaccine therapies previously (for a 

review, see [270]). In mouse models, CpG ODNs can enhance the efficacy of the immune response 

to hepatitis B (HB) surface antigen [271] and tetanus toxoid [272], to name a few. As an example 

of the use of CpG ODNs in a phase I clinical trial, the efficacy of the commercial HB vaccine (Energix-

B) was improved with the use of CpG ODN7909 as an adjuvant, with the HB-specific antibody 

response appearing significantly sooner in subjects receiving this adjuvant, compared to control 

subjects [273]. In our study, we demonstrate potent in vitro platelet activation in response to 

ODN2006. These results suggest that a possible side-effect of the clinical use of CpG ODNs may be 

an increase in in vivo platelet activation. We suggest that platelet activation is a parameter that 

needs to be monitored, particularly in participants with a higher risk of thrombosis, in clinical 

situations that use ODNs.  
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We have described a platelet activation pathway for which the cellular mechanism is, as yet, 

unknown. TLR9 activation in anucleate platelets must be fundamentally different to that in 

nucleated immune cells, where the ‘end-point’ of TLR signalling is the nuclear translocation of 

transcription factors. Our results suggest that the TLR9 signalling pathway feeds into traditional 

platelet activation pathways. Several groups have identified key TLR signalling components in 

platelets including MyD88, TRIF and NF-κB [213, 274] suggesting a relatively intact, although 

perhaps non-classical, TLR9 signalling pathway. The point at which these two distinct pathways 

interact serves as a potential therapeutic target to reduce platelet activation. Elucidating the 

signalling pathway that is initiated by TLR9 engagement and ends in platelet activation may 

provide viable targets for this purpose.  
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2.5 Limitations.  

 

TLR9 expression and ODN2006-mediated platelet activation were investigated in healthy subjects 

that were younger than the AMI cohort, and we cannot exclude a possible effect of age on these 

results. We have examined the relationship between age and platelet-TLR9 expression (n=5) as 

well as age and platelet activation in response to ODN2006 (n=16) in the AMI group and in the 

healthy group separately. We found no evidence that age is a significant determinant of expression 

or activation, but as we have not controlled for this, we cannot be certain that it is not a 

contributor. For ODN2006-mediated platelet activation, a larger AMI cohort would have allowed 

for greater statistical power for analysis of platelet activation under different DAPT regimens 

(aspirin with clopidogrel vs. ticagrelor). However, this study achieved the aim of describing the 

platelet response to ODN2006 at the cohort level, and was not designed to answer sub-group 

analysis questions. It is not clear what concentration of TLR9 agonists can be achieved in the blood 

of infectious patients or patients with a sterile inflammatory condition, and therefore what would 

constitute a clinically or physiological relevant concentration for use in this study. However, the 

dose of ODN2006 used in this study was consistent with previous literature [215]. We cannot 

exclude off-target effects of ODN2006, but it is a widely-used TLR9 agonist [250, 251] and has been 

used to assess platelet activation previously [215, 216]. We attempted to assess the specificity of 

ODN2006 for platelet-TLR9 by blocking TLR9 signalling with an inhibitory peptide against the 

downstream signalling molecule, MyD88. However, across varying concentrations and incubation 

times, the MyD88 inhibitory peptide induced significant platelet activation. We investigated other 

methods for inhibiting this pathway, such as the use of commercially available neutralizing 

antibodies, but these antibodies are only available for cell-surface expressed TLRs. As a result, we 

were unable to determine the extent of platelet activation that could be achieved by ODN2006 in 

the absence or presence of TLR9 inhibition.  
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2.6 Conclusion.  

 

We have demonstrated an alternative platelet activation pathway that causes potent platelet 

activation in both healthy and AMI subjects. Platelet-TLR9 expression was significantly elevated in 

those subjects with AMI compared to healthy subjects which could result in increased sensitivity 

to TLR9 agonists. Platelet activation caused increased TLR9 expression in healthy platelets. We 

suggest that platelet activation, which occurs as a part of an AMI, is a potential mechanism to 

explain the increased platelet-TLR9 expression seen in AMI patients. ODN2006-mediated platelet 

activation in PRP demonstrates a direct effect of ODN2006 acting on the platelet population. The 

larger response seen in WB suggests additional indirect activation by stimulation of other ‘off-

platelet’ TLR9 pathways. We are the first to demonstrate ODN2006-mediated platelet activation 

in AMI patients on DAPT, indicating that the TLR9 pathway is inadequately inhibited by current 

anti-platelet drugs. As such, the platelet-TLR9 pathway may contribute to platelet activation post-

AMI and despite treatment with DAPT. If the platelet-TLR9 pathway is activated in the setting of 

AMI, this may increase the risk of thrombosis and the risk of adverse cardiovascular events in these 

patients. The platelet-TLR9 pathway may serve as a potential target for therapeutic intervention 

in AMI. 
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3.1  Introduction.  

 

In this chapter, we wanted to extend our assessment of platelet-TLR expression and TLR-mediated 

platelet activation to include TLR1, 2, 4 and 6, which are predominantly expressed on the platelet 

surface. From the previous chapter, we suggest that increased TLR9 expression and TLR9-

mediated activation of platelets in AMI patients may provide a pathway for ongoing platelet 

activation post-AMI and despite treatment with DAPT. It is important, therefore, to widen our 

assessment to consider all platelet-TLR pathways that may contribute to ongoing platelet 

activation in this group of patients.   

 

Alongside TLR9, expression and activation of TLR1, 2, 4 and 6 has been most well-characterized in 

platelets from healthy subjects [184, 187-189, 198]. These studies have shown that platelets 

express TLR1, 2 and 6 at low levels and express a high level of TLR4. However, it is not known how 

total levels of platelet-TLR1, 2, 4 and 6 expression change during AMI. Healthy platelets have been 

shown to become activated in response to TLR4 and TLR2/1 stimulation, but not TLR2/6 

stimulation, previously. We do not yet know whether platelet activation in response to stimulation 

of these TLRs changes in AMI, or what functional significance these platelet-TLR pathways have in 

individuals treated with DAPT. On the basis of our previous study (Chapter 2) examining platelet-

TLR9, we hypothesized that some or all of these platelet-TLRs (TLR1, 2, 4 and 6) will increase in 

AMI and that platelets will become activated in response to TLR stimulation (TLR4, TLR2/1, TLR2/6) 

in AMI subjects treated with DAPT. This brings us to the aims of this study, which are: 

1. To examine whether total protein expression of platelet-TLR1, 2, 4 and 6 is different 

between healthy subjects and AMI subjects treated with DAPT. 

2. To compare the level of platelet activation in response to TLR4, TLR2/1 and TLR2/6 

agonism in both cohorts. 
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3.2 Materials and methods.   

 

 Subject recruitment.  

 

We recruited 12 healthy subjects and 12 AMI subjects to investigate platelet-TLR1, 2, 4 and 6 

expression by western blotting. Additionally, 5 healthy and 5 AMI subjects were recruited to 

examine platelet activation in response to TLR2/1, TLR4 and TLR2/6 agonism by flow cytometry. 

Recruitment of each of these cohorts was conducted as explained in Chapter 2 (Section 2.2.1). 

AMI was defined according to the Third Universal Definition of Myocardial Infarction [247]. DAPT 

consisted of either a combination of aspirin and clopidogrel or aspirin and ticagrelor, as described 

in Chapter 2. All healthy and AMI subjects provided written informed consent. Demographic data, 

clinical characteristics and medications were collected for all subjects at the time of enrolment. 

Blood was collected from a peripheral vein for all healthy subjects. For AMI subjects, blood was 

collected in the cardiac catheterization laboratory from the arterial sheath immediately after 

insertion and before administration of heparin. Blood was drawn into tubes anticoagulated with 

hirudin (Dynabyte). 

 

 Whole platelet lysate preparation for western blotting. 

 

Hirudin-anticoagulated WB was centrifuged at 200 x g for 12 minutes to produce PRP. 

Prostaglandin E1 (final concentration, 1 μM) was added to PRP, which was mixed and centrifuged 

at 100 x g for 20 minutes to deplete leukocytes. Leukocyte-depleted PRP was centrifuged at 1,000 

x g for 20 minutes to pellet platelets. The platelet pellet was resuspended in radio-

immunoprecipitation buffer with 10 µL/mL protease inhibitor cocktail (Sigma Aldrich) for 60 

minutes at 4°C. Cell debris was removed from the whole platelet lysate by centrifugation at 14,000 

x g for 5 minutes. The protein concentration of each lysate was assessed with the bicinchoninic 

acid assay (Thermo Fisher Scientific) and all lysates were stored at -80°C prior to western blot 

analysis. 
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 Platelet-TLR expression by western blotting.  
 

 

Western blotting was used to assess expression of TLR1, 2, 4 and 6 in whole platelet lysates from 

healthy (n=12) and AMI subjects (n=12). TLR1, 2, 4 and 6 were chosen for this study as these are 

known to be expressed on and within healthy platelets [185, 187, 188], although there is little 

information on how expression of these TLRs changes during AMI. Western blotting was carried 

out as described in Chapter 2 (Section 2.2.4). Briefly, each whole platelet lysate was incubated 

with Laemmli buffer with 10% β-mercaptoethanol and boiled at 95°C for 5 minutes. 50 µg of lysate 

was loaded onto an 8% SDS-PAGE and run at 120V for 120 minutes at room temperature in running 

buffer. Platelet proteins were blotted onto a PVDF membrane at 20V for 17 hours at 4°C in transfer 

buffer in a wet transfer system. Following this, the membrane was blocked with 5% BSA in Tris-

buffered saline supplemented with 0.1% Tween 20 for 1 hour at room temperature. The 

membrane was probed with either primary mouse anti-human TLR1 (clone GD2.F4; BioLegend), 

TLR2 (clone TL2.1; BioLegend), TLR4 (clone HTA125; BioLegend) or TLR6 (clone TLR6.127; 

BioLegend) overnight at 4°C. The membrane was washed and incubated with a secondary goat 

anti-mouse antibody conjugated to HRP (Santa Cruz Biotechnology) and detected using an 

enhanced-chemiluminescent detection system (Bio Rad). Each membrane was then stripped as 

per manufacturer’s instructions (Restore Stripping Buffer, Thermo Fisher Scientific) and probed 

with primary mouse anti-human β-actin (clone AC-74; Sigma Aldrich) for 2 hours at room 

temperature. β-actin was used as a loading control. Membranes were imaged using an Amersham 

Imager 600 (GE Healthcare, Little Chalfont, United Kingdom), the density of the platelet-TLR bands 

were analysed using ImageJ and expressed relative to the density of the corresponding β-actin 

band. Representative western blots for each TLR examined are presented in Figure 3.1 alongside 

the β-actin loading control. 
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Figure 3.1 Representative examples of TLR1, 2, 4 and 6 expression in resting platelet lysates are shown for healthy (n=2) 
and AMI (n=2) subjects. 
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 TLR-mediated platelet activation by flow cytometry.  

 

 

Flow cytometry was used to assess platelet activation in response to TLR4, TLR2/1 and TLR2/6 

agonism in WB and PRP in both healthy (n=5) and AMI subjects (n=5). Incubation of these TLR 

agonists in PRP determines the component of platelet activation that is mediated by direct TLR 

agonism. Incubation in WB determines whether any component of platelet activation is mediated 

by indirect TLR agonism through ‘off-platelet’ TLR pathways. Following blood drawing, leukocyte-

depleted PRP was prepared. Both WB and PRP were adjusted to 1×108 platelets/mL with PBS. WB 

and PRP were incubated for 15 minutes at room temperature with 0.1 – 100 μg/mL of the 

following TLR agonists: lipopolysaccharide (LPS) from Escherichia coli serotype R515 (TLR4 agonist; 

Enzo Life Sciences, Farmingdale, NY, USA), Pam3CSK4 (TLR2/1 agonist; Tocris Bioscience, Bristol, 

UK), and fibroblast-stimulating lipopeptide (FSL)-1 (TLR2/6 agonist; Santa Cruz Biotechnology). As 

a positive control, PRP and WB were incubated with 2.5 µM and 10 µM TRAP6 (Tocris Bioscience) 

for 15 minutes at room temperature. As a negative control, PRP and WB were incubated with PBS.  

 

 

Following incubation with these TLR agonists, PRP and WB were incubated with anti-CD42a-PerCP 

(clone Beb-1; Becton Dickinson), anti-CD62p-PE (clone AK4; BioLegend) and PAC1-FITC (clone PAC-

1; Becton Dickinson) in staining buffer for 20 minutes in the dark at room temperature (see Table 

3.1 for panel design). In parallel, aliquots of PRP and WB were incubated with PerCP-mouse IgG1,κ 

(Becton Dickinson), PE-mouse IgG1,κ (BioLegend) or FITC-mouse IgM (Becton Dickinson) isotype 

controls. Antibody-stained PRP and WB were fixed with 1% paraformaldehyde and analysed on a 

Millipore Guava easyCyte 8HT flow cytometer (Merck Millipore). Flow cytometric data was 

analysed using FlowJo software (v10.0.7, Tree star). Platelets were identified, firstly, by their 

forward and side scatter properties and, secondly, by their CD42a-positivity (Figure 3.2). The 

percentage of CD42a-positive platelets that were positive for CD62p and PAC1 was determined, 

as a distinct positive and negative platelet population for each marker was observed. 
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Representative examples of CD62p and PAC1 expression in the platelet population are given in 

Figure 3.3. 

 

 

 Laser/channel 

(fluorophore) 

Antibody target 

(clone) 

Concentration in final staining 

volume (final dilution) 

TLR-mediated platelet 

activation 

Blue/Red (PerCP) CD42a (Beb1) 1.25 μg/mL (1 in 10) 

Blue/Yellow (PE) CD62p (AK-4) 1.00 μg/mL (1 in 100) 

Blue/Green (FITC) PAC1 (PAC1) 1.00 μg/mL (1 in 20) 

A list of all antibody formats, clones, isotypes and manufacturers can be found in Appendix 1. 

 

  

Table 3.1 Panel design for assessing platelet activation in response to TLR agonism. 



Chapter 3.                                                                    TLR 1, 2, 4 and 6 expression and activation in AMI patients on DAPT.  

Page | 96 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The platelet population was identified from PRP (A) and WB (B) by their forward and side scatter properties. Platelets 

were further identified by their CD42a-positivity (D) against the isotype control (C). 
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Figure 3.2 Platelets were identified by flow cytometry. 
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A representative plot of CD62p expression (A) and PAC1 expression (B) is shown for unstimulated and LPS-stimulated 

(100 μg/mL) CD42a+ platelets. Solid line, isotype control; dotted line, no agonist; dashed line, LPS stimulated.   
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Figure 3.3 Representative plots of platelet activation markers. 
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 TLR-mediated platelet-monocyte aggregation (PMAgg) by flow cytometry.  

 

WB was incubated for 15 minutes at room temperature with the following: PBS, 2.5 μM TRAP, 10 

μM TRAP, 0.1 – 100 µg/mL of Pam3CSK4, LPS and FSL-1. Following incubation, WB was incubated 

with anti-CD42a-PerCP (Becton Dickinson) and anti-CD64-APC/Cy7 (clone 10.1; BioLegend) in 

staining buffer for 20 minutes in the dark at room temperature (Table 3.2). PerCP-mouse IgG1,κ 

(Becton Dickinson) and APC/Cy7-mouse IgG1,κ (BioLegend) isotype controls were run in parallel. 

Following antibody staining, WB was diluted with red blood cell lysis buffer (Qiagen, Hilden, 

Germany), incubated for 15 minutes and centrifuged at 200 x g for 5 minutes. The supernatant 

was removed and the cell pellet was washed in lysis buffer again before resuspension in 1% 

paraformaldehyde and flow cytometric analysis. Flow cytometric data was analysed using FlowJo 

software (Treestar). Leukocytes were identified by their forward and side scatter properties and 

monocytes were identified by CD64 expression (Figure 3.4). Platelet-monocyte aggregation 

(PMAgg) was analysed by changes in MFI of the platelet-specific marker, CD42a, following gating 

on CD64+ monocytes (Figure 3.4). 

 

 Laser/channel 

(fluorophore) 

Antibody target 

(clone) 

Concentration in final staining 

volume (final dilution) 

Platelet-monocyte 

aggregates  

Blue/Red (PerCP) CD42a (Beb1) 1.25 μg/mL (1 in 10) 

Red/NIR2 (APC/Cy7) CD64 (10.1) 1.00 μg/mL (1 in 200) 

A list of all antibody formats, clones, isotypes and manufacturers can be found in Appendix 1. 

  

Table 3.2 Panel design for assessing platelet-monocyte aggregation following TLR agonism. 
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Leukocytes were identified by their forward and side scatter properties (A). Monocytes were identified by CD64 

expression (C) against the isotype control (B). Platelet-monocyte aggregation (PMAgg) was analysed as the change in 

MFI of CD42a, the platelet-specific marker, of gated CD64+ monocytes. A representative plot of PMAgg is shown for 

unstimulated (E) and LPS-stimulated (100 μg/mL) (F) lysed whole blood, against the isotype control (D). 
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Figure 3.4 Platelet monocyte aggregation was measured by flow cytometry. 
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 TLR-mediated monocyte activation by flow cytometry.  

 

Activated (CD63-positive) monocytes were identified in response to overnight LPS and FSL-1 

stimulation to verify that these agonists are able to activate leukocytes. EDTA-anticoagulated WB 

drawn from 5 healthy subjects was diluted 1:1 with PBS, layered over Histopaque-1077 and 

centrifuged at 400 x g/30 minutes. The peripheral blood mononuclear cell (PBMC) layer was 

isolated, diluted in PBS and centrifuged at 100 x g/20 minutes. The platelet-containing supernatant 

was discarded, the PBMC pellet was washed in PBS and resuspended in cell culture media (10% 

FCS, 2 mM L-glutamate, 100 U/mL penicillin, 100 μg/mL streptomycin, 0.01M HEPES buffer, 0.1% 

β-mercaptoethanol, 0.01 nM non-essential amino acids). PBMCs were plated at a concentration 

of 1x106 cells/mL and primed for 3 hours at 37°C/5% CO2 with 10 ng/mL human IFN-γ. Following 

priming, LPS or FSL-1 was added to a final concentration of 0.01 to 100 ng/mL, and PBMCs were 

incubated for a further 24 hours at 37°C/5% CO2. PBMCs were then centrifuged at 400 x g for 10 

minutes, washed with PBS and resuspended in staining buffer. PBMCs were incubated with anti-

CD64-APC/Cy7 (clone 10.1; BioLegend) and anti-CD63-AF647 (clone H5C6; BioLegend) for 20 

minutes at RT (see Table 3.3 for panel design). In parallel, PBMCs were incubated with APC/Cy7-

IgG1,κ or AF647-IgG1,κ (BioLegend). All samples were fixed with 1% paraformaldehyde before 

analysis on a Guava easyCyte 8HT flow cytometer (Merck Millipore). The monocyte population 

was identified by forward and side scatter followed by CD64 expression as seen in Figure 3.4. For 

CD63 expression, the MFI was determined, and representative plots of CD63 expression is shown 

in Figure 3.5. Flow cytometric data was analysed using FlowJo software (Tree star).  

 

 Laser/channel 

(fluorophore) 

Antibody target 

(clone) 

Concentration in final staining 

volume (final dilution) 

Monocyte activation  Red/Red2 (AF647) CD63 (H5C6) 1.00 μg/mL (1:200) 

Red/NIR2 (APC/Cy7) CD64 (10.1) 1.00 μg/mL (1:200) 

A list of all antibody formats, clones, isotypes and manufacturers can be found in Appendix 1. 

  

Table 3.3 Panel design for assessing monocyte activation in response to TLR agonism. 
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Representative plots of CD63 expression is shown for unstimulated, LPS-stimulated (A) and FSL-1-stimulated (B) 

CD64+ monocytes. Solid line, isotype control; dotted line, no agonist; dashed line, 100 ng/mL-stimulated.   
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Figure 3.5 Representative plots of monocyte CD63 expression. 
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 Statistical analysis.  

 

With a sample size of 12, we have the power to detect a 30% difference in platelet-TLR expression 

between healthy and AMI subjects with 80% power and 5% significance. With a sample size of 5, 

we have the power to detect a 20% difference in platelet activation between the unstimulated 

platelet sample and the TLR-stimulated platelet sample with 80% power and 5% significance. 

These calculations were based on the mean and standard deviation of platelet-TLR expression and 

TLR-mediated platelet activation seen in healthy and AMI subjects in Chapter 2.  

 

For demographic data, categorical variables are expressed as frequencies and percentages. 

Continuous variables are expressed as mean ± SD. Continuous variables were analysed with 

unpaired t-tests and categorical variables were analysed using Chi-square test. Differences 

between cohorts were examined using unpaired t-tests. Differences in responses to each TLR 

agonist within cohorts were examined using one-way ANOVA with post-hoc Tukey’s multiple 

comparisons tests. All statistical analyses were performed using GraphPad Prism 6 (GraphPad 

Software Inc., La Jolla, CA, USA).  
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3.3 Results. 

 

 TLR expression in healthy and AMI platelets.  

 

The demographic details of the healthy (n=12) and AMI (n=12) subjects recruited to examine 

platelet expression of TLR1, 2, 4 and 6 are given in Table 3.4. TLR expression was examined by 

western blotting and expressed as a ratio of the corresponding β-actin expression. Expression of 

each TLR in the healthy cohort was normalized to 1, and TLR expression in the AMI cohort was 

compared to this normalized response. For TLR1 and TLR4, protein expression in AMI platelets was 

significantly greater than in healthy platelets (Figure 3.6). TLR1 expression was 53% greater (1.00 

± 0.39 vs. 1.53 ± 0.48, p<0.01) and TLR4 expression was 58% greater (1.00 ± 0.41 vs. 1.58 ± 0.59, 

p=0.011) in AMI platelets. TLR2 expression (1.00 ± 0.35 vs. 1.23 ± 0.46, p=0.18) and TLR6 

expression (1.00 ± 0.60 vs. 0.95 ± 0.65, p=0.85) were not statistically significantly different 

between cohorts.  

 

Interestingly, we describe a bimodal pattern of expression in the AMI cohort for TLR1, 4 and 6 

(Figure 3.7). A group of AMI subjects cluster above (TLR1, n=6, 1.93±0.32; TLR4, n=5, 2.16±0.45; 

TLR6, n=4, 1.79±0.28) and below (TLR1, n=6, 1.13±0.13; TLR4, n=7, 1.16±0.17; TLR6, n=8, 

0.53±0.19) the mean of the AMI cohort. 
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Table 3.4 Demographics and clinical characteristics of each cohort for investigating TLR expression and TLR-mediated platelet activation. 

 Platelet-TLR expression TLR-mediated platelet activation 

 AMI cohort (n=12) Healthy cohort (n=12) p-value AMI cohort (n=5) Healthy cohort (n=5) p-value 

Demographics       

Age, years 57±8 55±8 p=0.65 56±17 48±4 p=0.37 

Male 8 (67) 8 (67) -- 8 (67) 8 (67) -- 

BMI, kg/m2 29±5 23±2 p<0.01 27±3 26±4 p=0.48 

Cardiovascular risk factors       

Hypertension 6 (50) 0 (0) -- 2 (40) 0 (0) -- 

Dyslipidaemia 9 (75) 0 (0) -- 3 (60) 0 (0) -- 

Diabetes 0 (0) 0 (0) -- 1 (20) 0 (0) -- 

Current smoker 1 (8) 0 (0) -- 2 (40) 0 (0) -- 

Renal dysfunction 0 (0) 0 (0) -- 0 (0) 0 (0) -- 

Clinical presentation       

STEMI 6 (50) 0 (0) -- 1 (20) 0 (0) -- 

NSTEMI 6 (50) 0 (0) -- 4 (80) 0 (0) -- 

Anti-platelet medication       

Aspirin 12 (100) 0 (0) -- 5 (100) 0 (0) -- 

Clopidogrel 10 (83) 0 (0) -- 1 (20) 0 (0) -- 

Ticagrelor 2 (17) 0 (0) -- 4 (80) 0 (0) -- 

All continuous variables were reported as mean ± SD and all categorical variables were reported as frequency (percentage). BMI, body mass index; STEMI, ST-elevation myocardial infarction; NSTEMI, 
non-ST-elevation myocardial infarction. 
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TLR expression in resting platelet lysates was analysed in the healthy (H) and AMI cohort. Platelet-TLR expression was 

measured as a ratio of the corresponding β-actin expression signal. The ratio was normalized to a response of 1 in the 

healthy cohort (dotted line) and the expression of TLRs for each AMI subject was expressed against this normalized 

response of 1. Mean ± SD for each cohort are shown, unpaired t-tests were performed to detect differences, * p<0.05, 

** p<0.01. 

 

Platelet-TLR expression was examined in the healthy (H) and AMI cohort. Some AMI subjects have higher TLR1, 4 and 

6 expression (>mean) than other AMI subjects (<mean). Mean ± SD for 12 subjects in each cohort are shown.   
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Figure 3.6 AMI platelets express higher levels of TLR1 and TLR4, but not TLR2 or TLR6, compared to healthy platelets. 

Figure 3.7 TLR1, 4 and 6 expression shows a bimodal distribution in the AMI cohort. 

H <  m e a n

A M I

>  m e a n

A M I

H <  m e a n

A M I

>  m e a n

A M I

H <  m e a n

A M I

>  m e a n

A M I

0 .0

0 .5

1 .0

1 .5

2 .0

2 .5

3 .0

3 .5

T
L

R
 e

x
p

re
s

s
io

n

T LR 1 T LR 4 T LR 6



Chapter 3.                                                                    TLR 1, 2, 4 and 6 expression and activation in AMI patients on DAPT.  

Page | 106 

 

 TLR-mediated platelet activation in healthy and AMI platelets.  

 

Platelet activation in response to TLR agonism was examined in 5 healthy and 5 AMI subjects (for 

demographic data, see Table 3.4). PRP and WB from each subject were incubated with 0.1 – 100 

μg/mL of LPS (TLR4 agonist), Pam3CSK4 (TLR2/1 agonist) and FSL-1 (TLR2/6 agonist) and platelet 

activation was assessed by surface expression of CD62p and PAC1. TLR agonism in PRP assesses 

direct platelet activation and, in WB, TLR agonism assesses any additional indirect platelet 

activation.  

 

3.3.2.1 Platelet activation in response to LPS stimulation.  
 

In response to LPS, increased expression of both CD62p and PAC1 was only seen following 

incubation with the highest dose (100 μg/mL) in both the healthy and AMI cohorts. In PRP, 67.6 ± 

16.7% of the platelet population was CD62p-positive in response to high-dose LPS in healthy 

subjects (Figure 3.8A) and 57.6 ± 19.2% of platelets were CD62p-positive in AMI subjects (Figure 

3.8B). For both cohorts, these expression levels were significantly higher than in unstimulated 

platelets (Healthy, 2.9 ± 3.4%; AMI, 0.5 ± 2.1%; both p<0.05). For both cohorts, CD62p expression 

in response to 100 μg/mL LPS in WB did not differ significantly from PRP. These results in WB are 

presented in Figure 3.9. All results for CD62p positivity are given in Table 3.5. Across cohorts, 

similar patterns of platelet activation in response to high-dose LPS were observed for PAC1 

expression in PRP (Figure 3.10) and WB (Figure 3.11). All results for PAC1 positivity are given in 

Table 3.6. Healthy and AMI platelets were non-responsive to any other dose of LPS across both 

WB and PRP. 

  



Chapter 3.                                                                    TLR 1, 2, 4 and 6 expression and activation in AMI patients on DAPT.  

Page | 107 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Platelet activation, as measured by CD62p positivity, was assessed in PRP in 5 healthy (A) and 5 AMI subjects (B). 

Within each cohort, one-way ANOVA was found to be significant (p<0.05) for each parameter and Tukey’s multiple 

comparisons test was performed to detect differences. * indicates that the value for the treatment is significantly 

different than the unstimulated sample. Mean ± SD for 5 subjects for each cohort is shown. * p<0.05, ** p<0.01, *** 

p<0.001. The dotted line marks the mean level of platelet activation in unstimulated platelets.  
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Figure 3.8 Platelets upregulate CD62p in response to TLR agonism in PRP. 
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CD62p-positivity was assessed in 5 healthy (A) and 5 AMI subjects (B). Within each cohort, one-way ANOVA was found 

to be significant (p<0.05) for each parameter and Tukey’s multiple comparisons test was performed to detect 

differences. * indicates that the value for the treatment is significantly different than the unstimulated sample. Mean 

± SD for 5 subjects in each cohort is shown. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. The dotted line marks 

the mean level of platelet activation in unstimulated platelets.  

A 
Healthy whole blood 

U S 2 .5 1 0 0 .1 0 .5 1 5 1 0 5 0 1 0 0 0 .1 0 .5 1 5 1 0 5 0 1 0 0 0 .1 0 .5 1 5 1 0 5 0 1 0 0

0

2 0

4 0

6 0

8 0

1 0 0

1 2 0
%

C
D

6
2

p
+

T R A P  (M ) L P S  (g / m L ) P a m 3 C S K 4  (g / m L ) F S L -1  (g / m L )

*** ***
***

*

***

***

*

**

***

B 

U S 2 .5 1 0 0 .1 0 .5 1 5 1 0 5 0 1 0 0 0 .1 0 .5 1 5 1 0 5 0 1 0 0 0 .1 0 .5 1 5 1 0 5 0 1 0 0

0

2 0

4 0

6 0

8 0

1 0 0

1 2 0

%
C

D
6

2
p

+

T R A P  (M ) L P S  (g / m L ) P a m 3 C S K 4  (g / m L ) F S L -1  (g / m L )

***
*

*** ****

***

*
*

**

**

AMI whole blood 

Figure 3.9 Platelets express CD62p in response to TLR agonism in WB. 
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Table 3.5 Incubation with a range of TLR agonists induces variable CD62p-positivity in the healthy and AMI cohorts. 

  Healthy AMI 

  WB PRP WB PRP 

US -- 8.5±1.2 2.9±3.4 10.1±3.2 0.5±2.1 

TRAP (µM) 
2.5 71.8±12.0*** 54.7±13.4** 59.9±22.1* 42.8±21.3* 

10 76.0±10.5*** 65.9±11.7** 73.8±8.5*** 51.0±19.8* 

LPS (µg/mL) 

0.1 9.8±1.1 5.1±5.6 17.3±8.8 2.8±2.1 

0.5 8.8±1.5 3.0±5.9 15.5±3.9 5.5±3.6 

1 8.4±3.0 5.4±4.3 15.6±9.8 2.7±4.1 

5 7.2±0.4 2.1±4.6 11.9±5.1 1.6±2.7 

10 9.7±1.1 2.7±3.1 10.8±5.0 1.2±2.7 

50 12.3±0.9* 6.9±3.9 14.8±5.9 5.1±3.4 

100 78.4±10.6*** 67.6±16.7* 78.3±6.5*** 57.6±19.2* 

Pam3CSK4 

(µg/mL) 

0.1 9.1±2.5 1.2±4.4 13.2±7.2 13.2±7.2 

0.5 10.7±2.4 3.5±6.2 11.3±3.8 11.3±3.8 

1 10.2±1.8 5.6±5.1 12.7±3.2** 4.2±4.4 

5 23.8±4.1** 12.1±7.4 21.4±6.4* 10.4±9.2 

10 30.6±7.0* 19.9±7.0 26.1±6.1* 21.4±4.8** 

50 76.8±8.5*** 75.7±8.7*** 73.8±3.7*** 79.7±9.5*** 

100 83.0±8.4*** 84.7±7.8*** 86.3±2.8**** 88.0±8.2*** 

FSL-1 

(µg/mL) 

0.1 8.1±3.7 6.7±7.0 13.3±8.5 0.9±2.4 

0.5 9.2±2.4 8.7±7.3 11.7±3.9 0.6±2.0 

1 9.2±2.9 5.3±6.3 11.6±4.2 4.5±4.9 

5 10.8±7.0 5.5±7.9 12.3±4.9 4.6±4.3 

10 8.8±1.8 4.4±6.4 11.4±4.9 1.7±3.0 

50 12.5±1.8 8.5±6.8 12.7±4.0 2.8±3.5 

100 77.4±9.2*** 19.7±10.2 53.9±7.2** 5.3±2.7 

Mean ± SD for 5 subjects in each cohort is shown. Within each cohort, one-way ANOVA was found to be significant (p<0.05) 

for each parameter and Tukey’s multiple comparisons tests were performed. * indicates the value for the treatment is 

significantly different than the unstimulated sample. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 
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PAC1 positivity was assessed in 5 healthy (A) and 5 AMI subjects (B) in PRP. Within each cohort, one-way ANOVA was 

found to be significant (p<0.05) and Tukey’s multiple comparisons test was performed to detect differences. * 

indicates that the value for the treatment is significantly different than the unstimulated sample. Mean ± SD for 5 

subjects from each cohort is shown. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. The dotted line marks the 

mean level of platelet activation in unstimulated platelets.  
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Figure 3.10 PAC1 is upregulated on platelets following incubation with TLR agonists in PRP. 
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PAC1 positivity was assessed in 5 healthy (A) and 5 AMI subjects (B) in whole blood. Within each cohort, one-way 

ANOVA was found to be significant (p<0.05) and Tukey’s multiple comparisons test was performed to detect 

differences. * indicates that the value for the treatment is significantly different than the unstimulated sample. Mean 

± SD for 5 subjects from each cohort is shown. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. The dotted line 

marks the mean level of platelet activation in unstimulated platelets.  
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Figure 3.11 Variable PAC1 expression is seen in response to TLR agonism in WB. 
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Table 3.6 Incubation with a range of TLR agonists induces platelet PAC1-positivity in the healthy and AMI cohorts. 

  Healthy AMI 

  WB PRP WB PRP 

US -- 5.2±2.7 4.9±3.3 4.6±2.2 3.3±2.1 

TRAP (µM) 
2.5 49.8±12.8** 29.7±8.8** 20.5±11.6 19.6±3.5** 

10 64.9±11.0*** 56.5±9.9*** 38.1±17.0* 36.2±7.1** 

LPS (µg/mL) 

0.1 7.3±3.6 1.7±4.2 10.5±6.4 10.5±7.4 

0.5 7.5±2.2 -0.1±5.2 15.5±7.8 14.9±10.3 

1 8.2±3.2 4.5±10.2 6.8±2.6 5.0±2.4 

5 6.7±2.3 1.6±11.1 6.6±3.5 4.1±1.9 

10 7.4±3.8 -3.2±4.6 5.1±3.2 3.5±2.0 

50 9.0±2.9 1.7±4.5 7.1±2.7 5.4±1.9 

100 78.0±8.1*** 65.1±14.3* 70.0±8.8*** 51.9±16.6* 

Pam3CSK4 
(µg/mL) 

0.1 8.2±3.3 -2.7±4.7 11.1±5.3 4.7±3.4 

0.5 10.1±4.1 -2.1±5.7 8.6±1.8* 4.9±4.2 

1 9.7±4.3* 6.0±8.8 9.5±2.5** 7.6±5.4 

5 27.6±7.4** 20.5±11.6 20.0±6.0* 19.5±16.2 

10 34.8±10.0* 34.4±16.6 26.1±9.6* 35.2±10.1* 

50 79.8±9.7*** 76.1±9.3** 72.5±5.7**** 82.9±6.8**** 

100 85.9±8.2*** 81.8±10.2** 85.3±3.5**** 87.5±10.1*** 

FSL-1 
(µg/mL) 

0.1 7.3±4.3 4.6±5.8 11.3±6.3 4.1±3.5 

0.5 9.9±5.8 7.9±7.1 8.2±1.4 6.5±2.8 

1 9.2±3.7 5.1±7.0 7.1±2.5 4.5±7.4 

5 8.5±4.3 3.4±10.2 8.1±1.8 6.2±3.8 

10 8.8±4.6 -0.5±6.9 8.3±2.7 6.0±4.4 

50 8.5±4.1 5.6±6.9 9.5±3.1 7.2±4.5 

100 75.6±10.2*** 7.4±10.1 47.3±8.9** 7.6±4.9 

Mean ± SD for 5 subjects for each cohort is shown. Within each cohort, one-way ANOVA was found to be significant (p<0.05) 

for each parameter and Tukey’s multiple comparisons tests were performed. * indicates the value for the treatment is 

significantly different than the unstimulated sample. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 
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3.3.2.2 Platelet activation in response to Pam3CSK4. 

 

Across cohorts, incubation with Pam3CSK4 produced a dose-dependent increase in expression of 

both platelet activation markers. In PRP, CD62p expression was high following incubation with 100 

μg/mL Pam3CSK4 (Healthy, 84.7.0 ± 7.8%; AMI, 88.0 ± 8.2%; both p<0.0001) and 50 μg/mL 

Pam3CSK4 (Healthy, 75.7 ± 8.7%; AMI, 79.7 ± 9.5%; both p<0.0001) compared to the unstimulated 

sample (Figure 3.8). In WB, the CD62p expression level for each dose of Pam3CSK4 was 

comparable to that seen in PRP and were greater than expression in unstimulated platelets (all 

p<0.001, Figure 3.9). In both healthy and AMI platelets, CD62p expression in PRP following both 5 

µg/mL and 10 µg/mL Pam3CSK4 was numerically higher than expression in unstimulated platelets. 

For stimulation with 10 μg/mL Pam3CSK4 in the AMI cohort, this increase was statistically 

significant (21.4 ± 4.8% CD62p+, p<0.01). In both healthy and AMI WB, CD62p expression for these 

doses was significantly greater than in the unstimulated sample (all p<0.05). At both of these 

concentrations, the response in WB was larger than in PRP for the healthy cohort (both p<0.05). 

This difference was also observed for incubation with 5 μg/mL Pam3CSK4 in the AMI cohort 

(p<0.01). In assessing dose-response curves for CD62p expression in response to Pam3CSK4, 50% 

of maximal platelet-CD62p expression was observed at a concentration of 21 μg/mL and 20 μg/mL 

in healthy and AMI PRP, respectively (Figure 3.12). Similar concentrations of Pam3CSK4 achieved 

50% of maximal platelet-CD62p expression in WB (Figure 3.12). Similar quantitative increases in 

PAC1 expression were observed for Pam3CSK4 stimulation (Figure 3.10 and Figure 3.12).   
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The percentage of platelets that were CD62p-positive was measured following incubation with 0.1 – 100 μg/mL 

Pam3CSK4 in PRP (A) and WB (B). The solid black curve represents the healthy cohort and the dotted black curve 

represents the AMI cohort. Agonist concentrations were log transformed and a sigmoidal curve was fitted. Mean ± 

SD for 5 subjects in each cohort is shown.  
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Figure 3.12 Platelets are dose-dependently activated in response to Pam3CSK4. 
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3.3.2.3 Platelet activation in response to FSL-1 stimulation. 

 

In PRP, platelets did not express CD62p following incubation with FSL-1, a TLR2/6 agonist, at any 

dose tested in this study (Figure 3.8). However, in comparison to unstimulated platelets in WB, a 

significant increase in CD62p was observed following stimulation with 100 μg/mL FSL-1 (Healthy, 

77.4 ± 9.2% CD62p+, p<0.001; AMI, 53.9 ± 7.2%, p<0.01; Figure 3.9). Platelet-CD62p expression in 

response to this stimulation was greater in healthy WB than in AMI WB (p<0.0001). High-dose FSL-

1 incubation produced significant platelet-PAC1 expression in WB across cohorts (both p<0.01; 

Figure 3.11) but no increase in PAC1-positivity was seen in PRP at any dose of FSL-1 tested (Figure 

3.10).  

 

 

 Platelet-monocyte aggregation (PMAgg) in response to TLR agonists.  

 

PMAgg was assessed by determining changes in MFI of the platelet-specific marker, CD42a, gated 

on CD64+ monocytes. PMAgg determines the involvement of platelets in initiating or potentiating 

immune responses to these TLR agonists and is also a marker of platelet activation. PMAgg was 

not statistically significantly different following incubation with any dose of LPS for either the 

healthy (Figure 3.13A) or AMI (Figure 3.13B) cohort. In contrast, PMAgg in response to Pam3CSK4 

increased in a dose-dependent manner in both healthy and AMI subjects. Significant increases in 

PMAgg were recorded for 100 μg/mL (Healthy, MFI 201.6 ± 42.8; AMI, 537 ± 127.2; both p<0.01) 

and 50 μg/mL Pam3CSK4 (healthy, 131.4 ± 22.2; AMI, 420.2 ± 36.9; both p<0.05) compared to 

unstimulated platelets. At both of these concentrations, PMAgg was significantly greater in the 

AMI group (both p<0.0001). For the AMI group, incubation with 10 μg/mL Pam3CSK4 also 

produced significant PMAgg (MFI 121.0 ± 36.9, p<0.01). At the highest dose of FSL-1 used (100 

µg/mL), PMAgg was significantly increased in the healthy cohort (159.5 ± 44.5, p<0.05) and was 

slightly, but not significantly, elevated in the AMI cohort (61.4 ± 12.9) in comparison to 

unstimulated platelets. This response to high-dose FSL-1 was significantly different across cohorts 

(p<0.01). All results for PMAgg are presented in Table 3.7.  
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PMAgg was assessed in healthy (A) and 5 AMI (B) subjects. Within each cohort, one-way ANOVA was found to be 

significant (p<0.05) for each parameter and Tukey’s multiple comparisons test was performed to detect differences. 

* indicates that the value for the treatment is significantly different than the unstimulated sample. Mean ± SD for 5 

subjects in each cohort is shown. * p<0.05, ** p<0.01. The dotted line marks the mean level of PMAgg in unstimulated 

platelets.  
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Figure 3.13 Increased PMAgg occurs following TLR agonism in the healthy and AMI cohort. 
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Table 3.7 Increased PMAgg occurs following incubation with a range of TLR agonists in the healthy and AMI cohorts. 

  Healthy AMI 

US -- 20.1±4.0 32.3±16.2 

TRAP (µM) 
2.5 70.7±20.4* 83.7±38.9 

10 155.8±63.9* 132.8±41.3** 

LPS (µg/mL) 

0.1 13.8±7.9 38.9±17.1 

0.5 12.5±6.8 42.4±17.3 

1 19.5±12.8 33.0±15.6 

5 16.6±4.0 33.6±18.1 

10 13.9±8.3 34.2±13.3 

50 14.7±5.0 34.2±14.7 

100 95.2±48.7 59.6±7.1 

Pam3CSK4 
(µg/mL) 

0.1 16.6±12.2 52.8±27.4 

0.5 23.6±13.2 52.8±24.6 

1 29.1±6.2 64.8±31.6 

5 58.2±23.4 125.2±62.3 

10 79.2±34.6 121.0±36.9** 

50 131.4±22.2** 420.2±156.4* 

100 201.6±42.8** 537.2±127.2** 

FSL-1 
(µg/mL) 

0.1 23.1±7.7 39.1±20.2 

0.5 21.0±8.4 46.2±27.1 

1 21.6±8.4 49.6±33.5 

5 19.8±17.0 54.6±25.8 

10 23.4±6.7 48.7±24.3 

50 28.0±18.0 47.3±22.1 

100 159.5±44.5* 61.4±12.9  

Mean ± SD for 5 subjects in each cohort is shown. Within each cohort, one-way 

ANOVA was found to be significant (p<0.05) for each parameter and Tukey’s multiple 

comparisons tests were performed. * p<0.05, ** p<0.01. 
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 Dose-dependent monocyte activation in response to TLR agonism.  

 

Monocyte activation, as assessed by cell-surface CD63 MFI, was measured in response to 0.01 to 

100 ng/mL LPS and FSL-1 stimulation to ensure the efficacy of these agonists in healthy subjects. 

Incubation with 0.1 – 100 ng/mL LPS resulted in significantly increased expression of CD63 on 

monocytes (all p<0.05; Figure 3.14Error! Reference source not found.). In response to 100 ng/mL 

and 0.1 ng/mL LPS, CD63 MFI was 56.4±11.9 and 41.6±14.1, respectively, and this expression was 

higher than unstimulated monocytes (27.1±9.9). Although not significantly different, CD63 

expression in response to both 10 (MFI, 34.9±6.7) and 100 ng/mL (38.0±8.2) FSL-1 were greater 

than expression recorded in the unstimulated monocyte population.  

 

 

 

 

 

 

 

 

 

 

 

CD63 MFI in the unstimulated sample and each stimulated sample was measured following incubation with 0.01 – 

100 ng/mL of each TLR agonist. One-way ANOVA was found to be significant (p<0.05) for each parameter and Tukey’s 

multiple comparisons test was performed to detect differences. * indicates that the value for the treatment is 

significantly different than the unstimulated sample. Mean ± SD for 5 healthy subjects is shown. * p<0.05, ** p<0.01, 

*** p<0.001. The dotted line marks the mean level of CD63 expression in the unstimulated sample. 
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Figure 3.14 A dose-dependent increase in monocyte activation was observed in response to TLR agonism. 
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3.4 Discussion. 

 

We have demonstrated that platelets differentially upregulate TLRs following AMI and exhibit 

distinct activation patterns in response to various TLR agonists in both healthy and AMI subjects. 

TLR1 and TLR4 were significantly upregulated in AMI platelets and platelet-TLR2 expression may 

be increased, but to a lesser extent, following AMI. In contrast, platelet-TLR6 expression was 

unchanged post-AMI. Platelets were directly activated in a dose-dependent manner in response 

to the TLR2/1 agonist, Pam3CSK4, and this response was similar in both healthy and AMI subjects. 

Platelets were directly activated in response to a high dose (100 µg/mL) of the TLR4 agonist, LPS, 

and this response was also similar across cohorts. There was no evidence of direct platelet 

activation in response to FSL-1, a TLR 2/6 agonist, although at a high dose we observed evidence 

of potent indirect activation in WB and this response was larger in healthy subjects. A dose-

dependent increase in PMAgg was seen in response to Pam3CSK4 in both cohorts and, for 

stimulation with high-dose Pam3CSK4, PMAgg was greater in AMI subjects. PMAgg was also 

significantly elevated following high-dose FSL-1 stimulation in healthy, but not AMI, subjects. 

 

Expression of TLR1, 2, 4 and 6 on and within platelets has been reported previously [185, 187, 

188], but how TLR expression changes in AMI remains relatively unexplored. We are the first to 

report that total protein expression of TLR1 and TLR4 is upregulated in platelets from AMI patients. 

We suggest that platelets are capable of selectively inducing TLR protein synthesis in response to 

AMI. TLR1 and TLR4 were upregulated by 50% in AMI platelets and platelet-TLR2 was upregulated 

by 20% in AMI patients, although this study was underpowered to detect the change in TLR2 

expression as significant. We suggest that platelets are able to increase protein synthesis of a 

distinct sub-set of TLRs in response to AMI.  

 

We (see Chapter 2) and others [187] have previously shown that platelet-TLR expression is 

elevated following platelet activation in response to pro-thrombotic agonists in healthy subjects. 

Extensive platelet activation occurs during AMI and this activation is a likely cause for acute 
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platelet-TLR upregulation. Gurses et al. have recently reported a step-wise increase in platelet-

surface expression of TLR2 and TLR4 in patients with stable angina and patients with AMI in 

comparison to healthy controls [275]. These results indicate that, alongside increased protein 

synthesis of some TLRs, platelets are also able to upregulate cell-surface expression of these 

receptors during AMI. Furthermore, platelets may also upregulate TLR expression in a chronic 

fashion during atherosclerotic development, although to a lesser extent than the upregulation 

seen in AMI. Similar modulation of monocyte-TLR expression has been reported during 

atherosclerosis [276, 277], and suggests that global immune cell-TLR expression may be linked 

with developing an increasingly inflammatory plaque environment. 

 

We also described a bimodal expression of platelet-TLR1, 4 and 6 in AMI subjects, with some AMI 

subjects exhibiting high platelet-TLR-expression. It is possible that AMI subjects can be 

differentially classified according to whether their platelet-TLR1, 4, and 6 expression is ‘responsive’ 

or ‘non-responsive’ to AMI. If this is the case, we may be able to identify a group of subjects whose 

platelets are hypersensitive to the DAMP-enriched environment during AMI and who may be, as 

a result, at an increased risk of persistent platelet activation and thrombosis post-AMI. This is an 

interesting finding of this study, and warrants further investigation in a larger cohort of healthy 

and AMI subjects. 

 

Elevated expression of particular TLRs may heighten platelet sensitivity towards specific TLR 

agonists and this may predispose platelets to a pro-thrombotic phenotype during and following 

an AMI. Agonizing TLRs in healthy platelet-only suspensions induces a number of pro-inflammatory 

[216, 278, 279] and pro-thrombotic [198, 280] platelet responses, although there is little 

information on how TLR-mediated platelet activation changes in AMI and following anti-platelet 

therapy. For this study, each TLR agonist was incubated in both PRP and WB. Incubation in PRP 

assessed platelet activation that was as a result of direct agonist interaction with the platelet-TLR. 

WB further assessed whether there was any amplification of platelet activation due to activation 

of indirect ‘off-platelet’ TLR pathways. CD62p and PAC1 are commonly used to assess platelet 
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activation by two distinct pathways and are surrogate markers for degranulation and aggregation, 

respectively. CD62p is released from intracellular granules and expressed on the platelet surface 

following activation. Alternatively, PAC1 recognizes GP IIb/IIIa, an activation-dependent integrin 

complex which binds to fibrinogen and, in this manner, facilitates platelet aggregation by bridging 

GPIIb/IIIa complexes on adjacent platelets.  

 

We found that platelets from both healthy and AMI subjects became dose-dependently activated 

in response to the prototypical TLR2/1 agonist, Pam3CSK4. High-dose Pam3CSK4 potently 

activated platelets similarly across WB and PRP, and incubation with lower concentrations 

produced moderate platelet activation which was greater in WB than in PRP. The platelet response 

to strong Pam3CSK4 stimulation is driven almost entirely by direct platelet activation, as seen by 

the results in PRP. The greater platelet response in WB at moderate doses is likely due to indirect 

platelet activation by stimulation of ‘off-platelet’ TLR2/1 pathways. Leukocyte activation can cause 

platelet activation [259, 260] and may play a role in potentiating TLR2/1-mediated platelet 

activation in WB at a particular dose range. We are the first to demonstrate that Pam3CSK4 is able 

to dose-dependently activate platelets from AMI patients despite treatment with DAPT. 

Pam3CSK4-mediated platelet-leukocyte aggregation in healthy subjects has been demonstrated 

previously [281], and we are the first to demonstrate that PMAgg in response to Pam3CSK4 is 

significantly higher in AMI subjects than in healthy subjects, indicating that Pam3CSK4-mediated 

PMAgg is heightened in AMI and not inhibited by DAPT. Combined with our observation that 

expression of TLR1 and possibly TLR2 was increased in the AMI cohort, these results suggest that 

the platelet-TLR2/1 complex may represent an alternative platelet activation pathway in AMI that 

is not adequately inhibited by current anti-platelet therapy. AMI platelets remain responsive to 

Pam3CSK4, and can elicit both potent pro-thrombotic responses (activation) and inflammatory 

responses (PMAgg) as a result. 

 

In contrast to Pam3CSK4 stimulation, platelets exhibited very different activation patterns in 

response to LPS, a prototypical TLR4 agonist, and FSL-1, a prototypical TLR2/6 agonist. Across both 
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PRP and WB, high-dose LPS potently activated platelets from both cohorts but did not induce 

platelet activation at any other dose tested. LPS is able to potently activate other immune cells, 

but there are conflicting reports regarding LPS-mediated platelet activation. Some [197, 198] 

describe increased CD62p expression following incubation with ≤10 μg/mL LPS but platelet 

activation under similar conditions was not described by others [200, 278, 280]. Similarly, LPS-

mediated platelet-leukocyte aggregation is reported inconsistently [278, 280], and LPS may also 

negatively regulate platelet aggregation to some extent [202]. In this study, platelets were 

unresponsive to LPS within a stimulation time frame that is sufficient to achieve potent platelet 

activation using Pam3CSK4. Therefore, it is unclear how increased platelet-TLR4 expression may 

be physiologically relevant in AMI. It may be that platelets elicit other, perhaps more immune-

driven, responses to LPS that were not examined in this study. We have shown that the LPS used 

in this study was functional as LPS was able to dose-dependently activate monocytes. Taken 

together, these results demonstrates that LPS selectively acts on most, but not all, cell types in the 

blood. 

 

Similarly, platelets did not become directly activated in response to FSL-1 at any dose tested in this 

study. Significant platelet activation was observed in WB only in response to high-dose FSL-1. This 

platelet response is largely attributed to activation of other TLR2/6 pathways in blood that are able 

to indirectly stimulate platelets. This was not due to the use of a non-functional agonist, as we 

showed that FSL-1 dose-dependently activated monocytes. The level of platelet activation in 

response to FSL-1 in WB was higher in healthy subjects. This may reflect a level of platelet 

inhibition by DAPT; platelets are only indirectly activated by FSL-1 and DAPT-treated platelets may 

be less responsive to activation signals that are initiated by other indirect TLR2/6 pathways in the 

blood.  

 

Platelet-monocyte aggregation (PMAgg) was also used to assess the platelet response to TLR 

agonism. PMAgg is an important pro-inflammatory platelet response [282], can be predictive of 

thrombosis [283], and synergizes the individual cellular responses. These heterotypic aggregates 
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are elevated following AMI [74, 284] and we see a slight elevation in baseline PMAgg in AMI 

subjects in this study. We also show an increase in PMAgg only in response to high-dose LPS (only 

statistically significant in healthy subjects) and FSL-1 incubation and there is a dose-dependent 

increase in PMAgg in response to Pam3CSK4.  

 

The PMAgg response to FSL-1 is similar to the platelet activation response to FSL-1 in WB. We 

suggest that, for FSL-1, the significant platelet activation observed in WB may be as a result of the 

formation of these heterotypic aggregates. As with FSL-1-mediated platelet activation, FSL-1-

mediated PMAgg was significantly higher in healthy subjects, and may be due to the absence of 

treatment with DAPT in this cohort compared to the AMI cohort. Of all the stimulation conditions, 

PMAgg was most strongly induced in the AMI cohort in response to high-dose Pam3CSK4. These 

results suggest that DAPT does not dampen PMAgg, rather AMI platelets are more readily able to 

associate with monocytes when compared to healthy platelets, and this occurs despite potent 

anti-platelet therapy in AMI subjects.   

 

We demonstrated that the PMAgg response to TLR2/1 stimulation was larger in AMI subjects. The 

level of PMAgg has been shown to be a useful early marker of AMI [77], and the difference in 

aggregation between the healthy and AMI cohorts may indicate an in vivo mechanism for PMAgg 

in AMI. Further to the results in this study, it is interesting to determine whether PMAgg is driven 

mainly by platelets or by monocytes and to determine the time-course of PMAgg in response to 

TLR2/1 stimulation during AMI.  

 

Platelet activation and aggregation are important drivers of coronary thrombosis during AMI, and 

persistent platelet activation post-AMI can promote recurrent thrombosis despite DAPT. 

Alongside this, TLRs play an important role in initiating and propagating sterile inflammation in 

response to AMI, and TLR activation has been shown to be detrimentally involved in myocardial 

I/R injury post-AMI [183, 285]. This involvement in I/R injury is likely to be mediated by the release 
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of endogenous TLR ligands, often extracellular matrix or intracellular-resident components and 

which include components such as high mobility group box 1 (HMGB1) [286] and hyaluronan 

[287]. We suggest that platelets may be activated via the TLR2/1 pathway during and following 

AMI and this pathway is not sufficiently therapeutically targeted by currently available anti-platelet 

agents. Platelet-TLR1 and, to a lesser extent, platelet-TLR2, is upregulated in AMI patients and the 

platelet-TLR2/1 complex is functional and able to dose-dependently induce direct platelet 

activation. Furthermore, TLR2/1-mediated platelet activation and PMAgg occurred in AMI subjects 

despite treatment with DAPT, indicating that this alternative platelet activation pathway is 

inadequately inhibited by current therapy. We also suggest that the platelet-TLR4 pathway is less 

likely, and the platelet-TLR2/6 pathway unlikely, to contribute to platelet activation during and 

post-AMI.   
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3.5 Limitations. 

 

We were not able to compare platelet-TLR expression and TLR-mediated platelet activation in AMI 

subjects before and after DAPT treatment, as patients with suspected AMI are given anti-platelet 

therapy either prior to or immediately upon arrival to hospital. Additionally, it is not clear what 

would constitute a physiologically relevant concentration of these TLR agonists that would occur 

during infection or sterile inflammation, but it is possible that high localized doses of these agonists 

exist post-AMI. We cannot exclude off-target effects of the TLR agonists used in this study, 

although these agonists have been used at similar doses in previous platelet activation studies 

[198, 281]. Expansion of the size of the cohorts used for platelet-TLR expression (n=12) and TLR-

mediated platelet activation (n=5) may have allowed us to detect some changes in expression and 

activation as significant. We initially attempted to examine platelet-TLR expression by flow 

cytometry, but we were unable to produce a reproducible and consistent methodology for 

examining expression using this technique. We, therefore, used western blotting to examine 

platelet-TLR expression. However, we believe the size of these cohorts is appropriate, as this study 

was designed to capture large, and therefore potentially clinically significant, changes in 

expression or activation. Although all AMI patients were treated with DAPT prior to blood 

collection, it is possible that the level of platelet inhibition in response to DAPT varied across the 

AMI cohort. However, we are interested in determining platelet-TLR expression and activation in 

a real-world AMI cohort and each blood sample was collected at a sufficient time point after 

administration of DAPT to ensure that these drugs were biologically active. TLR agonism is likely 

to trigger a host of platelet functions that were not assessed in this study. In particular, platelets 

are known to induce downstream cellular immunomodulatory functions via interactions with 

leukocytes and endothelial cells as well as mediate responses to infection [288, 289], and these 

responses may exacerbate vascular inflammation post-AMI. However, platelet activation in 

response to TLR agonism was assessed in this study, as the activated platelet phenotype plays an 

important pro-thrombotic role in AMI. 
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3.6 Conclusion. 

 

In conclusion, we have demonstrated that TLR1 and TLR4 were significantly upregulated in AMI 

platelets and that TLR2 expression may also be increased, but to a lesser extent, following AMI. In 

addition, we have demonstrated dose-dependent platelet activation in response to the TLR2/1 

agonist, Pam3CSK4, in healthy subjects and AMI subjects who have been treated with DAPT. Direct 

platelet activation also occurred in response to a high dose of the TLR4 agonist, LPS, but not in 

response to the TLR 2/6 agonist, FSL-1. It is possible that the platelet-TLR2/1 pathway is an 

alternative platelet activation pathway that may contribute to persistent platelet activation post-

AMI and despite treatment with DAPT.
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 Chapter 4. The effects of aspirin and ticagrelor on TLR-mediated platelet 

activation: results of a randomised, cross-over trial.  

  



Chapter 4.            The effects of aspirin and ticagrelor on TLR-mediated platelet activation. 

Page | 128 

 

4.1 Introduction.  

 

In our previous studies (Chapters 2 and 3), we demonstrated that stimulation of a range of 

platelet-TLRs in AMI subjects could lead to platelet activation despite pre-treatment with DAPT (a 

combination of aspirin with a P2Y12 receptor antagonist). In particular, we showed that platelets 

become directly and dose-dependently activated in response to a TLR2/1 and TLR9 agonist and 

become directly activated in response to high-dose TLR4 stimulation, but do not become directly 

activated in response to TLR2/6 agonism.  

 

Interestingly, these patterns of platelet activation in AMI subjects were similarly observed in 

healthy subjects despite treatment of DAPT in the AMI cohort. We see two possibilities for the 

similarity in platelet activation patterns across these two cohorts: a) DAPT does not inhibit or only 

very modestly inhibits TLR-mediated platelet activation, or b) TLR-mediated platelet activation is 

greater in the absence of DAPT in AMI subjects, and DAPT inhibits this activation to a level seen in 

untreated healthy subjects. In our previous studies, we were unable to assess TLR-mediated 

platelet activation in the absence of anti-platelet therapy as patients with AMI receive this therapy 

prior to or immediately following presentation to hospital. Consequently, we could not establish 

the extent to which DAPT provides protection against TLR-mediated platelet activation. This 

problem was addressed in the current study.  

 

We hypothesize that anti-platelet therapy does not inhibit, or only slightly inhibits platelet 

activation in response to direct TLR stimulation. Therefore, we aimed: 

1. To determine the extent to which aspirin alone or in combination with ticagrelor, a potent 

P2Y12 receptor antagonist, can inhibit platelet activation in response to TLR2/1, TLR4 and 

TLR9 stimulation.  
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4.2 Materials and methods.   

 

 Study design.  

 

Ten healthy subjects (5 male, 49±6 years) were recruited into a prospective single-blinded 

randomized cross-over trial. Exclusion criteria were: known cardiovascular or inflammatory 

disease, a platelet function or bleeding disorder, a platelet count of less than 100x109/L, acute 

illness within 6 weeks prior to recruitment, pregnancy, diabetes mellitus and/or treatment with 

cardiovascular or immune-modulating drugs or treatment with anti-platelet agents within 7 days 

prior to recruitment This study was approved by the Health and Disability Ethics Committee, New 

Zealand (16/STH/240) and was registered with the Australian New Zealand Clinical Trials Registry 

(ACTRN12616001508460). All subjects provided written informed consent and the study was 

conducted in accordance with the Declaration of Helsinki. Subjects were randomized to receive 

either aspirin monotherapy (Cartia, Aspen Global Incorporated; 300 mg loading dose, 100 mg once 

daily maintenance dose) or DAPT, a combination of aspirin and ticagrelor (Brilinta, AstraZeneca; 

180 mg loading dose, 90 mg bi-daily maintenance dose), for a total of 1 week. Following 

completion of the first anti-platelet drug regimen, subjects underwent a washout period of 3 

weeks and were crossed over to the other anti-platelet drug regimen. Investigators, but not 

subjects, were blinded to the anti-platelet drug regimen that each subject was randomized to. The 

study cross-over protocol is presented in Figure 4.1. 
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10 healthy subjects were randomized to receive either aspirin monotherapy or DAPT, a combination of aspirin and 

ticagrelor, for 1 week. Following the first anti-platelet drug regimen, subjects had a washout period before 

commencing the second drug regimen for 1 week. Blood was drawn both before and after each drug regimen, for a 

total of 4 blood draws over the study period.  

Randomization 

DAPT 
 (ticagrelor + aspirin) 

Aspirin 

1 week treatment 

Washout (3 weeks)  

1 week treatment 

Baseline 1  
blood draw 

After drug 
blood draw 

Baseline 2 
blood draw 

After drug  
blood draw 

Washout (3 weeks) 
DAPT 

 (ticagrelor + aspirin) 

Aspirin 

Figure 4.1 Study cross-over protocol. 
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 Blood drawing and platelet aggregation assay.  

 

Before and after each anti-platelet drug regimen, blood was collected from a peripheral vein into 

hirudin-anticoagulated tubes (Dynabyte). Platelet aggregation was assessed using a modification 

of light transmittance aggregometry using a Multiskan GO microplate spectrophotometer 

(Thermo Fisher Scientific) to confirm that each anti-platelet drug regimen was having the expected 

inhibitory effect on the platelet pathway that each drug targets. Blood was centrifuged at 200 x g 

for 12 minutes to produce PRP and at 1500 x g for 12 minutes to produce platelet-poor plasma 

(PPP), and warmed to 37°C. ADP (6 µM) or AA (500 µM) was added to PRP. ADP is an agonist for 

the P2Y12 receptor, which is inhibited by ticagrelor, and AA is an agonist for the COX-1 receptor, 

which is inhibited by aspirin. PBS was added, in an equal ratio, to warmed PPP. The absorbance 

was read at 620 nm at 0 minutes and at 8 minutes and all samples were shaken constantly between 

reads. Maximum platelet aggregation was calculated as follows (adapted from [290]):  

Maximum aggregation = 100 x 
abs.  PRP at 0 mins   - abs.  PRP at 8 mins

abs. PRP at 0 mins  -  abs.  PPP at 8 mins
  

 

 Flow cytometric detection of TLR-mediated platelet activation.  

 

Before and after each anti-platelet drug regimen, flow cytometry was used to assess TLR-mediated 

platelet activation from each blood sample drawn. PRP was adjusted to 1×108 platelets/mL with 

PBS and incubated for 15 minutes at room temperature with the following agonists (used in 

Chapters 2 and 3): TRAP6 (Tocris Bioscience), Pam3CSK4 (Tocris Bioscience), LPS (Enzo Life 

Sciences), and ODN2006 (InvivoGen). TRAP6, a protease-activated receptor agonist, is a universal 

platelet agonist that was used as a positive control for platelet activation. Platelets were incubated 

with 6 doses of TRAP6 (0.2-7.5 μg/mL), Pam3CSK4 (3.1-100.0 μg/mL) and ODN2006 (0.6-20.0 

μg/mL) and a single high dose of LPS (100 μg/mL). A single dose of LPS was used as we have 

previously demonstrated that platelets only become activated in response to high-dose LPS (see 

Chapter 3). As a negative control, PRP was incubated with PBS. All samples of PRP were stained 
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with anti-CD42a-PerCP (clone Beb-1), anti-CD62p-BV421 (clone AK4) and PAC1-FITC (clone PAC-1; 

Becton Dickinson) in staining buffer for 20 minutes in the dark at room temperature. The panel 

design for this study is show in Table 4.1. In parallel, PRP was incubated with PerCP-mouse IgG1,κ, 

BV421-mouse IgG1,κ or FITC-mouse IgM isotype controls. All antibodies and isotype controls were 

sourced from Becton Dickinson. All samples were fixed with 1% paraformaldehyde and analysed 

on a FACSCanto II flow cytometer (Becton Dickinson). Flow cytometry data was analysed using 

FlowJo software (v10.0.7, Tree star). Platelets were identified by their side scatter properties and 

CD42a-positivity (Figure 4.2). The percentage of platelets that were positive for CD62p and PAC1 

was determined (Figure 4.3). Flow cytometry analysis was performed by a study investigator (KH) 

who was blinded to the anti-platelet treatment of each subject. 

 

 

 

 

 Laser/channel 

(fluorophore) 

Antibody target 

(clone) 

Concentration in final staining 

volume (final dilution) 

TLR-mediated 

platelet activation 

Blue/Red (PerCP) CD42a (Beb1) 0.25 μg/mL (1 in 50) 

Blue/Green (FITC) PAC1 (PAC1) 1.00 μg/mL (1 in 20) 

Violet/Blue (BV421) CD62p (AK-4) 1.00 μg/mL (1 in 100) 

A list of all antibody formats, clones, isotypes and manufacturers can be found in Appendix 1. 

  

Table 4.1 Panel design for assessing platelet activation in response to TLR agonism. 
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The platelet population was identified from PRP (A) by their forward and side scatter properties. Platelets were further 

identified by their CD42a-positivity (C) against the isotype control (B).  

Figure 4.2 Platelets were identified by flow cytometry. 
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A representative plot of CD62p expression (A) and PAC1 expression (B) is shown for unstimulated and TRAP-stimulated 

(7.5 μg/mL) CD42a+ platelets. Solid line, isotype control; dotted line, no agonist; dashed line, TRAP-stimulated.   

Figure 4.3 Representative plots of activation markers. 
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 Statistical analysis.  

 

With a sample size of 10, we had the power to detect a 20% reduction in platelet activation in 

response to TLR stimulation following anti-platelet therapy with 90% power and 5% significance. 

This was based on the mean and standard deviation of platelet activation seen in response to TLR 

stimulation in healthy subjects in Chapters 2 and 3. Differences in maximum platelet aggregation 

measured before and after each anti-platelet drug regimen were examined using paired t-tests, 

and aggregation values were expressed as mean ± SD. There was a potential period effect or 

potential treatment-by-period interaction due to the cross-over design for this study, and analysis 

for these effects was conducted (as described by Altman [291]) before analysing differences 

between baseline and drug-treatment measurements. For each parameter, the difference (đ; 

period 1 – period 2) and the average (ā; (period 1+ period 2)/2) for each individual was calculated 

and averaged in group A (individuals that received aspirin monotherapy (period 1) followed by 

aspirin and ticagrelor (period 2)) and group B (aspirin and ticagrelor (period 1) followed by aspirin 

monotherapy (period 2)). The period effect was tested by an unpaired t-test comparing 

differences (đ) (đ1 vs. –(đ2)) in the periods of group A and B. This confirmed whether or not one 

group benefited from receiving one drug regimen first, over the other. The treatment-by-period 

interaction was tested by an unpaired t-test comparing averages (ā) (ā1 vs. ā2) of the periods 

between group A and group B. This confirmed whether or not the wash-out period was sufficient, 

such that there was no carry-over of the effect of treatment. Differences in baseline 

measurements of platelet activation (baseline unstimulated vs. baseline stimulated samples) were 

examined using repeated measures one-way ANOVA with post-hoc Tukey’s multiple comparisons 

tests. For TRAP, Pam3CSK4 and ODN2006, repeated measures two-way ANOVA was performed. If 

the interaction effect was found to be significant (p<0.05), post-hoc Tukey’s multiple comparisons 

tests were performed to detect differences. For LPS, repeated measures one-way ANOVA was 

performed and, if found to be significant (p<0.05), post-hoc Tukey’s multiple comparisons tests 

were performed to detect differences. All statistical analyses were performed using GraphPad 

Prism 7 (GraphPad Software Inc.).  
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4.3 Results. 

 

 Platelet aggregation.  

 

The platelet aggregation results from this study indicated effective aspirin- and DAPT-mediated 

platelet inhibition following each of these anti-platelet drug regimens. On aspirin monotherapy, 

maximal platelet aggregation in response to arachidonic acid was attenuated from 38±12% to 

7±3% (p<0.0001) but aggregation was unaltered in response to ADP (Figure 4.4A). On DAPT, 

aggregation was attenuated from 52±16% to 5±2% in response to arachidonic acid and attenuated 

from 82±8% to 8±3% in response to ADP (both p<0.001, Figure 4.4B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Aspirin monotherapy significantly attenuated platelet aggregation in response to arachidonic acid (AA) but not in 

response to ADP, indicating effective inhibition of only the AA pathway (A). DAPT significantly attenuated platelet 

activation in response to both AA and ADP, indicating effective inhibition of both the AA and ADP pathways (B). Paired 

t-tests were performed to detect differences. Mean ± SD for 10 subjects is shown. ****p<0.0001.  
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Figure 4.4 Platelet aggregation testing confirmed a significant inhibitory effect of the anti-platelet drug regimens on 
each of the targeted platelet activation pathways. 
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 Period effect and treatment-by-period interaction analysis.  

 

For each parameter measured in this cross-over study, there was no statistically significant period 

effect or treatment-by-period interaction between group A, who received aspirin monotherapy 

followed by DAPT (aspirin and ticagrelor), and group B, who received DAPT followed by aspirin 

monotherapy. For example, the change in the percentage of platelets positive for PAC1 (%PAC1-

positive platelets) in response to 7.5 μg/mL TRAP was calculated for each individual. This was 

defined as the percentage change between the baseline (before-drug) measurement and after-

drug measurement and was calculated for both group A (Table 4.2) and group B (Table 4.3). No 

difference between group A and B was noted for the differences in periods 1 and 2 (đ1 and –(đ2) 

(p=0.13)), indicating no period effect. Also, there was no difference between group A and B for 

the average of periods 1 and 2 (ā1 and ā2 (p=0.44)), indicating no treatment-by-period interaction 

and demonstrating that the washout period was sufficient. This analysis was repeated for each 

parameter. We conclude that both baseline measurements were similar across groups A and B, 

and each drug regimen was compared to the corresponding baseline without adjustment.   
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 Period 1 

Aspirin monotherapy  

Period 2 

Aspirin and ticagrelor 

Period 1 – 

Period 2 

(Period 1 + Period 

2)/2 

1 -49.3 -77.4 28.1 -63.4 

-48.7 -83.6 34.9 -66.2 

25.2 -53.8 79 -14.3 

-15.4 -73.7 58.3 -44.6 

-3.0 -89.0 86 -46.0 

Mean -18.2 -75.5 57.3 (đ1) -46.9 (ā1) 

Standard 

deviation 

31.7 13.5 25.7 20.7 

1 %PAC1-positive platelets in response to 7.5 μg/mL TRAP expressed as % change between before-drug and 
after-drug measurements. 

 

 Period 1 

Ticagrelor and aspirin 

Period 2 

Aspirin monotherapy 

- (Period 1 – 

Period 2) 

(Period 1 + Period 

2)/2 

1  -65.5 -31.3 34.2 -48.4 

-76.3 -25.5 50.8 -50.9 

-90.17 1.8 92.0 -44.19 

-83.8 50.9 134.7 -16.5 

-81.3 17.1 98.4 -32.1 

Mean -79.4 2.6 82.0(-(đ2)) -38.4 (ā2) 

Standard 

deviation 

9.2 33.5 40.0 14.2 

1 %PAC1-positive platelets in response to 7.5 μg/mL TRAP expressed as % change between before-drug and 
after-drug measurements. 

  

Table 4.2 Group A received aspirin monotherapy (period 1) followed by DAPT (aspirin and ticagrelor) (period 2), n=5. 

Table 4.3 Group B received aspirin and ticagrelor (period 1) followed by aspirin monotherapy (period 2), n=5. 
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 TLR-mediated platelet activation at baseline.  

 

To investigate platelet activation in response to TLR agonism prior to anti-platelet drug 

administration, cell-surface expression of both PAC1 and CD62p was assessed by flow cytometry. 

During this cross-over study, two baseline measurements (Baseline 1 and Baseline 2) were taken 

(see Figure 4.1). These two baseline measurements were similar across all agonists tested here 

(Figure 4.5 and Figure 4.6). Dose-dependent increases in expression of both PAC1 and CD62p were 

observed following incubation with TRAP6, Pam3CSK4 and ODN2006. In comparison to 

unstimulated platelets, expression of both platelet activation markers significantly increased 

following incubation with the highest three doses of TRAP6 tested in this study (all p<0.01). 

Pam3CSK4-stimulated platelets exhibited increased PAC1-positivity and CD62p-positivity at all 

doses tested (all p<0.05). Similar to TRAP6, the three highest doses of ODN2006 tested here 

induced significant expression of activation markers in comparison to unstimulated platelets (all 

p<0.01). A single dose (100 μg/mL) of LPS was used in this study, as we have previously 

demonstrated that platelets only become activated in response to high-dose LPS (see Chapter 3). 

Following incubation with high-dose LPS, PAC1 expression and CD62p expression was significantly 

increased in comparison to unstimulated platelets (both p<0.01). 
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PAC1 positivity was measured in response to TRAP (A), Pam3CSK4 (B), ODN2006 (C) and LPS (D) agonism before 

(baseline 1 and baseline 2) and after treatment with two anti-platelet drug regimens, aspirin monotherapy and DAPT 

(a combination of ticagrelor and aspirin). Concentrations of TRAP, Pam3CSK4 and ODN2006 were log transformed. 

For TRAP, Pam3CSK4 and ODN2006, repeated measures two-way ANOVA was performed and the interaction effect 

was found to be significant (p<0.05). For LPS, repeated measures one-way ANOVA was found to be significant 

(p<0.05). Tukey’s multiple comparisons tests were performed to detect differences. * indicates a significant difference 

between the measurements before and after treatment with DAPT. Mean ± SD for 10 subjects is shown. ** p<0.01, 

**** p<0.0001.  

Figure 4.5 Platelet PAC1 expression in response to TLR stimulation is modestly attenuated following DAPT, but not 

aspirin, administration. 
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CD62p positivity was measured in response to TRAP (A), Pam3CSK4 (B), ODN2006 (C) and LPS (D) agonism before 

(baseline 1 and baseline 2) and after treatment with two anti-platelet drug regimens, aspirin monotherapy and DAPT 

(ticagrelor and aspirin). Concentrations of TRAP, Pam3CSK4 and ODN2006 were log transformed. For TRAP, Pam3CSK4 

and ODN2006, repeated measures two-way ANOVA was performed and the interaction effect was found to be 

significant (p<0.05). For LPS, repeated measures one-way ANOVA was found to be significant (p<0.05). Tukey’s 

multiple comparisons tests were performed to detect differences. * indicates a significant difference between the 

measurements before and after treatment with DAPT. # indicates a significant difference between the measurement 

before and after aspirin monotherapy. Mean ± SD for 10 subjects is shown. * p<0.05, # # p<0.01, *** p<0.001, **** 

p<0.0001. 

Figure 4.6 CD62p expression is modestly modulated in response to TLR stimulation following aspirin and DAPT 

administration. 
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 The effect of anti-platelet therapy on TLR-mediated platelet activation.  

 

To investigate whether anti-platelet therapy inhibits TLR-mediated platelet activation, PAC1 and 

CD62p expression was analysed following aspirin monotherapy and following DAPT, a combination 

of aspirin and ticagrelor, as described in Figure 4.1. All subjects completed the study, reported 

taking each drug regimen as instructed and did not report any inter-current illness during the 

study.  

 

4.3.4.1 TLR-mediated platelet activation following aspirin therapy.  

 

Aspirin monotherapy did not have a significant impact on TRAP6-mediated or TLR-mediated 

platelet activation. The absolute changes of PAC1 and CD62p expression following both drug 

regimens are given in Table 4.4. Aspirin monotherapy did not change platelet PAC1 expression in 

response to any concentration of TRAP6 (Figure 4.5A), although CD62p expression was greater in 

response to a moderate dose of TRAP6 following aspirin monotherapy (9.1% absolute increase in 

CD62p+, p<0.01, Figure 4.6A). Aspirin monotherapy attenuated CD62p-positivity only following 

incubation with high-dose Pam3CSK4 (absolute reduction of 10.0%, p<0.01, Figure 4.6B), although 

aspirin did not affect ODN2006-mediated platelet activation at any dose tested (Figure 4.5C, Figure 

4.6C). Expression of both platelet activation markers in response to high-dose LPS was unchanged 

after aspirin monotherapy (Figure 4.5D, Figure 4.6D). 
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Table 4.4 Absolute changes in the percentage of the platelet population that was PAC1+ and CD62p+ following aspirin 
monotherapy and DAPT. 

  Δ%PAC1+ Δ%CD62p+ 

Agonist Conc. (μg/mL) After aspirin  After DAPT  After aspirin  After DAPT  

TRAP 0.2 -0.2 0.3  -0.2  -0.8  

 0.5 0.3  -0.3  2.9  -1.8  

 0.9 3.2  -8.1 ** 9.1 ** -19.7 **** 

 1.9 -1.4  -23.7 **** 0.2  -16.4 **** 

 3.8 -4.0  -32.8 **** -1.6  -7.2  

 7.5 -5.0  -37.0 **** -1.1  -5.0  

Pam3CSK4 3.1 -1.2 -2.5  -1.2  -1.2  

 6.3 1.4  -4.2  2.4  -2.3  

 12.5 0.3  -0.7  1.4  -4.2  

 25.0 -7.9  0.0  -7.0  -8.5 * 

 50.0 1.4  0.6  3.5  -5.3  

 100.0 -6.8  -11.0 ** -10.0 ** -15.3 **** 

ODN2006 0.6 -0.3  -0.5 0.0  -1.4  

 1.3 -0.8  -6.7 ** 0.9  -4.5 * 

 2.5 -2.0  -15.1 **** 1.2  -7.6 **** 

 5.0 -1.4  -15.8 **** 0.9  -7.8 **** 

 10.0 -0.9  -12.1 **** 0.9  -6.1 *** 

 20.0 -1.0  -8.5 *** 0.8  -4.2 * 

LPS 100.0 -0.1  -22.9 ** -1.1  -17.6 * 

Absolute change of each platelet activation marker was calculated as the difference between the before-drug and after-drug 
measurement. For TRAP, Pam3CSK4 and ODN2006, repeated measures two-way ANOVA was performed and the interaction effect 
was found to be significant (p<0.05). For LPS, repeated measures one-way ANOVA was found to be significant (p<0.05). Tukey’s 
multiple comparisons tests were performed to detect differences. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 
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4.3.4.2 TLR-mediated platelet activation following DAPT.  

 

DAPT inhibited TRAP6-mediated and TLR-mediated platelet activation, to varying degrees. 

Absolute changes in expression of each platelet activation marker following DAPT are given in 

Table 4.4. Following DAPT, PAC1 expression was significantly attenuated in response to most doses 

of TRAP6 (significant absolute reduction of 8.1% to 37.0%, all p<0.01, Figure 4.5A). DAPT inhibited 

CD62p-positivity only at moderate doses of TRAP6 (reductions of 16.4% and 19.7%, both 

p<0.0001, Figure 4.6A). DAPT attenuated both PAC1 (11.0% reduction, p<0.01, Figure 4.5B) and 

CD62p expression (15.3% reduction, p<0.0001) in response to the highest dose of Pam3CSK4 and 

also attenuated CD62p expression (8.5% reduction, p<0.05) in response to a moderate dose of 

Pam3CSK4 (Figure 4.6B). ODN2006-mediated PAC1 and CD62p expression was lowered following 

DAPT at most doses (PAC1+, reductions of 6.7% to 15.8%, all p<0.001, Figure 4.5C; CD62p+, 

reductions of 4.2% to 7.8%, all p<0.05, Figure 4.6C). After DAPT, expression of both PAC1 and 

CD62p was attenuated in response to high-dose LPS. Absolute PAC1 expression was attenuated 

by 22.9% (p<0.01, Figure 4.5D) and absolute CD62p expression attenuated by 17.6% (p<0.05, 

Figure 4.6D) by DAPT. 
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4.4 Discussion. 

 

Our previous studies have reported dose-dependent and direct platelet activation in response to 

a TLR2/1 and TLR9 agonist, and direct platelet activation only in response to high-dose TLR4 

agonism (see Chapters 2 and 3). These distinct activation patterns are unchanged in AMI patients, 

despite guideline-recommended treatment with DAPT. Previously, we have not been able to 

assess TLR-mediated platelet activation in AMI in the absence of DAPT due to early administration 

of anti-platelet agents upon, or prior to, hospitalization. As such, we were unable to determine 

how effectively DAPT inhibits this type of platelet activation. This problem was addressed in the 

current study: we aimed to determine the extent to which aspirin alone or in combination with 

ticagrelor can inhibit platelet activation in response to TLR2/1, TLR4 and TLR9 stimulation. 

 

We have demonstrated dose-dependent increases in platelet-surface expression of PAC1 and 

CD62p in response to Pam3CSK4 (a TLR2/1 agonist) and ODN2006 (a TLR9 agonist) as well as in 

response to high dose LPS (a TLR4 agonist). These results were consistent across both baseline 

measurements in this study. Aspirin monotherapy had no effect on platelet activation via these 

TLR pathways or via TRAP. On DAPT, a combination of aspirin and ticagrelor, there was significant 

reduction in platelet activation in response to TRAP6, seen to a greater extent with PAC1 

expression than with CD62p expression. DAPT resulted in a slight inhibition of platelet activation 

in response to all three TLR agonists, and this inhibition was more modest than the inhibition seen 

in response to TRAP6. As substantial platelet activation was still observed despite the use of 

commonly used anti-platelet agents, we suggest that these platelet-TLR pathways represent 

alternative platelet activation pathways that may contribute to platelet activation post-AMI and 

despite anti-platelet treatment. From the results of this study, we can conclude that we may 

expect to see a slight increase in TLR-mediated platelet activation in AMI patients in the absence 

of anti-platelet therapy. However, anti-platelet therapy was not able to significantly alter these 
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platelet activation patterns, and AMI patients are likely to still be at risk of experiencing TLR-

mediated platelet activation despite optimal and potent anti-platelet therapy.  

 

Aspirin is routinely recommended for both primary and secondary prevention in CAD, and aspirin 

monotherapy has been shown to reduce recurrent MACE in AMI patients [101]. Aspirin exerts its 

anti-platelet effect primarily by interfering with the biosynthesis of TXA2 from arachidonic acid via 

inhibition of COX-1. TXA2 is a potent platelet agonist that can magnify the signal of other platelet 

agonists [292] and, therefore, aspirin has an ability to prevent amplification of platelet activation 

initiated via other activation pathways. In this study, aspirin monotherapy did not significantly 

inhibit TRAP6-mediated or TLR-mediated platelet activation. However, aspirin effectively inhibited 

platelet aggregation in response to arachidonic acid in each of the healthy subjects, indicating 

effective inhibition of the target COX-1 receptor. Therefore, we can exclude both non-compliance 

and aspirin resistance as reasons for observing no effect of aspirin monotherapy on TRAP6- or TLR-

mediated platelet activation. These finding suggest that aspirin is unable to protect against TRAP6- 

or TLR-mediated platelet activation, and that these activation pathways do not require signalling 

through the COX-1/TXA2 pathway to elicit potent platelet activation. The platelet-TLR2/1, platelet-

TLR4 and platelet-TLR9 pathways can provide a pathway for alternative platelet activation despite 

treatment with aspirin. 

 

DAPT, a combination of aspirin and a P2Y12 receptor antagonist, inhibits the platelet response to 

both ADP and COX-1 agonists and is known to reduce the risk of recurrent MACE following AMI 

when compared to treatment with aspirin alone [293, 294]. ADP is an important platelet agonist 

that is released from platelet dense granules and, similar to thromboxane A2, amplifies responses 

to other agonists [295]. Ticagrelor, a direct-acting and reversible P2Y12 receptor antagonist, 

provides more potent and consistent platelet inhibition [296] and superior clinical outcomes [111] 

when compared to clopidogrel, another commonly used P2Y12 antagonist. Ticagrelor is now 

recommended as the first-line anti-platelet agent, along with aspirin, following AMI [94, 104-106]. 
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For this reason, we chose to determine the extent to which the combination of aspirin and 

ticagrelor can inhibit TLR-mediated platelet activation.  

 

Overall, the combination of aspirin and ticagrelor modestly inhibited expression of both platelet 

activation markers for high-dose LPS, high-dose Pam3CSK4 and several doses of ODN2006. 

Although statistically significant, the magnitude of this inhibition was relatively small, with a 

maximum absolute reduction in PAC1 expression of 22.9% and in CD62p expression of 17.6%. As 

aspirin alone was not sufficient to inhibit TLR-mediated platelet activation, we suggest that the 

driver of the slight inhibition seen with DAPT is due to treatment with ticagrelor. Whilst this type 

of inhibition may provide some clinical protection, we have shown that incubation with these TLR 

agonists can still lead to substantial platelet activation despite treatment with DAPT. DAPT 

effectively inhibited platelet aggregation in response to both arachidonic acid and ADP 

stimulation, indicating that both of these activation pathways were sufficiently blocked by the anti-

platelet agents used in this study. We can conclude that the slight inhibition in TLR-mediated 

platelet activation seen with DAPT was not due to non-compliance or drug resistance. As a whole, 

these results suggest that platelets can become activated in response to these TLR agonists despite 

potent inhibition of the ADP and arachidonic acid pathways. These platelet-TLRs do not require 

signalling through either the ADP or COX-1/TXA2 pathways to induce potent platelet activation, 

and DAPT provides incomplete protection against these alternative platelet activation pathways.  

 

DAPT was able to significantly reduce platelet activation in response to TRAP6. More specifically, 

DAPT substantially attenuated PAC1 expression in response to most doses, and attenuated CD62p 

expression in response to some doses. This dampening effect on TRAP-mediated platelet 

activation was greater than for TLR-mediated platelet activation. The differences in this 

dampening effect seen between PAC1 and CD62p expression indicates differential inhibition of 

these two distinct platelet activation pathways. These result suggest that DAPT can almost 

completely block integrin activation (as measured by PAC1 expression). Furthermore, DAPT can 
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moderately block platelet degranulation (as pleasured by CD62p expression) at a specific dose 

range and, above this dose range, inhibition of platelet degranulation is overridden and on-

treatment degranulation levels are similar to non-treated levels. Overall, DAPT more effectively 

inhibits platelet activation in response to TRAP6, a traditional platelet agonist, than platelet 

activation in response to TLR stimulation.  

 

We have shown that TLR-mediated platelet activation can continue to occur despite treatment 

with currently used anti-platelet agents. TLRs represent an alternative pathway of platelet 

activation that is inadequately inhibited by these treatment strategies. Given that all experiments 

were performed in PRP, in the absence of leukocytes, platelet activation in response to TLR 

stimulation is likely to represent a direct effect of each TLR agonist on the platelet population. At 

the patient level, persistent TLR-mediated platelet activation may cause recurrent thrombosis, 

exacerbate I/R injury and is a potential pathway for recurrent ischaemic events. Both platelets 

[297-299] and TLRs [178, 180, 300] have been implicated in AMI and in I/R injury, and inhibiting 

their involvement blunts the resulting post-ischaemic and post-reperfusion inflammatory 

response. Additionally, increased platelet reactivity has been reported in response to both viral 

and bacterial threats [129, 130], both of which potently stimulate TLRs, and these findings may 

underlie the association between infection and the incidence of AMI [228, 234]. It is possible that 

platelet-TLR activation is involved in AMI and recurrent MACE, and current anti-platelet therapies 

inadequately dampen the platelet-TLR involvement in these pathological processes.  



Chapter 4.            The effects of aspirin and ticagrelor on TLR-mediated platelet activation. 

Page | 149 

 

4.5 Limitations. 

 

In this study, we did not assess any other measure of platelet function aside from PAC1 and CD62p 

expression. However, these two markers provide information on two distinct platelet activation 

pathways and are commonly used markers to assess platelet activation. We cannot exclude that 

the TLR agonists used in this study could have off-target effects, although these agonists have 

been used to assess platelet activation previously [184, 198, 215]. We assessed the platelet 

response to TLR stimulation in PRP, but these responses were not assessed in whole blood. We, 

therefore, could not determine the contribution to platelet activation by other cell types that are 

also likely to be activated by TLR stimulation. However, we aimed to assess the effect of common 

anti-platelet agents acting directly at the platelet level and the use of PRP for this study satisfied 

this aim. We cannot determine whether the effect of DAPT with ticagrelor is similar to the effect 

of DAPT with other P2Y12 receptor antagonists. However, the use of ticagrelor in this study was 

appropriate. For example, although clopidogrel is commonly prescribed in New Zealand, this drug 

has highly variable inter-individual platelet inhibition. Prasugrel is known to have a more consistent 

inhibitory effect on platelets than clopidogrel, but is not funded for routine use in the treatment 

of AMI patients in New Zealand. In contrast, ticagrelor is funded and well-prescribed in New 

Zealand and has a consistent inhibitory effect on platelets and was, therefore, used in this study.  
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4.6 Conclusion. 

 

In conclusion, we have shown that stimulation with TLR2/1, TLR4 and TLR9 agonists can result in 

substantial platelet activation. Furthermore, aspirin monotherapy had no effect on platelet 

activation in response to stimulation with any TLR agonist tested and DAPT (a combination of 

aspirin and ticagrelor) only modestly inhibited these platelet activation patterns. These results 

demonstrate that currently available anti-platelet therapies cannot adequately protect against 

activation of these platelet-TLR pathways. We suggest that platelet-TLRs represent intact on-

treatment platelet activation pathways, and that these pathways may contribute to recurrent 

platelet activation in the setting of AMI.
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5.1 Introduction.  

 

Aside from their well-established role in thrombosis, platelets are increasingly recognized as 

participants in vascular inflammation primarily by their interaction with leukocytes [8]. Platelets 

are likely to mediate inflammation, at least in part, via their TLRs and readily aggregate with a 

number of leukocyte subsets in response to TLR stimulation [19, 184].  

 

In Chapter 3, we demonstrated that platelets have very distinct activation patterns and PMAgg 

patterns in response to a range of TLR agonists [301]. In particular, we demonstrated that platelets 

become directly and dose-dependently activated by a TLR2/1 agonist, but only become directly 

activated in response to high-dose TLR4 agonism and remain quiescent when directly stimulated 

with a TLR2/6 agonist. Similarly, platelets dose-dependently aggregate with monocytes in 

response to TLR2/1 stimulation, and variably form these heterotypic aggregates in response to 

TLR2/6 stimulation, but not in response to TLR4 stimulation. In summary, some TLR agonists can 

induce both platelet activation and PMAgg although other TLR agonists are only able to induce 

PMAgg. On the basis of these results, we suggest that both the thrombotic and inflammatory 

responses of platelets are TLR agonist-specific.  

 

Other than examining platelet aggregation with monocytes, we did not fully characterize the 

inflammatory responses of platelets in Chapter 3. However, the data from this study suggests that 

platelets are likely to influence leukocyte function in a TLR agonist-specific manner. The platelet 

involvement in shaping leukocyte responses has been studied previously, although there are gaps 

in the current literature. The platelet effect on leukocyte function has mainly been characterized 

in PBMCs and in response to LPS or in models of sepsis. Thus, there is a lack of research examining 

how the effect of platelets differs in response to a range of other TLR agonists. Furthermore, we 

do not know whether platelets exert differential effects on leukocyte subsets in response to TLR 

agonism. There is also uncertainty as to whether platelets drive a pro-inflammatory or an anti-

inflammatory leukocyte response to TLR agonism. Interestingly, the role of platelets in mediating 
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immune responses to infection is two-sided: platelets have been viewed predominantly as pro-

inflammatory [21], although ever-accumulating evidence suggests that platelets can also limit 

leukocyte effector functions to prevent rampant inflammation [22].  

 

On the basis of our previous results from Chapter 3, we hypothesize that platelets will modify the 

responses of leukocyte subsets in a TLR agonist-specific manner. We further hypothesize that 

platelets will drive a more anti-inflammatory response in leukocytes. To address this hypothesis, 

we aimed: 

 

1. To determine the extent to which platelets modulate PBMC (monocyte, T cell) and 

granulocyte (neutrophil) responses in vitro to TLR4, TLR2/1, and TLR2/6 agonism in healthy 

subjects.  
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5.2 Materials and methods.   

 

 Subject recruitment and blood sampling.  

 

Blood was collected via venepuncture from 10 healthy subjects (5 male, 29±5 years) with no 

known cardiovascular disease, diabetes mellitus, or inflammatory or platelet function disorder. 

These subjects were recruited as described in Section 2.2.1.1. Blood was collected into hirudin-

anticoagulated tubes (Dynabyte) and EDTA-anticoagulated tubes (Becton Dickinson). 

 

 

 Isolation of platelets and leukocytes.  

 

Hirudin-anticoagulated blood was centrifuged at 200 x g for 12 minutes to produce PRP or at 1500 

x g for 12 minutes to produce PPP. PRP was diluted in PBS to 2.5x108 platelets/mL, and PPP was 

diluted in PBS in the same ratio as PRP. EDTA-anticoagulated blood was layered over 

Polymorphprep (Axis-Shield, Dundee, United Kingdom), centrifuged at 650 x g for 30 minutes, and 

the PBMC and granulocyte layers were isolated and washed in PBS. To lyse erythrocytes, PBMCs 

were resuspended in erythrocyte lysis buffer (Qiagen) and granulocytes were resuspended in ice-

cold water followed by the addition of PBS in excess. Finally, both cell suspensions were washed 

and resuspended in isolation buffer (0.1% BSA, 2 mM EDTA in PBS, pH 7.4; see Appendix 2). 

 

 

 Platelet depletion from leukocytes.  

 

Each leukocyte fraction were incubated with 10 μg anti-human CD42b conjugated to biotin (clone 

AK2; Thermo Fisher Scientific) for 30 minutes at 4°C, washed and finally incubated with 100 μL 

Biotin Binder Dynabeads (Thermo Fisher Scientific) for 30 minutes at 4°C. Platelets were then 

removed by magnetic separation. Alongside CD42a, CD42b is a surface receptor that uniquely 
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identifies the platelet population. Leukocytes were resuspended in cell culture media (10% FCS, 2 

mM L-glutamate, 100 U/mL penicillin, 100 μg/mL streptomycin, 0.01M HEPES buffer, 0.1% β-

mercaptoethanol, 0.01 nM non-essential amino acids; see Appendix 2) to 1x106 cells/mL, and kept 

on ice for 60 minutes prior to stimulation. 

 

 In vitro stimulation of PBMCs and granulocytes.  

 

A portion of PBMCs and granulocytes were co-cultured with PRP in a leukocyte:platelet ratio of 

1:250. As a control condition, PPP was added to a separate portion of leukocytes, and these 

leukocytes were cultured alone. All cells were kept at 37°C/5% CO2 for 60 minutes prior to TLR 

stimulation. Leukocytes ± platelets were then either left unstimulated or stimulated with 1 and 

100 ng/mL of LPS (TLR4 agonist; Enzo Life Sciences), Pam3CSK4 (TLR2/1 agonist; Tocris Bioscience), 

and FSL-1 (TLR2/6 agonist; Santa Cruz Biotechnology). Granulocytes were stimulated for 4 hours 

and PBMCs were stimulated for 24 hours at 37°C/5% CO2.  

 

 

 Flow cytometry.  

 

Following TLR stimulation, all samples were centrifuged at 400 x g for 12 minutes, and the cell 

culture supernatant was collected and stored at -80°C. Leukocytes ± platelets were resuspended 

in Fixable Viability Stain (FVS) 620 (Becton Dickinson) diluted in PBS and incubated for 15 minutes. 

Samples were washed twice in staining buffer and resuspended in Fc receptor blocking solution 

(BioLegend) diluted in staining buffer. Granulocytes ± platelets were incubated with anti-CD16-

BV421 (clone 3G8), anti-CD45-PE/Cy7 (clone HI30), and anti-CD66b-BB515 (clone G10F5). PBMCs 

± platelets were incubated with anti-CD64-BV421 (clone 10.1), anti-CD3-BV510 (clone UCHT1), 

anti-CD8-AF647 (clone RPA-T8), anti-CD4-APC/H7 (clone RPA-T4), anti-HLA-DR-PE/Cy7 (clone G46-

6), and anti-CD38-BB515 (clone HIT2). The panel design for this experiment is outlined in Table 

5.1. All antibodies were sourced from Becton Dickinson. Antibodies were diluted in staining buffer 
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and all samples were stained for 50 minutes at 4°C. Appropriate isotype controls, all sourced from 

Becton Dickinson, were run in parallel. Antibody-stained leukocytes ± platelets were fixed with 1% 

paraformaldehyde, centrifuged and finally resuspended in staining buffer. All samples were 

analysed on a FACSCanto II flow cytometer (Becton Dickinson). Flow cytometric data was analysed 

using FlowJo software (v10.0.7; Treestar). Live cell sub-populations were identified by their 

FVS620-negativity, and by their characteristic forward and side scatter properties. The geometric 

MFI of CD66b, HLA-DR and CD38 was used to determine CD16+ neutrophil activation, CD64+ 

monocyte activation and CD4+/CD8+ T cell activation, respectively. Each cell type was identified 

as outlined in Figure 5.1, Figure 5.2 and Figure 5.3. A representative plot of each activation marker 

is given in Figure 5.4. 

 

 

 Laser/channel 

(fluorophore) 

Antibody target 

(clone) 

Concentration in final staining 

volume (final dilution) 

PBMC panel Blue/Red  FVS620 (1 in 2000) 

Blue/NIR (PE/Cy7) HLA-DR (G46-6) 0.50 μg/mL (1 in 50) 

Blue/Green (BB515) CD38 (HIT2) 4.00 μg/mL (1 in 50) 

Violet/Blue (BV421) CD64 (10.1) 2.00 μg/mL (1 in 100) 

Violet/Green (BV510) CD3 (UCHT1) 1.00 μg/mL (1 in 50) 

Red/Red2 (AF647) CD8 (RPA-T8) 0.06 μg/mL (1 in 400) 

Red/NIR2 (APC/H7) CD4 (RPA-T4) 0.50 μg/mL (1 in 25) 

Granulocyte panel Blue/Red FVS620 (1 in 2000) 

Blue/NIR (PE/Cy7) CD45 (HI30) 1.00 μg/mL (1 in 50) 

Blue/Green (BB515) CD66b (G10F5) 2.00 μg/mL (1 in 50) 

Violet/Blue (BV421) CD16 (3G8) 0.25 μg/mL (1 in 400) 

A list of all antibody formats, clones, isotypes and manufacturers can be found in Appendix 1. 

Table 5.1 Panel design for assessing leukocyte activation in response to TLR agonism. 
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Single cells were gated on (A). Monocytes (top, right gate drawn) and lymphocytes (bottom, left gate) were identified by their forward and side scatter properties (B). For 

each of these populations, live FVS620-negative cells were gated on (C & D).  

Figure 5.1 Live monocytes and lymphocytes were identified from PBMCs. 
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CD3+ T cells were identified (A) and, further, CD8+ T cells (B) and CD4+ T cells (C) were identified. CD64+ monocytes 

were identified (E) against the isotype control (D).   

Figure 5.2 CD64+ monocytes and CD4+ and CD8+ T cells were identified from PBMCs. 
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Single cells were gated on (A). Granulocytes were identified by their characteristic forward and side scatter profile (B), 

and live granulocytes were gated on (C). Neutrophils were further identified by CD45 expression and CD16-positivity 

(D).  

Figure 5.3 Live CD16+ neutrophils were identified from granulocytes. 
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Representative plots of monocyte HLA-DR expression (A), T cell CD38 expression (B) and neutrophil CD66b expression 

(C) are shown for unstimulated and LPS (100 ng/mL)-stimulated conditions. 

  

Figure 5.4 Representative plots of leukocyte activation markers. 
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 Analysis of cell culture supernatant.  

 

The concentration of elastase in granulocyte cell culture supernatant was measured using a 

human polymorphonuclear elastase ELISA kit (Abcam, Cambridge, United Kingdom), as per the 

manufacturer’s instructions. The concentration of the following cytokines and chemokines in 

PBMC cell culture supernatant was measured using a Luminex multiplex assay (R&D Systems, 

Minneapolis, MN, USA), as per the manufacturer’s instructions: tumour necrosis factor (TNF)-α, 

interleukin (IL)-6, IL-10, macrophage inflammatory protein (MIP)-1β. 

 

 

 Statistical analysis.  

 

We did not have sufficient data on the variance of the measurements studied here to properly 

estimate an appropriate sample size. Therefore, we empirically chose to recruit 10 healthy 

subjects to determine the effect of platelets on leukocyte responses to TLR stimulation. For 

examining baseline (- platelets) leukocyte activation in response to TLR stimulation, differences in 

raw measurements were examined using one-way ANOVA with post-hoc Sidak’s multiple 

comparisons tests. For analysing the effect of platelets on the leukocyte response to TLR 

stimulation, each baseline (- platelets) leukocyte only measurement was normalized to 1. Each 

platelet co-culture (+ platelets) measurement was then reported as a relative change, compared 

to the paired leukocyte only measurement (+ platelets measurement/- platelets measurement). 

Differences between these measurements were examined using paired t-tests. All statistical 

analyses were performed using GraphPad Prism 7 (GraphPad Software Inc.). 
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5.3 Results. 

 

 Platelets reduce neutrophil CD66b expression in response to TLR stimulation.  

 

Considering the baseline (- platelets) TLR stimulation results, we demonstrated an increase in 

neutrophil CD66b expression in response to both a low-dose (1 ng/mL) and a high-dose (100 

ng/mL) of each TLR agonist used in this study. These baseline CD66b expression levels are given in 

Table 5.2 and, in response to TLR stimulation, CD66b expression is presented as a percentage 

increase from unstimulated cultures. There was an increase in CD66b expression, which was 

similar, in response to both low-dose (57% increase from unstimulated) and high-dose LPS (44% 

increase; both p<0.01). Neutrophil CD66b expression was also significantly and dose-dependently 

elevated in response to Pam3CSK4 (41% and 127% increases, both p<0.05) and FSL-1 (58% and 

115% increases, both p<0.01).  

 

 

Considering the platelet co-culture results, the addition of platelets did not reduce CD66b 

expression in unstimulated neutrophil cultures but, interestingly, platelets differentially 

attenuated neutrophil activation patterns in response to all three TLR agonists. These changes in 

CD66b expression, as measured by MFI, with platelet co-culture (+ platelets) are given in Figure 

5.5A. The relative changes in CD66b expression with co-culture are also given in Figure 5.5B and 

Table 5.3, and are reported below.  

 

 

The increase in CD66b expression in response to low-dose LPS was attenuated by 11% (p<0.05) 

with platelet co-culture, but was not significantly changed in response to high-dose LPS (relative 

reduction of 8%, p=0.06). With platelets, the increase in CD66b expression was attenuated by 9% 

at low-dose Pam3CSK4 (p=0.09) and by 15% at high-dose Pam3CSK4 (p<0.05) and the increase in 

response to FSL-1 stimulation was attenuated by 19% at a low dose and 14% at a high dose (both 

p<0.001).  
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Table 5.2 Baseline (- platelets) geometric MFI of leukocyte activation markers in response to TLR agonism, compared to unstimulated cultures. 

  Neutrophil CD66b  Monocyte HLA-DR CD8+ T cell CD38 CD4+ T cell CD38 

Agonist ng/mL Absolute MFI 
% increase 

from US 
Absolute MFI 

% increase 

from US 
Absolute MFI 

% increase 

from US 
Absolute MFI 

% increase 

from US 

US -- 3142 (988) -- 2776 (1689) -- 222 (95) -- 335 (143) -- 

LPS 1 4926 (1239)** 57% 5011 (1919) 81% 308 (108)**** 39% 567 (158)**** 69% 

 100 4528 (1353)*** 44% 4803 (1858)* 73% 314 (110)**** 41% 580 (167)**** 73% 

Pam3CSK4 1 4440 (1375)* 41% 4675 (1579)**** 68% 272 (105)**** 23% 530 (165)**** 58% 

 100 7118 (2653)** 127% 4763 (1693)* 72% 294 (109)**** 32% 578 (171)**** 73% 

FSL-1 1 4958 (1431)** 58% 4299 (1452)** 55% 259 (99)*** 17% 503 (141)**** 50% 

 100 6752 (2675)** 115% 4265 (1433)** 54% 266 (86)** 20% 513 (127)**** 53% 
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Neutrophil CD66b expression was measured by MFI without platelets (- platelets) and in co-culture (+ platelets) with 

no stimulation and in response to 1 and 100 ng/mL LPS, Pam3CSK4 and FSL-1 (A). For each co-culture measurement, 

CD66b expression was calculated as a relative change (B). Differences between these relative change measurements 

were examined using paired t-tests. *p<0.05, **p<0.01, ***p<0.001.  

Figure 5.5 In response to TLR stimulation, platelets modulate expression of neutrophil CD66b expression. 
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Table 5.3 Relative change in leukocyte activation markers in leukocyte-platelet co-culture (+ platelets) and following TLR 
stimulation. 

  + platelets# 

Agonist ng/mL Neutrophil CD66b  Monocyte HLA-DR CD8+ T cell CD38 CD4+ T cell CD38 

US -- 0.99 (0.15) 0.97 (0.09) 1.06 (0.12) 0.98 (0.03) 

LPS 1 0.89 (0.12)* 0.95 (0.06)* 1.04 (0.06) 0.99 (0.03) 

 100 0.92 (0.12) 0.96 (0.06) 1.04 (0.12) 0.98 (0.04) 

Pam3CSK4 1 0.91 (0.14) 0.99 (0.10) 1.05 (0.07)* 0.99 (0.04) 

 100 0.85 (0.12)** 0.97 (0.08) 1.04 (0.09) 1.00 (0.05) 

FSL-1 1 0.81 (0.11)*** 0.93 (0.10) 1.07 (0.10) 1.00 (0.03) 

 100 0.86 (0.09)*** 0.97 (0.07) 1.08 (0.12)* 0.99 (0.03) 

#all leukocyte only measurements were normalized to 1, and all co-culture (+ platelets) measurements were compared to this 

normalized response and reported as relative change. Differences between these measurements were examined by paired t-tests. 

*p<0.05, **p<0.01, ***p<0.001. 
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 Platelets modestly reduce monocyte HLA-DR expression following low-dose LPS.  

 

At baseline (in the absence of platelets) and compared to unstimulated monocytes, expression of 

HLA-DR was elevated in response to high-dose LPS (73% increase from unstimulated, p<0.05) and 

in response to low-dose and high-dose Pam3CSK4 (68% and 72% increases, both p<0.05) and FSL-

1 (55% and 54% increases, both p<0.01) (Table 5.2). Monocyte HLA-DR expression was 

numerically, although not significantly, higher following incubation with low-dose LPS (81% 

increase, p=0.08). We saw substantial inter-individual variation in HLA-DR expression in this study, 

which may explain why this change was not detected as significant. For each TLR agonist, the 

change in HLA-DR expression was relatively similar across both doses. 

 

 

The raw and relative changes in monocyte HLA-DR expression following co-culture with platelets 

are given in Figure 5.6A and Figure 5.6B, respectively. When examining relative change, platelet 

co-culture significantly, but modestly, decreased HLA-DR expression in response to low-dose LPS 

by 5% (p<0.05, also given in Table 5.3). Monocyte HLA-DR expression was not changed in the 

presence of platelets under unstimulated conditions or in response to high-dose LPS, or any dose 

of Pam3CSK4 or FSL-1. 
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Monocyte HLA-DR expression was measured by MFI with (+) and without (-) platelets with no stimulation and in 

response to 1 and 100 ng/mL LPS, Pam3CSK4 and FSL-1 (A). For each co-culture measurement, HLA-DR expression 

was calculated as a relative change (B). Differences between these relative change measurements were examined 

using paired t-tests. *p<0.05.  

Figure 5.6 Platelets modestly modulate monocyte HLA-DR expression following low-dose LPS stimulation. 
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 The addition of platelets modulates CD8+ T cell, but not CD4+ T cell, CD38 expression in 

response to TLR stimulation.  

 

CD38 expression was used in this study to assess T cell activation, and has been used previously to 

assess T cell responses to TLR agonism and in the absence of T cell receptor (TCR) engagement 

[302, 303]. This activation marker is also recommended for the identification of activated T cells 

by the Human Immunology Project [304]. For CD8+ T cells at baseline (- platelets), CD38 expression 

increased in response to all TLR agonists tested (Table 5.2). CD38 expression increased following 

stimulation with low-dose and high-dose LPS (39% and 41% increases, both p<0.0001), Pam3CSK4 

(23% and 32% increases, both p<0.0001) and FSL-1 stimulation (17% and 20% increases, both 

p<0.01). Similarly, CD4+ T cell CD38 expression was elevated following incubation with both a low 

and high dose of LPS (69% and 73% increases, both p<0.0001), Pam3CSK4 (58% and 73% increases, 

both p<0.0001) and FSL-1 (50% and 53% increases, both p<0.0001) (Table 5.2). 

 

 

The raw results (Figure 5.7A and Figure 5.7C) and relative results (Figure 5.7B and Figure 5.7D) for 

CD38 expression with the addition of platelets are given below. Platelet co-culture modestly 

increased CD8+ T cell CD38 expression, with a relative increase of 5% in response to low-dose 

Pam3CSK4 (p<0.05) and of 8% in response to high-dose FSL-1 (p<0.05, also in Table 5.3). Platelets 

did not change CD8+ T cells expression of CD38 under any other condition tested. Under all 

conditions tested, no change in CD4+ T cell expression of CD38 was seen with platelet co-culture. 



Chapter 5.  Platelets modulate leukocyte function in response to TLR stimulation.  

Page | 169 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Raw CD8+ T cell (A) and CD4+ T cell (C) CD38 expression was measured (MFI) with (+) and without (-) platelets in response to LPS, Pam3CSK4 and FSL-1. CD38 

expression was calculated as a relative change for CD8+ T cells (B) and CD4+ T cells (D). Differences between these relative change measurements were examined 

using paired t-tests. *p<0.05.

Figure 5.7 Platelets modulate expression of CD8+, but not CD4+, T cell expression of CD38 following TLR stimulation. 
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 Platelet co-culture reduces elastase secretion following low-dose TLR agonism.  

 

Elastase secretion in response to TLR agonism with and without platelets was assessed in the 

granulocyte culture supernatant. In this study, approximately 89-95% of the granulocytes in 

culture were identified as CD16+ neutrophils. We suggest that, in granulocyte cultures, 

neutrophils are the predominant source of elastase secretion; therefore, elastase secretion can 

act as a marker of neutrophil activation. In comparison to baseline (- platelets) unstimulated 

cultures (32 ng/mL), elastase secretion increased in response to both low-dose and high-dose LPS 

(58 and 59 ng/mL, respectively, both p<0.05), Pam3CSK4 (66 and 63 ng/mL, both p<0.01) and FSL-

1 (71 and 65 ng/mL, both p<0.01). The increase in elastase secretion was relatively uniform across 

TLR stimuli. Platelets attenuated elastase secretion in response to low doses of each TLR agonist 

(presented in Table 5.4 and in both Figure 5.8A and Figure 5.8B). In the presence of platelets, the 

increase in elastase secretion was attenuated by 17% in response to low-dose LPS, attenuated by 

21% in response to low-dose Pam3CSK4, and attenuated by 17% in response to low-dose FSL-1 

(all p<0.01).  
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Table 5.4 Relative change in elastase secretion (ng/mL) in granulocyte-platelet co-culture (+ platelets) and following TLR 

stimulation. 

  + platelets# 

Agonist ng/mL Elastase secretion (ng/mL) 

US -- 0.85 (0.25) 

LPS 1 0.83 (0.14)** 

 100 0.89 (0.22) 

Pam3CSK4 1 0.79 (0.11)*** 

 100 0.92 (0.27) 

FSL-1 1 0.83 (0.14)** 

 100 0.89 (0.20) 

#all leukocyte only measurements were normalized to 1, and 

all co-culture (+ platelets) measurements were compared to 

this normalized response. Differences between these 

measurements were examined by paired t-tests. **p<0.01, 

***p<0.001. 
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Elastase secretion was measured in granulocyte only cultures (- platelets) and granulocyte + platelet co-cultures (+ 

platelets) with no stimulation and in response to each TLR agonist (A). Elastase secretion was calculated as a relative 

change (B). Differences between these relative change measurements were examined using paired t-tests. **p<0.01, 

***p<0.001.  
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Figure 5.8 Platelets attenuated granulocyte elastase secretion in response to low-dose TLR agonism. 
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 Platelets differentially modulate IL-6 production in response to LPS and FSL-1.  

 

The production of a range of cytokines and chemokines was assessed in the PBMC ± platelet 

culture supernatant, including IL-6. At baseline (- platelets) and in comparison to unstimulated 

PBMCs (20.6 pg/mL), IL-6 production increased in response to low-dose and high-dose LPS (2851.3 

and 3942.6 pg/mL, respectively, both p<0.01) and high-dose Pam3CSK4 (1633.0 pg/mL, p<0.05). 

IL-6 production was numerically higher following stimulation with low-dose Pam3CSK4 (310.9 

pg/mL) and both doses of FSL-1 (214.8 and 651.0 pg/mL). As with monocyte HLA-DR expression, 

large inter-individual variability was noted for IL-6 measurements, and in all cytokine 

measurements, which may explain why these measurements did not achieve significance. 

 

 

The raw IL-6 measurements are shown in Figure 5.9A, and the relative changes with platelet co-

culture are shown in Figure 5.9B and in Table 5.5. The increase in IL-6 production in response to 

both doses of LPS was attenuated by 14% in the presence of platelets (both p<0.05). The increase 

in IL-6 production in response to high-dose FSL-1 was further significantly increased by 37% with 

platelet co-culture (both p<0.05). In response to low-dose FSL-1, IL-6 production was increased by 

53%, although this was not detected as significant. No change in IL-6 production was seen in 

response to Pam3CSK4 when platelets were added.   
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Table 5.5 Relative change in PBMC cytokine and chemokine production in PBMC-platelet co-culture (+ platelets) and 
following TLR stimulation. 

  + platelets# 

Agonist ng/mL IL-6 TNF-α IL-10 MIP-1β 

US -- 0.94 (0.30) 0.95 (0.38) 1.04 (0.26) 0.88 (0.30) 

LPS 1 0.86 (0.14)** 0.81 (0.09)**** 1.02 (0.19) 0.88 (0.15)* 

 100 0.86 (0.16)*  0.85 (0.13)** 1.19 (0.17)** 1.01 (0.32) 

Pam3CSK4 1 1.25 (0.66) 0.85 (0.26) 1.08 (0.11) 1.06 (0.27) 

 100 1.24 (0.36) 0.90 (0.15) 1.19 (0.33) 1.09 (0.20) 

FSL-1 1 1.53 (0.81) 0.84 (0.09)*** 1.05 (0.07)* 1.23 (0.27)* 

 100 1.38 (0.51)* 0.81 (0.16)** 1.14 (0.15)* 1.15 (0.20)* 

#all leukocyte only measurements were normalized to 1, and all co-culture (+ platelets) measurements were compared to 

this normalized response. Differences between these measurements were examined by paired t-tests. *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. 
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IL-6 was measured in a multiplex assay in PBMC only cultures (- platelets) and PBMC + platelet co-cultures (+ platelets) 

with no stimulation and in response to each agonist (A). IL-6 production was calculated as a relative change (+ 

platelets/- platelets) (B). Differences between these measurements were examined using paired t-tests. *p<0.05, 

**p<0.01.  
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Figure 5.9 Distinct patterns of IL-6 production were seen following TLR stimulation and platelet co-culture. 
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 Platelets reduce TNF-α production in response to LPS and FSL-1. 

 

Relative to baseline (- platelets) unstimulated PBMCs (214.6 pg/mL), elevated TNF-α levels were 

seen following stimulation with low-dose and high-dose LPS (3140.2 and 4430.4 pg/mL, both 

p<0.05) and high-dose Pam3CSK4 stimulation (1289.2 pg/mL, p<0.05) and levels were numerically 

higher following stimulation with low-dose Pam3CSK4 (548.3 pg/mL) and FSL-1 (408.0 and 780.4 

pg/mL).  

 

 

In the presence of platelets, the increase in TNF-α production was attenuated by 19% following 

stimulation with low-dose LPS and by 15% with high-dose LPS (both p<0.05). These results are 

presented in Figure 5.10 and Table 5.5. The increase in TNF-α production in response to FSL-1 

production was also attenuated by platelets, with a 16% reduction in response to low-dose FSL-1 

and a 19% reduction in response to high-dose FSL-1 (both p<0.01).  
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TNF-α was measured in PBMC only cultures (- platelets) and co-cultures (+ platelets) with no stimulation and in 

response to each agonist (A). TNF-α production was calculated as a relative change (B). Each co-culture measurement 

was presented as relative change. Differences between these measurements were examined using paired t-tests. 

**p<0.01, ***p<0.001, ****p<0.0001.  
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Figure 5.10 TNF-α levels were attenuated with platelet co-culture following stimulation with LPS and FSL-1. 
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 Platelets increase IL-10 production by PBMCs in response to LPS and FSL-1.  

 

Compared to baseline unstimulated cultures (58.4 pg/mL), IL-10 levels were raised in response to 

low and high doses of LPS (442.4 and 442.6 pg/mL, both p<0.01), Pam3CSK4 (90.5 and 200.2 

pg/mL, both p<0.05) and high-dose FSL-1 (110.8 pg/mL, p<0.05). IL-10 production was marginally 

numerically higher in response to low-dose FSL-1 (78.2 pg/mL). The increase in IL-10 production 

in response to high-dose LPS was elevated by 19%. Also, in response to FSL-1 was elevated by 5% 

(low-dose) and 14% (high-dose) (all p<0.05, Table 5.5, Figure 5.11).   
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IL-10 production was measured in PBMC-only cultures and in co-cultures with no stimulation in response to each 

agonist (A). IL-10 production was presented as a relative change (B). Differences between these measurements were 

examined using paired t-tests. *p<0.05, **p<0.01.  
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Figure 5.11 IL-10 production was increased following stimulation with high-dose LPS and with FSL-1 and platelet co-
culture. 
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 Platelets differentially modulate MIP-1β production in response to some TLR agonists.  

 

In comparison to unstimulated PBMCs (3.1 ng/mL), baseline MIP-1β levels were elevated following 

low-dose and high-dose LPS stimulation (61.5 and 100.8 ng/mL, both p<0.05) and Pam3CSK4 

stimulation (9.2 and 23.4 ng/mL, both p<0.05) and were numerically higher following FSL-1 

stimulation (8.4 and 15.2 ng/mL). The increase in MIP-1β production following low-dose LPS was 

attenuated by 12% in platelet co-cultures (p<0.05) (Table 5.5, Figure 5.12). Conversely, in the 

presence of platelets, the MIP-1β response was further elevated by 23% (low-dose) and 15% (high-

dose) in response to FSL-1 (both p<0.05).   



Chapter 5.                      Platelets modulate leukocyte function in response to TLR agonism. 

Page | 181 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

MIP-1β production was measured in PBMC-only cultures and co-cultures with no stimulation and in response to each 

agonist (A). MIP-1β production was presented as a relative change (B). Differences between these measurements 

were examined using paired t-tests. *p<0.05, **p<0.01.  

- + -

1

+

1

-

1 0 0

+

1 0 0

-

1

+

1

-

1 0 0

+

1 0 0

-

1

+

1

-

1 0 0

+

1 0 0

0

2 0

4 0

6 0

8 0

1 4 0

3 4 0

5 4 0

M IP -1   p r o d u c t io n

M
IP

-1


 (
n

g
/

m
L

)

A

P la t e le t s

L P S  (n g / m L )

P a m 3 C S K 4  (n g / m L )

F S L -1  (n g / m L )

P la t e le t s

L P S  (n g / m L )

P a m 3 C S K 4  (n g / m L )

F S L -1  (n g / m L )

- + -

1

+

1

-

1 0 0

+

1 0 0

-

1

+

1

-

1 0 0

+

1 0 0

-

1

+

1

-

1 0 0

+

1 0 0

0 .0

0 .5

1 .0

1 .5

2 .0

2 .5

M IP -1   p r o d u c t io n

M
IP

-1


 (
re

la
ti

v
e

 c
h

a
n

g
e

)

* * *

B

Figure 5.12 Platelets modulate MIP-1β production were seen following stimulation with low-dose LPS and with FSL-1. 
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5.4 Discussion. 

 

In this study, we show that platelets differentially modulated leukocyte responses to TLR 

stimulation. Platelets attenuated neutrophil expression of CD66b in response to stimulation with 

various doses of Pam3CSK4 (a TLR2/1 agonist), LPS (TLR4) and FSL-1 (TLR2/6), and modestly 

attenuated monocyte expression of HLA-DR in response to high-dose LPS. Conversely, platelets 

modestly increased CD8+ T-cell expression of CD38 in response to low-dose Pam3CSK4 and high-

dose FSL-1, although platelets did not change CD38 expression on CD4+ T-cells across all TLR 

agonists tested. Granulocyte elastase production, used here as a marker of neutrophil activation, 

was attenuated in the presence of platelets following stimulation with a low-dose of each TLR 

agonist used. PBMC cytokine and chemokine production was also assessed and we demonstrate 

that, in response to LPS, production of IL-6, TNFα and MIP-1β decreased and IL-10 production 

increased with platelet co-culture. Conversely, in response to FSL-1, the presence of platelets 

increased IL-6, IL-10 and MIP-1β production, but attenuated TNF-α production by PBMCs. 

However, platelets did not alter PBMC cytokine production in response to Pam3CSK4. These 

results are summarized in Table 5.6 below. 



Chapter 5.                      Platelets modulate leukocyte function in response to TLR agonism. 

Page | 183 

 

Table 5.6 Summary of the effect of platelets on the markers of leukocyte function assessed in this study. 

  +platelets 

Agonist ng/mL 
Neutrophil

CD66b 

Monocyte 

HLA-DR 

CD8+ T cell 

CD38  

CD4+ T cell 

CD38 

Elastase 

secretion 

PBMC IL-6 

production 

PBMC TNF-α 

production 

PBMC IL-10 

production 

PBMC MIP-1β 

production 

US --          

LPS 1 ↓ ↓   ↓ ↓ ↓  ↓ 

 100      ↓ ↓ ↑  

Pam3CSK4 1   ↑  ↓     

 100 ↓         

FSL-1 1 ↓    ↓  ↓ ↑ ↑ 

 100 ↓  ↑   ↑ ↓ ↑ ↑ 

Orange shaded/ ↑ Significant increase, blue shaded/ ↓ significant decrease in relative change.  
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Overall, these results indicate that platelets can modestly regulate leukocyte function in both a 

cell-specific and TLR agonist-specific manner. The results from this study also challenge the notion 

that platelets act solely in a pro-inflammatory manner [21, 305]. Rather, the involvement of 

platelets in inflammation is likely to be complex, context-dependent and may provide both pro- 

and anti-inflammatory cues. This study adds to the growing body of evidence which suggests that 

platelets can actively participate in limiting leukocyte functions, a mechanism which is postulated 

to prevent uncontrolled inflammation that would otherwise cause host damage (for a recent 

review, see[22]). In agreement with this thinking, others have shown that platelets can reduce a 

number of leukocyte-mediated pro-inflammatory processes [23, 24, 27, 306], and these effects 

are likely to redefine the role of platelets in a range of clinical settings including sepsis, systemic 

inflammation and wound healing, to name a few processes. We add to this by suggesting that 

some, but not other, leukocyte subsets are more sensitive to the presence of platelets and these 

particular platelet-leukocyte interactions dampened the pro-inflammatory response to TLR 

stimulation.  

 

We observed a significant increase in neutrophil expression of CD66b at baseline (in the absence 

of platelets) in response to all three TLR agonists used in this study. The addition of platelets 

modestly attenuated this increase in CD66b expression at particular doses of each TLR agonist, 

and this platelet effect was more evident and consistent in response to stimulation with FSL-1. In 

addition, a reduction in elastase production in granulocyte cultures was seen in the presence of 

platelets in response to low-dose TLR stimulation. Previous studies have also shown that platelets 

can suppress neutrophil function. Corken et al. have shown that the loss of platelet GP Ib-IX 

enhances neutrophil expression of MAC-1 (CD11b) in a mouse model of sepsis [18]. This highlights 

a platelet-dependent pathway that modulates neutrophil activation in the context of sepsis, which 

is a potent source of TLR-triggering PAMPs and DAMPs. Hurley et al. demonstrated that, in 

response to Streptococcus pyogenes M1 protein (another TLR-triggering molecule), platelet-

neutrophil complexes formed in cell culture and, interestingly, these complexes exhibited 

attenuated chemotaxis and bacterial killing [307]. It is likely that, in these models of sepsis, 

platelets and neutrophils are exposed to a multitude of stimulating molecules, including a mixture 
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of TLR agonists. We are the first to demonstrate that platelets can also dampen neutrophil 

activation in response to very specific, singular TLR stimulation. Others have shown that platelets 

can limit neutrophil function in response to non-TLR agonists. For example, platelets were shown 

to reduce total elastase levels [308], also demonstrated by this study, and reduce production of 

ROS [28, 309] by neutrophils stimulated with the calcium ionophore A23187 and the chemotactic 

protein fMLP.  

 

It is interesting to note that, for each TLR agonist used in this study, elastase production was 

relatively similar between the two doses used, but platelets significantly attenuated elastase 

production only in response to low-dose TLR stimulation. This would suggest that low-dose TLR 

stimulation is sufficient to induce a strong release of elastase by neutrophils, but it may be that 

the microenvironment induced by high-dose TLR stimulation limits the ability of platelets to have 

the regulatory effect that is seen at low-dose TLR stimulation.  

 

We are the first to demonstrate that platelets can dampen neutrophil CD66b expression and 

elastase secretion in response to TLR agonism although, from the measurement of only two 

markers in this study, we do not know whether platelets dampen other aspects of neutrophil 

function in response to TLR agonism. Expanding the number of markers examined such as 

phagocytosis, which is crucial for effective neutrophil-mediated host defence, may give greater 

insight into whether platelets provide a consistent dampening cue or whether platelets 

differentially regulate neutrophil function.  

 

We also observed that platelets modestly attenuated monocyte activation, as evidenced by HLA-

DR expression, in response to low-dose LPS. This modest attenuation was not seen following 

stimulation with either high-dose LPS, Pam3CSK4 or FSL-1. Stimulation with these agonists 

resulted in marked increases in HLA-DR expression compared to unstimulated cultures at baseline, 

but this was not significantly altered in the presence of platelets. It has previously been shown 
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that, in platelet-PBMC co-culture, activated platelets slightly but non-significantly attenuated 

monocyte HLA-DR expression in response to LPS [23]. Similarly, platelet microparticles can reduce 

HLA-DP DQ DR expression on monocyte-derived dendritic cells, and the authors suggest that 

monocytes that come into contact with platelet microparticles may be less likely to develop into 

fully pro-inflammatory dendritic cells [27]. Overall, we suggest that monocyte HLA-DR expression 

is only moderately influenced by platelets, and this modulation may be secondary to modulation 

of other monocyte functions by platelets, such as cytokine production.  

 

In this study, platelets modulated cytokine and chemokine production by PBMCs in a complex 

manner, and this modulation differed between the three TLR agonists tested here. In the context 

of stimulating PBMCs with TLR agonists, it is likely that the cytokine and chemokine response is 

driven primarily by monocytes [310] as this leukocyte subset is most responsive and sensitive to 

direct stimulation with a range of TLR agonists. Platelets did not modulate the PBMC response to 

Pam3CSK4, the TLR1/2 agonist, for any cytokine or chemokine measured in this study. However, 

the cytokine/chemokine response to LPS was modulated by platelets. Platelet co-culture lowered 

IL-6 and TNF-α levels (both traditional pro-inflammatory cytokines), increased IL-10 levels (an anti-

inflammatory cytokine), and decreased MIP-1β levels (a pro-inflammatory chemokine) in response 

to various doses of LPS. These patterns indicate that, in response to LPS, platelets can amplify the 

production of anti-inflammatory cytokines and attenuate the production of pro-inflammatory 

cytokines and chemokines by PBMCs. Previous work has described this type of 

cytokine/chemokine modulation to LPS by platelets. Activated platelets, or activated platelet 

supernatant, can reduce TNF-α and IL-6 production and induce IL-10 release by both resting [24, 

25] and LPS-stimulated [23] human PBMCs as well as LPS-stimulated mouse bone-marrow derived 

macrophages [13, 311]. Similarly, platelets that have been exposed to high shear stress can induce 

IL-10 production in monocyte-derived immature dendritic cells in response to LPS [312]. These 

collective results suggest that platelets can push PBMCs away from pro-inflammatory, and 

towards anti-inflammatory, cytokine production in response to LPS.  
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The response of PMBCs to FSL-1, a TLR2/6 agonist, in the presence of platelets was more complex. 

FSL-1-mediated production of IL-6, IL-10 and MIP-1β production was further elevated with 

platelets, but production of TNF-α was attenuated. This picture, with the up- and down-regulation 

of traditional pro-inflammatory (IL-6, MIP-1β, TNF-α) and anti-inflammatory (IL-10) 

cytokines/chemokines, does not clearly demarcate a pro- or anti-inflammatory influence of 

platelets on the PBMC phenotype in response to FSL-1. It is important to note that FSL-1 did not 

stimulate PBMC cytokine/chemokine production as effectively as LPS and, when examining 

relative changes when platelets are added, small absolute changes in production in response to 

FSL-1 may be represented as large relative changes. However, a small absolute change in 

cytokine/chemokine production in a low-cytokine/chemokine environment, such as following FSL-

1 stimulation, may still be physiologically important. These results suggest that platelets have a 

multifaceted role in balancing pro- and anti-inflammatory responses, which is agonist-specific and 

which may concurrently facilitate both types of inflammatory responses. To the best of our 

knowledge, modulation of PBMC cytokine production by platelets in response to FSL-1 has not 

been previously described.  

 

We observed relatively similar baseline expression levels of monocyte HLA-DR in response to all 

TLR agonists used in this study, although PBMC cytokine and chemokine production 

(predominantly driven by monocytes) was differentially and dose-dependently upregulated by TLR 

stimulation. It may be that lower concentrations (<1 ng/mL) of these agonists may induce a dose-

dependent increase in HLA-DR expression that we were unable to see with the doses (≥ 1 ng/mL) 

used in this study. We suggest that monocytes are very sensitive to TLR agonism and HLA-DR 

expression is readily upregulated, perhaps to a maximum level, in response to ≥1 ng/mL of these 

agonists. The differences between HLA-DR expression and cytokine/chemokine production 

indicate that these processes are regulated by TLR stimulation in different ways (for example, 

immediate upregulation in expression versus delayed cytokine/chemokine production) and are, 

therefore, likely to be affected by the presence of platelets in distinct ways. Indeed, this was 

observed in our study: platelets had a greater effect on PBMC cytokine/chemokine production 

than on monocyte HLA-DR expression.  
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When examining the baseline (-platelets) results, we demonstrate a robust PBMC cytokine 

response to LPS and, to a lesser extent, to Pam3CSK4 and FSL-1. Within these cytokine 

measurements, we also observed substantial inter-individual variation. This is particularly evident 

when examining cytokine responses to Pam3CSK4 and FSL-1 as, despite stimulation, some of the 

baseline cytokine measurements were similar to those recorded in unstimulated cultures. This 

may suggest that there is a population of healthy subjects that exhibit low- or non-responsiveness, 

in terms of cytokine production, when their PBMCs are exposed to particular TLR agonists. It is 

difficult to determine whether this is the case with the sample size examined in this study, but it 

is of interest to determine whether sub-populations of low/non-responders can be identified in a 

larger cohort of healthy subjects. At an individual level, low/non-responding subjects may have a 

compromised ability to launch a full and effective cytokine response to particular infective or 

injurious stimuli.  

 

At a group level, the effect of platelets on various leukocyte measurements was moderate and TLR 

agonist-specific although we note that, across many of the measurements, the platelet effect was 

greater in some individuals than in others. It is of interest to determine whether responsiveness 

to TLR stimulation, as discussed above, is also associated with responsiveness to the addition of 

platelets. It may be that there are individuals whose leukocytes are more sensitive to adjustments 

in both agonist as well as cellular stimuli. This question was beyond the scope of the current study, 

however, but could be achieved in a larger cohort of healthy subjects using cluster analysis. 

 

In PBMC-platelet co-cultures, platelets modestly modulated CD8+ T cell activation, as evidenced 

by CD38 expression, in response to particular TLR agonists. CD4+ T cell activation was unaltered in 

the presence of platelets. Modulation of CD8+ T cell expression of CD38 by platelets was TLR 

agonist- and dose-specific. CD38 is a commonly used T cell activation marker [302] and it has 

previously been demonstrated that CD38 expression increases on both T cell subsets in response 

to TLR stimulation, without TCR engagement, in PBMC cultures [302, 303]. These results are 

supported by our findings. We demonstrate that, in the absence of TCR stimulation, both T cell 
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subsets exhibit increased CD38 expression in response to all three TLR agonists used. The effect 

of TLR stimulation on T cell CD38 expression may be as a result of bystander activation, in which a 

cytokine-rich environment can provide cues for T cell activation in an antigen-independent 

manner. Bystander activation has been more well-characterized in CD8+ T cells [313], although 

has also been reported in CD4+ T cells [314], and is postulated to be a mechanism to control early 

infection in particular T cell subsets [315]. Recent studies have demonstrated that a number of 

cytokine-producing leukocytes within the PBMC fraction can promote bystander activation 

including monocytes, natural killer cells and dendritic cells [316, 317], and this can occur in 

response to TLR stimulation [317]. In similar fashion, it may be that platelets moderately affect 

CD8+ T cell activation indirectly, via interactions with other leukocyte subsets known to induce 

bystander activation. We show that platelets can modestly enhance TLR-mediated CD8+ T cell 

activation, and others have also reported that platelets can enhance CD8+ T cell effector functions. 

For example, platelet depletion in antigen-challenged mice has been shown to reduce the lytic 

activity [318, 319] and expansion [320] of antigen-activated CD8+ T cells. Collectively, these results 

suggest that platelets can participate in anti-microbial host defence by modulating CD8+ T cell 

responses to both classical (TCR engagement) and non-classical (TLR) activation.  

 

In this study, we observed a moderate platelet effect on leukocyte function in a cell-specific and 

TLR agonist-specific manner. Although moderate, these platelet effects are likely to play an 

important role in the immune response to infection and sterile injury. We propose that platelets 

modulate leukocyte function in order to dampen, but not substantially inhibit, inflammation and 

this notion is supported by others [22]. A rapid and effective pro-inflammatory response that is 

mounted by both platelets and leukocytes is necessary for pathogenic clearance but this response 

must also be limited to prevent host damage. This is particularly evident in sepsis, where 

uncontrolled inflammation is a cause of septic mortality [321], and rigid control of inflammation is 

required. Aside from this acute inflammatory response, an upset in the balance of pro- and anti-

inflammatory cytokines can establish persistent, chronic inflammation [322]. This moderate 

platelet effect does not inhibit important and necessary pro-inflammatory responses but, rather, 
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is likely to put a brake on this system to avoid host damage and may mediate, in part, a switch 

towards anti-inflammatory responses in order to achieve this.  

 

Many of the studies discussed above have examined the effect of platelets on leukocyte function 

in the context of sepsis, where the inflammatory response is pronounced and known to trigger 

host damage. These results are likely to be applicable in the context of MI as well, which is 

characterized by a large sterile inflammatory response. Cellular damage and necrosis during AMI 

triggers the release of a number of DAMPs that can activate TLRs, among other inflammatory 

pathways. It is interesting to postulate how the results of this study may relate to sterile 

inflammation in AMI. It is possible that platelets may limit certain leukocyte functions during AMI 

in patients where the resulting sterile inflammatory response is exaggerated or prolonged. 

Platelets may also act in a site-specific, rather than in a systemic, manner during AMI. For example, 

the plaque site or the ischaemic myocardium is likely to have an intense inflammatory 

environment that is not present systemically. The extent to which platelets can modulate 

leukocyte functions in AMI is an area of highly interesting, but unexplored, research.  
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5.5 Limitations. 

 

We have deliberately designed this study as a broad “survey” to determine the platelets effect on 

a range of different responses across a number of different leukocyte subsets. The disadvantage 

of this design was the inability to wholly characterize the platelet effect on particular leukocyte 

subset. We believe that it was necessary to broadly characterize these platelet effects in order to 

determine those effects that warrant further investigation. We did not anticipate the large 

variability in the raw data for some of the measurements in this study. Combined with the rather 

moderate relative change in these measurements in the absence or presence of platelets, this 

limited our ability to detect some differences in the data as statistically significant. However, the 

cohort was of sufficient size to broadly characterize the platelet effects on leukocyte responses, 

which was the aim of this study. It was necessary to isolate out different cell fractions from whole 

blood in order to conduct these experiments, and this may have altered the activation state of 

these fractions. However, we adapted the experimental protocol to keep the cells in a quiescent 

state and minimized the number of steps for cell isolation. We did not assess the platelet effect 

on leukocyte responses to a range of doses, rather only to a low and high dose, of each TLR agonist. 

However, in order to effectively manage the volume of experimental work, we chose to assess 

these two doses. We did not assess whether these leukocyte responses were affected by direct 

platelet interaction or by the indirect release of platelet immunomodulators. However, the 

literature suggests that the combination of both direct and indirect interactions facilitates the 

platelet effect, and we focussed on the holistic effect of platelets on leukocyte responses.  
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5.6 Conclusion. 

 

We show, in this study, that platelets differentially regulate leukocyte responses to TLR stimulation 

in a TLR agonist-specific and cell-specific manner. Furthermore, platelets were shown to reduce 

some leukocyte responses in response to TLR stimulation. We suggest that platelets can limit some 

leukocyte pro-inflammatory processes in response to TLR stimulation, and this platelet effect may 

play an important role in dampening host damage in response to excessive infectious or injurious 

inflammation. 



Chapter 6.  Platelets modulate neutrophil function in response to TLR agonism.  

Page | 193 

 

 

 

 

 

 

 

 

 Chapter 6. Platelets modulate multiple markers of neutrophil function in 

response to TLR agonism.  
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6.1 Introduction.  

 

The role of platelets in inflammation is evolving, with recent evidence suggesting that, aside from 

mediating important pro-inflammatory processes, platelets can also provide anti-inflammatory 

cues to dampen leukocyte responses during inflammation (for a recent review, see [22]).  

 

The aim of the study described in Chapter 5 was to broadly assess how platelets modulated certain 

functions of a number of leukocyte subsets in response to TLR stimulation. We are the first to 

show that platelets are able to attenuate neutrophil activation in a TLR agonist-specific manner. 

More specifically, both neutrophil CD66b expression and elastase secretion were attenuated in 

response to various doses of LPS (a TLR4 agonist), Pam3CSK4 (TLR2/1 agonist), and FSL-1 (TLR2/6 

agonist). Due to the broad nature of the previous study, we did not examine the platelet effect on 

neutrophil function beyond the measurement of CD66b expression and elastase secretion. 

However, it was of interest to us to further characterize the platelet effect on neutrophil function. 

In particular, we want to determine whether platelets provide consistent dampening cues (as was 

seen with CD66b expression and elastase secretion) across a multitude of markers of neutrophil 

function in response to TLR stimulation. 

 

In this current study, we examined the platelet effect on an expanded number of markers of 

neutrophil function. Firstly, we wanted to confirm the reproducibility of the platelet effect on 

CD66b expression and elastase secretion, so these two markers were reassessed in this study. 

Secondly, we wanted to examine the platelet effect on a wider range of neutrophil activation 

markers alongside CD66b including cell-surface expression of CD11b and CD62L was assessed 

here. Expression of CD66b, CD11b and CD62L are well-characterized activation markers [323, 324]. 

Thirdly, neutrophil secretion of IL-8, an important inflammatory chemoattractant, is a known 

response to TLR stimulation [254] and was measured in this study. Lastly, phagocytosis is a crucial 

anti-microbial defence mechanism of neutrophils [325] and was also measured in this study. In 
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summary, the platelet effect was assessed on the following markers of neutrophil function: cell-

surface CD66b, CD11b, and CD62L expression; elastase and IL-8 secretion; and phagocytic activity. 

On the basis of our previous results from Chapter 5, we hypothesize that platelets will attenuate 

various neutrophil functions in a TLR agonist-specific manner. To address this, we aimed: 

1. To determine the extent to which platelets can modulate multiple markers of neutrophil 

function in response to in vitro stimulation with TLR4, TLR2/1, and TLR2/6 agonists in 

healthy subjects.  
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6.2 Materials and methods.   

 

 Subject recruitment and blood sampling.  

 

Blood was collected from 10 consenting healthy subjects (5 male, 26 years) as outlined in Chapter 

5 (Section 5.2.1). 

 

 Neutrophil isolation.  

 

Neutrophils were isolated by negative selection from EDTA-anticoagulated whole blood by 

immunomagnetic depletion of unwanted cells and erythrocyte sedimentation, as per 

manufacturer’s instructions (Miltenyi Biotec, Bergish Gladbach, Germany). Isolated neutrophils 

were washed and resuspended in cell culture media (see Appendix 2 for recipe) to 1x106 

neutrophils/mL, and neutrophils were kept on ice for 60 minutes prior to TLR stimulation.  

 

 Platelet isolation.  

 

PRP and PPP were isolated from hirudin-anticoagulated whole blood as described in Chapter 5 

(Section 5.2.2). A portion of PRP was diluted in PBS to 2.5x108 platelets/mL and PPP was diluted in 

PBS in the same ratio as PRP. PRP and PPP were used to assess the platelet effect on neutrophil 

activation markers. A separate portion of PRP was diluted in PBS with 1 μM prostaglandin E1, 

centrifuged at 100 x g for 12 minutes, and platelets were resuspended in cell culture media to 

2.5x108 platelets/mL. Platelets resuspended in cell culture media were used to assess the platelet 

effect on neutrophil phagocytosis.  
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 In vitro TLR stimulation and assessment of neutrophil activation markers.  

 

Neutrophils were cultured ± PRP in a ratio of 1:250 neutrophils:platelets. An equal amount of PPP 

was added to neutrophil-only cultures. Cells were kept at 37°C/5% CO2 for 60 minutes prior to TLR 

stimulation. Neutrophils ± platelets were either left unstimulated or stimulated with 1 and 100 

ng/mL of LPS (Enzo Life Sciences), Pam3CSK4 (Tocris Bioscience) and FSL-1 (Santa Cruz 

Biotechnology). Neutrophils ± platelets were cultured under these conditions for 4 hours at 

37°C/5% CO2. After incubation, cells were centrifuged at 400 x g for 12 minutes, and the cell 

culture supernatant was collected and stored at -80°C. Neutrophils ± platelets were resuspended 

in staining buffer and incubated with anti-CD16-BV421 (clone 3G8), anti-CD66b-BB515 (clone 

G10F5), anti-CD11b/MAC-1-BV510 (clone ICRF44), all sourced from Becton Dickinson, and anti-

CD62L-APC (DREG-56; BioLegend, San Diego, CA, USA). The panel design for this study is given in 

Table 6.1. Antibodies were diluted in staining buffer and all samples were stained for 50 minutes 

at 4°C. Appropriate isotype controls were run in parallel. Antibody stained neutrophils ± platelets 

were fixed with 1% paraformaldehyde, centrifuged and finally resuspended in staining buffer. All 

samples were analysed on a FACSCanto II flow cytometer (Becton Dickinson). Flow cytometric data 

was analysed using FlowJo software (v10.0.7, Tree star). CD16+ neutrophils were identified as 

outlined in Figure 6.1. The geometric MFI of CD66b, CD11b and CD62L was used to determine 

CD16+ neutrophil activation and representative plots of each activation marker is given in Figure 

6.2. CD66b and CD11b expression is increased upon neutrophil activation, while CD62L is shed 

from the surface (expression is attenuated) upon activation.   
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Table 6.1 Panel design for assessing leukocyte activation in response to TLR agonism. 

 Laser/channel 

(fluorophore) 

Antibody target 

(clone) 

Concentration in final staining 

volume (final dilution) 

Neutrophil 

activation panel 

Blue/Green (BB515) CD66b (G10F5) 2.00 μg/mL (1 in 50) 

Violet/Blue (BV421) CD16 (3G8) 0.25 μg/mL (1 in 400) 

Violet/Green (BV510) CD11b (ICRF44) 4.00 μg/mL (1 in 50) 

Red/Red2 (APC) CD62L (DREG-56) 0.25 μg/mL (1 in 50) 

A list of all antibody formats, clones, isotypes and manufacturers can be found in Appendix 1. 
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Single cells were gated on (A). Neutrophils were identified by their characteristic forward and side scatter profile (B), 

and by CD16-positivity (C) against the isotype control (D).  

Figure 6.1 CD16+ neutrophils were identified. 
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Representative plots of neutrophil CD66b expression (A), CD62L expression (B) and CD11b expression (C) are shown 

for unstimulated and Pam3CSK4 (100 ng/mL)-stimulated conditions. CD66b and CD11b expression levels increase 

following neutrophil stimulation, while CD62L levels decrease (CD62L is shed from the surface).  

Figure 6.2 Representative plots of neutrophil activation markers. 
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 In vitro TLR stimulation and assessment of neutrophil phagocytosis.  

 

For measurement of neutrophil phagocytic activity, platelets which were resuspended in cell 

culture media (as described above) were added to neutrophils in a neutrophil:platelet ratio of 

1:250. An equal amount of cell culture media was added to neutrophil-only cultures. Neutrophils 

± platelets were incubated with FITC-labelled rabbit IgG-coated latex beads (Cayman Chemicals, 

Ann Arbor, MI, USA) in a ratio of 1 μL of latex beads to every 200 μL cell culture media and 

incubated for 60 minutes at 37°C/5% CO2 prior to TLR stimulation. As above, neutrophils ± platelets 

were stimulated with 1 and 100 ng/mL Pam3CSK4, LPS and FSL-1 for 4 hours at 37°C/5% CO2. 

Following stimulation, neutrophils ± platelets were washed and incubated with Trypan blue diluted 

in staining buffer to quench fluorescence from cell-surface bound latex beads. All samples were 

washed, resuspended in 1% paraformaldehyde, centrifuged and finally resuspended in staining 

buffer. All samples were then analysed on a FACSCanto II flow cytometer (Becton Dickinson) and 

FlowJo software (v10.0.7, Tree star). Neutrophils were identified by their characteristic forward 

and side scatter properties (as shown in Figure 6.1). Phagocytosis was reported as the percentage 

of the neutrophil population that was FITC-positive (%FITC+), as outlined in Figure 6.3. 
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Phagocytosis was measured by the %FITC-positive neutrophils. Solid line, without latex beads; dotted line, 

unstimulated; dashed line, Pam3CSK4 stimulated (100 ng/mL).  

  

Figure 6.3 Representative plot of neutrophil phagocytosis. 
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  Analysis of cell culture supernatant.  

 

Elastase secretion (Abcam) and IL-8 secretion (Thermo Fisher Scientific) in cell culture supernatant 

was measured by ELISA, as per manufacturer’s instructions.  

 

 Statistical analysis.  

 

In the previous study, we were able to detect a significant effect of platelets on markers of 

neutrophil function (CD66b expression, elastase secretion) with a sample size of 10, and the 

variances seen with these markers were narrower than the variances of other markers examined 

in this previous study. Therefore, a sample size of 10 was considered appropriate for this study. 

To examine changes in baseline (- platelets) neutrophil activation markers in response to TLR 

stimulation, differences in raw measurements were examined using one-way ANOVA with post-

hoc Sidak’s multiple comparisons tests. To examine the effect of platelets on the neutrophil 

response to TLR stimulation, each baseline (- platelets) neutrophil only measurement was 

normalized to 1. Each platelet co-culture (+ platelets) measurement was then reported as a 

relative change, compared to the paired neutrophil only measurement (+ platelets measurement/- 

platelets measurement). When examining the relative change data for unstimulated cultures (- 

platelets vs. + platelets) for some of the activation markers (for example, elastase secretion and 

phagocytosis), we saw a shift away from a relative change of 1 in the presence of platelets. This 

indicated that platelets were having an effect on these markers in unstimulated cultures, and any 

relative change with platelets following TLR stimulation may be due to this baseline shift rather 

than an effect of stimulation. To account for this, relative change differences between neutrophil 

only (- platelets) and platelet co-culture (+ platelets) were examined using a repeated measures 

two-way ANOVA with post-hoc Sidak’s multiple comparisons tests for all neutrophil markers. All 

statistical analyses were performed using GraphPad Prism 7 (GraphPad Software Inc.).  
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6.3 Results. 

 

 Platelets reduce CD66b expression in response to Pam3CSK4 and FSL-1.  

 

Analysis of baseline (- platelets) results for TLR stimulation showed an increase in CD66b 

expression in response to all three TLR agonists used in this study (Table 6.2). In response to low-

dose (1 ng/mL) and high-dose (100 ng/mL) LPS, CD66b expression was 161% and 163% of the MFI 

recorded in unstimulated (US) cultures, respectively (both p<0.05). Similarly, CD66b expression 

was dose-dependently increased in response to Pam3CSK4 (low-dose, 162% of US MFI, p=0.07; 

high-dose, 312%, p<0.05) and FSL-1 (low-dose, 169%; high-dose, 232%; both p<0.05).  

 

The raw CD66b expression levels (as measured by MFI) are shown in Figure 6.4A, and relative 

changes in CD66b expression in neutrophil-platelet co-cultures (+ platelets) are shown in Table 6.3 

and Figure 6.4B. In examining these relative changes, we show that the increase in CD66b 

expression seen in response to high-dose Pam3CSK4 and FSL-1, but not LPS, was attenuated in the 

presence of platelets. In response to high-dose Pam3CSK4, the presence of platelets attenuated 

CD66b expression by 16% (p<0.0001). CD66b expression was also attenuated by 14% and 10% in 

the presence of platelets following stimulation with low-dose and high-dose FSL-1, respectively 

(both p<0.05). 
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Table 6.2 Baseline (- platelets) geometric MFI of neutrophil activation markers in response to TLR agonism, compared to unstimulated cultures. 

  CD66b expression CD11b expression  CD62L expression  

Agonist ng/mL Absolute MFI % of US Absolute MFI % of US Absolute MFI % of US 

US -- 2195 (831) -- 3843 (1085) -- 509 (205) -- 

LPS 1 3539 (1740)** 161% 6353 (1465)*** 165% 318 (99)** 62% 

 100 3574 (2201)* 163% 6248 (1365)**** 163% 279 (65)** 55% 

Pam3CSK4 1 3559 (1901) 162% 7428 (3790)* 193% 370 (155)* 73% 

 100 6856 (4512)* 312% 6873 (2031)** 179% 284 (113)** 56% 

FSL-1 1 3720 (1915)* 169% 7079 (3470)* 184% 332 (103)** 65% 

 100 5087 (2554)** 232% 7158 (1915)**** 186% 255 (45)** 50% 

Differences between US and each of the TLR stimulation conditions were examined by one-way ANOVA with post-hoc Sidak’s multiple comparisons tests. 
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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  + platelets# 

Agonist ng/mL CD66b expression  CD11b expression CD62L expression 

US -- 0.97 (0.03) 0.95 (0.14) 1.07 (0.10)* 

LPS 1 0.92 (0.14) 0.99 (0.21) 0.97 (0.15) 

 100 0.97 (0.12) 0.95 (0.12) 0.98 (0.10) 

Pam3CSK4 1 0.95 (0.13) 0.88 (0.11)** 0.97 (0.09) 

 100 0.84 (0.13)**** 0.90 (0.15)* 1.06 (0.14)* 

FSL-1 1 0.86 (0.10)*** 0.87 (0.16)** 1.09 (0.10)*** 

 100 0.90 (0.07)* 0.88 (0.13)** 1.02 (0.12) 

#all neutrophil only measurements were normalized to 1, and all co-culture (+ platelets) measurements were 
compared to this normalized response. Differences between these measurements were examined by two-
way ANOVA and post-hoc Sidak’s multiple comparisons tests. *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001. 

Table 6.3 Relative change in neutrophil activation markers in neutrophil-platelet co-culture (+ platelets) and following 
TLR stimulation. 
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Neutrophil CD66b expression was measured by MFI without platelets (- platelets) and in co-culture (+ platelets) with 
no stimulation and in response to 1 and 100 ng/mL LPS, Pam3CSK4 and FSL-1 (A). For each co-culture measurement, 
CD66b expression was calculated as a relative change (B). Differences between these relative change measurements 
were examined were examined by two-way ANOVA and post-hoc Sidak’s multiple comparisons tests. *p<0.05, 
***p<0.001, ****p<0.0001.  
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Figure 6.4 Platelets modulate expression of neutrophil CD66b expression in response to Pam3CSK4 and FSL-1. 
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 Platelets modulate neutrophil CD11b expression following stimulation with Pam3CSK4 

and FSL-1.  

 

At baseline (- platelets), we show a significant and relatively consistent increase in CD11b 

expression in response to TLR stimulation (Table 6.2). With low-dose and high-dose LPS stimulation, 

CD11b expression was 165% and 163% of the expression levels seen in unstimulated cultures, 

respectively (both p<0.001). Similarly, neutrophil CD11b expression increased in response to low-

dose (193% of US MFI) and high-dose (179%) Pam3CSK4 and in response to low-dose (184%) and 

high-dose (186%) FSL-1 (all both p<0.05). 

 

 

CD11b expression, as measured by MFI (Figure 6.5A) and expressed as a relative change (Figure 

6.5B, Table 6.3), is shown below. When analysing the relative change in neutrophil-platelet co-

cultures, we show that the increase in CD11b expression following stimulation with Pam3CSK4 and 

FSL-1 is attenuated in the presence of platelets. With platelets, CD11b expression was attenuated 

by 12% and 10% in response to low-dose and high-dose Pam3CSK4, respectively (both p<0.05). 

Similarly, in platelet co-cultures, CD11b expression was attenuated following FSL-1 stimulation 

(low-dose, 13% reduction; high-dose, 12% reduction; both p<0.01). Platelets did not alter CD11b 

expression in response to either dose of LPS.    
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Neutrophil CD11b expression was measured by MFI with and without platelets in unstimulated cultures and in 
response to LPS, Pam3CSK4 and FSL-1 (A). CD11b expression for each co-culture measurement was calculated as a 
relative change (B). Differences were examined were examined by two-way ANOVA and post-hoc Sidak’s multiple 
comparisons tests. *p<0.05, **p<0.01.  
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Figure 6.5 CD11b expression is altered by platelets in response to Pam3CSK4 and FSL-1. 
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 Platelets modulate neutrophil CD62L expression in unstimulated cultures and in response 

to some TLR stimulation conditions.  

 

CD62L shedding is a well-characterized neutrophil activation marker, and attenuated expression 

indicates increased neutrophil activation. Considering baseline (- platelets) CD62L expression, we 

see a significant dose-dependent reduction in CD62L expression following stimulation with LPS 

(low-dose, 62% of US MFI; high-dose, 55%), Pam3CSK4 (low-dose, 73%; high-dose, 56%) and FSL-

1 (low-dose, 65%; high-dose, 50%) (all p<0.05; Table 6.2). 

 

When analysing the effects of platelet co-culture, which are shown in Figure 6.6, we see that 

CD62L expression is significantly increased by 7% in unstimulated cultures (p<0.05). Similarly, 

CD62L levels increased by 6% in response to high-dose Pam3CSK4 and increased by 9% in response 

to low-dose FSL-1 (both p<0.05). The presence of platelets did not affect CD62L expression under 

any other stimulation condition.   
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Neutrophil CD62L expression was measured by MFI with and without platelets in unstimulated cultures and in 

response to LPS, Pam3CSK4 and FSL-1 (A). CD62L expression for each co-culture measurement was calculated as a 

relative change (B). Differences were examined were examined by two-way ANOVA and post-hoc Sidak’s multiple 

comparisons tests. *p<0.05, ***p<0.001.  
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Figure 6.6 CD62L expression is altered by platelets in unstimulated cultures and in response to some TLR stimuli. 
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 With platelets, neutrophil elastase production was attenuated in unstimulated cultures 

and in response to low-dose TLR stimulation.  

 

Elastase secretion was assessed from the supernatant of neutrophil-only and neutrophil-platelet 

co-cultures. At baseline (- platelets), elastase secretion significantly increased in response to low 

doses of LPS (146% of US level), Pam3CSK4 (134%) and FSL-1 (162%; all p<0.05; Table 6.4). Elastase 

secretion in response to high-dose TLR stimulation was numerically higher, but not statistically 

significantly higher, than in unstimulated cultures. 

 

 

The raw elastase secretion levels are shown in Figure 6.7A, and relative changes with platelet co-

culture are shown in Table 6.5 and Figure 6.7B. With the addition of platelets, elastase secretion 

was significantly lowered by 18% in unstimulated cultures (p<0.01), and the increase in elastase 

secretion following low-dose TLR stimulation was also attenuated by platelets (LPS, 17% reduction; 

Pam3CSK4, 20%; FSL-1, 19%; all p<0.05).    
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Table 6.4 Baseline (- platelets) levels of neutrophil secretory products in response to TLR agonism, compared to 
unstimulated cultures. 

  Elastase secretion IL-8 secretion  

Agonist ng/mL Absolute ng/mL % of US Absolute pg/mL % of US 

US -- 32.5 (13.6) -- 41.6 (38.9) -- 

LPS 1 47.3 (23.4)* 146% 114.4 (74.3)** 275% 

 100 37.5 (15.3) 115% 176.6 (85.1)*** 425% 

Pam3CSK4 1 43.6 (19.3)* 134% 103.3 (91.9)* 248% 

 100 36.9 (15.6) 114% 175.0 (152.8)* 421% 

FSL-1 1 52.7 (19.9)*** 162% 87.2 (69.4)* 210% 

 100 48.0 (23.8) 148% 130.0 (87.7)** 313% 

Differences between US and each of the TLR stimulation conditions were examined by one-way ANOVA with post-
hoc Sidak’s multiple comparisons tests. *p<0.05, **p<0.01, ***p<0.001. 

Table 6.5 Relative change in neutrophil secretory products in neutrophil-platelet co-culture (+ platelets) and following 
TLR stimulation. 

  + platelets# 

Agonist ng/mL Elastase secretion  IL-8 secretion 

US -- 0.82 (0.13)** 0.94 (0.14) 

LPS 1 0.83 (0.14)* 1.28 (0.28)*** 

 100 0.93 (0.31) 1.00 (0.18) 

Pam3CSK4 1 0.80 (0.25)*** 1.17 (0.43) 

 100 0.89 (0.15) 0.94 (0.30) 

FSL-1 1 0.81 (0.13)** 1.05 (0.51) 

 100 0.89 (0.13) 0.99 (0.14) 

#all neutrophil only measurements were normalized to 1, and all co-culture (+ 
platelets) measurements were compared to this normalized response. Differences 
between these measurements were examined by two-way ANOVA and post-hoc 
Sidak’s multiple comparisons tests. *p<0.05, **p<0.01***p<0.001. 
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Elastase secretion (ng/mL) was measured with and without platelets in unstimulated cultures and in response to LPS, 

Pam3CSK4 and FSL-1 (A). Elastase secretion for each co-culture measurement was calculated as a relative change (B). 

Differences were examined were examined by two-way ANOVA and post-hoc Sidak’s multiple comparisons tests. 

*p<0.05, **p<0.01, ***p<0.001.  
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Figure 6.7 Platelets attenuate elastase secretion in unstimulated cultures and in response to low-dose TLR stimulation. 
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 Neutrophil IL-8 production is decreased in the presence of platelets following low-dose LPS 

stimulation.  

 

There was a significant increase in baseline IL-8 secretion in response to TLR agonism, compared 

to unstimulated cultures (Table 6.4). In response to LPS, IL-8 secretion was 275% (low-dose) and 

425% (high-dose) of the level of secretion seen in unstimulated cultures (both p<0.01), and this 

pattern of secretion was similar for Pam3CSK4 (low-dose, 248% of US levels; high-dose, 421%; 

both p<0.05) and FSL-1 (low-dose, 210%; high-dose, 313%; both p<0.05).  

 

The presence of platelets only significantly altered IL-8 secretion in response to low-dose LPS: the 

increase in IL-8 secretion with this dose was further increased by 28% (p<0.001; Table 6.5 and 

Figure 6.8). Platelets did not affect IL-8 secretion in unstimulated cultures or in response to either 

Pam3CSK4 or FSL-1.  
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IL-8 secretion (pg/mL) was measured with and without platelets in unstimulated cultures and in response to LPS, 

Pam3CSK4 and FSL-1 (A). IL-8 secretion for each co-culture measurement was calculated as a relative change (B). 

Differences were examined were examined by two-way ANOVA and post-hoc Sidak’s multiple comparisons tests. 

***p<0.001.  
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Figure 6.8 Platelets modulate IL-8 secretion only in response to low-dose LPS. 
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 The addition of platelets modulates neutrophil phagocytosis in unstimulated cultures and 

in response to some TLR stimulation conditions.  

 

At baseline (- platelets), phagocytosis significantly and uniformly increased in response to high-

dose TLR stimulation (LPS, 69.9% of the neutrophil population was FITC+; Pam3CSK4, 69.4%; FSL-

1, 69.7%; all p<0.0001) compared to unstimulated cultures (22.9%; Table 6.6). Phagocytosis was 

similarly increased following low-dose LPS stimulation (70.6%, p<0.0001). Stimulation with a low 

dose of either Pam3CSK4 or FSL-1 also produced a significant increase in phagocytic activity that 

was consistent across both doses (Pam3CSK4, 40.3%; FSL-1, 41.8%; both p<0.01). 

 

 

With the addition of platelets, the phagocytic activity of neutrophils was increased by 121% in 

unstimulated cultures (p<0.0001, Table 6.7, Figure 6.9). Also, the increase in phagocytosis seen in 

response to low-dose Pam3CSK4 was further increased by 35% (p<0.05) and in response to low-

dose FSL-1 was further increased by 31% (p=0.08). Platelets did not further increase phagocytic 

activity in response to any dose of LPS, nor in response to high doses of Pam3CSK4 and FSL-1.  
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Table 6.6 Baseline (- platelets) neutrophil phagocytosis, as measured by the percentage of FITC-positive neutrophils 

(%FITC+), in response to TLR agonism compared to unstimulated cultures. 

Agonist ng/mL %FITC+ neutrophils 

US -- 22.9 (10.0) 

LPS 1 70.6 (14.4)**** 

 100 69.9 (14.1)**** 

Pam3CSK4 1 40.3 (15.3)** 

 100 69.4 (24.9)*** 

FSL-1 1 41.8 (10.7)**** 

 100 69.7 (14.8)**** 

Differences between US and each of the TLR 
stimulation conditions were examined by one-way 
ANOVA with post-hoc Sidak’s multiple comparisons 
tests. **p<0.01, ***p<0.001, ****p<0.0001. 

Table 6.7 Relative change in phagocytosis (%FITC+ neutrophils) in neutrophil-platelet co-culture (+ platelets) and 
following TLR stimulation. 

Agonist ng/mL + platelets#  

US -- 2.21 (0.95)**** 

LPS 1 0.95 (0.14) 

 100 0.98 (0.18) 

Pam3CSK4 1 1.35 (0.32)* 

 100 0.97 (0.15) 

FSL-1 1 1.31 (0.43) 

 100 0.97 (0.28) 

#all neutrophil only measurements were normalized to 
1, and all co-culture (+ platelets) measurements were 
compared to this normalized response. Differences 
between these measurements were examined by two-
way ANOVA and post-hoc Sidak’s multiple comparisons 
tests. *p<0.05, ****p<0.0001. 
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The phagocytic activity of neutrophils, as measured by the %FITC+ neutrophils, was assessed in culture with and 
without platelets with no stimulation and in response to LPS, Pam3CSK4 and FSL-1 (A). Phagocytosis for each co-
culture measurement was calculated as a relative change (B). Differences were examined were examined by two-way 
ANOVA and post-hoc Sidak’s multiple comparisons tests. *p<0.05, ****p<0.0001.  
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Figure 6.9 Neutrophil phagocytosis is altered by platelets in unstimulated cultures and following low-dose Pam3CSK4. 
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6.4 Discussion. 

 

We demonstrate, here, that platelets differentially modulate several neutrophil functions in a TLR 

agonist-specific and dose-specific manner. The influence of platelets on the expression of three 

well-characterized flow cytometric markers of neutrophil activation were assessed in this study. 

We showed that CD66b and CD11b expression increased, and CD62L expression decreased (CD62L 

is shed from the neutrophil surface) following TLR stimulation, indicating effective neutrophil 

activation. Firstly, we showed that the increase in neutrophil CD66b expression seen in response 

to high-dose (100 ng/mL) Pam3CSK4 and in response to both doses (1 and 100 ng/mL) of FSL-1 

was significantly attenuated in the presence of platelets. Secondly, CD11b expression was 

attenuated by platelets, regardless of dosage, in response to both Pam3CSK4 and FSL-1. Thirdly, 

in unstimulated cultures and following stimulation with high-dose Pam3CSK4 and low-dose FSL-1, 

CD62L expression was significantly increased in the presence of platelets. Platelets did not alter 

the expression of any activation marker in response to LPS. We also assessed the effect of platelets 

on two neutrophil secretory products: elastase secretion increased only in response to low-dose 

TLR agonism, and IL-8 secretion increased dose-dependently in response to TLR agonism. Firstly, 

we showed that elastase secretion was attenuated in the presence of platelets in unstimulated 

cultures as well as in response to low-dose stimulation with all three TLR agonists. Secondly, we 

showed that the increase in IL-8 secretion in response to low-dose LPS was further increased in 

the presence of platelets. Lastly, we showed that neutrophil phagocytosis significantly increased 

in response to TLR stimulation. In the presence of platelets, the phagocytic activity of neutrophils 

was increased in unstimulated cultures and in response to low-dose Pam3CSK4 and FSL-1. The 

results of this study are summarized in Table 6.8 below. In conclusion, platelets modify a number 

of neutrophil functions in both the absence of stimulation and in response to TLR stimulation. 

Furthermore, platelets can attenuate some, and simultaneously augment other, neutrophil 

functions.  
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This study was conducted to further investigate some of the findings from Chapter 5: we have 

previously demonstrated that platelets reduce CD66b expression in response to Pam3CSK4 and 

FSL-1, but not LPS, and also reduce elastase secretion in response to a low dose of all three of 

these TLR agonists. We are the first to demonstrate that platelets can modulate neutrophil 

function in response to TLR agonism, and others have also demonstrated a dampening effect of 

platelets in neutrophil-platelet co-cultures stimulated with non-TLR agonists [29, 309] and in a 

model of infection [18]. In this study, we have expanded on our results from Chapter 5 by 

examining a larger number of markers of neutrophil function. Our aim was to determine whether 

platelets consistently dampen, or whether platelets differentially regulate, neutrophil responses 

to TLR stimulation. We conclude that platelets attenuate some markers of neutrophil function and 

augment other markers, and the platelet effect is dependent on the type and dosage of the TLR 

stimulus. Furthermore, platelets were able to modulate some markers in the absence of 

stimulation. It is interesting to note that, in a majority of marker of neutrophil function (CD66b, 

CD11b and CD62L expression, elastase secretion), platelets had a dampening effect. 

Table 6.8 Summary of the effect of platelets on the markers of neutrophil function assessed in this study. 

  +platelets 

Agonist ng/mL CD66b CD11b CD62L Elastase IL-8 Phagocytosis 

US --   ↑ ↓  ↑ 

LPS 1    ↓ ↑  

 100       

Pam3CSK4 1  ↓  ↓  ↑ 

 100 ↓ ↓ ↑    

FSL-1 1 ↓ ↓ ↑ ↓  ↑§ 

 100 ↓ ↓     

Orange shaded/ ↑ Significant increase, blue shaded/ ↓ significant decrease in relative change. § Not statistically significant. 
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These results contribute to a growing body of evidence which suggests that platelets play a dual 

role in inflammation: platelets have traditionally been considered pro-inflammatory [21, 305], 

although we now understand these cells to be important immunoregulators that provide 

important anti-inflammatory cues to limit host damage (For a review, see [22]). Our results from 

this study and from Chapter 5, alongside a number of other studies [23, 24, 27, 306], indicate that 

platelets can limit inflammation by dampening leukocyte-mediated pro-inflammatory processes. 

Platelets are postulated to provide these cues to limit potential inflammatory host damage that 

can occur during excessive inflammation, such as during sepsis. Alongside attenuating some 

neutrophil responses, we also show that platelets can simultaneously augment other neutrophil 

responses. These results suggest that platelets are able to finely tune, rather than broadly 

suppress, neutrophil function. We also note that the platelet effect on these markers of neutrophil 

function was moderate, rather than completely inhibitory. Neutrophils are highly reactive and 

short-lived cells that are crucial to anti-microbial host defence, but have also been implicated in 

causing inflammatory host damage [326, 327]. Therefore, the inflammatory response must be 

rapid and robust, but also must be tightly controlled to prevent rampant inflammation. We suggest 

that platelets are regulators of neutrophil function and, within this role, platelets can act as a brake 

to neutrophil-mediated inflammation. In this regard, the platelet effect can be considered a 

mechanism for inflammation control.  

 

We are the first to demonstrate that platelets are able to modulate neutrophil responses to TLR 

stimulation, and previous studies have also demonstrated a similar platelet effect on neutrophil 

function in response to non-TLR agonists. For example, the production of ROS by neutrophils in 

response to fMLP has been shown to be attenuated by pre-treatment with resting platelets, and 

this effect was reversed by administration with aspirin or clopidogrel [309]. Others have observed 

a similar effect of platelets on ROS production with neutrophil-platelet co-culture [328, 329]. 

Furthermore, stimulated platelet supernatant, but not resting platelet supernatant, attenuated 

neutrophil chemotaxis and aggregation in response to concanavalin A and phorbol myristate 

acetate, and this effect was dependent on the amount of platelet supernatant added [29]. One 

study has also shown a dampening effect of platelets on neutrophil function in response to 
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infectious stimuli: loss of a single platelet glycoprotein (GP Ib-IX) was sufficient to increase 

neutrophil CD11b expression in a mouse mode of sepsis, demonstrating a mechanism by which 

platelets can suppress neutrophil CD11b under highly pro-inflammatory conditions [18].  

 

Neutrophil CD66b expression was one of the flow cytometric markers used in this study to assess 

the effect of platelets on neutrophil activation in response to TLR stimulation. Surface expression 

of CD66b is, more specifically, a marker of neutrophil degranulation [330, 331]. At baseline (in the 

absence of platelets), neutrophil CD66b expression substantially increased following stimulation 

with all three TLR agonists. The increase in CD66b expression in response to LPS was relatively 

similar across both doses (161% and 163% of unstimulated MFI), but a dose-dependent increase 

in CD66b expression was seen in response to both Pam3CSK4 and FSL-1. It may be that doses of 1 

ng/mL and 100 ng/mL of LPS saturate TLR4 signalling in neutrophils, such that CD66b expression 

is upregulated to a maximum level in response to these doses. Dose-dependent increases in CD66b 

expression may be seen at doses below 1 ng/mL. In this study, the increase in CD66b expression 

in response to high-dose Pam3CSK4 and both doses of FSL-1 was significantly attenuated with the 

addition of platelets. These results were consistent with our findings in Chapter 5. The platelet 

effect was relatively consistent across Pam3CSK4 (16% reduction) and FSL-1 (14%, 10% reductions) 

and no effect was evident in unstimulated cultures. We are the first to report that platelets can 

consistently attenuate neutrophil CD66b expression, and this effect is dependent on the type and 

dosage of the TLR stimulus.  

 

Alongside CD66b, expression of CD11b was also used as a marker of neutrophil activation in this 

study. Increased CD11b expression indicates an increased ability of neutrophils to transmigrate 

from the circulation into inflamed tissue, via binding to endothelial-bound ICAMs [332] and also 

indicates an increased ability to participate in phagocytosis [333]. In this study, CD11b expression 

increased significantly but not dose-dependently in response to all three TLR agonists. Under all 

TLR stimulation conditions, CD11b expression increased by 63-93% from unstimulated cultures. 

These results suggest that CD11b is upregulated on the neutrophil surface, perhaps to a maximum 
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level, with ≥1 ng/mL TLR stimulation. It may be that CD11b expression is sensitive to stimulation, 

and may rapidly upregulate or reach saturation in response to broad TLR stimulation. Despite a 

uniform increase in CD11b expression with TLR stimulation, this expression was only sensitive to 

the effect of platelets in response to Pam3CSK4 and FSL-1. It may be that the microenvironment 

following LPS stimulation restricts the ability of platelets to have the same dampening effect seen 

in response to the other TLR agonists.  

 

Similarly to the results seen with CD66b expression, platelets decreased CD11b expression by 10-

13% in response to Pam3CSK4 and FSL-1, regardless of dosage. Furthermore, platelets did not 

alter neutrophil CD11b expression in unstimulated cultures or in response to LPS. CD11b 

expression was examined in this study to determine whether, in our model of human neutrophil-

platelet co-cultures, platelets had the same dampening effect on CD11b expression as was 

observed by Corken and colleagues in a mouse model of polymicrobial sepsis [18]. As discussed 

above, Corken et al. demonstrated that the loss of a single platelet receptor, GP Ib-IX, was 

sufficient to increase the level of neutrophil CD11b expression that occurs 24 hours post the onset 

of sepsis in mice [18]. The authors conclude that, through the action of GP Ib-IX, platelets were 

able to dampen neutrophil CD11b expression in response to systemic inflammation, which is 

characterized by high exposure to TLR-triggering stimuli. We also confirm that platelets can reduce 

CD11b expression in response to particular TLR stimuli and that this platelet effect is not seen in 

unstimulated cultures. Considering the results from Corken, et al. it becomes of interest to 

determine whether platelets can reduce neutrophil CD11b expression when stimulated with a 

combination of TLR agonists in our human neutrophil-platelet culture model, as a combination of 

these agonists may more accurately mimic systemic inflammation.  

 

CD62L shedding was also examined here as another marker of neutrophil activation. CD62L 

shedding is known to occur following TLR stimulation [254] and we also demonstrate a significant 

dose-dependent reduction in CD62L expression in response to all three TLR agonists tested in this 

study. Interestingly, platelets attenuated the level of CD62L shedding (increased CD62L 
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expression) in unstimulated cultures, demonstrating that platelets can exert an effect on some 

markers of neutrophil activation in the absence of TLR stimulation. Conversely, both CD66b and 

CD11b expression levels were unaltered in the presence of platelets in unstimulated cultures. 

CD62L shedding was also attenuated in response to high-dose Pam3CSK4 and low-dose FSL-1, but 

was not attenuated in response to LPS. We suggest that platelets can regulate the expression of 

CD62L without stimulation, and the platelet effect seen in unstimulated cultures can be overcome 

with LPS stimulation but can be maintained with particular doses of Pam3CSK4 and FSL-1. All three 

flow cytometric markers of neutrophil activation measured in this study were more sensitive to 

modulation by platelets in response to Pam3CSK4 and FSL-1, and the levels of these markers were 

not modulated at all by platelets following LPS stimulation.  

 

Within this study, we also assessed the effect of platelets on elastase and IL-8 secretion by 

neutrophils in response to TLR agonism. In this study, we shown that the addition of platelets 

significantly attenuated elastase secretion in unstimulated cultures and in response to low-dose 

TLR agonism. Elastase secretion was also measured in Chapter 5 and, consistent with this study’s 

findings, was shown to be significantly attenuated by low-dose TLR stimulation and non-

significantly attenuated in unstimulated cultures. A previous study has also shown that the 

presence of platelets can reduce elastase secretion [308]. Neutrophil elastase is a potent serine 

protease which can degrade a multitude of extracellular matrix and plasma proteins. As such, 

extracellular elastase is a powerful bacterial killing mechanism [334] but has also been implicated 

in acute and chronic inflammatory host damage [335, 336]. Platelets may dampen elastase 

secretion as a mechanism to prevent inflammatory host damage. From this study’s results, we can 

conclude that platelets have a significant dampening effect on neutrophil elastase secretion in the 

absence of stimulation and the effect is consistently maintained with low-dose TLR stimulation. 

Interestingly, IL-8 secretion was only affected by platelets in response to low-dose LPS stimulation: 

IL-8 secretion was further increased by 28% under this stimulation condition. IL-8 is known to be 

produced by neutrophils in response to TLR stimulation [254], and is an important pro-

inflammatory neutrophil chemoattractant protein [337]. It may be that, in particular stimulation 

conditions, platelets can increase neutrophil IL-8 secretion and indirectly increase neutrophil 
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chemoattraction to the site of infectious or injurious stimuli. However, it is unclear why an effect 

of platelets was not observed under any other condition tested. Examining a larger panel of 

cytokines and chemokines secreted by neutrophils is required to contextualize the significance of 

the platelet effect on IL-8 secretion noted in this study.  

 

Phagocytosis is a crucial neutrophil function for effective host defence, and the effect of platelets 

on the phagocytic activity of neutrophils was assessed in this study. At baseline, we show that 

phagocytosis significantly increased in response to all three TLR agonists. In particular, there was 

a uniform increase in phagocytic activity (approximately 70% of the neutrophil population was 

FITC-positive) in response to high doses of all TLR agonists as well as in response to low-dose LPS. 

In response to low-dose Pam3CSK4 and FSL-1, phagocytic rates were also very similar (41% of 

FITC+ neutrophils). It is possible that phagocytosis reaches a maximum at high-dose TLR 

stimulation. While lower rates of phagocytosis can be seen following low-dose Pam3CSK4 and FSL-

1 stimulation, this maximum rate can still be achieved following low-dose LPS stimulation. The 

addition of platelets substantially increased phagocytosis in unstimulated cultures (121% increase) 

and in response to low-dose stimulation with Pam3CSK4 and FSL-1 (35% and 31% increase). For 

each of the other condition tested, the high (perhaps maximum) phagocytic activity that was 

recorded is likely to limit the ability of platelets to further enhance this activity. It may be that 

platelets have an effect on phagocytic activity under these stimulation conditions within a shorter 

incubation time, which we were unable to capture here. Our results are corroborated by others: 

one study demonstrated that phagocytosis of periodontopathogens by neutrophils is enhanced 

by platelets [192], and another demonstrated that neutrophils within platelet-neutrophil 

complexes had increased phagocytic activity when compared to neutrophils that did not bind to 

platelets [308]. 

 

Interestingly, the effect of platelets on neutrophil phagocytic activity and IL-8 secretion was in 

opposition to the effect of platelets on elastase secretion and on the expression of activation 

marker seen in this study. The combination of the platelet effects described in this study suggest 
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that platelets can both augment and attenuate neutrophil functions, and modulation of these 

functions can occur in both the absence and presence of TLR stimulation. For example, we showed 

that platelets can simultaneously reduce elastase secretion and CD62L shedding while increasing 

phagocytic activity in unstimulated cultures. Similarly, in response to low-dose FSL-1 stimulation, 

platelets attenuated neutrophil activation (as evidenced by all three flow cytometric activation 

markers) and attenuated elastase secretion but increased phagocytosis. The opposing effect of 

platelets noted here may be a mechanism for enhancing particular anti-microbial functions (for 

example, phagocytosis) while dampening neutrophil functions that are more likely to lead to host 

damage, if unchecked (for example, elastase secretion). Overall, we suggest that platelets finely 

regulate neutrophil functions, rather than providing broad anti-inflammatory cues to these cells, 

and we postulate that the platelet effect can modulate some aspects of the inflammatory 

environment to reduce host damage.  

 

As with the previous study (Chapter 5), this study examined the platelet effect on neutrophil 

responses to TLR stimulation in healthy subjects. As the platelet effect has not been well-defined 

in this context previously, it was important to establish the extent to which platelets can modulate 

neutrophil function in healthy subjects prior to conducting this study in diseased states such as 

AMI. However, it is interesting to hypothesise how the results from this study can be interpreted 

in the context of an AMI, which is known to induce intense sterile inflammation. Emerging research 

supports the notion that platelets can dampen leukocyte-mediated pro-inflammatory responses 

during excessive inflammation [22], and it can be postulated that platelets perform this role during 

an AMI. It is also interesting to postulate the effect of anti-platelet therapy on these platelet 

effects. Although necessary to inhibit the pro-thrombotic effects of platelets during AMI, this 

treatment strategy may inhibit other, more subtle and perhaps beneficial, platelet immune 

effects. The effect of platelets on leukocyte function during AMI is interesting research that 

remains unexplored. 
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We hypothesize that the complex and intense cross-talk between platelets and neutrophils drives 

the platelet effect that we have seen in this Chapter. Neutrophils become strongly activated in 

response to the dose range of TLR agonists used here, and we suggest that this activation is likely 

to drive a number of platelet responses. This is particularly in light of the knowledge that platelets 

do not become directly activated to all of these TLR agonists, as demonstrated in previously 

chapters. Thus, a lack of direct platelet activation by these agonists is compensated by an indirect 

effect of TLR agonist-stimulated neutrophils. If this is the case, the complexity of the cross-talk 

becomes evident here: neutrophils are able to become activated in response to TLR stimulation 

and are further able to mediate platelet responses, and platelets, in turn, act to dampen neutrophil 

activation. It is important to recognize that the dampening platelet effect is a result of very 

complex, nuanced and subtle cross-talk between these cell types. Although not elucidated here, 

the exact interactions between these cells that elicits this dampening response is important to 

understand and ought to be the subject of future investigations.  

 

It is of interest to determine the extent to which the platelet effects noted in this study are 

reproducible in vivo. For example, it may be that markers of neutrophil function inversely correlate 

with platelet count. This would allow us to determine the physiological relevance of the platelet 

effect seen here, and provide an in vivo model for examining the effect of infection, AMI or anti-

platelet medication on these correlations. This is the subject of ongoing investigation by our 

laboratory group.   
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6.5 Limitations. 

 

In vitro assessment of neutrophil function required isolation of neutrophils from whole blood in 

order to standardize cell counts. This may have altered the activation state of neutrophils in 

unstimulated cultures and may have acted as a neutrophil priming step. However, we ensured 

that neutrophils were isolated with a minimum number of steps and under conditions to minimize 

this type of activation. In isolating the neutrophil and platelet fractions from blood, we excluded 

the effect of any other factor present within the blood. These cells do not act in isolation and it is 

likely that, within whole blood, the modulation of neutrophil function by platelets differs. 

However, the experimental methodology was appropriate to assess the aim of this study, which 

was to determine the effect of platelets on neutrophil responses to TLR stimulation. Assessing how 

the platelet effect on neutrophils changes in whole blood is currently being undertaken by our 

laboratory group. As with the previous study, we did not assess whether the platelet effect was 

due to direct interaction of platelets with neutrophils or due to the effect of platelet-mediated 

secretory products. The literature suggests that both interactions contribute to this platelet effect, 

and we were interested in capturing both the direct and indirect effects of platelets in this study. 

It is possible that platelets may exert some effect on neutrophils following stimulation with <1 

ng/mL of the TLR agonists used in this study, which we were unable to capture. However, due to 

the high volume of experimental work and in order to ensure reproducibility and consistency, we 

chose to examine only two doses of each TLR agonist. 
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6.6 Conclusion. 

 

In conclusion, platelets can modify a number of neutrophil functions in both the absence of 

stimulation and in response to TLR stimulation. Furthermore, platelets were shown to attenuate 

some, and simultaneously augment other, neutrophil functions. We suggest that platelets can 

finely regulate neutrophil function, rather than provide consistent dampening cues, and that 

platelets are able to modulate some aspects of neutrophil-mediated inflammation to reduce host 

damage. 
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7.1 Summary of studies.  

 

 

The aims of the study outlined in Chapter 2 were to examine baseline TLR9 expression in healthy 

subjects and in AMI subjects treated with DAPT, to determine how TLR9 expression changed in 

response to platelet activation in these cohorts and to examine platelet activation in response to 

ODN2006, a TLR9 agonist, in these cohorts. We show that baseline TLR9 expression was 

significantly greater in AMI subjects compared to healthy subjects and, following activation with 

TRAP (a traditional platelet agonist), TLR9 expression increased dose-dependently in healthy 

subjects. However, no difference in TLR9 expression was seen in AMI platelets following TRAP 

activation. ODN2006 treatment resulted in significant increases in cell-surface expression of 

CD62p and CD63 (well-characterized platelet activation markers) in both WB and PRP in 

comparison to unstimulated platelets in healthy subjects. Despite DAPT, ODN2006 treatment 

produced significant increases in both activation markers in the AMI cohort across both WB and 

PRP. Elevated baseline expression of TLR9 in AMI platelets may indicate increased sensitivity to 

TLR9 agonists and contribute to increased platelet activation in these patients. Furthermore, 

ODN2006 stimulation can activate platelets in AMI subjects despite treatment with DAPT. This 

study demonstrates TLR9 expression and activation to be of potential therapeutic importance in 

AMI patients. 

 

 

For Chapter 3, we aimed to examine whether total protein expression of platelet-TLR1, 2, 4 and 6 

changed between healthy subjects and AMI subjects treated with DAPT, and to compare the level 

of platelet activation in response to TLR4, TLR2/1 and TLR2/6 agonism in both of these cohorts. 

Here, we report that platelets from AMI patients exhibit upregulation of some, but not other, TLRs. 

Platelet-TLR1 and TLR4 were significantly upregulated in AMI subjects compared to healthy 

subjects. Platelet-TLR2 and platelet-TLR6 expression did not significantly change across cohorts. 

Platelets from both healthy and AMI subjects exhibited distinct activation patterns in response to 

various TLR agonists (0.1 – 100 μg/mL). Healthy and AMI platelets became dose-dependently and 

directly activated in response to Pam3CSK4, a TLR2/1 agonist, but were directly potently activated 
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only in response to the highest dose (100 μg/mL) of LPS, a TLR4 agonist. This was evidenced by 

increases in expression of both CD62p and PAC1 (well-known activation markers). Platelet 

activation in response to these TLR agonists was similar across cohorts, despite treatment with 

anti-platelet therapy in the AMI cohort. At all doses used in this study, platelets were unable to 

become directly activated by FSL-1, a TLR2/6 agonist. We also show that PMAgg occurs in a dose-

dependent manner in response to TLR2/1 stimulation, but PMAgg was not significantly elevated 

following LPS stimulation and only elevated following high-dose FSL-1 stimulation in healthy 

subjects. We conclude that the platelet-TLR2/1 activation pathway is functional post-AMI, despite 

treatment with anti-platelet therapy. The platelet-TLR4 pathway appears to be less likely, and the 

platelet-TLR2/6 pathways unlikely, to contribute to post-AMI platelet activation. 

 

 

In Chapters 2 and 3, we were unable to assess TLR-mediated platelet activation in the absence of 

anti-platelet therapy in patients with AMI as these drugs are administered prior to or immediately 

following presentation to hospital. Consequently, we could not establish the extent to which DAPT 

provides protection against TLR-mediated platelet activation. This was addressed in Chapter 4: we 

aimed to determine the extent to which aspirin alone or DAPT (aspirin and ticagrelor) can inhibit 

platelet activation in response to TLR2/1, TLR4 and TLR9 stimulation. We conducted a single-

blinded randomized cross-over trial, with subjects receiving aspirin monotherapy and DAPT 

(aspirin in combination with ticagrelor) over the course of the study. We showed that, at baseline, 

expression of CD62p and PAC1 increased significantly in response to high-dose LPS and in a dose-

dependent manner in response to Pam3CSK4 and ODN2006. Aspirin monotherapy did not inhibit 

platelet activation in response to any TLR agonist tested. DAPT with aspirin and ticagrelor only 

modestly inhibited expression of both activation markers in response to high doses of Pam3CSK4 

and LPS and in response to multiple doses of ODN2006. Incubation with these TLR agonists led to 

substantial platelet activation despite treatment with anti-platelet agents. We suggest that these 

platelet-TLRs represent intact on-treatment platelet activation pathways, which may contribute 

to ongoing platelet activation post-AMI and despite anti-platelet therapy. 
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In Chapter 3, we did not fully characterize the inflammatory responses of platelets beyond 

assessing PMAgg in response to TLR agonism. Therefore, in Chapter 5, we aimed to determine the 

extent to which platelets modulate PBMC (monocyte, T cell) and granulocyte (neutrophil) 

responses in vitro to TLR4, TLR2/1, and TLR2/6 agonism in healthy subjects. Platelet co-culture 

significantly decreased neutrophil CD66b expression (a marker of neutrophil activation) in 

response to LPS, Pam3CSK4 and FSL-1. With platelets, monocyte HLA-DR expression (monocyte 

activation marker) in response to high-dose LPS was modestly attenuated while CD8+ T-cell CD38 

expression (T cell activation marker) in response to low-dose Pam3CSK4 and high-dose FSL-1 was 

modestly increased. Platelets markedly attenuated granulocyte elastase production in response 

to low-doses of all TLR agonists. In platelet co-cultures in response to LPS agonism, there was a 

significant reduction in IL-6 and TNF-α production, and increased IL-10 production by PBMCs. In 

response to FSL-1 stimulation, platelet co-culture increased IL-6 and IL-10 production, but 

attenuated TNF-α production. Platelet co-culture did not alter PBMC cytokine production in 

response to Pam3CSK4. In combination, these results show that platelets are complex 

immunomodulators, and the platelet effect on leukocyte function differs depending on the 

leukocyte subset and the TLR agonist used.  

 

 

Due to the broad nature of the study outlined in Chapter 5, we did not characterize the platelet 

effect on neutrophil function beyond the measurement of CD66b expression and elastase 

secretion. Therefore, in Chapter 6, we aimed to determine the extent to which platelets can 

modulate multiple markers of neutrophil function in response to in vitro stimulation with TLR4, 

TLR2/1, and TLR2/6 agonists in healthy subjects. We showed that neutrophil CD66b and CD11b 

expression was increased in response to various doses of Pam3CSK4 and FSL-1, and expression of 

both markers was significantly attenuated in the presence of platelets. Platelets did not alter 

CD66b or CD11b expression in response to LPS. Also, in unstimulated cultures and following 

stimulation with high-dose Pam3CSK4 and low-dose FSL-1, CD62L expression was significantly 

increased in the presence of platelets. Elastase production was attenuated in the presence of 

platelets in unstimulated cultures as well as in response to low-dose stimulation with all three TLR 



Chapter 7.  Summary and future directions.  

Page | 235 

 

agonists. We also showed that the increase in IL-8 production in response to low-dose LPS was 

further increased in the presence of platelets. Furthermore, in the presence of platelets, the 

phagocytic activity of neutrophils was increased in unstimulated cultures and in response to low-

dose Pam3CSK4 and FSL-1. In conclusion, platelets modify a number of neutrophil functions in 

both the absence of stimulation and in response to TLR stimulation. Platelets were able to 

attenuate some, but not other, neutrophil functions, and we suggest that platelets act as 

regulators of the neutrophil response to infection and inflammation.  
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7.2 Limitations. 
 

There have been some overarching limitations throughout this thesis that may have influenced 

our findings, and which must be acknowledged.  

 

One particular limitation is that, throughout these studies, we have examined TLR-mediated 

platelet activation or the platelet effect on leukocytes in an in vitro setting. The experimental 

design for each of these studies was appropriate, as we aimed to examine platelet-TLR effects in 

human cells and, further, to examine the direct effects (rather than the effects within whole blood, 

for example) of either the TLR agonists acting on platelets or of platelets acting on leukocytes. We 

understand that these in vitro results may not fully or accurately predict these effects within whole 

blood and that extrapolation of these effects into in vivo human studies is required. However, the 

results reported in this thesis allow us to determine the direction of future in vivo studies.  

 

We designed many of the studies within this thesis around the availability of commercially 

available and quality tested TLR agonists and antibodies, as it was our aim to assess platelet and 

leukocyte responses to TLR stimulation using appropriate pre-existing tools. As such, we did not 

validate the specificity of these agonists or antibodies. We, therefore, cannot rule out that these 

agonists may be acting on platelets and leukocytes via other non-TLR pathways or that these 

antibodies may recognize off-target epitopes. However, each was thoroughly validated by the 

providing companies and was highly reproducible between our studies. Also, each antibody used 

here had an expected pattern of expression, based on expression data in the literature.  

 

For each of the TLR agonists used in this thesis, it is unknown what would constitute a 

physiologically or clinically relevant dose that would be present during AMI or sterile inflammation. 

It is possible that high localized concentrations of TLR agonists exist in the myocardium or at the 

ruptured plaque site with lower concentrations of these agonists circulating systemically. Due to 

this unknown, the doses of the commercially available agonists used here were based on previous 
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studies examining platelet activation and leukocyte culturing and we conducted dose-response 

curves for each of these agonists to determine appropriate doses to use.  

 

In the setting of AMI, it is likely that DAMPs are a source of platelet activation via their TLRs. 

However, we do not know the extent to which TLR-triggering DAMPs are present during AMI. We 

also do not know what sort of affinity that these DAMPs have for each of these TLRs. For example, 

activation may require high concentrations of a DAMP with a low-affinity for a TLR and, therefore, 

the presence of this DAMP may not contribute to in vivo platelet activation post-AMI. The use of 

quality-tested, commercially available TLR agonists has allowed us to establish the functionality of 

platelet-TLRs, although further investigation is warranted into how these platelet responses 

change when exposed to DAMPs during AMI. 

 

For Chapters 2 and 3, we recruited relatively small, real-world population of AMI patients to 

analyse platelet-TLR expression and TLR-mediated platelet activation. Recruitment of larger 

cohorts would have allowed for greater statistical power to perform sub-group analysis. For 

example, NSTEMI and STEMI present with different extents of myocardial injury and, as a result, 

may have different platelet-TLR expression levels and platelet responses to TLR stimulation. 

Similarly, anti-platelet agents (clopidogrel vs. ticagrelor) differ in their effects on platelet inhibition 

and may have different effects on TLR-mediated platelet activation. However, the aims of these 

studies were to describe platelet-TLR expression and TLR-mediated platelet activation at a cohort 

level, and were not designed to answer these questions. 

 

 

  



Chapter 7.  Summary and future directions.  

Page | 238 

 

7.3 Future directions.  
 

The findings from this thesis indicate the potential clinical importance of certain platelet-TLR 

pathways in the setting of AMI and raise avenues for future research.  

 

TLR signalling in nucleated cells involves the nuclear translocation of transcription factors and, 

fundamentally, this signalling pathway must be different in anucleate platelets. It is possible that 

the TLR signalling pathway within platelets feeds into traditional platelet activation pathways, 

although the exact pathway by which TLRs trigger platelet activation in platelets is currently 

unknown. Determining the point at which the TLR signalling pathways and platelet activation 

pathways interact may identify potential therapeutic targets for reducing TLR-mediated platelet 

activation. 

 

In Chapter 4, we showed that platelets continue to become activated by TLR stimulation despite 

DAPT. It is important, therefore, to identify whether any clinically available drug can be added to 

DAPT to more effectively inhibit TLR-mediated platelet activation. Candesartan is an angiotensin II 

receptor antagonist prescribed for high blood pressure and can be prescribed to AMI patients, 

alongside DAPT. Interestingly, other groups have shown that candesartan can inhibit TLR signalling 

in other blood cell types [338-340]. It is of interest to determine whether candesartan can also 

inhibit TLR signalling in platelets and, thereby, reduce platelet activation in response to TLR 

agonism. Using a cross-over study design similar to that described in Chapter 4, we could 

determine the extent to which treatment with candesartan, with and without DAPT, can inhibit 

TLR-mediated platelet activation. If candesartan can provide a greater level of protection against 

TLR-mediated platelet activation than DAPT alone, the clinical utility of this combined drug 

regimen could be tested.  
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In Chapters 5 and 6, we investigated the effects of platelets on leukocyte response to TLR 

stimulation in an in vitro setting. However, it is important to determine how the platelet effect on 

leukocytes differs within a whole blood system. For example, it is of interest to determine the 

correlation between platelet count/activation and neutrophil activation/function in whole blood, 

and how well this correlation reflects the results we observed in Chapter 6. This would give us a 

better understanding of the effects of platelets in a physiologically relevant setting and would 

establish a methodology to determine whether this correlation is altered over the course of an 

AMI or with administration of anti-platelet agents. 

 

The results from Chapters 5 and 6 indicated that platelets can differentially regulate leukocyte 

responses to TLR agonism, and the effect of platelets can both attenuate and augment these 

leukocyte responses. There are a number of different experimental designs that can investigate 

these platelet effects further. Firstly, we did not assess whether leukocyte responses were 

affected by direct platelet interaction or by the indirect release of platelet modulators, although 

the literature suggests that platelets act on leukocytes via both direct and indirect mechanisms. 

The first step for examining these results further, therefore, is to determine how these platelet 

effects are altered if cell-cell contact is inhibited. Secondly, the design of this study meant that 

platelets could become activated via direct TLR stimulation and via indirect activation by 

leukocytes within cultures. It would be interesting to determine how much of the platelet effect 

that we saw in Chapters 5 and 6 was mediated directly by platelet-TLR stimulation and this could 

be achieved with pre-incubation of platelets with neutralizing antibodies to these TLRs prior to 

culturing. Thirdly, one study has demonstrated that a number of these platelet effects can be 

mediated by a single platelet glycoprotein receptor [18]. It would also be interesting, therefore, to 

determine which pathways are crucial, and which ones are redundant, to these platelet effects.  

 

In considering the results from Chapter 6, it would be interesting to determine how these platelet 

effects are altered following anti-platelet therapy. This is of particular importance considering the 

sterile inflammatory nature of AMI and the use of anti-platelet therapy in these patients. For 
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example, we suggest that platelets act as a brake to ensure that inflammation is regulated, but we 

do not yet know whether anti-platelet therapy abolishes these potentially protective effects. 

Although necessary for reducing platelet activation, anti-platelet therapy may prevent these 

moderate immunomodulatory effects. Using a similar study design as described in Chapter 4, we 

could determine the extent to which treatment with DAPT can alter these platelet-neutrophil 

interactions. 

 

For all of these studies, platelet activation or the platelet effect on leukocytes has been 

characterised following activation with a single TLR agonist. It is also of interest to determine how 

these patterns change when exposed to a multitude of TLR agonists, which may better reflect the 

inflammatory milieu during AMI or sterile inflammation. Aside from the use of specific TLR 

agonists, it is interesting to determine how platelets become activated in response to DAMPs such 

as HMGB1 or S100 proteins, both of which are released during AMI [341] and which can signal via 

both TLR-dependent and TLR-independent pathways. Investigating the platelet effect in response 

to DAMPs is highly clinically relevant, as a larger area of myocardial ischaemia and infarction is 

likely to trigger a larger release of DAMPs and a correspondingly larger inflammatory response 

post-AMI. Elucidating the platelet effect within this system is crucial to determining whether the 

development of agents to suppress these TLR pathways is worthwhile. 
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7.4 Conclusion.  
 

In this thesis, we aimed to characterize the importance of the platelet-TLR pathways in healthy 

and AMI subjects. We demonstrated that expression of a number of TLRs (TLRs, 1, 4, 9) was 

increased in AMI subjects, when compared to healthy subjects. We also showed that platelets can 

become directly activated by some (TLRs 2/1, 4, and 9), but not other (TLR2/6), TLR agonists. These 

patterns of platelet activation were similar between healthy and AMI subjects, and this activation 

occurred despite treatment with DAPT in the AMI cohort. In healthy subjects, we further 

demonstrated that DAPT (aspirin and ticagrelor) only moderately, and aspirin monotherapy did 

not, inhibit platelet activation in response to TLR2/1, TLR4 and TLR9 agonism. We conclude that 

these platelet-TLR pathways represent alternative platelet activation pathways that remain intact 

despite treatment with current anti-platelet agents and may contribute to persistent platelet 

activation post-AMI. We also showed that platelets are able to modulate leukocyte responses to 

TLR stimulation in a TLR agonist-specific and leukocyte subset-specific manner. When investigated 

further, we determined that platelets can modulate multiple markers of neutrophil function in 

unstimulated cultures and in response to TLR stimulation, and that platelets were able to augment 

some markers and simultaneously attenuate other markers. We conclude that platelets regulate 

leukocyte responses to inflammatory stimuli. This may be a mechanism to prevent host damage 

during excessive inflammation, such as in the context of an AMI. Overall, we have demonstrated 

that some, but not all, platelet-TLRs are important in eliciting a number of thrombotic and 

inflammatory responses in healthy subjects and in subjects with AMI.  
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Appendix 1. Antibody information (in order of use). 
 

Antibody target Fluorophore Clone Isotype (all mouse) Manufacturer 

CD42a PerCP Beb1 IgG1,κ BD Bioscience 

TLR9 FITC 26C593.2 IgG1,κ Life Technologies 

CD64 APC/Cy7 10.1 IgG1,κ BioLegend 

CD62p PE AK-4 IgG1,κ BioLegend 

CD63 AF647 H5C6 IgG1,κ BioLegend 

PAC1 FITC PAC1 IgM,κ BD Bioscience 

CD62p BV421 AK-4 IgG1,κ BD Bioscience 

CD42b Biotin AK2 IgG1,κ Life Technologies 

CD64 BV421 10.1 IgG1,κ BD Bioscience 

CD3 BV510 UCHT1 IgG1,κ BD Bioscience 

CD4 APC/H7 RPA-T4 IgG1,κ BD Bioscience 

CD8 AF647 RPA-T8 IgG1, κ BD Bioscience 

CD38 BB515 HIT2 IgG1,κ BD Bioscience 

HLA-DR PE/Cy7 G46-6 IgG2a,κ BD Bioscience 

CD16 BV421 3G8 IgG1,κ BD Bioscience 

CD66b BB515 G10F5 IgM,κ BD Bioscience 

CD45 PE/Cy7 HI30 IgG1,κ BD Bioscience 

CD11b BV510 ICRF44 IgG1,κ BD Bioscience 

CD62L APC DREG-56 IgG1,κ BioLegend 

Isotype controls PerCP MOPC-21 IgG1,κ BD Bioscience 

 FITC MOPC-21 IgG1,κ BioLegend 

 APC/Cy7 MOPC-21 IgG1,κ BioLegend 

 PE MOPC-21 IgG1,κ BioLegend 

 AF647 MOPC-21 IgG1,κ BioLegend 

 FITC G155-228 IgM,κ BD Bioscience 

 BV421 X40 IgG1,κ BD Bioscience 
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Antibody target Fluorophore Clone Isotype (all mouse) Manufacturer 

Isotype controls BV510 X40 IgG1,κ BD Bioscience 

 BB515 X40 IgG1,κ BD Bioscience 

 PE/Cy7 G155-178 IgG2a,κ BD Bioscience 

 APC MOPC-21 IgG1,κ BD Bioscience 

 BB515 G20-127 IgM,κ BD Bioscience 

 PE/Cy7 MOPC-21 IgG1,κ BD Bioscience 
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Appendix 2. Solutions. 

 

General solutions. 

10X Phosphate-buffered saline (PBS), (w/v), pH 7.4. 

 Concentration (mM) g/L 

NaCl 1370.00 80.0 

KCl 26.83 2.0 

KH2PO4 17.64 2.4 

Na2HPO4 101.44 14.4 

 

Flow cytometry solutions. 

 

1x staining buffer (v/v), pH 7.4 

 Concentration (%) mL/L 

Fetal calf serum (FCS) 2.0% 20 

Sodium azide 0.1% 1 

PBS 97.9% 979 
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Western blot solutions. 

1x radio-immunoprecipitation buffer, pH 7.4 

 Concentration g/L, mL/L 

Tris-HCl 10 mM 1.20g 

NaCl 150 mM 8.78g 

EDTA 1 mM 0.37g 

SDS 0.1% 1.00g 

Sodium deoxycholate 1.0% 10.00g 

Triton-X-100 1.0% 10.00 mL 

 

Laemmli buffer. 

 Concentration g/L, mL/L 

1.5M Tris-HCl, pH 6.8  30 mM 20 mL 

SDS 2% 20 g 

80% glycerol 20% 250.mL 

Bromophenol blue 1% 10 g 

 

SDS-PAGE running buffer. 

 Concentration g/L 

Tris 25 mM  3.03 

Glycine 192 mM 14.41 

SDS 0.1% 1.00 
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Western blot transfer buffer. 

 Concentration g/L, mL/L 

Tris 25 mM 3.03g 

Glycine 192 mM  14.41g 

Methanol 10% 100 mL 

 

1x Tris-buffered saline (TBS), pH 7.4. 

  g/L 

Tris 50 mM 6.06 

NaCl 150 mL 8.78 

 

1x TBS-Tween 20, pH7.4. 

1x TBS containing 0.1% (1 mL/L) Tween-20. 

 

SDS-PAGE gels.  

8% separating gel (2 gels, 1.5 mm thickness). 

 mL 

ddH2O 7.400 

1.5 M Tris-HCl, pH6.8  4.000 

10% SDS 0.160 

10% APS 0.160 

TEMED 0.016 

Acrylamide 4.270 
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4% stacking gel (4 gels, 1.5 mm thickness) 

 mL 

ddH2O 6.10 

1.5 M Tris-HCl, pH6.8  2.50 

10% SDS 0.10 

10% APS 0.05 

TEMED 0.01 

Acrylamide 1.33 

 

Cell culture solutions.  

Cell culture media (v/v), filter-sterilized using 0.22 μM syringe filter. 

 Concentration (%) mL/L 

Dulbecco’s Modified Eagle Medium 85.9 859 

FCS 10.0 100 

L-glutamate (200 mM) 1.0 10 

Penicillin (100 U/mL)/Streptomycin (10 mg/mL) 1.0 10 

HEPESs buffer (1M) 1.0 10 

Β-mercaptoethanol 0.1 1 

Non-essential amino acids (10 nM) 1.0 10 

 

Isolation buffer (v/v). 

 Concentration  mL/L 

PBS 97.8% 986 

BSA (10%) 0.1% 10 

EDTA (0.5M) 2 mM 4 

 


