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Abstract

:

Platelets are at the forefront of human health and disease following the advances in their research presented in past decades. Platelet activation, their most crucial function, although beneficial in the case of vascular injury, may represent the initial step for thrombotic complications characterizing various pathologic states, primarily atherosclerotic cardiovascular diseases. In this review, we initially summarize the structural and functional characteristics of platelets. Next, we focus on the process of platelet activation and its associated factors, indicating the potential molecular mechanisms involving inflammation, endothelial dysfunction, and miRs. Finally, an overview of the available antiplatelet agents is being portrayed, together with agents possessing off-set platelet-inhibitory actions, while an extensive presentation of drugs under investigation is being given.
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1. Introduction


Recent advances in the field of platelet research have provided a better understanding of their biology and function. This essential knowledge has been incorporated in clinical scenarios, leading to further elucidation of their role in the pathogenesis of various disease states. Ultimately, targeting platelets has become a cornerstone of the therapeutic approach, especially in atherosclerotic cardiovascular diseases, which are characterized by arterial thrombosis. However, novel concepts have also linked platelets with the initiation or augmentation of an immune response through their activation. In this review, we provide an overview of the available evidence concerning the activation of platelets, together with the latest data on their pharmacologic inhibition.




2. Overview of Platelet Biology and Main Functions


2.1. Platelet Structure and Formation


Platelets are anucleate, small (2–4 μm in diameter) blood cells with quintessential roles in human health, as well as in the development various pathologic processes. Their lifespan ranges from 7 to 10 days, and they are ultimately cleared by the spleen and liver. As far as their formation is concerned, which takes place in the bone marrow, hematopoietic stem cell differentiation into megakaryocytes (MK) and proplatelets represents the initial step.



Thrombopoietin, a glycoprotein produced in the liver, plays a crucial role in this process as it is able to influence platelet production through negative feedback regulation. Thrombopoietin receptors are present on the surface of megakaryocytes and platelets. Binding of thrombopoietin to the megakaryocyte receptor leads to the maturation of megakaryocytes, while thrombopoietin degradation depends on its binding on the platelet receptor [1]. Thus, platelet and megakaryocyte counts regulate the action of thrombopoietin. This is especially evident in states of thrombocytopenia where thrombopoietin stimulates its receptor on the surface of platelets, the myeloproliferative leukemia protein (MLP), inducing its dimerization and activation of janus kinase 2 (JAK2). Ultimately, JAK2 phosphorylates MLP, which in turn leads to the recruitment of signal transducers and activators of transcription (STATs), phosphoinositide-3-kinase (PI3K), and mitogen-activated protein kinases (MAPKs) [2,3]. Additionally, inflammatory stimuli such as interleukin (IL)-6 may also enhance thrombopoiesis by increasing the levels of thrombopoietin, thus inducing reactive thrombopoiesis [4]. Other factors have also been implicated, including insulin-like growth factor 1 (IGF1) and the activated form of tyrosine-tRNA ligase, C-C motif chemokine 5 (CCL5), and IL-1α, among others [5,6]. Several transcription factors along with their cofactors influence the maturation of MK at the intercellular level [7]. Following the differentiation and maturation of MK, they interact with endothelial cells lining the bone marrow vasculature and then protrude and elongate, as proplatelets, with the aid of specialized podosomes [8]. These special structures may be responsible for the breach in the endothelial barrier [8,9]. Consequently, podosomes form actin-rich anchors extending to the luminal surface of endothelial cells [10]. Proplatelet remodeling, fragmentation, and release represents the final step in this cascade, with the available evidence pointing towards the lung microcirculation as the primary site of this process due to a favorable hemodynamic profile [11,12].




2.2. Platelet Functions


Platelets orchestrate multiple processes, among which the most well-characterized is hemostasis and thrombosis [13]. This function has been believed to be the most prominent platelet function until recent years [14]. In order to perform this role, platelets flow proximal to the vessel wall with the aid of the vascular shear forces, so that a quick response to an injury may be secured [13]. In cases of vascular injury, the initial step consists of the adhesion to the subendothelial matrix through the binding of glycoprotein (GP)Ib/V/IX complex to von Willebrand factor (VWF) and the binding of GPVI and α2β1 to extracellular collagen. Next, more potent adhesive bonds are established and the initial clot is being formed. The activation of the integrin receptor GPIIb/IIIa, initiated by various agonists or through inside-out signaling, and the subsequent binding of the symmetrical fibrinogen, is essential to the attraction of surrounding platelet (platelet-platelet interactions) [15]. A feedback loop persists, mediated by cyclooxygenase-1, 12-lipooxygenase, and the secreted granule contents, leading to the subsequent activation of the remaining platelets. Ultimately, platelet aggregation leads to the formation of the hemostatic plug or thrombus in cases of vascular injury or atherosclerotis, respectively. Other than their cemented role in hemostasis, platelets are believed to contribute towards the immunity by regulating inflammatory responses [16,17]. In this regard, platelet toll-like receptors (TLRs), which are pattern recognition receptors, are beginning to be investigated [18]. Lastly, the role of platelet-derived microparticles in thromboinflammatory diseases has also been described [19].





3. Molecular Mechanisms of Platelet Activation


The process of platelet activation is multistep, involving numerous factors (Figure 1). In the case of vascular injury, adhesion receptors on platelet surface, such as the integrins α6β1, α2β1, GPIIb/IIIa, and the GPIb/V/IX complex bind to laminin, collagen, fibrinogen, and VWF, respectively, at the presence of small G-protein regulators (SGRs), SRC-family kinases (SFKs), and serine/threonine-protein kinases (STKs) [20,21,22]. As a result, a change in platelet shape occurs. C-type lectin-like receptor 2 (CLEC2) may also be activated through its endogenous ligand podoplanin, as well as by the newly identified katacine [23], clustering on platelet surface and inducing protein tyrosine kinase pathways (involving mostly SYK but also SFK) and adapter proteins (Linker for activation of T cells, Lymphocyte cytosolic protein 2). Subsequently, activation of phospholipase Cγ (PLCγ), IP3, and 1,2-diacyl-glycerol (DAG) and Ca2+ release into the cytoplasm [24]. GPVI, the most potent platelet activator during adhesion through collagen exposure, acts through a similar pathway but involves only SFKs [25]. Additionally, the release of platelet agonists such as adenosine diphosphate (ADP) and thromboxane A2 activate the P2Y12, P2Y1, and thromboxane receptor [26]. These events are particularly important since P2Y12, through the action of G protein Gαi, inhibits adenylyl cyclase, an enzyme responsible for the conversion of adenosine triphosphate to the antiaggregant cyclic adenosine monophosphate (cAMP), and stimulates phosphoinositide 3-kinases (PI3Ks), while P2Y1 and thromboxane receptor signal via Gαq proteins, stimulating phospholipase Cβ, thus also inducing release of calcium into the cytoplasm and protein kinase C activation [27]. The action of the thromboxane receptor extends to the stimulation of Gα12/13 proteins, which are responsible for triggering Rho-associated protein kinase (ROCK) activation [28]. ROCK activation is also seen with Thrombin-mediated protease-activated receptors (PAR) 1 and 4, which are also G protein-coupled receptors [29]. Consequently, Ca2+ promotes phospholipase A2 activation, which cleaves arachidonic acid. The released arachidonic acid is substrate for cyclooxygenase-1 and next thromboxane synthase, ultimately leading to the formation of thromboxane A2. Moreover, through increased Ca2+ and DAG, secretion of granule contents takes place [30], containing ADP and VWF, among others [31]. Platelet ballooning and phosphatidylserine exposure ensues in response to high calcium concentrations, through the anoctamin 6 ion channel, leading to increased procoagulant ability and intracellular protein degradation [32].



3.1. Inflammation


Inflammatory stimuli, increasingly being found in various disease states [33,34,35], have been implicated in platelet activation and subsequent thrombosis (Table 1) [36,37]. Among the main inflammatory mediators, pro-inflammatory cytokines may augment the risk of thrombosis through platelet activation, since platelets possess receptors for ILs which are stimulated in situations of inflammation. Platelet IL-1 receptor has been the most studied [38], while the presence of platelet receptors for IL-6 and IL-8 was previously described [39,40]. Confirmatory to this hypothesis, platelet hyper-reactivity was observed when whole blood from healthy individuals was exposed to IL-1β, IL-6, IL-8, and IL-12 [41,42]. Tumor necrosis factor-alpha (TNF-α) constitutes another molecule of potential importance towards platelet activation. It was recently proposed that TNF-α may be the most prominent cytokine inducing platelet hyper-reactivity, even at the level of bone marrow, by increasing the megakaryocyte precursors and the megakaryocyte ploidy status, among others in old (>18 months) C57BL/6J mice [43]. Other inflammatory pathways were also genetically altered (IL-1β, IL-6, TNF receptor-1 and -2), together with metabolic pathways and mitochondrial function. These findings were replicated when young wild type C57BL/6J mice were given recombinant TNF-α. Such observations were not noticed when IL-1β was administered. The presence of functional TNF-α receptors consist of a fundamental prerequisite for the induction of platelet hyper-reactivity, however.



Moving to the platelet-derived nucleotide-binding oligomerization domain, leucine-rich repeat–containing receptor (NLR) family pyrin domain-containing 3 (NLRP3) inflammasome, several reports have stated its importance in platelet activation. Its action may be elicited either in the presence of an activated platelet IL-1 receptor or without the need of an initial primer [44,45]. The platelet-activating effect of NLRP3 inflammasome may be mediated by the platelet bruton’s tyrosine kinase (BTK), as shown by Vogel et al., who detected platelet activation and thrombus formation to a lesser extent after administration of the BTK inhibitor ibrutinib in sickle cell mice [46]. BTK is also responsible for GPIb and GPVI signaling, thus constituting an attractive treatment target [47].



Platelet-neutrophil interactions in the setting of inflammation have also garnered scientific interest. Platelet binding of their surface protein P-selectin with its ligand P-Selectin glycoprotein ligand-1 on the neutrophil’s surface consists of the main mechanism of their activation. The interaction between platelet GPIb and neutrophil integrin αMβ2 or the binding of platelet GPIIbIIIa with neutrophil integrin αMβ2 constitute alternative pathways [48]. Other molecules which may be implicated in the process of platelet activation are the PAR-4 through the secretion of dense granule contents [49], and thrombospondin-1 which is proteolyzed by neutrophils into a molecule with potent platelet-activating properties [50]. Moreover, the abundance of cytokines in inflammatory conditions lead to the overexpression of adhesion molecules which bind with platelets, augmenting platelet activation [37]. Neutrophils may also induce platelet activation via novel, incompletely understood pathways involving human neutrophil peptides [51,52], heparin binding protein [53], calprotectin [54,55], cathelicidins [56], and neutrophil cathepsin G [57]. The stimulation of platelets by neutrophil extracellular vesicles and the subsequent increase in thromboxane A2 synthesis may be an additional mediator of platelet activation [58]. Therefore, the interaction between platelets and neutrophils leads to further activation of the inflammatory and thrombotic cascades, in a process termed thromboinflammation.



The role of recently discovered neutrophil extracellular traps (NETs) deserves an honorable mention since they have been implicated in thromboinflammatory diseases such as atherosclerosis [59]. Based on their structure, consisting of DNA, histones, and granular components, NETs are believed to be thrombosis-inducers through direct contact coagulation or platelet activation in a histone-dependent manner, by recruitment of TLRs [60,61]. High-mobility group box 1 is among the known TLR4 stimulants which has been implicated in NET-induced thrombosis. The presence of NETs has been associated with the presence of thrombi in coronary and cerebral circulation [62,63], indicating their importance in thromboinflammation.



As far as platelet TLRs are concerned, preliminary evidence suggests a pro-thrombotic role of platelet TLR2/1, mediated by the action of nuclear factor-kappaB (NF-κB) or adenosine diphosphate or triphosphate together with thromboxane A2 [64,65,66]. Less well understood is the role of platelets TLR4, TLR2/6, TLR3, and TLR7 which appear to be incapable of producing a potent platelet-activating effect [67,68,69,70,71,72]. More research is required in the field of platelet TLRs, however, as their role may be pro-inflammatory rather than pro-thrombotic.




3.2. Endothelial Dysfunction


Disrupted endothelial cell homeostasis is a major factor influencing platelet activation (Table 1), which is among the numerous functions regulated by the vascular endothelium. Several regulators have been described in this anti-platelet effect. First and foremost, nitric oxide (NO), a well-known vasodilating substance, may attenuate platelet activation through the activation of soluble guanylate cyclase. As a result, increased production of intracellular cyclic guanosine monophosphate (cGMP) activates protein kinase G (PKG), which phosphorylates Ca-releasing channels and hence results in lower intracellular calcium levels, which are critical for the initiation of platelet activation [73]. In the setting of a dysfunctional endothelial layer, an impaired NO bioavailability is noted owing to diminished production, enhanced degradation, and endothelial NO synthase uncoupling. Ultimately, the formed peroxynitrite may aid platelet activation [74].



Prostacyclin (PGI2) is another molecule stemming from the endothelial cells, with inhibitory actions towards platelet activation. After its binding with the prostacyclin receptor on the surface of platelets, the adenylate cyclase-driven cAMP formation leads to the phosphorylation of the IP3 receptor, resulting again in a lowering of the intracellular calcium, thus halting platelet activation [75]. It should be noted that the action of PGI2 is opposed by thromboxane A2 [76]. Ectonucleotidases are also able to exert an anti-platelet effect. Among the most well-characterized is CD39, which hydrolyzes the platelet-activating ADP to adenosine monophosphate (AMP), and CD73, which transforms AMP to adenosine that, by binding to its platelet receptor A2A, activates Gαs, adenylyl cyclase with again increased production of cAMP, thus blocking platelet activation [77]. Thrombomodulin (TM), a transmembrane glycoprotein expressed primarily on the surface of endothelial cells (but also on neutrophils, macrophages, monocytes, and dendritic cells), is among the main inhibitors of platelet activation [78]. Its role revolves around binding thrombin, thus reducing its ability to convert fibrinogen into fibrin and activate platelets [78].



VWF is also implicated in platelet activation. It is mainly produced in the endoplasmic reticulum of endothelial cells and stored in the Weibel-Palade bodies as well as in platelet α-granules [79,80]. Although constitutive VWF secretion occurs physiologically, agonist-induced endothelial cell activation leads secretion of ultralarge VWF molecules from Weibel Palade bodies. Consequently, they exert their platelet-activating action by bonding of their A1 domain, which is activated in areas of vascular injury or very high shear stress, with platelets via their receptor GPIb/V/IX [81]. However, under physiologic conditions, ultralarge VWF multimeres are cleaved into smaller forms primarily by A disintegrin-like and metalloprotease with thrombospondin type-1 repeats-13 (ADAMTS13) at the Tyr1605-Met1606 site of the A2 domain [82]. These small VWF molecules are present in the circulation under physiologic conditions. Last but not least, the role of the endothelial glycocalyx (eGC) ought to be stressed. As the 0.5–5μm thick cover of endothelial cells at their luminal surface, it is composed of proteoglycans, glycolipids, glycoproteins, and glycosaminoglycans [83]. Under homeostatic conditions, there is a fine balance between eGC components being shed and formed, leading to the stabilization of this barrier.



In the setting of a dysfunctional endothelial layer, the above-mentioned beneficial antiplatelet effects are abolished. An impaired NO bioavailability is being noted owing to diminished production, enhanced degradation, and endothelial NO synthase uncoupling in cases of endothelial activation by oxidative stress and inflammation. Ultimately, the formed peroxynitrite may aid platelet activation [74]. Similarly, endothelial dysfunction may aid the thrombotic process through the disruption of the PGI2-Thromboxane A2 balance in favor of thromboxane A2 [76]. Lower levels of prostacyclin synthase, the catalyst of PGI2 synthesis, were found in the subcutaneous arteries of individuals with diabetes mellitus, a condition characterized by profound endothelial dysfunction, compared to matched controls, possibly leading to impaired transformation of prostaglandin E1 to PGI2 [84]. The production of TM is also diminished under conditions of endothelial dysfunction, with a subsequent lack of its anti-platelet effect [78]. Concerning ectonucleotidases, a downregulated expression of CD39 has been noted in conditions associated with endothelial dysfunction, such as experimental models of arterial hypertension, paired with diminished arterial nucleotidase activity [85]. The loss of ectonucleotidase activity was also paired with ATP-, AMP, and adenosine-degrading enzymes in a model of ischemic heart disease [86]. Lastly, increased eGC degradation and thinning by sheddases in pathologic states [87,88,89] promotes a prothrombotic state due to the facilitated binding of leukocytes and platelets on the receptors of adhesion molecules and VWF released by endothelial cells [90,91,92].




3.3. MiRs


MiRs have been implicated in human diseases pathophysiology, diagnosis, and treatment [93,94,95,96]. Platelet activation is among the numerous function that are being regulated by miRs (Table 1). Several miRs are expressed in high amounts by platelets, including miR-223, miR-126, miR-197, miR-24, and miR-21 [97]. Focusing on miR-126, its role in thrombosis-driven diseases such as atherosclerosis has been thoroughly studied, and its influence on platelet activation may be among its important regulatory functions [98]. As a result, treatment with antiplatelet agents may lower miR-126 levels, while the downregulated expression of this miR in the setting of diabetes mellitus might be another factor that promotes thrombosis in this pathologic state [99]. Although platelet miR-126 was not associated with platelet activity indices in patients with an ST-elevation myocardial infarction, it correlated with plasma cardiac troponin I [100]. Moving to miR-223, one of the most abundant platelet-derived miRs [101], its association with the P2Y12 receptor and secreted modular calcium-binding protein 1 regulation has been described [101,102]. Even though Leierseder et al. noted no effect of miR-223 on platelet function, it could be argued that the dosage of platelet agonist may have overshadowed the effect of miR-223 [103]. The levels of two miRs mentioned above were significantly correlated with P-selectin and platelet factor 4 together with significant positive correlations with the vasodilator-stimulated phosphoprotein phosphorylation assay [104]. As far as miR-197, miR-24, and miR-21 are concerned, there is no reliable evidence regarding their role in platelet activation. MiR-320c and miR-181 have also been recently investigated as they may be implicated in the downregulation of Ras-related Protein 1, which is secreted in large amounts following agonist-induced platelet activation [105,106]. Decreased platelet and MK miR-26b was associated with enhanced platelet activation, evidenced by increased expression of P-selectin, in septic conditions [107]. Augmented platelet reactivity could also be attributed to miR-15b-5p, miR-93, and miR-126 in a study of post-acute coronary syndrome patients [108]. Novel miRs associated with platelet activation in patients with stable coronary artery disease were reported by Pedersen et al., that included miR-93-5p, miR-150-5p, miR-423-3p, and miR-1180-3p, as well as miR-126-3p [109]. MiR-150-5p may be involved in the regulation of actin cytoskeleton and calcium homeostasis [110]. MiR-204-5p was also associated with platelet aggregation, potentially regulating genes involved in actin cytoskeleton and P2Y12 pathways [110].



Platelet miRs have also been investigated in 22 patients with essential thrombocythemia [111]. The investigators noted that miR-9 and miR-490 were upregulated in the study group compared to healthy volunteers, while miR-10a, miR-28, miR-126, miR-155, miR-221, miR-222, miR-223, and miR-43 were downregulated [111]. As far as platelet activation is concerned, the expression of miR-126 was correlated with the degree of platelet aggregation induced by arachidonic acid (AA) and thrombin-receptor-activating-peptide (TRAP) [111]. Additionally, miR-9 and miR-490 were inversely correlated with the percentage of fibrinogen-positive, CD63-positive, and P-selectin-positive platelets when stimulated by TRAP [111].



Platelet reactivity on antiplatelet therapy, another crucial matter in patients with atherosclerotic cardiovascular diseases, may be closely linked to miRs [112]. Antiplatelet therapy with increasing doses of aspirin and prasugrel has resulted in decreases of plasma miR-223, miR-191, miR-150, miR-126, in treatment-naïve healthy subjects and in individuals with symptomatic carotid stenosis on aspirin with the addition of dipyridamole or clopidogrel [113]. Plasma miR-223 was also decreased after treatment with clopidogrel and ticagrelor in a recent study on healthy volunteers [114]. More potent P2Y12 inhibitors may further lower plasma miR-223 levels, together with miR-150 and miR-126 [115]. It should be noted that contrasting results have also been reported [116]. Interestingly, when platelet miR-223 levels were low, the response to P2Y12 inhibitors was diminished [117], and it could be argued that decreased miR-223 could be a predictor of low response to antiplatelets for patients with non-ST-elevation acute coronary syndrome [118]. Indeed, levels of platelet miR-223 were significantly increased in the platelets of patients with an acute coronary syndrome characterized as high responders [119]. An interesting study was conducted by Liu et al. who initially examined the expression of platelet miRs in healthy volunteers characterized as having very high and very low platelet reactivity based on the results of thromboelastography [120]. After identifying lower levels of miR-223 and miR-126 and higher levels of miR-150 in the very high platelet reactivity group, they proceeded to the validation of those results in a cohort of patients with an acute coronary syndrome [120]. Patients with high on-treatment platelet reactivity under dual antiplatelet therapy (DAPT) were characterized by decreased miR-223 and miR-126, with increased miR-50 [120]. In a systematic review conducted by Pedersen et al. concerning the role of miRs in platelet function, miR-223 levels were inversely correlated with platelet reactivity in most studies of patients with an acute coronary syndrome [121]. Conflicting results were reported for miR-126, which was positively correlated in most studies, however [121]. Findings concerning miR-150 were suggestive of a poor association between this miR and platelet function [121]. As most of the mentioned miRs were only assessed in single studies, safe conclusions cannot be drawn regarding their relationship with platelet reactivity [121].





4. Therapeutic Approaches


Several therapeutic options are available for the inhibition of platelet activation, with aspirin and P2Y12 inhibitors being the mainstay. However, other antiplatelet agents may be situationally important, while the offset effects of other drug categories, such as anti-inflammatory medications, may involve the attenuation of platelet activation.



4.1. Antiplatelet Drugs


4.1.1. Aspirin


Antiplatelet therapies have been extensively studied during the past decades as they remain the cornerstone of treatment of atherosclerotic cardiovascular diseases. Beginning with low-dose aspirin, its ability to selectively and irreversibly inhibit cyclooxygenase-1 has led to its widespread use in primary and secondary prevention of adverse cardiovascular events. Numerous meta-analyses have assessed aspirin’s efficacy in this regard, with remarkable efficacy in reducing cardiovascular events, especially in the context of secondary prevention. As far as primary prevention is concerned, aspirin treatment should be tailored to each individual according to the latest evidence not supporting its universal use [122]. In patients with diabetes mellitus, its use may be warranted according to the risk factor profile [123,124].




4.1.2. P2Y12 Inhibitors


P2Y12 inhibitors further inhibit platelet activation and have also been used, either as monotherapy or in combination with aspirin, in the prevention of adverse cardiovascular events. Clopidogrel, the most well-studied representative of this class, is administered as a prodrug which is converted by cytochrome P (CYP) 2C19 to the active metabolite, thus being susceptible to competition for the enzyme [125]. Compared to aspirin alone, DAPT may be efficacious in acute minor stroke or transient ischemic attacks [126], established cardiovascular disease [127], and in patients with diabetes mellitus [128], at the cost of increased bleeding rates. It should be noted, however, that in the presence of a CYP2C19 loss-of-function allele, patients treated with clopidogrel for stable coronary artery disease or after percutaneous revascularization for an acute coronary syndrome may be facing an increased risk of major adverse cardiovascular events [129,130,131]. P2Y12 gene polymorphisms might also increase the incidence of atherosclerotic events in patients treated with clopidogrel [132]. No such associations were noted concerning the concomitant use of proton pump inhibitors, however [133].



With the development of novel, more potent P2Y12 inhibitors, scientific research has focused on the comparison of the efficacy and safety of these agents compared to clopidogrel in the context of coronary syndromes. Concerning loading doses prior to elective percutaneous coronary intervention, no differences in adverse events or bleeding rates were noted [134]. However, prasugrel and ticagrelor have a favorable efficacy profile with an increased risk of bleeding in patients after an acute coronary syndrome, while ticagrelor may also affect mortality [135]. This could potentially be explained by the reversible inhibition provoked by ticagrelor compared to the irreversible inhibition of prasugrel or clopidogrel, which might be of importance in cases of severe bleeding. As far as special patient populations are concerned, patients with chronic kidney disease may benefit from the use of prasugrel [136], while the use of the novel, potent P2Y12 inhibitors may reduce the risk of ischemic events at the expense of excess bleeding in the elderly [137]. Intriguingly, a recent meta-analysis demonstrated the key role of the CYP2C19 loss-of-function, as it was a critical moderator of the difference in efficacy between clopidogrel and ticagrelor/prasugrel [138]. Therefore, as stated by Galli et al. in their meta-analysis, a genetically-guided choice of P2Y12 inhibitor might provide the ideal combination of safety and efficacy [139]. It should be noted that the de-escalation of anti-platelet therapy from prasugrel or ticagrelor to clopidogrel might be associated with a net clinical benefit in patients treated with percutaneous coronary intervention following an acute coronary syndrome [140].



Despite the existence of potent P2Y12 inhibitors for the management of coronary artery disease, a novel candidate was recently proposed by the name of selatogrel (ACT-246475). As a reversible, selective, high-potency P2Y12 inhibitor, its administration in a rat model of carotid artery thrombosis led to similar thrombus resolution raters compared to ticagrelor, with a wider therapeutic window and presumed improved safety profile evidenced by reduced blood loss [141]. A possible explanation of this favorable safety profile could be the lack of influence on the stability of hemostatic seals in comparison to other P2Y12 inhibitors [142]. In a clinical scenario, the use of subcutaneous selatogrel in 345 patients with stable coronary artery disease on baseline oral antiplatelets was associated with rapid onset, long-lasting, and dose-dependent P2Y12 inhibition, significantly increased compared to placebo [143]. At the same time, inhibition of platelet aggregation was noted via light transmission aggregometry [143]. Concerning side effects, 7% of the patients experienced transient dyspnea [143]. This impressive antiplatelet effect was further documented in 47 patients with an acute myocardial infarction who received subcutaneous selatogrel 8 mg or 16 mg followed by ticagrelor administration, where seratogrel induced P2Y12 inhibition as early as 15 minutes post-administration, with a high response rate at both dosing regimens [144]. It appears that the combination of selatogrel with ticagrelor might produce the most pronounced platelet inhibitory activity, while a time gap between selatogrel administration and prasugrel/clopidogrel intake needs to be implemented so that the pharmacodynamic effects of the latter remains intact [145]. Selatogrel may also possess a thrombolytic role as recently proposed by Cresence et al., who noted dissolution of the occlusive part of preformed thrombi, with the remaining part potentially serving as hemostatic seal at the site of vessel injury [146]. Future randomized controlled trials with major clinical endpoints may shed more light in the potential of this novel molecule in acute atherothrombotic scenarios.




4.1.3. Glycoprotein IIb/IIIa Inhibitors


GPIIb/IIIa are among the crucial integrins involved in platelet activation. The inhibitors of these molecules, administered intravenously, have been widely used in randomized trials of percutaneous coronary interventions. Especially in high-risk individuals with an acute coronary syndrome, the use of GP inhibitors resulted in lower risk of incident myocardial infarction or death [147]. Although their adaptation is not universal, contemporary evidence also suggests a mortality benefit, at the cost of increased bleeding risk [148]. Interestingly, a recent meta-analysis demonstrated an efficacious profile of the addition of GP inhibitors in the difficult-to-manage scenario of patients with an acute myocardial infarction complicated with cardiogenic shock [149]. Regarding ischemic strokes, GP inhibitors, were not met with efficacy while the risk of intracranial bleeding was augmented, driven by abciximab [150]. Tirofiban and eptifibatide in low doses may be considered safe in stroke treatment, as recently reported [151]. Although their use has dropped following the implementation of P2Y12 inhibitors in routine clinical practice, this drug category could still be important in cases of P2Y12 inhibitor intolerance or in patients at high risk for thrombotic complications.




4.1.4. PAR-1 Antagonism


Vorapaxar is a novel agent introduced as a competitive, high-affinity PAR-1 inhibitor. It is metabolized by CYP3A4 and primarily excreted fecally. Initial preclinical data indicated a potent attenuation of agonist-induced platelet activation following its use [152]. In phase III trials Thrombin Receptor Antagonist Clinical Event Reduction in acute coronary syndrome (TRACER) and Thrombin Receptor Antagonist in Secondary Prevention of Atherothrombotic Ischaemic Events-TIMI 50 (TRA-2P-TIMI 50) a benefit was noted in specific patient populations such as those with prior myocardial infarction or peripheral arterial disease [153,154]. A net benefit may also be observed in patients with diabetes mellitus [155], chronic kidney disease [156], or prior coronary stenting [157]. It should be noted, however, that a high risk of intracranial bleeding was consistently reported [153,154].




4.1.5. Caplacizumab


Caplacizumab, initially labeled as ALX-0081, is a humanized nanobody that potently binds to the A1 domain of VWF, inhibiting the GP1b/IX/V receptor [158]. Its major indication is the management of acquired thrombotic thrombocytopenic purpura, a condition which is characterized by decreased ADAMTS13 activity and thus defective breakdown of ultrahigh VWF multimers. When patients with acquired thrombotic thrombocytopenic purpura were treated with caplacizumab or placebo added to the standard of care in the TITAN and HERCULES trials, the study group experienced a faster normalization of platelet counts and resolution of the episode compared to the control group, an effect which was maintained throughout the treatment period [159,160]. Interestingly, significantly fewer thrombotic events compared to controls in the TITAN trial [161], a finding which was, however, not confirmed in the HERCULES trial [160]. This anti-thrombotic effect has been further tested, with in vitro evidence suggesting that this agent inhibited platelet activation and adhesion, with similar potency and higher safety compared to other antiplatelet agents [158]. Moreover, its antiplatelet effect may not be altered by concomitant antithrombotic use, as shown through the addition of caplacizumab of blood from patients undergoing elective revascularization who were receiving aspirin, clopidogrel, and heparin [162]. The required concentration was, however, related to the levels of VWF [162]. Caplacizumab was additionally efficacious in the management of experimental middle cerebral artery thrombosis when administered shortly after the occlusion, also inducing reperfusion, with a superior safety profile compared to tirofiban or recombinant tissue plasminogen activator [163]. Additional evidence in the context of atherosclerotic diseases is needed to consider a possible indication for this group of patients.




4.1.6. Direct Oral Anticoagulants


Although anticoagulants primarily aim at the inhibition of the coagulation cascade, their secondary effect concerns the inhibition of platelet activation. Their efficacy in the setting of atherosclerotic diseases has been recently proven [164]. Dabigatran in particular may attenuate the process of platelet activation as shown in thrombin-stimulated platelets where dabigatran inhibited CD62 [165]. This platelet inhibitory effect appears to be dose-dependent [166]. Interestingly, cessation of dabigatran may induce a state of platelet activation [167]. Those antiplatelet effects have also been proposed for the factor Xa inhibitors [168]. It should be stressed that conflicting results have been reported, with Arantes et al. noting no differences in the platelet function of patients with coronary artery disease when treated with dabigatran [169]. An in-vitro study by Jourdi et al. found more potent antiplatelet effects with dabigatran than with rivaroxaban [170]. Thus, continuing research in the antiplatelet effects of direct oral anticoagulants is warranted.





4.2. Off-Target Antiplatelet Drugs


The potential effect of available anti-inflammatory medication on inhibition of platelet activation has been a topic of scientific interest. Beginning with colchicine, whose mechanism of action involves the inhibition of core inflammatory mediators such as IL-1 and NLRP3 inflammasome, its administration in healthy individuals led to reduction in platelet activation markers, such as P-selectin and platelet-neutrophil complexes, without any effect on platelet aggregation, however [171]. Future studies in the setting of coronary artery disease have demonstrated an additional anti-aggregatory action when platelet activation was induced by agonists [172,173]. A recent study by Pennings et al. revealed the modulation of GPVI receptor pathway as the antiplatelet mechanism of action of colchicine [174]. It could be those additional antiplatelet effects that mediate the protective effect of colchicine in atherosclerotic diseases as evidenced in large randomized clinical trials [175]. Moving to TNF-α inhibitors, there is contradictory evidence concerning their effect on platelet activation, with a study revealing a possible antiplatelet effect [176], while others failed to validate such actions [177,178]. At the same time, the IL-6 inhibitor tocilizumab may attenuate platelet activation and aggregation, since its use was accompanied by a reduction in P-selectin and platelet-neutrophil aggregates [178,179]. The IL-6 inhibitor canakinumab led to a significant reduction of atherosclerotic events in the large-scale randomized clinical trial CANTOS of patients with a history of myocardial infarction and increased inflammatory burden [180]. However, little is known regarding its effect on platelet function [181]. Furthermore, latest evidence from experimental studies has highlighted the surprising antiplatelet effects of BTK inhibitors ibrutinib and acalabrutinib [182,183,184]. Interestingly, they may specifically block thrombus formation at the site of atherosclerotic plaques through the inhibition of GP1b and GPVI signaling, while preserving the essential platelet hemostasis [47]. However, a recent report suggested that BTK inhibitors could also be considered as CLEC2 inhibitors [184].




4.3. Drugs under Investigation


Investigation of agents with a potent antiplatelet activity together a favorable safety profile remains elusive and has been a topic of intense scientific research (Table 2).



Beginning with VWF inhibitors, they may attenuate the process of platelet activation as evidenced in studies of aptamers. Beginning with ARC1779, an aptamer binding to the A1 domain of VWF, inhibition of VWF-induced platelet activation in vitro together with attenuation of thrombus formation in vivo was initially observed [185]. No effects on ADP-, collagen-, or AA-induced platelet activation were detected, indicating the selectivity of this agent towards VWF inhibition [186]. In a phase I trial, a dose- and concentration-dependent inhibition of platelet function was noted [187]. Its use was further tested in a randomized trial of 36 patients undergoing carotid endarterectomy, where embolic signal counts -evaluated by transcranial doppler- were correlated to VWF inhibition at the expense of increased perioperative bleeding [188]. A novel aptamer (TAGX-0004) may possess more potent antiplatelet activity than ARC1779 and comparable to caplacizumab, as recently described [189]. As far as BT200 is concerned, it is a 3rd generation aptamer against VWF which inhibited ristocetin-induced platelet aggregation after stimulation with desmopressin [190]. BT200 also lowered the VWF activity in plasma of patients with an acute coronary syndrome or stroke in a concentration-dependent manner [191,192]. In the recently reported phase I trial in 112 healthy volunteers, the use of BT200 together with desmopressin resulted in dose-dependent inhibition of rostocetin-induced platelet aggregation, as well as affecting the shear-dependent platelet function [193]. Subsequent studies should provide additional clinical evidence for the use of BT200 in hematologic as well as in cardiovascular diseases. Lastly, the recently reported DTRI-031 anti-VWF aptamer is an additional approach towards platelet inhibition under investigation, with a significant advantage being the reversal ability of an oligonucleotide [194].



Moving to novel GP inhibitors, anfibatide, a direct anti-GP1b derived from snake venom, was able to inhibit ristocetin- and VWF-induced platelet adhesion and aggregation at high shear conditions, together with thrombolytic effects. It was also efficient in vivo, inhibiting the thrombotic process in VWF-deficient mice without affecting bleeding parameters [195]. Subsequent studies confirmed its effectiveness in the amelioration of acute cerebral ischemia and reperfusion injury in mice, comparable to tirofiban’s, with a more favorable safety profile [196]. The effect of this agent may be based on the preservation of the blood-brain-barrier integrity driven by the upregulation of Epac1 [197]. Concerning clinical trials, anfibatide inhibited VWF-induced platelet aggregation in healthy volunteers, an effect that lasted for 8 h, without alteration of coagulation parameters or serious adverse events [198]. In the subsequent phase IIa study of 90 patients with non-ST segment elevation myocardial infarction, anfibatide dose-dependently inhibited ex-vivo platelet aggregation, significantly higher compared to placebo [199]. Comparable revascularization and short-term clinical outcomes to placebo were reported [199]. A humanized monoclonal antibody against GP1b by the name of h6B4-Fab has also been developed, with only preclinical evidence of long-lasting, high-affinity binding to VWF [200].



GPVI inhibitors may also emerge as therapeutic tools in atherosclerotic diseases since GPVI is an important mediator of atherothrombosis [201]. Revacept, a fusion of the extracellular domain of GPVI with the human immunoglobulin Fc domain (GPVI-Fc), attenuated platelet aggregation in a mouse model of carotid artery thrombosis, and was also detected at the arterial lesions [202]. By competing with platelet GPVI for its binding sites on collagen, revacept produced similar outcomes (functionality, infarct size, edema) compared to thrombolytic therapy in a mouse model of middle cerebral artery occlusion, while their combination was superior [203]. However, revacept was not associated with intracranial hemorrhage [203]. When added on top of established antiplatelet agents (aspirin, ticagrelor) or abciximab in an in-vitro atherosclerotic condition, revacept further reduced plaque-induced platelet aggregation and enhanced the platelet inhibitory activity of the other agents, with no increase in the closure time assessed by a platelet function analyzer [204]. The combination of aspirin, ticagrelor, and revacept achieved nearly complete antiplatelet activity [204]. A fusion of GPVI-Fc with CD39, known for ADP inhibiting actions, resulted in attenuated ADP-, collagen- and atherosclerotic plaque-induced platelet aggregation and diminished thrombus formation, without any evidence of increased bleeding [205]. These findings were successfully validated in mouse model of arterial thrombosis [205]. However, the results of the recently reported ISAR-PLASTER phase 2 trial in 334 patients undergoing elective percutaneous revascularization for coronary artery disease were neutral, demonstrating no differences between the two dosing regimens of revacept compared to placebo regarding the composite endpoint of death or high-sensitivity cardiac troponin increase to at least five times the upper limit of normal within 48 h from randomization, despite the significant reduction of collagen-induced platelet aggregation in the high-dose revacept arm. Bleeding events did not differ significantly between the groups [206]. Another trial of revacept in patients with symptomatic carotid artery disease is currently ongoing [207], with its results being eagerly awaited. Glenzocimab, previously known as ACT017, is another representative of this category, able to dose-dependently inhibit collagen-induced platelet activation ex vivo without affecting bleeding diathesis [208]. This effect was validated in the subsequent phase I trial, with the antiplatelet effects being accompanied by no adverse effects in bleeding [162]. Complete inhibition of platelet activation was noted after the 6-h infusion, with residual 60% platelet inhibition at 12 h post infusion [209]. Furthermore, glenzocimab led to thrombus resolution both on a collagen and atherosclerotic plaque surface, with increased effect under increased wall shear rate [210]. Those encouraging results ought to be tested further in future studies, also involving patients with acute atherosclerotic manifestations.



Inhibition of CLEC2 represents a novel concept in the antiplatelet drug development due to the importance of this molecule in platelet activation. Preliminary results have shown that cobalt hematoporphyrin, an inhibitor of podoplanin binding to CLEC2, inhibited CLEC2-mediated platelet activation and prolonged thrombotic occlusion of the injured femoral artery in mice [211]. Similar actions were reported following the use of the CLEC2-podoplanin binding inhibitor 2CP, without any effect on platelet activation due to other agonists [212]. A monoclonal antibody against CLEC2 by the name of AYP1 has been developed and may compete for CLEC2 binding with podoplanin and katachine and attenuates CLEC2-induced platelet activation [23].



Novel anti-inflammatory agents aiming at NETs, TLRs, and NLRP3 inflammasome have also been assessed experimentally regarding an offset antiplatelet effect. Beginning with NET inhibitors, both DNAse and chloramidine resulted in diminished agonist-induced platelet activation and thrombus formation [213,214,215]. An important influence of TLR4 inhibitors eritoran and resveratrol on platelet activation parameters were noted, since they were able to attenuate TRAP- and collagen-induced platelet aggregation, platelet-leukocyte aggregate formation, and the release of soluble CD40 ligand and platelet factor 4 [216,217]. A novel resveratrol analogue in the name of pterostilbene was also able to induce strong antiplatelet effects [218]. The selective NLRP3 inflammasome inhibitor MCC950 may attenuate platelet activation as observed in the studies of Vogel et al. and Cornelius et al. [46,219]. Recently, Wang et al. demonstrated the utility of MCC950 in bone marrow tissue after a myocardial infarction. After documenting the upregulation of NLPR3 inflammasome and the consequent IL-1β secretion, they administered MCC950 which resulted in impaired bone marrow megakaryocyte concentration and maturation, thus limiting platelet production. The survival benefit of the myocardial infarction mouse model treated with MCC950 could be stemming from a combination of diminished platelet activity with attenuated inflammatory responses [220]. Further research is required in the field of novel anti-inflammatory therapies since the data is mostly preliminary. Last but not least, therapeutic modulation of miRs might be an effective antiplatelet approach, bearing in mind the possible role of miRs in the regulation of platelet activation. In the study of Garcia et al., transfection of CD34+ megakaryocytes with miR-126-3p resulted in the formation of more reactive platelet-like structures compared to the control group due to an effect in actin-regulating gene plexin B2 [98]. Their study group also performed megakaryocyte transfection with miR-204-5p, which also led to the production of hyperreactive platelet-like structures through the regulation of fibrinogen receptor by downregulating CDC42 [221].





5. Conclusions and Future Directions


Platelet activation, although critical in the case of vascular injury, is a well-characterized feature of various pathologic states, primarily atherosclerotic cardiovascular diseases. Several factors have been implicated in this process, with inflammation, endothelial dysfunction, and miRs being among its regulators. Important progress has been made in the field of the pharmacologic inhibition of platelet activation, including aspirin, P2Y12 inhibitors, and glycoprotein IIb/IIIa inhibitors. Moreover, secondary antiplatelet effects of direct oral anticoagulants and offset antiplatelet actions of anti-inflammatory, either existing or experimental, have been investigated in the recent years. Novel VWF and GP inhibitors are in various phases of development and upcoming clinical trials should clarify their role in the management of thrombotic diseases involving platelet activation. Lastly, the role of miRs in platelet activation deserves further research as they could end up being critical biomarkers or even treatment targets in this regard.
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Figure 1. Mechanisms of platelet activation. AC: adenylyl cyclase, ADP: adenosine diphosphate, ANO6: anoctamin 6, CLEC2: C-type lectin-like receptor 2, COX1: cyclooxygenase 1, DAG: 1,2-diacyl-glycerol, EC: endothelial cell, GP: glycoprotein, LAT: linker for activation of T cells, PAR: protease activater receptor, PI3K: phosphoinositide 3-kinases, PLA2: phospholipase A2, PLC: phospholipase, PLT: platelet, PS: phosphatidylserine, ROCK: Rho-associated protein kinase, SFK: SRC-family kinase, SGR: small G-protein regulator, SLP-76: lymphocyte cytosolic protein 2, TP: thromboxane receptor, TXA2: thromboxane, TXAS: thromboxane-A synthase, VWF: von Willebrand factor. 
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Table 1. Potential inflammatory, endothelial, and miR mediators of platelet activation.
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	Inflammation
	Endothelial Dysfunction
	MiRs





	Interleukins
	↓ NO bioavailability
	miR-126-3p



	TNF-α
	Thrombomodulin
	miR-223



	NLRP3 inflammasome
	CD39
	miR-320c



	BTK
	CD73
	miR-181



	PLT-NEU interactions
	PGI2-TXA2 imbalance
	miR-26b



	NETs
	VWF
	miR-15b-5p



	TLRs
	Endothelial glycocalyx
	miR-93



	
	
	miR-150-5p



	
	
	miR-423-3p



	
	
	miR-1180-3p



	
	
	miR-204-5p







TNF: tumor necrosis factor, NLRP3: NLR family pyrin domain-containing 3, BTK: Bruton’s tyrosine kinase, PLT: platelet, NEU: neutrophil, NET: neutrophil extracellular traps, TLR: toll-like receptor, NO: nitric oxide, PGI2: prostacyclin, TXA2: thromboxane A2, vWF: von Willebrand Factor. ↓ denotes reduction.
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Table 2. Summary of the effects of investigational antiplatelet agents.
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	Agent
	Target
	Preclinical/Clinical Evidence





	ARC1779
	VWF

(A1 domain)
	↓ VWF-induced platelet activation (in vitro)

No effect on ADP-, collagen-, or AA-induced platelet activation (in vitro)

↓ platelet activation, dose- and concentration dependent (in humans)

↓ embolic signals proportional to VWF inhibition in carotid endarterectomy (in humans)

↑ Perioperative bleeding in carotid endarterectomy (in humans)



	TAGX-004
	VWF

(A1 domain)
	↑ antiplatelet activity compared to ARC1779 (in vitro)



	BT200
	VWF

(A1 domain)
	↓ ristocetin-induced platelet aggregation (ex vivo and in humans)

↓ VWF activity in patients with an ACS or stroke (in humans)



	DTRI-031
	VWF

(A1 domain)
	↓ collagen- and ADP-induced platelet activation (ex vivo)

Prevention of carotid artery thrombosis (in vivo)

Induction of recanalization in carotid artery occlusion (in vivo)



	Anfibatide
	GP1b
	↓ ristocetin- and VWF-induced platelet adhesion and aggregation (in vitro and in humans)

↓ thrombosis in VWF-deficient mice (in vivo)

↓ activation of platelets from patients with an ACS, without any effect on revascularization parameters or myocardial injury markers (in humans)

No increases in bleeding



	h6B4-Fab
	GP1b
	↓ cyclic flow reductions in stenosed femoral artery (in vivo)



	Revacept
	GPVI
	↓ platelet aggregation (in vivo)

Comparable functional outcomes, infarct size, edema to thrombolytic therapy in cerebral ischemia (in vivo)

↑ platelet inhibition of other antiplatelets when used in combination (in vitro)

No difference in death or high-sensitivity cardiac troponin increase in patients undergoing elective PCI for CAD (in humans)

No increases in bleeding (in humans)



	Glenzocimab
	GPVI
	↓ collagen-induced platelet activation (ex vivo)

Thrombus resolution, enhanced by increased wall shear rate (in vitro)

Complete inhibition of platelet activation was noted after infusion, 60% platelet inhibition maintained 12 h post infusion (in humans)

No increases in bleeding (in humans)



	Cobalt hematoporphyrin
	CLEC2
	↓ CLEC2-induced platelet activation (in vitro)

Prolonged time to occlusion of injured femoral artery (in vivo)



	2CP
	CLEC2
	↓ CLEC2-induced platelet activation (in vitro)



	AYP1
	CLEC2
	↓ CLEC2-induced platelet activation (in vitro)







VWF: von Willebrand factor, ADP: adenosine diphosphate, AA: arachidonic acid, ACS: acute coronary syndrome, GP: glycoprotein, PCI: percutaneous coronary intervention, CAD: coronary artery disease. ↓ denotes reduction/inhibition, ↑ denotes increase/stimulation.
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