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Abstract

:

Atherosclerosis (AS), the main cause of many cardiovascular diseases (CVDs), is a progressive inflammatory disease characterized by the accumulation of lipids, fibrous elements, and calcification in the innermost layers of arteries. The result is the thickening and clogging of these vessel walls. Several cell types are directly involved in the pathological progression of AS. Among them, platelets represent the link between AS, inflammation, and thrombosis. Indeed, besides their pivotal role in hemostasis and thrombosis, platelets are key mediators of inflammation at injury sites, where they act by regulating the function of other blood and vascular cell types, including endothelial cells (ECs), leukocytes, and vascular smooth muscle cells (VSMCs). In recent years, increasing evidence has pointed to a central role of platelet-derived extracellular vesicles (P-EVs) in the modulation of AS pathogenesis. However, while the role of platelet-derived microparticles (P-MPs) has been significantly investigated in recent years, the same cannot be said for platelet-derived exosomes (P-EXOs). For this reason, this reviews aims at summarizing the isolation methods and biological characteristics of P-EXOs, and at discussing their involvement in intercellular communication in the pathogenesis of AS. Evidence showing how P-EXOs and their cargo can be used as biomarkers for AS is also presented in this review.
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1. Introduction


Atherosclerosis (AS) is a chronic inflammatory disease characterized by the deposition of lipids, fibrous material, and calcium in the inner layers of the large and medium arteries [1]. As this material builds up, the artery walls become stiff and thick, reducing the internal diameter of the vessel and therefore reducing blood flow. AS underlies most cardiovascular diseases (CVDs), such as myocardial infarction (MI), ischemic stroke, and peripheral vascular disease, the main causes of death and disability worldwide [2].



The molecular events in AS include endothelial dysfunction, fatty streak formation, cell migration into the vessel wall, foam cell formation, atherosclerotic plaque development, and rupture [3,4]. Endothelial cells (ECs), leukocytes (monocytes, neutrophils, T lymphocytes, and dendritic cells), platelets, and vascular smooth muscle cells (VSMCs) participate in the above cascade of events by actively communicating with each other [5].



Platelets are key players in the atherosclerotic process, and are now believed to provide the link between AS, inflammation, and thrombosis [6]. In fact, they participate in the formation of blood clots following the rupture of the plaque, and modulate the immune response at the sites of the lesion [7]. Activated platelets receive inflammatory signals from neighboring cells, and simultaneously release a multitude of cytokines and chemokines that promote the activation and recruitment of leukocytes, ECs and VSMCs, thus boosting the inflammatory milieu [8].



It the last couple of decades, the discovery of extracellular vesicles (EVs) has represented one of the most revolutionary contributions to cell biology, and the transfer of EVs has been recognized as a central mechanism of intercellular communication [9]. EVs are bilayer membrane vesicles that can differ in size, density, content, morphology, and protein composition. They are named by size as apoptotic cell-derived EVs (ApoEVs, >1000 nm), microparticles (MPs, 100–1000 nm), also called microvesicles, and exosomes (EXOs, 30–100 nm) [10]. ApoEVs are released via plasma membrane blebbing during apoptosis, and can be engulfed by target cells to promote tissue regeneration, embryonic development, immune regulation, and cancer development [11]. Instead, MPs are derived from activated or apoptotic cells through the outward budding and fission of the plasma membrane at lipid-rich microdomains. The outward budding can depend on different enzymes and mitochondrial or calcium signaling in response to several stimuli such as hypoxia, irradiation, oxidative injury, apoptosis, or shearing stress. Almost all mammalian cells can release MPs including blood cells (e.g., platelets, erythrocytes, leukocytes), VSMCs, and ECs [12]. Lastly, EXOs are the EVs of endosomal origin that can be secreted by any cell type both in physiological and pathological conditions [13]. EXOs have been identified in many biological fluids including saliva, plasma, serum, urine, amniotic fluid, breast milk, and seminal fluid. EXOs are formed by the inward budding of the membrane of early endosomes, which then mature into multivesicular bodies (MVBs). MVBs can eventually fuse with the plasma membrane to release its content, including EXOs, into the extracellular space or be degraded into lysosomes. The complex machinery of proteins and lipids that regulate the biogenesis and release of EXOs has already been extensively described elsewhere [14]. Briefly, EXO generation is regulated by endosomal sorting complex required for transport (ESCRT), the tetraspanin proteins (e.g., CD63, CD9, CD81), and ceramide. As ESCRT proteins, their accessory proteins (Alix, TSG101, HSC70, and HSP90β), and the aforementioned tetraspanins are involved in EXO formation, these proteins are commonly considered exosomal marker proteins.



Despite a different biogenesis, both MPs and EXOs carry bioactive molecules (DNA, mRNAs, noncoding RNAs, proteins, and lipids), and have the ability to transfer them to target cells, thus acting as cell-to-cell messengers in the human body [5]. Most of the circulating MPs derive from platelets (P-MPs), where they were first identified by Wolf and colleagues, who called them “platelet dust” having pro-coagulant activity [15]. Later on, it was found that EVs generated by platelets also include EXOs (P-EXOs) [16].



Increasing evidence suggests the involvement of EVs in AS, as high concentrations of vesicles have been measured in patients with CVDs and within the atherosclerotic plaque [17,18]. Actually, EVs are thought to participate throughout the atherogenic process because vesicles have been found in both developing and advanced plaques [19].



While the number of publications on the involvement of P-MPs in AS and atherothrombosis has dramatically increased in the past few years [20,21,22,23,24,25,26], relatively little is known about the roles of P-EXOs in the same processes. In this review, we first briefly summarize the atherosclerotic process with an emphasis on platelets; then, we provide updated information on P-EXOs, including the currently used methods for their isolation and characterization. Lastly, we present the latest evidence on P-EXO involvement in AS, focusing on their role as predictive biomarkers.




2. Brief Overview of the Pathogenesis of AS


The pathogenic mechanism of AS is extremely complex and articulated. For a complete overview of AS pathophysiology, we recommend a couple of valuable papers [1,20]. Nonetheless, a brief description of the process is imperative for a better comprehension of this review.



Conventionally, AS can be divided into three consecutive phases: initiation, progression, and complications [27]. The process of AS is thought to begin when the low-density lipoprotein (LDL) cholesterol circulating in the blood is accumulated and oxidized in the intima, the innermost layer of the artery wall, leading to EC activation [28]. Activated ECs express high levels of E- and P-selectins, adhesion molecules (e.g., intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecular-1 (VCAM-1)) and release a large amount of chemokines and cytokines that attract leukocytes. The contact of activated ECs with platelets contributes to the rolling of leukocytes along the endothelium through a loose bond, mediated by selectins. This activates the leukocyte integrins that bind ICAM-1 and VCAM-1 of the activated ECs. This results in the arrest of leukocytes on the endothelium and subsequently in the passage of them through the endothelial barrier [29]. Therefore, the activation of ECs represents the initiation of a robust inflammatory reaction that results in the recruitment of neutrophils, monocytes, and, to a lesser extent, T lymphocytes to the intima [30]. Circulating neutrophils adhere to the EC surface, interact with platelets, and assist in the migration of monocytes and T lymphocytes. Once monocytes are recruited to the intima, they differentiate into macrophages and internalize the oxidized-LDL (ox-LDL) particles through scavenger receptors (SRs), becoming foam cells. The foam cells secrete local cytokines, such as platelet-derived growth factor (PDGF), interleukin-1 β (IL-1β), interferon-γ (INF-γ), tumor necrosis factor-α (TNF-α), and transforming growth factor-β (TGF-β), that promote the proliferation and migration of VSMCs from the middle layer into the intima. T lymphocytes also localize within the lesions where they can assume different programs of activation, switching from pro-inflammatory (Th 1) to anti-inflammatory (Th 2, Treg) cells, thereby positively or negatively influencing atherosclerotic plaque progression [27,31].



The progression of atherosclerotic lesions coincides with the production by the recruited VSMCs of extracellular matrix (ECM) molecules, including collagen, elastin, fibronectin, proteoglycans, and glycosaminoglycans, that contribute to the formation of a fibrous cap. Many of these ECM molecules have the ability to entrap lipoproteins, thus enhancing lipid accumulation and the thickening of the intimal layer. While atherosclerotic plaque advances, macrophages and VSMCs can undergo apoptosis, forming the lipid-rich necrotic core of the plaque. The impaired removal of dead cells, known as defective efferocytosis, contributes to the growth of this necrotic core [32]. During its evolution, an atherosclerotic plaque may develop regions of calcification deriving from the dysregulation of calcium deposition and impaired clearance [33]. Although calcification is a hallmark of advanced AS, the amount and size of calcium deposits do not reflect plaque stability, which is rather associated with other characteristics, such as calcification type, location, or the surrounding environment [34].



Complications of AS arise when the macrophages and T lymphocytes confined at the edges of the plaque secrete reactive oxygen species (ROS) and matrix metalloproteinases (MMPs) that degrade the ECM and inhibit VSMC proliferation and collagen synthesis. This weakens the fibrous cap, making it susceptible to rupture [35]. The plaque rupture exposes the constituents of the basal lamina, and this attracts circulating platelets. When the macrophages release the powerful pro-coagulating tissue factor (TF) in the site of the rupture, the clotting process begins, leading to the formation of an occlusive thrombus. Thrombosis is eventually the cause of clinical manifestations and ischemic cardiovascular disease, such as MI and stroke [36].



It is important to highlight that not all of the atherosclerotic plaques are unstable and evolve toward rupture. Some plaques possess a stable fibrous cap that provides an effective barrier, preventing plaque rupture and the exposure of the lesion matrix and pro-thrombotic factors, thereby weakening the likelihood of thrombus formation and the manifestation of clinical events [37].



Besides hypercholesterolemia, other important risk factors implicated in AS include hypertension, obesity, diabetes, smoking, an inactive lifestyle, and age [38]. Hypertension increases shear forces at arterial branches or points of curvature, whereas diabetes leads to the formation of advanced glycation end products. Smoking introduces chemical irritants into the arteries that can directly induce endothelial dysfunction and enhance the inflammatory response [31,39].




3. Role of Platelets in AS


Platelets, or thrombocytes, are anucleated cell fragments of approximately 2 µm in diameter deriving from large bone-marrow-derived cells called megakaryocytes [39]. The involvement of platelets in AS was initially described in the context of thrombosis, the event following the rupture of an atherosclerotic plaque. Later, it became clear that platelets also have the ability to influence the early stages of the atherosclerotic process as well as the stability of atherosclerotic plaques by modulating the function of other blood and vascular cell types [7].



During the early stage of AS, platelets participate in binding the dysfunctional endothelium, thus acting as a link between ECs and leukocytes. The first contact between circulating platelets and the vascular endothelium, a phenomenon known as platelet rolling, is mediated by P-selectins, which are surface glycoproteins of both platelets and ECs. In particular, P-selectin on ECs binds to the glycoprotein Ibα (GPIbα) on the membrane of platelets, whereas the platelet P-selectin interacts with the endothelial P-selectin glycoprotein ligand-1 (PSGL-1). Since these bindings are insufficient for stable adhesion, additional contacts between platelets and the endothelium occur [40]. Integrins αIIbβ3, α5β1, α2β1 on platelets, as well as fibronectin, fibrinogen/fibrin, and collagen on ECs allow firm platelet–endothelium adhesion [41]. Such combined interactions result in the activation of platelets that release into the local environment the content of their granules, consisting of a vast array of cytokines, chemokines, growth factors, and coagulation factors. All these molecules contribute to the modulate adhesion, chemotaxis, proliferation, and proteolysis of ECs, activities that in turn accelerate the recruitment of inflammatory cells at lesion sites. Just to report some examples, platelet-derived IL-1β induces the secretion of cytokines IL-6 and IL-8, and the expression of ICAM-1 and monocyte chemoattractant protein-1 (MCP-1) by ECs. Additionally, the binding of platelet CD40 ligand (CD40L) to CD40 on ECs results in the up-regulation of ICAM-1, VCAM-1, E- and P-selectin, IL-6, IL-8, and TF release, as well as the inhibition of nitric oxide (NO) synthesis [41,42]. Through these mechanisms, platelets significantly alter the chemotactic and adhesive properties of ECs that enhance monocyte and neutrophil adhesion to the endothelium.



Activated platelets have also been found to aggregate with circulating leukocytes, generating leukocyte–platelet aggregates (PLAs) [43]. Platelets communicate with monocytes, neutrophils, dendritic cells, and T lymphocytes through adhesive receptors and secreted mediators [44,45,46]. Just like platelet–EC interactions, the recruitment of leukocytes is also a well-controlled multistep process, starting with the binding of the platelet P-selectin to its receptor analogue on leukocytes, PSGL-1. This interaction culminates in the activation of the leukocyte β2 integrins macrophage antigen-1 (Mac-1) and lymphocyte function-associated antigen-1 (LFA-1), which are necessary for stable leukocyte adhesion [42]. As a result, platelets secrete chemokines, such as CCL-5 (or RANTES) and CXCL-4 (or platelet factor 4, PF4), which in turn lead to enhanced monocyte adhesion at injury sites. Monocytes then migrate towards the endothelium and differentiate into macrophages, which internalize lipids and become foam cells, as described earlier.



It is important to highlight that the crosstalk between platelets and ECs or between platelets and leukocytes is often bidirectional. Indeed, factors released by leukocytes, including proteases and NO, can further modulate platelet responses [43].



In addition, some studies have investigated the interactions between platelets and components of the vascular wall. Precisely, PF4 (CXCL-4) secreted by platelets drives the recruitment of VSMCs towards injury sites, promoting their proliferation and switch into an inflammatory phenotype characterized by increased cytokine production [47,48].



Another way through which platelets play an active role in AS is by binding and transporting native and modified lipoproteins [49]. The binding of native LDL to platelets leads to the activation of signal transduction pathways that induce the resynthesis or remodeling of phospholipids in the cell membrane. Native LDL also alters platelet activity by the insertion of phospholipids from circulating lipoproteins to platelets and other cells, thus modifying the composition of membrane phospholipids, whereas the ox-LDL binds to resting platelets through CD36, a glycoprotein receptor constitutively expressed on platelets [50]. This interaction activates platelets, inducing the expression of P-selectin and CD40L, and the activation of integrin αIIbβ3, which is a receptor for fibrinogen, thus promoting the formation of platelet–leukocyte complexes [51]. Another important binding protein for ox-LDL on platelets is lectin-like oxidized low-density lipoprotein receptor-1 (LOX-1) [52]. Binding of ox-LDL to LOX-1 leads to the activation of integrins αIIbβ3 and α2β1, which are receptors for fibrinogen and collagen, respectively. These interactions encourage a fast change in platelet shape and aggregation that contributes to thrombus formation following the plaque rupture. The binding of ox-LDL to activated platelets through LOX-1 also results in ROS production that, in turn, determines the further oxidation of LDL and, consequently, platelet activation [53].



Besides pro-thrombotic effects, platelet ligation to ox-LDL also exerts pro-atherogenic functions, as demonstrated by the enhanced release of chemokines and cytokines from ECs that in turn activates inflammatory cells, and by the increased expression of adhesive proteins. In addition, ox-LDL-laden platelets directly participate in foam cell formation by mediating phagocytosis by macrophages [54,55].



The roles of platelets in relation to the different cell types participating in the development and progression of AS are schematically illustrated in Figure 1.




4. Platelet-Derived Exosomes


Platelet derivatives, such as platelet-rich plasma (PRP) or platelet lysate (PL), have been widely used in the field of regenerative medicine over the past 30 years [56]. Therapeutic applications of platelet concentrates have been described in dermatology, plastic surgery, oral, maxillofacial and orthopedic surgery, pain management, musculoskeletal and neural regeneration, and CVDs, among others [57,58,59,60,61]. The regenerative potential of such platelet derivatives is generally attributed to the supra-physiological concentration of growth factors, cytokines, chemokines, and adhesion proteins [62]. All these molecules are released upon platelet activation and directly contribute to tissue repair and regeneration [63].



Although PRP- and PL-based therapies have shown promising results, some concerns and limitations regarding their clinical use exist. First, there is no standardization for the classification of platelet derivatives, nor for their preparation, as more than 20 different commercial separation systems are currently available [64]. Further, the heterogeneity between biological formulations is related to the high variability among donors and the storage conditions prior to use. Additionally, there is no consensus on the optimal platelet concentration or the timing of injections for the various therapeutic indications [65]. All of these aspects are reflected in the lack of reproducibility among platelet-based therapies and, thus, in clinical outcomes.



In light of the above considerations, platelet-derived EVs (P-EVs) could represent a promising alternative to such platelet concentrates, and even present some desirable advantages that could improve the benefits of their clinical use. P-EVs, comprising both P-MVs and P-EXOs, are actually considered the true effectors of platelet derivatives and platelets themselves [66].



One of the main advantages of P-EXOs relies on their ability to carry a multitude of bioactive molecules and to protect this cargo from degradative enzymes or chemical agents. Consequently, the molecules transported by P-EXOs retain their biological activity longer once exposed to the extracellular environment [67]. In addition, the small size of P-EXOs likely contributes to their stability in circulation and is beneficial for their transfer across biological barriers, such as the blood–brain barrier. A direct implication is that P-EXOs may represent potential carriers for the delivery of drugs or molecules of therapeutic interest, especially to bodily regions where platelets are rarely found [68]. Noteworthily, P-EXOs can be easily administered through a variety of non-invasive routes to increase bioavailability depending on the clinical purpose. Additionally, thanks to their resistant membrane, P-EXOs maintain their integrity after freeze–thaw cycles, making long-term storage without biological degradation possible, and overcoming the current limitations of transporting and using fresh platelet derivatives [67].



When compared with EXOs from other sources, especially stem cells, P-EXOs possess some additional advantages. First, isolation of P-EXOs does not require upstream cell expansion, which is instead indispensable for EXOs from other cells, since these vesicles can be directly extracted from platelet derivatives [69]. In addition, platelets allow for higher amounts of EXOs to be obtained using minimally invasive procedures, as blood is easily accessible, routinely isolated, and it represents the most relevant body fluid for cardiovascular applications [70]. Importantly, given the anucleated nature of platelets, P-EXOs are not tumorigenic. These characteristics, together with the non-cytotoxicity and the non-immunogenicity, alleviate the safety concerns regarding possible risks associated with the clinical use of P-EXOs [71].



While EXOs from nucleated cells have been extensively studied in recent years, only a few works so far have considered the existence and biological activity of EXOs derived from platelets. In the following paragraphs, we describe the currently reported methods for the isolation and characterization of P-EXOs.



4.1. Methods for Isolation of P-EXOs


Théry and colleagues reported the first work on the isolation of EXOs from platelets in 2006 [72]. Actually, the authors described a method for purifying EXOs from serum and plasma, referring to a study published a year earlier by the same research group and based on differential centrifugation (DC) [73]. The DC methodology allows the isolation of vesicles according to their size and density by consecutively increasing the centrifugal force [74]. Plasma is usually preferred over serum for EXO isolation because serum releases additional vesicles during in vitro clot formation, thus resulting in a sample that does not completely represent the original vesicle composition [70]. To obtain plasma, blood needs anticoagulant, the choice of which is strongly dependent on the downstream analysis. For example, ethylenediaminetetraacetic acid (EDTA) is suitable for RNA analysis, unlike heparin that inhibits the activity of polymerase during the PCR reaction, whereas citrate–dextrose solution (ACD) is preferred for in vitro study [75,76]. The International Society on Thrombosis and Hemostasis (ISTH) recommends sodium citrate as an anticoagulant, thanks to its ability to reduce in vitro platelet activation and subsequent P-EV release [77]. Indeed, since platelets are easily activated and secrete vesicles during sample manipulation, the P-EXO isolation protocol should prevent platelet activation. Other general recommendations for limiting platelet activation include the use of a large needle for blood collection, and the elimination of the initial 2–3 mL of the collected blood [78]. Moreover, as a general rule, the time interval between blood collection and the first step of plasma preparation should be minimized in order not to adversely affect the concentration and functionality of the isolated P-EXOs [70]. To date, there is no ideal storage condition for the isolated P-EXOs and their shelf life. Most of the published articles suggest to snap-freeze aliquots in liquid nitrogen, store them at −80 °C, and then thaw at 37 °C before use [70,79].



With these indications in mind, the reported methods used for the isolation of P-EXOs can be grouped into three categories: (i) direct purification from activated PRP [71,76,80,81]; (ii) isolation from the supernatants of activated platelets previously separated from PRP [82,83]; (iii) isolation from the lysates of non-activated platelets [84].



Regardless of the starting sample, P-EXOs are principally isolated from platelet derivatives by DC. It should be stressed that, as it is not currently possible to establish a universal protocol between different laboratories using the DC method, adequate reporting of the parameters used for P-EXO isolation is essential. In particular, at least the type of rotor and its associated k-factor must be declared in the published article [85,86].



Direct purification from activated PRP is currently the most widely used technique to isolate P-EXOs. This method, which assumes that most of the EXOs present in PRP derive from platelets, can be summarized into three key steps: (i) PRP is prepared from whole blood; (ii) PRP is activated to promote platelet vesiculation; (iii) P-EXOs are isolated by DC. PRP is generally obtained by low-speed centrifugation of whole blood in the presence of an anticoagulant followed by higher speed centrifugation to allow the sedimentation of platelets [76,80]. Alternatively, PRP can be obtained by using a fully automatic blood separator, equipped with a leukocyte-reduction system to avoid leukocyte contamination [81]. Platelet concentrates are then activated with specific agonists in order to stimulate the release of P-EXOs. The most popular activators include thrombin, collagen, calcium ionophore, calcium chloride, calcium gluconate, ADP, and thrombin receptor-activating peptide-6. It has been demonstrated that diverse platelet activators differently affect the quality and quantity of the P-EXO subpopulation, with thrombin and calcium gluconate together yielding the highest P-EXO concentration and cytokines with respect to thrombin or calcium gluconate alone [81]. EXOs can be isolated and purified from activated PRP by the method based on DC described by Théry and colleagues, with minor modifications [72]. Otherwise, P-EXOs can be purified using commercial kits such as the exoEasy Maxy Kit (Qiagen, Hilden, Germany) [80], and the ExoQuick™ Exosome Precipitation Solution (System Biosciences, Palo Alto, CA, USA) [87].



The isolation of P-EXOs from supernatants of activated platelets also follows Théry’s procedure, with some modifications [72]. The resuspended activated platelet pellet is subjected to a series of low-speed centrifugation steps, ultrafiltration, and then ultracentrifugation onto a 30% sucrose–D2O cushion to purify the P-EXOs [82,83].



Lastly, P-EXOs can be purified from the lysates of non-activated platelets, the so-called PL. The PL is a cell-free supernatant generated by a simple freeze–thaw procedure of platelet units derived from apheresis [88]. To our knowledge, only one published study reports EXO isolation from human PL by serial low-speed centrifugations followed by ultracentrifugation [84].



In general, the isolation methods based on centrifugation and ultracentrifugation require operator skills, extended execution time, and expensive instrumentation, which not all laboratories can afford. In contrast, commercial kits have been designed to overcome these concerns. However, it should be taken into account that the pool of isolated P-EXOs is closely linked to the isolation method followed. As there are no universally accepted guidelines for the isolation of P-EXOs to date, operators select the most appropriate method based on the experimental conditions, objectives, and laboratory tools.




4.2. Characterization of P-EXOs


The characterization of P-EXOs involves the evaluation of multiple parameters, both qualitative (i.e., morphology, size, immunophenotype, nucleic acid and protein contents) and quantitative (i.e., concentration) [89]. Currently, there is no single technique capable of analyzing all of these properties; rather, a complete characterization of the EXO population requires the combination of different techniques. The standard regulations of the International Society for Extracellular Vesicles (ISEV) recommend that at least two different technologies must be used to identify EXOs in order to minimize the likelihood of characterizing co-isolated non-vesicular components [10].



Transmission electron microscopy (TEM) is the gold standard technique for imaging EXOs, and gives information on their morphology, size, and phenotype [90]. TEM allows the monitoring of the quality and purity of samples containing EXOs by discriminating them from similar-sized non-EXO particles, thereby revealing the presence of EXO aggregates [70]. However, due to dehydration and fixation during sample processing, the vast majority of the negatively stained EXOs typically exhibit a cup-shaped morphology. To avoid such artifacts, cryo-electron microscopy (cryo-EM) can be used as an alternative to conventional TEM. Cryo-EM enables the analysis of EXOs in fresh-frozen samples without the need for staining or chemical fixation [91]. Under cryo-EM, EXOs generally show a spherical appearance. When coupled to labeling with colloidal gold particles that are linked to antibodies directed to specific EXO surface antigens, cryo-EM allows the immunophenotypization of EXOs [92].



The morphology of EXOs derived from platelets were observed by TEM in most of the published studies, all confirming the typical cup-shaped appearance of the isolated particles [76,80,81,82,83,84,93]. TEM has also been used to evaluate the size of these particles, which falls in the 30–100 nm range. Interestingly, both the shape and size of EXOs appear to be influenced by the agonist used to activate PRP. For example, EXOs isolated from PRP exposed to calcium gluconate have rougher surfaces and are significantly larger than when using other activators, such as thrombin [81].



The presence and the amount of one or more proteins on the surface of EXOs, or inside them, can be evaluated through several methodologies. The most popular is flow cytometry (FC), which allows the analysis of thousands of vesicles in one sample and simultaneously determines multiple markers, thus quantifying and classifying the vesicle population according to the level of antigen expression [94]. However, the main limitations of FC are the low sensitivity and low resolution for particles smaller than 500 nm in diameter, which means that a significant amount of EXOs is not detected. On the other hand, high concentrations of EXOs may result in the identification of multiple vesicles as a single event, the so-called swarm artifact [95]. Another issue related to EXO analysis by FC concerns the determination of their size [96]. Several modifications of conventional FC have been introduced over the years. One of these is based on the use of micrometer-sized magnetic or latex beads coated with antibodies against membrane antigens that are able to bind to multiple vesicles. Caby and colleagues, for example, used this approach to reveal the expression of the tetraspanins CD9, CD63, and CD81 on EXOs isolated from human plasma. Through the same technique, the presence of the platelet-specific marker CD41 (GPIIb) on P-EXOs was also detected [73]. Although FC of bead-bound EXOs allows for the analysis of EXOs using antibodies that precisely detect these vesicles from heterogeneous samples, this method cannot distinguish between different subpopulations of EXOs, thus resulting in the loss of distinctive signatures [89].



Therefore, other high-resolution FC-based methods are now being developed, which aim to improve the single-vesicle-profiling capabilities. A relatively new technology is imaging FC, which combines the properties of standard FC with high-resolution imaging at the single-cell level. Through this approach, EXOs can be clearly distinguished from beads, cell debris, and parental cells. Additionally, the technique has a high sensitivity for the fluorescence detection of smaller particles, thus enabling the analysis of vesicles with a diameter less than 300 nm [96]. Nanoscale fluorescence analysis and cytometric sorting (NanoFACS) recently emerged as another high-resolution FC-based methodology [97]. This approach combines measurements from high-sensitivity multi-parametric scattered light and fluorescence to analyze and sort EXOs individually. Compared to standard FC, nanoFACS can separate and distinguish the nano-sized particles from instrument noise and background. The technique is also able to discriminate actual EXOs from other nanoparticles, contaminants, or artifacts, providing information on their size, concentration, and distribution in the analyzed sample.



To our knowledge, the above-described FC-based methodologies have not yet been applied to the study of EXOs derived from platelets. More often, classical Western blotting (WB) is adopted to demonstrate the presence of target proteins that are reportedly associated with EXOs. Although WB is time-consuming, it can prove the presence of tetraspanins (CD9, CD63, and CD81), heat shock protein 101 (HSP101), and tumor susceptibility gene 101 (TSG101) [80,83,84,93]. In addition, P-EXOs have been found to be positive for the platelet-specific marker CD41, and negative for the endoplasmic reticulum membrane protein calnexin [81,82,98].



The quantification of EXOs still represents a major challenge. Studies first estimated EXO amounts by measuring the total protein content [99]. However, contamination with high-molecular-weight proteins that co-purify with the isolated EXOs leads to the overestimation of their number; additionally, protein content per vesicle may differ between EXO subtypes. To address this challenge, several other methodologies have been developed for determining EXO concentration. Measurements of particle concentration are now often executed by light-scattering technologies, such as dynamic light scattering (DLS), nanoparticle-tracking analysis (NTA), high-resolution FC, resistive pulse sensing (RPS) or, more recently, tunable resistive pulse sensing (TRPS), or by other techniques with similar features such as atomic force microscopy (AFM) [10].



The DLS technique has been used to assess the size and distribution of P-EXOs in some studies [82,83,93]. DLS measures the scattered light from EXOs when they are passed through a monochromatic laser beam. The DLS analysis is relatively easy, fast, and requires low sample volumes, but reliable data can only be obtained for monodispersed vesicle samples. In the case of polydispersed suspensions, larger particles scatter more light, thus obscuring the signal from the smaller particles. To overcome this problem, the depletion of any large contaminants before analyzing small nanoparticles is highly suggested.



NTA allows such measurements by combining the properties of laser light-scattering microscopy and Brownian motion [100]. NanoSight instruments (Malvern, UK) are currently the most widely used instruments for NTA studies in the EV field, which enable the characterization of particles ranging from 1 to 2000 nm [101]. Unlike DLS, NTA also allows accurate results to be obtained in the case of polydispersed samples. On the other hand, NTA instruments and measurements are less user-friendly and require several optimization steps by a skilled operator [102].



The characterization of protein cargo in P-EXOs has mostly been executed through WB or, in a lower number of studies, by means of sandwich ELISA immunoassays. In both cases, the growth factors more represented in P-EXOs are PDGF-BB, TGF-β, basic fibroblast growth factor (bFGF), and vascular endothelial growth factor (VEGF) [81,82,83,84]. EXOs contain different forms of RNA, mostly represented by miRNAs. MiRNA profiling has revealed that the most highly expressed miRNAs in P-EXOs are miR-21, miR-22, miR-25-3p, miR126-3p, miR-185, miR-223, miR-320b, miR-328, and miR-339 [25,103]. The use of multiple prediction algorithms, such as TargetScan and miRDB, predicted 1453 target genes of the identified miRNA signature. Further bioinformatic analysis highlighted that P-EXOs are enriched for miRNAs that regulate key signaling networks, including the WNT, TGF-β, Hippo, nuclear factor kappa B (NF-kB), and mitogen-activated protein kinase (MAPK) pathways [87,104].



Figure 2 schematically illustrates the main characteristics of P-EXOs detected through the described methodologies.





5. Role of P-EXOs in AS and Atherothrombosis


The role of platelets in the pathophysiology of atherosclerosis has already been elucidated [105,106]; on the contrary, the role played by P-EXOs has not yet been fully clarified. The few studies conducted so far are shown in Table 1.



P-EXOs were originally thought to promote the immune reaction due to the presence of P-selectin on their membrane surface, which is responsible for EC activation and the consequent recruitment of monocytes [16]. However, while EVs derived from platelets have been demonstrated to activate ECs and monocytes [21,107], a direct atherosclerotic role of P-EXOs has not yet been demonstrated. Several factors complicate the full understanding of the regulatory mechanisms employed by P-EXOs. The isolation and characterization of P-EXOs represent the most critical steps in the P-EXO research field, particularly for downstream analyses and comparability between studies. Indeed, platelets can be activated with different agonists, and P-EXOs can be obtained using several protocols. All these factors cause differences in EXO cargo and thus generate experimental errors. In addition, the isolation protocol and characterization technique of P-EXOs often produce an overlap of both subtypes of EVs released by platelets, P-EXOs and P-MPs, leading to the impossibility of distinguishing between them.



Recently, Srikanthan and colleagues demonstrated that P-EXOs affect two essential mechanisms of AS and atherothrombosis by acting on macrophages and platelets [108]. In both cell types, P-EXOs reduce CD36 expression through enhanced ubiquitination and proteasome degradation. In macrophages, the decreased CD36 expression is correlated with a reduced uptake of the harmful cholesterol ox-LDL and, consequently, with the inhibition of foam cell formation. In platelets, CD36 mediates their adhesion to the exposed collagen in damaged vessels. P-EXOs are able to reduce platelet aggregation and adhesion to collagen and mitigate platelet reactivity in an FeCl3-induced carotid artery thrombosis model in mice.



In addition to directly inhibiting platelet activation and adhesion, P-EXOs could transfer into VSMCs where they reduce the expression of platelet-derived growth factor receptor-beta (PDGFRb) [109]. The result of decreased PDGFRb expression is the inhibition of VSMC proliferation and the promotion of their apoptosis. An miRNA analysis revealed that thrombin-activated P-EXOs carry high levels of miR-223, miR-339, and miR-21, which are associated with platelet activation, and that PDGFRb is a target gene of the three miRNAs [110,111].
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Table 1. Role of P-EXOs in AS and atherothrombosis.
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	Platelet Source
	P-EXOs Isolation Method
	Study Model
	Effect
	Ref.





	Platelets activated with

0.01 U thrombin O/N in

PBS a or 10 µM calcium ionophore for 1 h in PBS
	DC b

(17,000× g for 90 min, then 110,000× g for 2 h)
	
	
in vitro cell culture



	
in vitro thrombogenesis



	
carotid artery thrombosis in mice





	
	
reduced CD36 expression by macrophages, that in turn inhibits the entry of ox-LDL c and cholesterol into these cells, limiting their transformation into foam cells



	
reduced platelet aggregation and adhesion to collagen, that in turn suppresses platelet thrombosis





	[108]



	Platelets activated with

1 U/mL thrombin for 1 h at 37 °C
	DC

(5000× g for 20 min at RT d, 20,000× g for 40 min at 4 °C, then 120,000× g for 70 min at 4 °C)
	
	
in vitro cell culture



	
carotid artery tandem stenosis in ApoE−/− mice





	
	
reduced expression of PDGFRb e in VSMCs f, leading to inhibition of their proliferation



	
PDGFRb is a target gene of miR-223, miR-339 and miR-21, which are enriched in thrombin-stimulated P-EXOs





	[109]



	Platelets activated with

1 U/mL thrombin for 30 min at 37 °C
	DC

(200× g for 12 min at RT,

900× g for 10 min, 20,000× g for 30 min, then 120,000× g for 70 min)
	
	
in vitro cell culture



	
carotid artery tandem stenosis in ApoE−/− mice





	
	
reduced expression of ICAM-1 g in ECs h via regulation of the NF-kB i and MAPK l pathways mediated by miR-223





	[104]



	Platelets activated with

0.1 U/mL thrombin for 30 min at 37 °C
	commercial kit

(ExoQuick™ Exosome Precipitation Solution, System Biosciences) O/N at 4 °C, then 1500× g for 30 min
	
	
in vitro cell culture



	
ApoE−/− mouse model of AS m





	
	
reduced expression of ADAM10 n in ECs via regulation of the NF-kB pathway mediated by miR-25-3p





	[87]



	Plasma of patients with CeVD o and matched control subjects
	commercial kit

(ExoQuick™ Exosome Precipitation Solution, System Biosciences) O/N at 4 °C, then 1500× g for

30 min at 4 °C
	
	
ELISA immunoassays





	
	
P-EXOs of patients with CeVD contain elevated levels of platelet proteins relevant to AS, such as PDGF-AA p, GPVI r, ILK-1 s, HMGB1 t, CXCL-4, and TSP-1 v, when compared to control subjects





	[112]



	Platelets activated with

30 nM human

plasma-derived thrombin or 0.3 µM human collagen for 30 min at 37 °C
	commercial kit

(ExoQuick™ Exosome Precipitation Solution, System Biosciences) O/N at 4 °C, then 1500× g for

30 min at 4 °C
	
	
ELISA immunoassays





	
	
aspirin inhibits thrombin- and collagen-induced increases in P-EXO cargo levels of CXCL-4, CXCL-7, and HMGB1, without altering the total levels of plasma P-EXOs





	[113]







a phosphate-buffered saline; b differential centrifugation; c oxidized lipoprotein; d room temperature; e platelet-derived growth factor receptor-beta; f vascular smooth muscle cells; g intercellular adhesion molecule-1; h endothelial cells; i nuclear factor kappa B; l mitogen-activated protein kinase; m atherosclerosis; n A disintegrin and metalloproteinase domain 10; o cerebrovascular disease; p platelet-derived growth factor; r glycoprotein VI; s integrin-linked kinase-1; t high mobility group box-1; v thrombospondin-1.











As highlighted throughout the text, endothelial dysfunction represents an essential contributor to the pathogenesis of AS. The research group of Li and co-workers investigated the role of P-EXOs in ECs during inflammation-induced thrombosis [104]. The authors found that thrombin-activated P-EXOs release high amounts of miR-223, which in turn inhibits ICAM-1 expression in ECs, and they demonstrated that miR-223 might prevent EC inflammation by regulating the NF-kB and MAPK pathways. To further explore the involvement of P-EXOs in endothelial injury, Yao and colleagues found that thrombin-activated P-EXOs transport high levels of miR-25-3p, which is responsible for reducing EC inflammation induced by ox-LDL as well as lipid deposition, thus inhibiting AS progression. In particular, the authors demonstrated that miR-25-3p targets the A disintegrin and metalloproteinase domain 10 (ADAM10) gene, inhibiting its expression, via the NF-kB pathway, and down-regulates the pro-inflammatory mediators IL-1β, IL-6, TNF-α, as well as triglycerides and total cholesterol [87].



Apart from miRNAs, the potential value of P-EXO cargo proteins as biomarkers of AS has also been investigated. In their study, Goetzl and co-workers measured elevated plasma levels of platelet biomarkers relevant to AS in the P-EXOs of patients with cerebrovascular disease (CeVD) compared to those of matched control subjects [112]. Specifically, PDGF-AA, glycoprotein VI (GPVI), integrin-linked kinase-1 (ILK-1), high mobility group box-1 (HMGB1), chemokine CXCL-4, and thrombospondin-1 (TSP-1) were found to be significantly higher in the P-EXOs of these patients than in healthy subjects. The same research group contextually explored the effects of aspirin, an antiplatelet drug commonly used for preventing CVDs, on P-EXO secretion and cargo levels [113]. Aspirin consumption significantly reduced thrombin- and collagen-induced increases in the P-EXO cargo levels of the chemokines CXCL-4 and CXCL-7 and HMGB1, but did not alter the GPVI level or the total amount of released P-EXOs. HMGB1 is a critical mediator of thrombosis: after being released from first-responding platelets, the protein achieves concentrations that activate and aggregate other platelets, thus initiating a cascade of platelet thrombogenesis [114]. The reduction of the HMGB1 level observed in P-EXOs indicates that aspirin therapy, despite an increased risk of bleeding, might limit platelet contributions to AS and atherothrombosis.




6. Conclusions


The pathogenesis of AS progresses through the communication of different cell types. Platelets are considered major players from the onset and progression of AS to thrombus formation after plaque rupture. Platelets exert these important functions by interacting with ECs, leukocytes, VSMCs, as well as with native and modified LDL. Most of these interactions are thought to be mediated by the EVs released from platelets. While the role of P-MPs in AS has been extensively investigated over the past few years, very little attention has been paid to P-EXOs in the same process.



The results of the studies published so far provide evidence that P-EXOs have a role in AS. In particular, thrombin-activated P-EXOs seem to inhibit macrophage foam cell formation, reduce platelet activation, adhesion to collagen, and aggregation, block VSMC proliferation, and protect ECs through multiple anti-inflammatory miRNAs. In addition to miRNAs, elevated plasma levels of proteins implicated in AS have been measured in the P-EXOs of patients with CeVD.



Overall, these data provide new insights into the biochemical nature of P-EXOs, unveil their contribution to AS pathogenesis, and provide a basis for the future use of these vesicles and their transported cargo as biomarkers for the diagnosis and prognosis of AS. However, these findings derive from the analysis of too few studies; consequently, they are not absolute and need to be confirmed by further investigations. The standardization of methodologies and technologies to study P-EXOs will undoubtedly be a mandatory prerequisite for an accurate comprehension of P-EXO functions, for validating their associated biomarkers and, hopefully, for considering possible therapeutic strategies.







Author Contributions


Conceptualization, C.G. and E.T.; writing—original draft preparation, C.G.; figure preparation, C.G.; writing—review and editing, L.F., S.L. and B.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Jebari-Benslaiman, S.; Galicia-García, U.; Larrea-Sebal, A.; Olaetxea, J.R.; Alloza, I.; Vandenbroeck, K.; Benito-Vicente, A.; Martín, C. Pathophysiology of Atherosclerosis. Int. J. Mol. Sci. 2022, 23, 3346. [Google Scholar] [CrossRef] [PubMed]

	



World Health Organization. Cardiovascular Diseases (CVDs) Fact Sheet. 2021. Available online: https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds) (accessed on 15 October 2022).

	



Zhang, F.; Zhang, R.; Zhang, X.; Wu, Y.; Li, X.; Zhang, S.; Hou, W.; Ding, Y.; Tian, J.; Sun, L.; et al. Comprehensive analysis of circRNA expression pattern and circRNA-miRNA-mRNA network in the pathogenesis of atherosclerosis in rabbits. Aging 2018, 10, 2266–2283. [Google Scholar] [CrossRef] [PubMed]

	



Geovanini, G.R.; Libby, P. Atherosclerosis and inflammation: Overview and updates. Clin. Sci. 2018, 132, 1243–1252. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.T.; Yuan, H.X.; Ou, Z.J.; Ou, J.S. Microparticles (Exosomes) and Atherosclerosis. Curr. Atheroscler. Rep. 2020, 22, 23. [Google Scholar] [CrossRef] [PubMed]

	



Huilcaman, R.; Venturini, W.; Fuenzalida, L.; Cayo, A.; Segovia, R.; Valenzuela, C.; Brown, N.; Moore-Carrasco, R. Platelets, a Key Cell in Inflammation and Atherosclerosis Progression. Cells 2022, 11, 1014. [Google Scholar] [CrossRef]

	



Lievens, D.; von Hundelshausen, P. Platelets in atherosclerosis. Thromb. Haemost. 2011, 106, 827–838. [Google Scholar] [CrossRef]

	



Wang, L.; Tang, C. Targeting Platelet in Atherosclerosis Plaque Formation: Current Knowledge and Future Perspectives. Int. J. Mol. Sci. 2020, 21, 9760. [Google Scholar] [CrossRef]

	



Raposo, G.; Stoorvogel, W. Extracellular vesicles: Exosomes, microvesicles, and friends. J. Cell Biol. 2013, 200, 373–383. [Google Scholar] [CrossRef]

	



Théry, C.; Witwer, K.W.; Aikawa, E.; Alcaraz, M.J.; Anderson, J.D.; Andriantsitohaina, R.; Antoniou, A.; Arab, T.; Archer, F.; Atkin-Smith, G.K.; et al. Minimal information for studies of extracellular vesicles 2018 (MISEV2018): A position statement of the International Society for Extracellular Vesicles and update of the MISEV2014 guidelines. J. Extracell. Vesicles 2018, 7, 1535750. [Google Scholar] [CrossRef]

	



Li, M.; Liao, L.; Tian, W. Extracellular Vesicles Derived From Apoptotic Cells: An Essential Link Between Death and Regeneration. Front. Cell Dev. Biol. 2020, 8, 573511. [Google Scholar] [CrossRef]

	



Turturici, G.; Tinnirello, R.; Sconzo, G.; Geraci, F. Extracellular membrane vesicles as a mechanism of cell-to-cell communication: Advantages and disadvantages. Am. J. Physiol. Cell Physiol. 2014, 306, C621–C633. [Google Scholar] [CrossRef] [PubMed]

	



Gardin, C.; Ferroni, L.; Chachques, J.C.; Zavan, B. Could Mesenchymal Stem Cell-Derived Exosomes Be a Therapeutic Option for Critically Ill COVID-19 Patients? J. Clin. Med. 2020, 9, 2762. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Liu, Y.; Liu, H.; Tang, W.H. Exosomes: Biogenesis, biologic function and clinical potential. Cell Biosci. 2019, 9, 19. [Google Scholar] [CrossRef] [PubMed]

	



Wolf, P. The nature and significance of platelet products in human plasma. Br. J. Haematol. 1967, 13, 269–288. [Google Scholar] [CrossRef]

	



Heijnen, H.F.; Schiel, A.E.; Fijnheer, R.; Geuze, H.J.; Sixma, J.J. Activated platelets release two types of membrane vesicles: Microvesicles by surface shedding and exosomes derived from exocytosis of multivesicular bodies and alpha-granules. Blood 1999, 94, 3791–3799. [Google Scholar] [CrossRef]

	



Shantsila, E.; Kamphuisen, P.W.; Lip, G.Y. Circulating microparticles in cardiovascular disease: Implications for atherogenesis and atherothrombosis. J. Thromb. Haemost. 2010, 8, 2358–2368. [Google Scholar] [CrossRef]

	



Moghaddam, A.S.; Afshari, J.T.; Esmaeili, S.A.; Saburi, E.; Joneidi, Z.; Momtazi-Borojeni, A.A. Cardioprotective microRNAs: Lessons from stem cell-derived exosomal microRNAs to treat cardiovascular disease. Atherosclerosis 2019, 285, 1–9. [Google Scholar] [CrossRef]

	



Leroyer, A.S.; Isobe, H.; Lesèche, G.; Castier, Y.; Wassef, M.; Mallat, Z.; Binder, B.R.; Tedgui, A.; Boulanger, C.M. Cellular origins and thrombogenic activity of microparticles isolated from human atherosclerotic plaques. J. Am. Coll. Cardiol. 2007, 49, 772–777. [Google Scholar] [CrossRef]

	



Weber, C.; Noels, H. Atherosclerosis: Current pathogenesis and therapeutic options. Nat. Med. 2011, 17, 1410–1422. [Google Scholar] [CrossRef]

	



Mause, S.F.; von Hundelshausen, P.; Zernecke, A.; Koenen, R.R.; Weber, C. Platelet microparticles: A transcellular delivery system for RANTES promoting monocyte recruitment on endothelium. Arterioscler. Thromb. Vasc. Biol. 2005, 25, 1512–1518. [Google Scholar] [CrossRef]

	



Suades, R.; Padró, T.; Vilahur, G.; Badimon, L. Circulating and platelet-derived microparticles in human blood enhance thrombosis on atherosclerotic plaques. Thromb. Haemost. 2012, 108, 1208–1219. [Google Scholar] [CrossRef] [PubMed]

	



Lukasik, M.; Rozalski, M.; Luzak, B.; Michalak, M.; Ambrosius, W.; Watala, C.; Kozubski, W. Enhanced platelet-derived microparticle formation is associated with carotid atherosclerosis in convalescent stroke patients. Platelets 2013, 24, 63–70. [Google Scholar] [CrossRef] [PubMed]

	



Vajen, T.; Benedikter, B.J.; Heinzmann, A.C.A.; Vasina, E.M.; Henskens, Y.; Parsons, M.; Maguire, P.B.; Stassen, F.R.; Heemskerk, J.W.M.; Schurgers, L.J.; et al. Platelet extracellular vesicles induce a pro-inflammatory smooth muscle cell phenotype. J. Extracell. Vesicles 2017, 6, 1322454. [Google Scholar] [CrossRef] [PubMed]

	



Zarà, M.; Guidetti, G.F.; Camera, M.; Canobbio, I.; Amadio, P.; Torti, M.; Tremoli, E.; Barbieri, S.S. Biology and Role of Extracellular Vesicles (EVs) in the Pathogenesis of Thrombosis. Int. J. Mol. Sci. 2019, 20, 2840. [Google Scholar] [CrossRef]

	



Ma, Q.; Fan, Q.; Han, X.; Dong, Z.; Xu, J.; Bai, J.; Tao, W.; Sun, D.; Wang, C. Platelet-derived extracellular vesicles to target plaque inflammation for effective anti-atherosclerotic therapy. J. Control. Release 2021, 329, 445–453. [Google Scholar] [CrossRef]

	



Libby, P.; Buring, J.E.; Badimon, L.; Hansson, G.K.; Deanfield, J.; Bittencourt, M.S.; Tokgözoğlu, L.; Lewis, E.F. Atherosclerosis. Nat. Rev. Dis. Primers 2019, 5, 56. [Google Scholar] [CrossRef]

	



Konkoth, A.; Saraswat, R.; Dubrou, C.; Sabatier, F.; Leroyer, A.S.; Lacroix, R.; Duchez, A.C.; Dignat-George, F. Multifaceted role of extracellular vesicles in atherosclerosis. Atherosclerosis 2021, 319, 121–131. [Google Scholar] [CrossRef]

	



Cerletti, C.; de Gaetano, G.; Lorenzet, R. Platelet–leukocyte interactions: Multiple links between inflammation, blood coagulation and vascular risk. Mediterr. J. Hematol. Infect. Dis. 2010, 2, e2010023. [Google Scholar] [CrossRef]

	



Yang, K.; Xiao, Q.; Niu, M.; Pan, X.; Zhu, X. Exosomes in atherosclerosis: Convergence on macrophages. Int. J. Biol. Sci. 2022, 18, 3266–3281. [Google Scholar] [CrossRef]

	



Rocha, V.Z.; Libby, P. Obesity, inflammation, and atherosclerosis. Nat. Rev. Cardiol. 2009, 6, 399–409. [Google Scholar] [CrossRef]

	



Yurdagul, A.; Doran, A.C.; Cai, B.; Fredman, G.; Tabas, I.A. Mechanisms and Consequences of Defective Efferocytosis in Atherosclerosis. Front. Cardiovasc. Med. 2017, 4, 86. [Google Scholar] [CrossRef] [PubMed]

	



Ruiz, J.L.; Hutcheson, J.D.; Aikawa, E. Cardiovascular calcification: Current controversies and novel concepts. Cardiovasc. Pathol. 2015, 24, 207–212. [Google Scholar] [CrossRef] [PubMed]

	



Shi, X.; Gao, J.; Lv, Q.; Cai, H.; Wang, F.; Ye, R.; Liu, X. Calcification in Atherosclerotic Plaque Vulnerability: Friend or Foe? Front. Physiol. 2020, 11, 56. [Google Scholar] [CrossRef] [PubMed]

	



Rognoni, A.; Cavallino, C.; Veia, A.; Bacchini, S.; Rosso, R.; Facchini, M.; Secco, G.G.; Lupi, A.; Nardi, F.; Rametta, F.; et al. Pathophysiology of Atherosclerotic Plaque Development. Cardiovasc. Hematol. Agents Med. Chem. 2015, 13, 10–13. [Google Scholar] [CrossRef] [PubMed]

	



Badimon, L.; Vilahur, G. Thrombosis formation on atherosclerotic lesions and plaque rupture. J. Intern. Med. 2014, 276, 618–632. [Google Scholar] [CrossRef]

	



Georgescu, A.; Simionescu, M. Extracellular Vesicles: Versatile Nanomediators, Potential Biomarkers and Therapeutic Agents in Atherosclerosis and COVID-19-Related Thrombosis. Int. J. Mol. Sci. 2021, 22, 5967. [Google Scholar] [CrossRef]

	



Rafieian-Kopaei, M.; Setorki, M.; Doudi, M.; Baradaran, A.; Nasri, H. Atherosclerosis: Process, indicators, risk factors and new hopes. Int. J. Prev. Med. 2014, 5, 927–946. [Google Scholar]

	



Vorchheimer, D.A.; Becker, R. Platelets in atherothrombosis. Mayo Clin. Proc. 2006, 81, 59–68. [Google Scholar] [CrossRef]

	



Dole, V.S.; Bergmeier, W.; Patten, I.S.; Hirahashi, J.; Mayadas, T.N.; Wagner, D.D. PSGL-1 regulates platelet P-selectin-mediated endothelial activation and shedding of P-selectin from activated platelets. Thromb. Haemost. 2007, 98, 806–812. [Google Scholar] [CrossRef]

	



Gawaz, M.; Langer, H.; May, A.E. Platelets in inflammation and atherogenesis. J. Clin. Invest. 2005, 115, 3378–3384. [Google Scholar] [CrossRef]

	



Kaplan, Z.S.; Jackson, S.P. The role of platelets in atherothrombosis. Hematol. Am. Soc. Hematol. Educ. Program 2011, 2011, 51–61. [Google Scholar] [CrossRef] [PubMed]

	



Totani, L.; Evangelista, V. Platelet-leukocyte interactions in cardiovascular disease and beyond. Arterioscler. Thromb. Vasc. Biol. 2010, 30, 2357–2361. [Google Scholar] [CrossRef] [PubMed]

	



Kornerup, K.N.; Salmon, G.P.; Pitchford, S.C.; Liu, W.L.; Page, C.P. Circulating platelet-neutrophil complexes are important for subsequent neutrophil activation and migration. J. Appl. Physiol. 2010, 109, 758–767. [Google Scholar] [CrossRef] [PubMed]

	



Gawaz, M.; Stellos, K.; Langer, H.F. Platelets modulate atherogenesis and progression of atherosclerotic plaques via interaction with progenitor and dendritic cells. J. Thromb. Haemost. 2008, 6, 235–242. [Google Scholar] [CrossRef] [PubMed]

	



Gerdes, N.; Zhu, L.; Ersoy, M.; Hermansson, A.; Hjemdahl, P.; Hu, H.; Hansson, G.K.; Li, N. Platelets regulate CD4+ T-cell differentiation via multiple chemokines in humans. Thromb. Haemost. 2011, 106, 353–362. [Google Scholar] [CrossRef] [PubMed]

	



Shi, G.; Field, D.J.; Long, X.; Mickelsen, D.; Ko, K.A.; Ture, S.; Korshunov, V.A.; Miano, J.M.; Morrell, C.N. Platelet factor 4 mediates vascular smooth muscle cell injury responses. Blood 2013, 121, 4417–4427. [Google Scholar] [CrossRef]

	



Kaczor, D.M.; Kramann, R.; Hackeng, T.M.; Schurgers, L.J.; Koenen, R.R. Differential Effects of Platelet Factor 4 (CXCL4) and Its Non-Allelic Variant (CXCL4L1) on Cultured Human Vascular Smooth Muscle Cells. Int. J. Mol. Sci. 2022, 23, 580. [Google Scholar] [CrossRef]

	



Siegel-Axel, D.; Daub, K.; Seizer, P.; Lindemann, S.; Gawaz, M. Platelet lipoprotein interplay: Trigger of foam cell formation and driver of atherosclerosis. Cardiovasc. Res. 2008, 78, 8–17. [Google Scholar] [CrossRef]

	



Park, Y.M. CD36, a scavenger receptor implicated in atherosclerosis. Exp. Mol. Med. 2014, 46, e99. [Google Scholar] [CrossRef]

	



Gąsecka, A.; Rogula, S.; Szarpak, Ł.; Filipiak, K.J. LDL-Cholesterol and Platelets: Insights into Their Interactions in Atherosclerosis. Life 2021, 11, 39. [Google Scholar] [CrossRef]

	



Chen, M.; Kakutani, M.; Naruko, T.; Ueda, M.; Narumiya, S.; Masaki, T.; Sawamura, T. Activation-dependent surface expression of LOX-1 in human platelets. Biochem. Biophys. Res. Commun. 2001, 282, 153–158. [Google Scholar] [CrossRef] [PubMed]

	



Kattoor, A.J.; Kanuri, S.H.; Mehta, J.L. Role of Ox-LDL and LOX-1 in Atherogenesis. Curr. Med. Chem. 2019, 26, 1693–1700. [Google Scholar] [CrossRef]

	



Daub, K.; Seizer, P.; Stellos, K.; Krämer, B.F.; Bigalke, B.; Schaller, M.; Fateh-Moghadam, S.; Gawaz, M.; Lindemann, S. Oxidized LDL-activated platelets induce vascular inflammation. Semin. Thromb. Hemost. 2010, 36, 146–156. [Google Scholar] [CrossRef] [PubMed]

	



Badrnya, S.; Schrottmaier, W.C.; Kral, J.B.; Yaiw, K.C.; Volf, I.; Schabbauer, G.; Söderberg-Nauclér, C.; Assinger, A. Platelets mediate oxidized low-density lipoprotein-induced monocyte extravasation and foam cell formation. Arterioscler. Thromb. Vasc. Biol. 2014, 34, 571–580. [Google Scholar] [CrossRef] [PubMed]

	



Everts, P.; Onishi, K.; Jayaram, P.; Lana, J.F.; Mautner, K. Platelet-Rich Plasma: New Performance Understandings and Therapeutic Considerations in 2020. Int. J. Mol. Sci. 2020, 21, 7794. [Google Scholar] [CrossRef]

	



Emer, J. Platelet-Rich Plasma (PRP): Current Applications in Dermatology. Ski. Ther. Lett. 2019, 24, 1–6. [Google Scholar]

	



Gentile, P.; Calabrese, C.; De Angelis, B.; Dionisi, L.; Pizzicannella, J.; Kothari, A.; De Fazio, D.; Garcovich, S. Impact of the Different Preparation Methods to Obtain Autologous Non-Activated Platelet-Rich Plasma (A-PRP) and Activated Platelet-Rich Plasma (AA-PRP) in Plastic Surgery: Wound Healing and Hair Regrowth Evaluation. Int. J. Mol. Sci. 2020, 21, 431. [Google Scholar] [CrossRef]

	



Sampson, S.; Gerhardt, M.; Mandelbaum, B. Platelet rich plasma injection grafts for musculoskeletal injuries: A review. Curr. Rev. Musculoskelet. Med. 2008, 1, 165–174. [Google Scholar] [CrossRef]

	



Anitua, E.; Fernández-de-Retana, S.; Alkhraisat, M.H. Platelet rich plasma in oral and maxillofacial surgery from the perspective of composition. Platelets 2021, 32, 174–182. [Google Scholar] [CrossRef]

	



Patel, A.N.; Selzman, C.H.; Kumpati, G.S.; McKellar, S.H.; Bull, D.A. Evaluation of autologous platelet rich plasma for cardiac surgery: Outcome analysis of 2000 patients. J. Cardiothorac. Surg. 2016, 11, 62. [Google Scholar] [CrossRef]

	



Marx, R.E. Platelet-rich plasma (PRP): What is PRP and what is not PRP? Implant. Dent. 2001, 10, 225–228. [Google Scholar] [CrossRef] [PubMed]

	



Dhillon, R.S.; Schwarz, E.M.; Maloney, M.D. Platelet-rich plasma therapy–future or trend? Arthritis Res. Ther. 2012, 14, 219. [Google Scholar] [CrossRef] [PubMed]

	



Oudelaar, B.W.; Peerbooms, J.C.; Huis In ‘t Veld, R.; Vochteloo, A.J.H. Concentrations of Blood Components in Commercial Platelet-Rich Plasma Separation Systems: A Review of the Literature. Am. J. Sports Med. 2019, 47, 479–487. [Google Scholar] [CrossRef] [PubMed]

	



Fadadu, P.P.; Mazzola, A.J.; Hunter, C.W.; Davis, T.T. Review of concentration yields in commercially available platelet-rich plasma (PRP) systems: A call for PRP standardization. Reg. Anesth. Pain Med. 2019, 44, 652–659. [Google Scholar] [CrossRef] [PubMed]

	



Puhm, F.; Boilard, E.; Machlus, K.R. Platelet Extracellular Vesicles: Beyond the Blood. Arterioscler. Thromb. Vasc. Biol. 2021, 41, 87–96. [Google Scholar] [CrossRef]

	



Wu, J.; Piao, Y.; Liu, Q.; Yang, X. Platelet-rich plasma-derived extracellular vesicles: A superior alternative in regenerative medicine? Cell Prolif. 2021, 54, e13123. [Google Scholar] [CrossRef]

	



Johnson, J.; Wu, Y.W.; Blyth, C.; Lichtfuss, G.; Goubran, H.; Burnouf, T. Prospective Therapeutic Applications of Platelet Extracellular Vesicles. Trends Biotechnol. 2021, 39, 598–612. [Google Scholar] [CrossRef]

	



Agrahari, V.; Burnouf, P.A.; Chew, C.H.; Burnouf, T. Extracellular Microvesicles as New Industrial Therapeutic Frontiers. Trends Biotechnol. 2019, 37, 707–729. [Google Scholar] [CrossRef]

	



Coumans, F.A.W.; Brisson, A.R.; Buzas, E.I.; Dignat-George, F.; Drees, E.E.E.; El-Andaloussi, S.; Emanueli, C.; Gasecka, A.; Hendrix, A.; Hill, A.F.; et al. Methodological Guidelines to Study Extracellular Vesicles. Circ. Res. 2017, 120, 1632–1648. [Google Scholar] [CrossRef]

	



Saumell-Esnaola, M.; Delgado, D.; García Del Caño, G.; Beitia, M.; Sallés, J.; González-Burguera, I.; Sánchez, P.; López de Jesús, M.; Barrondo, S.; Sánchez, M. Isolation of Platelet-Derived Exosomes from Human Platelet-Rich Plasma: Biochemical and Morphological Characterization. Int. J. Mol. Sci. 2022, 23, 2861. [Google Scholar] [CrossRef]

	



Théry, C.; Amigorena, S.; Raposo, G.; Clayton, A. Isolation and characterization of exosomes from cell culture supernatants and biological fluids. Curr. Protoc. Cell Biol. 2006, 30, 3–22. [Google Scholar] [CrossRef] [PubMed]

	



Caby, M.P.; Lankar, D.; Vincendeau-Scherrer, C.; Raposo, G.; Bonnerot, C. Exosomal-like vesicles are present in human blood plasma. Int. Immunol. 2005, 17, 879–887. [Google Scholar] [CrossRef] [PubMed]

	



Momen-Heravi, F.; Balaj, L.; Alian, S.; Mantel, P.Y.; Halleck, A.E.; Trachtenberg, A.J.; Soria, C.E.; Oquin, S.; Bonebreak, C.M.; Saracoglu, E.; et al. Current methods for the isolation of extracellular vesicles. Biol. Chem. 2013, 394, 1253–1262. [Google Scholar] [CrossRef] [PubMed]

	



Beutler, E.; Gelbart, T.; Kuhl, W. Interference of heparin with the polymerase chain reaction. Biotechniques 1990, 9, 166. [Google Scholar]

	



Aatonen, M.T.; Ohman, T.; Nyman, T.A.; Laitinen, S.; Grönholm, M.; Siljander, P.R. Isolation and characterization of platelet-derived extracellular vesicles. J. Extracell. Vesicles 2014, 3, 24692. [Google Scholar] [CrossRef]

	



Lacroix, R.; Judicone, C.; Mooberry, M.; Boucekine, M.; Key, N.S.; Dignat-George, F.; The ISTH SSC Workshop. Standardization of pre-analytical variables in plasma microparticle determination: Results of the International Society on Thrombosis and Haemostasis SSC Collaborative workshop. J. Thromb. Haemost. 2013, 11, 1190–1193. [Google Scholar] [CrossRef]

	



Taus, F.; Meneguzzi, A.; Castelli, M.; Minuz, P. Platelet-Derived Extracellular Vesicles as Target of Antiplatelet Agents. What Is the Evidence? Front. Pharmacol. 2019, 10, 1256. [Google Scholar] [CrossRef]

	



Trummer, A.; De Rop, C.; Tiede, A.; Ganser, A.; Eisert, R. Recovery and composition of microparticles after snap-freezing depends on thawing temperature. Blood Coagul. Fibrinolysis 2009, 20, 52–56. [Google Scholar] [CrossRef]

	



Liu, X.; Wang, L.; Ma, C.; Wang, G.; Zhang, Y.; Sun, S. Exosomes derived from platelet-rich plasma present a novel potential in alleviating knee osteoarthritis by promoting proliferation and inhibiting apoptosis of chondrocyte via Wnt/β-catenin signaling pathway. J. Orthop. Surg. Res. 2019, 14, 470. [Google Scholar] [CrossRef]

	



Rui, S.; Yuan, Y.; Du, C.; Song, P.; Chen, Y.; Wang, H.; Fan, Y.; Armstrong, D.G.; Deng, W.; Li, L. Comparison and Investigation of Exosomes Derived from Platelet-Rich Plasma Activated by Different Agonists. Cell Transpl. 2021, 30, 9636897211017833. [Google Scholar] [CrossRef]

	



Tao, S.C.; Yuan, T.; Rui, B.Y.; Zhu, Z.Z.; Guo, S.C.; Zhang, C.Q. Exosomes derived from human platelet-rich plasma prevent apoptosis induced by glucocorticoid-associated endoplasmic reticulum stress in rat osteonecrosis of the femoral head via the Akt/Bad/Bcl-2 signal pathway. Theranostics 2017, 7, 733–750. [Google Scholar] [CrossRef] [PubMed]

	



Guo, S.C.; Tao, S.C.; Yin, W.J.; Qi, X.; Yuan, T.; Zhang, C.Q. Exosomes derived from platelet-rich plasma promote the re-epithelization of chronic cutaneous wounds via activation of YAP in a diabetic rat model. Theranostics 2017, 7, 81–96. [Google Scholar] [CrossRef] [PubMed]

	



Torreggiani, E.; Perut, F.; Roncuzzi, L.; Zini, N.; Baglìo, S.R.; Baldini, N. Exosomes: Novel effectors of human platelet lysate activity. Eur. Cell Mater. 2014, 28, 137–151. [Google Scholar] [CrossRef] [PubMed]

	



Bei, Y.; Das, S.; Rodosthenous, R.S.; Holvoet, P.; Vanhaverbeke, M.; Monteiro, M.C.; Monteiro, V.V.S.; Radosinska, J.; Bartekova, M.; Jansen, F.; et al. Extracellular Vesicles in Cardiovascular Theranostics. Theranostics 2017, 7, 4168–4182. [Google Scholar] [CrossRef] [PubMed]

	



Van Deun, J.; Mestdagh, P.; Agostinis, P.; Akay, Ö.; Anand, S.; Anckaert, J.; Martinez, Z.A.; Baetens, T.; Beghein, E.; Bertier, L.; et al. EV-TRACK: Transparent reporting and centralizing knowledge in extracellular vesicle research. Nat. Methods 2017, 14, 228–232. [Google Scholar] [CrossRef] [PubMed]

	



Yao, Y.; Sun, W.; Sun, Q.; Jing, B.; Liu, S.; Liu, X.; Shen, G.; Chen, R.; Wang, H. Platelet-Derived Exosomal MicroRNA-25-3p Inhibits Coronary Vascular Endothelial Cell Inflammation Through Adam10 via the NF-κB Signaling Pathway in ApoE. Front. Immunol. 2019, 10, 2205. [Google Scholar] [CrossRef] [PubMed]

	



Lohmann, M.; Walenda, G.; Hemeda, H.; Joussen, S.; Drescher, W.; Jockenhoevel, S.; Hutschenreuter, G.; Zenke, M.; Wagner, W. Donor age of human platelet lysate affects proliferation and differentiation of mesenchymal stem cells. PLoS ONE 2012, 7, e37839. [Google Scholar] [CrossRef]

	



Shao, H.; Im, H.; Castro, C.M.; Breakefield, X.; Weissleder, R.; Lee, H. New Technologies for Analysis of Extracellular Vesicles. Chem. Rev. 2018, 118, 1917–1950. [Google Scholar] [CrossRef]

	



Brisson, A.R.; Tan, S.; Linares, R.; Gounou, C.; Arraud, N. Extracellular vesicles from activated platelets: A semiquantitative cryo-electron microscopy and immuno-gold labeling study. Platelets 2017, 28, 263–271. [Google Scholar] [CrossRef]

	



Yuana, Y.; Koning, R.I.; Kuil, M.E.; Rensen, P.C.; Koster, A.J.; Bertina, R.M.; Osanto, S. Cryo-electron microscopy of extracellular vesicles in fresh plasma. J. Extracell. Vesicles 2013, 2, 21494. [Google Scholar] [CrossRef]

	



Arraud, N.; Linares, R.; Tan, S.; Gounou, C.; Pasquet, J.M.; Mornet, S.; Brisson, A.R. Extracellular vesicles from blood plasma: Determination of their morphology, size, phenotype and concentration. J. Thromb. Haemost. 2014, 12, 614–627. [Google Scholar] [CrossRef] [PubMed]

	



Xu, Y.; Lin, Z.; He, L.; Qu, Y.; Ouyang, L.; Han, Y.; Xu, C.; Duan, D. Platelet-Rich Plasma-Derived Exosomal USP15 Promotes Cutaneous Wound Healing via Deubiquitinating EIF4A1. Oxid. Med. Cell. Longev. 2021, 2021, 9674809. [Google Scholar] [CrossRef] [PubMed]

	



Orozco, A.F.; Lewis, D.E. Flow cytometric analysis of circulating microparticles in plasma. Cytom. A 2010, 77, 502–514. [Google Scholar] [CrossRef]

	



van der Pol, E.; van Gemert, M.J.; Sturk, A.; Nieuwland, R.; van Leeuwen, T.G. Single vs. swarm detection of microparticles and exosomes by flow cytometry. J. Thromb. Haemost. 2012, 10, 919–930. [Google Scholar] [CrossRef] [PubMed]

	



Szatanek, R.; Baj-Krzyworzeka, M.; Zimoch, J.; Lekka, M.; Siedlar, M.; Baran, J. The Methods of Choice for Extracellular Vesicles (EVs) Characterization. Int. J. Mol. Sci. 2017, 18, 1153. [Google Scholar] [CrossRef]

	



Morales-Kastresana, A.; Musich, T.A.; Welsh, J.A.; Telford, W.; Demberg, T.; Wood, J.C.S.; Bigos, M.; Ross, C.D.; Kachynski, A.; Dean, A.; et al. High-fidelity detection and sorting of nanoscale vesicles in viral disease and cancer. J. Extracell. Vesicles 2019, 8, 1597603. [Google Scholar] [CrossRef]

	



Crescente, M.; Pluthero, F.G.; Li, L.; Lo, R.W.; Walsh, T.G.; Schenk, M.P.; Holbrook, L.M.; Louriero, S.; Ali, M.S.; Vaiyapuri, S.; et al. Intracellular Trafficking, Localization, and Mobilization of Platelet-Borne Thiol Isomerases. Arterioscler. Thromb. Vasc. Biol. 2016, 36, 1164–1173. [Google Scholar] [CrossRef]

	



Zaborowski, M.P.; Balaj, L.; Breakefield, X.O.; Lai, C.P. Extracellular Vesicles: Composition, Biological Relevance, and Methods of Study. Bioscience 2015, 65, 783–797. [Google Scholar] [CrossRef]

	



Saveyn, H.; De Baets, B.; Thas, O.; Hole, P.; Smith, J.; Van der Meeren, P. Accurate particle size distribution determination by nanoparticle tracking analysis based on 2-D Brownian dynamics simulation. J. Colloid Interface Sci. 2010, 352, 593–600. [Google Scholar] [CrossRef]

	



Vestad, B.; Llorente, A.; Neurauter, A.; Phuyal, S.; Kierulf, B.; Kierulf, P.; Skotland, T.; Sandvig, K.; Haug, K.B.F.; Øvstebø, R. Size and concentration analyses of extracellular vesicles by nanoparticle tracking analysis: A variation study. J. Extracell. Vesicles 2017, 6, 1344087. [Google Scholar] [CrossRef]

	



Filipe, V.; Hawe, A.; Jiskoot, W. Critical evaluation of Nanoparticle Tracking Analysis (NTA) by NanoSight for the measurement of nanoparticles and protein aggregates. Pharm. Res. 2010, 27, 796–810. [Google Scholar] [CrossRef] [PubMed]

	



Dempsey, E.; Dervin, F.; Maguire, P.B. Platelet Derived Exosomes Are Enriched for Specific microRNAs Which Regulate WNT Signalling in Endothelial Cells. Blood 2014, 124, 2760. [Google Scholar] [CrossRef]

	



Li, J.; Tan, M.; Xiang, Q.; Zhou, Z.; Yan, H. Thrombin-activated platelet-derived exosomes regulate endothelial cell expression of ICAM-1 via microRNA-223 during the thrombosis-inflammation response. Thromb. Res. 2017, 154, 96–105. [Google Scholar] [CrossRef] [PubMed]

	



Massberg, S.; Brand, K.; Grüner, S.; Page, S.; Müller, E.; Müller, I.; Bergmeier, W.; Richter, T.; Lorenz, M.; Konrad, I.; et al. A critical role of platelet adhesion in the initiation of atherosclerotic lesion formation. J. Exp. Med. 2002, 196, 887–896. [Google Scholar] [CrossRef]

	



Huo, Y.; Schober, A.; Forlow, S.B.; Smith, D.F.; Hyman, M.C.; Jung, S.; Littman, D.R.; Weber, C.; Ley, K. Circulating activated platelets exacerbate atherosclerosis in mice deficient in apolipoprotein E. Nat. Med. 2003, 9, 61–67. [Google Scholar] [CrossRef]

	



Pan, Y.; Liang, H.; Liu, H.; Li, D.; Chen, X.; Li, L.; Zhang, C.Y.; Zen, K. Platelet-secreted microRNA-223 promotes endothelial cell apoptosis induced by advanced glycation end products via targeting the insulin-like growth factor 1 receptor. J. Immunol. 2014, 192, 437–446. [Google Scholar] [CrossRef]

	



Srikanthan, S.; Li, W.; Silverstein, R.L.; McIntyre, T.M. Exosome poly-ubiquitin inhibits platelet activation, downregulates CD36 and inhibits pro-atherothombotic cellular functions. J. Thromb. Haemost. 2014, 12, 1906–1917. [Google Scholar] [CrossRef]

	



Tan, M.; Yan, H.B.; Li, J.N.; Li, W.K.; Fu, Y.Y.; Chen, W.; Zhou, Z. Thrombin Stimulated Platelet-Derived Exosomes Inhibit Platelet-Derived Growth Factor Receptor-Beta Expression in Vascular Smooth Muscle Cells. Cell. Physiol. Biochem. 2016, 38, 2348–2365. [Google Scholar] [CrossRef]

	



Osman, A.; Fälker, K. Characterization of human platelet microRNA by quantitative PCR coupled with an annotation network for predicted target genes. Platelets 2011, 22, 433–441. [Google Scholar] [CrossRef]

	



Willeit, P.; Zampetaki, A.; Dudek, K.; Kaudewitz, D.; King, A.; Kirkby, N.S.; Crosby-Nwaobi, R.; Prokopi, M.; Drozdov, I.; Langley, S.R.; et al. Circulating microRNAs as novel biomarkers for platelet activation. Circ. Res. 2013, 112, 595–600. [Google Scholar] [CrossRef]

	



Goetzl, E.J.; Schwartz, J.B.; Mustapic, M.; Lobach, I.V.; Daneman, R.; Abner, E.L.; Jicha, G.A. Altered cargo proteins of human plasma endothelial cell-derived exosomes in atherosclerotic cerebrovascular disease. FASEB J. 2017, 31, 3689–3694. [Google Scholar] [CrossRef] [PubMed]

	



Goetzl, E.J.; Goetzl, L.; Karliner, J.S.; Tang, N.; Pulliam, L. Human plasma platelet-derived exosomes: Effects of aspirin. FASEB J. 2016, 30, 2058–2063. [Google Scholar] [CrossRef] [PubMed]

	



Vogel, S.; Bodenstein, R.; Chen, Q.; Feil, S.; Feil, R.; Rheinlaender, J.; Schäffer, T.E.; Bohn, E.; Frick, J.S.; Borst, O.; et al. Platelet-derived HMGB1 is a critical mediator of thrombosis. J. Clin. Invest. 2015, 125, 4638–4654. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 23 12546 g001 550] 





Figure 1. Role of platelets in the development and progression of AS. Platelets influence the atherosclerotic process by communicating with (a) endothelial cells (ECs), (b) leukocytes (mainly monocytes, but also neutrophils, T lymphocytes, and dendritic cells), (c) vascular smooth muscle cells (VSMCs), and (d) low-density lipoprotein (LDL), either in the native or oxidized form (ox-LDL). Collectively, these interactions induce platelets to release a variety of inflammatory mediators capable of affecting several biological functions of their target cells, including secretion, adhesion, migration, recruitment of other cell types, proteolysis, and coagulation. In the light grey boxes, the molecules participating in initial interactions between cells are indicated, with the colors representing the cells in which they are expressed. PSLG-1, P-selectin glycoprotein ligand-1; GPIbα, glycoprotein Ibα; TF, tissue factor; PF4, platelet factor 4 (or CXCL-4); LOX-1, low-density lipoprotein receptor-1; ROS, reactive oxygen species. 
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Figure 2. Main characteristics of P-EXOs as detected by transmission electron microcopy (TEM), flow cytometry (FC), Western blot (WB), dynamic light scattering (DLS), and nanoparticle-tracking analysis (NTA). 
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