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Editorial on the Research Topic
 Established and Novel Roles of Platelets in Health and Disease



Platelets have been long recognized for their role in maintaining hemostasis, with defects in their number or function leading to bleeding. This has led many to simply think of platelets as “band-aids” of the vascular system (1). Conversely, as appreciated by cardiologists, neurologists, and hematologists alike, platelet hyperactivity is itself a predisposition to thrombosis. Beyond the recognized Yin and Yang dualism of regulating bleeding and thrombosis, platelets are increasingly emerging as key regulators of an array of diverse physiological and pathological processes. Technological advancements have allowed researchers to identify the contribution of platelets to vascular and lymphatic development (2–4), maintenance of vascular integrity and maturation of the circulatory system (5, 6), as well in formation of new blood vessels (7–9). The fact that platelets also participate in inflammation and immunity, in part, via their surface expression of P-selectin, toll-like receptors (10, 11), complement receptors (12), CD40L (13), and programmed death—ligand 1 (14) is now well recognized. Correspondingly, platelets respond to both viral and bacterial infections (15–17), and have even been caught in the act of migration to scavenge bacteria (18). Platelets also contribute to wound healing and bone formation (19). Thus, platelets and their-derived products are also frequently used as therapeutic agents, increasing the healing efficiency in maxillo-facial and plastic surgery (20), as well as in sports medicine (21).

On the other hand, platelets are involved in pathological conditions including but not limited to atherosclerosis and related diseases, cancer (22), and diseases of the central nervous system including Alzheimer's disease, depression and multiple sclerosis (23–25). Moreover, platelets participate in the pathophysiology of auto-immune diseases, such as allergies, skin diseases, rheumatoid arthritis and liver disease (26–28).

This extraordinary capability of platelets to regulate such an extensive array of physiological and pathophysiological processes largely stems from their ability to store and release a wide range of biologically active substances via their granules and microparticles (29, 30). Platelets also express biochemical and functional heterogeneity, with numerous platelet subpopulations having been identified, including the procoaguant platelet type (31, 32). This potential specialization of function is likely to contribute to the diverse roles of platelets. It is therefore unsurprising that platelets are no longer viewed as simply “band-aids” of the vascular system. In an effort to raise awareness of the ever-increasing scope of platelet functions, this Research Topic aims to increase our current understanding of the wider contribution of platelets in physiological and pathological conditions.

Identifying novel genetic determinants of platelet disorders, Almazni et al. summarize advancements in diagnosis of inherited thrombocytopenia, covering the spectrum from phenotypic approaches, high-throughput sequencing, to targeted panels and bioinformatics. The authors conclude that a combination of the genomics approaches with high throughput data handling pipelines is essential in ensuring transformational advancements in patient diagnosis and personalized care.

Rana et al. review our current knowledge of how shear forces impact aggregation and thrombosis. With a major focus on the shear-sensitive protein von Willebrand Factor, the shear-induced activation, conformational changes, interaction with GPIbα and role in platelet arrest is summarized. The authors also discuss platelet aggregation under shear gradients and novel therapeutic strategies that aim to reduce shear-induced platelet activation and thrombus formation.

Kim and Conway review the complement system and describe its interaction with platelets and contribution to early-stage atheroma formation. They describe how complement proteins activate platelets and that, in turn, activated platelets in conjunction with complement proteins may propagate vascular inflammation. Understanding the complex cross-talk between platelet, vascular endothelium, and the complement system in early atheroma formation may allow for development of novel anti-complement therapies to treat atherosclerosis.

In their article Melchinger et al. discuss how a lack of nucleus allows platelets to efficiently travel through small blood vessels and rapidly undergo extreme morphological changes that enable to platelets to efficiently respond to disruptions in hemostasis, infection, and inflammation. Hence, in the absence of a nucleus, the authors describe how mitochondria are key to powering these platelet responses and as well as regulating platelet lifespan.

The ability of platelets to interact with vascular cells and leukocytes at sites of vascular injury and inflammation carves out an important role for platelets as modulators of vascular diseases. In their review, Héloïse Lebas et al. describe how this crosstalk influences vascular diseases in different vascular beds. In their review of the platelet-neutrophil crosstalk, Zucoloto and Jenne explore in more detail how neutrophil extracellular trap (NET)-driven coagulation influences outcomes in the context of infectious diseases, and propose targeting of NETs as a potential therapeutic avenue to uncouple immunity and coagulation. Conversely, this ability of platelets to interact with circulating elements can also be deleterious, an aspect that is discussed by Hante et al. in their review of metal-based nanoparticles developed for medical applications.

Platelet subpopulations are an important area of research. For instance, the ability of platelets to engage with the coagulation system is explored by Reddy and Rand in their review of procoagulant platelets. Phosphatidylserine (PS) exposure, a key event in the platelet-coagulation interplay, is dissected from the perspective of inherited and acquired bleeding disorders, as well as a possible antithrombotic target. Lesyk and Jurasz further dive into platelet subpopulation diversity focusing on their physical, biochemical, and functional heterogeneity, the dynamic nature of platelet characteristics in health and disease, and how differences between individuals can influence platelet responsiveness to antiplatelet therapy. In their review, Le Blanc and Lordkipanidzé look at how age-related changes in platelet biology could lead to thrombotic disease. In the context of global aging populations, it is important to investigate how platelets from older subjects differ in their function and structure from their younger counterparts. Evidence showing platelets from the elderly to be more prone to activation and less sensitive to inhibition highlight important areas for future work.

Ostrowska et al. discuss the current role and future perspectives of platelet function testing to optimize antiplatelet therapy. With evidence of high on-treatment platelet reactivity being associated with thrombotic outcomes and low on-treatment platelet reactivity being associated with bleeding, the idea of a therapeutic window for optimal platelet inhibition is presented. They further highlight that de-escalation of antiplatelet therapies may help balance the delicate bleeding/thrombotic risk. Targeting circadian rhythms in cardiovascular disease to improve the efficacy of antiplatelet agents is at the heart of the review by Buurma et al. The evidence for chronotherapy, especially with aspirin, is presented and discussed, and the authors call for randomized controlled trials with cardiovascular events and side-effects as endpoints, to help translate pharmacological findings to potential clinical benefits.

Extracorporeal membrane oxygenation (ECMO) presents important hemostatic challenges, in already vulnerable patients. Balle et al. summarize the state of knowledge in the setting of adult ECMO patients, and identify a significant knowledge gap in our understanding of platelet function in this critical clinical setting. Specifically, the authors point out the limitations of methods such as platelet aggregation in the setting of low platelet count, as well as in the lack of studies focusing on association between platelet function and clinical outcomes such as bleeding and thrombosis. This is clearly a field with excellent potential for future research, particularly due to the fact that ECMO is a high complication, high cost setting. In addition, the pediatric population is often under-studied, and the very limited platelet phenotype and function data in the pediatric ECMO population is further explored by Yaw et al. The systematic review highlights multiple research gaps in the setting of pediatric ECMO, highlighting the need for robust, well-designed studies in children.

In a different register, the review by Al-Hamed et al. provides an overview of platelet concentrates (PC) and the ability of platelets to enhance bone and soft tissue healing. Subsequently, the authors summarize the various clinical applications of platelet concentrates in the context of oral and craniofacial regeneration, and discuss some of the reasons for the inconsistencies in observed effects of PC on tissue regeneration.

This Research Topic also contains four original research articles. Using a standardized microfluidics and multi-parameter approach Nagy et al. quantitatively examine the changes in collagen-dependent thrombus formation for 38 different strains of genetically modified mice. Their novel approach can be used to determine the severity of the platelet defect and stage at which the altered thrombus function occurs. Diallo et al. investigate the impact of platelet pathogen reduction technologies on platelet microRNA content demonstrating that they may impact microRNA loading into platelet microparticles. Balle et al. present an original prospective study of platelet function in 33 adult patients undergoing ECMO support utilizing impedance aggregometry and flow cytometry. The authors present a novel approach to data analysis and interpretation by accounting for platelet count when interpreting the aggregometry data, and suggest that platelets might not be as impaired during ECMO support as previously suggested. This study confirms the need for additional studies in this field. Rodriguez and Johnson show platelet parameters that segregate with diabetic status, using platelet function assessment collected in the Framingham Heart Study Offspring cohort and platelet indices available in the UK BioBank cohort. The largest analysis to date, this study argues for the use of mean platelet volume as a biomarker to segment pre-diabetics and diabetics for risk prediction.

We hope that the articles within this Research Topic will spur further research into the diverse roles platelets play in physiological and pathological conditions within and beyond hemostasis and thrombosis.
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Background: Hemorrhagic and thromboembolic complications are common during treatment with extracorporeal membrane oxygenation (ECMO), resulting in considerable morbidity and mortality. This emphasizes the clinical relevance of understanding hemostatic changes occurring during ECMO treatment. As platelets are key players in hemostasis, detailed knowledge on how ECMO treatment affects platelet function is of great importance. We therefore aimed to systematically summarize and discuss existing knowledge on platelet function during ECMO treatment in adult patients.

Methods: Systematic review complying with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines. Objectives and methods were specified in a PROSPERO protocol (ID no CRD42018084059). The MEDLINE/PubMed, EMBASE, and Web of Science databases were systematically searched on September 10, 2018. A standardized quality assessment tool was used to assess the risk of bias in included studies. Primary outcome was platelet function during ECMO treatment, measured as platelet adhesion, activation or aggregation. Secondary outcomes were thrombosis, bleeding, and mortality during ECMO treatment.

Results: A total of 591 studies were identified, of which seven were eligible for inclusion in the qualitative synthesis. Of these, one study investigated expression of platelet adhesion receptors and found them to be reduced during ECMO treatment; two studies reported a decrease in platelet activation markers during ECMO treatment; and five studies demonstrated reduced platelet aggregation during ECMO treatment. Three studies reported on thrombosis, mortality and/or bleeding during ECMO treatment; no thromboembolic events were reported; all three studies reported frequent bleeding episodes defined on basis of transfusion requirements. An in-hospital mortality of 35–40% and a 30-day mortality of roughly 30% were reported in three different studies.

Conclusions: The present systematic review reveals a substantial knowledge gap regarding platelet function during ECMO treatment in adult patients and underscores the demand for more and well-designed studies on this topic. There is suggested evidence of reduced platelet adhesion, decreased platelet activation, and reduced platelet aggregation in adult patients during ECMO treatment. Importantly, platelet aggregation results need to be interpreted in the light of low platelet counts. The associations of platelet function and bleeding and/or thromboembolic complications during ECMO treatment remain to be fully elucidated.

Keywords: blood platelets, extracorporeal membrane oxygenation, extracorporeal life support, platelet activation, platelet aggregation, platelet function tests, systematic review


INTRODUCTION

Extracorporeal membrane oxygenation (ECMO) can be lifesaving in patients with respiratory and/or cardiac failure refractory to conventional treatment. In recent years, the use of ECMO has increased dramatically (1), most likely owing to studies reporting favorable outcomes for adult ECMO patients (2–4) in combination with advances in technology.

Hemorrhagic and thromboembolic complications are common during ECMO treatment, resulting in considerable morbidity and mortality (5–8). Bleeding is the most common complication, occurring in 29–33% of adult ECMO patients (7, 9). Intracranial hemorrhage, the most potentially devastating bleeding complication, is reported to occur in around 5% of adult ECMO patients (5, 6). Thromboembolic complications are generally less common; intracranial infarction is reported to occur in 2–5% (5, 6) and venous thrombosis in 10% of adult ECMO patients (9). Although some thromboembolic events are rapidly clinically apparent, many are subclinical and the true incidence of thromboembolic complications during ECMO is therefore likely underestimated (10). In addition, clot formation in the circuit can lead to oxygenator failure and exchange of the entire circuit, which is reported to occur in up to nearly one third of adult ECMO runs (5, 9).

Several mechanisms that could affect platelet function during ECMO treatment have been investigated in vitro, suggesting that platelets become both activated and impaired during ECMO treatment. Artificial surfaces, such as the extracorporeal circuit, induce platelet adhesion and activation (11). Furthermore, high shear stress, as in the ECMO circuit, has been shown to cause enhanced platelet activation (12, 13), which may lead to an increased thrombotic propensity. On the contrary, high shear stress has also been shown to cause loss of platelet surface receptors important for platelet adhesion (12, 13), as well as loss of high-molecular-weight von Willebrand factor multimers, resulting in decreased binding of von Willebrand factor to platelets (13, 14). Both mechanisms may result in impaired platelet adhesion and hence impaired activation, leading to an increased risk of bleeding. The risk of bleeding is further augmented by ongoing consumption of platelets due to platelet adhesion to the surface of the circuit, and formation of microthrombi in the circulation.

The increased thrombotic propensity necessitates antithrombotic therapy to conserve patency of the ECMO circuit and to reduce thrombotic complications. Although anticoagulation guidelines vary widely among ECMO centers, unfractionated heparin (UFH) is the most widely administered anticoagulant (15). The use of UFH can, however, result in bleeding, posing an additional risk to the patient.

Limited data exist on platelet function during ECMO treatment in adult patients (16–22) and no systematic review has yet summarized the current knowledge. Consequently, the aim of the present systematic review was to summarize and discuss existing knowledge regarding platelet function during ECMO treatment in adult patients.



METHODS

The present systematic review complies with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (23). Prior to data extraction, the objectives and methods were specified in a PROSPERO protocol (ID no. CRD42018084059).


Search Strategy

The MEDLINE/PubMed, Embase, and Web of Science databases were systematically searched for relevant publications on September 10, 2018, without time boundaries. All searches were filtered to include English language only. A manual search of the references identified relevant articles supplementing the electronic search. Search terms were as follows: PubMed: (((((((extracorporeal membrane oxygenation (24)) OR extracorporeal life support) OR extracorporeal cardiopulmonary resuscitation) OR ecmo) OR ecls) OR ecpr)) AND ((((((((platelet activation [MeSH]) OR platelet aggregation [MeSH]) OR platelet activity) OR platelet function) OR platelet dysfunction) OR platelet function tests [MeSH]) OR flow cytometry [MeSH]) OR aggregometry). Embase: (“extracorporeal membrane oxygenation”/exp OR“extracorporeal membrane oxygenation” OR “ecmo” OR “extracorporeal life support” OR “ecls” OR “extracorporeal cardiopulmonary resuscitation” OR “ecpr” OR “extracorporeal oxygenation”) AND (“thrombocyte activation”/exp OR “platelet activation” OR “thrombocyte activity” OR “platelet activity” OR “thrombocyte aggregation”/exp OR “platelet aggregation” OR “thrombocyte function”/exp OR “platelet function” OR “thrombocyte dysfunction”/exp OR “platelet dysfunction” OR “thrombocyte function analyzer”/exp OR “flow cytometry”/exp OR “flow cytometry” OR “aggregometry”) AND [English]/lim. Web of Science: (extracorporeal membrane oxygenation OR extracorporeal life support OR extracorporeal cardiopulmonary resuscitation) AND (platelet activ* OR thrombocyte activ* OR platelet function OR thrombocyte function OR platelet dysfunction* OR thrombocyte dysfunction* OR platelet aggregation OR thrombocyte aggregation OR platelet function test* OR thrombocyte function test* OR flow cytometry OR aggregometry) AND language: (English).



Study Selection

Fifty abstracts were randomly chosen and screened independently by two authors (CB, AH). The abstracts were screened based on predefined in- and exclusion criteria and any divergences were discussed to reach consensus. One author (CB) screened the remaining 541 abstracts. Studies eligible for full-text reading were assessed by two authors (CB, AH). Publications were included if they met the following criteria: (a) original data; (b) adult patients (≥18 years) receiving ECMO treatment; (c) platelet function determined (platelet adhesion, platelet activation, or platelet aggregation); (d) English language. Exclusion criteria were: (a) reviews or guidelines; (b) letters, editorials or comments without original data; (c) case reports with <5 cases; (d) in vitro or animal data; (e) posters or conference abstracts; (f) only platelet count determined.



Data Extraction

Data extraction was performed by CB and verified by AH. Platelet function analyses were categorized as measurements of platelet adhesion, activation, or aggregation. Platelet adhesion analyses were defined as measurements of adherence to foreign surfaces or measurements of adhesion potential (expression of surface receptors essential to platelet adhesion); platelet activation analyses as measurements of soluble markers of platelet activation or platelet activation potential (expression of activation-dependent platelet surface markers); and platelet aggregation analyses as functional analyses measuring platelet aggregation.

To assess the potential risk of bias in the included studies, two authors (CB, AH) independently evaluated each study using a standardized study quality assessment tool from the National Heart, Lung, and Blood Institute, US (25). Any discrepancies were discussed to reach consensus.




RESULTS

The systematic literature search returned a total of 591 studies. In total, 584 studies were excluded, resulting in seven studies to be included in the qualitative synthesis. Figure 1, modified from (23), shows a flow chart outlining the screening and selection process. During the process of full-text screening, the study by Nair et al. was included in the final synthesis despite their inclusion criterion of age >16 years (21). The article contained no information specifying whether any patients aged <18 years were included, and data could not be obtained from the investigators. However, the median age of included patients was 41 years [interquartile range (IQR): 38–52 years] indicating that very few, if any, patients were below 18 years of age.
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FIGURE 1. Flow chart depicting the systematic literature search and the study selection process.



A summary of included studies is presented in Table 1. All seven studies were observational cohort studies. Using the study quality assessment tool, the study by Tauber et al. rated good (19), five studies rated fair (16–18, 20, 21), and one study rated poor (22).



Table 1. Studies included in the systematic review investigating platelet function during extracorporeal membrane oxygenation in adult patients.
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Platelet Count

Five studies reported platelet counts at several time points during the study period. Of these, two studies measured platelet counts prior to and during ECMO treatment (18, 21); they reported lower platelet counts during ECMO treatment compared with before ECMO initiation, and persistently lower platelet counts during ECMO treatment compared with healthy individuals. Two studies measured platelet counts both prior to, during, and after ECMO treatment (19, 22); they demonstrated significantly lower platelet counts during ECMO treatment compared with before ECMO initiation; lower platelet counts during ECMO compared with healthy individuals; and after termination of ECMO, platelet counts did not differ from platelet counts before ECMO initiation. In contrast, Chung et al. reported widely diverging platelet counts during the course of ECMO treatment, demonstrating no uniform changes in platelet counts over time (17). The remaining two studies measured platelet counts at a single time point during the study period (16, 20); Mutlak et al. measured platelet counts prior to ECMO initiation and found them to be reduced compared with healthy individuals (20); similarly, Lukito et al. measured platelet counts at an unspecified time point during ECMO treatment and found the counts to be reduced compared with healthy individuals (16). The effects of administered platelet transfusions on platelet counts were not accounted for in any of the included studies.



Platelet Function

Lukito et al. reported reduced levels of adhesion receptors for collagen and vWF (GPVI and GPIbα) on circulating platelets compared with healthy individuals, at a single, unspecified time point during ECMO treatment (16); furthermore, they reported an increase in the level of soluble GPVI in ECMO patients.

Chung et al. investigated platelet function by measuring soluble markers of platelet activation (17); they reported a decrease in platelet-activation markers, β-thromboglobulin and platelet factor 4, during the first 72 h of ECMO treatment compared with before ECMO initiation. On day seven of ECMO treatment, β-thromboglobulin levels remained low, while platelet factor 4 levels had returned to a level corresponding to before ECMO initiation. Kalbhenn et al. investigated platelet activation by measuring the expression of activation-dependent platelet surface markers: CD62 (P-selectin) and CD63; they reported reduced surface expression of CD62 and CD63 compared with healthy individuals, at a single, unspecified time point during ECMO treatment.

Five studies investigated platelet function by measuring platelet aggregation. Four studies employed whole blood impedance aggregometry (18–21) and demonstrated reduced platelet aggregation during ECMO treatment compared with either before ECMO initiation (18–20) or with healthy individuals (21). Tauber et al. (19) also measured platelet aggregation after ECMO termination and found no difference in platelet aggregation 24 h after ECMO compared with before ECMO initiation. Two studies demonstrated reduced platelet aggregation compared with healthy individuals even before initiation of ECMO (18, 19). Kalbhenn et al. employed light transmission aggregometry when measuring platelet aggregation at two unspecified timepoints during and after ECMO treatment (22). They excluded all patients with platelet counts <100 × 109 /L from platelet aggregation analyses. They reported a decrease in platelet aggregation (for ADP and ristocetin) or no difference in platelet aggregation (for collagen and epinephrine) during ECMO compared with after ECMO treatment.



Clinical Events

Four out of seven studies reported major clinical events: thrombosis, bleeding, and mortality (18, 21); bleeding alone (19); or mortality alone (22). No thromboembolic events were reported during ECMO treatment (18, 21). Patients frequently required transfusions of blood products; Laine et al. reported severe bleeding in 26% of patients (18) from either cannula insertion sites or postoperative chest tube drains; Nair et al. reported bleeding episodes in 50% of patients without reporting bleeding sites or severity (21); and Tauber et al. reported transfusion requirements of ≥2 units of red blood cells (RBC) per day in 26% of patients without reporting bleeding sites (19). In addition, Tauber et al. (19) found an increased transfusion requirement (≥2 units RBC/day) during ECMO to be associated with lower platelet aggregation values [using thrombin receptor activating peptide-6 (TRAP) as agonist] compared with a moderate transfusion requirement (<2 units RBC/day). In-hospital mortalities of 35% (22) and 40% (21), and a 30-day mortality of 30.4% (18) were reported.




DISCUSSION

This systematic review revealed that only a limited number of published studies investigate platelet function in patients during ECMO treatment; only seven studies investigating platelet function during ECMO treatment in adult patients were identified. They suggest evidence of a reduced potential for platelet adhesion, and decreased platelet activation during ECMO treatment. Furthermore, platelet aggregation is reduced during ECMO treatment compared with either before ECMO initiation, after ECMO termination, or with healthy individuals. The association between platelet function and bleeding/thromboembolic complications during ECMO treatment remains to be fully elucidated.

All included studies were rated using a study quality assessment tool (25). Tauber et al. (19) rated good, suggesting a low risk of bias, whereas fair ratings of five studies (16–18, 20, 21) insinuated a greater risk of bias of the estimates. Fair ratings were given due to small cohort sizes with no sample size justification and no a priori sample size estimate; retrospective data collection; and/or no statistical adjustment of estimates for potential confounding variables (e.g., platelet count). Justifying a fair rating of these studies, however, were detailed and structured descriptions of exposure and outcome measures together with transparent presentations of data. One study (22) was rated poor, due to insufficient information regarding the study population and methods employed.

Lukito et al. reported significant reductions in the expression of adhesion receptors (GPIbα and GPVI) on circulating platelets in ECMO patients compared with healthy individuals (16). Loss of the GPIbα and GPVI receptors reduces the binding capacity of platelets to vWF and collagen, leading to impaired platelet adhesion and hence impaired platelet activation (26, 27). Recently, Chen et al. supported these findings by demonstrating loss of platelet receptors, GPIbα and GPVI, during in vitro conditions of high shear stress (12). The loss of receptors resulted in reduced adhesion of platelets to collagen and vWF (12). However, Chen et al. also measured adherence of the sheared platelets to fibrinogen, deposited on an artificial surface, demonstrating that high shear stress also induces platelet activation, thereby increasing thrombotic propensity (12). The authors proposed that these two concurrent mechanisms, leading to impaired and enhanced platelet activation, may explain why bleeding and thrombotic complications occur simultaneously in patients treated with ECMO (12).

The increase in soluble GPVI levels, measured by Lukito et al., indicates proteolytic shedding as the main mechanism for reduced adhesion-receptor levels (16). Their findings are supported by Al-Tamimi et al., who reported metalloproteinase-dependent shedding of surface-bound GPVI after exposure of platelets to high shear stress in vitro (28). In line with others, they proposed that this shear-induced GPVI shedding may be a protective mechanism for down-regulating platelet adhesiveness during elevated shear stress, thereby reducing the level of platelet activation and thrombus formation (28, 29). Shedding of platelet adhesion receptors has been shown to accompany platelet activation (30, 31). Therefore, reduced levels of GPIb and GPVI measured by Lukito et al. may be suggestive of enhanced platelet activation during ECMO treatment (16).

In contrast, Chung et al. reported reduced platelet activation during ECMO treatment, demonstrated by decreasing levels of plasma β-thromboglobulin and platelet factor 4 during the first 72 h on ECMO treatment compared with before ECMO initiation (17). This may be explained by two distinct mechanisms. β-thromboglobulin and platelet factor 4 are thought to be sensitive markers of platelet activation, as they are secreted from the α-granules upon platelet activation (32). Platelets are able to release 100% of their total α-granule content (33). It is therefore plausible that initial extensive or continuous platelet activation would lead to release of the entire β-thromboglobulin and platelet factor 4 content, resulting in exhausted platelets and a decrease in plasma β-thromboglobulin and platelet factor 4 levels. Chung et al. obtained the first post-cannulation blood sample at 24 h after ECMO initiation (17), and an initial rise in β-thromboglobulin and platelet factor 4 would therefore not have been detected due to fast clearance times; the half-life of β-thromboglobulin is reported to be 100 min and platelet factor 4 clearance is even faster (34). The other mechanism to be considered is adherence of β-thromboglobulin to the heparin-coated surface of the ECMO circuit. A recent study by Sagedal et al. (35) suggested absorption of β-thromboglobulin to heparin-coated surfaces, as both β-thromboglobulin and platelet factor 4 are heparin-binding proteins (32). If so, β-thromboglobulin might not be a reliable marker of platelet activation in heparin-coated medical devices including ECMO circuits.

Kalbhenn et al. (22) performed flow-cytometric analyses on platelet rich plasma revealing significantly reduced expressions of CD62 (impaired α-granule secretion) and CD63 (impaired δ-granule secretion) in ECMO patients compared with healthy individuals. Their results are suggestive of a reduced platelet activation potential during ECMO treatment. However, it is interesting to speculate whether the mechanism leading to impaired platelet activation ex vivo could be vast activation of platelets in vivo during ECMO treatment, resulting in impaired platelet reactivity to agonist stimulation ex vivo.

Four out of five studies investigating platelet aggregation employed whole blood impedance aggregometry. All four studies indicated reduced platelet aggregation in adult patients during ECMO treatment (18–21). An inherent limitation of this analysis is a strong association between platelet count and platelet aggregation both within and below the reference interval for platelet count (36–41). Nair et al. (21) excluded data on platelet aggregation from analysis if platelet counts were below 100 × 109/L. Tauber et al. (19) also considered the influence of thrombocytopenia on impedance aggregometry results as a limitation to the study but deemed the effects to be minimal. Employing light transmission aggregometry, Kalbhenn et al. (22) demonstrated reduced platelet aggregation during ECMO treatment (for two out of four agonists) compared with after ECMO termination. They excluded patients from analysis if platelet counts were below 100 × 109 /L; this threshold might be set a little too low, as light transmission aggregometry is influenced by platelet counts below 150 × 109 /L (37). Thus, data from the included studies do not enable us to make firm conclusions regarding platelet aggregation during ECMO treatment, as they might very well be influenced by low platelet counts.

For analyses of platelet aggregation, the most widely used agonists were adenosine diphosphate (ADP), arachidonic acid (AA), and TRAP; only two studies provided information regarding concentrations used (19, 20). Agonist concentrations differed; both studies, however, compared platelet aggregation during ECMO treatment to before ECMO initiation, abating the need for comparable agonist concentrations between studies.

Whether the observed alterations in platelet count and function are caused by the ECMO circuit itself or rather the underlying disease is difficult to determine. However, two studies clearly demonstrated significantly reduced platelet counts during ECMO treatment compared with before ECMO initiation and, importantly, they demonstrated that platelet counts recovered to pre-ECMO values within 24 h after ECMO termination (19, 22). This indicates that the reduction in platelet count was caused by the ECMO treatment. With regard to platelet function, there is suggested evidence that ECMO treatment induces platelet dysfunction; three studies demonstrated a decrease in platelet aggregation compared with before ECMO initiation (18–20); Kalbhenn et al. found platelet aggregation to increase after ECMO termination; and Tauber et al. demonstrated that platelet aggregation increased to pre-ECMO values within 24 h after ECMO termination. Additional studies investigating ECMO treatment as a cause of thrombocytopenia and platelet dysfunction are needed to strengthen these proposed associations.

Inflammation has been shown to induce bleeding in thrombocytopenic mice (42). Only one of the included studies provided information regarding inflammatory parameters measured during ECMO treatment (17); furthermore, the associations between bleeding episodes and platelet count or inflammatory parameters were not accounted for in any of the included studies. Laine et al. found no significant associations between platelet aggregation and the risk of bleeding or mortality (18), and no thromboembolic events were reported in any of the included studies; both of which might be attributed to the small cohort sizes. Whether there is an association between platelet function and clinical complications such as bleeding or thromboembolic events therefore remains to be established.


Strengths and Limitations

The systematic approach and a broad search string without time boundaries across three major databases make this systematic review comprehensive, minimizing the risk of overlooking relevant studies. Included studies are thoroughly presented in a transparent manner, including design, quality rating, and results found in each study.

However, some limitations must be considered. Only seven studies compiling with the aim and inclusion criteria were identified. The quality of included studies varied; only one study rated good (19), suggesting possible risk of bias in the remaining studies (16–18, 20–22). Furthermore, the patient cohorts were heterogeneous with respect to their underlying diseases (16, 18, 19, 21, 22), which could influence platelet count and function; e.g., patients treated with VV-ECMO, suffering from acute respiratory distress syndrome or severe sepsis, typically have bone marrow suppression, and hence platelet counts drop in these patients independently of platelet consumption in the ECMO circuit. Bone marrow involvement is not typical in the case of patients treated with VA-ECMO, however, these patients are frequently treated with platelet inhibitors, which alter platelet function. Any influences of these differences between ECMO cohorts on the results of this review cannot be assessed based on the data available from the studies included.

The majority of included studies measured platelet function using impedance aggregometry (18–21) entailing the limitation of a strong association between platelet count and platelet aggregation. Recently, our research group reported a model to derive a measure of platelet aggregation adjusted for platelet count (36, 43). This approach could be valuable in evaluating whether platelet aggregation is reduced due to dysfunctional or exhausted platelets, or merely due to a low number of circulating platelets during ECMO treatment.



Conclusions

The present systematic review reveals a substantial knowledge gap regarding platelet function during ECMO treatment in adult patients and underscores the demand for more and well-designed studies on this topic. At present, there is suggested evidence of reduced platelet adhesion and a decreased platelet activation potential in adult patients during ECMO treatment. Furthermore, platelet aggregation was found to be reduced during ECMO treatment. Importantly, measurements of platelet aggregation were hampered by low platelet counts, why these results need to be interpreted with caution. Whether platelet function is associated with clinical complications such as bleeding and thromboembolic events remains to be established.
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Inherited thrombocytopenia (IT) is comprised of a group of hereditary disorders characterized by a reduced platelet count as the main feature, and often with abnormal platelet function, which can subsequently lead to impaired haemostasis. Inherited thrombocytopenia results from genetic mutations in genes implicated in megakaryocyte differentiation and/or platelet formation and clearance. The identification of the underlying causative gene of IT is challenging given the high degree of heterogeneity, but important due to the presence of various clinical presentations and prognosis, where some defects can lead to hematological malignancies. Traditional platelet function tests, clinical manifestations, and hematological parameters allow for an initial diagnosis. However, employing Next-Generation Sequencing (NGS), such as Whole Genome and Whole Exome Sequencing (WES) can be an efficient method for discovering causal genetic variants in both known and novel genes not previously implicated in IT. To date, 40 genes and their mutations have been implicated to cause many different forms of inherited thrombocytopenia. Nevertheless, despite this advancement in the diagnosis of IT, the molecular mechanism underlying IT in some patients remains unexplained. In this review, we will discuss the genetics of thrombocytopenia summarizing the recent advancement in investigation and diagnosis of IT using phenotypic approaches, high-throughput sequencing, targeted gene panels, and bioinformatics tools.
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INTRODUCTION

Platelets are small anucleate cells produced by megakaryocytes in the bone marrow (BM) where they circulate in the blood to protect the integrity of blood vessels. They play an important role in normal haemostasis to prevent excessive bleeding at the site of blood vessel injury (1, 2). Inherited Thrombocytopenias (ITs) are a heterogeneous group of disorders characterized by low platelet counts, often manifesting as bleeding diathesis which subsequently result in impaired haemostasis (3). In 1948, the disease inheritance pattern of one IT was initially discovered in a disorder called Bernard-Soulier syndrome (BSS) (4). Since then, the advancement in clinical and scientific research has led to an increased understanding of the molecular defects in patients with ITs. These defects are variable in severity, ranging from severe bleeding, which can be recognized within a few weeks after birth, to mild bleeding that may remain undiagnosed until incidental recognition during routine blood testing in adulthood (5). They manifest with different symptoms including epistaxis, easy bruising, petechiae, prolonged bleeding from cuts, gum bleeding, excessive bleeding after surgery, hematuria, and menorrhagia in women (6, 7). As bleeding is considered the main clinical complication for patients with IT, some patients with common ITs have the propensity to develop other disorders such as hematological malignancies and kidney failure (4, 8). Although there are other causes of thrombocytopenia, such as infections and immune disorders, IT is primarily caused by mutations in genes involved in megakaryocyte differentiation, maturation and platelet release (9). Since the last decade, next generation sequencing technologies, namely Whole Exome Sequencing (WES) and Whole Genome Sequencing (WGS) coupled with conventional Sanger sequencing and in-silico bioinformatic tools have been used in parallel to uncover novel genes with a pivotal role in megakaryocyte biology and platelet biogenesis (10, 11). To date, 40 genes have been reported to cause different forms of IT, which reflects the immense difficulty in identifying a single causative gene, particularly when accompanied by other hematological disorders [Table 1; Figure 1; (27, 28, 54)]. These genetic forms have various clinical manifestations, phenotypic presentations and sometimes associated with secondary qualitative defects in platelet function (7). Diverse platelet phenotypes mean there are several approaches in which they can be characterized. One such way is to classify genes based on their influence on megakaryocyte differentiation, platelet production, and removal (54), and will be discussed below. However, despite these advancements, nearly 50% of patients with IT of unknown genetic etiology still remain undiagnosed (6, 10).



Table 1. The direct genetic causes of inherited thrombocytopenia and their associated syndromes.
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FIGURE 1. IT causative genes involved in megakaryopoiesis, platelet formation, and others. The differentiation of platelets from HSCs proceeds by multiple different cell lineages which involve many genes encoding a number of transcription factors and proteins. Genetic defects in these genes have been shown to cause IT. HSC, Hematopoietic stem cell; MPP, Multi-Potent Progenitor; CMP, Common myeloid progenitor; MEP, Megakaryocyte-erythroid progenitor.





IT GENES ASSOCIATED WITH MEGAKARYOCYTE DIFFERENTIATION AND MATURATION

The process of megakaryopoiesis and thrombopoiesis involves a complicated biological series of events. Megakaryocytes, like all blood cells, are derived from the hematopoietic stem cells (HSC) in the bone marrow during the lineage commitment stages. The hematopoietic stem cell differentiation process involves committed precursors that include the common myeloid progenitor (CMP) and the megakaryocyte-erythroid progenitor (MEP). The erythrocyte cells and megakaryocyte cells result from the MEP. Megakaryocyte precursors encompass a maturation process that results in mature polyploid megakaryocytes, and then leads to the formation of pro-platelets (54, 55). The process of megakaryopoiesis and thrombopoiesis involves multiple genes and transcriptions factors (detailed below) which play important roles in megakaryocyte differentiation, platelet formation, and release. IT can result from defects in these genes which present with variable phenotypic display and clinical presentation. As a result of the numerous clinical demonstrations of ITs, they can be characterized based on genes and their role during megakaryocyte differentiation, platelet production, and release (9, 56).

Some ITs result from defective changes from haemopoietic progenitor cells to MKs, leading to reduction or absence in the number of bone marrow MKs. Thrombopoietin (TPO), an acidic glycoprotein, is the main regulator of the megakarypoiesis and thrombopoiesis mechanism in humans, acting through its receptor c-Mpl. It is required for megakaryocytes to fulfill their developmental proliferation and for the subsequent maturation of platelets (57). Affected individuals from a large Micronesian family displayed idiopathic anemia and mild thrombocytopenia as a result of mutations in TPO and MPL genes (21, 58). The main defective mechanism in several forms of IT is a change in MK maturation which therefore leads to the production of immature and dysfunctional MKs. However, the differentiation and maturation of MKs is regulated by several transcription factors such as GATA1. GATA1 is highly expressed in the erythroid and megakaryocytic lineage, and plays a vital role in the maturation and development of erythroid cells and megakaryocytes (59). X-linked thrombocytopenia with thalassemia and X-linked thrombocytopenia with dyserythropoietic anemia are both caused by mutations in GATA1, resulting in impaired MK and erythroid cell maturation. As a consequence, GATA1-mutated patients are characterized with large platelets and reduced α-granule contents. They also display a variable degree of anemia and abnormal morphology of red blood cells (60). Additional transcription factors known to be involved in the maturation of megakaryocytes are RUNX1, ETV6, ANKRD26, FLI-1, and the transcriptional repressor GFI1B acting by binding to promoter regions in MK expressed genes. Thus, multiple mechanisms in MK and platelet maturation are affected as result of alterations in these genes (61, 62). A previous study identified a point mutation in the third helix of HOXA11 homeodomain causing an inherited syndrome of congenital amegakaryocytic thrombocytopenia and radio-ulnar synostosis (19). Thrombocytopenia absent radii (TAR) syndrome results from a combination of a microdeletion on Chromosome 1 including the RBM8A gene alongside a low frequency non-coding single nucleotide polymorphism (SNP) within the regulatory region of RBM8A (23). As a consequence, hematopoietic progenitors from patients with TAR syndrome fail to differentiate into MKs in vitro (63). Gray Platelet syndrome is characterized by a deficiency in α granule content which also results in a platelet function defect. It is associated with enlarged platelets and mild thrombocytopenia with moderate to severe bleeding as a result of biallelic mutations in NBEAL2, the gene encoding the neurobeachin-like-2 protein (22). Variants in the 5'UTR of ANKRD26 cause familial thrombocytopenia type-2 (THC2) with propensity to leukemia, which result in loss of RUNX1 and FLI1 binding and prevents gene silencing (12). Moreover, heterozygous variants specifically located in the promoter region between c.-134G and c.-113 region highly affect gene expression. Patients with THC2 are characterized by small MKs with hypolobulated nuclei as a result of dysmegakaryopoiesis (64). A mutation in the FYB1 gene has recently been identified to cause IT and although the exact mechanism of the mutation is still ambiguous, it has been suggested that thrombocytopenia arises from a reduction of mature MKs in the bone marrow and synthesis of small platelets (16).



DEFECTS IN PROPLATELET FORMATION AND PLATELET RELEASE

After megakaryopoesis, proplatelets form extensions which lead to “budding” at the tips and platelet release into the circulation. Mature MKs undergo essential processing by extending long branches called proplatelets via the bone marrow sinusoids, and subsequently release platelets into the blood circulation. These processes are underpinned by cytoskeletal changes and cellular signaling where most causative mutations of IT disrupt the pathway reducing the circulating platelet count (65, 66). Mature polyploid MKs cytoplasm extend long beaded cytoplasmic protrusions, as a result of microtubule sliding. The dimerisation of β1-tubulin with α-tubulin polymerizes into long microtubule bundles inside the MK cortex. A mixed polarity of microtubule bundles runs throughout the extension of proplatelets which are thought to provide fundamental force for microtubule sliding and proplatelet elongation (65). TUBB1 encodes for β1-tubulin and mutations within TUBB1 are associated with an autosomal dominant form of IT known as a congenital macrothrombocytopenia (43). WASp is a multidomain protein belonging to a family of actin nucleation-promoting factors (NPFs) which are specifically expressed in hematopoietic cells. WASp plays an important role in actin polymerization by transmission of surface signals via the actin-related protein (Arp)2/3 complex (44, 67). Mutations have been identified in the WAS gene which cause a rare X-linked disorder called Wiskott-Aldrich syndrome (WAS). Patients are characterized by micro-thrombocytopenia and immunodeficiency with predispostion to malignancies (68). The transmission of extracellular signals into the cytoskeleton is mediated via membrane bound receptors which have been associated with mutations in IT. One of the main membrane receptors in platelets/MKs is the GP1b-IX-V complex, which binds specifically to Von-Willebrand factor (VWF). This receptor is comprised of four subunits including GP1bα, GP1bβ, GPIX, and GPV. Binding of VWF with GP1bα leads to activation and signal transmission to form the extending proplatelet. Mutations in the encoding genes GP1BA, GP1BB, and GP9 cause monoallelic and biallelic forms of BSS (69, 70). Other receptors include the receptor for fibrinogen, integrin GPIIb-IIIa, which is encoded by the genes ITGA2B and ITGB3. Affected mutations in ITGA2B and ITGB3 have been identified to cause Glanzmann thrombasthenia (GT) (71), but patients have a normal platelet count.



INITIAL DIAGNOSIS OF HEREDITARY THROMBOCYTOPENIA

Identification of the genetic cause in patients with IT is challenging and many patients may be misdiagnosed with acquired thrombocytopenia such as immune thrombocytopenic purpura (ITP). IT can be recognized in patients when a low platelet count has been identified after birth, the presence of familial medical history with similar clinical presentations, evaluation of peripheral blood films, and physical examination. Moreover, the presence of a severe bleeding tendency (in combination with a low platelet count), a lifelong history of diathesis, and evidence of other clinical complications that are typically associated with thrombocytopenia in syndromic forms, and all help to diagnose IT (4, 72). Platelets are involved in other biological roles beyond hemostasis, such as immunity and inflammation (73–75) therefore, mutations in platelet specific genes may cause functional disruption in hemostasis, other biological pathways or both. Furthermore, some proteins are expressed in megakaryocytes and platelets and can be found in other cell types. GATA1 is a prominent example which involves megakaryopoiesis and erythropoiesis (76). MYH9 also has an important role in the platelet cytoskeleton and has been found expressed in kidney and inner ear cilia (77). Based on this, inherited bleeding disorders can be classified into three categories including disorders that (i) affect only platelets, (ii) disorders that are associated with syndromic or non-syndromic phenotypes, and (iii) disorders with increased risk of haematologic malignancies. This classification can be used for both diagnostic and prognostic purposes (4, 11).



SYNDROMIC DISORDERS ASSOCIATED WITH IT

The number of IT forms identified has increased over the last few years since the implementation of NGS. Consequently, it has been shown that the bleeding is not the only clinical phenotype with IT, but patients with some IT forms have propensity to develop more syndromic disorders as result of molecular defects in genes responsible for thrombocytopenia. For instance, hematological malignancies, bone marrow aplasia, skeletal malformation, liver and kidney malfunction, and deafness (Figure 2). The development of these diseases can be more severe for patients than the bleeding itself (4) however, it is still important to recognize if these manifestations are present in the relatives. Some syndromic phenotypes associated with ITs are variable between family members or can arise later in life. For example, development of deafness, kidney malfunction and/or cataract in patients with MYH9-RD occur only in adult individuals and it has been reported that patients of the same MYH9-RD pedigrees have variable clinical manifestations (78).
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FIGURE 2. Schematic representation of the defects associated with syndromic IT. JBS, Jacobsen syndrome; RD, related disease; TAR, Thrombocytopenia-absent radius; GPS, Gray platelet syndrome; SS, Stormorken syndrome; WAS, Wiskott-Aldrich syndrome; YPS, York platelet syndrome.





THE GENETIC DIAGNOSIS OF IT

Some patients with a low platelet count may be falsely diagnosed and receive unnecessary treatments such as immunosuppression and splenectomies and therefore it is paramount that strong evidence must prove that the condition is truly genetic. Genetic diagnosis is a vital approach in providing patients with clinical benefits and prevent unnecessary treatments. Patients with genetic mutations in RUNX1 have a predisposition to develop hematological malignancies where the genetic information can be used to monitor the patients' hematological parameters very closely. This emphasizes the importance and need for definitive genetic diagnostic tools to provide quick and cost-effective diagnosis for screening patients with IT (6, 8). The molecular basis of ITs has been elucidated since the adoption of Sanger sequencing and linkage analysis in the 1990s. Recently, Sanger sequencing is considered a low throughput and time-consuming approach which can be used initially as a standard tool to investigate patients based on precise clinical findings and phenotype (4). A targeted thrombocytopenia gene specific panel is a useful approach which can be used as initial screening prior to WES. This targeted panel encompasses all known genes associated with IT and their related genes. The aim of using an IT gene specific panel is to filter out patients based on variants in known IT-causal genes and subsequently allowing for WES for patients with unknown genetic etiology (4, 6). The ThromboGenomics project provided a multi-gene high-throughput sequencing platform (HTS) for the diagnosis of heritable bleeding disorders (79). The HTS platform covers approximately 96 genes associated with inherited bleeding, thrombotic, coagulation, and platelet disorders. The panel showed high sensitivity in detecting causative variants in patients who had not been previously investigated at the molecular level. It has a high sensitivity to detect variants in the exonic region as well as many of exonic-intronic boundaries and untranslated regions (UTRs) (6, 79).



NEXT GENERATION SEQUENCING

Targeted NGS platforms can be efficiently applied to determine the causative genes of IT. As the molecular basis of ITs remain unknown in many patients, WGS or WES may be required which improves the knowledge of ITs at the molecular level. Several national and international consortia have adopted these approaches to identify disease-causing genes associated with IT. The genes SLFN14, FYB, STIM1, GFI1b, and ETV6 are some examples of causative genes detected by these approaches. The results obtained by HTS improves the understanding of the functional role in some causative genes, whose function in platelet production was previously unknown. These techniques will bring substantial benefits to improve our understanding of the molecular mechanisms in megakaryocyte and platelet biogenesis (14, 16, 24, 49, 80, 81). However, distinguishing pathogenic variants from non-pathogenic variants often requires complex functional and cell line studies to prove causality (7).



BIOINFORMATIC TOOLS

Bioinformatic tools can be conducted to determine candidate variants from WES or WGS data. A wide range of variants, ~25,000–40,000 variants can be identified per single patient in WES. These variants can be filtered for novelty by direct comparison using a database from the 100,000 Genomes Project, Exon Variant Server (EVS), dbSNP versions, Exome Aggregation Consortium (ExAC) (gnomAD), and in-house databases of whole exomes and/or whole genomes. A database of known platelet-related genes and genes involved in platelet formation, function, lifespan, or death can be compared with the patient's genes in order to narrow the candidate genetic variants down. Variants with MAF (minor allele frequency) ≥0.01 are generally excluded given the rarity of most of these genetic defects in IT. Variants not known to change the amino acid or those that do not have a potential effect on protein, such as synonymous variants and intron variants can also be excluded. Splice site variants occurring >5 base pair away from the exome can be also excluded, although this can potentially result in splicing or regulatory mutations being missed. Comparisons with other affected and unaffected family members on the database can be used to select candidate variants. Also, pathogenicity prediction can be assessed by using different tools such PolyPhen2, Provean, SIFT, Mutation Taster, mRNA expression levels which predict the potential effect of amino acid changes on protein structure and function and also measure the conservation of amino acids among different species. Sapientia is a recently developed clinical diagnostic platform established by Congenica to help clinicians, clinical scientists, and researchers with genetic diagnosis and identification of disease-causing genes, by interrogating the human genome with multiple bioinformatic tools. It can help streamline the process of diagnosis, ensuring patients are receiving accurate information and treatments for their individual platelet or megakaryocyte defect.



CONCLUSIONS

The advances in NGS techniques improves our knowledge about the molecular mechanisms of IT. The major risk factor for patients with ITs is the development of additional syndromic disorders rather than bleeding itself. Due to the polygenic nature of ITs and disorders involved in hematopoiesis, identifying a singular causative gene for platelet and megakaryocyte function is particularly difficult. A combination of whole blood counting and platelet functional assays will highlight the platelet phenotype, however only familial studies and genetic sequencing will help to identify any genetic defect. With the introduction of HTS and various genome browser software such as Sapienta, the diagnosis process has been modernized to highlight candidate variants in known platelet affected genes and reveal variants in novel genes in which hemostatic input remains to be explored. Approaches such as these may be implemented within clinical settings in the future, however, bioinformatic pipelines are yet to be standardized across all facilities. Aside from bioinformatic training and the initial financial burden of installation of the software, there are clear reasons that updating current genetic analysis in hematological disorders benefits healthcare in the wider community. This will ensure IT families obtain a clear diagnosis and receive correct treatment based on their genetically influenced megakaryocyte or platelet defect.
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Well established for their central role in hemostasis, platelets have increasingly been appreciated as immune cells in recent years. This emerging role should not come as a surprise as the central immune cells of invertebrates, hemocytes, are able to phagocytose, secrete soluble mediators and promote coagulation of hemolymph, blurring the line between immunity and hemostasis. The undeniable evolutionary link between coagulation and immunity becomes even clearer as the role of platelets in inflammation is better understood. Platelets exert a range of immune-related functions, many of which involve an intimate interplay with leukocytes. Platelets promote leukocyte recruitment via endothelial activation and can serve as “landing pads” for leukocytes, facilitating cellular adhesion in vascular beds devoid of classic adhesion molecules. Moreover, platelets enhance leukocyte function both through direct interactions and through release of soluble mediators. Among neutrophil-platelets interactions, the modulation of neutrophil extracellular traps (NETs) is of great interest. Platelets have been shown to induce NET formation; and, in turn, NET components further regulate platelet and neutrophil function. While NETs have been shown to ensnare and kill pathogens, they also initiate coagulation via thrombin activation. In fact, increased NET formation has been associated with hypercoagulability in septic patients as well as in chronic vascular disorders. This review will delve into current knowledge of platelet-neutrophil interactions, with a focus on NET-driven coagulation, in the context of infectious diseases. A better understanding of these mechanisms will shed a light on the therapeutic potential of uncoupling immunity and coagulation through targeting of NETs.
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INTRODUCTION

Poised at the interface of immunity and coagulation, platelets express a plethora of surface molecules and receptors and carry granules packed with hundreds of biologically active products. Platelets arise from megakaryocytes, which in turn differentiate from pluripotent hematopoietic cells restricted to the bone-proximal osteoblastic niche in the bone marrow (1, 2). Proplatelets are released from this specialized site into the circulation, continue to mature, ultimately releasing mature platelets (3).

Platelets are undoubtedly critical for hemostasis, in a large part by supporting blood coagulation. Upon activation, platelets expose negatively-charged phospholipids on the outer leaflet of their plasma membrane, providing an ideal surface for the assembly of coagulation factors complexes, such as the VIIIa-IXa complex and the Xa-Va complex. Moreover, factor XI and thrombin are brought into close proximity through interactions with the glycoprotein (GP) Ib/V/IX complex on the surface of platelets, facilitating factor XI cleavage by thrombin. This not only sustains the coagulation cascade, but also overcomes coagulation arrest in the presence of TFPI (inhibitor of the extrinsic pathway) (4).

Platelets are equipped with numerous immune receptors. For instance, signaling through TLRs 2/6 and 1/2 triggers platelet activation, marked by increased expression of surface CD62P (P-selectin), degranulation and aggregation (5–7). TLR4 engagement was shown to induce platelet aggregation and interaction with leukocytes as well as affect CD62P expression in a ligand-dependent manner (8–10). Moreover, human platelets have been shown to secrete antimicrobial peptides targeting both bacteria and fungi in response to thrombin, a key enzyme in the coagulation cascade (11). Platelets have also been increasingly recognized for their role in cellular recruitment. In that sense, platelets have been shown to serve as a “landing pad” in endothelial beds devoid of adhesion molecules, such as the brain (12, 13). In a model of hepatitis, CD8+ T cells were also shown to preferentially dock onto platelets adherent within liver sinusoids rather than adhering to endothelial cells themselves, suggesting a role for platelets in adaptive immunity (14).

The active role of platelets in both coagulation and immunity hints at an evolutionary link to the central immune cells of invertebrates, hemocytes. Hemocytes not only provide host defense through secretion of microbicidal peptides and phagocytosis, but also through coagulation of the hemolymph. In these invertebrate organisms, clot formation is a potent host defense mechanism as it isolates and contains the infectious agent (15–17). This ability to sequester and contain pathogens undeniably resembles the role of neutrophil extracellular traps (NETs), an immune effector mechanism of higher vertebrates. The complex interplay between platelets and neutrophils, which is most likely a long-evolving relationship, will be discussed in this review, with a focus on NET-driven coagulation.



PLATELET DEPENDENT NEUTROPHIL RECRUITMENT AND ACTIVATION

The interactions between platelets and neutrophils are orchestrated by both their surface and secreted molecules, with the former allowing for physical interactions between these cells. Activated platelets express CD62P, which binds to P-selectin glycoprotein ligand-1 (PSGL-1) on the surface of neutrophils (Figure 1A) (21, 22). Alternatively, both GPIb or the integrin αIIβ3 on platelets interact with the integrin αMβ2 on leukocytes either directly, or through fibrinogen as a bridging molecule (23–25). Secreted molecules, such as cathepsin G produced by activated neutrophils, can disrupt these interactions through cleavage of GPIb and PSGL-1 (26). Moreover, there is increasing evidence of platelet-derived products modulating neutrophil recruitment, activation and function. For instance, CD40L secreted by platelets has been shown to upregulate integrin expression on neutrophils (27). Serotonin and CXCL4 have also been implicated in platelet-dependent neutrophil recruitment in models of abdominal inflammation and acute pancreatitis (28, 29).
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FIGURE 1. Platelets-neutrophil interactions and NETs. (A) Key adhesion molecules involved in platelet-neutrophil interactions. These interactions not only provide mechanisms of cell attachment but may also trigger intracellular signaling, promoting cell activation, resulting in the upregulation of additional adhesion and effector molecules. Effector molecules from both cells, such as cathepsin G from neutrophils, in turn modulate neutrophil-platelet physical interactions through cleavage of PSGL-1 and GPIb. (B) Effect of NET inhibition (PAD4−/− mice) or disruption (DNase treatment) in animal models of (Bi) endocarditis (18), (Bii) bacterial sepsis (19), and (Biii) bacterial pneumonia (20). Overall, targeting NETs is associated with reduced inflammation and organ damage; however, this effect has been shown to favor bacterial dissemination.



Platelets mediate leukocyte recruitment via two main mechanisms: (a) by serving as a docking site for immune cells along the endothelium surrounding the inflammatory focus and (b) through secretion of chemoattractants. The extent to which platelets promote cellular recruitment appears to be tissue- and model-dependent. For instance, neutrophil infiltration into the peritoneal cavity, skin and brain in response to LPS was shown to be platelet-dependent whereas in the lung, a compensatory mechanism characterized by the upregulation of CXCL1 and CCL5 was able to overcome platelet depletion (30). In a model of Pseudomonas aeruginosa pulmonary infection, however, platelet depletion was shown to reduce neutrophil infiltration in the lung (31). Similarly, platelet-driven neutrophil recruitment to the colon and kidney has been demonstrated in models of dextran sodium sulfate (DSS)-induced acute colitis and cecal ligation and puncture (CLP) (32, 33). In these studies, platelet depletion was shown to improve clinical and histopathological scores, whereas in the aforementioned model of P. aeruginosa pulmonary infection, platelet depletion led to increased bacterial dissemination and mortality (31–33). These differences further emphasize the complexity of the interplay between platelets and other immune cells, such as neutrophils.

Indeed, platelets are not limited to providing a port-of-entry to neutrophils into sites of tissue insult. Platelets have been shown to directly stimulate the production of NETs through the process of NETosis (18, 34–37). In turn, NETs amplify platelet activation, aggregation and thrombin activation, and all three act in synergy to promote intravascular coagulation in sepsis (19, 38, 39). Evidence supporting the deleterious effects of NET-induced coagulation in infectious diseases will be discussed in the next section.



PLATELET-DRIVEN NETosis

Unsurprisingly, platelet and neutrophil interactions are greatly increased during inflammatory responses. These interactions are, for the most part, initiated by soluble mediators, which directly activate these cells (Table 1). Co-incubation of healthy platelets and neutrophils with plasma from septic patients has been shown to promote platelet adhesion to neutrophils in a TLR4-dependent manner, a result similar to what is observed following co-incubation of platelets, neutrophils and LPS (34, 36). Moreover, LPS-induced intravascular NETosis and trapping of Escherichia coli in NETs has been shown to be augmented in the presence of platelets (34). Platelet-driven NETosis has been observed in the presence of all classic platelet agonists (i.e., thrombin, ADP, collagen, arachidonic acid) as well as several TLR ligands; however, in these models, NET formation does not occur in the absence of platelet activation (35–37). Hence, it is consensus that, for platelet-induced NETosis in vitro, platelets must be first activated. CD62P is also required for platelet-induced NETosis as CD62P−/− platelets have been shown to fail to promote the release of NETs whereas overexpression of platelet CD62P enhanced phorbol 12-myristate 13-acetate (PMA)- and ionomycin-induced NETosis (35). The role of other surface molecules involved in platelet-neutrophil interactions, GPIb/IIa, CD11b (integrin α-chain L), and CD18 (integrin β-chain 2), remains debatable as some studies have shown these molecules to be dispensable (37) while other models have indicated a clear need for integrin-mediated platelet adhesion in the induction of NETosis (69). Although there is strong evidence that platelet-neutrophil adhesion plays a central role in platelet-induced NET formation, physical interactions between platelets and neutrophils may not be absolutely required as activated platelets are known to shed CD62P. Indeed, neutrophils, in the presence of Streptococcus mutans and soluble CD62P (sCD62P) have been shown to produce NETs, thus indicating that direct interactions are dispensable in some situations, at least in vitro (18).



Table 1. Platelet molecules that modulate neutrophil activation.

[image: image]




In addition, to CD62P/PSGL-1 signaling, other mediators have been shown to be involved in triggering NET release. For instance, antibody-mediated blockade of platelet-derived high-mobility box group 1 protein (HMBG1) has been shown to inhibit NET formation in vitro (37). In fact, NET release was inhibited in the presence of anti-HMBG1 to a greater extent than in the presence of anti-CD62P. Moreover, HMGB1 was shown to be required for activation of autophagy pathways, which are required for NETosis in a RAGE-dependent manner, a key receptor for HMGB1 (37). A role for thromboxane A2 (TXA2) has also been demonstrated in platelet-driven NET release. In a study by Caudrillier et al. (66), activated, but not resting, platelets were shown to induce NET formation in vitro. This process was shown to be dependent on TXA2 receptor-mediated signaling, which activates the MAPK pathway (66). Moreover, platelet-derived β-defensin 1 was shown to induce NET formation in a ROS-dependent manner (70). Human platelets store β-defensin 1, an antimicrobial peptide primarily expressed by epithelial cells, in extragranular cytoplasmic compartments. Thus, β-defensin is not released during classic platelet degranulation stimulated by agonists such as thrombin or platelet activating factor (PAF). Instead, β-defensin 1 was shown to be released when platelets were stimulated in the presence of Staphylococcus aureus-derived α-toxin but not LPS (15). This α-toxin-platelet-β-defensin 1 axis could represent a novel mechanism by which platelets directly induce NETs in response to Gram-positive infections. The generation of NETs, however, was only demonstrated in the presence of purified β-defensin 1 (70). Co-incubation of α-toxin, platelets and neutrophils could provide more conclusive evidence of this putative interplay.



EFFECTS OF NETS ON PLATELETS AND COAGULATION

The downstream effects of platelet-induced NET release have also been studied. Activated, but not resting, platelets and neutrophils were shown to result in NET release and increased monolayer permeability in LPS-stimulated endothelial cells in vitro (66). Importantly, NETs also affect platelet function and direct evidence demonstrates that the platelet-NET axis is by no means a one-way road. In a report by Elaskalani et al. (38), cell-free NETs (collected from PMA-stimulated neutrophils) were incubated with human platelets where the presence of NETs alone (with no other platelet agonists added) was shown to promote platelet aggregation, secretion of ATP and ADP, and increased expression of CD62L and phosphatidylserine (PS) on the surface of the platelets (38). An increase in protein phosphorylation at tyrosine residues pointed to NET-mediated activation of intracellular signaling in platelets. Accordingly, Fuchs et al. (39) have demonstrated a role for DNA as well as histones H3 and H4 in NET-induced platelet aggregation in vitro (39). These results strongly hint at a positive feedback loop between platelets and NETs. NET-dependent platelet aggregation, however, was shown to be unaffected by DNase or heparin, suggesting mechanisms independent of the DNA scaffold and thrombin. Inhibition of cathepsin G, a NET component, reduced surface expression of CD62P and PS exposure in platelets whereas blockade of GPIIb/IIIa significantly inhibited platelet aggregation without affecting CD62P expression (38). These observations suggest multiple pathways are likely involved in NET-induced platelet activation and aggregation.

Furthermore, NETs have been implicated in directly inducing thrombin generation through both platelet-dependent and independent mechanisms. NETs released from PMA-stimulated neutrophils have been shown to increase thrombin generation in platelet-poor plasma. This activation required coagulation factors XII and XI, pointing to the involvement of the intrinsic coagulation pathway (71). Importantly, this mechanism was DNA-dependent, as thrombin generation was abrogated when DNase was added to the system (71, 72), although the exact role of DNA scaffold in this context is unknown. Given that coagulation factors optimally assemble on negatively-charged surfaces (such as the PS-rich plasma membrane of activated platelets and microparticles), and that DNA is a negatively-charged molecule, perhaps the DNA backbone of NETs serves as a somewhat ideal surface for the formation of coagulation factor complexes. Importantly, some studies have demonstrated a failure of purified NETs to induce thrombin generation. Whereas, the purified DNA backbone from NETs was able to induce thrombin generation in platelet-poor plasma, intact NETs, failed to generate active thrombin pointing out clear differences between in vivo and in vitro assays and suggesting qualitative differences in NETs themselves exist (73). In the presence of platelets, NETs were also shown to contribute to thrombin generation. The effect was dependent on platelet expression of TLR-2 and TLR-4, suggesting that NET components may act as receptor agonists, inducing platelet activation. Interestingly, DNase potentiated platelet- and NET-driven thrombin generation, likely because dismantling of NETs led to enhanced release of NET components, making them more readily available to act as platelet agonists (71).

In addition to NET production, PMA-stimulated neutrophils have also been shown to release microparticles, which attach themselves to NETs via PS residues. Blocking this interaction was implicated in reduced NET-dependent thrombin generation pointing to a role for neutrophil-derived microparticles in addition to DNA and other NET components (72). While these reports were largely done in vitro, the direct effect of NETs on coagulation in vivo has been also been investigated (19, 72). Using a model of sepsis following CLP, increased cell-free DNA in plasma was shown to be largely derived from neutrophils. Plasma levels of DNA-histone complexes were significantly inhibited in neutrophil-depleted animals, strongly suggesting that neutrophils undergo NETosis in the vasculature during sepsis. Thrombin-antithrombin (TAT) complex levels, a marker of thrombin generation, were increased 24 h after CLP. Moreover, thrombin generation ex vivo was decreased in these animals due to consumption of coagulation factors, a clinical manifestation of disseminated intravascular coagulation (DIC) in septic patients. In animals treated with DNase prior to CLP, thrombin generation ex vivo was restored, placing NETs as critical factor for the depletion of coagulation factors during sepsis (72). Additionally, blockade of NETs has been shown to reduce thrombin activity in the liver and lung microvasculature and inhibition of thrombin prevents NET-induced liver damage in an in vivo model of E. coli-induced sepsis (19), providing a direct link between NETs and coagulation. Interestingly, NETs have been shown to contribute to the occlusion of vessels in the lung microvasculature independently of thrombin generation in animals deficient for DNase1 and 3 during sepsis (74). These data indicate that NETs engage multiple mechanisms leading to microvascular obstruction, impairing organ perfusion and driving tissue damage.

Taken together, these studies have contributed greatly to mapping of the molecular mechanisms underlying platelet-NET interplay. While these mechanisms remain incompletely known, crucial molecules, such as CD62P and HMGB1 in platelets, PSGL1 in neutrophils and cathepsin G, histones and DNA in NETs, have been identified as potential targets for uncoupling immunity and coagulation. Targeting of these interactions, however, may have profound impact on host defense, underscoring the need for studying platelet-neutrophil crosstalk in in vivo models of infection and inflammatory disease.



TARGETING PLATELET-NET INTERACTIONS IN INFECTION-INDUCED VASCULAR DYSFUNCTION

In support of experimental evidence of NET-induced coagulation, a correlation between NETs and thrombosis has been previously demonstrated in clinical studies (75–77). Various components of NETs (cell-free DNA, citrullinated H3 and nucleosome) were shown to be significantly increased following acute ischemic stroke. Levels of citrullinated H3 were also associated with mortality at the 1-year follow up assessment of the study, which included over 200 patients with acute ischemic stroke (75). Of note, H3 citrullination weakens histone binding to negatively charged DNA, which in turn favors chromatin decondensation, a critical step for NETosis (78). Furthermore, a descriptive study of the composition of thrombi retrieved from ischemic stroke patients has revealed the presence of activated neutrophils (CD66b+ and neutrophil elastase+ granulocytes) and as well as NETs (extracellular DNA with citrullinated H3) (76). In the context of infectious diseases, a study by Yang et al. (77) has compared the ability of neutrophils from septic patients to undergo NETosis and its implications in thrombin and fibrin generation (77). Neutrophils from septic patients were able to promote thrombin and fibrin generation in the presence of control plasma in a DNA-dependent manner. Thus, NET release alone was associated with risk of thromboembolism. However, it is still unclear if NETs are causative of thrombosis or if NETosis is a consequence of thrombus formation.

Clinical evidence has supported the role of NETs in driving coagulation and ultimately, vascular dysfunction in both primarily cardiovascular disorders (i.e., ischemic stroke) as well as conditions initiated by infections, such as sepsis. These reports, however, did not delve into the implications of disrupting NET-induced coagulation for disease outcome. Perhaps the main concern when considering this strategy is the impairment of the innate immune response. To address this issue, animal models of systemic or highly invasive infections have been very insightful (Figure 1B). Infective endocarditis is a condition involving thrombi formation following an immune response to bacterial colonization in the heart. Vegetations, a pathological feature of endocarditis, are composed of bacteria embedded in a mass of platelets, fibrin, and immune cells, such as neutrophils. In a rat model of Streptococcus mutans-induced endocarditis, NETs were identified in vegetations on damaged heart valves (18). Accordingly, pre-treatment with DNase I, which dismantles the NET web-like structure, led to a decrease in vegetation weight and bacterial load. However, the effect was also accompanied by increased bacterial dissemination. These results suggest a protective role of thrombus and NET formation on heart valves, at least in restricting pathogen invasion and dissemination throughout the body. Indeed, in vitro, in the presence of neutrophils, platelets were shown to form aggregates around bacteria. The effect was abrogated in the presence of DNase I, supporting the involvement of NETs in pathogen trapping (18).

Furthermore, in models of bacterial sepsis, NET formation, platelet aggregation and thrombin activity were associated with impaired perfusion of the liver microvasculature and organ damage. PAD4−/− mice (unable to release NETs from neutrophils) or pre-treatment with DNase I markedly reduced thrombin activity, suggesting that NETs directly contributed to thrombin activation, likely through platelet-dependent mechanisms. Moreover, organ perfusion and function were improved in the absence of NETs, suggesting that direct targeting of NETs may be beneficial in the context of disseminated infections characterized by overt inflammation, such as sepsis (19). Importantly, this beneficial effect of NET prevention/dismantlement is very much context dependent. In a study by Lefrançais et al. (20), NETs, as expected, were associated with increased inflammation, lung damage and early mortality in a model of bacteria-induced lung injury (20). However, NET-deficient mice or removal of NETs with DNAse I, was associated with increased bacterial loads, demonstrating a clear role for NETs in restricting pathogen dissemination. Critically, the survival rate of animals in this model was only improved if NETs were targeted at earlier time points post-infection. At later time points (>40 h from the i.t., administration of S. aureus), blockade of NETs was no longer protective. These results suggest that although NETs play a role in immunopathology early in infection, their role in trapping and sequestering microorganisms is also critical to limit dissemination of infection and as such, complete abrogation of NET production may be just as deleterious to the host as NET-induced pathology.



SUMMARY

Platelet-neutrophil interactions are undoubtedly a two-way relationship due, in large part, to the role of NETs in modulating both platelet and neutrophil function. Moreover, clinical and experimental studies have supported that NET-mediated coagulation and immunity are critical to disease outcome. Perhaps not surprisingly, NETs seem to play a dual role in models of infectious diseases: they orchestrate both immunopathology and infection clearance. Interestingly, the direct participation of NETs in amplifying coagulation through platelet activation, thrombin generation and microparticle release, seems to ultimately underlie NET-induced immunopathology. Importantly, while blocking or dismantling NETs ameliorates coagulation dysfunction, it may also impair pathogen clearance. Although separating immunity and coagulopathy is the ultimate goal, the question still remains… is this a matter of simply fine tuning of platelet-neutrophil interactions, or, is targeting the procoagulant components of NETs the key to this therapeutic avenue? In the end, a more thorough understanding of the molecular mechanisms underlying NET-driven coagulation will be needed if we are to uncouple immunity and coagulation in the setting of infectious disease.
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Almost all the systems in our body adhere to a daily 24 h rhythm. The cardiovascular system is also affected by this 24 h rhythm. In the morning there is a change in various cardiovascular processes, including platelet aggregability. These changes may play a role in the relative excess of early morning cardiovascular events. The number of recurrent cardiovascular diseases (CVD) could, in theory, be reduced by responding to this 24 h rhythm with timed medication intake (chronotherapy), which also applies to aspirin. Multiple studies on chronotherapy with low-dose aspirin are promising, showing a decrease in early morning platelet activity with evening intake compared with morning intake. However, in order to further demonstrate its clinical impact, randomized trials with cardiovascular events as a primary outcome are needed. This review discusses the available evidence of the effects of circadian rhythm on CVD and the potential positive effect of chronotherapy with aspirin.
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INTRODUCTION

In the past centuries, more and more has been discovered about the different mechanisms in our body as well as how to apply this in our medical treatment regimes. This article will discuss one of those discoveries, namely the circadian rhythm and its influence on the development of acute events of cardiovascular disease (CVD). Platelet aggregation is one of the mechanisms responsible for the development of adverse cardiovascular events. In current medicine, antiplatelet medication is the cornerstone of prevention of recurrent cardiovascular events. Recent studies assessed whether optimal timing of intake of medication, such as aspirin, can give a further reduction of CVD.



THE DISCOVERY OF ASPIRIN AND CIRCADIAN RHYTHMS

Around 2,400 years ago Hippocrates was one of the first who described the analgesic effects of willow bark (1). Aspirin, a medicine derived from the willow bark, is still one of the most widespread used medications in the world (2). It is sometimes called the wonder drug, because of its different properties like antipyretic, analgesic, antiplatelet, anti-inflammatory, and even anti-cancer effects (1, 3).

These observations were already made well before the use of evidence-based medicine. In 1563, Reverend Edward Stone carried out a carefully planned clinical study on ~50 patients suffering from inflammatory disorders and pains with encouraging results (1, 4). This research provided the first scientific basis for the common use of willow bark.

The next step in the scientific discovery was the isolation of the active ingredient of the willow bark (1). In 1897, acetylsalicylic acid was created by Felix Hoffman, by modifying salicylic acid by acetylation, and named it Aspirin. This acetylated salicylic acid also provided for the properties of Aspirin to prevent (recurring) CVD events (4).

In 1950, before the exact working mechanism of aspirin was known, the family doctor Lawrence Craven wrote about his experience with aspirin in a number of American journals. In one of his articles, he mentioned that in patients using a higher dosage of aspirin impregnated chewing gum than that he prescribed after undergoing a tonsillectomy, more complications such as bleeding occurred. Following this, he reasoned that aspirin might have a thrombolytic effect (1).

Twenty years later (1971), Vane and co-workers discovered that aspirin inhibits the synthesis of prostaglandin. This mechanism explains the antipyretic, anti-inflammatory, and antiplatelet effects of aspirin (5). For this discovery, Vane received the Nobel prize for Medicine in 1982. Even today, scientists are discovering new properties of aspirin and are reassessing its value in the light of new knowledge of mechanisms in pathophysiology. This includes recent knowledge about circadian rhythms in our body, which seems a new opportunity to optimize today's medical treatment for CVD.

For a long time, it was thought that almost everything in our body occurred randomly. In 1984, a gene was identified in fruit flies, that ensures the 24 h rhythm (circadian rhythm) in physiological processes, like hormone concentrations (6). The circadian rhythm in physiology and human behavior (e.g., sleep, activity, and eating), are essential for all organisms enabling them to anticipate and adapt to the natural environment (7, 8).

This circadian rhythm is controlled by the central or master clock and peripheral clocks. The central clock situated in the hypothalamus in the central nervous system, called the suprachiasmatic nucleus (SCN), coordinates the expression of the clock genes throughout the body (9). This central clock is mainly driven by the alternation of light and dark (10, 11). The peripheral clocks can be found in almost any tissue of the body, including the cardiovascular system (11, 12). An example of one of those genes is the CLOCK gene. This gene affects, among other things, platelet aggregation, and the expression of plasminogen activator inhibitor-1 (PAI-1). A mutation in the CLOCK gene can result in several changes. For example, the daily variation in platelet aggregation disappeared in CLOCK mutant mice. Besides, mice with CLOCK mutation had reduced and non-rhythmic secretion of PAI-1 by the endothelial cells (7).

The internal clock has a lot of influence on the functioning of our body. Chronic disruption of this clock, for example by shift work, is thought to be related to metabolic syndrome, cancer, diabetes, and cardiovascular disease (7, 9, 13).



CARDIOVASCULAR DISEASE AND CIRCADIAN RHYTHM

The human cardiovascular system has different activity patterns with cycles of 24 h, including heart rate, blood pressure, circulating catecholamines, blood coagulation markers, vascular endothelial function, and autonomic nervous system (8, 14). In the morning there is a change in a number of cardiovascular processes (Table 1). Importantly, these rhythm modifications in the morning correspond to the occurrence of CVD. An apparent increase in the number of adverse cardiovascular events is observed during morning hours (06.00–12.00 h), such as stroke, myocardial infarction, ventricular arrhythmias, and sudden cardiac arrest (8, 21, 22). Patients who had a heart attack during morning hours will mostly have a larger infarct size and worse prognosis, compared with patients having a myocardial infarction during the rest of the day (23).



Table 1. Important changes in cardiovascular processes during the morning.
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AUTONOMIC NERVOUS SYSTEM AND CIRCADIAN RHYTHM

The autonomic nervous system plays a vital role in physiological and pathological responses of the cardiovascular system. The sympathetic system induces an increase in heart rate, myocardial contractility, and peripheral resistance. The parasympathetic system, on the other hand, has the opposite effect, where it primarily causes a reduction in heart rate and, to a lesser extent, a decrease in cardiac contractility (15). The parasympathetic and sympathetic system both follow a circadian rhythm. Whereas, the parasympathetic activity is more pronounced during the night, the sympathetic system has a peak in activity during the morning. Moreover, this early morning peak coincides with a high sensitivity of vascular receptors (14, 21). This morning peak of the sympathetic nervous system and the increased activity of the renin-angiotensin-aldosterone axis along with the decreased parasympathetic system contribute to the rise in blood pressure and heart rate in the morning (21). These changes in the morning probably add to the increased incidence of CVD during the same time period (8).



BLOOD PRESSURE AND CIRCADIAN RHYTHM

Blood pressure follows a 24 h rhythm. In the morning there is a rise, which reaches a plateau around 11 am. Then it gradually decreases, and around midnight it reaches its lowest value (24). Blood pressure usually is about 10 to 20% lower while sleeping than during daytime (25). The change in blood pressure is related to the change in activity of the sympathetic nervous system running parallel to the normal sleep-wake cycle (24). Night-time blood pressure is lower due to the reduction of sympathetic tone and the parallel increase in vagal activity during the sleep period. External factors influence blood pressure as well, such as physical activity, emotions, intake of food and drinks, and the variation in light and dark (20).

The time frame of the rise in blood pressure in the morning coincides with the increase in the number of cardiovascular events in the morning (8). Due to the rise in blood pressure in the morning, vulnerable plaques in arteries are more prone to rupture, which can lead to acute adverse cardiovascular events (26). Not only the morning blood pressure rise increases the risk of developing CVD. Research has shown that having continues high blood pressure during nighttime (non-dipping) increases this risk as well. As a matter of fact, it is the lack of a nightly drop in blood pressure which is a risk of the development of CVD (8, 24). The MAPEC study showed that, with the use of chronotherapy, nighttime blood pressure would be reduced, thereby diminishing the risk of CVD (27).



VASCULAR ENDOTHELIUM AND CIRCADIAN RHYTHM

The vascular endothelium has anti-atherosclerotic functions, plays a role in the aggregation of platelets and regulates the patency of vessels via excretion of nitrogen oxide (8, 28). All of these factors influence the cardiovascular system, and therefore, dysfunction may lead to adverse cardiovascular events (8). Dysfunction of the endothelium results in an imbalance in the production and consumption of nitrogen oxide (18). The endothelium-dependent vasodilator function is normally reduced during morning hours, because of the lower production of nitrogen oxide (20). This vasodilating function of the endothelium protects against diseases such as hypertension, stroke, and myocardial infarction. The deterioration of this function might contribute to the morning peak of CVD (8, 28, 29).



BLOOD CLOTTING AND CIRCADIAN RHYTHM

The ability of blood to form clots can be life-saving during a bleeding event. On the other side, the formation of clots in blood vessels can also lead to ischemic stroke, myocardial infarction, and sudden cardiac arrest. As a counterpart to the development of blood clot, there is thrombolysis, which helps to break down clots and keep blood vessels open. The balance between clotting and bleeding tendency changes during the day. Coagulation is increased during morning hours, partly because platelet aggregation and platelet surface activation markers experience a peak in the morning between 06.00 and 12.00 h (2, 30, 31). In this same period, there is reduced thrombolysis which can partly be explained by a reduced concentration of plasmin-plasmin inhibitor complex in blood during morning hours (20). Secondly by an increased level of plasminogen activator inhibitor-1 (PAI-1). PAI-1 is one of the most important inhibitors of plasma fibrinolytic activity. So, increased PAI-1 concentrations enhance the chance of the development of blood clots (32, 33). These phenomena lead to an increased risk of developing blood clots in the morning hours, possibly contributing to the peak of CVD in this period (2, 8, 33).

The development of CVD is influenced by factors such as continuous interaction between the various circadian phases in the body, the behavior of the individual such as physical exercise and personal risk factors. The circadian rhythms of different processes in the body, such as vagal withdrawal, sympathetic activation, and increased blood clotting, have a homeostatic advantage in most circumstances, anticipating the expected behavioral changes in the morning, and other periods of the day. But in a person susceptible to CVD, the circadian change in the morning can exceed the theoretical risk threshold, which leads to the development of adverse cardiovascular events. The question is whether the circadian rhythm is actually the cause of CVD or whether it reveals the underlying vulnerability (8, 33).

Based on currently available evidence we believe that the circadian rhythms and their influence on CVD, as described above, should be taken into account in the treatment of CVD. Also, the pharmacokinetics of the drug is maybe influenced by this rhythm (34). By reckoning the importance of the circadian rhythm in total during treatment, this might lead to increased effectiveness and fewer side effects. Furthermore, the effectiveness of medicines can also be influenced by comedication. A recent study shows that coadministration of low-dose aspirin and atorvastatin, and possibly other statins, reduces cardiovascular events (35). Still, an important role may be reserved for using the circadian rhythm for drug treatment, such as with acetylsalicylic acid.



ASPIRIN AND TIME OF INTAKE

Platelets are key players in the development of arterial thrombosis. Consequently, aspirin is a cornerstone of secondary prevention because it inhibits platelets. The majority of patients take maintenance doses of 75–325 mg once a day in the morning, after awakening (36). However, research shows that, despite the improvement of lifestyle and drug prevention, 10–33% of these patients have a recurrence of an adverse cardiovascular event within 5 years after their first event (37). The reasons for this recurrence is not completely clear, but probably multifactorial. In theory, it could be partially explained due to the pharmacokinetic properties of aspirin and the circadian physiology of platelets. Aspirin is absorbed reasonably quickly with a Tmax of 0.5–2 h for non-enteric-coated aspirin and 3–4 h for enteric-coated aspirin. But also rapidly excreted with a half-life of acetylsalicylic acid of ~20 min (38). The current once-daily regimen is associated with a slow increase in platelet activity within the 24 h dosing interval (39–41). A likely explanation for this phenomenon could be the production of new platelets (42). These new platelets are released at a rate of 10–15% per day (43, 44). Because of the pharmacokinetic properties of aspirin, the cyclooxygenase-1 (COX-1) of the newly released platelets is not inhibited, and so they are able to form blood clots. Previous studies have shown that 95% of all platelets' COX-1 must be inhibited to achieve effective reduction of platelet aggregation (45, 46). This percentage is supported by a recent study in which insufficient inhibition of platelet aggregation was seen 24 h after morning aspirin intake in 25% of patients with CVD (40). The production and delivery of these new platelets follow a circadian rhythm with peak release in the late night and early morning (47). This, too, coincides with the occurrence of adverse cardiovascular events (8, 21, 22). Therefore, it can be essential to ensure adequate platelet inhibition during the morning hours. By taking the aspirin on awakening, 10% uninhibited platelets are present during the morning hours. By responding to the circadian rhythm and taking aspirin at bedtime, the proportion of unrestrained platelets during the morning hours would theoretically be reduced to 5% (2). This results in increased inhibition of the platelet reactivity during morning hours, and possibly a reduction in adverse cardiovascular events.

Several studies try to accomplish a further decrease in the number of recurrences of adverse cardiovascular events by further reducing the number of uninhibited platelets. These studies are assessing the effect on platelet aggregation by increasing dosage, increasing intake frequency, and the use of chronotherapy.


Increasing Aspirin Dosage

When comparing standard morning low-dose aspirin with a higher dosage on platelet aggregation, the effectiveness of the increase differ. In most studies, the inhibition of the sTxB2 shows sufficient inhibition at a dosage between 80 and 325 mg aspirin per day (48–52). However, three trials reported higher sTxB2 inhibition after dosages above 325 mg of aspirin in comparison with a standard once daily low-dose regimen (52–54). There was a small to no increase in platelet inhibition measured by the Light Transmission Aggregometry if the dosages were above 325 mg (52, 54–57). The results of platelet aggregation measured with the Platelet Function Analyzer and VerifyNow were in line with the sTxB2 results: two trials demonstrated sufficient levels of platelet inhibition with once-daily dosages of 75–325 mg of aspirin (50, 56, 58).



Increased Intake Frequency of Aspirin

Regarding the increase of the intake frequency, a higher sTxB2 inhibition was reported in three studies, when intake was increased to more than one intake per day in comparison with the standard once daily low-dose regimen (50, 59, 60). Capodanno et al. reported a superior inhibition when intake was increased to more than once-daily of aspirin in comparison with the standard once-daily dosing, measured by the Light Transmission Aggregometry and VerifyNow (50). On the other hand, five trials did not demonstrate superiority in the level of inhibition by increasing the intake frequency of aspirin (49, 59, 61–63). In addition, when measuring the platelets aggregation by Platelet Function Analyzer, a difference was seen between patients with stable CVD and healthy volunteers (59, 64). In patients with stable CVD, a significant decrease in platelet aggregation was seen when comparing intake of once daily with twice a day (64). This difference was not demonstrated in healthy volunteers (59).



Chronotherapy of Aspirin

Two randomized cross-over trials on chronotherapy concerning platelet function inhibition suggested a superior sTxB2 inhibition after once-daily evening intake of low-dose aspirin in comparison with morning intake (2, 59). van Diemen et al. reported an increased platelet inhibition, measured with Light Transmission Aggregometry, after low-dose aspirin intake in the evening in comparison with the standard low-dose aspirin once daily in the morning (65). When measuring the platelets aggregation by Platelet Function Analyzer, a different effect on platelet aggregation was found between patients with stable CVD and healthy volunteers. In stable cardiovascular patients, a statistically significantly higher level of platelet inhibition was demonstrated after evening intake, whereas a trial conducted in healthy subjects did not show a difference (59, 65).

One parallel RCT and three randomized cross-over trials reported more platelet inhibition, measured by the VerifyNow, after evening intake of low-dose aspirin compared with the standard once daily morning dosing (2, 59, 66, 67).



The Different Intake Regimens

When analyzing these different studies on platelet aggregation, one could conclude that an aspirin dosage between 75 and 325 mg once daily provides sufficient platelet inhibition in early morning hours (48–52, 56, 58, 59, 61–63). Especially when we consider that changes in the dosage, frequency, or intake time, in addition to their positive effect on platelet aggregation, may also give a higher chance of side effects. When increasing the dosage above 325 mg once daily minor improvement of platelet inhibition is obtained (52–56). Besides, the risk of side effects such as gastrointestinal bleeding increases with increasing dosage (68). Increasing the intake frequency seems also beneficial on the level of platelet inhibition (50, 59, 60, 64). Again, the total daily dose should not exceed 325 mg, due to the increased chance of complications. Beside, adherence deteriorated with an increasing number of intake moments (69). Importantly, the application of chronotherapy showed, in most of the studies, a higher level of platelet inhibition when comparing the evening intake with the standard once-daily morning intake (2, 59, 65–67). The chance of side effects with the use of low-dose aspirin is similar between the different intake regimens (70). But there have been few long-term studies on the effects of increased intake frequency and chronotherapy so far. However, the evidence for chronotherapy seems hitherto to be the most consistent compared with the other interventions (increasing dosages and intake frequency). Chronotherapy probably has a lower expectancy of side effects on the long-term, because there is no increase in dosage.




CONCLUSION

It is clear that the cardiovascular system of our body follows a circadian rhythm. Several studies have shown that adverse cardiac events also follow a circadian rhythm, with a vulnerable period in the early-morning hours. The described circadian processes of the cardiovascular system, each with its own rhythm, presumably all contribute to the development of adverse cardiac events. It is essential to investigate how the medical profession can respond to this circadian rhythm in the treatment of CVD leading to increased effectiveness of treatments and/or fewer side effects. The available evidence already shows positive effects of chronotherapy, for instance by reducing nighttime blood pressure. Also, recent studies on chronotherapy suggest that low-dose aspirin taken at bedtime compared with intake on awakening can improve platelet inhibition during morning hours. There is a need for randomized controlled trials with cardiovascular events and side-effects as endpoints, to further supports the promising chronotherapy hypothesis.
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Genetically modified mice are indispensable for establishing the roles of platelets in arterial thrombosis and hemostasis. Microfluidics assays using anticoagulated whole blood are commonly used as integrative proxy tests for platelet function in mice. In the present study, we quantified the changes in collagen-dependent thrombus formation for 38 different strains of (genetically) modified mice, all measured with the same microfluidics chamber. The mice included were deficient in platelet receptors, protein kinases or phosphatases, small GTPases or other signaling or scaffold proteins. By standardized re-analysis of high-resolution microscopic images, detailed information was obtained on altered platelet adhesion, aggregation and/or activation. For a subset of 11 mouse strains, these platelet functions were further evaluated in rhodocytin- and laminin-dependent thrombus formation, thus allowing a comparison of glycoprotein VI (GPVI), C-type lectin-like receptor 2 (CLEC2) and integrin α6β1 pathways. High homogeneity was found between wild-type mice datasets concerning adhesion and aggregation parameters. Quantitative comparison for the 38 modified mouse strains resulted in a matrix visualizing the impact of the respective (genetic) deficiency on thrombus formation with detailed insight into the type and extent of altered thrombus signatures. Network analysis revealed strong clusters of genes involved in GPVI signaling and Ca2+ homeostasis. The majority of mice demonstrating an antithrombotic phenotype in vivo displayed with a larger or smaller reduction in multi-parameter analysis of collagen-dependent thrombus formation in vitro. Remarkably, in only approximately half of the mouse strains that displayed reduced arterial thrombosis in vivo, this was accompanied by impaired hemostasis. This was also reflected by comparing in vitro thrombus formation (by microfluidics) with alterations in in vivo bleeding time. In conclusion, the presently developed multi-parameter analysis of thrombus formation using microfluidics can be used to: (i) determine the severity of platelet abnormalities; (ii) distinguish between altered platelet adhesion, aggregation and activation; and (iii) elucidate both collagen and non-collagen dependent alterations of thrombus formation. This approach may thereby aid in the better understanding and better assessment of genetic variation that affect in vivo arterial thrombosis and hemostasis.
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INTRODUCTION

Current concepts of platelet activation pathways in thrombosis and hemostasis rely to a large extent on the summation of single observations. Frequently, the role of a particular protein or signaling pathway is deduced from the consequences of a genetic knockout in mouse on platelet responses, such as in comparison to changes in experimental arterial thrombosis and tail bleeding. A large set of such studies has resulted in the concept of collagen-induced arterial thrombus formation (1–4). Herein, it is stipulated that the exposure of subendothelial collagen to flowing blood is a key trigger to start shear-dependent thrombus formation. Collagen causes platelet adhesion and furthermore binds von Willebrand factor (VWF), which can decelerate flowing platelets at high shear rate. Firm VWF/collagen-mediated adhesion and subsequent platelet activation requires synergy between the VWF receptor, glycoprotein (GP)Ib-V-IX, and the collagen receptors, GPVI and integrin α2β1 (5–8).

Collagen is known to induce a number of stimulating pathways via GPVI, in particular: (i) activation of Src-family and Syk tyrosine kinases, resulting in phospholipase C (PLC)γ2 activation and intracellular Ca2+ mobilization (2, 9); (ii) additional Ca2+ influx via ORAI1 channels which couple to the calcium sensor STIM1 in the reticular membrane (10); (iii) activation of several isoforms of protein kinase C (PKC) (11), phosphoinositide 3-kinases (PI3K) (12), and small GTPases, the latter including CDC42, RAC1 and RHOA (13). Additional, modifying signaling pathways include: (iv) activation of phospholipase D, augmenting flow-dependent platelet activation (14); and (v) activation of multiple (tyrosine) phosphatases, a part of which act downstream of immunoreceptor tyrosine-based inhibition motif (ITIM)-containing receptors. Such phosphatases can have a direct or indirect platelet-stimulating (e.g., CD148, DUSP) or a platelet-inhibiting effect (PECAM1, G6b-B) in response to collagen (15). Together, these signaling routes co-operate to control the activation state of the platelet fibrinogen receptor, integrin αIIbβ3, the secretion of granular contents, and the release of thromboxane-A2. Locally secreted or generated soluble agonists, acting via G-protein coupled receptors (GPCR) ensure the capture and incorporation of passing platelets into an aggregate or thrombus (2–4). In a subset of platelets in the thrombus, procoagulant activity is generated by Ca2+-dependent activation of the anoctamin-6 (TMEM16F) channel (16), regulating phosphatidylserine (PS) exposure and platelet ballooning (17–19).

Although all these signaling components are known to play a certain role in collagen-dependent thrombus formation, there is still limited insight into the relative contribution of individual proteins. In addition, it is unclear to which extent C-type lectin-like receptor-2 (CLEC2), another receptor that signals via tyrosine kinases (20, 21), is capable to regulate the process of thrombus formation. The same holds for integrin α6β1, an adhesive receptor, which mediates flow-dependent adhesion of platelets to the matrix protein laminin (22).

In a recent synthesis approach, a quantitative evaluation was made of the contribution of 431 mouse genes to experimental arterial thrombosis and hemostasis in vivo, thereby revealing several genes with a role in thrombosis without affecting bleeding (23). For the total cohort of studies and mouse genes, it appeared that microfluidics assays where thrombus formation is measured in vitro—by whole blood perfusion over a collagen surface—predict the consequences of a gene knockout on thrombosis models in vivo (23). However, the standard microfluidic tests only report on changes in platelet adhesion (surface area coverage, SAC%), which is a limitation given that the recorded microscopic images also contain information on platelet aggregate formation (24, 25). In comparison, for human blood samples from a large cohort of healthy subjects, it could be shown that a multi-parameter image analysis can provide detailed information on the sub-processes of platelet adhesion, aggregation and activation at the same time (26).

To better understand the alterations in thrombus phenotypes using microfluidics, we applied a similar multi-parameter approach to quantitatively compare the effects of deficiency of 37 signaling proteins on collagen-induced pathways. We therefore re-analyzed earlier recorded microscopic images, in all cases from thrombi generated using the same microfluidic flow chamber setup.



MATERIALS AND METHODS


Mice

Mice were included from 38 strains, in each case with a monogenetic or antibody-induced deficiency, as well as 22 sets of corresponding wild-type or control mice, as described in the original publications (see Table 1). As a selection criterion for inclusion, microscopic images needed to be available from n ≥ 3 animals per modified group and n ≥ 4 for wild-types. Scaled effects on in vivo arterial thrombosis and tail bleeding are for the majority of strains described previously (23).



Table 1. Overview of re-analyzed data sets on thrombus formation using the Maastricht flow chamber.
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In all cases, mouse blood was collected into anticoagulant medium, consisting of PPACK (40 μM), unfractionated heparin (5 U/ml) and low molecular weight heparin (fragmin, 50 U/ml). Samples were immediately processed. For original data, experiments were approved by the district government of Lower Franconia (Bezirksregierung Unterfranken) and by the Animal Experimental Committee in Hinxton/Cambridge. For previously published data, experiments were approved by the local Animal Experimental Committees as indicated in the original publications (see references in Table 1).



Whole Blood Thrombus Formation Under Flow

For all data sets, thrombus formation in whole blood under flow was assessed with the Maastricht flow chamber (depth 50 μm, width 3 mm, length 30 mm) (24). In short, PPACK/heparin anticoagulated blood (400–500 μl) was perfused for 3.5–4.0 min at room temperature at a wall shear rate of 1000 s−1 (where indicated 1700 s−1) over (i) Horm-type collagen (100 μg/ml, Nycomed Pharma, Munich, Germany), allowing platelet interaction via GPIb, GPVI and integrin α2β1.

Where specified, two additional surfaces were used, similarly as described before (24): (ii) VWF-binding peptide (VWF-BP, 12.5 μg/ml, obtained from Prof. Dr. R. Farndale, Cambridge University, UK) + laminin (50 μg/ml, from human plasma, Sigma-Aldrich, St. Louis MO, USA; binding integrin α6β1) (22), and (iii) VWF-BP + laminin + rhodocytin (250 μg/ml, activating CLEC2) (54). Rhodocytin purified from Calloselasma rhodostoma (55), was a kind gift of Prof. Dr. K. Clemetson (Bern University, Switzerland).

After blood perfusion, platelet thrombi were rinsed with modified Tyrode's Hepes buffer (pH 7.45, 5 mM Hepes, 136 mM NaCl, 2.7 mM KCl, 0.42 mM NaH2PO4, 1 mg/ml glucose, 1 mg/ml bovine serum albumin, 2 mM CaCl2, 2 mM MgCl2 and 1 U/ml heparin), and then stained during 1.5 min flow with one to three fluorescently labeled platelet activation markers. These were: Alexa Fluor (AF)647 (or FITC) conjugated annexin A5 (AF647: 1:200, Invitrogen Life Technologies, Carlsbad, CA, USA/FITC: 1:1000, PharmaTarget, Maastricht, The Netherlands); FITC anti-mouse CD62P mAb (1:40, rat-anti-mouse, Emfret Analytics, Würzburg, Germany); and phycoerythrin (PE)-labeled JON/A mAb (1:20, Emfret Analytics); all diluted in modified Tyrode's Hepes buffer. Residual labels were removed by another perfusion for 2 min with label-free Tyrode's Hepes buffer. Multiple brightfield and (if applicable) fluorescence microscopic images were captured per surface, of which three representative images were re-analyzed in a systematic way (26).

For image recording, different fluorescence microscopic systems were used (see references in Table 1), but always containing a 60/63x oil objective and a sensitive CCD camera for capturing enhanced-contrast, brightfield images.



Microscopic Image Analysis

For all mouse strains, the recorded 16-bit or 8-bit brightfield and fluorescence images were re-analyzed using the same newly developed scripts (one per image type), written in Fiji (56). Scripts always opened a series of images one-by-one with a loop. In each loop run, background illumination was corrected using a fast Fourier transform bandpass filter, followed by manual setting of a threshold and measurement of the surface area coverage. For brightfield images, a series of Gray morphology conversions was applied to reduce striping and to improve the detection quality. Image conversion steps were as follows: a diamond large sized close, followed by a medium sized circle close and a small circle shaped dilate. Note that the first step increased the pixels that were stronger in regions with many neighboring pixels, the second step then rounded the shapes and additionally reduced straight lines, while the final step (allowing alteration by user-interface) served to obtain the best match with the original image. The Fourier transform filter served to flatten the background areas sufficiently for good analysis, with a minimal impact on the structures. For brightfield images, large structures were filtered down to 60 pixels, for the fluorescence images of annexin A5, integrin and P-selectin images large structures were filtered down to 65 pixels. Small structures were not filtered down, as these contained structures of interest within the adhered platelets (Supplementary Figure 1).

Using these scripts and by visually scoring the unprocessed brightfield images, the following parameters of thrombus formation were obtained (Table 2): surface area coverage of adhered platelets (P1, %SAC); platelet aggregate coverage (P2, %SAC); thrombus morphology score (P3, scale 0-5); thrombus multilayer score (P4, scale 0-3); and thrombus contraction score (P5, scale 0-3). Scoring was performed in comparison to a set of pre-defined standard images (Supplementary Figure 1). For the assessment of platelet activation, fluorescence images were analyzed for PS exposure (P6, %SAC), P-selectin expression (P7, %SAC) and integrin αIIbβ3 activation (P8, %SAC) (24).



Table 2. Overview of microspotted surfaces (M) and parameters of image analysis (P) for the assessment of thrombus formation.
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Regardless of the image type, parameter values from three images per experiment were averaged, thus resulting in a single value per parameter and experiment. The image analysis and scoring parameters were verified by different observers, who were blinded to the experimental condition. Parameters of experiments from the same mouse strain were combined as proxy measures of platelet adhesion (P1), thrombus signature (P2-5), and platelet activation (P6-8), as described before for human platelets (26).



Network Analysis

A network of protein-protein interactions was built based on 37 investigated genes, using the STRING database (57), taking into consideration the following settings: 1st shell interactors: <20 interactors, 2nd shell interactors: <60 interactors, confidence level: medium to high. Networks were visualized in Cytoscape version 3.7.0 (58).

Network clustering analysis was performed with the Cytoscape app, MCODE to identify highly interacting nodes using the following settings: degree cutoff: 2, node score cutoff: 0.2, K-core: 2 and maximum depth: 100 (59, 60).



Data Processing and Statistical Analysis

For each genetically modified strain and corresponding wild-types, image data were averaged to obtain one parameter per surface, of which mean and SD values were calculated. For heatmap representation, mean values were univariate scaled from 0 to 10 per parameter (24). Gene effect heatmaps were constructed by subtracting scaled average values of the wild-type (control) strain from those of the modified strain. For statistical evaluation, a filter was applied, considering changes outside the range of composite mean ± SD as a relevant difference between modification and wild-type (26). Heatmap data were visualized by (unsupervised hierarchical) cluster analysis using the program R (61). For comparison of raw parameter values, a Kendall's tau-b correlation analysis was performed using SPSS (IBM SPSS version 24, Armonk, NY, USA).




RESULTS


Microfluidics Analysis of Thrombus Formation on Collagen of Multiple Wild-Type Mouse Datasets

Microscopic brightfield and (annexin A5) fluorescence images were collected from earlier performed whole blood perfusion experiments with blood from 38 different strains of modified mice and 22 corresponding wild-types (Table 1). Included were experiments with strains (in majority published), that were judged to be of sufficiently high quality and power to allow re-analysis by newly developed image analysis scripts (Supplementary Figure 1). From each experiment, five parameters of thrombus formation were obtained (Table 2). Platelet adhesion was quantified by the conventional analysis of platelet SAC% (P1). Thrombus signature (26) was composed of four parameters related to the thrombus buildup (ΣP2-5), i.e., platelet aggregate SAC% (P2), thrombus morphology score (P3), thrombus multilayer score (P4), and thrombus contraction score (P5). As far as available, platelet activation was assessed from fluorescence images of PS exposure (P6) (see Supplementary Figure 1).

To establish the overall consistency of the combined databases of the whole blood experiments, we compared the mean values plus variation for each of the image analysis parameters P1-5 for the 22 wild-type control datasets. The calculated coefficients of variation of means across the wild-type datasets ranged from <12% (P3-5) to 23-25% (P1,2) (Supplementary Table 1). For heatmap presentation, mean values for all wild-types (and corresponding transgenic animals) were univariate scaled from 0-10 (Figure 1A). The obtained heatmap illustrated an overall high cohesion of the data, yet also suggesting that wild-type strains with mixed C57Bl/6 x 129SV background (databases 04, 05, 08, 16, 20) had a tendency for smaller P3-5 values. Overall, these findings point to a high degree of comparability between the various wild-type datasets.
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FIGURE 1. Consistency of collagen-dependent thrombus formation between multiple wild-type mouse datasets. Blood from wild-type (WT) mice (databases as indicated in brackets) was perfused over collagen at a shear rate of 1000 s−1 (in two cases 1700 s−1), and parameters of thrombus formation were obtained by re-analysis of random brightfield images. Investigated wild-type mice (n = 22) had a C57Bl6 genetic background or, where indicated, a mixed C57Bl6 x 129SV background (M) or other background (O). For full details, see Table 1. (A) Heatmap of mean parameters, univariate scaled (0–10) across all mouse strains. Parameter clustering was as follows: platelet adhesion: P1 (platelet SAC%); thrombus signature: P2 (platelet aggregate SAC%), P3 (thrombus morphology score), P4 (thrombus multilayer score), P5 (thrombus contraction score); and platelet activation: P6 (PS exposure). Also indicated (black bars on the right) are the overall scaled values of platelet adhesion (P1) and thrombus signature (ΣP2-5). The wild-type datasets were arranged based on the alphabetical order of the (genetically) modified mice. (B,C) Correlations between parameters of thrombus formation for all cohorts of mice strains. Shown are Kendall's tau-b correlation coefficients (B) and corresponding p-values (C).



To determine how the different parameters of collagen-mediated thrombus formation correlated within our dataset of wild-type and genetically modified mice, a correlation matrix was constructed based on the Kendall's tau-b correlation analysis (Figure 1). All parameters showed a significant moderate to strong correlation to each other (Kendall's tau-b: 0.424–0.829). Platelet adhesion (P1) correlated strongly to platelet aggregation (P2), while it correlated moderately to thrombus morphology (P3), multilayer (P4) and contraction (P5) (Kendall's tau-b: 0.424-0.572). Strongest associations were observed between platelet aggregation (P2) and the thrombus scores (P3-5) (Kendall's tau-b 0.55–0.65, p < 0.001). Furthermore, even stronger correlations were seen between P3-5, i.e., the thrombus morphology, multilayer and contraction scores (Kendall's tau-b 0.76–0.83, p < 10−10).



Comparing Thrombus Formation on Collagen in Multiple Genetically Modified Mice

As detailed in Table 1, the included 38 modified mouse strains concern animals with defects of single genes, encoding for proteins implicated in GPVI- and/or GPCR-related platelet activation pathways, i.e., Csk, Fcer1g (FcR γ-chain), Gnaq (Gαq), Orai1, Pik3cg (PI3Kγ), Pld1 (PLD1), Prkca (PKCα), Prkcd (PKCδ), Prkcq (PKCθ), Prkd2 (PKD2), Stim1, Stim2 or Syk. In addition, the list contains mice with genetic deficiencies of the small GTPases, Cdc42, Rhoa or Rac1; deficiencies of protein (tyrosine) phosphatases Dusp3, Mpig6b (G6b-B), or Ptprj (CD148); deficiencies of other adhesive receptors, such as Itga2 (integrin α2), Itgb1 (integrin β1) or Cd36 (GPIV); defects linked to altered PS exposure, i.e., Ano1 (TMEM16A), Ano6 (TMEM16F), Capn1 (calpain-1) or Kcnn4. Other mice with single gene deficiencies came from an earlier undertaking to find novel proteins implicated in thrombosis and hemostasis (23), namely Anxa1 (annexin 1), Apoe (plasma lipoprotein component), Bnip2 (CBL2-interacting protein), Dlg4 (scaffold protein), Fpr2 (formyl peptide receptor), Grm8 (glutamate receptor), Ifnar1 (interferon receptor) or Vps13a (vacuolar sorting protein). In addition, a mutated mouse strain with a Plcg2 gain-of-function (GOF, constitutive active PLCγ2) was incorporated (46). Given the ability of antibodies JAQ1 and INU1 to specifically cause platelet depletion from GPVI or CLEC2, respectively, after in vivo injection into mice (5) we also included strains with such antibody-induced GPVI and/or CLEC2 deficiencies.

For assessment of the effects of (genetic) deficiency, scaled values per parameter were calculated for each of the 38 modified mouse strains and compared to those of the corresponding wild-types (Supplementary Figure 2). A subtraction heatmap was generated to pinpoint the effects of genetic modification, in which differences outside the range of (composite) means ± SD were considered as being relevant. The heatmap data could be ranked based on alterations in thrombus signature (Figure 2A) or on differences in platelet adhesion (Figure 2B). With either way of ranking, profound quantitative differences were observed in the majority of the thrombus formation parameters, when comparing the 38 modified mouse strains. Thrombus signatures were suppressed, in a decreasing order (Figure 2A), by deficiencies in Syk, GPVI/CLEC2, GPVI, Fcer1g, Gnaq, Rac1, Prkd2, Prkca, Stim1, Itga2, Orai1, CLEC2, Mpig6b, Pik3cg, Csk, and Ptprj. In contrast, this thrombus marker was elevated, in an increasing order, by deficiencies in Prkcq, Capn1, Plcg2 (gain-of-function mutation), Apoe, Prkcd, and Fpr2.
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FIGURE 2. Multi-parameter comparison of collagen-dependent thrombus formation for 38 (genetically) deficient mice. Whole blood from mice with indicated genetic or antibody-induced defects as well as from corresponding wild-type mice was perfused over collagen-I. Parameters of thrombus formation were as indicated in Figure 1. For detailed information on mouse strains, see Table 1. Mean parameters per strain were scaled (0–10) across all wild-types (n = 22) and (genetically) modified mice (n = 38), as for Figure 1. Subtraction heatmaps showing differences between indicated genetic (or antibody-mediated) deficiency in comparison to wild-type, after filtering for differences outside the range of (composite) mean ± SD, to select relevant changes. (A) Ranking of genes based on effect on thrombus signature (ΣP2-5), as shown in black bars on the right. Colors indicate unchanged (black), decreased (green) or increased (red) parameters. (B) Ranking of genes based on effect on platelet adhesion (P1), as indicated in black bars. Colors represent unchanged (black), decreased (green) or increased (red) parameters. Non-subtracted heatmap values are provided in Supplementary Figure 2.



The ranking based on altered platelet adhesion revealed several similarities, but also marked differences. Defects in Syk, GPVI, Rac1, Stim1, and Itga2 resulted in a strong suppression of both platelet adhesion and thrombus signature. Relative larger effects on thrombus signature—in comparison to platelet adhesion—were apparent for mice with defects in Fcer1g, Prkd2, and Prkca (reduced thrombus formation), as well as for mice with defective members of the PKC family, Prkcd and Prkcq (increased thrombus formation). Relative increases in platelet adhesion were only seen for mice with deficiencies in Kcnn4, Ano1, and Capn1. In general, these heatmaps demonstrated that the ranking based on changes in thrombus signature (Figure 2A) can provide additional insight into the 'thrombogenic” consequences of a gene defect, in comparison to a ranking based on altered platelet adhesion (Figure 2B).



Microfluidics Analysis of Thrombus Formation on Collagen and Other Surfaces

For a subset of 11 genetically modified mice strains, the same microfluidic device was used to assess whole blood thrombus formation on collagen-I (M1) plus two additional microspots, i.e., rhodocytin/laminin (M2) and laminin (M3), both co-coated with VWF-BP to induce shear-dependent platelet adhesion (Table 2). As clarified before, immobilized rhodocytin triggers CLEC2-induced platelet activation (26, 54), whereas laminin surfaces allow platelet adhesion via integrin α6β1 (22). For the same subset of mice, the formed thrombi were post-stained in three colors to quantify PS exposure (P6), P-selectin expression (P7) and integrin αIIbβ3 activation (P8), using procedures previously established for human platelet thrombi (26). Representative images from each of the microspots using wild-type blood are depicted in Figure 3. In comparison to collagen-I (M1), rhodocytin/laminin (M2) was less thrombogenic, with only moderately activated platelets that formed small aggregates. The laminin microspot (M3) only triggered adhesion of a monolayer of spreading platelets.
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FIGURE 3. Microscopic imaging of whole blood thrombus formation on adjacent microspots. Whole blood from wild-type mice (DB 24) was flowed for 3.5 min at 1000 s−1 over three consecutive microspots of collagen-I (M1, upper row), rhodocytin/laminin/VWF-BP (M2, middle row), and laminin/VWF-BP (M3, lower row). Shown are representative brightfield and fluorescence microscopic images of the thrombi formed. Triple staining was performed with AF647-annexin A5, FITC-anti-CD62P Ab, and PE-JON/A Ab. Also indicated are the types of parameters (P1-8) taken from the image sets. Bar, 50 μm.



For these 11 genetically modified mouse strains plus corresponding wild-type mice, we again listed the scaled parameters (P1-8) for each microspot (M1-3) (Supplementary Figure 3). The ensuing subtraction heatmap revealed major reductions in platelet adhesion and thrombus signature at surface M1 for the animals with deficiencies in Csk, Ptprj, Mpig6b (tyrosine protein kinase, phosphatases and ITIM receptor, respectively); and, to a clearly lesser extent, for deficiencies in Ifnar1, Vps13a and Anxa1 (Figure 4). For the kinase and phosphatase knockouts, this extended to a reduction in platelet activation parameters (P6-8) at M1, and furthermore to lower P1-2 values at the other microspots M2-3.
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FIGURE 4. Multi-parameter comparison of thrombus formation on three microspots for 11 mouse strains with genetic deficiencies. Whole blood from mice with indicated genetic defects or corresponding wild-types was perfused over three microspots (M1-3), as for Figure 3. Brightfield images (P1-5) and fluorescence images (P6, AF647-annexin A5; P7, FITC anti-CD62P Ab; P8, PE-JON/A Ab) were analyzed for each microspot. Per microspot, parameter values were univariate scaled (0-10) across all mouse strains. (A) Subtraction heatmap of differences between deficient and wild-type strains, filtered for changes outside the range of (composite) mean ± SD, to select relevant changes. Genes were ranked based on effects on thrombus signature (ΣP2-5) across microspots M1-3, as shown in black bars. Colors represent unchanged (black), decreased (green) or increased (red) parameters. (B) Subtraction heatmap with ranking based on gene effects on platelet adhesion (P1), as indicated in right black bars.



Markedly, for several of these mice, also gain-of-platelet-functions could be detected. In this case, increased parameters P4-6 were distributed over M1 (deficiencies in Apoe and Fpr2) and M2 (deficiency in Grm8). Another remarkable finding was that, for the majority of mice, parameters at the laminin surface (M3) were unchanged. This suggested that laminin-platelet interactions are relatively insensitive to these genetic modifications. Next to the ranking based on changes in platelet adhesion (Figure 4B), the ranking of genes according to changes in overall thrombus signature (Figure 4A) appeared to be a valuable addition in the description of the alterations in platelet properties.



Linking Microfluidics Outcomes to Thrombosis and Hemostasis in vivo

Recently, we described a systematic procedure to compare the consequences of genetic knockout in mice for experimentally induced (collagen-dependent) arterial thrombosis and hemostasis (23). For the 38 deficiencies, it was thus of interest to compare the results of the current extended microfluidic assay (M1, P1-5) with the previously reported changes in arterial thrombosis tendency and tail bleeding in vivo. Hence, per modified mouse strain, the recorded changes (Table 1) were listed as being a reduced/unchanged/increased thrombosis phenotype and as a prolonged/unchanged/shortened bleeding time. Figure 5 gives the comparison of these in vivo effects with altered parameters of in vitro thrombus formation using microfluidics.
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FIGURE 5. Effects of genetic modification on arterial thrombosis and tail bleeding in comparison to collagen-dependent thrombus formation using microfluidics. Effects of genetic or antibody-induced defects of concerning mouse strains on arterial thrombosis and tail bleeding was obtained from the literature (see Table 1). Effects were classified as being unchanged (black), antithrombotic/prolonged bleeding (green) or prothrombotic/shortened bleeding (red), according to procedures described before (23). White color indicates that information is lacking. Heat mapped data were ranked based on summative effects on all thrombus formation parameters (ΣP1-5) from surface M1.



Strikingly, the majority of mice demonstrating an antithrombotic phenotype in vivo manifested with a larger or smaller reduction in collagen-dependent thrombus formation in vitro (Figure 5). We noted only a few exceptions: (i) mice deficient in Cdc42 with an apparently prothrombotic phenotype, but for unknown reasons no effect in vitro; (ii) mice deficient in Pld1 (where in vitro thrombus formation was only impaired at a higher shear rate of 1700 s−1) (14); and (iii) Cd36-deficient mice (requiring a thrombospondin surface for altered in vitro thrombus formation) (29). Also, the impaired arterial thrombosis reported for Capn1−/− mice (27) did not match with a measured higher platelet adhesion under flow, although it should be noted that the latter mice showed a complex pattern of increased and decreased platelet activation parameters in vitro (28).

Markedly, in the mouse strains with a reduced arterial thrombosis tendency in vivo, only approximately half of these were accompanied with a hemostatic defect (Figure 5). This was also reflected by comparing in vitro thrombus formation (by microfluidics) with alterations in bleeding time. Mice with reduced in vitro thrombus formation, but unchanged or slightly prolonged bleeding times, included animals with deficiencies in the collagen receptors Gp6 and Itga2; the protein kinases Prkd2 and Prkca; and the protein phosphatases Ptprj and Dusp3. This may suggest that the collagen receptors (and hence collagen itself) and the (de)phosphorylating proteins within the downstream signaling pathways are not essential for hemostasis. This may suggest that the collagen receptors (and hence collagen itself) and the (de)phosphorylating proteins are not uniquely—perhaps redundantly—required for platelet functions at lower shear rates such as during hemostasis. The same mouse genes were also previously characterized as having a distinct role in arterial thrombosis and hemostasis (23).



Network Modeling to Predict Novel Proteins Implicated in Mouse Platelet Functions

Based on the 37 different mouse genes/proteins that were analyzed for effects on collagen-dependent whole blood thrombus formation, we constructed a network using the biological STRING (Search Tool for the Retrieval of Interacting Genes/Proteins) database, in order to be capable to depict additional protein-protein interactions. Accordingly, a network was established containing in total 117 nodes (37 core and 80 novel nodes) and 1142 edges (interaction score: medium to highest confidence: 0.40–0.99). Reactome pathways that were highly represented in the network were: platelet activation, signaling and aggregation (count in gene set: 37 of 242; false discovery rate: 3.25e−39), hemostasis (count in gene set: 44 of 489; false discovery rate: 1.5e−38), signal transduction (count in gene set: 68 of 2430; false discovery rate: 2.14e−32), GPVI-mediated activation cascade (count in gene set: 18 of 34; false discovery rate: 2.07e−26) and G alpha (12/13) signaling events (count in gene set: 18 of 68; false discovery rate: 2.64e−22). The 37 core nodes were color- and size-coded, based on the established gene effects on thrombus signature M1PΣ(2-5), and then indicated three typical clusters of genes/proteins with large size effects (Figure 6): (i) Gp6 with associated receptors Fcer1g and kinase Syk (cluster score: 7; #nodes: 19; #edges: 63); (ii) the low-molecular weight GTPases Rac1 and Cdc42 together with Itga2 and Itgb1 (cluster score: 5.24; #nodes: 22; #edges: 55); and (iii) Ca2+-regulating signaling components, Stim1, Stim2 and Orai1 (cluster score: 4; #nodes: 4; #edges: 6). Out of the 80 novel nodes, 12 genes have been previously shown to modify in vivo arterial thrombosis and/or bleeding (Cblb, Cttn, Gnai2, Gria1, Itga6, Lat, Lcp2, Ldlr, Pik3cb, Pik3r1, Rock2, Vav1) (23). Color-coding of the same network nodes for gene effects on platelet adhesion revealed as most notable changes the above-mentioned gain-of-function effects of Ano1, Kcnn4 and Capn1 (Supplementary Figure 4).
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FIGURE 6. Network of protein-protein interactions in collagen-dependent thrombus formation. Network, constructed from the STRING database and visualized in Cytoscape, of murine protein-protein interactions with as seed the 37 investigated core genes. The network contained 117 nodes (37 core nodes, 80 novel nodes) and 1142 edges. Core nodes of the network were color- and size-coded based on altered thrombus signature (ΣP2-5) at surface M1. Green color intensity (larger size) of nodes points to a stronger reducing effect, and red color intensity (large size) to a stronger stimulating effect in comparison to wild-type. Novel nodes are indicated in gray.






DISCUSSION

In this paper, we applied standardized analysis procedures in order to allow detailed and quantitative comparison of the changes in platelet functions in multiple genetically modified mice, using microfluidic methods of collagen-dependent thrombus formation under shear conditions. For this purpose, we re-analyzed sets of microscopic brightfield and fluorescence images, using defined semi-automated scripts, resulting in quantitative parameters of platelet adhesion, platelet aggregation (defined as thrombus signature) (26), and platelet activation. The underlying rationale was that earlier captured images provide more relevant information than only a platelet surface area coverage, and thus can provide additional insight into the complex process of thrombus formation. For a subset of mice, it was also possible to extend this complex phenotyping of thrombus formation to other, non-collagen surfaces with additional parameters of platelet activation.

Recent work has shown that multiple platelet function assessment by whole blood microfluidic assays provides novel insights, for instance into the changes in human platelets linked to normal genetic variation (26, 62) and in mouse platelets due to co-activation by interacting chemokines (63). The present comparative quantitative analysis of changes in thrombus formation in multiple genetically or antibody-induced modified mice now also allows to evaluate the assay outcomes for changes in specific platelet functions. Here, we could identify a partial distinction between genes/protein affecting platelet adhesion and those altering platelet aggregation properties (collectively termed as thrombus signature). For instance, it seems that the murine Csk, Mpig6b and Ptprj have a relatively large role in flow-dependent platelet adhesion. Markedly, for Csk, Mpig6b, and Ptprj this effect is extended to also a reduced adhesion at the non-collagen surface M2. On the other hand, the processes of platelet adhesion and aggregate formation are also related, as shown by an overall consistent correlation between adhesion and aggregation parameters (Kendall's tau-b = 0.42-0.68). A similar conclusion was drawn earlier from the analysis of thrombus formation in blood samples from 94 healthy subjects, also pointing to the existence of a subject-dependent thrombus signature (26).

In comparison to the collagen surface (M1), for the 11 mouse strains analyzed, we observed in general smaller gene effects at the two other surfaces (M2-3), which mediate platelet adhesion via GPIb-V-IX and α6β1 with or without CLEC2 (rhodocytin). Accordingly, it seems that, at least in part, distinct sets of genes/proteins are implicated in the platelet adhesion to non-collagen surfaces than to the collagen surface. Clearly in vivo thrombus formation is not purely mediated by collagen, but rather is the result of platelet interactions with a mixture of different extracellular matrix proteins.

The present data set also includes new findings with unpublished blood samples from mice deficient in Rhoa and Syk. The Rhoa defect did not appear to influence platelet adhesion nor thrombus signature parameters at the shear rate of 1000 s−1, which is in support of the earlier conclusion that platelet RHO-A becomes relevant for thrombus formation at high (pathological) shear rates (13). In contrast, genetic deficiency in Syk resulted in a strong reduction of all platelet and thrombus parameters on collagen. This highlights the importance of SYK signaling in collagen-dependent thrombus formation.

Given the earlier established correlation between the outcome of microfluidic tests (in terms of platelet surface area coverage) and experimental arterial thrombosis in mice (23), it was of interest to evaluate for the current mouse strains how a more detailed analysis (considering more thrombus parameters) contributes to this relationship. Such a comparison clearly has limitations, such as the wide variety of methods and test outcomes of the in vivo thrombosis measurements, making a clear differentiation between moderate and strong phenotypes difficult (23); and furthermore, the absence of coagulation and vessel wall components other than collagen in the in vitro approach. Nevertheless, a ranking of the investigated mouse strains according to overall changes in thrombus parameters (including platelet adhesion and aggregation) showed a good reflection with published changes in arterial thrombosis in vivo. On the other hand, for a considerable set of genes, a changed thrombus formation in vitro (and mostly in vivo) was not associated with an altered bleeding time. In several cases, a discrepancy is well explainable. For instance, defects in platelet Clec1b (as a non-collagen receptor) (64) or in Ano6 (an isolated defect of platelet-dependent coagulation) (18), will not be picked up by flow assays over collagen with anticoagulated blood. A striking example is Gp6. Whereas, GPVI deficiency overall impairs thrombus formation in vitro as well as arterial thrombosis in vivo, mouse tail bleeding times are only moderately prolonged (37, 38). In line with that, mild bleeding symptoms have been reported in patients with a defect in the GP6 gene (65, 66). Hence, this gene does likely have a restricted role, which is in line with the constructed network indicating multiple GPVI-linked proteins that contribute to both thrombosis and hemostasis.

Translation of the current evaluation of genes in murine thrombus formation to human pathophysiology can—taking into account the above—provide better insight into the genetic background of human platelet function abnormalities and how these can relate to thrombotic and bleeding disorders. Indeed, for homologs of several of the genes analyzed in this paper, e.g., human ORAI1 and STIM1, mutations have been identified that link to defective collagen-dependent thrombus formation in vitro (67). By applying an extended image analysis, a detailed description of the formed thrombi can be generated. This can aid in the identification of the defective part (platelet adhesion, aggregation or procoagulant response) of the process of thrombus formation in patients with an unexplained increased risk for either thrombosis or bleeding. Extended analysis of the available mouse data and summation in the form of a network can also contribute to a more targeted approach to select novel candidate genes and proteins, possibly affecting platelet functions in a positive or negative way.

Moreover, by applying new knowledge and techniques, in the present paper, new insights were gained from previously performed mouse experiments. In such a manner, our study may contribute to the 3R approaches by reducing, refining and replacing animal experiments.

Taken together, we conclude that the presently developed multi-parameter analysis of thrombus formation on microspots using microfluidics can be used to: (i) determine the severity of platelet abnormalities; (ii) distinguish between altered platelet adhesion, aggregation and activation; and (iii) elucidate both collagen and non-collagen dependent platelet changes. This approach may thereby aid in the better understanding and better assessment of the changes in platelets that affect arterial thrombosis and hemostasis.
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Aging is associated with an increased incidence of cardiovascular disease and thrombosis. Platelets play a major role in maintaining hemostasis and in thrombus formation, making them a key player in thrombotic disorders. Whereas it is well-known that platelet aggregability is increased in vascular diseases, the contribution of age-related changes in platelet biology to cardiovascular risk is not well-understood. Several lines of evidence support that platelets from older subjects differ in their function and structure, making platelets more prone to activation and less sensitive to inhibition. These age-related changes could lead to platelet hyperactivity and to the development of a prothrombotic state in advanced age. This review will focus on platelet biochemical modifications during aging and on the mechanisms by which these alterations could lead to thrombotic disease.
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INTRODUCTION

Aging is accompanied by many biological changes at molecular and cellular levels. Senescence, the most striking cellular alteration in aging, is a hyporeplicative state implicated in age-related diseases (1). Senescent cells adopt a specific secretion signature rich in pro-inflammatory cytokines called the senescence-associated secretory phenotype (SASP) (1). It has been suggested that SASP induces changes in the functions of neighboring cells (2, 3), and some authors hypothesize that it might potentially contribute to increased susceptibility to thrombosis in elders (4).

Cardiovascular disease is the first cause of death worldwide and its incidence is strongly correlated with age (5). In both normal and pathological aging, platelets show increased aggregability (6–11) which is however more pronounced in a pathological state (12, 13). Several lines of evidence suggest that platelet hyperactivity observed in advanced age could be responsible for vascular and thrombotic disease development (14–17). However, molecular mechanisms of platelet hyperactivity in aging are only partially understood. A deeper understanding of the biological mechanisms underlying the relationship between age-related changes in platelet biology and cardiovascular disease could help improve treatment and preventive strategies. This review explores biochemical changes in platelets during aging.



AGE-ASSOCIATED DECREASE IN PLATELET COUNT

Platelet count is inversely associated with age. A large study based on the Third National Health and Nutrition Examination Survey including 12,142 American subjects showed a significant decrease of 10 × 103 platelets/μL in individuals in the 60–69 year age group as compared with those between the ages of 20–59 years, and of 20 × 103 platelets/μL in patients aged over 69 years of age, after adjusting for many covariates such as nutritional deficiencies, medication, inflammatory conditions, autoimmune or viral illnesses and consumption of alcohol and tobacco (18). This suggests that the drop in platelet count with age is part of the biological aging process per se and not only due to environmental factors.

Another large study on 33,258 subjects in France examined full blood count normal references values by age and sex. It showed the same tendency of platelet count being lower in older adults vs. their younger counterparts (19). Many studies showed that older women presented with higher platelet counts than men of the same age (18–20). A tendency of a lower platelet count in elderly people compared with young subjects was observed in two other small studies, but was not considered statistically significant (21, 22). Despite evidence of an inverse correlation between aging and platelet count, the cause of the decline in platelet count and the physiological consequences of this phenomenon in older subjects remain to be elucidated. Two hypotheses have been put forward in an attempt to rationalize this observation: (i) older individuals have a lower stem cell reserve compared to younger subjects; and (ii) a reduced platelet count confers a biological advantage, so the individual with this characteristic may have a better chance to reach an older age (18).

Interestingly, platelet count has been associated with mortality among elders (23–25). Van der Bom et al. reported that platelet count below 100 or above 400 × 109 L−1 is associated with increased non-cardiovascular mortality such as cancer in a cohort of 5,766 American and African-American patients of 65 years and older (23). Another group has come to a similar conclusion, i.e., they found a U-shaped all-cause mortality curve associated with platelet count in 131, 308 Chinese patients of the same age (24). A third group confirmed the association across all ethnic groups (25). However, they found that the association between mortality and thrombocytosis or thrombocytopenia was stronger among non-Hispanic Whites compared with African-Americans or Hispanics, highlighting the effect of genetic background in age-related changes in platelet count.

Despite the decrease in platelet count during aging, reference ranges are rarely age-adjusted, leading to misdiagnosis of thrombocytopenia in the elderly. A study showed that a reference range adjusted for age and sex is more strongly predictive of all-cause mortality than the unadjusted platelet count reference range (26). This led the authors to propose that age-adjusted reference ranges might be useful in clinical practice to better identify thrombocytopenic patients with a truly increased risk of mortality (26).



ENHANCED PLATELET ACTIVITY IN THE ELDERLY

One of the most documented changes in platelet function during aging is platelet hyperactivity. Bleeding time decreases significantly in aging, denoting a faster clot formation and indirectly an enhanced platelet activity in the elderly (27, 28). Furthermore, platelets from older men and women have a greater sensitivity to aggregation induced by classical agonists. Platelets aggregation of older subjects occurs at a lower concentration threshold of ADP (8–11, 22, 29), epinephrine (6, 7, 10, 11), collagen (22) and arachidonic acid (10) than platelets from younger subjects. Meade et al. reported an increase in platelet aggregability of ~8% per decade of age, calculated by the EC50 of ADP in a cohort of 958 participants of all ages (8). At all ages, aggregability was found to be more pronounced in women than in men (8, 10). A recent study suggests that age-related changes in platelet behavior on von Willebrand factor are more pronounced in women than in men (30), also supporting the concept that the aging process could affect platelet function differently in both sexes.

Furthermore, β-thromboglobulin and platelet factor 4 (PF4), two proteins secreted from platelets α-granules, are both found at a significantly higher level in plasma of older compared with younger subjects (29, 31). This is consistent with the hyperaggregability observed in elderly individuals since platelets release their granule content during activation. Interestingly, PF4 has also been found to have a procoagulant effect (32), showing that the age-related prothrombotic state is probably due to a number of biological changes in the thrombotic pathway, not only occurring in platelets themselves.

The mechanisms of this age-related platelet hyperactivity remain unclear. Bastyr et al. have tested the hypothesis that modifications in phosphoinositide turnover, an important signaling mechanism of platelet activation, may be responsible for platelet hyperactivity in aging (29). They have found that platelet phosphoinositide turnover is enhanced in aging and correlates positively with platelet aggregation and plasma β-thromboglobulin levels.

It has also been suggested that there could be a functional or expressional change in platelet α and β-adrenoreceptors (33), however the reported literature is conflicting. These receptors, respectively, enhanced or inhibited platelet aggregation induced by epinephrine and noradrenaline by decreasing or increasing platelet cAMP levels. Yokoyama et al. observed an increase in α-adrenoreceptor binding capacity in platelets of elderly people without change in binding affinity (7). However, two other groups have observed the opposite, i.e., a decrease in α-adrenoreceptor binding capacity (6, 34). Finally, another study suggested a decrease of β-adrenoreceptor affinity but an unchanged binding capacity in older subjects (35).



CHANGES IN THE PLATELET-SEROTONIN SYSTEM IN ADVANCED AGE

Serotonin is a vasoactive molecule stored in platelet granules and released in plasma during platelet activation. Serotonin is also known to induce platelet shape change and boost epinephrine- and ADP-induced aggregation (33, 36). According to Gleerup et al., platelets from patients aged between 72 and 86 years old have a higher sensitivity and an increased responsiveness to serotonin than platelets from subjects 18 to 27 years of age (33). They propose that it can be an important contributing factor of increased platelet aggregability in the elderly.

On the other hand, it has been reported that platelet serotonin content decreases with age (36, 37). Diminished serotonin platelet content and an increased plasma serotonin level is also observed in patients with type 1 or type 2 diabetes and in patients suffering from peripheral vascular diseases compared with correspondingly aged healthy volunteers (36). This leads to the suggestion that platelet hyperactivity can cause an increased release of serotonin in plasma which then feeds back to platelet hyperactivity and may thus play a role in the pathogenesis of atherothrombotic diseases.



RELATIONSHIP BETWEEN OXIDATIVE STRESS, AGING, AND PLATELET HYPERREACTIVITY

The human and animal aging process is accompanied by an increase in oxidative stress (38–40). Among biological systems modified by oxidative stress, the cardiovascular system is particularly sensitive to a misbalance in reactive oxygen species (ROS), which has been associated with an increased risk of cardiovascular events (38, 40). ROS also play a role in platelet activation by acting as a second messenger or by producing oxidized proteins important in platelet aggregation (38, 41), which could explain the greater propensity toward thrombosis in older individuals. Free radicals induce modifications of protein structures notably by carbonylation or cross-linking in many cell types. Those impaired proteins are therefore targeted by proteolytic enzyme as a mechanism of defense against oxidative damage. In aging, it is suggested that there is an accumulation of carbonylated proteins which could lead to the development of diseases such as diabetes, atherothrombosis and cancer. It has been observed that aging increases the rate of carbonylated proteins in platelets of rats (42), hamsters (42) and humans (42, 43), providing a biologically-plausible mechanism of platelet dysfunction. Platelet carbonyl content is even more sharply increased in type 2 diabetes when compared with healthy controls of the same age (42), further supporting the notion of ROS-induced platelet hyperactivity. Oxidative stress can also modify reactions involving disulfide bond formation, which can lead to activation or inactivation of a number of proteins implicated in different cellular pathways. For example, oxidative stress increases the activity of platelet membrane protein disulfide isomerase which activates several integrins by disulfide bond isomerization (44). The most important among these is the αIIbβ3 integrin, which undergoes partial reduction of disulfide bonds during activation (44–47). Disruption of this finely-tuned balance in αIIbβ3 integrin activation can thus lead to altered thrombotic susceptibility (47). This is another of many mechanisms by which oxidative stress could contribute to thrombus formation, reviewed by several authors (39, 40, 45, 48).

Nitric oxide (NO) exerts its antithrombotic effect by inducing vasodilation and by inhibiting platelet aggregation via the activation of platelet guanylate cyclase (GC) generating cGMP, which finally reduces intracellular free calcium levels (40, 49). However, NO can also contribute to oxidative stress through generation of oxidative species such as ONOO−, which can evolve into free radicals and cause cellular damage leading to several pathological mechanisms (50, 51). In order to investigate if age influences the platelet NO signaling system, Michimata et al. have measured GC activity in response to an exogenous NO donor in platelets of individuals of different ages (52). They found a decrease of the enzyme activity in older men (mean age 51.5 years) compared with younger men (mean age 29.5 years). Thus, the efficiency of the NO/GC/cGMP platelet pathway regulating aggregation may be modified in aging. Similarly, two other groups have examined the variation of cGMP levels in platelets with age (50, 53). Both groups showed a significant inverse correlation between cGMP platelet levels and age, suggesting a decrease in the inhibitory signaling pathway, which is consistent with Michimata's et al. results. Surprisingly, an increase in platelet nitric oxide synthase (NOS) activity in aging has been described (50), which seems contradictory with the cGMP decrease. A similar increase in platelet NOS activity and decrease in cGMP level have also been observed in 24-month-old rats, showing that this phenomenon is consistent in different species (54). Many hypotheses have been postulated to explain this contradiction, notably the possibility that the excess of NO produces higher amounts of oxidative reactive species such as ONOO− which could potentially inhibit GC by targeting its iron/sulfur cluster (50).

A recent study suggests that hydrogen peroxide, an oxidative molecule, plays a key role in the platelet hyperactivity observed in aged mice (55). They found that platelets from old mice produce higher levels of H2O2 when stimulated with thrombin in vitro than platelets from younger mice. Furthermore, when they used PEG-catalase to selectively degrade intraplatelet H2O2 in 4- and 18-month-old mice, the authors observed the complete reversal of the age-dependent platelet hyperactivation; i.e., platelet activity of young and old mice were reduced to the same level (marked by a similar percentage of fibrinogen binding and integrin αIIbβ3 activation). These findings are consistent with previous work showing that treatment with catalase inhibits platelet activation by collagen (56). The authors proposed that the increased platelet production of peroxide observed in aged mice results from enhanced NADPH oxidase/superoxide dismutase pathway. This was further supported by qPCR data showing increased NADPH oxidase regulatory subunit and superoxide dismutase-1 mRNA in platelets of 18-month-old mice. Together, these findings suggests a critical role of this oxidant molecule in platelet hyperactivity during aging.

Surprisingly, recent human and mice data suggest that beyond a certain age (~80 years for human, ~14 months for mice), intraplatelet antioxidant reserves are increased, and consequently lead to decreased reactive oxygen species platelet content and a reduction in platelet activity and apoptosis (57). The causes of this observation are still unknown, but it could be the consequences of a biological mechanism to counteract the increase of oxidative stress burden in aging.



AGE-RELATED ALTERATIONS IN VASCULAR PROSTAGLANDINS

Vascular homeostasis relies on a balance between prostacyclin, which induces vasodilation and inhibits platelet activation, and thromboxane A2, which does the opposite (58). While thromboxane A2 is principally synthetized and released by platelets, prostacyclin is essentially produced by vascular endothelium.

Giani et al. have examined the sensitivity of platelets of young and old rats to exogenous prostacyclin in vivo (59). They found that platelets from 11-month aged rats were more sensitive to the inhibitory effect on aggregation of prostacyclin compared with 1-month old animals. They propose that this could be a natural mechanism to counteract the enhanced aggregability observed in older rats. On the other hand, Modesti et al. studied the prostacyclin receptor by performing binding assays. They found a significant decrease of expression of the prostacyclin receptor in platelets of healthy humans with age but no changes in binding affinity (60). Interestingly, a similar decrease in the number of platelet prostacyclin receptors has been observed in patients with spontaneous angina (61), suggesting that this age-related downregulation could be the beginning of an imbalance in vascular homeostasis leading eventually to a pathological phenotype.

In order to explore the effect of increasing age on thromboxane A2 and prostacyclin production, Reilly et al. have studied the urinary excretion of 2,3-dinor-thromboxane B2 and 2,3-dinor-6-keto-PGF1α, metabolites of thromboxane A2 and prostacyclin, respectively (27). They found that both metabolites were significantly higher in individuals aged over 50 years old than in younger individuals, suggesting that prostacyclin and thromboxane A2 biosynthesis is increased with age. This observation has been confirmed later by a second group who found a positive correlation between the urinary excretion of 11-dehydro-thromboxane B2, another stable metabolite of thromboxane A2, and age in 833 patients with atrial fibrillation (62). Furthermore, in this study, patients with elevated 11-dehydro-thromboxane B2 excretion experienced significantly more cardiovascular events during the 40 month follow-up.



CONTRIBUTION OF AGE-RELATED PLASMA MEMBRANE MODIFICATIONS TO PLATELET HYPERACTIVITY

The cell membrane composition is modified in the aging process, notably with a higher total amount of cholesterol, and those changes can affect diverse biochemical functions of the cell such as transcellular signalization or cell membrane ion transport (63–65). An increase in the lipid structural order, and consequently a decrease in membrane fluidity, has been shown in human lymphocyte membranes and in brain cells of mice and rats (63, 66). Cohen et al. were the first to observe similar membrane structural changes in human platelets during aging (67). Others have also seen a positive correlation between membrane structural order in human platelets, increasing age and serum cholesterol levels (67–69). An increase in lipid peroxide membrane composition, which promotes crosslink lipid-protein interactions in the membrane, has also been reported in platelets of aged rats and appears to contribute to decreased membrane fluidity (70). Interestingly, an increase in platelet membrane structural order in vitro is linked with a higher sensitivity to aggregation induced by ADP and epinephrine (71, 72) and a higher production of thromboxane A2 (73, 74). This is consistent with the increased sensitivity to aggregating agents described above.



PLATELET TRANSCRIPTOME MODIFICATIONS IN AGING

The platelet transcriptome, which includes thousands of mRNAs, miRNAs, long non-coding RNAs and other types of transcripts, has long been considered static (75). However, recent advances have rather shown that the platelet transcriptome changes dynamically in response to inflammation, cancer and other pathological states (76). Age-related modifications in the platelet transcriptome have been suggested to govern platelet function changes in aging (77, 78). RNA-sequencing of platelets from young (aged <45 years) and older individuals (aged > 64 years) revealed a total of 514 transcripts that are expressed differently in both groups (78). It is also suggested that the platelet proteome of children, adults and elders differs, but little is known about age-related changes in the expression of those proteins and their biological consequences (78, 79). Interestingly, it has been shown that the transcriptome of mouse cardiac cells varies in the presence of hypertension and in function of age, leading to variation in regulation of platelet signaling and proinflammatory mechanisms (80). This suggests that age-related changes in the transcriptome of other cell types can also modify platelet function indirectly, highlighting the complexity of transcriptome regulation in aging.

Campbell et al. have examined the changes in the platelet-monocyte relationship with increasing age (78). They observed that monocytes produce increased levels of interleukin-8 (IL-8) and monocyte chemotactic protein 1 (MCP-1) when co-incubated with platelets from older patients compared with platelets from younger patients. They suggest that granzyme A, a serine protease with increased intraplatelet expression in older patients, is responsible for excessive production of these two pro-inflammatory cytokines in monocytes. This highlights the cross-talk between platelets and immune cells as a possible mechanism by which alterations in the platelet transcriptome and proteome could contribute to inflammatory diseases in aging.



AGE-RELATED HORMONAL CHANGES ON PLATELET FUNCTION IN WOMEN

Although men are more susceptible to suffer from cardiovascular disease than women (81), this difference of morbidity between the sexes is reduced after the age of menopause. Despite this, hormone replacement therapy (as well as hormonal contraception) does not mitigate the increased cardiovascular risk in women and may even worsen it (82–84). A number of investigators have studied the role of estrogen level changes in blood on platelet function and the link with the normal aging process in women.

Platelets and megakaryocytes express both estrogen receptors ERα and ERβ (ERβ being predominant), on which estrogen can bind and modulate gene transcription of some proteins and enzymes required in platelet function such as integrin β3, CD34, platelet-derived growth factor, and NOS (85). Estrogen is also known to inhibit platelet aggregation in vitro via the NO/GC/cGMP pathway (86, 87).

Animal studies have shown that decreased estrogen levels per se directly affect platelet function. According to Jayachadran et al. a surgically-induced menopause in pigs increases significantly the expression of estrogen receptors on platelets (88). In this model, they also observed an increased expression of heat shock proteins 70 and 90 in platelets, which act as ER chaperones to maintain their conformation until they bind to their ligand. An increase in NOS activity, eNOS expression and cGMP concentration have also been observed in ovariectomized pigs (88).

It has been suggested that the hormonal cycle in women of procreating age may influence platelet activity. Some authors have observed an increased platelet function during the luteal phase compared with the follicular phase and have found a negative correlation between progesterone levels and platelet reactivity (89–91), while others observed no significant differences in platelet aggregation responses during the menstrual cycle (92). Moreover, women taking oral contraception (which contains estrogen and progestogen) have greater platelet count and less spontaneous platelet aggregation than those not taking an anovulant (92). Thus, the effect of hormones on platelet reactivity is not clear.

Few well-controlled aging studies have considered the hormonal status of women as a covariate of platelet function, and therefore it is difficult to ascertain the contribution of hormonal changes on the increased thrombotic risk observed with aging (85). Indeed, when looking at platelet function in peri-menopausal women, it may be difficult to dissociate hormonal factors that vary with age from the aging process in platelets themselves. To examine the effect of menopause on platelet function with minimal impact of age, Lundberg Slingsby et al. designed a study in which they formed two groups of women: late premenopausal women and recent postmenopausal women with a mean difference age between groups of only 4 years (93). They found that platelets from postmenopausal women have a greater propensity to aggregation by classical agonists (ADP, TRAP, collagen, epinephrine) than premenopausal women. Thus, the menopause-induced drop in estrogen levels may contribute to platelet hyperactivity in women undergoing the natural aging process. Further investigations are required to fully understand the influence of estrogen and the consequences of menopause on platelet function of women, and their interaction with aging.



AGING, PLATELET HYPERACTIVITY AND COEXISTING DISEASES

Most studies have reported direct associations between biochemical age-related changes in platelets and their hyperaggregability. However, causality is difficult to establish in observational studies, and inverse causality has also been suggested. Kurabayashi et al. have suggested that the enhanced platelet activity observed in the elderly is caused by underlying atherosclerosis rather than by the aging process (94). They have examined shape change and peroxidase content of platelets from a small group of young and old subjects with or without atherosclerosis. They have observed no significant differences in these parameters between young and old healthy individuals. In elderly subjects with atherosclerosis on the other hand, platelets presented more frequently in an activated state (formation of pseudopods) and their peroxidase content was decreased. Although the small sample size and absence of longitudinal follow-up somewhat mitigates their conclusion, Kurabayashi et al. raise an important question by asking whether platelet hyperactivity in the elderly is caused by aging or by a coexisting onset of an atherosclerotic state. Adequately controlled longitudinal studies are thus required to answer this important question.



CONCLUSION

In conclusion, aging is associated with an increase in platelet activity and a higher rate of vascular and thrombotic disease. Platelets of elderly and young humans significantly differ in terms of number, activity and structure (see Table 1). These age-related differences are closely linked to the prothrombotic state observed in the elderly population; however, the nature of this link remains only partially defined. Indeed, it is still not clear whether platelet hyperactivity and vascular disease develop concomitantly or if one is the consequence of the other. Moreover, in addition to age, many other environmental and genetic factors can influence platelet function such as elevated plasma cholesterol, tobacco and alcohol consumption, diabetes, hypertension and sexual hormones (11). Although some studies have taken into account these covariates in their analyses, it is impossible to rule out the presence of a confounding variable in such complex traits. Therefore, additional studies are required to fully elucidate the connection between molecular changes in platelets and pathophysiological changes in the vascular system during aging. A better understanding of the mechanisms underlying modifications of platelet function in aging could lead to the development of better-tailored treatments to curb thrombosis in this at-risk population.



Table 1. Summary of age-related changes in platelets.
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Objective: Hemorrhagic and thromboembolic complications are common during support with extracorporeal membrane oxygenation (ECMO). As platelets play a pivotal role in hemostasis, we aimed to clarify how ECMO support affects platelet function.

Methods: We included 33 adult patients undergoing ECMO support at a tertiary ECMO referral center at Aarhus University Hospital, Denmark. Blood samples were collected on the first morning following ECMO initiation, and subsequently every morning until the 7th (±1) day. Platelet aggregation was evaluated by whole blood impedance aggregometry (Multiplate® Analyzer) using adenosine diphosphate (ADPtest), arachidonic acid (ASPItest), and thrombin-receptor-agonist-peptide-6 (TRAPtest) as agonists. A new model was applied, taking platelet count into consideration in interpretation of impedance aggregometry analyses. On the 1st and 3rd day, platelet activation was assessed by flow cytometry (Navios) using collagen-related peptide, ADP, TRAP, and arachidonic acid as agonists.

Results: Blood samples from all 33 patients were analyzed on day 1 of ECMO support; 24 patients were still receiving ECMO and analyzed on day 3; 12 patients were analyzed on day 7 (±1). After ECMO initiation, platelet counts decreased significantly (p < 0.002) and remained low during ECMO support. ECMO patients demonstrated significantly reduced platelet aggregation on day 1 compared with healthy controls (all p < 0.001). However, when taking platelet count into consideration, platelet aggregation relative to platelet count did not differ from healthy controls. Flow cytometry analyses demonstrated impaired platelet activation in ECMO patients on day 1 compared with healthy controls (all p < 0.03). No substantial difference was found in platelet activation from day 1 to day 3 on ECMO support.

Conclusions: Employing impedance aggregometry and flow cytometry, we found both impaired platelet aggregation and decreased platelet activation on day 1 of ECMO support compared with healthy controls. However, platelet aggregation was not impaired, when interpreted relative to the low platelet counts. Furthermore, levels of bound fibrinogen, on the surface of activated platelets in ECMO patients, were higher than in healthy controls. Together, these findings suggestively oppose that platelets are universally impaired during ECMO support. No marked difference in activation from day 1 to day 3 was seen during ECMO support.

Keywords: blood platelets, extracorporeal membrane oxygenation, extracorporeal life support, platelet activation, platelet aggregation, platelet function tests


INTRODUCTION

Extracorporeal membrane oxygenation (ECMO) is used to treat critically ill patients suffering from acute respiratory and/or cardiac failure unresponsive to conventional treatment (1). Recent years have seen major advances in the management and technology of ECMO support (2). Nevertheless, mortality rates remain as high as 38–42% in veno-venous (3, 4) and 59–71% in veno-arterial ECMO cohorts (3).

Bleeding and thromboembolic events frequently occur during ECMO support, greatly affecting patient outcomes (5, 6). Major bleeding is reported to occur in up to one third of adult ECMO patients (4, 7, 8), and reports of intracranial hemorrhage range from 5 to 20% (3, 9, 10). Thromboembolic complications are generally less common with intracranial infarction reported to occur in up to 5% (3, 7, 9) and venous thrombosis in 7–10% of adult ECMO patients (7, 11). The incidence of thromboembolic events might, however, be underestimated as many are subclinical and therefore overlooked (12). The high frequencies of bleeding and thromboembolic events during ECMO support emphasizes the clinical relevance of understanding the hemostatic changes occurring during ECMO support. As platelets play a pivotal role in hemostasis, it is of importance to clarify how ECMO support affects platelet function. Recent studies have investigated mechanisms in vitro that may affect platelet function during ECMO support, suggesting that platelets may become concurrently activated and impaired (13–15).

Only few studies have investigated platelet function during ECMO support in adult patients (16–22), of which the majority investigated platelet aggregation using whole blood impedance aggregometry (16–19). These studies reported reduced platelet aggregation during ECMO support compared with either before ECMO initiation (17, 18) or with healthy individuals (16, 19). However, none of these studies took platelet count into consideration, despite previous documentation of a strong association between platelet count and platelet aggregation, when employing impedance aggregometry (23–29). Our research group previously developed a model which estimates expected platelet aggregation at a range of platelet counts in healthy whole blood (23, 30). Thus, making it possible to take platelet count into consideration when evaluating platelet aggregation.

Flow cytometry is a method that is independent of platelet count, because it measures the characteristics of each single platelet (31, 32); a definite advantage when investigating platelet activation during ECMO support, as these patients are often thrombocytopenic.

We hypothesized that exposure to the extracorporeal circuit would result in platelet activation. Therefore, our primary aim was to investigate changes in platelet function from day 1 to day 3 on ECMO support, by measuring platelet aggregation and surface markers of platelet activation.



METHODS

The present study is a prospective single center cohort study conducted at a tertiary ECMO referral center at Aarhus University Hospital, Denmark. The study was approved as a quality assurance study by The Central Denmark Region Committees on Health and Research Ethics (enquiry 213-2016); therefore, according to Danish law, written informed consent was not required. The Danish Data Protection Agency approved the study (Ref. no. 1-16-02-712-17).


Study Population

Inclusion criteria were: Patients aged 18 years or older presenting with severe cardiac and/or pulmonary failure requiring ECMO support. Furthermore, patients were only included if a blood sample could be obtained on day 1 of ECMO support. Exclusion criteria was VA ECMO following cardiac surgery; because surgery, post-operative bleeding, and massive platelet transfusion may have influenced platelet function analysis.



ECMO Management

Patients were connected to the ECMO circuit by 17–23 Fr venous cannulas, and 15–21 Fr arterial cannulas. No patients were centrally cannulated. Mean initial blood flow rates in veno-arterial (VA) ECMO were 3.6 (±0.5) L/min and in veno-venous (VV) ECMO 3.8 (±0.4) L/min. Mean initial sweep flow rates in VA ECMO were 3.2 (±1.6) and in VV ECMO 4.4 (±2.0). The ECMO circuit was inspected for fibrin and clot formation by experienced ECMO specialists every 8 h. Post-oxygenation was evaluated, and the circuit exchanged at bedside, if fibrin or clots in the oxygenator was suspected of being the cause of the patient developing hypoxia.



Anticoagulation and Transfusions

Patients received unfractionated heparin as an intravenous bolus injection of 5,000 IU at time of ECMO cannula insertion. Following initiation of ECMO, the activated partial thromboplastin time (APTT) was kept at 40–55 s in VV ECMO patients and 50–65 s in VA ECMO patients by intravenous infusion of unfractionated heparin. Heparinization was monitored by measurement of APTT at least four times daily. Antithrombin levels were kept above 0.80 × 103 IU/L during ECMO support.

Platelet transfusions were administered to maintain platelet counts above 50 × 109/L. In case of bleeding complications, the transfusion threshold was increased to a platelet count of 80–100 × 109/L. The standard threshold for transfusion of red blood cells was a hemoglobin of 6.0 mmol/L.



Clinical Data

Clinical data were extracted from the patient medical records. The following clinical data were collected: ECMO configuration; indication for support; comorbidities selected in accordance with the Charlson Comorbidity Index (33); Sequential Organ Failure Assessment (SOFA) Score modified to use the Richmond Agitation-Sedation Scale (34); Simplified Acute Physiological Score-III (SAPS-III) at time of admission to the Intensive Care Unit; 30-day mortality; transfusion of blood products; and daily medical therapy.



Blood Sampling and Laboratory Analyses

The first blood sample (denominated day 1) was obtained on the first morning following ECMO initiation. A day was defined as 24 h onward from 00:00. Blood samples were then collected on days 2 and 3. Moreover, we collected samples on day 7 (±1), if the patients were still receiving ECMO support. A blood sample prior to ECMO initiation was possible to obtain only from patients, who had been hospitalized within the Central Region of Denmark prior to ECMO initiation. Thus, results from blood samples obtained prior to ECMO initiation could not be obtained from patients, who were put on ECMO support outside the Central Region of Denmark and subsequently transported to Aarhus University Hospital for further management. Furthermore, patients put on ECMO support for extracorporeal cardiopulmonary resuscitation (ECPR), did not routinely have blood samples taken prior to ECMO initiation.

Blood was drawn from arterial lines and anticoagulated in 3 ml hirundine tubes (Roche, Basel, Schwitzerland) for impedance aggregometry analyses, and in 3.5 ml sodium citrate 3.2% tubes (Terumo Europe, Leuven, Belgium) for flow cytometry analyses. Samples for platelet count, immature platelet fraction (IPF, reflecting platelet turnover), hemoglobin, and leucocytes were anticoagulated in 2 ml ethylenediaminetetra acid (EDTA) tubes (Becton Dickinson Bioscience, San Jose, CA) and estimated using an automated hematology analyzer (Sysmex XE-5000, Sysmex, Kobe, Japan). Samples for additional laboratory parameters, such as international standardized ratio (INR), APTT, and fibrinogen, were analyzed in 3.5 ml sodium citrate 3.2% tubes employing CS 5100i (Sysmex, Kobe, Japan). Samples for C-reactive protein and creatinine were collected in 1 ml lithium-heparin tubes and analyzed using Cobas 6000 (Roche, Basel, Schwitzerland).



Platelet Function
 
Whole Blood Impedance Aggregometry

Platelet aggregation was investigated by whole blood impedance aggregometry using the Multiplate® Analyzer (Roche, Basel, Schwitzerland). In short, hirudinized whole blood was diluted 1:1 with preheated (37°C) isotonic saline followed by 3 min of incubation time at 37°C. Adenosine diphosphate (6.5 μM, ADPtest), thrombin-receptor-agonist-peptide-6 (32 μM, TRAPtest), and arachidonic acid (AA) (0.5 mM, ASPItest) (all from Roche, Basel, Schwitzerland) were used as agonists. The analysis is based on the principle that platelets become sticky following activation by an agonist, resulting in aggregation and adherence onto two metal sensor wires in the Multiplate® test cuvette; this increases the electrical resistance between the wires. The increase in resistance is expressed as aggregation units (AU) and plotted as an aggregation curve over time. The area under the curve (AU*min) indicates the agonist induced platelet aggregation capacity. Three different agonists were chosen to target different pathways of platelet activation: ADP stimulates the ADP receptors on the surface of the platelets, thereby inducing platelet activation; TRAP mimics thrombin by activating the platelets through the protease activated receptor-1 (PAR-1) on the platelet surface; and AA is converted by platelet enzymes to thromboxane A2 (TXA2), which activates the platelet.

Impedance aggregometry results were compared with data on healthy controls chosen to match ECMO patients on two ranked criteria: (a) gender; (b) age. Data on healthy controls for ADP and AA induced platelet aggregation were obtained from Rubak et al. (28) and data on TRAP induced platelet aggregation were obtained from Pedersen et al. (35).

To evaluate platelet aggregation relative to platelet count, we assessed platelet aggregation during ECMO support relative to a 95% prediction interval of platelet aggregation in healthy whole blood at various platelet counts. This method was established by Skipper et al. (23); after inducing varying degrees of thrombocytopenia in healthy whole blood, platelet aggregation was measured by whole blood impedance aggregometry (Multiplate® Analyzer), and a 95% prediction interval for platelet aggregation relative to platelet count was established (30).

Flow Cytometry

Activated platelets release the content of their intracellular granules, leading to translocation of proteins from the granule membrane to the platelet plasma membrane. Thus, platelet activation can be measured as a change in the expression of these activation-dependent markers on the surface of the platelet. P-selectin is exposed on the platelet surface following secretion of the α-granule content and CD63 is exposed following secretion of the dense granule content. Furthermore, following activation, the platelet surface receptor glycoprotein (GP) IIb/IIIa undergoes a conformational change to the active conformation with a high affinity for fibrinogen binding. Thus, bound fibrinogen on the surface of the platelet is a marker of platelet activation. In flow cytometry, fluorescently labeled antibodies directed against these activation-dependent platelet surface markers are used to measure their expression, and thereby determine the degree of platelet activation following agonist stimulation.

Flow cytometry analyses were performed after 1 h of resting and completed within 2 h of sample collection as previously described by Rubak et al. (36). In short, 35 μl of HEPES buffer (NaCl 137 mM, KCl 2.7 mM, MgCl2 1 mM, 4-(2-hydroxyethyl)-1-piper-azineethanesulfonic acid (HEPES)) was pooled with 5 μl of each antibody and 5 μl of agonist. Subsequently, 5 μl of whole blood was added, and samples incubated for exactly 10 min in the dark at room temperature. Following incubation, 2 ml of fixation buffer (0.2% paraformaldehyde in phosphate-buffered saline) was added to fix the cells prior to analysis.

The expression of activation-dependent platelet surface markers was measured using a combination of the following fluorescently labeled antibodies: CD42b-PE (Clone HIP1) (AH Diagnostics); CD62p-APC (P-selectin, Clone P-sel.KO2.3) (eBioscience, San Diego, CA); CD63-PECy7 (Clone H5c6) (Beckton Dickinson Bioscience, San Jose, CA); and anti-fibrinogen-FITC (Polyclonal chicken) (Diapensia HB, Linköping, Sweden). All fluorescently labeled antibodies were diluted in HEPES buffer to reach saturating concentrations previously determined (36).

To induce platelet activation, four different agonists were chosen to target different pathways of platelet activation: ADP, TRAP and AA (as used in the platelet aggregation analyses), together with collagen-related-peptide (COL). COL mimics collagen by binding to the GPVI receptor on the platelet surface, resulting in platelet activation. The following agonists were added (final concentrations): Collagen-related peptide (COL, 0.51 μg/ml) (University of Cambridge, UK); ADP (10.8 μM) (Sigma Aldrich, St. Louis, MO); TRAP (28.5 μM) (JPT, Berlin, Germany); and arachidonic acid (AA, 0.58 mM) (Sigma Aldrich, St. Louis, MO).

Analyses were performed employing a Navios flow cytometer (Beckman Coulter, Miami, USA) and processed in Navios Software version 1.3. Expressions of activation-dependent platelet surface markers were measured based on 10,000 platelets; reading times were prolonged for samples with severe thrombocytopenia in an attempt to assess as many platelets as possible. For selected patients with platelet counts below 15 × 109/L, roughly 3,000 platelets were assessed. CD42b was used to identify the platelets followed by exclusion of platelet–platelet aggregates. The positive analysis regions (gates) were determined by negative controls. Expression of P-selectin, after addition of HEPES buffer instead of an agonist, was used to assess the level of pre-activation.

The degree of platelet activation was expressed as: (a) The percentage of positive platelets within a gate (also known as %gated); and (b) as the median fluorescence intensity (MFI) of all positive platelets within a gate. The percentage of positive platelets reflects the proportion of platelets that become activated in response to stimulation by an agonist. The MFI is a quantitative measure of the degree of expression of the activation-dependent surface markers on activated platelets.

Gates in the negative control were set to include 1.5–2.0% positive platelets for bound fibrinogen and CD63 and 0.1–0.2% positive platelets for P-selectin, as previously recommended (32, 37). When analyzing samples with platelet counts below 15 × 109/l, gates were placed at the right edge corner of the peak in the negative control, even though the percentage of positive platelets thereby exceeded 2.0%. This was due to long reading times at such low platelet counts, resulting in the appearance of unspecific, highly fluorescent particles in the gates. The gating strategy is visualized in the supplementary data (Supplementary Figure 1).

Flow cytometry results were compared with data obtained from healthy controls (38) chosen to match ECMO patients on three ranked criteria: (a) gender; (b) age; and (c) level of pre-activation of the platelets.



Statistics

Primary outcome was difference in platelet activation from day 1 to day 3 on ECMO support measured by flow cytometry. Our sample size calculation was based on data from investigation of platelet activation by flow cytometry in healthy individuals (36), as no data had been published on platelet function investigated by flow cytometry in ECMO patients. The percentage of platelets positive for CD63 after addition of TRAP was 85 with a standard deviation of 7. We expected the standard deviation to be greater in ECMO patients than in healthy individuals; therefore, we increased the standard deviation to 7.5. With an estimated minimal relevant difference (MIREDIF) of 5, a significance level (2-alpha) of 0.05 and a power (1-beta) of 0.90, we estimated that 24 patients, analyzed by flow cytometry on days 1 and 3, had to be included in the present study.

Categorical variables are reported as frequencies and percentages. Distribution of data for continuous variables was evaluated by Q-Q plots. Normally distributed data are described as mean ± standard deviation (SD); data not following a normal distribution are described as median with interquartile range (IQR). Differences between two sets of paired data were analyzed using a paired t-test, if data were normally distributed, and the Wilcoxon matched-pairs signed rank test, if data did not follow a normal distribution. For repeated measurements a mixed-model analysis was performed, if data were normally or lognormally distributed. Differences between unpaired data were analyzed using an unpaired t-test, if data were normally distributed, and the Mann-Whitney test, if data did not follow a normal distribution. All tests of significance were two-tailed; p < 0.05 were considered significant. Statistical analyses were performed using GraphPad Prism version 8.0 (GraphPad, Inc., San Diego, CA).




RESULTS

We present data from 33 patients treated with ECMO between September 2017 and April 2019; among which, 24 patients had flow cytometry performed on both day 1 and day 3.

Patient demographics and clinical characteristics are presented in Table 1. More than twice as many patients were initially treated with VA ECMO (n = 23) than VV ECMO (n = 10). Two patients had VA ECMO converted to a VV configuration during the course of ECMO support, and another patient had VA ECMO converted to a combined VA/VV configuration. Charlson Comorbidity Index indicated low comorbidity; 18 patients scored 0–1 and only two patients scored >3. A majority of the scores were primarily driven by age above 50 years. The median duration of ECMO was 5 days (IQR: 3–8 days). Two patients had considerably longer durations of support lasting 23 and 53 days. Seven patients died and 2 patients were weaned from ECMO before day 3.



Table 1. Demographic and clinical characteristics of 33 adult patients treated with extracorporeal membrane oxygenation (ECMO) on day 1 (n = 33), day 2 (n = 29), and day 3 (n = 24).
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Laboratory parameters, obtained on day 1 of ECMO support, are presented in Table 1. The median APTT indicates that patients were sufficiently anticoagulated with unfractionated heparin according to clinical standard. In total, nine patients received antiplatelet therapy during ECMO support administered within the past 24 h prior to blood sampling (Table 1).


Platelet Count and Platelet Turnover

A platelet count prior to ECMO initiation was possible to obtain from 15 patients. Results from blood samples obtained prior to ECMO initiation could not be obtained from 10 patients, who were put on ECMO support outside the Central Region of Denmark and subsequently transported to Aarhus University Hospital for further management. Furthermore, 8 patients, put on ECMO support for extracorporeal cardiopulmonary resuscitation (ECPR), did not have blood samples taken prior to ECMO initiation.

The median duration from blood sampling prior to ECMO until ECMO initiation was 8 h 2 min (± 6 h 30 min). As seen in Figure 1, Platelet counts decreased significantly during ECMO support; from before ECMO initiation to day 1 (p < 0.002), and from day 1 to day 3 (p < 0.002). Platelet counts did not appear to change from day 3 to day 7 (± 1) (p = 0.74). Median platelet counts (× 109/L) were 140 (prior to ECMO); 124 (day 1); 76 (day 2); 78 (day 3); and 77 (day 7 ± 1). Two patients consistently demonstrated the highest platelet counts (> 388 x 109/L) throughout the course of ECMO support.


[image: image]

FIGURE 1. Platelet counts obtained prior to and during support with extracorporeal membrane oxygenation (ECMO). The bars indicate median and interquartile range. The gray area represents a combined reference interval on platelet count for men and women. An X-mark in the circle indicates that the patient has received platelet concentrate within 24 h prior to blood sampling.



In total, 20 patients received transfusions of platelet concentrates during ECMO support, denoted by an X-mark in the circles of Figure 1; the median amount of transfused platelet concentrate per day was: 732 ml (IQR: 378–1018) on day 1; 372 ml (IQR: 368–758 ml) on day 2; 563 ml (IQR: 378–768 ml) on day 3; and 752 ml (IQR: 527–1064 ml) on day 7 (±1).

Platelet turnover accelerated during ECMO support, demonstrated by a significant increase in IPF from day 1 to day 3 of ECMO support; median IPF was 0.047 (IQR 0.032–0.080) on day 1 and 0.067 (IQR 0.045–0.133) on day 3 (p = 0.004).



Platelet Function
 
Whole Blood Impedance Aggregometry

ECMO patients did not differ significantly from healthy controls on either gender or age (age: p > 0.86 for all agonists). As shown in Figure 2, ECMO patients demonstrated significantly reduced platelet aggregation on day 1 compared with healthy controls following stimulation by all three agonists (all p < 0.001). As demonstrated by the red colored symbols in Figure 2, patients with platelet counts below 50 × 109/L generally exhibited the lowest levels of platelet aggregation following agonist stimulation. Figure 2 shows no significant difference in platelet aggregation from day 1 to day 3 following stimulation by any of the three agonists (ADP: p = 0.49; TRAP: p = 0.30; AA: p = 0.50). Overall, ECMO patients demonstrated a wide variation in platelet aggregation measured by impedance aggregometry during the course of ECMO support.


[image: image]

FIGURE 2. Illustrates the platelets ability to aggregate in response to stimulation by three different agonists. Platelet aggregation was measured during support with extracorporeal membrane oxygenation (ECMO) and compared with healthy controls. Agonists used to stimulate platelet aggregation: (A) ADP, Adenosine diphosphate; (C) AA, arachidonic acid; and (B) TRAP, thrombin receptor activating peptide-6. The bars indicate mean with standard deviation. An X-mark in the circle indicates that the patient has received platelet concentrate within 24 h prior to blood sampling. To illustrate the association between platelet aggregation and platelet count, patients with platelet counts below 50 × 109 /L are marked red. Due to practical reasons, platelet aggregation on day 2 was not measured in 2 patients.



As shown in Supplementary Figure 2, the majority of ECMO patients demonstrated platelet aggregation within the 95% prediction interval on days 1, 2, and 3. Approximately one fourth of ECMO patients demonstrated platelet aggregation below the 95% prediction interval on day 1 after stimulation by ADP or TRAP. Following ADP stimulation on day 1, four patients with platelet counts above 200 × 109/L demonstrated platelet aggregation below the 95% prediction interval. Of these, two patients demonstrated platelet aggregation within the 95% prediction interval on days 2 and 3. The other two patients had received antiplatelet therapy within 24 h prior to blood sampling on day 1; they were both weaned from ECMO before day 2 due to recovery (n = 1) or mortality (n = 1). The patient with the highest platelet counts (>470 × 109/L) demonstrated consistently low platelet aggregation on days 2 and 3. Following TRAP stimulation on day 1, the same four patients demonstrated platelet aggregation below the prediction interval, as was seen following ADP stimulation. Two additional patients fell below the 95% prediction interval on day 1 following TRAP stimulation; of these, one patient demonstrated platelet aggregation within the 95% prediction interval on days 2 and 3; the other patient demonstrated consistently low platelet aggregation on days 2 and 3 relative to the very high platelet counts (>470 × 109/L). Of note, patients with similar platelet counts demonstrated widely varying platelet aggregation throughout all days on ECMO.

Flow Cytometry

ECMO patients did not differ significantly from healthy controls on gender or age; the mean age was 46 (± 11) years in controls and 49 (± 13) years in ECMO patients (p = 0.34). ECMO patients exhibited a slightly higher level of pre-activation of the platelets [14% (± 8)] compared with healthy controls [10% (± 4)] (p = 0.03).

Figure 3 illustrates the percentages of positive platelets (Figures 3A–C) and MFI of the platelets (Figures 3D–F) on day 1 of ECMO support compared with healthy controls. Following stimulation by four different agonists, the percentages of positive platelets were significantly lower in ECMO patients than in healthy controls for all platelet activation markers investigated: Bound fibrinogen (all p < 0.03), CD63 (all p < 0.001), and P-selectin (all p < 0.001). The MFI of bound fibrinogen was significantly higher in ECMO patients than in healthy controls following stimulation by COL, ADP, and TRAP; no difference was found in MFI of bound fibrinogen following stimulation by AA (Figure 3D). Conversely, the MFI of CD63 was significantly lower in ECMO patients than in healthy controls after stimulation by COL and TRAP; whereas stimulation by ADP and AA yielded no significant difference (Figure 3E). The MFI of P-selectin was significantly lower in ECMO patients than in healthy controls for all agonists (all p < 0.001) (Figure 3F).
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FIGURE 3. Illustrates the degree of platelet activation in response to stimulation by four different agonists. The degree of activation can be measured as a change in the expression of the activation-dependent platelet surface markers bound-fibrinogen, CD63 and P-selectin on day 1 of support with extracorporeal membrane oxygenation (ECMO). The results are compared with healthy controls, n = 33. (A–C) The percentage of activated platelets in response to stimulation by an agonist; (D–F) The median fluorescence intensity (MFI) of the activated platelets following stimulation by an agonist. Agonists used to activate the platelets: COL, Collagen-related peptide; ADP, adenosine diphosphate; TRAP, thrombin receptor activating peptide-6; and AA, arachidonic acid. The bars indicate median and interquartile range.



Figure 4 illustrates the percentage of positive platelets (Figures 4A–C) and MFI (Figures 4D–F) of the activation-dependent platelet surface markers investigated on day 1 compared with day 3 of ECMO support. No significant difference was found in the percentages of positive platelets on day 1 compared with day 3 (p >0.05); although, there were two exceptions following stimulation with COL: Significantly reduced percentages of platelets positive for bound fibrinogen (Figure 4A: p = 0.03) and P-selectin (Figure 4C: p < 0.001) on day 3 compared with day 1. Likewise, no significant difference was found in the MFI of bound fibrinogen on activated platelets on day 1 compared with day 3 (Figure 4D: p > 0.35). Regarding CD63 and P-selectin, we found: Significantly reduced MFI on day 3 compared with day 1 following stimulation by COL and TRAP (p < 0.02), but no significant differences following stimulation by ADP and AA (p > 0.16) (Figures 4E,F). Overall, ECMO patients demonstrated a wide variation in expression of the activation-dependent platelet surface markers.
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FIGURE 4. Illustrates the degree of platelet activation in response to stimulation by four different agonists. The activation can be measured as a change in the expression of the activation-dependent platelet surface markers: Bound-fibrinogen, CD63 and P-selectin. (A–C) The percentage of activated platelets in response to stimulation by an agonist; (D–F) The median fluorescence intensity (MFI) of the activated platelets following stimulation by an agonist. Platelet activation on day 1 of support with extracorporeal membrane oxygenation (ECMO) is compared with platelet activation measured on day 3 of ECMO support, n = 24. Patients weaned from ECMO support prior to day 3 were excluded from this analysis on the difference between day 1 and 3. Agonists used to stimulate platelet activation: COL, Collagen-related peptide; ADP, adenosine diphosphate; TRAP, thrombin receptor activating peptide-6; and AA, arachidonic acid. The bars indicate median and interquartile range.





Clinical Endpoints

Table 2 summarizes the use of blood products during ECMO support for all patients; 91% of patients received red blood cells (RBC); 57% received fresh-frozen plasma (FFP); and 57% received platelet concentrates during ECMO support.



Table 2. An overview of the use of blood products during support with extracorporeal membrane oxygenation (ECMO) for all patients (n = 33).
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DISCUSSION

During ECMO support, platelet counts decreased despite administration of platelet concentrates. Moreover, platelet aggregation was impaired during ECMO support compared with healthy controls; this finding was challenged by the observation that platelet aggregation values relative to platelet count, in ECMO patients, were within the 95% prediction interval of platelet aggregation in healthy whole blood. Flow cytometry analyses demonstrated an impaired platelet activation in ECMO patients on day 1 compared with healthy controls. However, no substantial difference was found in platelet activation from day 1 to day 3 on ECMO support.


Platelet Count and Turnover

Following ECMO initiation, platelet counts decreased significantly and remained low during ECMO support, despite administration of platelet concentrates to 57% of patients. This finding is consistent with previous studies reporting thrombocytopenia during ECMO support (17, 39). A consumptive loss of platelets—due to adherence to the artificial surfaces and formation of microthrombi in the circulation—has been proposed as a plausible mechanism for the decrease in platelet counts during ECMO support (40). Two recent studies found no association between duration of ECMO support and development of severe thrombocytopenia, but found thrombocytopenia to be associated with platelet count at ECMO cannulation, and the development of multi-organ failure while on ECMO (41, 42).

The significant increase in IPF from day 1 to day 3 on ECMO support indicates an augmented platelet turnover (43); this is consistent with a consumptive loss of platelets during ECMO support. Immature platelets exhibit an increased hemostatic potential (44, 45); they tend to contain more granules, and express a greater number of activation-dependent platelet surface markers compared with mature platelets (46). A high platelet turnover rate could theoretically yield a larger population of platelets that are more easily activated, thereby increasing thrombotic propensity and accelerating the consumptive platelet loss.



Platelet Function

Compared with healthy controls, platelet aggregation was significantly lower on day 1 of ECMO support, and the platelets ability to aggregate remained low during ECMO. Patients with the lowest platelet counts generally demonstrated the lowest platelet aggregation; this finding is consistent with the well-established association between platelet count and platelet aggregation, when employing impedance aggregometry (23–29). Our impedance aggregometry findings are in line with previous studies on platelet aggregation during ECMO support in adult patients (16–19). Importantly, these previous conclusions on platelet aggregation are hampered by not considering the effect of low platelet counts on platelet aggregation. To overcome this limitation, we assessed platelet aggregation results in relation to the 95% prediction interval of platelet aggregation in healthy whole blood with varying platelet counts (30). Employing this approach, we demonstrated that platelet aggregation in ECMO patients was largely equivalent to platelet aggregation in healthy controls, when considering the impact of low platelet counts. Thus, our findings indicate that platelet aggregation during ECMO support is impaired due to a low number of platelets.

When employing flow cytometry, no association was found between platelet count and platelet activation. On day 1 of ECMO support, the platelets demonstrated a reduced ability to become activated, when stimulated by an exogenous agonist; this was demonstrated by the significantly lower percentage of activated platelets on day 1 in ECMO patients compared with healthy controls. The impaired ability to become activated could be due to vast activation of platelets in the ECMO circuit. Previous studies have suggested that platelets are affected by high shear forces in the circuit of blood-contacting medical devices, resulting in platelet activation and adherence to the surfaces of the circuit (14, 15, 47, 48). Furthermore, surface-induced platelet activation is thought to occur in the ECMO circuit, as platelets come into contact with the artificial surface of the circuit (13). Excessive activation, adhesion and aggregation of platelets may increase the risk of thrombotic complications due to the formation of microaggregates in the circulation. Thus, circulating activated platelets may be partially degranulated, circulating in an exhausted state, and therefore exhibit a decreased responsiveness to agonist stimulation, as demonstrated in the present study. Interestingly, recent studies have shown that high shear stress also causes the loss of platelet receptors (GPIbα and GPVI) important for platelet adhesion (20, 49, 50). Loss of these receptors result in decreased platelet adhesion, leading to impaired hemostatic capacity and an increased potential of bleeding.

The MFI of bound fibrinogen was significantly increased in ECMO patients compared with healthy controls for three out of four agonists. This suggests that activated platelets in ECMO patients express a larger quantity of bound fibrinogen on their surface, than healthy platelets do. This finding is consistent with studies reporting an increased expression of the activated fibrinogen receptor, GPIIb/IIIa, on platelets exposed to high shear stress, as in the ECMO circuit (51, 52). As high shear stress activates the platelets, a sequence of signaling events is triggered, resulting in the activation of the glycoprotein receptor GPIIb/IIIa, which then mediates platelet aggregation and thrombus formation (53).

On the contrary, the expression of P-selectin was consistently lower on platelets from ECMO patients than platelets from healthy controls measured by the MFI. This finding may be consistent with preceding platelet activation in the ECMO circuit and subsequent shedding of P-selectin into the circulation (54)—resulting in platelets expressing a lesser amount of P-selectin on their surface. Cheung et al. (55) measured soluble P-selectin levels in 10 neonates treated with ECMO and found significantly elevated levels of soluble P-selectin 4 h after ECMO initiation, indicating in vivo platelet activation. Further studies of soluble P-selectin, in adult ECMO patients, would be valuable in this regard.

Considerations on the possible clinical impact of the aforementioned findings led us to speculate, whether therapeutically increasing platelet counts in these patients, could enhance platelet aggregation; thereby reducing the risk of hemorrhage. Furthermore; increasing platelet counts may yield a larger population of platelets able to become activated, further reducing the risk of hemorrhage. Yet, a concern is the concurrent risk of thrombosis, and the possibility of vast platelet activation in vivo due to high shear stresses and adherence to the protein-coated surfaces of the circuit. A larger study, investigating the association between platelet count and incidence of bleeding and thromboembolic events during ECMO support, would be of great interest in this regard.



Strengths and Limitations

A major strength of the present study is the use of flow cytometry to investigate platelet function in ECMO patients with varying degrees of thrombocytopenia. Furthermore, by employing a model that describes platelet aggregation in healthy thrombocytopenic whole blood, we were able to evaluate platelet aggregation, measured by impedance aggregometry, relative to the platelet count.

The purpose of the present study was to contribute to further knowledge on the hemostatic changes occurring during ECMO support. Using two different methods, whole blood impedance aggregometry and flow cytometry, we aimed to elucidate different aspects of platelet function, however, other biomarkers and methods could have been employed: i.e., soluble levels of P-selectin or β-thromboglobulin, other surface-bound markers of platelet function (i.e., GPIbα, GPVI, CD40L), circulating platelet microparticles, circulating matrix metalloproteinases and platelet-leucocyte aggregates. Furthermore, this study is limited to the description of platelet count and function, not taking into account the wide interactions with leucocytes, nor blood-surface interactions throughout the circuit.

The results of the present study are confounded by the therapy some patients received while on ECMO support. In total, 57% of patients received platelet concentrates throughout the course of ECMO support (Table 2) (56). A time-dependent increase in platelet activation has been reported to occur during storage of platelet concentrates (57). Moreover, the response toward agonist stimulation has been shown to decrease during storage (56). Thus, our platelet function analyses are hampered by these exogenously provided platelets that have been activated during storage, and whose function is probably somewhat impaired. Additional, therapy during ECMO support included administration of antiplatelet drugs in nine patients and continuous administration of unfractionated heparin to the vast majority of patients (Table 1). Both antiplatelet agents and unfractionated heparin alter platelet function. Previous studies have reported unfractionated heparin to increase the number of activated platelets and sensitizes the platelets to agonist stimulation (58, 59). Thus, these therapies must be considered as confounders of the results in the present study.

Despite performing a sample size calculation and achieving the required number of included patients, the study population is rather small, limiting the possibilities for sub-group analysis or more advanced statistical analysis. An additional limitation is the lack of platelet function analyses on the entire study population prior to ECMO initiation. It remains unclear whether the observed platelet dysfunction can be associated with ECMO initiation, with the underlying disease state of the patients, or a combination of both. However, it is likely that initiating ECMO has a crucial impact on platelets, as platelet counts significantly decrease after ECMO initiation compared with before ECMO.




CONCLUSIONS

We hypothesized that ECMO support would result in increased platelet function from day 1 to day 3 of support. Employing impedance aggregometry and flow cytometry, we found both impaired platelet aggregation and decreased platelet activation on day 1 of ECMO support compared with healthy controls. However, platelet aggregation was not impaired, when interpreted relative to the low platelet counts. Thus, our findings indicate that platelet aggregation during ECMO support is impaired due to a low number of platelets. Furthermore, levels of bound fibrinogen, on the surface of activated platelets in ECMO patients, were higher than in healthy controls. Together, these findings suggestively oppose that platelets are universally impaired during ECMO support. No marked difference in activation from day 1 to day 3 was seen during ECMO support.
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Platelet concentrates (PCs) are biological autologous products derived from the patient's whole blood and consist mainly of supraphysiologic concentration of platelets and growth factors (GFs). These GFs have anti-inflammatory and healing enhancing properties. Overall, PCs seem to enhance bone and soft tissue healing in alveolar ridge augmentation, periodontal surgery, socket preservation, implant surgery, endodontic regeneration, sinus augmentation, bisphosphonate related osteonecrosis of the jaw (BRONJ), osteoradionecrosis, closure of oroantral communication (OAC), and oral ulcers. On the other hand, no effect was reported for gingival recession and guided tissue regeneration (GTR) procedures. Also, PCs could reduce pain and inflammatory complications in temporomandibular disorders (TMDs), oral ulcers, and extraction sockets. However, these effects have been clinically inconsistent across the literature. Differences in study designs and types of PCs used with variable concentration of platelets, GFs, and leucocytes, as well as different application forms and techniques could explain these contradictory results. This study aims to review the clinical applications of PCs in oral and craniofacial tissue regeneration and the role of their molecular components in tissue healing.
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INTRODUCTION

Platelet concentrates (PCs) are biological autologous products derived from the patient's whole blood that consist mainly of supraphysiological concentrations of platelets and growth factors (GFs). There are two main types of PCs: platelet-rich plasma (PRP) and platelet rich fibrin (PRF), which can be pure (i.e., P-PRP, P-PRF) or rich in leucocytes (i.e., L-PRP, L-PRF) (1, 2). PCs can also be prepared with or without red blood cells (3). PRP and P-PRF are prepared from anti-coagulated blood, whereas L-PRF is prepared from non-anti-coagulated blood. PC is prepared using gravitational centrifugation techniques, standard cell separators, or autologous selective filtration technique (plateletpheresis) (3). PCs contain high concentrations of growth factors (GFs) and cytokines that play a vital role in the healing of various tissues. PCs have been used alone or as an adjunctive treatment to enhance soft and hard tissue regeneration in dentoalveolar, and maxillofacial surgeries (4–6).

There are four phases of tissue healing: hemostasis phase, inflammatory phase, reparative phase, and remodeling phase. Blood clot serves as a matrix that allows cell movement and proliferation. Platelets are essential for blood clot formation (7). The inflammatory phase starts from the first day to the seventh day after injury (8). In this phase, platelet releases different growth factors that attract inflammatory cells: neutrophils, macrophages and lymphocytes to the injured site. These cells secrete pro-inflammatory cytokines: Tumor necrosis factor alpha (TNF-α), interleukins (IL-1, IL-6, IL-18) that enhance angiogenesis and tissue healing (9, 10). In the reparative phase, mesenchymal stem cells (MSCs) are recruited from the adjacent soft tissue or blood vessels (11). Different growth factors such as bone morphogenic proteins (BMPs) and TGF-β play a role in MSCs recruitment. They enhance bone regeneration as they induce osteoblast differentiation (12). The remodeling phase is characterized by replacement of woven bone with lamellar bone. GFs are also involved in this phase (10, 12).

This study aims to review the clinical applications of PCs in oral and maxillofacial surgery procedures including maxillary sinus augmentation, alveolar ridge augmentation, implant surgery, jaw cysts, periodontal surgery, socket preservation, endodontic surgery, alveolar clefts, cleft lip and palate, oroantral communication (OAC), oral ulcers, osteoradionecrosis, bisphosphonate related osteonecrosis of the jaw (BRONJ), and temporomandibular joint disorders. In addition, the main cellular and molecular components of PCs were discussed with an emphasis on their regenerative properties.



TYPES OF PLATELET CONCENTRATES USED IN ORAL AND CRANIOFACIAL RECONSTRUCTION


Platelet-Rich Plasma (PRP)

PRP is the first generation of PCs. It can be prepared using centrifugation or plasmapheresis. The centrifugation can be done in one or two steps (i.e., single or double spin) using various forces (g) and centrifugation times. The centrifugation time ranges from 8 to 30 min (13).The most commonly used centrifugation forces (g) range from 100 to 1,000 g (14, 15), however, some protocols used forces (g) as high as 3,731 g (16).The most common described one step centrifugation protocol is plasma rich in growth factors (Anitua's PRGF). In this protocol, plasma is divided into two fractions, the top fraction (platelet poor plasma) and the bottom fraction, including the buffy coat, contains higher concentration of platelets. For the two-step centrifugation protocol, first spin separates the blood in the centrifugation tubes into three layers: red blood cells (RBCs) in the bottom, a buffy coat (BC) rich in platelets and leukocytes in the middle, and platelet poor plasma (PPP) in the top. To produce P-PRP, the PPP layer, and the upper part of the BC layer are transferred to another tube and exposed to a second centrifugation. Then, most of the PPP layer is removed and the platelet pellet concentration in the bottom of the centrifugation tube is resuspended in a small volume of plasma to produce P-PRP. In this protocol, most of leukocytes are discarded. To produce L-PRP, the PPP, the whole BC, and part of RBCs layer are transferred to another tube and centrifuged. The L-PRP consists of the platelet and leukocyte concentration and some RBCs suspended in a small fraction of plasma (1). The increase in platelet count achieved with different PRP methods can range from 2.6 to 7.3 folds, but the two spin protocols the ones that yield higher platelet concentration (13).

PRP can be applied without activation to the recipient site as the exposed collagen or thrombin produced as a result of tissue injury activates platelets (17). However, an activator such as calcium chloride (CaCl2), thrombin, collagen, calcium gluconate, lysis by freezing, photoactivation, or a mixture of CaCl2 and thrombin is commonlly added before the application. Calcium chloride is the most commonly used activator to counteract the effect of the anticoagulants. The purpose of platelet activation is to enhance the release of GFs from α-granules and to form the gel (17–19) (Table 1).



Table 1. Types of platelet concentrates (PCs) (1–3, 19).
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Platelet-Rich Fibrin (PRF)

PRF is the second generation of PCs. L-PRF is more commonly used than P-PRF. It can be prepared with a simple inexpensive process without the addition of anticoagulants by using a single spin protocol [3,000 rpm (~700 g) for 10 min] that results in 1–2 folds increase in platelet count (20). The slow polymerization during PRF preparation generates a fibrin network that enhances cell migration and proliferation. In addition, this network acts as a reservoir of platelets, leukocytes, and GFs (21). L-PRF forms a gel that can be applied directly to the surgical site or can be compressed with a special kit to form a membrane that used to cover bone grafts in different augmentation procedures (22).

P-PRF can be prepared only by one method (Fibrinet PRFM kit) using two spin protocol. Blood is collected in specified tubes containing tri-sodium citrate and a separator gel, and then centrifuged at 1,100 rpm for 6 min. This separates the blood into three layers: RBCs, BC, and PPP. The BC and the PPP layers are collected and activated with CaCl2, followed by second centrifugation at 4,500 rpm for 15 min. Then, platelet rich fibrin matrix (PRFM) clot can be collected and applied to the surgical site (23) (Table 1).

PCs consist of different concentration of platelets, white blood cells, plasma proteins, and GFs. Each component may affect tissue regeneration.



Platelets

Platelets are ~2.5 μm long cell fragments derived from bone marrow megakaryocytes (24). The normal blood platelet count in healthy individuals ranges from 150,000 to 450,000 platelets/μl. Although platelets lack nuclei, they contain other organelles including mitochondria, microtubules, α-granules, dense granules, and lysosomes (25).

Platelet ultrastructure can be divided into four zones: the peripheral zone, the sole-gel zone, the organelle zone, and the membrane system. The peripheral zone contains the plasma membrane, a smooth membrane rich in glycocalyx [glycoprotein (GP)], lipid bilayer area, and actin filaments. The glycocalyx is essential for platelet adhesion to subendothelial cells, platelet activation, and aggregation (25). The sole gel zone consists of actin microfilaments, a matrix in which all the platelet organelles are suspended, and microtubules (25). The organelle zone contains the secretory organelles: α-granules, dense-granules and lysosomes. The α-granules are the most abundant platelet organelles, each platelet has 50–80 α-granules. The α-granules are round or oval in shape, and 200 to 500 nm in diameter. They contain adhesive proteins (von Willebrand factor (VWF), fibrinogen, and thrombospondin), GFs, microbicidal proteins (thymosin-β4, thrombocidins 1 and 2), immune mediators (complement C3 and C4 precursors), as well as coagulant and fibrinolytic proteins (Factors V, IX, XIII, antithrombin, and plasminogen) (26). The dense granules are smaller than the α-granules. Each platelet contains 3–5 dense-granules. Dense granules contain adenosine triphosphate (ATP), adenosine diphosphate (ADP), serotonin, histamine, polyphosphate, pyrophosphate, calcium, magnesium and potassium. Lysosomes are spherical and each platelet contains <3 lysosomes that contain degrading enzymes (26). The membrane system, besides the plasma membrane, contains the Golgi apparatus, the canalicular system, dense tubules, and the endoplasmic reticulum (27).

The primary function of platelet is to enhance hemostasis through four steps: platelet adhesion, activation, secretion and aggregation. Also, platelets play a vital role in inflammation, tissue healing, and antimicrobial host defense (27).




REGENERATIVE PROPERTIES OF PLATELET GRANULES


α-granules

Platelet α-granules store GFs, adhesion proteins, coagulation and fibrinolytic proteins that are secreted upon activation. These bioactive molecules have bone regenerative properties as they enhance osteogenesis and angiogenesis (28–30). GFs include transforming growth factor-beta (TGF-β), fibroblast growth factors (FGF), vascular endothelial growth factor (VEGF), insulin-like growth factor (IGF), platelet derived growth factors AB (PDGF-AB, PDGF-BB), and brain-derived neurotrophic factor (BDNF) (31). GFs play a role in chemotaxis, proliferation, cell differentiation, the formation of extracellular matrix, osteogenesis, and prevention of bone resorption (29, 30, 32) (Table 2). The clinical applications of GFs are limited due to protein instability, short duration of action, high costs, and they required high doses. This is why PCs are very practical alternatives to deliver GFs (55).



Table 2. Main components of platelets and plasma proteins and their effect on bone healing.

[image: image]






Dense Granules

Platelet dense granules contain ADP, ATP, serotonin, histamine, polyphosphate, pyrophosphate, calcium, magnesium, and potassium. ATP was found to increase bone mineralization at low concentration but decrease bone mineralization at high concentration (41). On the other hand, polyphosphate at low concentration (10 μM) inhibits matrix mineralization in osteoblast cell culutres (44), whereas at higher concentration (100 μM), it enhances osteoblast fucntion and mineralization (45). Serotonin is the fastest-released molecule from platelet after activation, regardless of the type of activation material (56). It reduces bone mineral density and inhibits osteoblast differentiation and proliferation (42). Also, it inhibits FXIII-A, which mediates the assembly of plasma fibronectin in cell cultures (43).



Regenerative Properties of Plasma Proteins

Plasma proteins are one of main components of blood plasma. They include albumin, globulins (i.e., fibronectin), coagulation proteins (i.e., fibrinogen, prothrombin, thrombin, III, IV, V, VI, VII, VIII, IX, X, IX, XII, XIII), and the complement system. Albumin was reported to enhance bone healing when used as adjunctive to freeze-dried cancellous bone grafts compared to bone graft alone (46). Fibronectin is an adhesive protein that plays a key role in wound healing: enhancing re-epithelization and extracellular matrix formation (ECM) (47). Fibronectin can interact with different types of cells and cytokines to form the ECM through its specific function domains and binding sites (47). In addition, fibronectin with beta-tricalcium phosphate (β-TCP) improve bone regeneration in rat calvarial bone defects (48). Thrombin was found to control osteoblast function and fracture healing in mice (49). Fibrinogen 3D scaffolds improve bone regeneration by increasing transforming growth factor-beta (TGF-β) (52). In osteoblast cell cultures, the inhibition of FXIII-A transglutaminase reduces fibronectin, collagen matrix assembly and mineralization (43). The complement system maintains cell proliferation, cell turnover, and enhances angiogenesis and tissue regeneration (53) (Table 2).



Leukocytes

PCs may contain leukocytes depending on the preparation protocol. The leukocyte count in whole blood ranges from 4.5 to 11.0 × 109/L. In PCs, leukocyte counts range from 0/L in platelet poor plasma (PPP) to 35.8 × 109/L in L-PRP (57, 58). Leukocytes could enhance or impair tissue healing depending on their environment (58). Neutrophils are the primary white blood cells that migrate to the injured tissue and promote phagocytosis of dead tissue and microbes (59). Monocytes enhance host defense and promote arterogenesis (60). Lymphocytes are not required at the early stages of wound tissue healing, but an innate cellular immune response is required for tissue repair (61). Some studies proposed that leukocytes stimulate the healing process in damaged tissue as they secrete GFs, and simultaneously suppress the growth of bacteria, thus reducing the infection (62–65). However, there is no evidence support the antimicrobial effects of leucocyte- rich PCs (66). Furthermore, other reports showed a positive correlation between the total number of leukocytes in PRP and increased levels of pro-inflammatory cytokines and reactive oxygen species (ROS) released by neutrophils in damaged tissue indicating that high concentration of leukocytes in PRP may inhibit the healing process, and thus the presence of leukocytes should be controlled (67).



Red Blood Cells (RBCs)

Erythrocytes are the most common cell type of blood cells that carry oxygen to all body tissues. PCs can be prepared with or without erythrocytes. However, many researchers do not pay attention to erythrocyte found in PC and their possible role on tissue regeneration and repair. In addition, there is a lack of clinical and in vivo studies assessing the effect of RBCs in tissue regeneration. Thus, the role of erythrocytes on tissue regeneration is unknown. Only an in vitro study done by Braun et al. (68) showed that RBC rich-PRP resulted in synoviocyte cell death and thus RBCs may have deleterious effect on cartridge regeneration (68).



Clinical Applications

PCs have been used alone or as an adjunctive treatment to enhance soft and hard tissue regeneration in several oral and maxillofacial interventions such as sinus augmentation, implant surgery, alveolar ridge augmentation, socket preservation, periodontal surgery, endodontic surgery, jaw cysts, oral ulcers, alveolar clefts, jaw osteonecrosis, Oroantral communication, and temporomandibular disorders. Underneath we discuss each one of those interventions in details (Table 3). Figures 1–6 showing some clinical applications of PCs in oral and craniofacial tissue regeneration.



Table 3. Clinical applications of platelet concentrates (PCs) in oral tissue regeneration.
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FIGURE 1. Panoramic view of both jaws illustrating the anatomic structures and the pathological conditions.
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FIGURE 2. Maxillary sinus augmentation using lateral window approach. (A) Perforation of sinus membrane during lateral window approach in sinus lifting with simultaneous implant placement. (B) PRP was used to cover the perforated sinus membrane.




[image: image]

FIGURE 3. Alveolar maxillary width reconstruction using allograft cortico-cancellous block. (A) exposure of alveolar ridge. (B) Fixation of bone graft with fixation screws. (C) PRP covering the bone graft material.
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FIGURE 4. Alveolar socket preservation using bone graft covered with PRP. (A) Extraction socket. (B) Bone graft applied inside the extraction socket. (C) PRP covered bone graft material.
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FIGURE 5. PRP use in treatment of alveolar osteitis (inflammation of alveolar socket). (A) Alveolar socket. (B) PRP applied in the extraction socket. (C) Figure 8 suture type used to stabilize the PRP in the alveolar socket.
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FIGURE 6. PRP injection as an adjunctive treatment with corticosteroids for resistant oral pemphigus vulgaris. (A) 1.5 ml of PRP was injected once a week for 3 weeks. (B) Pemphigus vulgaris lesion located posterior to mandibular third molar. (C) One week after last injection. (D) Six weeks after last injection. (E) Six months after last injection.





Sinus Augmentation

Sinus augmentation is a surgical procedure aims to restore the resorbed bone in the posterior maxilla caused by tooth loss and is indicated in cases with no enough bone height to accommodate dental implants. PRF has been used as sole filling material or combined with bone graft materials in sinus augmentation. The use of PRF as a sole filling material with simultaneous implant placement showed successful results, although there was no control group and these findings could be similar to the use of implant as a tent in which blood clot filled the gap around the dental implant. Furthermore, PRF reduced the healing time when combined with demineralized freeze-dried bone allograft. However, it does not affect the maturation of deproteinized bovine bone (69). In addition, PRF can be used as a membrane to cover the lateral window approach in sinus augmentation. The use of PRF or collagen as membranes in sinus augmentation with xenografts showed similar results in terms of percentages of new bone formation and the amount residual bone (70). The addition of PRP to anorganic bovine bone (ABB) increased the volume of newly formed bone and improved the osteoconductive properties of ABB, although it did not affect the implant success compared to ABB alone (71). However, in a systematic review, assessed the effect of PRP combined with bone grafts in sinus augmentation, showed no differences in clinical outcomes including implant success and complications (72). Also, the use of PCs as an adjunctive treatment for maxillary sinus elevation was not supported by other studies (73). Therefore, further standardized randomized clinical trials (RCTs) are requried.



Alveolar Ridge Augmentation

Different augmentation techniques such as ridge augmentation, guided bone regeneration (GBR), and ridge splitting and expansion can be used to manage alveolar ridge resorption. Different bone grafts (autografts, allograft, xenografts, alloplasts) with or without biological materials such as PCs are used for alveolar ridge augmentation. In alveolar ridge augmentation with the titanium mesh (Ti-mesh), it was found that covering the mesh with PRP prevents the mesh exposure and bone resorption (74). PRP was found to significantly increase alveolar ridge width and the percentage of vital bone achieved with cancellous allograft (75). In addition, covering the autogenous bone blocks in anterior maxillary augmentation with PRF increased bone width and decreased bone resorption (110). On the other hand, limited evidence was found regarding the effect of PRGF on new bone formation when combined with other bone substitutes, but it also shown some benefits on soft tissue healing, pain, and swelling (76). However, due to limited studies, further research is required.



Periodontal Surgery

PCs have been used alone or as an adjunctive material in the treatment of intra-bony periodontal defects. Overall, PRP as an adjunctive material significantly enhanced periodontal bone healing (77). PRP or PRF can reduce pocket depth and enhance clinical attachment level (77). Moreover, the use of PRP combined with bone grafts was found to enhance periodontal bone healing, whereas, no beneficial effect was found when used with guided tissue regeneration (GTR) (78). PRF was effective when used alone or combined with open flap debridement, although, there was a lack of evidence regarding its role when combined with bone grafts or GTR (78).

Regarding the efficacy of PCs in periodontal plastic surgery, studies showed that PRF membrane did not regenerate gingival recession, clinical attachment level, or the width of keratinized mucosa compared to other biomaterials such as connective tissue grafts (111).



Socket Preservation

Platelet concentrates have been used to accelerate healing and regenerate bone in socket preservation procedures. L-PRF reduced the healing time and bone resorption when applied on the extracted tooth socket (80). Moreover, L-PRF was reported to enhance alveolar socket preservation in height and width compared to PRP (81). In addition, PCs reduce alveolar osteitis compared to empty socket after third molar extraction (82, 83). However, PCs have a beneficial effect in accelerating wound healing and reducing postoperative symptoms; some studies showed conflicting results in hard tissue regeneration (4, 5). Overall, there was a moderate evidence to support the use of PCs in socket preservation (84).



Implant Surgery

Platelet concentrates have been used to enhance bone regeneration prior to implant placement or to treat bone defects in cases of peri-implantitis. Overall, there is moderate evidence to support the use of PCs in the early phases of osseointegration (84). Both PRF and PRP have been found to enhance bone regeneration and reduce marginal bone loss around dental implants (80, 112). However, the application of PRF during immediate implantation does not seem to improve implant stability or bone healing (86). In cases of peri-implantitis, PRF application after surgical debridement was found to reduce peri-implant pocket depth and to increase keratinized mucosa compared to conventional flap surgery only (87).



Regenerative Endodontics

PCs have been used in different root canal procedures including apexification, apexogenesis, pulpotomy, and endodontic apical surgery. PCs have been found to enhance peri apical bone regeneration, root development, and pulp vitality (88). In addition, a comprehensive systematic review of clinical evidence, showed that application of PCs are successful procedures in the treatment of immature teeth, although the level of evidence was weak (only 5 RCTs and 21 case reports were included), and thus further well-designed RCTs with longer follow-up are required (89).



Jaw Cysts

Jaw cysts are pathological cavities formed within the jaw bones or soft tissues, that are usually lined by epithelial layer. Radicular cysts are the most common inflammatory cysts that are usually located around the apexes of necrotic teeth. The standard treatment for inflammatory jaw cysts is enucleation (113). Fewer reports assessed PCs application in bone regeneration after cyst enucleation. Filling the cyst cavity with bone graft and PRP was found to accelerate bone healing compared to bone graft only (90). In addition in a pilot study consisted of 10 cystic lesions, PRP was found to significantly accelerate bone healing after 6 months of follow-up (91). However, in another study, PRP did not show any significant acceleration in bone healing after 6 months of treatment compared to the control group (empty defect) (92). Thus, due to limited evidence and absence of RCTs, further standardized studies are required.



Cleft Lip and Palate

Cleft lip and plate are congenital defects in maxillary and nasal processes that resulted in cleft lip and/or palate. Surgical closure is the treatment of choice in such patients. PRP was found to enhance soft tissue closure of complete cleft palate and to reduce the incidence of oronasal fistula compared to surgical closure alone. Therefore, it could reduce the need for additional surgical procedures (93). In addition, mixing the PRGF with bone grafts resulted in complete closure of 90.9% cases with recurrent cleft palate fistulas (94). However, due to limited evidence, further standardized studies are required.



Alveolar Clefts Reconstruction

Alveolar clefts are congenital bone defects in the alveolar bone that affect 75% of cleft lip or cleft lip and palate patients (114). The combination of iliac graft and PRP reduce bone resorption compared to iliac graft alone in patients requiring alveolar cleft augmentation (95, 96). On the other hand, adding PRF to iliac bone grafts, did not benefit maxillary alveolar bone thickness, height, and density or the percentage of newly formed bone (97, 98). However, due to limited evidence, further studies are required.



Bisphosphonate Related Osteonecrosis of the Jaw (BRONJ)

BRONJ is commonly manifested by exposed necrotic bone that persists for 8 weeks or more in patients with metastasis or osteoporosis under antiresorptive medications such as alendronate. PRF has been found to enhance soft tissue healing and reduce pain of surgically debrided BRONJ cases (99). In addition, Erbium Chromium: Yttrium Scandium Gallium Garnet laser (Er,Cr:YSGG) assessed surgery combined with PRP application enhance healing of BRONJ cases (100). The combination of bone morphogenetic protein 2 (BMP-2) and L-PRF in treating BRONJ cases was found to accelerate healing compared to L-PRF alone (101). However, in a systematic review summarizing the combination protocol (surgery and PCs), concluded that there is no sufficient data to support this protocol and thus further studies are required (115).



Osteoradionecrosis

Osteoradionecrosis of the jaws is defined as bone death caused by radiation therapy of head and neck cancer. PCs have been found to be effective in treating patient with osteoradionecrosis (103). The application of L-PRF combined with surgical debridement using piezosurgery in managing cases of osteoradionecrosis, resulted in complete healing of 67% of cases within 1-year follow-up (102). This promising application could reduce the need for bone resection in such cases, although due to the limited evidence, further research is required.



Oroantral Communication

Oroantral communication (OAC) is an abnormal communication between the oral cavity and the maxillary sinus that could occur due to pathological conditions or during extraction of maxillary posterior teeth. The treatment of OAC depends on the size of the communication and it is usually achieved by buccal advancement flaps. PRF clots enhance wound closure and reduce pain and swelling compared to buccal advancement flap (104). In addition, PRF membrane could be used to manage OAC of size ≤ 5 mm (105). However, further standardized studies are required to shed the light in such promised application.



Oral Ulcers

Pemphigus vulgaris is an autoimmune disease that affects the skin and mucous membranes. It manifests in oral cavity as painful erosive lesions (ulcers) that are usually treated with corticosteroids (116). In such cases, the repeated injections of PRP accelerate tissue healing and reduce pain and discomfort during mastication (106). Oral ulcers can also occur after bone marrow allogeneic transplants resulting in graft vs. host disease (GvHD). Application of PCs gel in those patients reduces pain, enhances mastication, and accelerates healing (107). In addition, PRF membrane could improve tissue healing after excision of oral mucosal lesions such as leukoplakia and lichen planus (108). PCs seem to be promising materials for managing oral ulcers, however, due to limited studies, further research is required.



Temporomandibular Disorders (TMD)

TMDs are diseases of multifactorial origin that affect the temporomandibular joint articular surfaces as well as the surrounding masticatory muscles (117). PRP injection has been used to reduce pain and to improve mouth opening in patients with TMDs. In a systematic review, PRP injection was found to reduce pain and improve jaw movements in 4 out of 6 studies compared to hyaluronic acid or saline injections (109).




DISCUSSION

PCs have been used extensively in oral and craniofacial interventions for hard tissue regeneration. Overall, PCs seem to have a beneficial role on bone regeneration in different clinical procedures, such as socket preservation, implant surgery, sinus augmentation, periodontal surgery, osteonecrosis, and alveolar ridge augmentation (71, 75, 78, 80, 90, 95, 96, 100, 112), although, there was some inconsistent findings. The regenerative potential of PCs is attributed to their contents of bioactive molecules, specifically GFs known to enhance osteogenesis, angiogenesis and tissue regeneration (28–30). However, due to limited studies, further research is required.

PCs seem to improve soft tissue healing in socket preservation (81), periodontal surgery (77), oral ulcers (106), oroantral communication (105), osteonecrosis (100), and alveolar ridge augmentation (74, 75). The improvement on soft tissue closure obtained by PCs could indirectly enhance bone regeneration in different surgical procedures.

In addition, PCs could reduce inflammatory complications such as pain and swelling and could improve mouth opening and masticatory function in patients with in temporomandibular disorders (TMDs) (109, 118), oral ulcers (106), jaw osteonecrosis, and extraction sockets (4). This beneficial role could be attributed to their content of GFs that have an essential role in inflammation, cell movement and metabolism (119). In addition, PCs may have immunomodulatory effects; PC can induce considerable changes in the level of proinflammatory mediators such as an increased level of lipoxin A4 (LXA4) and thus suggests that PCs could prohibit cytokine secretion, reduce inflammation and promote tissue healing (120).

However, the effect of PCs on bone regeneration has been clinically inconsistent across the literature (4, 76). Differences in study designs and types of PCs used with variable concentration of platelets, growth factors, and leucocytes, as well as different application forms and techniques could explain these contradictory results (6). Also, the centrifuge characteristics and different centrifugation protocols could affect the cells, growth factors and fibrin architecture of PCs and thus any modification of the original protocols should be investigated separately in order to avoid confusion and inaccurate results (121). In addition, a recent study suggested the possible negative effect of platelet dense granule contents including serotonin in bone regeneration (23). Serotonin inhibits osteogenic activity and osteoblastic differentiation and proliferation (42, 122, 123). Therefore, PCs preparation protocols require standardization.

PRP and PRF are the main types of PCs that applied in different clinical procedures. PRP is the only PCs that can be injected inside the temporomandibular joint (TMJ) spaces in treating patients with TMDs (109, 118). PRF membrane is used for closure of oroantral communication (105). Both materials could be used for other clinical interventions. Their main challenges are the stability in the application site and the need for an optimized delivery system that allow gradual release of growth factors (124).



CONCLUSION

Platelet concentrate (PC) are biological blood-derived products that are rich in platelets and GFs. Overall, PCs seem to enhance bone and soft tissue healing, reduce pain and swelling in alveolar ridge augmentation, periodontal surgery, sinus augmentation, socket preservation, implant surgery, endodontic regeneration, BRONJ, osteoradionecrosis, closure of oroantral communication (OAC), oral ulcers, and temporomandibular disorders. On the other hand, no effect was reported in gingival recession and guided tissue regeneration (GTR) procedures. However, due to the limited available evidence and the heterogeneity among different studies, further research is required to shed light on these promising biological materials.
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Atherosclerosis remains a ubiquitous and serious threat to human health. The initial formation of the atherosclerotic lesion (atheroma) is driven by pro-inflammatory signaling involving monocytes and vascular endothelial cells; later stages of the disease involve rupture of well-established atherosclerotic plaques, thrombosis, and blood vessel occlusion. While the central role of platelets in thrombosis is undisputed, platelets exhibit pro-inflammatory activities, and contribute to early-stage atheroma formation. Platelets also engage components of the complement system, an essential element of innate immunity that contributes to vascular inflammation. Here we provide an overview of the complex interplay between platelets and the complement system, with a focus on how the crosstalk between them may impact on the initiation of atheroma formation.
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INTRODUCTION

Cardio-cerebrovascular diseases are commonly caused by atherosclerosis, an inflammatory vasculopathy characterized by the formation of atheromatous plaques along the arterial wall. If the disease progresses, blood flow becomes limited, with resultant tissue injury, and organ dysfunction. Several pro-inflammatory events lead to plaque formation [reviewed in (1–3)]. Early in the process, endothelial activation promotes binding of monocytes to the vascular wall. These cells subsequently migrate into the subendothelial space, where they differentiate into macrophages. They then phagocytose oxidized low-density lipoproteins (oxLDL) which are deposited within the vascular wall, resulting in their transformation into lipid-laden foam cells. In parallel, vascular smooth muscle cells synthesize a fibrous connective tissue cap that surrounds the central lipid-macrophage core. Long-standing pro-coagulant and pro-inflammatory atherosclerotic plaques are prone to rupture, resulting in life-threatening thrombosis and ischemia, as is observed during myocardial infarction, and stroke. Platelets play a central role in thrombus formation secondary to plaque rupture. However, platelets are also highly immune-competent cells that, with activation of the complement system, are believed to orchestrate the initial signaling events during vascular inflammation that are critical for atheroma formation. In this review, we focus on the participation of platelet-complement crosstalk in early atherogenesis. We begin with a broad overview of the concepts of platelet activation and how this may trigger atheroma formation via interactions with leukocytes and endothelial cells [readers are referred to detailed reviews on this topic (4–6)]. This is followed by a description of the complement cascade and its regulation. We finally focus on the inter-relationship between platelets and the complement system, highlighting several of the complex links, how they may impact on atherogenesis, and on the potential clinical utility of recently uncovered pathways.



PLATELET SIGNALING PROMOTES ATHEROGENESIS


Platelet Activation and Secretion

Platelets are 2–4 μm diameter cells that circulate in resting discoid forms at a concentration of 150,000–450,000 cells/μl of whole blood, and become activated upon stimulation of their cell surface receptors by corresponding ligands (4). The role of platelets in thrombosis following plaque rupture in late-stage atherosclerosis is well-known. However, platelets also store >30 cytokines and growth factors in granules—alpha (α)-granules, dense granules, and lysosomes (7). Platelet activation is typically accompanied by rapid shape change, with fusion of the granule membranes with the platelet's plasma membrane, and the inner membranous network, to form the so-called open canalicular system (7, 8). Platelet secretion that occurs with this activation, is characterized by rapid translocation of P-selectin from the α-granules to the plasma membrane and extracellular release of soluble cytokines, chemokines, growth factors, and complement components (9). Activated platelets also uniquely express multiple receptors on their surface, and release platelet microparticles (PMPs), which are <1 μm diameter vesicular bodies containing a variety of cytokines, including for example, interleukin-1β (IL-1β (10). Importantly, platelet-derived cytokines from activated platelets are believed to contribute to vascular inflammation at the early stages of atheroma formation (11). Strong evidence exists that platelets also promote atherogenesis by acting as lipid-carrying structures (12), by signaling to vascular endothelium, and by recruiting leukocytes to the nascent atheroma (13).



Platelet-Endothelial Cell Signaling

Under physiologic conditions, the endothelial cell layer is separated from circulating platelets and leukocytes by a proteoglycan-rich layer termed the glycocalyx (14). Endothelial cells also produce prostacyclin (15), and nitric oxide (16) which serve to maintain platelets in their quiescent states. However, activation of the endothelial cell layer promotes atheroma formation. Activated endothelial cells express platelet-adhesive molecules including for example, E-selectin (17) and von Willebrand factor (VWF) (18), and release platelet agonists such as thromboxane (19). These molecules serve to recruit, activate, and tether platelets to the vessel wall. The activated platelets in turn, express P-selectin (20), and release multiple cytokines and chemokines that further induce endothelial cell activation (21), with the result being more recruitment and activation of platelets at the site of the vascular lesion. Unless dampened by natural or pharmacologic interventions, the process becomes self-sustaining with progressive vascular damage, and atherogenesis.



Platelet-Derived Chemokines Recruit and Retain Monocytes at Sites of Vascular Inflammation

In addition to promoting endothelial cell activation, platelet-derived chemokines recruit monocytes, thereby propagating atheroma development. CXCL4/PF4 (platelet factor four), a major constituent of platelet α-granules (22–25), is one of several well-characterized monocyte chemoattractants. CCL5/RANTES (regulated on activation normal T-cell expressed and secreted) is also a platelet-derived chemokine with monocyte chemoattractant properties (26, 27).

The pathophysiologic relevance of these and other platelet-released factors in atheroma formation is supported by several observations. For example, in vitro analyses revealed that monocytes preferentially adhere to endothelial cells pre-incubated with PF4 and/or RANTES (28, 29), while in vivo studies showed that the size of experimentally-induced atherosclerotic lesions were significantly reduced in PF4-null mice (30). Evidence also exists from clinical studies to support the contribution of PF4 and RANTES in atherosclerosis. In analyses of 132 carotid atheromatous plaques, PF4 presence directly correlated with lesion severity, in terms of histological grading of the lesions, and the history of significant clinical events such as myocardial infarction (31). RANTES plasma levels in patients hospitalized with acute coronary syndrome also correlated with progressive disease (32). That the chemotactic properties of PF4 and RANTES promote vascular disease severity underlines the importance of understanding how these and other similarly biologically active factors are released by platelets. Increasing evidence supports the notion that the complement system plays an important role.




THE COMPLEMENT SYSTEM


Activation via 3 Pathways

The complement system is a tightly regulated blood borne proteolytic system, a key component of innate immunity, that responds rapidly to clear damaged host cells and invading pathogens, to limit tissue destruction and to effect healing. This system is intimately involved in platelet function and the pathogenesis and progression of atherosclerosis. Thus, a brief review is provided [more extensive reviews can be found in (33–36)].

Comprising over 30 soluble and membrane bound proteins, complement activation is triggered by exposure to damage-associated molecular patterns, initiated via the lectin (LP), classical (CP), or alternative (AP) pathways (Figure 1). The CP is triggered by C1q recognition of antibodies or other targets (e.g., C-reactive protein, apoptotic cells) bound to antigens or microbial surfaces. C1q circulates in complex with zymogen forms of serine proteases C1r and C1s. Exposure of C1q to its target results in activation of C1r and C1s (37), followed by C1s-mediated cleavage of C4 into C4a (an anaphylatoxin) and the opsonin C4b. C2 complexes with immobilized C4b, and is also cleaved by C1s into C2b and C2a. The resultant C4b2a complex is the CP C3 convertase which cleaves C3 into C3b, liberating the anaphylatoxin C3a. C3b binds to the surface of nearby cells/microbes for downstream complement activation.
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FIGURE 1. Schematic of complement activation and regulation. Complement activation occurs via the classical, lectin, or alternative pathways, triggered by exposure of C1q, MBL, collectins and ficolins, to danger signals. The alternative pathway is constitutively active, due to spontaneous hydrolysis of C3 to C3(H2O). All pathways converge to form C3 convertases, with release of C4a, and C3a. As C3b is further generated, C5 convertases C4bBbC3b, and C3bBbC3b are formed, resulting in release of the potent anaphylatoxin C5a, in concert with C5b. C5b is the initial factor required for assembly of the C5b-9 membrane attack complex which induces lysis/damage to the cellular target. Tight regulation is achieved at multiple levels by soluble and membrane associated factors (C1-INH, FH, FI, CD55, CD46, polyphosphate (polyP), CD59, clusterin, and vitronectin). C1-INH, C1 esterase inhibitor; MBL, mannose binding lectin; CRP, C-reactive protein; MASP, MBL associated serine protease; FH, factor H; FI, factor I; TAFIa, activated thrombin activatable fibrinolysis inhibitor.



Similar to the CP, in the LP, mannose binding lectin (MBL), ficolins, and/or collectin-11 circulate in complex with MBL-associated zymogens of serine proteases, MASP1/MASP3, and MASP2 (38). These complexes bind to sugars on micro-organisms or damaged cells, whereupon MASP1 autoactivates and cleaves C2, as well as MASP2, which then cleave C2 and C4, yielding C4b2a, the LP C3 convertase (39).

In contrast to the CP/LP, the AP is constitutively active via a “tick-over” mechanism in which small amounts of circulating C3 spontaneously hydrolyze into C3(H2O) (40). This yields a binding site for factor B (FB) which is cleaved into Ba and Bb by factor D. Bb binds to C3(H2O) to form a fluid-phase C3 convertase, which can cleave C3 to generate C3a and C3b. Relevant to a relationship between platelets and complement, surface contact may also trigger hydrolysis of C3 and thus activation of the AP (41). This is achieved via the release of properdin by inflammatory leukocytes, which binds to activated platelets and recruits C3(H2O) to promote formation of cell-bound C3(H2O)Bb (42). This pathway supports the notion that platelets cooperate with activated leukocytes to trigger complement activation via the AP, amplifying generation of C3b, and formation of a stable C3bBb AP C3 convertase.

As noted above, the three complement pathways converge with the formation of their respective C3 convertases, and generation of C3a, and C3b (Figure 1). If activation is sufficient, excess C3b binds to these convertases, to generate C5 convertases, which cleave C5 into C5b, and C5a. C5a is the most potent anaphylatoxin, with a range of pro-inflammatory and pro-coagulant properties (see below). C5b binds to C6, and assembles with C7, C8, and multiple C9 molecules, yielding C5b-9, the so-called membrane attack complex (MAC), which has pore-forming, lytic properties designed to destroy invading organisms and damaged/foreign cells (see below) (43).



Regulation of Complement

Complement activation is tightly regulated at multiple levels to prevent host cell damage and to allow healing to proceed. This is achieved via the coordinated actions of several membrane anchored and fluid-phase regulators, some of which will be discussed [(35); Figure 1]. C1-esterase inhibitor (C1-INH) is a serine protease inhibitor that dampens the CP and LP by neutralizing C1r, C1s, MASP-1, and MASP-2, each interaction variably potentiated by heparan sulfate and polyphosphate (37, 44, 45). It is synthesized by hepatocytes, but also by fibroblasts, endothelial cells, monocytes, megakaryocytes, and platelets. C1-INH also interferes with several pro-coagulant and pro-inflammatory enzymes, including factors XIa, XIIa, and kallikrein. Factor H (FH) is the major fluid-phase negative regulator of the AP (46). Synthesized by hepatocytes, but also by endothelial cells, platelets, and monocytes (47, 48), FH is a cofactor for factor I (FI) mediated inactivation of C3b, a decay accelerating factor of the AP C3 convertase, and a competitor to FB binding to C3b. A platelet-released kinase (49) can reduce FH binding to C3b, thereby enhancing the inflammatory response (50). FH also colocalizes with VWF in Weibel-Palade bodies and variably modulates ADAMTS13-mediated proteolysis of ultra large VWF (ULVWF) multimers, thereby impacting on platelet-vessel wall interactions (51–54), and thus atherogenesis. Negative regulators of the terminal pathway of complement activation include CD59, which binds to C8 and C9 and prevents C9 polymerization (55), clusterin and vitronectin, which reduce membrane integration of C5b-9 (56, 57), and polyphosphate, which destabilizes the C5b,6 complex, reducing C5b-9 insertion into the membrane (58).




PLATELET-COMPLEMENT CROSS-TALK SYNERGIZES IN ATHEROMA FORMATION

Considerable evidence supports the notion that complement and platelets act in concert to orchestrate the early cellular and molecular events that promote atheroma formation [reviewed (59, 60)]. Importantly, there exist reciprocal signaling pathways between platelets and the complement system (61) that impact on the vascular endothelium, and potentiate or attenuate each other's pro-atherogenic properties.


Pro-Atherogenic Properties of Complement: Targeting the Vascular Endothelium

The complement system is a major contributor to inflammation and thrombosis, critical features underlying atheroma formation, and progression of atherosclerosis. Indeed, many complement components are found in atheromatous lesions where they participate in initiating and sustaining inflammation (62, 63). Endothelial cells express receptors for several complement components, most notably C1q (64), C3a (65), and C5a (66). The anaphylatoxins C3a and C5a bind to their cognate G protein-coupled receptors (C3aR for C3a; C5aR1, and C5L2 for C5a) and trigger pro-inflammatory and pro-thrombotic activities. Both C3a and C5a induce endothelial cell expression of pro-inflammatory IL-8, IL-1, and RANTES. They upregulate expression of key leukocyte adhesion molecules, VCAM-1, ELAM-1, ICAM-1, and P-selectin (67, 68). They also induce a pro-thrombotic phenotype through C5a-mediated tissue factor (TF) expression on neutrophils (69) and endothelial cells, and VWF secretion from endothelial cells (67). Indeed, C3a and C5a are pivotal in recruiting and activating monocytes, neutrophils and macrophages, promoting endothelial permeability (70), and providing a nidus for clot formation, all of which are required for the initiation, and expansion of an atherosclerotic plaque. The terminal pathway complexes, C5b-7, C5b-8, and C5b-9 also participate by augmenting VCAM-1 expression by endothelial cells (71), inducing cellular release of pro-inflammatory mediators, such as IL1-α, that cause leukocyte recruitment (72), and promote functional expression of TF. This occurs partly via activation of MAPKinases leading to its transcriptional upregulation (73), and by inducing its activation via oxidation of cell surface protein disulfide isomerase (PDI) (43, 74).



Complement-Platelet Crosstalk

Like endothelial cells, platelets express receptors for C1q (75), C3a (76), C4 (77), and C5a (59). They also release complement components upon activation, including C1q, C3, C4, and C5b-9 (61). These platelet-derived complement factors/complexes may promote atherogenesis in several ways. Firstly, secreted platelet-derived complement components can activate other platelets via autocrine and paracrine signaling. Secondly, as recognized in the preceding section, complement proteins from activated platelets propagate vascular inflammation by further activating the endothelium and/or recruiting leukocytes to nascent atheroma. Thirdly, and as further discussed, various complement components retained at the platelet surface can serve as substrates for continued complement activation, resulting in a tightly regulated, positive feedback loop of complement, and platelet activation (78). Several of the following described complement-platelet interactions that may impact on atherogenesis are depicted schematically in Figure 2.


[image: image]

FIGURE 2. Complement-platelet interactions that can facilitate an inflammatory response that favors atheroma formation. Selected interactions between complement and platelets, as described in the manuscript, are highlighted. (a,b) C3a and C5a bind to their cognate receptors to trigger release of factors from α-granules. P-selectin localizes to the platelet surface and is a receptor for leukocyte expressed PSGL-1 and for C3b, the latter which allows for initiation of the AP and amplification of C3a-triggered platelet activation. (c) Complement activation on the platelet surface is dampened by α-granule release of cofactors C4bBP, FH and C1-INH, and δ-granule release of the anti-complement, prothrombotic polyphosphate. Polyphosphate binds to FH and C1-INH, and downregulates complement activation via the CP and the terminal pathway. (d) By binding to C1qR, C1q also triggers α-granule release of P-selectin and chondroitin sulfate (CSA), the latter which enhances the C1q-C1qR interaction, initiating the CP but negatively regulates leukoctye recruitment by interfering with P-selectin-PSGL-1 interactions. (e) Neutrophil-released properdin (P) stabilizes the convertases and is also a receptor for C3(H2O) which complexes with Bb to form the AP C3-convertase, and is a ligand for leukocyte-expressed CR3, thereby facilitating leukocyte cell migration to the site of inflammation. (f) C4a and C3 can activate platelets via distinct interactions with PAR1 and PAR4. (g) Activated platelets are also protected against complement-mediated destruction by granule release of negative regulators of complement, cell surface expressed CD46, CD55, and CD59. (h) Sublytic C5b-9 (sC5b-9) triggers platelet activation with release of VWF, P-selectin and inflammatory cytokines (e.g., IL1), the latter which further promotes inflammation. (i) Ficolins on the surface of activated platelets are receptors for MASPs which can trigger the LP. Release of the isomerase ERp57 modifies the ficolin to limit its functional capacity to trigger complement. C, complement activation pathways; AP, alternative pathway; LP, lectin pathway; CP, classical pathway; PF4, platelet factor 4; C3aR, C3a receptor; C5aR, C5a receptor; C1qR, C1q receptor; P-sel, P-selectin; PSGL-1, P-selectin glycoprotein ligand-1; sC5b-9, sublytic C5b-9; VWF, von Willebrand factor; α, α-granule; δ, δ-granule; ERp57, endoplasmic reticulum protein 57; PAR, protease activated receptor; P, properdin; CR3, complement receptor 3; PolyP, polyphosphate; IL1, interleukin 1.



The direct correlation of expression levels of receptors for C3a and C5a with platelet activation in patients with coronary artery disease supports their potential pathophysiologic relevance (59). Via their cognate receptors, C3a and C5a trigger platelet activation and aggregation (79), inducing exposure of P-selectin and the receptor for C1q (C1qR). P-selectin is a receptor for C3b, providing a site for assembly of the AP C3 convertase, and ultimately, if not checked by negative regulators, for formation of the C5b-9 MAC (80). P-selectin is also a ligand for leukocyte-expressed P-selectin glycoprotein ligand-1 (PSGL-1), which together are strongly implicated in promoting atherogenesis by enhancing recruitment of leukocytes to sites of inflammation (81).

C1q binding to C1qR cooperates with chondroitin sulfate A (CSA) that is released from α-granules of activated platelets to support C1q-mediated complement activation via the CP (82, 83). The C1q:C1qR interaction also induces P-selectin release and platelet activation, adhesion, and aggregation (84). Interestingly, C1q plays dual and apparently opposing roles in the inflammatory response, as it also dampens platelet-neutrophil aggregate formation (85) by interfering with P-selectin-PSGL-1 interactions. This is consistent with platelets possessing multiple negative regulatory mechanisms to keep inflammation in check, and to also provide protection to the platelet from complement mediated destruction. Indeed, the anaphylatoxins C3a and C5a, acting via their cognate receptors, also trigger platelet release of FH and C4b binding protein (C4bBP), both of which are negative regulators of the AP of complement (Figure 2), the latter which also negatively regulates toll like receptor (TLR)1/2 mediated pro-inflammatory cytokine production (86, 87).

Evidence from human studies supports the notion that the C3a/C3aR axis participates in atheroma formation. In a cross-sectional analysis of >500 individuals, plasma levels of C3a strongly and positively correlated with carotid artery intima-media thickness (88). In patients with coronary artery disease, there was also a strong positive correlation of C3aR expression on activated platelets with that of GpIIbIIIa, with experimental evidence that the C3a/C3aR axis regulates platelet function via activation of the small GTPase Rap1b (59, 76). In that manner, the C3a receptor (C3aR) directly impacts on hemostasis, since mice lacking C3aR exhibit prolonged bleeding times, with reduced ADP-triggered platelet aggregation. They are also protected against C3a-triggered thrombosis, with reduced severity of experimental stroke and myocardial ischemia (76).

The two structurally homologous but distinct C5a receptors, C5aR1 (CD88), and C5aR2 (C5L2), have been reported to be highly expressed in atherosclerotic lesions (6). Blockade or gene inactivation in mice of either of these, results in protection against diet-induced atherosclerosis (89), consistent with what is observed when C5a is blocked (90). Most intriguing, blockade of both C5aR1 and C5aR2 had added benefit in reducing neointimal plaque size and inflammation in a wire injury model. Since the C5a receptors are widely expressed by many cell types, the specific role of the receptors on platelets was not determined. Nonetheless, the findings are impressive, and imply that a multi-modal approach to tackle atherosclerosis will likely yield improved outcomes.

C4a, generally accepted to be the weakest of the three anaphylatoxins, has unique properties in terms of crosstalk with other innate immune pathways to induce platelet activation. Although a specific receptor for C4a has remained elusive, recent studies indicate that C4a binds to PAR1 and PAR4 as an untethered agonist, triggering activation of downstream pro-inflammatory MAPKinases, thereby participating in platelet activation via alternative routes (91). The pathophysiologic relevance of this pathway in atherogenesis has not yet been explored.

C3 itself also plays an important role in platelet function. C3-deficient mice exhibit delayed hemostasis, based on tail bleeding times and are protected against atheroma formation in the atherosclerosis-prone low density lipoprotein receptor-null (Ldlr−/−) mice (92). Aggregation of the C3-deficient platelets was significantly dampened in response to the PAR-4 agonist peptide (93), a defect that was rescued by the addition of exogenous plasma C3 [(93), Figure 2]. Consistent with these findings, C3-null platelets stimulated with convulxin (an agonist for glycoprotein VI, GPVI), respond with reduced surface exposure of P-selectin, von Willebrand factor (VWF), and annexin V (94), effects that dampen both inflammation and hemostasis/thrombosis. As mentioned previously, C3 is readily hydrolyzed to C3(H2O) which may bind to the activated platelet surface in the presence of leukocyte derived properdin, promoting formation of a platelet surface-bound C3(H2O)Bb convertase (42). This would thus enable complement activation to proceed via the AP. When associated with the platelet, C3(H2O) may also serve as a ligand for leukocyte cell surface receptor CD11b/CD18 [also referred to as complement receptor 3 (CR3) or integrin αMβ2], facilitating formation of platelet-leukocyte interactions and recruitment of activated macrophages to atheroma. Again, the physiologic relevance of each of these independent interactions remain unclear, but taken together support the in vivo evidence of a role for C3/C3(H2O) in atherosclerosis (92).

In contrast to the strong evidence that C3, C3a/C3aR, and C5a/C5aR are important contributors to platelet activation and atherogenesis, the role of C5 in modulating platelet function in health and vascular disease is more controversial. This is in spite of most studies concluding that C5 participates in promoting tissue factor mediated fibrin clot formation in vivo. In murine models, histones trigger aggregation of platelets from wild-type mice but not from C5-deficient mice (95), suggesting that C5 is essential for normal platelet function. These findings however, seem in conflict with the work of others, in which platelets from C5-deficient mice responded normally to agonist induced platelet release of P-selectin, vWF, and annexin V, and furthermore, did not exhibit any hemostatic or vessel wall platelet deposition defects in vivo (94). Moreover, the development of atherosclerosis in ApoE(-/-) mice was not affected by genetic deletion of C5 (96). Such apparent discrepancies in the interpretation of the role of C5 in platelet function and vascular disease highlight the need for further study.

The lectin pathway (LP) also participates in platelet activation and function (97). Ficolins (but not MBL), MASP-1, and MASP-2, were detected as complexes on the surface of activated platelets, indicating that the initiating factors can assemble to trigger cleavage of C4 and C2 (Figure 2). Moreover, ficolins and MBL were present in the plaques of atherosclerotic lesions derived from patients undergoing carotid endarterectomy (98). This pathway appears to be dampened on the cell surface by the release from activated platelets of C1-INH (Figure 2). Recent data indicate that the LP can also be attenuated by the release from activated platelets of the thiol isomerase ERp57, which interferes with ficolin recognition via disruption of its multimerization (99). While not proven, these pathways may reasonably impact on the inflammatory response to injury that leads to atheroma formation. Further in vivo studies will be required for validation and to ascertain whether there are targetable steps for treatment design.

The concept of platelet-released enzymes, as described above for ERp57, was reported >20 years ago (49), but is now a re-emerging area of interest. Protein kinases released from the α-granules of activated platelets in concert with ATP and divalent cations (Ca2+) from dense granules, have been shown to phosphorylate plasma proteins, including coagulation factors XI, Va, and protein S, thereby modifying their functions. In the context of complement, C3 phosphorylation occurs by this method, resulting in the C3b cleavage fragment being more resistant to factor I-mediated inactivation to iC3b. Degradation of the kinase-modified C3 also generates C3d that binds more avidly to complement receptor 1 (CR1;CD35), thereby enhancing opsonin activity (50) and clearance of immune complexes by phagocytosis. Genetic variations of the CR1 gene have been linked to the risk of incident coronary artery disease and inflammation by unknown mechanisms. Although entirely speculative, it is possible that the kinase-mediated modification of C3 from activated platelets may contribute.

The terminal pathway of complement also participates in platelet activation and atherogenesis. Sublytic concentrations of C5b-9 bind to the platelet surface and induce activation and α-granule secretion (79, 100). C5b-9 also induces changes in the orientation of the phospholipid membranes of platelets that favor binding of factor Va, prothrombinase assembly, and generation of thrombin (74, 101, 102). Similar to C3a and C5a, C5b-9 triggers platelet secretion of VWF, P-selectin and pro-inflammatory cytokines (e.g., IL1) (Figure 2), the expression of adhesion molecules on platelets (103, 104), and the release of platelet microparticles (PMPs), any of which may modulate vascular responses to thrombo-inflammatory stimuli.



Self-Preservation of the Activated Platelet by Complement Regulators

The profound changes in the structure and the expression pattern of proteins and glycolipids on the surface of the activated platelet, would be expected to trigger a host innate immune response that would destroy the cell, rendering it unable to complete its prothrombotic/prohemostatic function in the setting of injury and bleeding. Yet, in spite of the platelet being activated by several complement factors (e.g., C3a, C5a, C5b-9), and providing sites for assembly of the convertases (e.g., P-selectin, CSA, C1qR), complete formation and integration of a lytic C5b-9 MAC, is normally held in check, preserving the integrity of the prothrombotic platelet. This is achieved through the action of numerous negative regulators of complement, stored in the platelet and released upon activation. Thus, platelet α-granules contain C1-INH, FH, CD55, CD59, CD46, and clusterin, while polyphosphate is housed in dense granules (105). All can accumulate on the activated platelet surface and prevent generation of the C5b-9 MAC via the CP, the LP and/or the terminal pathway (Figure 2). Indeed, we have shown that polyphosphate directly interacts with C1-INH, augmenting the serine protease inhibitor's anticomplement activity, while retaining the prothrombotic properties of polyphosphate (106), and thus, presumably, the prothrombotic function of the platelet (45, 58). Although the physiologic relevance of the platelet pool of these negative regulators in atherogenesis, has not been specifically validated, global blockade via gene inactivation or pharmacologic interventions have established their importance. Thus, for example, lack of CD55 or CD59 in atherosclerosis-susceptible ApoE−/− mice, resulted in worse disease, while CD59 administration reduced the severity of experimental atherosclerosis by abrogating MAC formation (107, 108). Similarly, atheroma formation in Ldlr−/− mice, was attenuated by administration of C1-INH (109).

These complement regulatory factors and a soluble form of C5b-9 also are found in/on PMPs that are released in the setting of platelet activation. The function of these PMPs is not clear, as they variably contain other complement activating factors that are found in and on platelets (60, 78, 110, 111). The PMPs also contain/express variable amounts of tissue factor, factor V, other coagulation-related factors, growth factors, cytokines, lipids, ions, and microRNAs [reviewed in (112)]. Given the complex nature of PMPs and their variability in composition under different pathological conditions, it has been challenging to discern their primary roles in different disease states and stages. Nonetheless, speculation abounds, including the notion that PMPs serve to clear sublytic C5b-9 away from the platelet (60), thereby providing local protection to the platelet.




CONCLUSION

In this brief review, we highlight the complexity of the cross-talk pathways between platelets and the complement system, particularly as they pertain to early stages of atherosclerosis. As is evident, there are multiple apparently opposing factors and pathways that may promote or prevent inflammation and atheroma formation. In the delicate balance that maintains immune and vascular homeostasis in the face of multiple stresses, this is as expected. When this balance is unfavorably tipped due to genetic, epigenetic and/or environmental factors, inflammation, and atherogenesis may proceed. By understanding which factors are tipping that balance and how they function, more effective preventative and therapeutic strategies may be designed.

Notably, and in spite of promising data that complement activation directly correlates with atheroma formation and atherosclerosis, and that interfering with the complement cascade may be beneficial, at least in preclinical models, anti-complement therapies have not entered the clinic. This may be because the mouse model does not fully recapitulate the human condition. It may reflect the current high cost of the very few anti-complement drugs that are available for clinical use (e.g., eculizumab). Or it may be that appropriate trials have yet to be performed. From the complement cascade, it is evident that there are multiple potential steps at which interventions might be envisaged, that could potentially dampen feed-forward loops in/on the platelet that drive inflammation and atherogenesis. Indeed, strategic initiatives by industry and academia that aim to target the complement system to treat a range of vascular and inflammatory diseases abound. A full discussion of drugs at various stages of development is beyond the scope of this brief report. However, several of the opportunities and challenges are well-addressed in recent reviews (113–117). From the relatively simple scheme that we offer in Figure 2, treatments could include, for example, agents that interfere with C1q interactions with C1qR and/or CSA to dampen activation of the CP and reduce monocyte adhesion to endothelial cells. Antibodies against C1s are being used successfully to suppress CP-triggered cold-agglutinin disease (118) and might reasonably have efficacy in preventing atheroma formation. Cp40 is a cyclic peptide and analog of compstatin that inhibits C3-mediated activation of endothelial cells to reduce leukoctye adhesion (119). Rapamycin upregulates expression of CD55 by inducing protein kinase Cα, AMP-activated kinase, and CREB-dependent pathways, thereby dampening allograft vasculopathy, a benefit that synergizes with statin therapy (120). With experimental evidence of a role for the LP in atherogenesis, MASP-2 inhibitors that are currently being evaluated for hereditary angioedema and other disorders (121), could also be considered to intervene in the platelet-complement crosstalk driving atherogenesis.

Indeed, the near future will likely see many complement-targeted therapies enter the clinic for various innate immune/inflammatory disorders. The challenges will be how to select which ones are best for intervening in atheroma formation, whether multiple pathways should be targeted, how to select when to administer, how long, how much, and how to monitor (122). No matter which anti-complement interventions are used, effective treatments will undoubtedly require maneuvers to mitigate against the critical dietary, environmental and epi/genetic triggers that drive the disease (123).
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Platelets are important actors of cardiovascular diseases (CVD). Current antiplatelet drugs that inhibit platelet aggregation have been shown to be effective in CVD treatment. However, the management of bleeding complications is still an issue in vascular diseases. While platelets can act individually, they interact with vascular cells and leukocytes at sites of vascular injury and inflammation. The main goal remains to better understand platelet mechanisms in thrombo-inflammatory diseases and provide new lines of safe treatments. Beyond their role in hemostasis and thrombosis, recent studies have reported the role of several aspects of platelet functions in CVD progression. In this review, we will provide a comprehensive overview of platelet mechanisms involved in several vascular diseases.
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Since their first description by Osler (1) and later by Bizzozero (2), platelets have gained a lot of attention in many biological processes. Among the earliest evidence that platelets are crucial for human hemostasis, is based on platelet transfusions in thrombocytopenic patients that can restore hemostatic function. Platelets play a critical role in hemostasis by maintaining the integrity of blood vessels. They provide the first line of defense following injury, forming thrombi that patch-up damaged endothelial tissue and thereby play an indispensable role in hemostasis. However, dysregulated platelet activation can lead to thrombosis, myocardial infarction and stroke. Platelets are also involved in the development of atherosclerosis in coronary or carotid arteries, which is commonly the trigger for thrombosis. Plaque rupture is a common cause of arterial thrombosis and leads to the exposure of thrombogenic components to the flowing blood. The current dogma is that arterial thrombi are composed of aggregated platelets and venous thrombi are enriched in fibrin. However, this view has been challenged with landmark works by several groups on the role of platelets in venous thrombosis (3, 4). The molecular mechanism of thrombus formation has been extensively reviewed in detail elsewhere (5). Here we will provide a brief description of the role of platelets in clot formation and discuss their implication in vascular diseases.


PLATELET MECHANISMS IN ARTERIAL THROMBOSIS AND VASCULAR INFLAMMATION

At sites of vascular injury, the subendothelial extracellular matrix (ECM) is exposed to the blood, to which platelets promptly adhere in order to limit hemorrhage and promote tissue healing. This matrix contains several adhesive macromolecules such as collagen, von Willebrand factor (vWF), laminin, fibronectin and thrombospondin, all of which serve as ligands for different platelet surface receptors. Among these subendothelial substrates, the thrombogenic fibrillar collagens type I and III are by far the most potent mediators of platelet adhesion due to their strong platelet activating potential and affinity for vWF. Transient adhesion of platelets (tethering) depends largely on vWF and its receptor, the GPIb-V-IX complex. Platelets express multiple surface receptors that directly or indirectly interact with collagen, among which integrin α2β1 (GPIa/IIa) and the Ig-like receptor glycoprotein VI (GPVI) are the most important ones. Integrin α2β1 predominantly mediates adhesion, whereas GPVI is the collagen-activated receptor in platelets. GPVI is a transmembrane protein of 62 kDa and belongs to the family of immunoreceptor tyrosine-based activation motif (ITAM) receptors. GPVI binds to the Fc receptor γ chain (FcRγ) which triggers the signaling cascade. Activation of platelets by GPVI–collagen interactions leads to the activation of phospholipase C and the subsequent mobilization of the second messengers calcium (Ca2+) and diacylglycerol (DAG). DAG is critical for protein kinase C (PKC) activation, a key event in platelet granule release and integrin activation (6). Ca2+ regulates various adhesive platelet responses such as integrin activation and the release of ADP and thromboxane A2 (TxA2) that can activate the G protein-coupled receptors (GPCRs), ADP purinergic receptors P2Y1 (7) and P2Y12 (8) and the thromboxane receptors (TP) TPα and TPβ. These second wave mediators allow the recruitment of circulating platelets which reinforce thrombus formation on collagen surfaces (9). In the clinic, pharmacological inhibition of TxA2 generation and/or the P2Y12 receptor are effective strategies to reduce thrombus formation at sites of vascular injury (10). Importantly, GPVI plays a central role in collagen-induced exposure of procoagulant phospholipids at the platelet surface, allowing efficient thrombin generation (11) and platelet activation. Of note, human platelets express the thrombin receptors, PAR1 and PAR4, whereas mouse platelets express a PAR3/PAR4 complex (12).

The specificity of GPVI is not restricted to collagen. Laminin as well as fibronectin, present in the basement membrane, have been shown to support platelet adhesion and spreading through α6β1 and GPVI (13, 14). The exclusive expression of GPVI on platelets makes it an attractive target. A recent placebo-controlled phase 1 study evaluated the safety and tolerability of a humanized Fab anti GPVI (Act017) in healthy donors. This study reported no bleeding events or increased of the bleeding time suggesting a promising effect of targeting GPVI in thrombotic diseases (15). The hemITAM receptor, C-type lectin 2 (CLEC2), may also contribute to platelet activation and thrombus formation in the deeper layers of the ECM. The known ligand for CLEC-2 is podoplanin which is expressed by type-1 alveolar cells, fibrotic reticular cells, lymphatic endothelial cells (EC) but not by vascular ECs. While the role of CLEC-2 in arterial thrombosis is still not clear (16–18), a recent in vitro study shows that podoplanin-expressing perivascular mesenchymal stromal cells are able to protrude through ECs and activate platelets in a CLEC-2 dependent manner (19). However, further in vivo studies are needed to support this observation in the context of inflammation or vascular injury.

Platelets are also known to play an important role in inflammation by recruiting leukocytes. This crosstalk has been well-studied and contributes to the increased leukocyte infiltration in tissue. The molecular mechanism of this cross-talk has been experimentally documented in different organs and in various inflammatory situations. Experimental studies show that thrombocytopenic animals have a significant reduction in leukocyte numbers in inflamed organs (20–22). Similarly, mice deficient for the main platelet adhesion receptors (P-selectin, GPIbα, GPVI, β3 integrin) show reduced tissue inflammation (23–25). Importantly, the direct interaction between platelets and leukocytes not only occurs locally but also in circulation. Increased levels of neutrophil/platelet and/or monocyte/platelet aggregates have been reported in patients with various inflammatory diseases (26–28). Platelet activation and secretion have been shown to recruit leukocytes, upregulate adhesion molecules by EC and destabilize EC junctions. Platelets can release a variety of chemokines (e.g., platelet factor 4, IL1β, PAF, RANTES) that can up regulate endothelial adhesion molecules (ICAM, αvβ3) (29), as well as the release of Weibel palade content and open endothelial junctions (30). Among the pro-permeable platelet factors, the GPVI-dependent serotonin release has been shown to contribute to the inflammation in the joints of arthritic mice (31). Furthermore, the release of soluble factors by platelets is also central to stimulate leukocytes. For example, platelet–released adenine nucleotides or platelet factor 4 and PDGF can favor superoxide anion generation by neutrophils (32). Conversely, activated neutrophils through leukocyte-released substances, such as platelet-activating factor (PAF), elastase, and cathepsin G, may induce platelet aggregation and secretion (33). The overall effect of the platelet-leukocytes interaction on tissue integrity can be either beneficial or deleterious depending of the inflammatory situation. This dichotomous aspect of the platelet-leukocyte interaction is further documented by the formation of neutrophil extracellular traps (NETs) that entrap bacteria (34) but also cause significant damage to the surrounding tissue (35). Based on the intertwined interaction between platelet and leukocyte in pathological situations, platelet/leukocyte aggregates (PLA) are rather important regulators of disease than just a read-out for platelet activation. The use of platelet inhibitors in patients with cardiovascular disease (e.g., clopidogrel, aspirin, eptifabitide) has been shown to reduce leukocyte recruitment, cytokine release and subsequently improve disease outcome. For instance, clopidogrel pretreatment in addition of ASA therapy was shown to reduce the C-Reactive protein (CRP) level, an inflammatory marker, in patients with percutaneous coronary intervention (36). Apart from antiplatelet therapy, anti-inflammatory agent such as colchicine has been used in various settings of cardiovascular disease (e.g., myocardial infarction) by inhibiting interleukin- 1 production by neutrophils (37, 38). Considering the anti-inflammatory properties of antiplatelet therapy, one could speculate that antiplatelet therapy could be considered as either a complementary or a second line of treatment to inflammatory medications (e.g., colchicine) in vascular disease.



ROLE OF PLATELETS IN EARLY AND LATE STAGES OF ATHEROSCLEROSIS

Atherosclerosis is a chronic inflammatory vascular disease involving ECs, vascular smooth muscle cells and mononuclear cells. Atherosclerosis classification as an inflammatory disease is based on the finding that immune competent cells and pro-inflammatory cytokines are abundant in atherosclerotic lesions. It is characterized by the formation of an atheromatous plaque mainly composed of pro-inflammatory oxidized low density lipoproteins (oxLDL) and foam cells accumulation in the intima of medium or large arteries, in high-shear stress areas. It results in vessel occlusion inducing CVD onset (39). The role of platelets in early atherosclerosis have been proposed by pioneer studies. Russel Ross postulated in his “response to injury theory” that “lesions of atherosclerosis result from injury to the artery wall” and result in “subtle arterial endothelial cells desquamation” (40). Of the many possible injuries, mechanical stresses may occur at particular anatomic sites and lead to the detachment of ECs from the artery wall and subsequently platelet adherence (41). Recent studies also reported endothelial breaches in the intima of human coronary arteries as well as in ApoE mice at sites of flow perturbation leading to the infiltration of red blood cells and leukocytes (42). Almost 30 years after Russel Ross hypothesis, the Massberg group in a landmark paper showed that in high-fat diet fed ApoE mice, platelet adhesion to the endothelium precedes the development of atherosclerotic lesions and leukocyte recruitment in atherosclerotic plaque supporting a major role of platelets in atherogenesis (43). Mechanistic studies showed that prolonged blockade of platelet adhesion in atherosclerosis animal model reduces leucocyte recruitment in arterial wall and results in fewer lesion formation (43). To decipher the involvement of platelets in this disease, several genetically modified mice lacking diverse platelet receptors were used in animal models of atherosclerosis.

Platelet glycoprotein Ibα (GPIbα), the ligand-binding subunit of the GPIb-V-IX receptor complex is known to interact with several proteins like vWF, P-selectin, Mac-1 and α-thrombin (44–47). Injections of anti-GPIbα antibodies in 10 weeks old ApoE−/− mice reduced both platelet transient and firm adhesion to the vascular surface of the common carotid. Genetic depletion of the GPIbα subunit leads to severe thrombocytopenia and reduced atherosclerosis progression with smaller lesion area (48). This reported protective effect could be a consequence of thrombocytopenia since mice with extracytoplasmic GPIbα domain genetic deletion (IL4R/GPIbα mice) develop milder thrombocytopenia and are not protected against atherosclerosis (48). It indicates that GPIbα binding site for vWF, P-selectin, Mac-1 and α-thrombin might be dispensable for atherosclerosis development. This is quite surprising since vWF genetic depletion is protective in an animal model of atherosclerosis (49). Similarly, a role for Mac1/GPIbα interaction has been shown in leukocyte recruitment at sites of vascular inflammation (50, 51). The subunit GPIbβ has been also investigated in atherosclerosis by using GPIbβ−/−/ApoE−/− mice fed a chow diet for 30 weeks. Despite the moderate thrombocytopenia of those mice, GPIbβ was found dispensable in atheroprogression (52).

Overall, these studies suggest that redundant mechanisms in platelet recruitment occur at site of developing atherosclerosis. The integrin αIIbβ3 can also mediate platelet adhesion via vWF binding, especially in modest shear stress condition as in large arteries. GPIIb genetic depletion results in reduced platelet adhesion at sites of vascular injury, decreased inflammatory processes and fewer atherosclerotic plaque formation (53). Integrin αIIbβ3 activation can be induced by GPIb-V-IX receptor, but also by GPVI receptor (54). Several GPVI inhibition strategies led to reduced platelet adhesion and attenuated atherosclerosis in ApoE−/− mice (55).

Aside from platelet adhesion, platelet activation plays a significant role in atherogenesis. The presence of activated platelets was reported in the blood obtained from patients with unstable atherosclerotic disease (56). Increased platelet reactivity has been suggested as a potential mechanism contributing to the accelerated atherosclerosis seen in diabetic patients, via capillary microembolization and acute arterial thrombosis (57). Likewise, circulating activated platelets are involved in the formation of atherosclerotic lesions in ApoE−/− mice (58). Those activated platelets interact with the atherosclerotic endothelium, leading to the delivery of pro-inflammatory chemokines (e.g., CCL5 and CXCL4) promoting adhesion molecule expression (58). PLA formation is required for neutrophil recruitment to inflamed tissues as animal models studies revealed that platelets activate neutrophils for an efficient adhesion to vascular endothelium via integrin up-regulation (59). Platelets can also bind to the inflamed endothelium, enhancing leukocytes adhesion to the vessel wall (60–62). Indeed, deletion of P-selectin, a marker of granule secretion, in platelets and/or ECs leads to significantly impaired early atherosclerotic lesion development in mice (63, 64). In addition, several studies addressing the contribution of platelet receptors have been conducted. The role of the ADP receptor P2Y12 has been extensively studied throughout the years. It has been shown that P2Y12 genetic depletion is protective in ApoE−/− mice and mediates a reduced lesion area, an increased fibrous content at the plaque site and less inflammatory cells infiltration (65). However, the role of P2Y12 expressed by vascular smooth muscle cells cannot be excluded (66). Mice deficient for P2Y12 specifically in hematopoietic cells were generated, and a reduced atherosclerotic lesion formation was also reported (67). In contrast, treatment of ApoE−/− mice with the P2Y12 inhibitor clopidogrel bisulfate was associated with inconsistent results. Clopidogrel administration induced delayed atherogenesis, a reduced lesion size, slower progression of atherosclerotic lesion (68–70). However, another study reported that clopidogrel-treated mice have the same atherosclerotic burden as control mice (70). Moreover, clopidogrel administration in mice with established atherosclerotic lesions show no longer beneficial effect (69). A more recent P2Y12 inhibitor, ticagrelor, has been tested in atherosclerosis models. Several studies conclude to a beneficial effect of ticagrelor administration, reporting a reduced lesion area and slower atherosclerotic lesion progression (71, 72). Nevertheless, one study related no effect on atherosclerotic lesion size in ticagrelor-treated mice, but showed an increased fibrous cap area along with a diminished ratio necrotic core/lesion area, indicating plaque stabilization process (73). Pharmacological inhibition is more likely to give variable results than a genetic approach. The differences in the experimental conditions and the inhibitor dose may be responsible for the discrepant results. The impact of the platelet thrombin receptor, PAR4, has been also investigated in atherosclerosis. Indeed, transfusion of thrombin-activated platelets into mice increases plaque formation, suggesting that thrombin-induced platelet activation might contribute to platelet-dependent atherosclerosis (58). However, PAR4 deletion is not protective in ApoE−/− mice (74) suggesting other platelet activators than thrombin are involved.

Upon activation, platelets release soluble factors (e.g., PF4, CD40L, RANTES, and TXA2) enhancing their activation and leukocyte recruitment. Disruption of this amplification process leads to diminished atherosclerotic lesion formation. Indeed, PF4 or CD40L genetic deletion protects ApoE−/− mice from atherosclerosis (75, 76). Inhibition of RANTES or its receptors alters the progression of an established atherosclerotic lesion (77, 78). Biological response modulators such as CD40L and its receptor CD40 have been shown to exacerbate atherosclerosis progression by promoting leucocyte recruitment via molecule adhesion expression in vascular ECs (79).

Platelet TXA2 generation is the product of cyclooxygenase-1 (COX-1) activation and contributes to the platelet activation amplification loop. The TXA2 receptor (TP) antagonist administration induces a slight reduction of atherogenesis (80), and TP deficient ApoE−/− mice showed delayed lesion development and reduced atherogenesis compared to control (81). Disruption of COX-1 expression in ApoE−/− mice induces a decrease in atherosclerotic lesion formation, attesting TXA2 deleterious role in this pathology (82). Acetylsalicylic acid, also known as aspirin, is one of the most widespread antiplatelet treatment and displays also anti-inflammatory properties. This irreversible COX-1 inhibitor blocks the formation of TXA2 in platelet, producing an inhibitory effect on platelet aggregation. Most animal studies reported a beneficial effect of low-dose aspirin administration in ApoE−/− mice. Atherogenesis and lesion progression is reduced in aspirin-treated mice compared to control (83–85). Low-dose aspirin also delayed the progression of established and advanced vascular atherosclerotic lesions (86). However, some studies reported no effect of aspirin in ApoE−/− mice (70, 80), and one described a deleterious long-term effect on atherosclerotic lesion progression (87). Overall, these studies suggest a functional hierarchy and redundancy between the different receptors in the role of platelets in atheroprogression.

Downstream of the platelet receptors, the signaling molecule GTPase Rap1 is a critical node in platelet response. The calcium and diacylglycerol-regulated guanine nucleotide exchange factor I (CalDAG-GEFI; RasGRP2) has been identified as the major calcium sensor in platelets regulating the Rap1 activation (88). Studies led by the Bergmeier group uncovered key roles of CalDAG-GEFI in platelet responses: integrin activation, platelet adhesion and secretion, TXA2 generation (89, 90). In an animal model of atherosclerosis, mice lacking CalDAG-GEFI specifically in hematopoietic cells have smaller lesions, reduced atherogenesis and decreased inflammation in areas of plaque development compared to control mice (67).

Even though the stenosis induced by atherosclerosis can restrict blood flow and thus induces CVD, the main mechanism implied in those diseases seems to be atherothrombosis. Indeed, following plaque rupture, prothrombotic materials (collagen and tissue factor) are exposed to the blood coagulation system leading to thrombus formation, decreased blood flow and CVD onset (39). Human postmortem studies showed that thrombi that form on disrupted plaques (e.g., asymptomatic coronary disease) appear small and non-occlusive (91). Animal models that can recapitulate spontaneous rupture of atherosclerotic lesions are very rare. To circumvent this issue, two experimental animal models have been developed to study platelet mechanism in thrombosis-induced plaque rupture. A model of ultrasound-induced plaque injury and a model of acute plaque rupture using a suture needle have been developed to test antiplatelet drugs in mice (92, 93). Ultrasound treatment resulted in a fissure at the shoulder region of the plaque leading to plaque material exposure (collagen) and unstable thrombus formation. Unlike the ultrasound model, the needle model is characterized by a frank rupture with larger and stable thrombi. At the site of plaque rupture, smaller thrombi were observed after P2Y12 or thrombin or integrin αIIbβ3 inhibition in both models (92–94). The role of GPVI seems to be more pronounced in the ultrasound model presumably due to a higher amount of thrombin generated in the needle model (93). The role of the different platelet molecules in mouse atheroprogression has been summarized in Table 1.



Table 1. A comprehensive analysis of platelet mechanisms in atheroprogression in mice (↓ decrease, ↑ increase, = no effect on plaque development).
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The protective role of these drugs is difficult to assess in human clinical trials since atherosclerosis by itself is almost always asymptomatic. Thereby, their efficacy is studied in CVD with an atherosclerotic origin such as myocardial infarction (MI) and stroke.



PLATELETS CONTRIBUTE TO THROMBO-INFLAMMATION DURING STROKE

According to the World Health Organization, an estimated 7 million people died from stroke worldwide in 2016. Stroke represents the second most common cause of death and the third most common cause of disability (95). Strokes have mainly an ischemic origin (70%) and occur when an artery that supplies blood to the brain is blocked by a blood clot (96). Hemorrhagic stroke accounts for 15% of all strokes but they are responsible for about 40% of all stroke deaths (National Stroke Association). An ischemic stroke can occur in two ways: embolic stroke caused by thromboembolism of cardiac origin or thrombotic stroke with in-situ blood clot. Atherosclerosis in major intracranial arteries leads to changes ranging from minor wall thickening to luminal stenosis, and is one of the most common causes of stroke worldwide (97). The middle cerebral arteries are the most common lesion site, followed by the basilar artery, the internal carotid arteries, and the intracranial vertebral arteries (98). Intracranial atherosclerotic disease may occur concomitantly with systemic atherosclerosis.

The current treatments for acute ischemic stroke are the use of a thrombolytic agent as recombinant tissue plasminogen activator (t-PA) (99) and mechanical thrombectomy (100). Nevertheless, in some patients, the recanalization by thrombolysis is not efficient and the persisting thrombus leads to severe brain damage. Recent clinical findings show that clots retrieved from stroke patients have a thick compact outer shell enriched in NETs and fibrin which might contribute to reperfusion resistance (101, 102). Following thrombolysis, the overall recanalization rate is 46% (103). However, reocclusion after initial recanalization occurs in 14–34% of patients and is associated with clinical deterioration and poor outcome (104–106). Reocclusion has been attributed to increased platelet aggregation caused by the local thrombus and endothelial injury. Thus, the start of antiplatelet therapy early after thrombolysis might reduce the risk of reocclusion and thereby improve functional outcome.

Animal models were used to decipher platelets involvement in stroke. The most common stroke animal model used is the transient middle cerebral artery occlusion (tMCAO) in mice and rats. Thrombocytopenic mice were submitted to transient occlusion of the middle cerebral artery, and 24 h after ischemia/reperfusion, infarct area was determined (107). Platelet depletion did not significantly affect the lesion area, but thrombocytopenic mice presented multiple hemorrhagic foci in the lesion whereas none were observed in mice with normal platelet count. Nevertheless, platelet adhesion and activation have been investigated in several stroke studies in mice. Blockade or genetic deficiency of GPIbα improves stroke outcome without hemorrhagic transformation after tMCAO (108). Similarly, vWF deficiency is also associated with smaller infarct volumes and no bleeding was observed after tMCAO in those mice (109). Interestingly, the role of the GPIbα-vWF axis in hemostasis can be decoupled from the one in brain injury highlighting a proinflammatory role of GPIbα. The contribution of platelet activation receptors has been investigated during ischemia-reperfusion injury after tMCAO. Inhibition or genetic deficiency of GPVI, the collagen and fibrin receptor, has been shown to reduce the infarct volume and to improve stroke outcome (108, 110). Supporting the beneficial role of blocking the collagen receptor during a stroke, a recent study showed that GPVI inhibition plus intravenous infusion of rt-PA is safe in term of bleeding and has a better outcome than rt-PA alone (111). GPVI seems an attractive target in stroke since (i) it's only expressed on platelets, (ii) patients with a GPVI deficiency have no or mild bleeding phenotype (112), (iii) GPVI inhibition leads to a significant reduction of thrombus formation (113, 114), (iv) a novel humanized Fab anti GPVI (ACT017) in healthy donors didn't show bleeding complications (15). Overall, targeting GPVI in thrombosis can be a novel approach and compared to the current antiplatelet drugs, GPVI inhibition does not compromise hemostasis. Nevertheless, other larger studies need to be conducted in patients with CVD to validate the use of anti-GPVI antibodies. Notably, the protective effect of GPIbα and GPVI inhibition can also be observed in aged mice presenting comorbid factors such as atherosclerosis, diabetes or hypertension (115). Indeed, platelets from patients with comorbid factors are in a hyperactivated state (116). Enhanced platelet intracellular calcium responses to LDL cholesterol have been observed in diabetic patients with and without hypertension (117). Similarly, platelets from diabetic patients have been reported to have reduced sensitivity to prostacyclin (118) and hyperaggregate in response to platelet agonists (119). Other changes in platelets from diabetic patients include an increased expression of some platelet receptors GPIbα and αIIbβIIIa (120) and an alteration of platelet membrane fluidity (121). Therefore, studies including comorbid factors should be performed to further assess the validity of future antiplatelet drugs in the context of CVD.

Other platelet receptors are involved in platelet activation during the ischemia-reperfusion mouse model. The thrombin PAR4 receptor is expressed not only in platelets but also in the central nervous system (122). In a transient stroke mouse model, its systemic deletion reduces the brain infarct volume and attenuates cognitive function deficit (123). Intravital microscopy studies showed fewer platelet/EC interactions in PAR4−/− mice compared to control mice. Thus, PAR4 deficiency seems to be neuroprotective in transient middle cerebral artery occlusion, partially through the attenuation of cerebral microvascular inflammation. In addition, mice deficient for Gαi2, G protein downstream of the ADP receptor P2Y12, were subjected to tMCAO, then functional outcome and infarct size were assessed 24 h later (124). Gαi2 deficiency leads to a reduced lesion area and better functional outcome than control mice. Apart from platelet adhesion and activation, platelet granule secretion contributes to stroke. Mice lacking platelet α-granules (Nbeal2−/−) and mice lacking platelet dense granules (Unc13d−/−) showed a higher mortality rate due to intracranial hemorrhage. Nevertheless, the surviving animals developed significantly smaller brain infarctions and had a better outcome compared to WT mice (125). Platelet aggregation mediated by the integrin αIIbβ3 seems dispensable at sites of ischemia/reperfusion injury. Blockade of αIIbβ3 integrin increases intracranial hemorrhage risk in tMCAO mice (108, 126) and among the surviving mice, the treatment did not show any improvement (115) suggesting that platelet aggregation is dispensable for brain injury but still important for securing hemostasis in tMCAO.

Overall, these data suggest a deleterious role of platelet adhesion, activation and secretion in the stroke pathophysiology. On the opposite, platelet aggregation, which plays a crucial role in thrombus formation, is not required for stroke progression. Thus, the non-classical role of platelets, through their pro-inflammatory properties, may prevail in stroke disease. A comprehensive table summarizes platelet mechanisms studied in tMCAO models (Table 2A and Figure 1).



Table 2. (A) A comprehensive analysis of platelet mechanisms in tMCAO mouse model and (B) in stroke patients (↓ decrease, ↑ increase, = no effect on infarct area or bleeding risk).
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FIGURE 1. Overview of platelet receptors inhibition involved in stroke. Pharmalogical or genetic inhibition of platelet receptors or secretion shows a decrease of brain infarct (↓ decrease, = no effect).



In humans, several antiplatelet drugs have been tested in stroke outcome. Among them, numerous studies have investigated the benefits and risks of aspirin for primary prevention in population at risk, during the acute management of cardiovascular events and in secondary prevention among patients with CVD. In elderly populations, the risk of CVD is higher suggesting an increased benefit of aspirin administration in primary prevention for cardiovascular events. However, increased bleeding risk has also been observed in this population (147). According to a meta-analysis of aspirin primary prevention studies, reported by the Antithrombotic Trialists' Collaboration, aspirin did not reduce the risk of stroke. In this meta-analysis, aspirin non-significantly reduced the risk of ischemic stroke but increased non-significantly the risk of hemorrhagic stroke (148). The JPPP (Japanese Primary Prevention Project) clinical trial was designed to assess whether primary prevention would reduce the risk of non-fatal stroke in elderly Japanese patients (127). It appears that aspirin seems to reduce the non-fatal ischemic stroke risk, but it tends to increase the risk of hemorrhagic stroke. Recently, the ARRIVE (Aspirin to Reduce Risk of Initial Vascular Events) clinical trial investigated the benefits and risks of enteric-coated aspirin used in primary prevention of cardiovascular events, in patients with an average cardiovascular risk (128). Aspirin did not lower the risk of major cardiovascular events nor stroke incidence. Moreover, rates of gastrointestinal bleeding events and some other minor bleeding events were higher in the aspirin treatment group with no difference in the incidence of fatal events. The results of the ASPREE (Aspirin in Reducing Events in the Elderly) clinical trial investigating the role of aspirin in primary prevention of CVD were published recently (129). They confirm that the use of low-dose aspirin as a primary prevention strategy in older adults results in a significantly higher risk of major hemorrhage and did not trigger a significantly lower risk of CVD than placebo.

Low-dose aspirin efficacy has been widely established in secondary prevention trials, in which the benefits of reducing ischemic stroke rates have outweighed the risk of hemorrhage (149, 150). A meta-analysis including eight clinical trials involving more than 40,000 participants concluded that antiplatelet therapy with aspirin started within 48 h of the onset of ischemic stroke reduced the risk of early recurrent ischemic stroke without a major risk of early hemorrhagic complications (151). Moreover, long-term outcomes were also improved. The ARTIS (Antiplatelet therapy in combination with rt-PA Thrombolysis in Ischemic Stroke) clinical trial compared the effects of early intravenous aspirin addition to thrombolysis with standard treatment without aspirin (130). Patients with acute ischemic stroke treated with rt-PA thrombolysis were randomly assigned to intravenous aspirin within 90 min after the start of thrombolysis treatment or to no additional treatment. In addition, in both groups, oral antiplatelet therapy was started 24 h after thrombolysis treatment. This trial concluded that early administration of intravenous aspirin does not improve outcome at 3 months and increases the risk of intracranial hemorrhage without evidence of a beneficial effect on early neurological deterioration (131).

Current guidelines for the early management of patients with acute ischemic stroke, from the American Heart Association and the American Stroke Association, recommend starting aspirin administration 24 h after thrombolysis (152). However, the overall effect of aspirin in acute ischemic stroke is weak and better acute therapies are therefore necessary.

Over the years, several other antiplatelet agents were developed and then tested in clinical trials. A comprehensive table summarizes the different clinical trials that assessed the efficacy of antiplatelet agents in stroke outcome (Table 2B).



PLATELETS CONTRIBUTE TO MYOCARDIAL INJURY

Acute coronary syndrome (ACS) occurs when the blood flow is decreased or stopped in coronary arteries, leading to tissue damage ranging from ischemia to infarction. This defect of blood supply is mainly due to atherosclerotic plaque growth and rupture, followed by a thrombus formation in coronary artery (153). ACS is commonly divided into myocardial infarction (MI) and unstable angina, considered to be an imminent precursor of MI. Biomarkers of cardiac tissue damage such as troponin and creatine-kinase myocardial band (CK-MB) are used to classify ACS into unstable angina or MI, the latter one presenting such blood biomarkers. A MI can have several consequences such as heart failure, an irregular heartbeat or a cardiac arrest. According to the World Health Organization, in 2012 an estimated 7.5 million people died from MI worldwide. Survivors of MI are at increased risk of recurrent infarctions and have an annual death rate of 5%, representing a 6-time increase compared to people without coronary heart disease. MI can also be classified into ST-segment elevation myocardial infarction (STEMI) and non-STEMI (NSTEMI) according to the patient electrocardiogram. STEMI caused by a complete coronary vessel occlusion, and NSTEMI due to a partial artery occlusion, represent respectively 30 and 70% of all MI (154). Since unstable angina has similar pathophysiology to NSTEMI, they are referred together as non-ST-segment elevation ACS (NSTE-ACS) and are grouped for care management decisions. Current guidelines recommend an immediate treatment of ACS, but due to different pathophysiology between STEMI and NSTE-ACS, separate guidelines were edited. Guidelines for the management of NSTE-ACS recommend a pharmacological treatment of ischemia (via decreasing myocardial oxygen demand or increasing myocardial oxygen supply) (155). Guidelines for the treatment of STEMI recommend an immediate recanalization of coronary arteries via reperfusion therapies such as primary percutaneous coronary intervention and/or fibrinolysis strategy (156). Even though recanalization is necessary to provide oxygen and nutrients to the ischemic area, reperfusion by itself also exacerbates myocardial damage (157). This pathologic process is named ischemia-reperfusion (IR) injury. For long-term therapies, both guidelines agree to strongly recommend the use of antiplatelet agents.

Indeed, the atherosclerotic origin of MI led to numerous studies deciphering the platelet involvement in MI. A lower platelet count or no significant difference of the platelet count was observed between MI patients and stable angina or healthy donors (158, 159). However, the mean platelet volume reflecting platelet activation was higher in MI patients compared to stable coronary artery disease patients at the time of acute event (158). Increased levels of P-Selectin and CD63-exposing platelet microparticles have been found in MI patients (160). Plasma levels of vWF and serotonin are increased in patients with coronary artery syndrome (161, 162) highlighting the role of platelet activation in myocardial injury. Moreover, platelet-leucocyte aggregates are an early marker of acute MI and are also associated with myocardial no-reflow in STEMI patients (163, 164). Ventricular wall rupture is a fatal complication of acute MI and platelets seem to be involved in this phenomenon since an intramural thrombus was observed within the infarcted myocardium (165). Platelets potential involvement in this process was confirmed by their depletion which reduced the rate of myocardial wall rupture from 46 to 0% (166). Several studies investigated platelet mechanisms involved in MI and in myocardial (IR) injury.

Platelet activation is commonly observed in numerous pathologies, including MI (158). This phenomenon is mediated by specific platelet receptors that are involved in adhesion and activation. Inhibition of GPIbα–involved in platelet tethering—via a Fab anti-GPIbα did not change the infarct volume per the area at risk (INF/AAR) (167). In accordance with the results of GPIbα inhibition, depletion of the phospholipase D1 (PLD1), enzyme involved in GPIbα dependent αIIbβ3 activation, did not protect mice from myocardial IR injury (167). These findings suggest that GPIbα platelet receptor is dispensable in MI pathophysiology. On the contrary, mice deficient for the Fc receptor γ chain (FcRγ) coupled to GPVI were protected from myocardial IR injury with smaller infarct size and reduced leucocyte recruitment in the injured area (168). This was confirmed by pharmacological inhibition of the collagen receptor GPVI via a Fab anti-GPVI or soluble GPVI-Fc (Revacept) in a mouse model of the left anterior descending artery ligation with reperfusion. Inhibition of GPVI led to a reduced infarct size (167, 169). These findings suggest that a therapeutic strategy targeting GPVI could be a valuable approach in MI. This could be relevant in humans since it was recently described that patients with STEMI have an alteration of GPVI platelet signaling (170). Indeed, platelets from STEMI patients have an increased aggregation response compared to stable coronary artery disease patients. This could be due to the increased number of GPVI receptors observed in ACS patients (171). Therefore, studies focused on GPVI inhibition seem promising. Currently, a humanized Fab targeting GPVI without increasing the bleeding risk in healthy controls is developed and characterized (15) but their findings warrant further investigations in CVD patients under current antiplatelet drugs.

The contribution of other receptors in MI was studied such as CLEC-2, PAR receptors or P2Y12 in mice. Pharmacological inhibition of CLEC-2 via Fab administration did not decrease the INF/AAR in mice (167). The thrombin receptors, PAR1 and PAR4 receptors are expressed at the surface of platelets, but also by cardiomyocytes (172, 173). It has been showed that PAR1 deficiency did not affect the infarct size after myocardial IR injury (174). However, interestingly, PAR1−/− mice had reduced cardiac remodeling and decreased impairment of left ventricle function compared to control mice. In contrast to previous findings, PAR1 antagonist (SCH 79797) administration was shown to reduce infarct size after myocardial IR injury in rats (175). This discrepancy could be explained by off-target effects of SCH 79797 or a PAR4 compensation. Genetic depletion of PAR4 led to the development of larger infarcts and more myocardial apoptosis compared to control mice (176). However, another study attributes a cardioprotective effect of PAR4 deletion after myocardial IR injury as INF/AAR was decreased in PAR4−/− mice compared to control mice (177). The administration of PAR4 antagonists confirmed the previous findings. Indeed, PAR4 inhibition in rats decreased infarct size after myocardial IR injury (178). The P2Y12 receptor, which signaling is mediated by the G protein Gαi2, is involved in platelet activation. [image: image] deficient mice have a reduced INF/AAR ratio suggesting a protective effect of platelet activation inhibition (124). However, this G protein may interact not only with P2Y12, but also with additional G protein coupled receptor present in platelets. The use of clopidogrel, a P2Y12 antagonist, decreased platelet accumulation in ischemic myocardium and reduced the rupture rate from 45% in control to 10% in clopidogrel treated animals (165, 166). In a rat model of isolated hearts, the perfusion of platelets from acute MI patients enlarges infarct area (179) while the concomitant administration of cangrelor or abciximab decreases the infarct size. As opposed to clopidogrel, aspirin administration did not reduce infarct size nor the rupture rate in mice (165, 180) suggesting a relative hierarchy in the platelet receptors during MI.

Platelet degranulation, a marker of platelet activation, triggers the inflammatory responses by P-selectin exposure involved in leukocyte recruitment. Nbeal2−/− and Unc13d−/− mice lacking, respectively, alpha and dense granules did not show any alterations in infarct sizes, arguing against a significant role of degranulation in the pathophysiology of myocardial IR injury (167). Nevertheless, blockade or genetic deficiency of P-selectin can lead to smaller infarct sizes after myocardial infarction (181–183) suggesting a possible contribution of the endothelial P-selectin. Critical to platelet activation is calcium mobilization. Cytosolic Ca2+ concentration is regulated by two major proteins: STIM1 (endoplasmic reticulum Ca2+ sensor) and Orai-1 (Ca2+ channel). Genetic depletion in hematopoietic cells of STIM1 or Orai-1 did also not reduce the INF/AAR ratio (167) hinting at alternative platelet activation pathways.

The final step of platelet activation is their aggregation and is mainly driven by αIIbβ3 activation. The inhibition of this integrin via Fab anti- αIIbβ3 administration did not alter the INF/AAR ratio when compared with control mice (167). In another study, αIIbβ3 inhibition by abciximab seems to reduce myocardial injury in isolated rat hearts through a reduction of platelet adhesion to the endothelium or leukocytes (179). This discrepancy can be probably explained by the different experimental models which can have a different impact on platelet activation. Platelet mechanisms in the MI model have been summarized in Table 3A and Figure 2.



Table 3. (A) A comprehensive analysis of platelet mechanisms in myocardial infarction (MI) mouse model and (B) in MI patients (↓ decrease, ↑ increase, = no effect on MI or bleeding risk).
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FIGURE 2. Overview of platelet receptors inhibition involved in myocardial infarction. Pharmalogical or genetic inhibition of platelet receptors shows a decrease of myocardial injury (↓ decrease, ↑ increase).



In humans, several clinical trials tested platelet inhibitors in the context of MI. Currently, guidelines for the management of NSTE-ACS and STEMI patients recommend aspirin intake for long-term treatment for all patients without contraindications (148, 155, 156). Moreover, the dual antiplatelet treatment (DAPT) composed of aspirin plus a P2Y12 inhibitor is recommended. Indeed, the CURE (Clopidogrel in Unstable Angina to Prevent Recurrent Events) trial was designed to assess the efficacy of the combination of aspirin and clopidogrel compared to aspirin alone (184). Patients with NSTE-ACS were enrolled within 24 h after symptom onset, and either treated with the combination treatment or aspirin alone. The DAPT significantly reduced the composite rate of death from cardiovascular causes, non-fatal MI and stroke. The rate of each component of this composite outcome also tended to be lower in the DAPT group. However, the risk of major bleeding is increased among patients treated with clopidogrel. TRITON-TIMI-38 (Trial to Assess Improvement in Therapeutic Outcomes by Optimizing Platelet Inhibition with Prasugrel—Thrombolysis in Myocardial Infarction-38) is a phase III trial which enrolled patients with ACS (NSTE-ACS and STEMI) within 72 h after symptom onset (185). This trial was designed to compare the efficacy of prasugrel with clopidogrel, both associated with aspirin. The percentage of non-fatal MI (Clopidogrel: 9.5%; Prasugrel: 7.3%) and stent thrombosis (Clopidogrel: 2.4%; Prasugrel: 1.1%) was significantly reduced in patients treated with prasugrel, but it caused more life-threatening bleedings than clopidogrel treatment (from 0.9 to 1.4%). In conclusion, this trial showed that prasugrel is more effective at preventing ischemic events than clopidogrel in patients with NSTE-ACS or STEMI. However, this beneficial effect is accompanied by an increased rate of major bleeding. The PLATO (Study of Platelet Inhibition and Patient Outcomes) clinical trial aimed to determine whether, combined to aspirin, ticagrelor is more efficient than clopidogrel in patients with ACS, enrolled within 24 h after symptom onset (186). Patients receiving ticagrelor had a significantly lower MI event rate (5.8%) compared to clopidogrel-treated patients (6.9%). The rate of death from any cause is also significantly lower for patients treated with ticagrelor (ticagrelor: 4.5%; clopidogrel: 5.9%). It is important to note that no difference in life-threatening bleeding was observed between the two treatment groups (ticagrelor: 5.8%; clopidogrel: 5.8%). This trial found that, in patients who have an NSTE-ACS or STEMI, treatment with ticagrelor compared to clopidogrel significantly reduced the rate of death from vascular causes, myocardial infarction, or stroke without an increase in the rate of overall major bleeding.

These results were later confirmed by the PEGASUS-TIMI-54 (Prevention of Cardiovascular Events in Patients With Prior Heart Attack Using Ticagrelor Compared to Placebo on a Background of Aspirin–Thrombolysis In Myocardial Infarction 54) trial which enrolled patient who had a MI 1 to 3 years earlier (187). Patients either received ticagrelor plus aspirin or aspirin alone. The ticagrelor treatment significantly reduced MI event rate (from 5.25 to 4.53%) (188). Moreover, this protective effect is consistent over time and this trial supports the use of prolonged therapy in patients who continue to tolerate this antiplatelet agent (189). Current guidelines recommend delivering DAPT to NSTE-ACS and STEMI patients, with aspirin plus ticagrelor or prasugrel (155). Clopidogrel can be administered to ACS patients who cannot receive the two previous antiplatelet agents.

Vorapaxar, a PAR1 inhibitor, has been tested in clinical trials. The TRA 2P–TIMI 50 (Thrombin Receptor Antagonist in Secondary Prevention of Atherothrombotic Ischemic Events—Thrombolysis in Myocardial Infarction 50) clinical trial enrolled patients who had a history of atherosclerosis within the previous 2 weeks to 12 months (190). Patients were randomly assigned to either vorapaxar treatment or placebo. All concomitant medical therapy, including the use of other antiplatelet agents, was managed by the clinicians who were responsible for the care of the patients. Patients receiving vorapaxar had a reduced rate of MI event (from 6.1 to 5.2%) but presented an increase in major bleeding (from 11.1 to 15.8%). This trial assessed that inhibition of PAR-1 with vorapaxar reduced the risk of cardiovascular death or ischemic events in patients with stable atherosclerosis. However, it increased the risk of moderate or severe bleeding, including intracranial hemorrhage. The findings of TRA 2P–TIMI 50 clinical trial were confirmed by the TRACER (Thrombin Receptor Antagonist for Clinical Event Reduction in Acute Coronary Syndrome) trial. Investigators aimed to compare vorapaxar administration with placebo, in addition to standard therapy, in patients suffering from NSTE-ACS (191). The main result observed is a decreased rate of MI event for patients treated with vorapaxar. These data support the use of vorapaxar in MI secondary prevention since it provided net clinical benefit in patients at low risk for bleeding but high risk for ischemic events, as it especially prevented stent thrombosis after MI. However, the safety and efficacy of vorapaxar in STEMI patients have not been investigated yet. These clinical findings have been summarized in Table 3B.



PLATELETS PARTICIPATE TO THE DEVELOPMENT OF THE ABDOMINAL AORTIC ANEURYSM (AAA)

Abdominal aortic aneurysm (AAA) is a permanent and irreversible localized dilatation of the infrarenal segment of the abdominal aorta caused by the degradation and remodeling of the layers of the vessel wall and a chronic wall inflammation. AAA can extend along the aorta (fusiform), or be localized (sacciform). Major AAA risk factors are age, atherosclerosis, hypertension, male gender, and smoking. In western countries, AAA incidence is ~0.4–0.67% annually and reaches 5–10% of men and 1% of women over 65 years old (192). This pathology is mainly asymptomatic and aneurysm rupture leads to death. Endovascular and open repair of AAA remains the only effective treatments. Nevertheless, many pharmacological therapies are still under investigation like statins, angiotensin receptor blockers and anti-platelets drugs (193).

AAA is characterized by chronic inflammation with a large degradation of elastin and collagen fibers. It results in the proteolytic activity of matrix-degrading proteinases including matrix metalloproteinases (MMPs) leading to aorta dilatation. Reduced vascular wall thickness and the lack of tissue repair are associated with vascular smooth muscle cells apoptosis. The adventitia neovascularization induces inflammatory cells (lymphocytes, neutrophils and macrophages) infiltration in the aortic vessel wall, maintaining a continuous level of inflammation. This process contributes to the intra-luminal thrombus (ILT) formation (194), which involves platelets and coagulation activation. Overall, the ILT thromboinflammatory status contributes to the outward remodeling and eventually to the disruption of wall integrity (195, 196).

The ILT is structured in multilayers. In AAA patients, ILT is often organized in three layers—luminal (in contact with the blood), medial and abluminal (in contact with the wall). Luminal ILT layer is biologically active and enriched in platelets, neutrophils, red blood cells and a dense fibrin network (197). The ILT has also been shown to contain weak pathogens like Porphyromonas gingivalis (Pg) which contribute to leukocyte recruitment (198). On the opposite side, the abluminal layer has a marked fibrinolytic activity and contains few cells (199, 200). ILT evolution can lead to vessel wall weakness due to the high concentrations of reactive oxygen species (ROS), proteases and cytokines. Indeed, a study showed that ILT thickness is correlated with AAA diameter and MMP9 expression (201). The main specificity of the ILT in AAA is its non-healing property. The continuous release of neutrophil-derived proteases from these thrombi prevents vascular healing. Indeed, the re-endothelialization and adherence of mesenchymal stem cells are prevented by neutrophil proteases (202). This protease-rich thrombus is considered as the driving force in vessel wall rupture leading to death (203). However, ILT formation mechanisms in AAA are so far unknown.

Observational studies based on human tissue samples from AAA patients provide information at the late stage of the disease. In order to understand the mechanisms in the early steps, different animal models have been used, including mice and rats. The role of platelets and coagulation in ILT formation during AAA has been recently reviewed elsewhere (194). To study the role of platelets in AAA, two major models were used in mice and rats. The hypertension model, induced by angiotensin II in ApoE−/− or Ldlr−/− mice, reproduces important features of human AAA with inflammation, smooth muscle cells apoptosis and macrophage infiltration. However, aneurysms formed have a suprarenal location and abluminal thrombus formation occurs after an aortic dissection due to a false channel (204).

The main model in rats consists of elastin degradation via elastase perfusion and presents the same characteristics as the first model. However, in this model, aneurysms have an infrarenal location and do not present a thrombus and hypertension (205). This model was also developed in mice (206). A recent study showed that administration of beta 3-aminopropionitrile fumarate salt (BAPN, inhibitor of lysyl oxidase) in the drinking water of elastase-treated mice resulted in ILT formation (207). Both of these models (elastase and angiotensin II) do not recapitulate all human characteristics but they contribute to better understand the disease.

A xenograft rat model which consists of grafting decellularized aorta of guinea pig into rat aorta has been shown to present an ILT (208). With this model, abciximab treatment (platelet aggregation inhibitor) reduces the aneurysmal diameter and ILT activities accompanied by fewer P-selectin expression and reduced vessel wall degradation. These results suggest that platelets are involved in the thrombus biological activity and aneurysm development (197). Similar results were observed in rats after 10 and 42 days of AZD6140 treatment, a P2Y12 receptor antagonist. A reduced ILT was observed as well as decreased MMP-9, MMP-2 expression, leukocyte infiltration, media and elastin preservation (209).

Other studies with angiotensin II mouse model have shown that clopidogrel treatment (inhibitor of P2Y12), or aspirin (inhibitor of COX-2) reduces the macrophage infiltration, MMP2 and ROS production, suggesting that platelets play a role in vascular inflammation during AAA progression (210, 211). A reduction of thrombi, uPA, t-PA, and PF4 in the aorta was also observed in aspirin or clopidogrel-treated mice but these treatments have no effect on aorta diameter on established AngII-aneurysm model (211). However, clopidogrel administration in the early steps of AAA decreases the aorta diameter (210). The same treatments in patients emphasize that anti-platelet treatments can reduce AAA progression and rupture or dissection (211). Low-dose of aspirin can prevent the progression of AAA measuring from 40 to 49 mm and no decrease of AAA growth was observed in AAAs measuring <40 mm (212). The use of a P2Y12 receptor inhibitor as ticagrelor treatment revealed a lack of difference in AAA size compared to placebo-treated subjects, suggesting that ticagrelor has no effect on the development of small AAAs. However, in this study, most of the patients did not present an ILT (213). These results have been summarized in Table 4 and Figure 3.



Table 4. (A) A comprehensive analysis of platelet mechanisms in abdominal aortic aneurysm (AAA) animal models and (B) in AAA patients (↓ decrease, ↑ increase, = no effect on intraluminal thrombus ILT or aneurysm diameter).
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FIGURE 3. Overview of platelet receptors inhibition involved in abdominal aortic aneurysm (AAA). Pharmalogical inhibition of platelet receptors shows a decrease of AAA formation and intraluminal thrombus (ILT) formation (↓ decrease).



Nowadays, there is no definite treatment to decelerate or stop AAA progression. Nevertheless, clinical and animal studies mentioned above provide additional information on the effect of platelets in AAA development, opening up treatment prospects that may be in the long term substitutes of heavy and invasive surgery.



CONCLUSIONS AND PERSPECTIVES

Over the past years, the field of platelets gained a lot of attention in their contribution to vascular diseases. Platelet biology is at the crossroads of several clinical specialties (cardiology, neurology, pulmonology). The current use of antithrombotic drugs, aspirin, and P2Y12 antagonists, is based on their inhibitory effect on platelet aggregation. While those drugs show a beneficial effect in CVD, they are still associated with some bleeding risks. Recent studies provided a new understanding of the role of platelets in vascular inflammation that extends beyond their role in aggregation. The development of future anti-platelet drugs will need to take into account the role of platelets in inflammation. In addition, as most of the thrombosis and inflammatory studies are conducted in healthy vessels, it is important to keep in mind that the identified mechanisms need to be validated in models relevant to CVD. Importantly, there is significant inter-individual variability of antiplatelet therapy responses among patients with CVD highlighting the need for tailored therapies to each individual. Central to this approach is the development of robust assays that can determine platelet reactivity in a patient-specific manner.
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Although lacking a nucleus, platelets are increasingly recognized not only for their complexity, but also for their diversity. Some 50 years ago platelet subpopulations were characterized by size and density, and these characteristics were thought to reflect platelet aging. Since, our knowledge of platelet heterogeneity has grown to recognize that differences in platelet biochemistry and function exist. This includes the identification of vanguard and follower platelets, platelets with differing procoagulant ability including “COAT-platelets” which enhance procoagulant protein retention on their surface, and most recently, the identification of platelet subpopulations with a differential ability to generate and respond to nitric oxide. Hence, in this mini-review, we summarize the current knowledge of platelet subpopulation diversity focusing on their physical, biochemical, and functional heterogeneity. In addition, we review how platelet subpopulations may change between health and disease and how differences among platelets may influence response to anti-platelet therapy. Finally, we look forward and discuss some of the future directions and challenges for this growing field of platelet research.
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INTRODUCTION

Compared to leukocytes, which exist as functionally distinct subpopulations, platelets have often been considered simple. This general apathy for platelet complexity may stem from the fact that platelets lack nuclei and because they are so widely recognized for their roles in hemostasis and thrombosis. However, increasingly platelets are recognized for their biochemical and functional complexity despite being anucleate. Platelet proteome and transcriptome studies have revealed that platelets contain nearly 4,000 different proteins (1, 2) and an abundance of mRNA (3, 4) and miRNA (5–7). It's also appreciated within the field that platelets play diverse roles beyond hemostasis including contributing to wound healing, angiogenesis, and immunity and inflammation (8–11). Pathophysiologically, they are also recognized to contribute to cancer metastasis (12, 13), as well as to various inflammatory disorders (14, 15). To fulfill these diverse roles the question arises whether there is predetermined biochemical diversity and functional heterogeneity among platelets? That is, do platelets subpopulations with predetermined specialized functions exist?



HISTORICAL PERSPECTIVES

Initial studies into platelet subpopulations occurred 50 years ago and focused on characterizing human platelet subpopulations based on size and buoyant density and largely isolated these subpopulations by density gradient centrifugation. Studies by Karpatkin (16) showed that large, dense platelets have greater glycogen, orthophosphate and adenine nucleotide content than smaller less dense platelets. The biochemical processes of glycolysis, glycogenolysis, and protein synthesis were reported to be greater in large-dense platelets but no differences were observed in lipid content or synthesis. Large-dense platelets were shown to aggregate more than small-light platelets largely due to greater ADP release and lower ADPase activity (17). Subsequently, large-dense platelets were shown to adhere to collagen at a faster rate and this was thought to reflect more surface GPIa/IIa (integrin α2β1) on this subpopulation (18). Electron microscopy examination of light platelets demonstrated lower granule content than that of dense platelets, but not fewer mitochondria (19). Although, currently it's recognized that an anuclear programmed cell death limits platelet lifespan (20, 21), the biochemical, ultrastructural, and functional differences among platelets with differing size and density were thought to reflect platelet aging with large-heavy platelets representing young platelets recently released into the circulation while light-small platelets represented older platelets that have circulated for a number of days. Using rabbit platelets, Rand et al. (22) demonstrated that the least dense platelets contained less sialic acid than the densest. They suggested loss of surface sialic acid from the least dense platelets was a mechanism by which old platelets are recognized and removed from the circulation.

Studies by Penington et al. (23, 24) argued that in fact megakaryocycte heterogeneity was responsible for platelet heterogeneity and that platelet density does not change with aging. Based on morphometric studies, they contended that the three-ploidy classes of megakaryocytes (8n, 16n, 32n) differ in their organelle content concentration and relate to the density of their platelet progeny. Large-dense platelets would be expected to arise from 8n megakaryocytes with greater granule content, while small-light platelets arise from 32n megakaryocytes. This view was more in line with that of Paulus that thrombopoiesis is likely responsible for platelet heterogeneity and not aging in circulation, but that only a single platelet population exists and the only size heterogeneity is that inherent to the log normally distributed population (25). Consistent with this thesis, other studies demonstrated that in the steady state platelet density does not change with circulatory age (26, 27), while others still showed that platelet density may increase with time due to accumulation of 5-hydroxytryptamine (5-HT) (28).

In addition to categorizing platelets into subpopulations based on size and density, platelets were also separated into subpopulations based on volume using counterflow centrifugation. Platelets with larger volume were shown to have more rapid and complete aggregation, and to be slightly denser (29). These studies argued that fundamentally platelets of different volume have similar function but the absolute abilities to aggregate and secrete granular contents correlates with their volume (30). Further, it was argued that platelet size heterogeneity likely results from their production from megakaryocytes and that this influences platelet function independently of time within circulation (30, 31).

Several groups attempted to unify the hypotheses that both megakaryocyte heterogeneity and platelet time in circulation may contribute to platelet heterogeneity and the formation of size and density-based subpopulations (32–34). However, it's also important to note that some discrepancies in characterizing size and density-based platelet subpopulations may have occurred due to species differences. It appears rabbit platelets decrease in density with circulatory age, while in humans high-density platelets may be enriched with those that may have circulated longer and accumulated more 5-HT (28). Other characterization discrepancies may have also occurred due to methodology, and theoretical aspects of density separation need to be considered when interpreting early platelet subpopulation studies. As explained by Martin and Trowbridge if centrifugation is stopped before equilibrium is reached platelets may be separated based on a mixture of volume and density variation (35). This problem appears to be greater for discontinuous vs. continuous gradients as a greater time is needed to reach equilibrium necessary for separation of density-based subpopulations. Further, it has been suggested that platelets held at equilibrium between the opposing forces of the gravitational field and medium buoyancy may cause trauma to the platelet potentially causing secretion of granular contents; thus, potentially changing the characteristics of the isolated subpopulations (35).



CHARACTERIZATION OF PLATELET SUBPOPULATIONS BASED ON DIFFERENTIAL FUNCTION AND BIOCHEMISTRY

In addition to being characterized by size and density, platelet subpopulations have also been characterized based on function. Using a biotinylation technique to label dog platelets in vivo, it was demonstrated that reactivity to thrombin declines with platelet circulatory age (36). Similarly, utilizing 35S-labeled rabbit platelets Hirsh et al. (37) demonstrated that younger platelets with lower 35S-specific activity adhered to collagen fibers more readily than older platelets. Alike, two human platelet subpopulations were shown to have different collagen adhering kinetics, with 20% of platelets adhering within 1 min and with a second larger subpopulation accounting for 80% of platelets adhering more slowly between 1 and 60 min (38). The biochemical basis of this finding was unknown; however, several explanations were proposed. The one favored was the existence of functionally discrete subpopulations due to the sharp discontinuity between the two adhesion phases and the simple kinetic behavior of the second phase. Using time-lapse videomicroscopy and a microchamber model, Patel et al. (39) defined platelets that first adhered and spread on collagen as “vanguard” platelets and those that subsequently tether to and spread on vanguard platelets or nearby collagen as “followers.” Whether vanguard and follower platelets represent functionally and biochemically distinct platelets was not investigated, but analysis of platelet deposition showed that adhesion events occurred randomly.

In addition to characterizing based on function, some studies characterized platelet subpopulations based on biochemical differences including the ability to bind adenosine and release 5-HT (40), as well as the presence or absence of acid phosphatase although no functional differences were observed (41). However, biochemical comparison of low vs. high density human platelets by Opper et al. (42) revealed that low density platelets have an enhanced intracellular Ca2+ response to thrombin, increased ADP-ribosylation of the inhibitory G-protein (Giα1−3) and rho A, and decreased ADP-ribosylation of the stimulatory G-protein (Gsα), as well as lower levels of the phosphorylated form of vasodilator-stimulated protein compared to high density platelets. These biochemical differences likely further explain the authors' findings that low density platelets demonstrate enhanced aggregation in response to thrombin, weaker inhibitory effects and a smaller rise in cGMP to the nitric oxide (NO) donor sodium nitroprusside, and a smaller increase in cAMP in response to prostaglandin E1 compared to high density platelets (43, 44). The authors proposed that the biochemical basis of the functional heterogeneity between low and high density platelets depends on differences in their G- and phospho-protein signaling within stimulatory and inhibitory signaling pathways (42). Others suggested that the increased reactivity of low density platelets may be attributed in part due to elevated α-granule content (45), although another study suggested α-granule content is greater in high density platelets (46).

Similar to the findings of Opper et al. (42), which suggested differences in NO-signaling between low and high density platelet subpopulations, recently we identified human platelet subpopulations based on the presence or absence of endothelial nitric oxide synthase (eNOS-positive and -negative platelets) and the differential ability to produce NO (47). We showed that eNOS-negative platelets fail to produce NO, have a down-regulated soluble guanylate cyclase-protein kinase G-vasodilator-stimulated protein (sGC-PKG-VASP) signaling pathway, primarily initiate adhesion to collagen, more readily activate integrin αIIbβ3, and secrete more of the platelet activating protease matrix metalloproteinase-2 (MMP-2) than their eNOS-positive counterparts. eNOS-positive platelets have an intact eNOS-sGC-PKG-VASP signaling pathway, are more abundant (~80% of total platelets) and form the bulk of an aggregate via greater cyclooxygenase-1-mediated signaling. However, eNOS-positive platelets ultimately limit aggregate size via NO generation. It appears that eNOS-based platelet subpopulations are of the same circulatory age as the levels of activated caspase-3, the downstream effector of the platelet internal apoptotic clock (21), within them are equal. Moreover, eNOS-negative and –positive platelet volume was found to be equal also (47).

Based on these data, we proposed a novel model of thrombosis and hemostasis called the seed platelet hypothesis, in which eNOS-negative platelets initiate adhesion and aggregation reactions (Figure 1) (47). This initial response arises from their enhanced adhesiveness and reactivity due to an absence of endogenous NO generation (48, 49). Decreased sGC-PKG signaling within eNOS-negative platelets also facilitates refractoriness to endothelial-derived NO and increases integrin αIIbβ3 activation (50, 51), which stabilizes initial rolling and adhesion (52). We further proposed that enhanced MMP-2 secretion by eNOS-negative platelets promotes eNOS-negative platelet activation and recruitment of eNOS-positive platelets to the forming aggregate (53–55). eNOS-positive platelets then form the bulk of an aggregate/thrombus due to their higher COX-1 content and greater thromboxane A2 generation. However, eNOS-positive platelets ultimately limit aggregate/thrombus size via NO generation as both increasing the ratio of eNOSneg to eNOSpos platelets and pharmacologically inhibiting eNOS enhances aggregation.
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FIGURE 1. A cartoon summarizing the “seed platelet” hypothesis in which NO-refractory eNOSneg platelets preferentially initiate platelet adhesion and aggregation, while eNOSpos platelets form the bulk of an aggregate and limit its size. Figure S21. Radziwon-Balicka et al. (47), by permission of Oxford University Press. MMP-2, matrix metalloproteinase-2; NO, nitric oxide, TXA2, Thromboxane A2.



The differential ability of platelets to generate NO has been shown by others (56). However, how eNOS-based platelet subpopulations and the seed-platelet model of thrombosis and hemostasis relate to other models, such as a core and shell model of hemostatic plug formation by Stalker et al. (57), still needs to be determined. Similarly, what role these subpopulations play in coagulation and how they relate to subpopulations with differential procoagulant ability also remains to be seen (58).



CHARACTERIZATION OF PLATELET SUBPOPULATIONS BASED ON DIFFERENTIAL PROCOAGULANT ABILITY

For a thorough review of procoagulant platelets we refer readers to a paper by Reddy and Rand within this series of articles on the Established and Novel Roles of Platelets in Health and Disease. However, briefly, it has been long recognized that a subpopulation of platelets becomes procoagulant exposing a phosphatidylserine-(PS)-surface upon activation (59). Alberio et al. (60) described a platelet subpopulation demonstrating α-granule-derived surface-bound factor V (FV), which they named COAT-platelets, due to their appearance upon collagen and thrombin stimulation. This subpopulation accounts for approximately 30% of platelets and was shown to utilize 5-HT to retain other α-granule-derived procoagulant proteins such fibrinogen and thrombospondin on the platelet surface (58, 61). COAT-platelets may also retain factors VIII, IX, and X (62), and they may be generated via stimulation of platelets with thrombin alone (63). These platelets are also sometimes referred to as “coat” or “coated” platelets due to their surface retention of procoagulant proteins. Additionally, heterogeneity within the procoagulant subpopulation itself may exist wherein procoagulant platelets that are highly PS-positive and have a sustained increase in Ca2+-signaling surprisingly aggregate poorly, due in part to a lack of active integrin αIIbβ3. Conversely, a COAT-platelet subpopulation with lower intracellular Ca2+-signaling exhibits greater proaggregatory potential (64). Using mathematical modeling to support their experimental observations, Yakimenko Alena et al. (65) and Abaeva et al. (66) suggested that highly PS-positive COAT-platelets are recruited into developing aggregates by non-COAT platelets, as a result of a high surface density of α-granule-derived fibrinogen/fibrin retained on the COAT-platelet surface, and largely do not bind each other. Others have demonstrated that in fact integrin αIIbβ3 may initially activate but subsequently deactivate, while PS surface exposure occurs more slowly in these COAT-platelets (67). Nonetheless, a model of platelet-based coagulation was proposed by Heemskerk et al. (68) wherein two different subpopulations of platelets with differential roles exist (procoagulant vs. aggregating platelets). Collagen-adhered platelets, and later in the growing thrombus thrombin-activated platelets, expose PS on their membranes serving as a substrate for coagulation factors, thrombin generation, and fibrin coat formation. Aggregating platelets, due to their activated integrin αIIbβ3, on the other hand are proposed to be responsible for contracting and retracting the clot by interacting with fibrin.

Whether all platelets have the capacity to become procoagulant/COAT vs. aggregating platelet subpopulations or whether these subpopulations are predetermined requires further investigation. Studying platelet adhesion to glass some have argued that all platelets can form these subpopulations and that they simply reflect snapshots in time of a dynamic platelet activation process (69). However, multi-parameter flow cytometry studies of platelet responses to increasing concentrations of thrombin and CRP-XL showed that only a fraction of platelets can take on the procoagulant phenotype supporting the theory of distinct platelet subpopulations (70).



CHANGES IN PLATELET SUBPOPULATIONS BETWEEN HEALTH AND DISEASE

Relatively little is known about how platelet subpopulations change between physiological and pathological conditions, although recently a number of studies have investigated procoagulant/COAT“ed” platelet levels in stroke and transient ischemic attack (71–78). Coated-platelets were demonstrated to be elevated in patients with large-artery atherosclerotic stroke compared to small artery lacunar strokes with the authors suggesting this reflects distinct pathological processes of ischemic stroke subtypes (71). Similarly, elevated coated-platelet levels were reported during transient ischemic attacks (TIA) (79). High coated-platelet levels were also reported to be associated with early stroke recurrence in large-artery stroke patients (72, 74); and in patients with asymptomatic carotid artery stenosis high coat-platelet levels (≥45% of platelets) improved stroke and TIA prediction (75). Conversely, a pilot study reported that non-lacunar stroke patients with early haemorrhagic transformation exhibited lower coated-platelet levels (78). Likewise, among subarachnoid hemorrhage and spontaneous intracerebral hemorrhage patients low coated-platelet levels were associated with increased mortality at 1-month (76, 77). The association of low levels of coated-platelets with bleeding events was also noted in a study aimed at evaluating the diagnostic utility of platelet flow cytometry analysis in haemorrhagic diathesis patients with normal standard laboratory workup (80).

Interestingly, a recent study utilizing a microfabricated chip capable of measuring individual platelet contractile forces identified platelet subpopulations with varying contractility (81). This platelet-contraction cytometry revealed generally high levels of highly-contractile platelets in healthy donors. These were absent in patients with Wiskott-Aldrich syndrome, and a subpopulation of platelets with low-contractility was also noted among a subset of patients with chronic bleeding but normal clinical haemostasis tests. Whether subpopulations of high- and low-contractile platelets correspond to subpopulations of coated- or aggregating-platelet subpopulations remains to be studied.

Older studies characterizing platelets based on buoyant density and/or volume also demonstrated differences between platelets of healthy controls and patients. Using continuous gradients of Percoll to isolate platelets, it was shown that compared to healthy controls insulin-dependent diabetics with poor glycemic control have lower density platelets but with apparently normal granule levels (82). The change in density profiles was proposed to be due to abnormal platelet subpopulations, although what appeared to be log normally distributed populations were observed (83). A shift toward an increase in low-density platelet subpopulations was also observed in patients with hypercholesterolemia and it was argued that these platelets are more reactive in response to agonist stimulation (83). Conversely, a small increase in platelet size with increased surface exposure of integrin αIIbβ3 was noted following acute myocardial infarction (84).

Interestingly, recent preliminary studies suggest that FACS separated platelets into the smallest and largest 10% may differ in some of their RNA transcripts (85). A sub-analysis of the RNA profiles of these platelet subpopulations demonstrated a trend in which the large-platelet subpopulation RNA profile was associated with hemostasis and wound healing, while the small-platelet subpopulation profile was associated with vascular cell function likely reflecting a potential differential ability to uptake RNA from vascular cells. The differential uptake of RNA by platelet subpopulations may allow for these subpopulations to serve as novel biomarkers for various diseases. In this context, tumor-educated platelets (platelets containing tumor-associated mRNA) have been identified as a potential platform for blood-based liquid biopsies for cancer (86, 87). How platelet subpopulations change in cancer and how these changes impact their mRNA content is unknown but likely of important significance to liquid biopsy utility.



DIFFERENTIAL RESPONSES OF PLATELET SUBPOPULATIONS TO ANTI-PLATELET DRUGS

Less is still known about how various platelet subpopulations respond to anti-platelet drugs. Using counterflow centrifugation to isolate platelet subpopulations of different volume, Jakubowski et al. (88) demonstrated a correlation between increasing mean platelet volume and prostacyclin concentration necessary to inhibit aggregation suggesting greater platelet mass is associated with decreased inhibitory effect of prostacyclin. Similar, a study of FACS-sorted platelets into the 20% smallest and largest subpopulations showed that following incubation with acetylsalicylic acid (ASA) large platelets generate more thromboxane B2 (TXB2) compared to the small platelet subpopulation (89). However, the percent reduction in TXB2 generation caused by ASA tended to be greater in the small platelet subpopulation. Potential differences in response to anti-platelet therapy by platelet subpopulations may be clinically important as Hoefer et al. (90) have shown that subpopulations of drug-free/uninhibited platelets can either intermingle with ASA-inhibited platelets within an aggregate or form aggregate cores around which ASA- and P2Y12-inhibited platelets may activate potentially seeding thrombus formation.



CHALLENGES AND FUTURE DIRECTIONS

Some of the challenges with studying platelet subpopulations are their identification, labeling and separating for functional studies. In the past these challenges were met with advances in research methodology and technology, such as the application of flow cytometry to platelet studies (91, 92). Recent advances in cytometry (Table 1) that have enhanced our ability to study platelet subpopulations include that application of fluorescence activated cell sorting and confocal microscopy (47), laser scanning cytometry (93), interfacial platelet cytometry (94), platelet-contraction cytometry (81), and mass cytometry (95). Moreover, the application of flowRNA technology to platelets studies may further help with RNA profiling of platelet subpopulations (96). These technologies will not only be crucial in aiding to delineate the roles of various platelet subpopulations in hemostasis and thrombosis, but also to understanding their potential differing roles in wound healing, angiogenesis, malignancy, and immunity and inflammation. Lastly, isolation of functionally distinct platelet subpopulations may be desirable for platelet concentrate preparation and various transfusion medicine applications (97, 98).



Table 1. List of cytometry techniques conducive to platelet subpopulation studies.
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Nanomaterials have been recently introduced as potential diagnostic and therapeutic tools in the medical field. One of the main concerns in relation to the use of nanomaterials in humans is their potential toxicity profile and blood compatibility. In fact, and due to their small size, NPs can translocate into the systemic circulation even after dermal contact, inhalation, or oral ingestion. Once in the blood stream, nanoparticles become in contact with the different components of the blood and can potentially interfere with normal platelet function leading to bleeding or thrombosis. Metallic NPs have been already used for diagnosis and treatment purposes due to their unique characteristics. However, the potential interactions between metallic NPs and platelets has not been widely studied and reported. This review focuses on the factors that can affect platelet activation and aggregation by metal NPs and the nature of such interactions, providing a summary of the effect of various metal NPs on platelet function available in the literature.
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INTRODUCTION

Nanoparticles (NPs) are defined as particles which range from 1 to 100 nm in size in at least one dimension (length, width, or depth) (1, 2). Although, the development of nanotechnology is a modern science, NPs have always existed in the natural environment and throughout the ages, humans have been continually exposed to airborne NPs (3). However, with the onset of the industrial revolution and the more recent explosion of interest in NPs for scientific development, the exposure to different types of NPs is on the rise. In fact, the use of engineered nanomaterials from a wide range of compositions and sizes together with the study of their potential hazards is continuously increasing.

This review will focus on the interactions of metallic NPs developed for medical applications with blood platelets. The search has been conducted using PubMed, Scopus, and Google Scholar and relevant full text original and review articles published in English up to April 2019 have been included.


Factors Associated to Nanoparticle's Toxicity

Since the introduction of nanomedicine to describe the application of nanotechnology to benefit patients by The Royal Society and Royal Academy Engineering in 2004 (4), engineered NPs have become promising tools for the monitoring, diagnosis and treatment of human diseases. Despite the ability of humans to avoid, tolerate, and adapt to naturally occurring NPs, the exposure and accumulation of engineered NPs in our body can lead to plausible side effects (4). Multiple studies have already demonstrated that NPs interactions with biological systems depend on size, shape, charge, and the constituent material of the nanomaterial. In fact, those parameters can have a profound effect on cellular uptake and toxicity (5) and therefore on platelet's function (6–8).

Nanoparticles Size

Alveolar clearance by macrophages in the lungs constitutes an important barrier for inhaled NPs. However, the efficacy of this mechanism decreases with NPs size leading to a local increased deposition, greater access of NPs to the circulatory system and to potential cardiovascular side effects (9). It has been previously demonstrated that the degree of cytotoxicity and platelet activation and aggregation is inversely correlated with the NPs size (6, 10–12). Therefore, to dampen their potential toxic effect, while improving their stability, various types of surface coatings have been used (7, 13, 14). Surface modification using polyethylene glycol (PEG) for example, has been successfully employed to improve the platelet compatibility of gold NPs (15).

Nanoparticles Shape

The physical dimensions of nanomaterials are also strongly correlated with their potential toxicity profiles when compared with the bulk materials of the same composition (16, 17). For example, although carbon black is non-toxic, inhaled carbon nanotubes can result highly toxic (18). One of the factors that strongly influences NPs toxicity is the NPs shape. However, for a given geometric shape, NPs size largely determines the cellular uptake (19–22). Gratton et al. have demonstrated that nanorods larger than 100 nm exhibit the highest rate of cellular uptake followed by spheres, cylinders, and cubes of similar size (23). In contrast, studies using particles smaller than 100 nm have found that spheres show a greater cellular uptake than nanorods (19, 24). However, little is known about the influence of NPs shape on platelet function. Holzer et al. have shown that carbon-based nanomaterials could induce thrombus formation in rodents independently of their shape (25). In contrast, He et al. have recently demonstrated that cuboidal cyclodextrin frameworks enhanced platelet aggregation when compared with their spherical counterpart (26).

Protein Binding

When NPs become in contact with biological fluids, electrostatic, dispersive, and covalent interactions will regulate the adsorption of proteins onto NPs, leading to the formation of a dynamic “protein corona” (27, 28). Binding of plasma proteins induce changes in the biophysical properties of the NPs modifying their biocompatibility. In fact, the nature and the concentration of the proteins adsorbed on the NPs can affect their bio uptake, biodistribution, and potential side effects (29–34). The adsorption of some types of plasma proteins may result in an inflammatory response and platelet activation and aggregation. For instance, carbon nanotubes have been reported to bind complement proteins leading to complement activation via both classical and alternative pathways. In contrast, adsorption of complement proteins on the surface of gold colloids has not been associated with complement activation (35–37). The ability of PEG-coatings to protect against platelet aggregation corroborates the hypothesis that physical barriers around NPs may also contribute to the loss of their pro-aggregatory effect (15, 38). However, although the adsorption of fibrinogen onto NPs can contribute to platelet adhesion and initiate thrombogenesis, it has been also demonstrated that the composition of the protein corona on PEGylated NPs doesn't predict their hemocompatibility (39).

Nanoparticle Charge

NPs charge plays also an important role in NP-plasma protein interactions (29, 40) and therefore in the blood compatibility of NPs. Positively charge NPs can potentially interact with the negatively charged platelet surface and induce platelet aggregation (41, 42). However, Love et al. found that gold NPs with the same size and opposite charge did not induced platelet aggregation (43). Marginal variation in charge may contribute to a significant difference in protein binding to the NP surface and that may be the case with albumin binding to colloidal gold NPs (37).




METALLIC NANOPARTICLES AND THEIR APPLICATIONS IN MEDICINE

Metallic NPs can be easily synthesized and modified with various chemical functional groups which allow them to be conjugated with antibodies, ligands, and drugs. Therefore, the potential applications of metallic NPs in a variety of health-related applications over conventional pharmaceuticals, including targeted drug delivery systems, vehicles for gene and drug delivery, and imaging has dramatically increased (44).

Medical diagnostic applications of metal NPs are plentiful, owing to their ability to interact with external stimuli, including infra-red radiation, ultrasonic waves, and magnetic fields (45–48). Paramagnetic and superparamagnetic NPs have shown a great potential for cancer detection, as evidenced, for example, by the superior ability of iron oxide NPs to detect liver metastases and metastatic lymph nodes (49, 50). Metallic NPs can be also used as therapeutics agents. The antibacterial nature of silver has been already well-established and gold NPs have been found to induce cell toxicity when delivered orally. In fact, silver and gold NPs have been demonstrated to be ideal candidates for the treatment of both, multi drug resistant infections and cancer (51–55). In addition, gold NPs have also shown to exert some anti-angiogenic effect by inhibiting the VEGF activity in collagen-induced arthritis in rats and in human umbilical vein endothelial cells (56–58). The use of multifunctional NPs that integrate diagnostic and therapeutic functions in the same system (theranostic) has been gaining increasing momentum in the nanomedical research and development (R&D). For the management of patients suffering from cancer, for example, nanotheranostic platforms could comprise advanced diagnostics, hyperthermia treatment, and targeted delivery of anticancer drugs. Actually, magnetic iron oxide NPs constitute a good example of such “multitasking” platforms (59).



METALLIC NANOPARTICLES-PLATELETS INTERACTIONS

In 1977, Berry et al. described for the first time the translocation of nano-sized particles across the alveolar epithelium following intratracheal instillations of 30 nm gold particles in rats. They found large amounts of these particles in platelets of pulmonary capillaries and assumed that there might be a pre-disposing factor for platelet aggregation and microthrombi formation even when those NPs are coated with a biocompatible material (60). In fact, NPs which are not intended for systemic use can, due to their ability to cross epithelial barriers, reach the systemic circulation and interfere with physiological platelet function increasing the risk of cardiovascular disease and vascular thrombosis (61–63). Although, some NPs have been developed for therapeutic purposes aimed to target the injured vascular site mimicking platelet function (64) or to enhance blood clotting (65), the potential unwanted, pro- and/or anti-aggregating, properties of NPs are of significant concern in the field of nanomedicine and may impede the progression of promising engineered NPs to the clinical setting.

Induction of platelet aggregation by metallic NPs has been found by multiple research groups. However, some studies also indicate that metal NPs can inhibit or not affect platelet function (Table 1). The extent to which NPs induce platelet aggregation may depend on multiple NPs factors, as explained in the previous sections, but also on the physiological state of platelets prior exposure to NPs. When platelets are in resting state most metallic NPs seem to be inert (7) becoming more sensitive to NPs in the presence of a threshold shear force or “pre-activation” by critical concentrations of ADP (10, 66, 85). However, non-metallic NPs such as carbon nano-tubes or polymer-based NPs seem to induce platelet aggregation in the absence of any “pre-activating factor” (42, 62).



Table 1. Metallic nanoparticles-platelets interactions.
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The exact molecular mechanisms by which metallic NPs influence platelet function is not well-understood. However, their effect on platelet granules and integrin receptors seems to be crucial during the process. Metallic NP-induced platelet aggregation is inhibited when ADP pathway is blocked by an appropriate concentration of clopidogrel or apyrase inhibiting therefore the secondary wave of platelet aggregation which depends mainly on granule release. GPIIbIIIa seems to play also an important role in metallic NP-induced platelet aggregation as in the presence of Arg-Gly-Asp-Ser (RGDS), a tetra-peptide which binds and inhibits activated but not resting GpIIbIIIa, platelet aggregation is attenuated (86).


Silver NPs

The broad-spectrum antimicrobial properties of silver NPs are well-documented. Their widespread use in both commercial and biomedical applications, due to their large surface-area-to-volume ratio which increases their efficacy against bacteria in comparison to common antibiotics, has raised them to the status of the most commercialized NPs.

The blood compatibility of silver NPs, remains controversial, with several studies that report contradictory results. Spherical silver NPs (10–100 nm) have been found to induce platelet aggregation by increasing intraplatelet Ca2+ levels, upregulating GPIIb/IIIa and P-selectin and serotonin secretion (76, 78). Laloy et al. reported that silver NPs increased platelet adhesion but did not exert any further effect on platelet aggregation (77). Coating with PEG inhibits platelet aggregation induced by collagen, ADP, thrombin, and arachidonic acid in a concentration dependent manner (79). Silver NPs spherical in shape, 10–15 nm in diameter and monodispersed, have also been shown to have antiplatelet properties (67). Some variability between studies can be due to the use of different dispersing media (87–89) and Deb et al. have argued that the inhibition of platelet function by silver NPs may be due to the presence of the citric acid used for coating their surface (7). In addition, most of the studies use light transmission aggregometry (LTA) for measuring platelet aggregation and LTA has some limitations: (1) it may not be sensitive enough for studying NP-induced platelet aggregation (90). (2) As silver NPs have light absorbance properties, which are significant from 10 μg/mL, the use of concentrations over this threshold can have a profound effect on the results obtained (77). On the other hand, Smock et al. performed a prospective, placebo controlled in healthy human volunteers to assess the effect of commercially available oral colloidal silver NPs on platelet aggregation ex vivo using LTA. They found that platelet activation was not enhanced at peak silver serum concentrations (<10 μg/mL) (80).



Gold NPs

Colloidal gold was first described as a novel NP vector for tumor directed drug delivery back to 2004 (91). Gold NPs are considered to be one of the safest and most attractive drug-delivery agents due of their inert, non-toxic, and highly permeable properties (92). Still, there are some studies that document toxicity of gold NPs depending on the physical dimensions, surface chemistry, and shape of the NPs studied (19, 20, 93–97).

The compatibility of gold NPs with blood components and their effect on platelet function is not well-established. Although, gold NPs >60 nm in size have no effect on platelet function, smaller NPs (20 nm) can activate platelets. Those NPs could trigger platelet aggregation by a molecular mechanism which involves the platelet canalicular system and the activation of intracellular signaling mechanisms that comprise tyrosine phosphorylation, alpha granule release and P-selectin translocation (10, 98). On the other hand, it has been shown that spherical gold NPs of ~30 nm do not affect platelet aggregation, probably due to the total surface contact and/or the formation of the protein corona (37, 43).

Santos-Martinez et al. have investigated the effect that different NPs may exert on platelet function under flow conditions using a Quartz Crystal Microbalance with Dissipation (QCM-D). The group has demonstrated that QCM-D is more sensitive than the traditional LTA when investigating NP-platelet interactions (69, 99) and found that PEGylation of gold NPs improves their platelet compatibility (15). However, the use of polyethyleneimine (PEI) and polyvinylpyrrolidone (PVP) conjugated NPs can induce platelet activation as revealed by the formation of numerous filopodia and degranulation in equine platelets (70). This effect may be related to the adsorption of fibrinogen onto the NPs surface (5) and could be even more obvious if polyacrylic acid (PAA)-conjugated gold nanoparticles are exposed to platelets as PAA binds to and induce conformational changes of fibrinogen (100) that could potentially have a greater impact on the hemocompatibility of those NPs.



Iron Oxide NPs

Iron oxide NPs have been extensively used as contrast agents. With the introduction of theranostic systems their use has become more attractive as a novel approach for cancer therapy. The use of those NPs loaded with cytotoxic drugs and functionalized to detect and specifically attack malignant cells could potentially reduce significantly both, side effects of cytotoxic drugs and healthy cells damage.

The effect of iron-based NPs on platelet function in the literature is somehow inconsistent. Some iron-based NPs have been found to induce platelet aggregation as demonstrated by morphological changes using scanning electron microscopy (72). Bircher et al. found that carbon-coated iron carbide magnetic NPs incubated with whole blood induced upregulation of GPIIb-IIIa and P-Selectin but this effect was reversed when NPs were PEGylated (74). In another study, the use of dextran-stabilized iron oxide NPs developed for hyperthermia did not affect either platelet function (101). Deb et al. show in their work that starch-stabilized iron oxide NPs do not exert any effect of platelets while citric acid-stabilized iron oxide NPs inhibited platelet aggregation (7).

Platelet labeling can be of great interest for evaluating the influence of different methods on platelet survival when preparing platelet concentrates or when there is a need to distinguishing between donor and recipient platelets. Iron oxide NPs conjugated with quantum dots have been used previously by Aurich et al. as a non-radioactive alternative for platelet labeling. NPs were successfully internalized in platelets but impaired platelet function at the concentrations needed for labeling. However, this effect was abolished when the NPs where functionalized further with human serum albumin (73).



Nickel NPs

Compared to its elemental state, nickel NPs exhibit exceptional electrochemical properties and show unusual superparamagnetic properties and stability that make them very attractive in the nanotechnology field (102, 103). In addition, nickel NPs have been used in medicine as catalysts in the production of hydrogen nanoparticles (104). Some studies have demonstrated that nickel NPs induce cytotoxic effects in vitro (105, 106) and changes in platelet shape (72). However, despite their wide use in industry, their potential toxic effect to humans has not been extensively investigated.



Zinc Oxide NPs

Zinc oxide NPs are commonly used in nanomedicine. Spherical NPs have been used as anti-cancer and anti-bacterial agents due to their ability to produce reactive oxygen species (ROS) and induce apoptosis (107, 108). In fact, tetrapod NPs have been recently studied for their antibacterial activity (109), antiviral activity (110, 111), and as a vaccine adjuvant (112). Composite types of nanostructures are also synthesized in various forms including zinc oxide quantum dots and zinc oxide nanoclusters as anti-cancer and anti-bacterial agents (113–115).

Zinc oxide NPs prepared in dispersion medium, citrate or glucose solution have been shown to induce human and canine platelet activation (84). On the other hand, systemic administration of zinc oxide NPs to mice did not induce thrombus formation (82). However, studies looking at the blood compatibility of those NPs are once again scarce.



Copper NPs

Deb et al. have shown that copper NPs have a pro-aggregatory effect activating purinergic receptors (P2Y12) in the presence of ADP at suboptimal concentrations (66). However, Major et al. using a nitric oxide generating polymeric material (polyurethane containing copper NPs) combined with the intravenous infusion of a nitric oxide donor (S-nitroso-N-acetylpenicillamine-SNAP) observed that platelet function was preserved in rabbit blood exposed to extracorporeal circulation (116).



Titanium Dioxide NPs

Titanium dioxide NPs are widely used in cosmetic products and sunscreens (117) and they are very well-known photocatalysts able to generate different reactive species that could be potentially toxic to microorganisms. In fact, in vitro studies have shown deleterious effect of those NPs on different cell lines (118, 119). Titanium dioxide NPs have shown to activate dog and, to a lesser degree, human platelets in vitro (84). When administered systemically to rats, titanium dioxide anatase but not titanium dioxide rutile NPs of similar size (around 100 nm) were found to increase murine platelet aggregation (82). In another study, systemic administration of titanium dioxide rutile NPs did not activate platelets or exert prothrombotic effects in mice either (120). However, the intratracheal administration of rutile titanium oxide nanorods has resulted in platelet aggregation in rats (83).




CONCLUSIONS

Medicine is envisaged to be one of the primary beneficiaries of the nanotechnological development. The growth of nanotechnology has fired the “technological boom” in diagnostics, imaging, and drug delivery (121). The scientific community has shown significant interest in further developing the potential medical applications of metal NPs. However, nanomaterial-blood interactions are inevitable regardless of the use NPs are intended to.

The compatibility of NPs with blood elements remains as a controversial topic. Several studies utilizing similar experimental protocols and assessing similar end points report contradictory results and Table 2 summarizes the main effects of metallic NPs on platelets found in the literature. Although there are multiple “NP dependent” factors that can play an important role on NPs-platelets interaction, other circumstances should be kept on mind when carrying out those experiments as they may potentially contribute to the conflicting results: (a) platelet preparation/platelet handling; (b) use of different solutions/dispersing media when preparing the NPs/performing the experiments; (c) presence of impurities or additional substances in metallic NPs or their suspensions; (d) interference of the NPs tested with the method used; (e) use of different concentrations of NPs and or platelet agonists in different experimental settings; and (f) lack of sensibility for detecting platelet microaggregates with the method used.



Table 2. Effect of metallic nanoparticles on platelet function.
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Unwanted side effects of NPs is of significant concern in the field of nanomedicine and often hampers the progression of promising nanomaterials to the clinical setting. Knowledge regarding NPs toxic potential is still limited along with an absence of appropriated regulatory policies for their use and testing (124, 125). In fact, not all commercially available nanomaterials have a Safety Data Sheet and novel nanomaterials are sometimes manipulated without full assessment of their potential health risk (124).

There is no doubt that the development of nanomaterials intended for human use should be always carried out in tandem with an extensive toxicological evaluation. Those studies must include the investigation of the effect of nanomaterials on platelet function as they can lead to secondary effects (bleeding or thrombosis) that can affect individuals involved in their production, manipulation or use during medical applications.
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NPs, Nanoparticles; VEGF, Vascular endothelial growth factor; PEG, polyethylene glycol; LTA, light transmission Aggregometry; QCM-D, Quartz Crystal Microbalance with Dissipation, PEI, polyethyleneimine; PVP, polyvinylpyrrolidone; PMA, Phorbol-myristate-acetate; PAA, polyacrylic acid; ROS, reactive oxygen species; SNAP, S-nitroso-N-acetylpenicillamine; HAS, human serum albumin.
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Background: Despite increasing technical improvement and extracorporeal membrane oxygenation (ECMO)-related knowledge over the past three decades, morbidity and mortality associated with bleeding and clotting complications remain high in pediatric patients undergoing ECMO. Platelets, a key element of the coagulation system, have been proposed to be the main cause of coagulopathy in the setting of ECMO. This systematic review aims to summarize and discuss the existing knowledge of platelet phenotype and function in the pediatric ECMO population.

Methods: A systematic review was conducted for the Embase, Medline, and PubMed databases following the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) guidelines.

Results: The detailed study selection process yielded a total of 765 studies and only 3 studies that fulfilled the selection criteria were included in this review. Techniques used to assess platelet function in the three existing studies included platelet aggregometry, flow cytometry, and thromboelastography-platelet mapping. The finding that is common to the three studies is reduced platelet function in pediatric patients during ECMO either compared to before the initiation of ECMO or in non-survivors compared to survivors. Two studies demonstrated reduced platelet aggregation that are irreversible by platelet transfusion during ECMO. Two studies reported bleeding events and mortality in children on ECMO and none of the studies investigated thrombotic events.

Conclusions: This systematic review demonstrates the extremely limited information available for platelet phenotype and function in the pediatric ECMO population. Evidence from the existing literature suggests reduced platelet aggregation and increased platelet activation in children during ECMO. However, this needs to be interpreted with care due to the limitations associated with the techniques used for platelet function testing. Furthermore, the association between platelet dysfunction and clinical outcomes in the pediatric ECMO population remains elusive. Multiple research gaps have been identified when it comes to the knowledge of platelet phenotype and function of children on ECMO, highlighting the need for robust, well-designed studies in this setting.

Keywords: platelet, extracorporeal membrane oxygenation (ECMO), pediatric, bleeding, clotting, phenotype and function


INTRODUCTION

Extracorporeal membrane oxygenation (ECMO) is a modified form of cardiopulmonary bypass that aims to provide short to medium-length cardiac and/or respiratory support to patients. Despite the improvement in technologies and clinical practice over the years, bleeding, and/or thrombosis complications remain a major cause of morbidity and mortality in children on ECMO, with an overall survival rate of 54.9% (1). Using definitions of bleeding and thrombosis from the Extracorporeal Life Support Organization (ELSO), a study by Dalton et al. on 514 patients showed that bleeding is common in children on ECMO, with a rate of 70.2%, including intracranial hemorrhage in 16% of cases (1). Thrombotic events occurred in 37.5% of the patients, with 31.1% of patients requiring circuit component changes due to thrombosis (1).

The artificial surface and shear stress originating from the ECMO system have been proposed to be the main cause of coagulopathy seen in ECMO patients, via mechanisms such as activation of the hemostatic system. Modification of platelet function, a key element of the clotting system, has been suggested to be the main determinant of ECMO-induced bleeding and/or thrombosis in both the adult and pediatric ECMO population. Particularly, shear stress-induced platelet activation and loss of important platelet receptors have been reported in multiple studies for adults on ECMO and the resultant platelet dysfunction has been associated with increased thrombotic propensity and reduced hemostatic capacity (2–5).

Differences in platelet function and proteome between healthy adults and healthy children have been evaluated in multiple studies (6–8). Existing research in the ECMO population focuses on adults. However, the results may not be applicable to children due to the physiological differences between adults and children and the complex nature of ECMO. In addition, differences in response toward unfractionated heparin (UFH) (the main anticoagulant used in the setting of ECMO) between adults and children have also been documented (9, 10) and may be associated with the increased risk of anticoagulation-related complications in the pediatric ECMO cohort. Furthermore, differences in the clinical outcome between the adult and children ECMO patients (11) may also indicate differences in the pathophysiological development of coagulopathy between these two patient cohorts. Currently, there is very limited knowledge specific to platelet phenotype and function in children on ECMO (12–14) and there is no systematic review that summarizes the existing evidence for this population. On the other hand, existing studies relevant to platelet function and acquired von Willebrand syndrome were discussed previously for the adult ECMO population (15, 16). Hence, this systematic review aims to assemble and elaborate on existing studies focusing on platelet phenotype and function in children on ECMO.



METHODS


Search Strategy

This systematic review was conducted based on the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (17). The Embase, Medline and PubMed databases were searched systematically on August 1, 2019 to identify studies in human and limited to the English language only. The following search terms were used for each of the database:

Embase: (*extracorporeal oxygenation OR *membrane oxygenator OR extracorporeal-membrane-oxygenation OR extra-corporeal-membrane-oxygenation OR extracorporeal-life-support OR extra-corporeal-life-support OR extracorporeal-cardiopulmonary-resuscitation OR extra-corporeal-cardiopulmonary-resuscitation OR ecmo OR ecls OR ecpr) AND (thrombocyte OR thrombocyte activation OR antithrombocytic agent OR platelet count OR blood clotting parameters OR thrombocytopheresis OR thrombocytopenia OR thrombocytosis OR thrombocyte transfusion OR fluoroimmunoassay OR *flow cytometry OR flow-cytometry OR aggregometry or platelet* OR thrombocyt* OR *thrombocyte function OR *thrombocyte dysfunction OR thrombocyte-count) AND (newborn* OR baby OR babies OR neonat* OR infan* OR toddler* OR pre-schooler* OR preschooler* OR kindergarten OR boy OR boys OR girl OR girls OR child OR children OR childhood OR adolescen* OR pediatric* OR paediatric* OR youth* OR teen OR teens OR teenage* OR school-aged* OR school-child* OR school-girl* OR school-boy* OR schoolgirl* OR schoolboy*).

Medline: (extracorporeal membrane oxygenation OR extracorporeal circulation OR oxygenators, membrane) AND (blood platelets OR platelet activation OR platelet aggregation inhibitors OR platelet count OR platelet function tests OR plateletpheresis OR thrombocytopenia OR thrombocytopenia OR thrombocytosis OR platelet transfusion OR fluoroimmunonoassay OR flow cytometry OR flow-cytometry or aggregometry or platelet* or thrombocyt*) AND (newborn* OR baby OR babies OR neonat* OR infan* OR toddler* OR pre-schooler* OR preschooler* OR kindergarten OR boy OR boys OR girl OR girls OR child OR children OR childhood OR adolescen* OR pediatric* OR paediatric* OR youth* OR teen OR teens OR teenage* OR school-aged* OR school-child* OR school-girl* OR school-boy* OR schoolgirl* OR schoolboy*).

PubMed: #1 (Extracorporeal-oxygenation OR Extra-corporeal-oxygenation OR Extracorporeal-membrane-oxygenation OR Extra-corporeal-membrane-oxygenation OR extracorporeal-life-support OR extra-corporeal-life-support OR extracorporeal-cardiopulmonary-resuscitation OR extra-corporeal-cardiopulmonary-resuscitation OR ECMO OR ECLS OR ECPR OR Extracorporeal-circulation OR Extra-corporeal-circulation OR membrane-oxygenator*) AND (Platelet* OR thrombocyt* OR Platelet-count OR Platelet-activation* OR thrombocyte-activation* OR Platelet-function* OR blood-clotting-parameter* OR Thrombocytopaenia* OR Thrombocytopenia* OR Thrombo-cytopaenia* OR Thrombo-cytopenia* OR Platelet-transfusion* OR thrombocyte-transfusion* OR Flow-cytometry OR fluoroimmunoassay* OR fluoro -immunoassay* OR Platelet-aggregation OR antithrombocytic-agent* OR anti-thrombocytic-agent* OR Plateletpheresis OR Thrombopheresis OR thrombocytopheresis OR aggregometry) AND (NOTNLM OR publisher[sb] OR inprocess[sb] OR pubmednotmedline[sb] OR indatareview[sb] OR pubstatusaheadofprint)) NOT ((animal OR animals OR rat OR rats OR mouse OR mice OR rodent* OR murine OR sheep) NOT (human OR humans OR newborn* OR baby OR babies OR neonat* OR infan* OR toddler* OR pre-schooler* OR preschooler* OR kindergarten OR boy OR boys OR girl OR girls OR child OR children OR childhood OR adolescen* OR pediatric* OR paediatric* OR youth* OR teen OR teens OR teenage* OR school-aged* OR school-child* OR school-girl* OR school-boy* OR schoolgirl* OR schoolboy*).

#2 (Case Reports[ptyp]) OR (Review[ptyp]).

#3 #1 NOT #2.



Study Selection

Inclusion criteria: (I) pediatric patients (0–18 years), (II) primary research, (III) platelet function assessed, (IV) English language, and (V) human study.

Exclusion criteria: (I) adult patients (>18 years), (II) review, case report, guideline, editorial correspondence, or conference abstract, (III) only platelet count measured, and (IV) animal study.




RESULTS

A total of 765 studies were identified with this systematic review search strategy. The majority of the studies (n = 757) that did not fulfill the inclusion criteria were excluded, including case reports that did not focus on assessing platelet phenotype and function. Eight studies were included for full-text screening and five of them were excluded for either patients aged >18 years or had assessed only platelet count in the study. A total of three studies matched the inclusion criteria and were summarized in this review. The steps used following the PRISMA guidelines are outlined in Figure 1. The summary for each of the included studies is included in Table 1.


[image: image]

FIGURE 1. Summary of the study selection process for the systematic review.





Table 1. The summary of the studies included in the systematic review for platelet phenotype and function in pediatric patients on ECMO.

[image: image]






DISCUSSION

This systematic review demonstrates the absolute lack of studies that have focused on platelet phenotype and function in pediatric patients on ECMO. Such a lack of information in this population could reflect challenges in ethical approval and limited availability of blood sample volume for pediatric research. The main techniques used in the three existing studies included aggregometry, flow cytometry, and thromboelastography-platelet mapping. The common findings are reduced platelet function during ECMO. Particularly, evidence showed that the acquired platelet dysfunction during ECMO is not resolved by platelet transfusion. The relationship of plasma problems such as acquired von Willebrand's disease to the platelet dysfunction is unknown. In addition, the association between platelet dysfunction and bleeding and/or thrombosis commonly seen in children on ECMO has not been investigated to date.

Two out of the three studies utilized platelet aggregometry to investigate platelet function using agonists such as collagen, ADP and ristocetin (12, 13). Both studies reported reduced platelet aggregation in pediatric patients during ECMO despite the platelet transfusions given to the patients during ECMO. Robinson et al. reported reduced platelet aggregation in response to ADP and ristocetin but not for collagen within 15 min upon initiation of ECMO (12) whereas Cheung et al. have shown a decrease in platelet aggregation in response to collagen in a time-dependent manner starting from within 24 h upon cannulation for ECMO (13). The difference in collagen-induced platelet aggregation between the two studies may be related to the difference in concentration of collagen (5 vs. 10 μg/mL) used.

Despite being the gold standard in platelet function testing for many years, the applicability of aggregometry to the pediatric patients is often limited by the requirement of a large volume of blood. Specifically, platelet aggregometry usually requires 0.5–2 mL of blood which is a significant volume of blood to be withdrawn on multiple occasions from children who are critically ill and are sampled very frequently for a variety of clinical assays. Dalton et al. showed in children on ECMO that laboratory blood sampling is the primary cause of significant blood loss and is the main reason of transfusion in 42.2% of the studied population (1). Furthermore, multiple studies have suggested a strong association between platelet aggregometry and platelet count (18–20), which is problematic given that thrombocytopaenia is commonly found in children on ECMO. A study by Fernia et al. showed that light transmission aggregometry can be affected by platelet counts of <150 × 109 /L (20). None of the existing studies have reported whether any cut-off value was set for the platelet count for patients to be included in the analysis of platelet function using platelet aggregometry. Hence, results from the existing studies need to be interpreted with care.

In recent years, whole blood flow cytometry analysis of platelet function has gained attention in the pediatric setting for the requirement of only a minimal amount of blood and enabling analysis of platelets in their physiological environment, in the presence of the other blood cells with minimal manipulation. However, multiple technical challenges such as the requirement for trained-personnel and expensive reagents have limited its usage in a wider population. Only one study utilized flow cytometry to evaluate the expression of GPIb and IIIa, platelet markers important for adhesion and aggregation (12). There was no difference in the expression of these two receptors during ECMO compared to before initiation of ECMO. However, this study is now over 25 years old and flow cytometry techniques have improved considerably. In addition, these results must be interpreted with care as platelets are highly subjected to pre-analytical activation and have a limited processing window. Optimization of the flow cytometry methods for evaluation of platelet phenotype and function is important and this was not indicated as part of the study by Robinson et al. (12). Flow cytometric analysis of surface receptors on circulating platelets in adults on mechanical circulatory support (MCS) showed that ECMO patients had significantly lower expression of GPIbα and GPVI (platelet adhesion receptors) compared to healthy individuals (21). Whether the same changes occur in children of different ages remains to be determined.

In addition to platelet aggregometry and flow cytometry, thromboelastography-platelet mapping (TEG®-PM) has gained popularity as a platelet function assay in recent years and few centers have incorporated this system for hemostasis monitoring in children on ECMO (22). By using TEG®-PM, Saini et al. reported severe platelet dysfunction in more than 75% of the patient cohort (14). Using Multiplate® analyser with ADP and ristocetin, Nair et al. demonstrated 50–72% incidence of platelet dysfunction in the adult ECMO population (23). Furthermore, platelet count and TEG®-PM were shown to be a better predictor of severe bleeding and mortality compared to the activated clotting time in children on ECMO (14). A study by Weitzel et al. on the effects of cardiopulmonary bypass on cardiac surgery patients [mean (standard deviation) age: 58 (17)] also found reduced platelet aggregation in response to collagen, ADP and AA in the patient cohort and reported 83% sensitivity and 68% specificity for TEG®-PM to predict post-operative bleeding (24).

Thrombocytopaenia is the main trigger of platelet administration in ECMO patients and has been shown to be an important predictor of hemorrhage (25–27). Nevertheless, a study by Reed and Rutledge found no correlation between platelet level and hemorrhage or thrombosis in a cohort of deceased pediatric ECMO patients (28). On average, children on ECMO received 1.3 platelet transfusions per day to maintain platelet level of >100 × 109/L (29). However, frequent platelet transfusions in ECMO patients with excessive bleeding who had normal platelet counts may indicate occurrence of platelet dysfunction. Hence, in addition to the platelet count, it will also be important to monitor platelet function, which has been proposed to be the main cause of coagulopathy in ECMO patients.

In recent years, interactions between platelets and leukocytes have gained increased attention for their important roles in the cross-talk between the hemostatic and inflammatory systems. Currently, there are no studies that have investigated platelet-leukocyte interactions in children or adults on ECMO. Initiation of ECMO is known to induce inflammation via different mechanisms (30, 31) and elevated monocyte-platelet levels have been found in various thromboinflammatory conditions such as cardiovascular diseases (32, 33). Hence, future research focusing on investigating platelet-leukocyte interactions will be important for better understanding of how the interaction between the hemostatic and inflammatory systems may be associated with the development of clinical events in the pediatric ECMO population.



CONCLUSIONS

This systematic review revealed the existing research gaps in platelet function for children on ECMO. Existing studies are limited by small sample sizes and the types of platelet function tests performed. Pediatric ECMO patients represent a complex patient cohort with diverse etiologies and complications, resulting in pathological bleeding, and clotting. Hence, it will be crucial for future assessment of platelet function to investigate platelet phenotype and function from multiple aspects tailored to the extensive roles of platelets that are not only limited to coagulation but also as immune and inflammatory cells. In particular, future research using the multi-advantageous whole blood flow cytometry should focus on optimized and robust experimental design to ensure standardization and validity of the method used. Furthermore, it will be important to take into account the multiple patient-related factors such as interventions and procedures leading up to commencement of ECMO, age, and duration on ECMO for analysis in relation to the complex nature of this patient cohort.
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Cardiovascular diseases (CVD) are the number one cause of morbidity and death worldwide. As estimated by the WHO, the global death rate from CVD is 31% wherein, a staggering 85% results from stroke and myocardial infarction. Platelets, one of the key components of thrombi, have been well-investigated over decades for their pivotal role in thrombus development in healthy as well as diseased blood vessels. In hemostasis, when a vascular injury occurs, circulating platelets are arrested at the site of damage, where they are activated and aggregate to form hemostatic thrombi, thus preventing further bleeding. However, in thrombosis, pathological activation of platelets occurs, leading to uncontrolled growth of a thrombus, which in turn can occlude the blood vessel or embolize, causing downstream ischemic events. The molecular processes causing pathological thrombus development are in large similar to the processes controlling physiological thrombus formation. The biggest challenge of anti-thrombotics and anti-platelet therapeutics has been to decouple the pathological platelet response from the physiological one. Currently, marketed anti-platelet drugs are associated with major bleeding complications for this exact reason; they are not effective in targeting pathological thrombi without interfering with normal hemostasis. Recent studies have emphasized the importance of shear forces generated from blood flow, that primarily drive platelet activation and aggregation in thrombosis. Local shear stresses in obstructed blood vessels can be higher by up to two orders of magnitude as compared to healthy vessels. Leveraging abnormal shear forces in the thrombus microenvironment may allow to differentiate between thrombosis and hemostasis and develop shear-selective anti-platelet therapies. In this review, we discuss the influence of shear forces on thrombosis and the underlying mechanisms of shear-induced platelet activation. Later, we summarize the therapeutic approaches to target shear-sensitive platelet activation and pathological thrombus growth, with a particular focus on the shear-sensitive protein von Willebrand Factor (VWF). Inhibition of shear-specific platelet aggregation and targeted drug delivery may prove to be much safer and efficacious approaches over current state-of-the-art antithrombotic drugs in the treatment of cardiovascular diseases.
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INTRODUCTION

Since Bizzozero first identified the remarkable contribution of platelets in both hemostasis and thrombosis (1), substantial progress has been made in understanding, diagnosing and treating several platelet-related disorders. With technological advances in platelet research, immense insights were generated into the mechanisms underlying “hemostatic” and “thrombotic” activities of these intriguing blood cells.

Platelets, or thrombocytes (2–4 μm in greatest diameter), are anucleate cells produced by megakaryocytes, that circulate in the human bloodstream for 7–10 days before being eliminated by the liver and spleen (2, 3). Primarily, platelets sense and respond to vascular injury by preventing blood loss following vessel damage and tissue trauma. But in addition to this essential hemostatic function, platelets also play a key pathological role in cardiovascular diseases.

Several decades of research into platelets and their varying pro-thrombotic roles at sites of vascular injury have established the synergistic interplay between two distinct, yet complimentary systems in the platelet activation process, being (i) biochemical factors (adhesive molecules and extra-cellular matrix proteins, as well as soluble agonists) and (ii) biomechanical factors, such as hemodynamic shear forces (4, 5).

While the biochemical factors mediating clot formation have been extensively investigated, the vital role of the local fluid mechanical microenvironment that facilitates platelet-ligand interactions, thus regulating the release of biochemical cues, must not be overlooked in the development process of effective anti-thrombotic strategies. In particular, the mechano-sensitive plasma protein von Willebrand factor (VWF) and its binding with platelet receptor glycoprotein Ibα (GPIbα) play a crucial role in hemostasis, yet is also key to pathological thrombus initiation and propagation. Here, we discuss the mechanosensitive interaction of VWF with GPIbα, its dependency on shear forces generated by blood flow and possible therapeutic approaches exploiting this protein axis. Furthermore, novel shear-sensitive drug delivery platforms, designed to specifically target occluded vessels, are also discussed in this review.



THE TRADITIONAL, BIOCHEMICAL CASCADE OF THROMBOSIS

Upon vascular injury, platelets adhere to exposed sub-endothelial matrix proteins, mainly VWF and collagen, followed by their activation, aggregation and finally formation of a “platelet plug” at the injury site. Under normal physiological conditions, the pro-thrombotic hemostatic response is neutralized by counter anti-thrombotic and anti-coagulatory mechanisms that confine the clot formation specifically to the injury site. However, at diseased vascular sites (such as atherosclerotic lesions) this balance is disrupted due to the highly thrombogenic contents and the stenotic geometry of the lesions, which cause an increase in local shear rates. The exacerbated biochemical and biomechanical responses combined can lead to abnormal thrombus propagation, turning a life-saving defense mechanism into a life threatening one.

In the traditional concept of platelet aggregation, soluble-agonists such as ADP and thromboxane A2 (TxA2) were assumed to play the central role in driving thrombus development. As per this model, the process of thrombogenesis and propagation comprised of three sequential steps, including platelets adhesion, activation, and subsequent aggregation at the site of vascular injury.


Platelet Adhesion

The initial arrest of platelets at the site of vascular damage is primarily facilitated by shear-dependent interaction of platelet receptor GPIbα with the A1 domain of VWF (6, 7). The GPIbα-A1 binding is also key for platelet aggregation during thrombosis, which will be discussed in detail later. Other transmembrane platelet receptors mediating platelet adhesion include GPVI (8) and integrin α2β1 (9), that bind directly to collagen (10).



Platelet Activation

The adhesion of platelets to sub-endothelial matrix proteins leads to platelet intracellular signaling, which activates the cell. Briefly, platelet activation results in conformational change (from the typical discoid shape to an elongated form) (11) and degranulation (i.e., release of the platelet cytoplasmic granules content) (12). α-granules release VWF and coagulation factors, such as fibrinogen, factor V, factor XIII, and P-selectin (also expressed on the platelet surface following activation); Dense granules release platelets agonists, such as serotonin and adenosine diphosphate (ADP) (13). This process results in sustained, oscillatory cytosolic Ca2+ flux, production of TxA2, exposure of phosphatidylserine (PS), expression of P-selectin, and microvesiculation, allowing coagulation factors to bind the activated platelet. The activation step also involves additional platelet recruitment via an outside-in signaling, induced by a paracrine action of the soluble agonists released from activated platelets themselves (e.g., ADP, TxA2) or by activated coagulation factors, such as thrombin. While the purinergic receptor P2Y12 is the platelet receptor for ADP, protease-activated receptors (PAR) 1 and 4 bind and potently react to thrombin (12, 14, 15).



Platelet Aggregation

Following platelet adhesion and activation, the integrin αIIbβ3 (also known as GPIIb/IIIa) undergoes conformational change through inside-out signaling and binds fibrinogen (16, 17). This receptor-ligand interaction results in the formation of platelet aggregates, ultimately forming a platelet plug that can prevent bleeding in case of minor injuries. However, for a damage of a greater magnitude, primary hemostasis is followed by secondary hemostasis, in which fibrin production stabilizes the clot to prevent hemorrhage (18). Since only initially-adhered platelets are in direct contact with thrombogenic surfaces, post-activation signals originating from platelets themselves as well as soluble agonists play a central role in triggering ongoing thrombus growth.

It has long been established that thrombus formation occurs via an interplay between two distinct, yet complementary platelet aggregation mechanisms: soluble agonist-dependent (biochemical) and rheology-dependent (biomechanical) pathways. However, major anti-thrombotic drugs target the biochemical axis of platelet aggregation without considering the biomechanical aspect. As a result, current anti-platelet drugs not only have limited clinical efficacy in treating cardiovascular diseases, but also carry significant side effects, that can be life-threatening at times. Thus, there is a pressing need to develop novel drugs that target growing thrombi specifically under pathological shear forces.



Limitations of Current Anti-platelet Drugs

Anti-platelet drugs have proven to be the keystone of anti-thrombotic therapy, as demonstrated by multiple, large-scale clinical trials and meta-analyses (19, 20). Despite being a mainstay in preventing atypical platelet activation/aggregation in cardiovascular events, anti-platelet drugs face several limitations in the clinical settings. These include heterogeneity in interpatient response with considerable drug resistance (21–24), delayed onset of action (25, 26), low safety profile (27, 28) and systemic administration nature, resulting in limited effective concentration at the site of interest (29, 30). However, the most crucial side effect of antiplatelet drugs is a bleeding risk, that can have serious implications for the patient, including death (31–34). Conventional anti-platelet drugs blocking GPIIb/IIIa (abciximab, eptifibatide, tirofiban) or targeting TxA2 (dazoxiben, ifetroban, dipyridamole) and ADP-P2Y12 pathways (ticagrelor, cangrelor) have been associated with enhanced hemorrhagic episodes due to undesired impairment of hemostasis in addition to the desired prevention of arterial thrombosis (35, 36). Further, prolonged use of some cyclooxygenase-2 (COX-2) inhibitors, such as valdecoxib, parecoxib, and celecoxib, has been found to increase the recurrence of serious cardiovascular events in patients (37, 38).



Dual Antiplatelet Therapy and Triple Therapy

The Clopidogrel in Unstable Angina to Prevent Recurrent Events (CURE) trial demonstrated the advantages of dual antiplatelet therapy (DAPT), including aspirin and P2Y12 receptor antagonist (clopidogrel, prasugrel, or ticagrelor) in acute coronary syndrome (ACS) patients over aspirin monotherapy (39, 40). Despite vast evidence supporting the usage of DAPT over aspirin alone in ACS or post-percutaneous coronary intervention (PCI), clinicians have not reached a consensus on the optimum duration of the therapy in these patients (41). Short-term DAPT is typically less effective in attenuating thrombotic events, but has lower bleeding risk. In contrast, long-term DAPT may reduce ischemic risk but increase the occurrence of major bleeding events, with a higher all-cause mortality rate (42, 43).

Triple therapy, including aspirin, P2Y12 antagonist and oral anticoagulant has shown a 3-fold increase in bleeding events, as compared to oral anticoagulant alone (44, 45). Generally, intensification of antithrombotic regimens for a maximal clinical benefit in a broader patient population comes at a major cost of significant bleeding events that may be proven fatal at times. Refining the anti-thrombotic effects of a drug without exacerbating the bleeding risks remains a major challenge to date.

In conclusion, current antiplatelet therapeutics are unable to meet the major clinical need to selectively prevent pathological thrombosis without interfering with the physiological process of hemostasis. As mentioned above, one of the significant distinctions between the two processes is the substantial difference in local shear rates, with exceedingly high shear levels observed in pathological thrombi at sites of vessel occlusion or atherosclerotic plaque rupture (46, 47). No existing, clinically-used antiplatelet drug is known to specifically respond to this biomechanical force at the site of pathological thrombus formation.




BIOMECHANICAL ASPECT OF THROMBOSIS


Shear Forces Resulting From Blood Rheology

Blood, circulating in the vessels via pressure differences, exerts forces on its components as well as the vascular walls (48). Blood flow is laminar, with maximal velocity at the vessel lumen center and zero at the vessel wall. The velocity of circulating blood changes differentially between its discrete fluid layers, thereby generating a tangential force (force acting along a tangent to the object) between them. This tangential force per unit area between laminae, termed “fluid shear stress” (ζ), is expressed in Pascal (Pa). Alternatively, wall shear rate (γ, expressed in s−1), defined as the rate of change in fluid velocity as a function of distance from the vessel wall, is used to describe hemostasis and thrombosis. In veins and larger arteries experiencing high shear rates, blood exhibits the characteristics of a Newtonian fluid, with the resulting wall shear stress directly proportional to the local shear rate (49).

The biomechanical forces generated by the virtue of blood flow play a vital role in uniting or separating the essential hematological components engaged in clot formation. Under normal hematocrit conditions (~40%) (50), erythrocytes mainly circulate along the central axis of the blood vessel due to axial migration. Consequently, platelets travel in close proximity to the vessel walls, a phenomenon that facilitates their binding to adhesive ligands at the reactive endothelial layer in damaged vascular sites (49, 51–53).

Under physiological conditions, typical wall shear rates of 300–800 s−1 occur in the large arteries, 15–200 s−1 in veins and 450–1,600 s−1 in micro arterioles (54). However, vessel stenosis due to atherosclerotic lesions or pre-existing thrombi can increase shear rates well beyond 10,000 s−1, resulting in a localized pro-thrombotic microenvironment (48, 54, 55).



Platelet Adhesion and Tethering to VWF Under Shear Conditions

The arrest of flowing platelets occurs on immobilized VWF via interactions between the A1 domain of VWF and the platelet receptor GPIbα. These bonds have a rapid on-rate but short lifetimes, hence only supporting transient platelets adhesion and classical stop and go motion (56). Membrane tethers, consisting of smooth cylinders of lipid bilayer, then extend from the platelet surface and are pulled by shear forces. Membrane tethers are vital in prolonging platelet adhesion times, allowing for small platelet aggregates to form, which in turn maintain high local concentration of activating signals by eradicating any “washout effects” of soluble agonists by blood flow.

Tethers act as adhesion contacts between platelets and platelet-matrix, and subsequently facilitate bonding between the αIIbβ3 platelet receptors and the Arg-Gly-Asp (RGD) motif of the VWF C1 domain (57). In normal physiology, under low-shear regimes (600–900 s−1), the aggregation is dominated by αIIbβ3-dependent interactions, while under intermediate shear rates (1,000 to 10,000 s-1) both GPIbα and αIIbβ3 play an important role in platelet aggregation. However, VWF-dependent interactions become increasingly dominating as shear rates increase (>10,000 s−1) (4, 58, 59). Consequently, VWF and GPIbα play a vital role in hemostasis but an even more pivotal role in the onset of thrombosis, thus contributing in several diseases.



VWF Structure, Native Confirmation, and Pathophysiological Significance

Von Willebrand Factor is a large, blood-borne multimeric glycoprotein, crucial for hemostasis and thrombosis. It is secreted by both endothelial cells (where it is stored in Weibel-Palade bodies) and megakaryocytes (that also pack VWF in α-granules in platelets) as a globular multimer, consisting of identical subunits of 250 kDa, connected via disulfide bonds to form ultra-large VWF (ULVWF), weighing up to 20,000 kDa. Each subunit of ULVWF harbors multiple functional domains, each with a specific function. The major functionalities of plasma VWF are exhibited by three adjacent A domains, namely A1, A2, and A3. While A1 is primarily responsible for binding with the platelet receptor GPIbα, A3 acts as the immobilization site for VWF on the collagen matrix (60, 61). A2 is responsible for size regulation of ULVWF in blood physiology, as described below. Under shear forces, self-association of plasma VWF occurs also on the surface of platelets (62) and endothelial cells (63), thereby creating fibrillar structures that further facilitate platelet adhesion. As mentioned earlier, VWF is physiologically and pathologically important protein. It is responsible for several hemorrhagic disorders, including von Willebrand disease (VWD) and Bernard Soulier syndrome. VWD is the most common, hereditary bleeding disorder, resulting from qualitative or quantitative deficiencies in VWF, presiding a diverse range of mild to severe hemorrhagic episodes. VWD can be categorized into three types: VWD type 1, a quantitative defect; VWD type 2, a qualitative defect and VWD type 3, the most severe defect characterized by complete absence of VWF. VWD type 2 can be further divided into four sub-types, including type 2A (dominant loss-of-function mutations), type 2B (dominant gain-of-function mutations), 2M (impaired binding to GPIbα) and type 2N, or Normandy defect (impaired binding to factor VIII) (64). Moreover, acute coronary syndrome (ACS), acute myocardial infarction, stroke and ischemic events have been associated with increased levels of plasma VWF in several population-based studies (65, 66). Other studies have suggested that the single nucleotide polymorphisms (SNPs) on the gene coding for VWF may lead to coronary heart diseases in advanced atherosclerotic and diabetic patients (67, 68). Histopathological studies have also identified the pathogenic role of VWF in venous thromboembolism (VTE) by revealing VWF-rich thrombi in patients who died from the disease (69).



Shear-Induced Activation and Conformational Change of VWF

Following secretion from Weibel-Palade bodies in the endothelium, ULVWF multimers (several 100 μm long) are inherently hyperactive as they carry numerous ligand binding sites and are more receptive to hemodynamic forces due to their size (70).

The shear force is comprised of rotational and elongational flow components (Figure 1A) (71, 72). Under low shear forces, VWF exists in “coiled” or globular conformation due to monomeric self-association (73). In this native conformation, binding sites in the A1 domain are believed to be buried and thus, inaccessible to platelets or other biomolecules (74, 75). Under flow-induced shear stress, VWF exhibits conformational variation, including end-over-end tumbling and periodic elongation and compaction (76, 77). Indeed, above a critical shear rate, the intrinsic interactions between the monomeric units are overcome by the hydrodynamic drag, resulting in stretching of VWF, thereby exposing the cryptic A1 epitopes (77, 78). While the critical shear rate to elongate surface-immobilized VWF is about 3,000 s−1, circulating plasma VWF requires ~5,000 s−1 (79, 80). Interestingly, the required force for VWF elongation increases with increasing shear rates (77).
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FIGURE 1. (A) Shear flow, as a superimposition of rotational and elongational flow components (71, 72). (B) Unfolding of coiled VWF under elongational flow or shear rate gradients at sites of vessel stenosis.



At sites of vessel constriction, fluid acceleration and subsequent deceleration create local force gradients. As a result, VWF circulating nearby experiences an elongational pull in the direction of flow due to a faster-moving proximal end and a slower-moving distal end (Figure 1B). Importantly, studies have shown that the unfolding process of VWF can be achieved at significantly reduced flow rates if they produce a gradient of shear forces (i.e., when flow is accelerating or decelerating), compared to a flow with high, but constant shear rate (81, 82). The is because of the large size of VWF where the leading end of the molecule will experience a different strain rate compared to the trailing end, hence substantially lower forces are required to unfold the protein (76).



Shear-Sensitive VWF A2 Domain and Mechanoenzymatic Cleavage

ULVWF concatemers (long molecules containing multiple copies of the same protein sequence, linked end-to-end in series; Figure 3) remain tethered to the endothelial cell surface in stretched conformation with exposed A2 domain that completely unfolds due to missing long-range disulfide linkages, unlike A1 and A3 domains (84). On complete refolding of the A2 domain, a peptide bond, Tyr1605 -Met1606, located in the centrally situated β4 sequence in the β-sheet (at the center of the folded A2 domain), is recognized by ADAMTS-13, a metalloprotease enzyme (81). ADAMTS-13 cleaves ULVWF at this scissile bond and releases the smaller and less hemostatically active VWF strings into the blood stream. This regulatory mechanism prevents VWF hyperactivation under physiological shear rates. Severe deficiency of ADAMTS-13 activity caused by inhibiting autoantibodies results in ultra-large multimers of VWF in blood. These ULVWF cause systemic microvascular thrombosis, ultimately leading to a blood disorder called thrombotic thrombocytopenic purpura (TTP) (85). Single molecule studies found that proteolysis of VWF is regulated by a Ca2+ binding α3-β4 loop in the A2 domain. Therefore, within the physiological calcium concentration range the refolding kinetics of A2 can increase five times without affecting the unfolding event (86).



Shear-Sensitive VWF A1 Domain and Platelet Arrest

The VWF A1 domain plays a remarkable role in initiating thrombus formation under pathological shear rates. Under low shear conditions or absence of any exogenous VWF modulators, such as ristocetin and botrocetin, no interaction occurs between VWF and platelet surface receptors. However, above threshold shear levels (800 s−1 in humans), the exposed A1 domain of unfolded VWF—immobilized onto exposed collagen—binds GPIbα receptors in (GP)Ib-IX complex on platelets cruising within the “latching distance” of the vascular wall, thus initiating platelet adhesion to VWF and aggregate formation (57, 59, 87–89).

A1 domain is the most positively charged domain of VWF due to the presence of Cys509-Cys695 disulfide bond, a major positively charged region surrounded by two discontinuous anion flanking sequences, which contains seven sialylated glycosylation sites (74). Studies using artificial peptides indicated that residues Asp514-Glu542 within this disulphide loop in the A1 domain could be involved in GPIbα binding (90). Ristocetin, an antibiotic from Nocardia lurida, activates VWF and facilitates A1-GPIbα interaction in a similar fashion as elevated shear. Ristocetin binds to proline-rich sequence, Glu700 to Asp709 and the C-terminal to the Cys509-Cys695 disulphide bond in the A1 domain. In some studies, anti-VWF A1 (5D2, CR1, and 6G1) and anti-GPIbα monoclonal antibodies (AK2 and AN51), mapping ristocetin-bound A1 and GPIbα epitopes, selectively inhibited both ristocetin-induced and shear-induced platelet aggregation (74, 91).

Finally, the A1 domain also acts as the main binding site to non-fibrillar collagen type VI (92). Like the A3 domain, which serves as the main binding site for collagens I and III, the A1 domain can bind both types, although with less propensity. In fact, under high shear forces, the unraveled A1 domain can act as surrogate for the A3 domain in recruiting platelets to collagen.



Force-Induced A1 Activation

Recent study described a two-step conformational transformation mechanism of A1 activation after VWF senses mechanical force (83). The first step involves elongation of VWF, immobilized to the vessel wall, from a globular form to a stretched form, followed by a tension-dependent local transition to a high affinity state. Elongation results in breaking of weaker hydrogen bonds between distal monomers in the tethered VWF concatemer. The molecule then experiences a tensile force upstream, along the backbone toward the tether point. This exposes an almost linear array of A1 domains that become easily accessible to platelets. When this tensile strength reaches ~21 piconewton (pN) in the upstream regions, A1 transforms into a second state exhibiting high affinity for GPIbα, that depends upon electrostatic interactions [Figure 2; (83)].
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FIGURE 2. Schematic depiction of the electrostatic complementary interactions between negatively charged platelet surface receptors GPIbα and positively charged A1 domains exposed on fully unfolded VWF. Adapted and modified from Fu et al. (83).





Platelet GPIbα and A1 Binding

At the onset of hemostasis and thrombosis, platelets tether or translocate onto the VWF substrate immobilized on the damaged vessel site. The initial contact between circulating platelets and VWF is made via binding interactions between the A1 domain of VWF and the N terminal domain of GPIbα receptor (56, 57). In physiology, the levels of ligand-receptor interactions are regulated, as insufficient interactions may affect hemostasis by causing bleeding while excessive interactions may lead to thrombosis.



GPIbα Receptor

GPIb-IX-V receptor complex is abundantly expressed with about 25,000 copies of GPIb-IX complex and 12,000 GPV copies on resting platelets, making it suitable for platelet adhesion and aggregation (93). The complex consists of GPIbα, GPIbβ, GPIX, and GPV sub-units in the stoichiometric ratio of 2:4:2:1 (94). GPIb complex comprises of GPIbα and GPIbβ, connected via disulfide bond that tightly link with GPIX to form GPIb-IX complex. GPV does not participate in VWF binding or signaling (95). GPIbα consists of a N-terminal leucine-rich repeat domain, a macro glycopeptide region followed by a long stalk, a C-terminal transmembrane helix and a short cytoplasmic domain (96). Polymorphisms in GPIbα have been linked with a greater risk of cardiovascular manifestations, such as stroke and myocardial infarction in young individuals (97, 98).



GPIbα-VWF A1 Binding Kinetics

Crystal structures of the VWF A1-GPIbα complex, both of wild-type or a gain-of-function A1 and GPIbα mutations, exhibited two distinct binding interfaces (99). The leucine rich repeat domain (LRRD) of GPIbα [basal isoelectric point (pI): 5.87] is a negatively charged, concave- or horseshoe-shaped region, that binds with the positively charged VWF A1 domain (basal pI: 9.4) via electrostatic interactions [Figure 3; (99)]. The electrostatic complementarity of the binding interfaces enhances the association rate of A1-GPIbα complex (100).
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FIGURE 3. A two-state model depicting flow-induced activation of the A1 domain of VWF, tethered to the vessel wall. Hydrogen bonds between residues, internal and external to the A1 disulfide link are disrupted due to mechanical tension under shear flow. This results in conversion of the A1 domain from a low-affinity, flexed state to a high-affinity extended state. Adapted and modified from Fu et al. (83).



Shear flow modulates the dissociation rates of the A1-GPIbα bond. Earlier studies hypothesized that at forces <22 pN, A1-GPIbα exhibits a “catch” bond behavior, in which bond lifetime prolongs as shear forces increase (translating as tensile forces). Above 22 pN, the bond acts as a “slip” bond, where increasing shear results in shortened bond lifetime (101, 102).

Later studies using Receptor and Ligand In a Single Molecule (ReaLISM) constructs described the A1-GPIbα bond as a mechanically stabilized “flex bond.” The bond exists in two “slip” bond states, one flexed, low-affinity state associated with lower force and the other extended, high-affinity state engaging ~10 pN with around 20-fold longer bond lifetime and greater ability to withstand strong hemodynamic forces (103). Tensile force stabilizes the high-affinity state, thus strengthening the bond under pathological shear rates. Similar phenomenon was observed for ristocetin, a VWF modulator that alters the conformational state of the A1-GPIbα bond in a sheared-like configuration. Both ristocetin and tensile force selectively stabilize the extended state, corresponding to shear-induced state (74, 91, 103). Formation of mechanically stabilized flex-bonds may account for the resistance of A1-GPIbα complex under extreme pathological shear rates, resulting in platelet adhesion and activation-independent platelet aggregation at these extreme shear conditions (80). Interestingly, the VWF A1 domain with type 2B mutations forms “slip” bonds with platelet GPIbα, resulting in prolonged bond duration even at low shear rates (101).



GPIbα Mechanosensing and Mechanotransduction

Recent findings employing biomechanical techniques at the single molecule level have provided insight into how platelets mechanosense shear forces and subsequently convert these mechanical cues into biochemical signals to promote thrombus growth and stability. A structured, quasi-stable Mechano-Sensitive Domain (MSD), consisting of around 60 residues, was identified in the juxtamembrane stalk region of GPIbα (104). VWF A1-mediated mechanical pulling on the GPIbα N-terminal domain results in unfolding of the MSD in GPIb-IX complex. Furthermore, this shear-mediated pulling of tethered platelet onto immobilized VWF generates tensile force along GPIbα that not only unfolds the relatively unstable MSD, but also lowers the overall force applied on A1-GPIbα complex, in turn stabilizing the tethering of platelet. MSD unfolding occurs at similar force range (5–20 pN) as that required for the A1-GPIbα complex to transition into high-affinity flex-bond state (101, 103). Due to direct contact of the MSD with GPIbβ and GPIX subunits, unfolding of the mechanosensitive domain may induce conformational changes in these subunits, thereby facilitating intracellular signal transmission (104).

In mutational studies with human/canine chimeras of GPIbα, co-crystal structure of the A1-GPIbα complex showed minimal contact between the predominantly negatively charged LRR2-4 (Leu60-Glu128) sequence and VWF A1 under static conditions. Interestingly however, this sequence was not only important for ristocetin-induced binding but also increasingly fundamental for platelet adhesion at increasing shear rates. This finding further supports the idea of force-mediated transition from low to a stabilized, high-affinity state of ligand-receptor flex-bond wherein, the LRR2-4 of GPIbα establishes tight contact with the A1 domain (105, 106). Yet, the conformational dynamics of the LRRD and its role in signal transduction within platelets is not well-understood.

Recently, using molecular dynamic simulations and biomembrane force probe, unfolding of LRRs in the N-terminal domain of GPIbα was observed under force application, initiating at LRR2-4 and propagating to neighboring LRR sequences. LRR folding prolongs the A1-GPIbα bond lifetime by increasing the force required for its disconnection from 10 to 25 pN (i.e., a “catch” bond behavior) and reduces the bond lifetime thereafter (a “slip” bond behavior) as described earlier in section GPIbα-VWF A1 Binding Kinetics (101, 107).

Thus, far, the GPIbα mechanosensing was recapitulated by the conformational dynamics of MSD and LRRD. However, mechano-transduction or how the mechanical cues were transformed into biochemical signals remained elusive. Ju et. al. demonstrated that mechanotransduction of force into signals was done by cooperative interplay between the mechanosensing domains MSD and LRRD (108). The study showed that unfolding of LRRD enhances the unfolding of MSD by force transmission through mucin-like macroglycopeptide located between the two domains. MSD unfolding event may aid further unfolding of LRRD, thus prolonging the A1-GPIbα bond lifetime. This cooperativity pattern between the mechanoreceptor domains is maximal around the optimal force of 25 pN [108].

Single platelet calcium imaging identified three types of Ca2+ fluxes: Null-type, baseline with background noise; α-type, latent phase following a high spike with a rapid decay; and β-type, being fluctuating or slowly increasing Ca2+ signals to an intermediate level followed by slow decay to the baseline. GPIbα-A1 binding results in transient α-type Ca2+ flux, promoting reversible arrest of translocating platelets on immobilized VWF (92, 109). Time-lapse correction analysis revealed that while LRRD unfolding enhances the Ca2+ flux, MSD unfolding event was essential to generate α-type Ca2+ signal. In resting platelets, a signaling molecule−14-3-3ζ–is bound to both GPIbα and GPIbβ (110). Upon A1-GPIbα binding, the head domain of GPIbβ binds with the unfolded MSD while detaching its cytoplasmic tail from GPIbα-associated 14-3-3ζ. 14-3-3ζ is proposed to transduce the mechanical signal of MSD unfolding into intracellular biochemical signaling across the platelet membrane. This leads to the downstream activation of adapter molecules, ultimately resulting in cytoplasmic calcium flux [108]. In addition, GPIbα-A1 interactions lead to other intracellular signaling events, including integrin αIIbβ3 activation, ADP, thrombin and TxA2 production and P13K activation.



Integrin αIIbβ3 (GPIIb/IIIa) Activation

GPIbα mechano-signaling results in a transient calcium flux that thrusts the majority of integrins to an intermediate activation state. This intermediate state subsequently facilitates the outside-in signaling of αIIbβ3 integrins for further transformation into an active state. These intermediate and active integrin states have longer bond lifetimes and higher ligand affinity that stabilize the platelet aggregates (111). The high-affinity state of integrin αIIbβ3 enables its binding with fibrinogen and VWF to strengthen the adhesive bonds among platelets and stabilize aggregation.



Shear Dependent Platelet Aggregation: Evolving Concepts From Constant Shear to Gradients of Shear

Distinct aggregation mechanisms operate based on different shear ranges (5, 112). αIIbβ3-fibrinogen-dominated platelet aggregation occurs mainly under low shear rates (<1,000 s−1) in veins and larger arteries, with soluble agonists maintaining the activated state of integrins, thus stabilizing the bonds. Platelet-platelet interactions become increasingly dependent on VWF and its binding with both αIIbβ3 and GPIbα receptors at increasing shear range (1,000–10,000 s−1), as observed in moderate arterial stenosis and arterioles. Notably, at pathological shear rates (>10,000 s−1), resulting from acute vessel constriction, initial aggregation exclusively relies upon VWF-GPIbα bonding, without the prerequisite of platelet activation or αIIbβ3 interaction (5, 80). Above this shear threshold, soluble VWF binds with GPIbα receptors on adherent platelets, resulting in dominating platelet-platelet interactions that induce “large rolling aggregates” onto immobilized VWF. Enhanced inter-platelet interactions mediated by soluble VWF result in a growing transient aggregate under extreme shear conditions (80). A dramatic increase in shear may also destabilize vulnerable thrombi formed post-plaque rupture, generating emboli that can flow to distal organs, causing partial or complete vessel blockage downstream of plaque origin (113).

The mechanisms of platelet aggregation described up until this point operate under simplified laminar shear conditions, with constant shear and no turbulence in consideration. However, in pathology, blood rheology can alter dramatically, both spatially and temporally, in the local microenvironments generated by vascular lesions, acute stenosis or pre-existing thrombi. Thrombus propagation within the blood vessel is a complex and dynamic process that can incur flow perturbations, resulting in vortex and eddy formation, shear gradients, recirculation zones, flow separation and reciprocation (114, 115). These disturbed flow parameters have substantially stronger prothrombotic effects as compared to constant shear flows of the same magnitude.



Platelet Aggregation Mechanisms Under Complex Shear Gradient: Novel Concepts

Elegant studies both in vitro and in vivo have emphasized the indispensable role of shear gradient-dependent functionality of VWF in recruiting platelets for thrombus propagation. As mentioned above, thrombus development under high shear conditions is an intricate process that is principally driven by hemodynamic forces. Vessel stenosis can create a microenvironment wherein the forces experienced by blood components vary vastly as compared to any other non-obstructed sections of the vasculature.

Pathological shear rates briefly exceeding 10,000 s−1 can be generated locally by occlusive thrombi at the sites of atherosclerotic plaque ruptures, causing an exaggerated aggregation response by platelets, thus precipitating myocardial infraction or ischemic stroke (24, 116). A landmark study by Nesbitt et al. (117) elucidated the principle role of shear microgradients, resulting from vascular constriction, in promoting stabilized, discoid platelet aggregation and thrombus progression post-stenosis. Shear gradient regions consist of three zones: a shear acceleration zone at the proximal end of stenosis, a peak shear zone at the apex of stenosis and a shear deceleration zone at the distal end of stenosis. While the high shear region enhances platelet activation (118, 119), the low shear region post stenosis provides sufficient time and conducive flow conditions for platelet hyper-aggregation and thrombus progression [Figure 4; (121–123)]. Computational Fluid Dynamics (CFD) modeling of stenosed vessels showed that for an input shear rate of 1,800 s−1 upstream of the stenosis, a shear rate 20,000 s−1 is generated at the apex with rapid deceleration to about 800 s−1 post-stenosis, inducing exacerbated platelet aggregation. Interestingly, no thrombus has developed under similar conditions with a constant high shear rate of 20,000 s−1 (117). As it turns out, platelets experiencing sudden and steep shear acceleration form transient aggregates without prior activation or shape change, by tethering onto immobilized VWF with the boost of soluble VWF. Labile interactions between VWF and GPIbα result in rapid translocation of platelets into downstream region with much lower shear rates. Marked reduction in shear forces in the deceleration zone results in αIIbβ3 engagement corresponding to localized Ca2+ spikes. Ca2+-dependent signaling causes restructuring of filamentous platelet tethers into bulbous morphology, which ultimately stabilizes discoid platelet aggregates. On the thrombus surface, platelets remain loosely adhere via GPIbα without any activation. On the contrary, platelets consolidate in the stable thrombus core via αIIbβ3 interactions following weak activation (117).
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FIGURE 4. Thrombus formation and propagation is aggravated post-stenosis (simulating atherosclerotic-like geometries) in a VWF-dependent fashion due to shear deceleration, autocrine platelet stimulation and elevated VWF deposition at the stenosis outlet. Adapted with permission from Westein et al. (120).



Westein et al. further elucidated the process of shear gradient-dependent thrombus formation in atherosclerosis by characterizing the central role of VWF in promoting platelet aggregation post-stenosis in both in vivo stenosis models of damaged murine carotid arteries and in vitro microfluidic perfusion assays emulating arterial flow (120). Shear micro-gradients or elongational flow unfold VWF at forces two orders of magnitude lower compared to constant shear, enhancing platelet recruitment substantially even at low venous flow rates (82). Adhesion of a few circulating platelets by elongated VWF immobilized at the stenosis apex can create a snowball effect with hyper-aggregation of platelets, leading to full vessel occlusion in minutes. Significantly, at shear stress exceeding 100 dynes/cm2, wherein VWF takes charge of platelet recruitment, aspirin, the gold standard of antiplatelet therapy, is not able to inhibit platelet aggregation, as shown in multiple studies (124–126). Selective COX-2 inhibition even enhanced platelet aggregation under elevated arterial shear stress by reducing the basal production of prostacyclin (prostaglandin I2; PGI2), a potent inhibitor of platelet aggregation especially at high shear stress (127, 128).

Overall, it is clear that the shear environment at sites of thrombus formation has a profound effect on various aspects of platelet behavior. In particular, high shear forces induced by the architecture of large thrombi create a feed-forward mechanism that can precipitate occlusive thrombus formation. As such, a better understanding of the shear-dependent aspects of thrombus formation will aid in the design and development of future anti-thrombotic therapies.




THERAPEUTICS TARGETING SHEAR-DEPENDENT THROMBUS FORMATION

As discussed in the previous sections, shear-dependent VWF unfolding is crucial for initial platelet adhesion, followed by their aggregation and potential formation of a pathological thrombus. Failure of current antithrombotics to effectively prevent pathological thrombosis without bleeding side-effects has been a major obstacle in combating cardiovascular diseases.

Therefore, targeting pathological shear rates that are uniquely present at sites of thrombus development using “smart” therapeutics can be highly effective in preventing total vessel occlusion, significantly improving the efficacy and safety profile of anti-thrombotic therapy.

Two approaches of preventing occlusive thrombi by exploiting pathological shear conditions are discussed hereafter. One approach would be to inhibit shear-driven interaction of the VWF A1 domain and GPIbα. The second approach involves shear-sensitive vehicles that specifically target occlusive thrombi due to the abnormally-high shear rates surrounding this environment.


Therapeutics Targeting Shear-Driven VWF A1-GPIbα Interaction

Considering the diverse pathophysiological impact of the VWF-GPIbα interaction, this ligand-receptor pair has been an attractive target in the evolutionary field of antithrombotic therapy. Undeniably, VWF's foremost interaction with the circulating platelet is shear-mediated; therefore, blocking this interaction at pathological shear rates is anticipated to inhibit hyper-aggregation of platelets in the diseased blood vessel, leaving the healthy vessels unaffected. Assorted agents have been designed and tested to target VWF-GPIbα binding under shear conditions, as depicted in Figure 5. The results from preclinical and clinical studies are outlined in Table 1.
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FIGURE 5. Therapeutics targeting and inhibition of shear-driven VWF A1-GPIb interaction.





Table 1. Outline of approaches that inhibit VWF-GPIbα interaction specifically under high shear rates.
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AJvW-2

AJvW-2 is a murine, monoclonal IgG1 directed against the A1 domain of human VWF. It inhibits botrocetin- (IC50 1.8 ± 0.3 μg ml−1), ristocetin- (IC50 0.7 ± 0.1 μg ml−1), and high shear stress [10.8 Newton meter (Nm)−2]-induced aggregation, without affecting low shear stress (1.2 Nm−2)-induced aggregation of human platelets in vitro. The antibody prevented thrombus formation in vivo in photochemically-induced arterial thrombosis in carotid artery of guinea pigs, without prolonging the bleeding time (129). The efficacy of AJvW-2 on shear-specific inhibition of VWF-GPIbα interaction was tested in ACS patients (12 with unstable angina, 20 with acute myocardial infarction) with enhanced Shear-Induced Platelet Aggregation (SIPA). Using cone and plate viscometer, SIPA was measured for the patients' blood and the antibody was found to inhibit at 10 μg ml−1 high SIPA, without affecting aggregation at low shear stress (130). AJvW-2's prevention of thrombus generation and platelet adhesion within the carotid artery was also observed in guinea pigs, following a balloon catheter injury. Platelet aggregation was significantly inhibited for 2 days and neointima formation was circumvented 14 days following injury (131). The shear-specific blockade of VWF-GPIbα interaction by this monoclonal antibody provided it with an advantage of lower bleeding risk over GPIIb/IIIa antagonists.

AJW200

AJW200 is the humanized form of the anti-VWF monoclonal antibody, AJvW-2 (above), synthesized to overcome the immunogenicity and rapid clearance of AJvW-2 in humans. In vitro studies using cone and plate viscometer showed the selective suppression of thrombin generation, adhesion and aggregation of human platelets under high shear conditions, but not under low shear conditions. Moreover, the pharmacokinetic (PK) and pharmacodynamic (PD) profiles of AJW200 were investigated ex vivo in cynomolgus monkeys after intravenous administration. Dose-dependent inhibition of ristocetin-induced platelet aggregation was observed without extensively prolonged bleeding times as compared to abciximab (132). In the Folt's model of coronary arterial thrombosis in beagle dogs, significant inhibition of botrocetin-induced platelet aggregation and cyclic flow reductions were observed, but with marked bleeding time prolongation (133). Clinically, dose-dependent inhibition of platelet ristocetin cofactor (RiCof) activity was observed after AJW200 infusion along with an increased Platelet Function Assay (PFA)-100 closure time, with skin bleeding time augmentation (134). While the initial results with AJW200 seemed encouraging, data from the latter has not been published and no further clinical investigations with AJW200 have been reported.

ARC1779

ARC1779 is a synthetically manufactured aptamer (a short, single-stranded oligonucleotides) against the A1 domain of VWF, that strongly binds with its target (~2 nM dissociation constant) to prevent VWF-mediated platelet aggregation.

ARC1779 inhibited botrocetin-induced (IC90~300 nM) and high shear-induced (IC95~400 nM) aggregation of human platelets in vitro. In a study using electrically-induced arterial thrombosis in cynomolgus monkeys, ARC1779 inhibited occlusive thrombus formation with mild bleeding time extension (135). Overall, ARC1779 exhibited comparable antithrombotic efficacy as abciximab with lesser bleeding time prolongations. In a prospective, partial cross-over phase I/II clinical trial, safety and efficacy of ARC1779 were investigated in patients with congenital TTP (137). The results suggested that ARC1779 dose-dependently inhibited VWF-triggered platelet plug formation and stabilized the platelet count in TTP patients during infusion, with no associated bleeding events. However, the subcutaneous delivery of the aptamer yielded plasma concentrations that were insufficient to correct all the clinical or laboratory features of TTP (137). Later, a randomized, double-blind, placebo-controlled clinical study was performed in 36 patients undergoing carotid endarterectomy (CEA) to evaluate the immediate effect of ARC1779 on cerebral emboli post CEA (138). Embolic signals (ES), detected by transcranial Doppler ultrasound (TCD), were used to determine the effect of the drug. Rapid reduction of ES signals in terms of mean signal and frequency was seen by ARC1779. However, bleeding and anemic episodes were also reported in this study (138).

ARC15105

ARC15015 is the second generation, chemically modified, anti-VWF aptamer that was designed to target shear-dependent platelet aggregation in the clinical setting of myocardial infarction. Pegylated ARC15015 was developed to substantially enhance the suppression capacity of VWF activity, with increased bioavailability and half-life. ARC15105 completely inhibited ristocetin-induced platelet aggregation in whole blood and caused over 90% inhibition of platelet adhesion in denuded porcine aortic segments under high shear conditions. In PK and PD analysis in cynomolgus monkeys, the aptamer inhibited more than 90% of VWF activity without any spontaneous bleeds throughout the study (139).

ALX-0081/0681

ALX-0081 or Caplacizumab (INN) is the only drug candidate targeting the VWF A1 domain that has been approved by the FDA to treat adult aTTP patients (136). ALX-0081 is the first in class, humanized, bivalent nanobody that specifically binds to the GPIbα binding site on VWF. Nanobodies are derived from the heavy-chain variable domains (VHH) of naturally occurring camelid heavy chain antibodies. The bi-valency of ALX-0081 equips the nanobody with greater avidity to VWF. In vitro perfusion chamber studies, using blood from healthy individuals and PCI patients receiving standard-of-care treatment (aspirin, clopidogrel, and unfractionated heparin), showed the selective inhibition of platelet adhesion on collagen type III by the nanobody under high, arterial shear conditions (shear rates > 1,500 s−1), without any effect under low shear conditions. Plasma levels of 0.3 to 0.5 μg/ml were required for total inhibition of cyclic flow reductions (CFRs) by ALX-0081, corresponding to an effective concentration of 0.8 μg/ml in ACS patients and 0.4 μg/ml in healthy individuals in ex vivo experiments (145). The therapeutic window (the difference between the dose required for CFR and the dose resulting in enhanced bleeding rates) of ALX-0081 was found to be superior over abciximab and clopidogrel in baboons. Ristocetin-induced aggregation was inhibited by ALX-0081 in healthy individuals (at 0.4 μg/ml) and in Coronary Artery Disease (CAD) patients (at 0.8 μg/ml) with higher plasma VWF antigen levels. The nanobody also suppressed platelet adhesion to collagen (Col) under high shear rates and prolonged Col/ADP closure time in PFA-100, both in a dose-dependent fashion (141).

In the setting of TTP, the anti-VWF nanobody rapidly reversed the marked decline in platelet count, along with normalization of lactate dehydrogenase (LDH) levels (which correlates with VWF activity). Most importantly, no drug-related excessive bleeding risks were observed, regardless of reduced VWF activity and platelet count (142). In an open-label extension study, comprising stage C heart failure patients, an i.v. bolus injection of the drug at 6 mg was administered in 22 Stable Angina (SA) patients. Similar bleeding episodes were observed in the drug-treated and placebo-treated groups, thus proving that ALX-0081 did not result in a greater bleeding risk in these subjects, even in combination with standard antithrombotic therapy. Stable inhibition of VWF-mediated platelet aggregation was found in patients until 30 h post-multiple administration. Nineteen patients exhibited normal VWF-dependent aggregation of platelets within 48–168 h post first bolus injection (140). Later, in a Phase II trial (TITAN), 75 acquired TTP patients received caplacizumab (10 mg) and 39 received placebo intravenously, from 6 h to 15 min before initiation of plasma exchange. Thereafter, caplacizumab was administered subcutaneously in 10 mg doses daily within half an hour of the exchange. While the time of response (confirmed normalization of platelet count) was the primary end-point of the study, exacerbations and relapses formed major secondary end-points. The daily administration of the drug continued for 30 days following plasma exchange, reaching the maximum duration of 90 days. Impressively, the median response time with the drug decreased by 39% compared to placebo (median days 2.97 for caplacizumab vs. 4.79 for placebo, p = 0.005), along with an event rate ratio of 2.2 (95% CI 1.28–3.78, p −0.005) as compared to the placebo. While 11 patients in the placebo group had exacerbation, only three of the caplacizumab-treated patients showed the same. Within a month of cessation of the study drug, 8 patients had a relapse with baseline ADAMTS13 activity persistently below 10% in seven of them. This could mean that the underlying autoimmune disorder was not resolved completely (146). Mild to moderate, bleeding-related adverse events were reported at a higher frequency for the caplacizumab-treated group (54% cases) as compared to the placebo group (38% cases). However, the bleeding risk was not clinically-significant and the events did not require medical attention.

The results from this trial proved significant in building the case for caplacizumab in fast and sustained resolution of aTTP and paved the way for a phase III clinical trial.

This phase III study—the HERCULES trial—was performed on 145 patients (73 receiving placebo, 72 receiving caplacizumab) already receiving daily plasma exchange and corticosteroids. Duration to platelet count response formed the primary endpoint. Seventy-four percentage reduction (p < 0.00001) in the occurrence of composite primary endpoints was observed for patients on caplacizumab, with the incidence rate reducing to 12.7 vs. 49.3% for placebo-treated patients. Bleeding-related Treatment Emergent Adverse Events (TEAE) were 45.6% (n = 33) for caplacizumab in comparison to 23.3% (n = 17) for the placebo group. Following these remarkable results from the HERCULES trial, caplacizumab received its first global approval last year (2018) in the European Union for the treatment of adult aTTP patients, followed by approval from the US Food and Drug Administration (FDA) (136, 144).

In summary, VWF A1-GPIbα binding remains pre-eminent in targeting coronary heart diseases, owing to the elevated levels of VWF specifically in these conditions. Hence, impeding the capacity of VWF to recruit platelets at the injured arterial wall is a crucial factor in designing new anti-platelet regimens. Despite the substantial efforts to specifically target the VWF-GPIbα axis as described above, and notwithstanding the promising, preliminary preclinical and clinical results, no other inhibitors except ALX-0081 have received clinical approval so far.

Local shear-gradients have recently been recognized as the critical driving force behind pathological platelet aggregation, ultimately resulting in insidious thrombus formation. However, their paramount significance in thrombosis has been underplayed from the perspective of their exploitation for novel anti-thrombotic drug designs. Targeting the thrombosis-specific shear microgradients may prove to be the cornerstone in the field of antithrombotic therapeutics. While various direct anti-VWF agents are being developed (above), another approach is utilizing “smart” shear-responsive vehicles to locally deliver current anti-platelet drugs to sites of pathological thrombus formation, as we specify next.



Shear-Sensitive Drug Delivery Platforms Targeting Occlusive Thrombi

Cardiovascular manifestations resulting from exacerbated thrombus formation are fundamentally distinct from physiological thrombus formation because of the abnormally high and complex blood shear forces associated with the latter. Exploitation of this spatially confined high shear environment could be achieved by delivering anti-thrombotic drugs using “smart,” shear-sensitive vehicles. Targeted delivery of current drugs, leveraging these unique shear forces, could improve the therapeutic out-turn of traditional anti-thrombotic drugs by resolving their associated bleeding limitations. Different shear-sensitive platforms have been outlined in Table 2 and are depicted in Figure 6. Those therapeutics, which have been reviewed elsewhere (147, 152–154), will be discussed briefly in this section.



Table 2. Outline of shear-sensitive drug delivery platforms targeting occluded blood vessels.
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FIGURE 6. Shear-sensitive drug delivery platforms targeting occlusive thrombus formation. Adapted and modified from Westein et al. (151) with permission from the publisher.



Shear-Activated Nanoparticle Aggregates

Korin and colleagues engineered micron-sized (1–5 μm), shear-activated nanotherapeutics (SA-NTs) or microscale aggregates from poly(lactic-co-glycolic acid), composed of smaller shear-activated nanoparticles (SA-NPs, ~200 nm) to target constricted, diseased blood vessels. The SA-NTs maintain a size similar to platelets, to circulate peripherally along the vessel wall, encountering minimal flow velocity and maximal shear rate (49).

The micro-sized aggregates are unique in their ability to breakdown only under pathologically-high shear rates, remaining intact under physiological shear. Consolidated via weak Van der Waals interactions among the constitutive nanoparticles, the aggregates disintegrate in the presence of overpowering shear forces at the pathological thrombus site. Following shear-triggered disintegration of the aggregates, disseminated nanoparticles (facing much lower hydrodynamic drag than the larger microaggregates) accumulate downstream of the stenosis, thereby releasing the cargo.

In the mesenteric ferric chloride-induced injury model, the intravenous administration of tissue-type plasminogen activator (t-PA)-coated SA-NPs resulted in rapid clot dissolution (within 5 min). Bolus injection of SA-NTs coated with 50 ng t-PA almost doubled the time to vessel occlusion vs. free, soluble t-PA at the same concentration. In a typically-fatal pulmonary embolism model in the mouse, almost 86% survival rate was observed in mice injected with t-PA-coated SA-NPs. Significantly reduced effective concentration of t-PA was indicated by the SA-NTs, that normalized pulmonary arterial pressure at a 100-times lower drug concentration than the control conditions (free drug). Targeted delivery of t-PA via SA-NPs, specifically to stenotic sites, can result in higher localized drug concentrations at stenotic sites without increased systemic concentrations of free drug, leading to lower hemorrhagic complications. So far, favorable results obtained from various in vitro, ex vivo, and in vivo models have illustrated the pre-clinical advantages of employing these engineered SA-NPs in achieving targeted delivery of the thrombolytic drug in a safe and effective manner. However, further investigations are essential to determine whether this targeting approach could be translated to the clinical setting. Furthermore, other clinically-approved antiplatelet and antithrombotic agents could also be loaded onto SA-NTs to prevent thrombosis.

Shear-Sensitive Liposomes or Vesicles

Liposomes are spherical vesicles (100–250 nm in diameter), consisting of an aqueous core surrounded by a phospholipid bilayer. Over the years, liposomal nanocapsules (NCs) have provided enormous opportunities in targeted drug delivery by their unique ability to load and stabilize a plethora of hydrophilic and hydrophobic drugs (155–158). In general, liposomes possess spherical morphology due to its minimum energy and maximum stability (159). This morphology imparts robustness to the vesicles against mechanical disruption. Bernard et al. demonstrated shear-induced membrane permeability in unilamellar, egg phosphatidyl choline (EPC) vesicles (50–400 nm) using a non-ionic surfactant, Brij 76. The study provided an experimental proof that on addition of detergents, membrane leakage can be induced by shear. Greater shear-driven membrane leakage was observed for large, unilamellar vesicles (LUVs) as compared to the smaller ones, in the presence of Brij 76 (160). Holme et al. fabricated non-spherical, lenticular vesicles (Pad-PC-Pad) exhibiting a relatively larger bending moduli and curvature around the equator, that could lead to transient pore formation under elevated shear stress. The lenticular morphology of these liposomes could increase their sensitivity toward higher shear levels. The liposomes were able to release the loaded fluorescent dye, carboxyfluorescein, under mechanical shaking even without the surfactant. However, no leakage of the liposomes was observed in the absence of mechanically disruptive forces. An extracorporeal circulation model was designed to mimic physiological and pathological (75% lumen restriction) arterial flow conditions with the shear stresses of 2 Pa and about 40 Pa, respectively. A clear, shear-specific fluorescent dye release was observed for the Pad-PC-Pad liposomes, with 45.5 ± 11% payload release in the healthy arteries and 70 ± 2.3% release in the constricted arteries after one passage only. In comparison, the fluorophore release by the egg PC liposomal formulations was below 10% after one passage. These promising in vitro results for the Pad-PC-Pad liposomes highlight their potential in the area of targeted, shear-specific delivery to the occluded vessels in MI patients (149).

Recently, Molloy et al. (150) formulated shear-sensitive egg phosphatidylcholine (PC) liposomes that targeted the clinical antiplatelet drug, eptifibatide, to the local thrombus site. In vitro blood perfusion assays were done in stenotic microchannels emulating stenotic shear conditions. The liposomes released eptifibatide at stenotic sites with governing shear rates of ~8,000 s−1, inhibiting platelet aggregation specifically in the narrowed region without effects on thrombus volume in regions of lower shear (~1,000 s−1). Modulation of the shear-sensitive drug release properties of the nanocapsules was demonstrated by incorporating Brij 76 in the formulations, reducing the liposomal shear-threshold from over 1,500 s−1 to between 500 and 1,000 s−1. When applied in vivo in a carotid artery occlusion mouse model, the shear-sensitive, eptifibatide-loaded liposomes significantly reduced thrombus load as compared with free eptifibatide, without any prolongation of bleeding times. This safety profile has most likely been achieved by the marked reduction in systemic eptifibatide concentrations, enabled by the targeted drug-release approach.

Surface functionalization of shear-sensitive liposomes with targeting moieties could actively direct the liposomes toward thrombi in vivo, further lowering the required dosage. Site-specific delivery of anti-platelet drugs could increase the local drug concentration at the stenosed vessel region without posing major bleeding risks.

In summary, liposomes can serve as an ideal carrier of an unprecedented range of antithrombotic agents, given the versatility of their physical and chemical structures and tunable functionality of the lipid surfaces to achieve desired physiological stimuli responsiveness. Tailoring their mechanical properties to induce sensitivity to pathological shear forces may result in efficacious, targeted drug delivery platform. Proof-of-concept studies have already shown promising results of liposomal drug delivery to constricted vessels with an increased local drug concentration. Drug dosage can be further reduced by chemical or biological modifications of liposomes via targeting moieties that direct the payload to the stenotic site, thereby attenuating thrombus progression (161–163).




CONCLUSION AND CURRENT CLINICAL CHALLENGES

VWF is an attractive, shear-sensitive target for drug delivery due to its altered biophysical properties under the pathological hemodynamic microenvironment, leading to hyper-aggregation of platelets in thrombotic events. Selective targeting of the VWF binding sites with platelet receptors could prove safer and more effective than systemic inhibition of platelet function via current antiplatelet drugs. Several agents targeting VWF under high shear conditions have been developed, yet despite initial success in some reports many challenges still require resolution for future clinical use. For example, in vitro assays and in vivo models emulating shear microenvironments in blood vessels adopt an over-simplified approach, while the physiological blood rheology and microvasculature vastly differ within and among organisms. This may account for the all too often failure to reproduce encouraging preclinical findings in clinical trials, seen with a number of compounds to-date.

Current blood coagulation tools, including tail bleeding time, skin puncture test, activated partial thromboplastin time (APTT), prothrombin time (PT) or platelet aggregometry do not incorporate biomechanical aspects of thrombosis, i.e., shear stress (164–166). The inability of the standard testing tools to embed the effects of local shear rates and shear rate gradients limits their assessment accuracy in the clinical settings. Rheological devices, such as parallel plate flow chambers and microfluidic blood perfusion channels coated with extracellular matrix proteins, can effectively emulate the pathological shear conditions in stenotic vessels. These devices provide versatile platforms with customizable flow and coating conditions, using minuscule blood volumes, to optimally indicate the net coagulative state of a given sample when all major pathways are in place (117, 120, 167, 168).

Several considerations should be taken in account when designing a novel shear-sensitive therapy, including the choice of a suitable, biologically-active compound(s), the need to tailor the shear sensitivity of a given template for maximum drug release without amplifying any negative effects, and the requirement to tune the circulation times (“half-life”) according to the drug's therapeutic window. This can be a challenging task, as most nanoparticles are immediately uptaken and rapidly cleared by the reticuloendothelial system (RES). Opsonization and immunogenicity can be other obstacles for in vivo utilization of these nano-agents (169). Therefore, optimization of particle hydrodynamic diameter, surface morphology and functionality can prolong their circulation times in blood to attain the desired therapeutic effect. PEGylation can also result in stealth nanoparticles with longer half-lives (169). Toxicity is yet another problem associated with nanoparticles, that can be significantly reduced or completely avoided by opting for natural compounds instead of synthetic ones (170). Storage stability as well as scale-up feasibility of nanoparticles can pose additional challenges in their production. Selecting a simple, cost-effective and easily reproducible production strategy can offer some remedy for these issues (171). Despite these challenges, nanoparticles are increasingly used in clinical applications (172).



FUTURE PERSPECTIVES

For decades, the focus of anti-platelet drug development has been on platelet activation pathways induced by soluble agonists and ligand binding (173, 174). In recent years, the concept of complex shear forces, which contribute to pathological thrombus formation, has gained traction in multiple studies using sophisticated mouse models (175, 176) as well as in vitro blood perfusion flow assays (4, 117, 120) and novel single-molecule techniques (7, 108, 177, 178). Nevertheless, so far these studies have not resulted in any translation into shear selective therapies.

The role of shear, and in particular gradients of shear, in driving VWF-GPIbα-dependent thrombus formation in cardiovascular diseases has become apparent. The difference in propensity of VWF-GPIbα interaction under constant, physiological shear rates and pathological shear gradients can be crucial in distinguishing between the life-saving process of hemostasis and the life-threatening process of thrombosis. Selective interference with the VWF-GPIbα axis under shear gradients may not only increase the efficacy of future anti-thrombotic agent, but potentially resolve the most dangerous limitation of current therapeutics, being bleeding complications.

Several strategies that selectively target VWF A1-GPIbα binding under high shear rates have been developed, including antibodies (AJvW-2, AJW200), aptamers (ARC1779, ARC15105), and nanobodies (ALX-0081). In a related strategy, shear-sensitive “smart” nanoparticles have been produced to target vessel occlusions, including nanoparticle aggregates and liposomes. Although further studies are required to validate the efficacy and safety of these therapeutic nanotechnologies, preliminary results have been highly promising.

Taken together, nanoparticles exhibit unique physical, chemical, structural, and biological properties, which can be harnessed to revolutionize the field of thrombosis. Nanoparticles versatility truly offers immense possibilities for surface modification and functionalization to suit the desired application. Nano formulations indeed provide great opportunities for targeted drug delivery due to their high drug payload capacity, reduced antigenicity and prolonged plasma half-life (179–182). Lower effective dosage and higher localization of the drug at the affected sites may prove critical in addressing the age-old bleeding issues. Although the full potential of shear-sensitive antithrombotic/antiplatelet therapy is yet to be clinically realized, shear-responsive strategies are destined to transform the future of thrombosis.
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Platelets are abundant, small, anucleate circulating cells, serving many emerging pathophysiological roles beyond hemostasis; including active critical roles in thrombosis, injury response, and immunoregulation. In the absence of genomic DNA transcriptional regulation (no nucleus), platelets require strategic prepackaging of all the needed RNA and organelles from megakaryocytes, to sense stress (e.g., hyperglycemia), to protect themselves from stress (e.g., mitophagy), and to communicate a stress response to other cells (e.g., granule and microparticle release). Distinct from avian thrombocytes that have a nucleus, the absence of a nucleus allows the mammalian platelet to maintain its small size, permits morphological flexibility, and may improve speed and efficiency of protein expression in response to stress. In the absence of a nucleus, platelet lifespan of 7–10 days, is largely determined by the mitochondria. The packaging of 5–8 mitochondria is critical in aerobic respiration and yielding metabolic substrates needed for function and survival. Mitochondria damage or dysfunction, as observed with several disease processes, results in greatly attenuated platelet survival and increased risk for thrombovascular events. Here we provide insights into the emerging roles of platelets despite the lack of a nucleus, and the key role played by mitochondria in platelet function and survival both in health and disease.
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PLATELET DISCOVERY AND ORIGINS

Platelets are small (2–4 μm), short-lived (7–10 days), anucleate circulating cells primarily responsible for the prevention of bleeding and the maintenance of hemostasis (1, 2). A healthy adult has a counts in the range of 150,000–450,000 platelets per microliter of blood, though these counts vary with age and health (3). Platelets were first identified by Schultze in 1865 (4), but its functions in hemostasis and thrombosis weren't elucidated until 1881 by Bizzozero (5, 6). In 1906, Wright established megakaryocytes (MKs) in the bone marrow to be the source of platelets (7), though recent studies have shown that mature megakaryocytes in the lungs can also release platelets into the pulmonary vasculature (8). MKs produce billions of platelets daily through fragmentation, in which small cytoplasmic pieces bud off the megakaryocyte to become platelets (9). During fragmentation, MKs undergo a series of elongations to form proplatelet shafts, or cytoplasmic extensions which serve as assembly lines for platelet formation (10). Platelet-sized swellings then form along the shaft (11); as these platelets develop, they are loaded with the necessary organelles and granules from the MK parent (9). Platelets are equipped with mitochondria, a cytoskeleton, and a dense tubular system (DTS) (3, 12). Additionally, platelets contain secretory organelles categorized as alpha, dense, and lysosomal granules, which are transported and discharged by a surface-connected open canalicular system (OCS) (13). Dense granules generally contain small molecules such as ADP or serotonin, whereas alpha granules contain hemostatic factors such as fibrinogen, as well as other growth factors and cytokines (14). Upon complete generation, platelets are released from the bone marrow into circulation, where they live for the next 7–10 days (15). Historically disregarded as “cellular dust” (16), platelets have only recently emerged as having more diverse homeostatic processes including wound healing, angiogenesis, immunoregulation, and inflammatory response all key components to a stress response (2, 17–19).



PLATELET FUNCTION BEYOND HEMOSTASISY FIGURE 1

Platelets are primarily responsible for the maintenance of normal hemostasis by the prevention of hemorrhage during vascular injury (20). Hemostasis is achieved by a careful balance of platelet interactions with vascular components, cytokine mediators, fibrinolytic agents, and plasma coagulation mechanisms (21). They assist in initiating a vascular response leading to vasoconstriction, and formation of a hemostatic plug (through adhesion, activation, and aggregation). The blood coagulation cascade is then initiated with expansion of the thrombus and massive release of platelet contents (22). The released factors then also assist in promoting tissue repair and resolving the repair process (23). The role of platelets in thrombosis is essential, and increasingly becoming well-understood. Given the complex content within platelets, researchers have recently begun to investigate platelet function beyond coagulation, and have implicated platelets in several processes including immunoregulation, infection, inflammation, and the pathogenesis of a growing list of diseases (neurodegenerative diseases, cardiovascular disease and cancer) (24–26). In the absence of a nucleus, the role of the platelet mitochondria in these processes has become a focus of intense studies, including how platelet dysfunction is associated with, contribute to, is affected by the disease pathologies (25).


[image: Figure 1]
FIGURE 1. Diversity of platelet function. Highlighted are some of the diverse pathophysiological functions of platelets both in health and disease from hemostasis and thrombosis to contributions to disease. Included are also a section outlining diverse synthesis and release of platelets and important involvement in immunoregulation.




PLATELETS: A NUCLEUS-FREE ZONE

Notably, mammalian platelets do not contain a nucleus (27). Interestingly, non-mammalian vertebrates have nucleated thrombocytes that have limited responses, to thrombin but not to ADP, serotonin or epinephrine (28, 29). As described (9), upon fragmentation, mature mammalian MKs segregate into anucleate platelets; thus, platelets are not endowed with the genomic genetic material generally considered a requirement for complex cellular function (16). Nuclear material (genomic DNA) generally provides functional autonomy; any needed protein can be transcribed from the genomic road map provided in the nucleus (19). However, the presence of a nucleus in platelets may hinder many of the important roles played by the platelet, at the expense of functional autonomy. To fulfill the many emerging functions, platelets need to be small (able to circulate in small vessels), flexible, highly efficient (produces proteins rapidly and efficiently) and highly sensitive (responds to stressors rapidly).

A human cell nucleus on average is much larger than a platelet (nucleus ~6 μm in diameter) (30), dictated by DNA content (3 billion base pairs in humans), and cytoplasmic factors (31). The presence of a nucleus even if small and compact, would greatly enhance a platelet's size thus reducing its ability to travel through small vessels and spaces. In addition to small size, platelets need to be flexible, capable of modulating their internal space to undergo extreme morphological changes (19), again allowing platelets to travel through even the smallest vessels in the circulatory system and enter tissues when needed. Further, this enhanced flexibility allows the platelet OCS to fill internal vacancies during activation to increase surface area available for interaction with blood plasma (19, 32). The presence of a nucleus in avian thrombocytes (nucleated platelets) makes them larger than mammalian platelets, causes them to spread less efficiently on collagen, and express much lower levels of the α2bβ3 integrin required for aggregate formation (28). Similarly, the lack of a nucleus within the red blood cells (RBC), allows them to maintain their distinct bi-concave shape; but additionally, removes the need to maintain nuclear function and genome, allowing the RBC to focus on producing and maintaining hemoglobin. Platelets, like RBCs, do not need to regulate the health of a large complex nucleus, with its transcriptional machinery and chromosomes. Platelets can thus focus on what is needed for their roles in hemostasis and homeostasis with prepackaged, carefully selected RNA and translational machinery (without requiring transcriptional regulation of complex genomic DNA) (33, 34). Each platelet is equipped with an abundance of needed genetic information, and processing machinery required for a highly efficient rapid response (35), within minutes (required for hemostasis), rather than hours or days. Thus, based upon the literature and the lower efficiency of nucleated avian thrombocytes, we believe that the lack of a nucleus allows for improved platelet functional efficiency. More studies are required to support this notion. Interestingly, in the absence of a nuclear source of RNA, platelets are capable of taking up RNA material from external sources through microvesicles (MVs) (36). RNAs can also be donated from platelets to other cells through microvesicle mediated intercellular crosstalk (37–39). The microRNAs within these MVs have proven to be increasingly relevant to understanding the role of platelets in thrombosis, immune response, and various diseases. Not only miRNA but transcription factors and mitochondria are conveyed to such cells as neutrophils, mediated by 12-lipoxygenase and phospholipase A2-IIA (40). Thus, platelets have proven to be “intelligent” even in the absence of a nucleus: a platelet's ability to interact with their environment and efficiently respond to the needs of that environment, has marked them as far more complex than previously thought (41).



PLATELET MITOCHONDRIA ARE KEY TO FUNCTION AND SURVIVAL OF PLATELETS FIGURE 2

To maintain the ability to rapidly respond to stressors or blood vessel damage (thrombosis), a highly efficient source of energy and metabolites are needed to orchestrate the response. Distinct from RBCs that are also devoid of mitochondria, platelets are equipped with mitochondria (42). Interestingly, mitochondria have a number of features in common with a nucleus, both contain DNA, both are surrounded by a double plasma membrane, and both can divide during the cell cycle (30). However, the role of the mitochondria, referred as the “powerhouse of the cell,” is quite different, playing essential roles in energy production and metabolism (43). The mitochondria is home to key energetic processes such as the tricarboxylic acid (TCA) cycle and oxidative phosphorylation (OXPHOS), both of which are involved in the production of adenosine triphosphate (ATP) (44). However, studies have implicated mitochondria in many processes beyond energy production, such as the generation of reactive oxygen species (ROS) (45), Ca2+ homeostasis (46), apoptosis regulation (47), and ER-stress response mechanisms (48). Mitochondrial health and dysfunction also appear to be involved in aging (49), as well as neurodegenerative diseases (e.g., Alzheimer's (50) and Parkinson's disease (51). Healthy platelets contain between 5 and 8 mitochondria, the majority of which must remain uncompromised for the platelet to maintain proper function. In healthy platelets, mitochondria has been demonstrated to serve a variety of purposes as described for nucleated cells, from metabolism, activation, ATP production to the regulation of cell processes and viability (42, 52).


[image: Figure 2]
FIGURE 2. Platelet mitochondrial Functions. Outlined are platelet mitochondria contents (genomics and proteomics), physiological function (metabolism), and involvement in pathology and disease (process of activation, apoptosis and disease involvement).


In the absence of nuclear control, platelet health is largely determined by the health of their mitochondria (53). As is apparent in a number of diseases, an excess of damaged platelets can lead to premature apoptosis; therefore, it is essential to keep platelet mitochondria in good health (25). The turnover rate for mitochondria in various nucleated cells ranges from 9 to 24 days (54, 55). Considering, the lifespan of a platelet (7–10 days), the necessity of mitochondria for energy production, and the inability to consistently replenish nuclear encoded mitochondria proteins, the lifespan of the platelet mitochondria likely determines the platelet lifespan. A mitochondrial protein Bcl-xl, master regulator of mitochondrial apoptosis has been reported to determine platelet lifespan (56). Moreover, a recent study implicated TNF-alpha-driven megakaryocyte reprogramming leading to increased mitochondrial mass and activity as being a major contributor to the observed hyperactivity and thrombosis associated with aging (57). Multiple factors affect mitochondrial health and some of the key components determining mitochondria function and lifespan, especially in context of the anucleate platelets, will now be discussed.


Mitochondria DNA (mtDNA)

A complete mitochondrial genome is needed for both proper mitochondrial as well as platelet function, and the prevention of a number of mitochondrial related diseases such as mitochondrial myopathies caused by mtDNA mutations (58). Mitochondria, along with chloroplasts in plants, are the only organelles besides the nucleus to contain genetic material (59). Human mitochondrial DNA (mtDNA) is double-stranded, circular, and relatively small: at 16.6 kbp, human mtDNA is comprised of 37 genes encoding two rRNAs, 22 tRNAs, and 13 polypeptides, all of which are components of the OXPHOS enzyme complexes (60). Similar to bacterial chromosomal DNA, mtDNA is organized, in multiple copies, in nucleoids within the mitochondria (61). Because they likely originated from prokaryotic ancestors, mitochondria are largely self-sufficient: they are able to maintain, transcribe and translate mtDNA internally and independently (62). Mitochondria have several modes of mtDNA replication which differ significantly from the nuclear mode of replication including the strand-displacement mode (SDM) (63, 64), ribonucleotide incorporated throughout the lagging strand replication (RITOLS) (65) and coupled leading-lagging strand synthesis (66). mtDNA copy number is considered an indirect measure of mitochondrial function (67) and its quantification in peripheral blood, majorly reflects the mtDNA copy number in leukocytes and platelets (68). The epigenetic regulation of platelet mtDNA is of particular importance with higher methylation of platelet mtDNA being a possible biomarker for cardiovascular disease (CVD) (69, 70).



Mitochondrial Functions

In addition to mtDNA, mitochondria are equipped with a complex array of proteins offering significant insights into mitochondrial activity (71). Mitochondria contain around 1,500 distinct proteins in mammals, compared to around 1,000 in yeast (72). Since the majority of the proteins encoded by mtDNA form components of the respiratory chain complexes, most mitochondrial proteins are encoded by the nucleus and imported into the mitochondria from the cytosol with the help of mitochondrial translocases (73). Each protein is coupled with a distinct import signal which guides it to the appropriate mitochondrial membrane, to which it is then inserted: outer membrane proteins are integrated by the TOM complex, whereas TIM23 is the presequence translocase responsible for inner membrane protein integration (74). The mechanism by which proteins are incorporated into the mitochondria is posttranslational: unlike ER-protein import, mitochondrial proteins are synthesized in the cytosol as precursor proteins before being translocated into a mitochondrion (75).


Mitochondria and Energy Metabolism in the Platelets

While most human nucleated cells contain hundreds, if not thousands, of active mitochondria, platelets generally contain only 5–8 mitochondria per cell (42). However, metabolically, platelets are quite active: for example, compared to resting mammalian muscle cells, platelets have much higher levels of ATP-turnover (69). This energy demand is met using a metabolic system which combines the efforts of glycolysis and mitochondrial OXPHOS. In platelets, glycolysis provides about 60% of cellular ATP, while OXPHOS provides the remaining 30–40% (25). Out of the platelet's total mitochondrial function, 50% is dedicated to ATP production; the reserve energy is responsible for, among other activities, cellular response to oxidative stress (76). ATP is essential to proper platelet function: several key processes that occur within the platelet, such as the maintenance of calcium homeostasis, require a constant energy supply. Interestingly, platelets have been shown to have a metabolic flexibility that helps them meet this energy demand; activated platelets exhibit a glycolytic phenotype even as they preserve mitochondria function (77). This ability to utilize glycolysis or fatty acid catabolism instead of OXPHOS (mitochondrial ATP production) allows the platelet to adapt to different situations, such as hypoxia or the presence of mitochondrial inhibitory agents (78). Several studies have shown that platelet aggregation along with other metabolic activities are only fully interrupted when mitochondrial OXPHOS and glycolysis are inhibited simultaneously (79). Indeed, double knockout of GLUT1 and GLUT3 (major transporters of platelet glucose) leads to mitochondria reprograming, reduced thrombosis and reduced platelet activation along with thrombocytopenia (80). This suggests that this metabolic plasticity is the key to enabling platelets to meet their extraordinary energy demand with so few mitochondria.



Mitochondria and Platelet Activation

Platelets are activated during the adhesion events of primary homeostasis, and the initiation of the blood coagulation cascades (81). Until recently, it was assumed that the only role mitochondria played in this process was an energetic one (78). However, new studies have demonstrated the contributions of several mitochondrial functions in platelet activation such as the mitochondrial permeability transition (MPT) (82, 83), increased ROS generation (84–86), and collapse of mitochondrial membrane potential (ΔΨm). Platelet activation is mediated by several agonists: collagen, thrombin, and ADP have all been implicated in the regulation of hemostasis (87). The activity of these agonists is mediated by a common increase in intracellular calcium (88). Mitochondria do little to regulate platelet calcium levels (89), but a simultaneous increase in intramitochondrial calcium levels does mediate phosphatidylserine (PS) exposure, without affecting integrin activation and granule release (86). Increased mitochondrial calcium levels also correlate with mitochondrial ROS imbalance and MPT pore activation (90). Strong platelet activation characterized by the drastic increase in mitochondrial and cytosolic calcium also seems to initiate the collapse of the mitochondrial membrane potential (ΔΨm) via a cyclophilin D (CypD)-dependent mechanism (56). Thus, this collapse, mediated by mitochondrial calcium, contributes to further ROS generation and the initiation of the PS exposure essential for platelet adhesion (85). Interestingly, these mitochondrial activation pathways also contribute to the platelet apoptosis framework (84, 91, 92).



Mitochondria and Apoptosis Figure 3

Long associated only with nucleated cells, apoptosis is a mechanism of systematic cell deletion which can be induced or inhibited by both normal and abnormal stimuli (96). However, recent studies have identified apoptosis in the anucleate platelet (96, 97). Morphologically, platelet apoptosis is characterized by blebbing, platelet shrinkage, PS exposure, fragmentation into microparticles, and filopod formation (96). Apoptosis follows either an extrinsic or intrinsic pathway, the former stimulated by the activation of cell-surface death receptors, and the latter mediated by mitochondrial coordination of pro- and anti-apoptotic members of the Bcl-2 family (98). The presence of Bcl-2 family proteins within platelets, along with the platelet PS exposure characteristic of apoptosis, suggests that platelets might primarily follow an intrinsic apoptotic pathway (99, 100). Bcl-xL, the key regulator of platelet survival, is responsible for inhibiting BAK and BAX, two pro-apoptotic proteins which serve to damage the mitochondria: studies in which either Bcl-xL or BAK/BAX were impaired saw interference with natural platelet lifespan (98, 101, 102). Overexpression of Bcl-2 family pro-survival proteins can increase survival of platelets in the circulation (103). However, deletion of Bcl-2 in mice did not affect thrombopoiesis or platelet life span (104), supporting compensatory responses. When platelets come under stress or reach their natural end, the survival signal is overwhelmed and causes the activation of BAK and BAX, initiating the subsequent release of mitochondrial components such as cytochrome c through pores in the mitochondrial membrane (105). The presence of cytochrome c in the cytosol triggers the apoptotic caspase cascade, which begins with the initiator caspase-9 and ends with the effectors caspase-3 and caspase-7, which cleave hundreds of intracellular components and effectively destroy several essential cellular processes (106). Interestingly BCL2 family proteins are also involved in platelet formation with the anti-apoptotic family member BCL2L2 being involved in increasing megakaryocyte proplatelet formation in cultures of human cord blood (107).
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FIGURE 3. Platelet response to hyperglycemia. Diagram outlining some of the signaling and functional responses to stress (hyperglycemia). Increased glucose (hyperglycemia) through the aldose reductase enzymic system can lead to enhanced reactive oxygen species (ROS). This can activate multiple pathways including p38MAPK, promoting platelet activation and thrombosis (93); phosphor-p53 and Bcl-xl, promoting mitochondrial damage, apoptosis, and thrombosis (94); and a mitophagy rescue response, removing toxic damaged mitochondria (95).




Mitophagy in Platelets/Mitochondrial Turnover in Platelets Figure 3

Highlighting the importance of protecting platelet mitochondria in maintaining platelet health and lifespan, the protective process of induced mitophagy was recently described in platelets (95). This is distinct from basal platelet autophagy needed for an important role in platelet activation (108–110). Mitophagy can be generated by Parkin-independent or -dependent pathways (111–115) The process in platelets is Parkin-dependent and protects the platelet from oxidative stress and mitochondrial mediated damage (95). In the absence of a nucleus the platelet requires prepacking of the highly ordered and complex process, from initial phagophore formation (nucleation) to subsequent expansion of the membrane by ubiquitin-like conjugating systems, microtubule-associated protein 1 light chain 3 (LC3), and the autophagy protein system (ATGs), ultimately the phagophore completely surrounding its target, followed by fusion with a lysosome, leading to content degradation by lysosomal enzymes (116–118). The energy required to sort and prepackage the mRNA components for this process in anticipation of mitochondria stress/damage suggests an essential role for platelet mitochondria in health and disease. Platelet mitophagy removes toxic damaged mitochondria (as in diabetes mellitus) preventing platelet apoptosis (95, 119). If platelet mitophagy is impaired, increased platelet apoptosis can contribute to enhanced thrombosis (95).





PLATELET MITOCHONDRIA IN DISEASE

Because mitochondria play such an integral role in platelet metabolism, activation, and apoptosis, it is no surprise that mitochondrial dysfunction contribute to dysfunctional platelet activity and apoptosis in several diseases, most notably Alzheimer's and Parkinson's (120), cardiovascular disease (CVD) (121), diabetes mellitus (122), and sepsis (123). Apoptotic platelets induce clotting 50–100 times faster than normal platelets, because phosphatidylserine on the platelet surface acts as a catalytic site for clotting enzyme assembly and thrombin generation (124, 125). Recent studies have therefore provided invaluable insight into the complex mitochondrial mechanisms that determine platelet function in relation to tissue homeostasis (126). Due to the decreased fidelity of PolyG during replication, the mutation rate of mtDNA is about 100-fold higher than that of nuclear DNA (127). Additionally, the process of mitochondrial DNA segregation occurs randomly and with far less organization than in the nucleus, sometimes leaving daughter cells with similar, but not identical, copies of mtDNA (128). Combined, there is increased risk for mtDNA abnormalities and mutations that can have severe health consequences, hindering ATP generation and increasing oxidative stress (129). Mutations which impact mitochondrial functionality are also relevant in aging (130) and age-related diseases, such as diabetes mellitus (58), Parkinson's (51), and cardiovascular disease (69). Platelet mitochondrial DNA in the circulation may serve as biomarkers for disease (131–133).

Cardiovascular diseases (CVD) including atherosclerosis and thrombosis are the leading causes of death for patients with diabetes (134). Diabetes mellitus, characterized by acute and chronic hyperglycemia have been shown to increase mitochondrial ROS production in platelets leading to activation (85, 93, 135). Platelets have also been identified as leading players in the development of atherosclerotic lesions, contributing, along with monocytes, to the inflammatory environment of atherosclerosis (136, 137). Type 2 diabetes results in alterations of platelet ATP production with an initial increase in platelet mitochondrial ATP content and platelet activity (93, 138), followed by platelet apoptosis and a decrease in ATP production, in the presence of severe persistent oxidative stress (94, 138, 139). Antiplatelet therapies, as well as hyperglycemic control treatments, have become increasingly relevant for the regulation of the high levels of platelet reactivity observed in Type 2 diabetes (140, 141). Preserving platelet mitochondrial function may be an additional means of decreasing the risk of potentially fatal thrombotic events for diabetic patients (142). Platelets may also serve essential functions in immunoregulation (143–146). Alterations in the bioenergetics of platelet mitochondria have been observed in cases of sepsis (147), contributing to drastic, but impermanent, organ failure (148). Thrombocytopenia is associated with increased mortality in septic shock (149, 150). Recently, platelet mitochondria have also been reported to incite an inflammatory response upon activation through release of bioenergetically active mitochondria in free as well as encapsulated form (151). Interestingly, the alphaproteobacterium Rickettsia prowazekii may be an evolutionary ancestor of the mitochondria (152).

Both Parkinson's and Alzheimer's are severe neurodegenerative diseases that have been linked to platelets, mitochondrial dysfunction and platelet apoptosis (153, 154). Platelets, are considered to be structurally and functionally similar to neurons and have been shown to rich in key proteins associated with the neurons and brain (155–157). Indeed, after the brain, platelets contain the highest amounts of Amyloid precursor protein, synuclein and tau, and are major contributors to the circulating levels of these key proteins involved in neurodegenerative diseases (158). As in the other diseases profiled, Alzheimer's presents a compromised mitochondrial ETC; in particular, the activity of cytochrome c oxidase, an oxidative metabolic component of Complex IV, has been shown to be impaired (159). Platelet mitochondria in Alzheimer's have been observed as having increased levels of oxidative stress leading to mitochondrial damage and platelet apoptosis (160). Studies of mitochondrial function in Parkinson's disease have identified mutations or defects in Complex I-IV of the ETC, α-synuclein, PARKIN, PINK1, DJ-1, and LRRK2 (139). A decrease in Complexes I and IV can develop quickly within the first year of Parkinson's (161, 162), and low levels of activity in platelet mitochondrial complexes I and II/III in early, untreated Parkinson's (163). Other key protein associations include, NADH CoQ reductase, key to Complex I dysfunction (154), coenzyme Q10, a key electron receptor in Complexes I and II of the mitochondrial ETC (164–166) and the neurotransmitter-degrading enzyme monoamine oxidase B (MAO) (167–169). Implicated in the pathogenesis of both Alzheimer's and aging in general, platelet MAO has been used as a peripheral biomarker for the onset of Alzheimer's and Parkinson's (170, 171). Also consistent with the association of oxidative stress induced mitochondrial damage and apoptosis with Parkinson's disease, levels of the oxidative protective protein methionine sulfoxide reductase type 2 (Msrb2) was recently shown to be reduced in platelets of Parkinson's disease patients leading to increased platelet apoptosis (119). Indeed, platelet mitochondria may serve as an important biomarker in PD. These neurodegenerative diseases once again demonstrate the essential nature of platelet mitochondria for survival as reduced function and damage either through genetic defects or environmental stress leads to apoptosis and premature platelet death.

With the importance of mitochondria in platelet function and the potential contributions of mitochondria dysfunction to aging (49, 130) and age-related diseases, such as diabetes mellitus (58, 93, 94), Parkinson's (51, 119), and cardiovascular disease (69), targeting platelet mitochondria may serve as adjunct therapies. Drugs targeting platelet mitochondria metabolism and apoptosis may help prevent pathological thrombosis and contributions to disease. The genomics and proteomics of the mitochondria (Figure 2) provide multiple potential targets as outlined in an excellent recent review by Fuentes et al. (172). However, selective targeting to platelets may require further coupling to platelet targeting agents.



CONCLUSION

Mitochondria in nucleated cells have been well-described. While mitochondria functions are similar, its role becomes increasingly important in the nucleus-free zone of the platelet. As described in this review, not only are mitochondria involved in energy metabolism and ATP production in the platelets, they are also the central drivers of platelet activation and apoptosis; both events critical for platelet function and lifespan. The pathophysiological role played by platelet and their mitochondria in many systemic diseases remain under intense investigation. Therapies targeting platelet mitochondria may ultimately prove beneficial for such disease processes.
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Antiplatelet therapy with P2Y12 receptor inhibitors (clopidogrel, prasugrel, ticagrelor, cangrelor) is a cornerstone of medical therapy after percutaneous coronary interventions. Significant prevalence of high on-treatment platelet reactivity (HTPR) on clopidogrel treatment led to introduction of more potent P2Y12 inhibitors: prasugrel (a third generation thienopyridine), ticagrelor, and cangrelor (cyclopentyl-triazolo-pyrimidines). Nevertheless, more potent platelet inhibition and resulting low on-treatment platelet reactivity (LTPR) has led to increased risk of major bleeding events. These limitations resulted in a need for an individualized antiplatelet therapy approach. This review discusses the current role and future perspectives of diagnostic tools such as platelet function testing to optimize antiplatelet therapy with a focus on deescalating therapies to reduce bleeding risks.
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ROLE OF PLATELETS IN ARTERIAL THROMBOSIS

Myocardial infarction (MI) is generally a consequence of unstable atherosclerotic plaque rupture or erosion, caused by endothelial damage (1). In patients with ST-segment elevation myocardial infarction (STEMI), the rupture of atherosclerotic plaque is associated with exposure of the lipid core and subendothelial collagen fibers, both of which initiate activation of platelets, and thrombus formation that usually lead to acute obstruction of the coronary artery (1). On the other hand, in patients with non-ST segment elevation myocardial infarction (NSTEMI) the MI is usually caused by a clot formed on unstable coronary plaque, which does not produce complete obstruction of the artery lumen (1). Excessive activation and aggregation of platelets play a pivotal role in the pathogenesis of both types of MI (2). Platelets are the smallest, anuclear morphotic elements of the blood, which derive from megakariocytes and live 7–10 days. Their surface is covered with multiple receptors and their organelle include factors promoting the clot formation (Figure 1). Platelets are responsible for the primary hemostasis, that consists of platelet adhesion, secretion, and aggregation (2). Vascular injury and exposure of the von Willebrand factor initiates platelets adhesion and activation, as a result the surface integrins α2β1 and α2bβ3 (also called GP IIb/IIIa) gain high affinity to collagen and fibrinogen (3, 4). One of the most powerful modulators of platelet function is ADP, the main agonist of platelet P2Y1 and P2Y12 receptors (5). Stimulation of the P2Y1 receptor results in phospholipase C activation (6, 7), while stimulation of the P2Y12 receptor deactivates adenyl cyclase resulting in termination of cyclic adenosine monophosphate production, translating into lack of inhibition of the phospholipase C (8). Stimulation of both P2Y receptors leads to hydrolysis of phosphatidylinositol by the activated phospholipase C to triphosphate inositol and diacylglycerol (3). Triphosphate inositol is responsible for opening of the membrane calcium channels and influx of calcium, which facilitates cytoskeleton modification and change of shape to spherical, transport of α granules and dense bodies to the central part and release of their components (6). The process of aggregation is based on bridging of two neighboring platelets with fibrinogen, via activated GP IIb/IIIa platelet membrane receptors, allowing formation of the primary clot (9). Further platelet activation initiates next phase of platelet aggregation associated with cyclooxygenase-1 mediated production of thromboxane A2 from arachidonic acid. Thromboxane A2 further promotes platelet aggregation and vasoconstriction (10). The next stage is secondary hemostasis, it is initiated by platelet products and mediated by coagulation factors (2). Undesired platelet activation, leading to clot formation inside the coronary arteries explains the pathomechanism of MI and stent thrombosis—a possibly lethal complication of percutaneous coronary intervention (PCI) with stent implantation (1, 11).


[image: Figure 1]
FIGURE 1. An overview of platelet structure. ADP, adenosine diphosphate; ATP, adenosine triphosphate; IGF, insulin-like growth factor; PAI-1, plasminogen activator inhibitor; PDGF, platelet-derived growth factor; TGF-β, transforming growth factor beta; VEGF, vascular endothelial growth factor.




ANTIPLATELET AGENTS

Current armamentarium of antiplatelet agents includes four groups of drugs and is summarized in Table 1.


Table 1. Groups of antiplatelet agents.
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Aspirin

Aspirin represents the cornerstone of antithrombotic therapy. Aspirin is an irreversible antagonist of the cyclooxygenase-1, that blocks the production of the thromboxane A2–one of the most powerful promoters of platelet aggregation (13). In patients with acute coronary syndrome (ACS), an initial oral loading dose of 150–300 mg of non-enteric coated formulation is recommended, followed by 75–100 mg once daily regimen (12, 14, 15). Life-long maintenance therapy with acetylsalicylic acid is indicated in all patients in secondary prevention of coronary artery disease (16). Although arachidonic acid induced platelet aggregation varies according to several variables (as age or sex), no routine monitoring of its treatment is required (15, 17). In case of aspirin intolerance, chronic clopidogrel therapy is recommended as an alternative (16).



P2Y12 Receptor Antagonists

Dual antiplatelet therapy, composed of an aspirin and an antagonist of the platelet P2Y12 receptor, is a foundation of modern ACS therapy. There are three types of purinergic receptors: P2X1, P2Y1, and P2Y12 on the platelet surface, but only the P2Y12 has become a target for antithrombotic therapies that is used in everyday clinical practice (17). ADP is an agonist of the P2Y12 receptors. It activates the P2Y12 receptor via stimulation of the Gαi2 protein, which deactivates adenyl cyclase translating into decreased cyclic adenosine monophosphate synthesis, which is responsible for phospholipase C inhibition, thus leading to platelet aggregation (8). Stimulation of the Gαi2 protein by ADP activates also the GP IIb/IIIa receptor leading to induction of fibrinogen bridging, and initiation of the secretion of platelet derived products (18).

Contemporary armamentarium of the P2Y12 receptor inhibitors includes two thienopyridines: clopidogrel and prasugrel, and two non-thienopyridine drugs: ticagrelor and cangrelor (19). Thienopyridines are oral pro-drugs demanding hepatic activation via cytochrome P450, their metabolites irreversibly bind to the P2Y12 receptors for 7–10 days, which may impact the time to surgery after cessation (20). Whereas, both non-thienopyridines are potent, reversible and direct acting drugs, characterized by different route of administration—ticagrelor is administered orally, while cangrelor intravenously. Beside antiplatelet action, P2Y12 receptor inhibitors seem to exert a whole palette of pleiotropic effects including: increased adenosine plasma concentration in ticagrelor treated patients leading to increase in adenosine-related coronary blood flow, cardioprotection, promotion of the release of anticoagulative factors (21). These off-platelet effects are also associated with dyspnea and bradycardia. Additional off-target effects include improvement in peripheral arterial function and endothelial function, plaque stabilization and post-conditioning mimetic effect with cangrelor observed in animal models (22). Basic characteristic of all four P2Y12 receptor antagonists is presented in Table 2.


Table 2. Characteristics of P2Y12 receptor antagonists.
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European Society of Cardiology (ESC) guidelines clearly recommend in patients with ACS the use of more potent antiplatelet agents like ticagrelor and prasugrel, with loading doses (ticagrelor 180 mg, prasugrel 60 mg), followed by maintenance doses (ticagrelor 90 mg twice daily, prasugrel 10 mg once daily), limiting the use of clopidogrel to situations when newer agents are not available or contraindicated (600 mg loading dose, followed by 75 mg maintenance dose) (12, 14, 15). Ticagrelor can also be used in STEMI patients after fibrinolysis (23). Moreover, guidelines advise to consider the use of cangrelor in P2Y12 receptor inhibitor naïve patients and to continue the infusion for 2 h or until the end of PCI (12). Dual antithrombotic therapy post ACS shall be continued for up to 12 months, unless there are contraindications such as excessive risk of bleeding. Noteworthy, in high ischemic-risk patients, who have not suffered from bleeding, dual antiplatelet therapy with ticagrelor in reduced dose of 60 mg twice daily may be maintained beyond 1 year for up to 3 years (12). In patients with chronic coronary syndromes undergoing PCI, dual antithrombotic regimen composed of aspirin and clopidogrel remains the well-known standard of care, while ticagrelor or prasugrel use is limited to high-risk situations like previous stent thrombosis (16). In general, after elective stent implantation P2Y12 inhibitor should be continued for up to 6 months (12). Of note, in high bleeding risk patients with chronic coronary syndrome, dual antiplatelet therapy can be shortened to 1 month, while in those post ACS with high ischemic and low bleeding risk it may prolonged for up to 30 months (12, 16). A special population of interest represents patients who require combination of antiplatelet therapy and anticoagulation. Recently, it has been shown that among patients with atrial fibrillation and chronic coronary syndrome (>1-year after the index event), the addition of antiplatelet drugs, as a monotherapy or dual antiplatelet therapy, does not provide added protection against coronary events, but increases the risk of major bleeding (24).



Glycoprotein IIb/IIIa Receptor Antagonists

Another group of antithrombotic agents are inhibitors of the GP IIb/IIIa receptors. These glycoproteins belong to adhesion molecules and are the most abundant platelet surface receptors. Their role in platelet aggregation is pivotal, after activation, and change of conformation they gain high affinity for fibrinogen, von Willebrand factor and prothrombin (25). Fibrinogen molecule has binding sites on both sides allowing bridging between two neighboring platelets, thus initiating aggregation. In everyday clinical practice we use three intravenous GP IIb/IIIa inhibitors: abciximab, eptifibatide, and tirofiban. Beside potent antiplatelet effect they can exert some off-target actions, mainly anti-inflammatory (26). The use of GP IIb/IIIa antagonists should be reserved for bail-out situations, if there is evidence of no-reflow or a thrombotic complication (class of recommendation IIa, level of evidence C) (12). Their use in patients in whom coronary anatomy is not known is not recommended (class of recommendation III, level of evidence A) (12).




ASSESSMENT OF PLATELET INHIBITION UNDER ANTIPLATELET THERAPIES


Platelet Function Testing

Many different methods to assess platelet function exist, beginning with the historic golden standard—light transmission aggregometry, that measures the difference between light transmission through platelet rich plasma and platelet poor plasma, assessment of platelet aggregation on fibrinogen-coated microparticles (VerifyNow assay) or metal electrodes (Multiplate analyzer), measurement of the VASP protein phosphorylation (VASP assay), assessment of platelet aggregation in vitro in conditions similar to physiological blood flow (PFA-100, PFA-200, Innovance P2Y12, IMPACT-R), assessment of the clot strength (thromboelastography), measurement of the thrombocytes number before and after the addition of an agonist (Plateletworks) (27–29). It has to be acknowledged that due to great differences in assessment of platelet reactivity between available tests, a diagnosis of either HTPR or LTPR based on one method can be unconfirmed with the use of a different method. According to both American and European groups of experts there are three recommended platelet function tests: the VerifyNow assay, the Multiplate analyzer, and the VASP assay for clinical guidance (30, 31). In the HARMONIC study platelet reactivity values assessed with all three recommended platelet function tests in MI patients treated with ticagrelor correlated well with each other, however a significantly higher correlation was demonstrated between the VerifyNow and Multiplate tests than in other assay combinations (32). Interestingly, emerging concepts as platelet redox assessment (intracellular concentration of reactive oxygen species, activity of antioxidant enzymes, reduced/oxidized glutathione ratio, level of lipid peroxidation, Cu/Zn ratio, and molecular oxygen consumption) might be potentially useful to establish the platelet-related etiological factors in different disorders and to evaluate the antiplatelet therapies (33).



High On-Treatment Platelet Reactivity (HTPR)

Numerous studies have shown that up to 40% of patients exhibit HTPR under clopidogrel treatment (34–42). There are many potential causes of this phenomenon including clinical variables such as ACS at admission, diabetes mellitus, renal failure, drug-drug interactions, non-adherence to therapy, genetic polymorphism of genes coding cytochrome P450 enzymes (crucial in clopidogrel bioactivation) or glycoprotein P (responsible for clopidogrel absorption in intestines) (37, 43–48). Recently, an association between the circulating proprotein convertase subtilisin/kexin type 9 (PCSK9) levels, HTPR and ischemic events in ACS patients undergoing PCI were described (49). There is a clear evidence showing that HTPR on clopidogrel is a significant risk factor for atherothrombotic events, including MI, stent thrombosis, cardiovascular death and cerebrovascular events (40, 50–52). There are some therapeutic options to overcome HTPR on clopidogrel. HTPR may also affect patients treated with newer, more potent antithrombotic agents such as prasugrel or ticagrelor, mainly within the first hours post loading dose in ACS patients undergoing PCI, when sufficient antiplatelet blockade is particularly desired (52–56). However, in a recently published systematic review and meta-analysis, early (>2 h pre-PCI) vs. late (<2 h pre-PCI or post-PCI) administration of loading doses of potent antiplatelet agents did not improve ischemic outcomes in more than 60,000 patients, questioning the importance of early loading (57). In contrast, early clopidogrel loading in ACS or STEMI patients reduced the risk of adverse events (57). The prevalence of HTPR in patients treated with ticagrelor was significantly lower as compared with those receiving prasugrel in a meta-analysis by Lemesle et al. (58). It was previously documented that age, gender, food, preloading with clopidogrel or genetic polymorphisms do not affect ticagrelor metabolism or its antiplatelet effect (59–61). Diversely, morphine which used to be a golden standard of care for all patients presenting with acute MI, was found to attenuate ticagrelor bioavailability and its antiplatelet action, mainly due to vomiting and decelerating the intestinal passage and absorption of ticagrelor (53, 62). There are few disputed strategies to overcome the morphine-ticagrelor interaction, either by crushing ticagrelor tablets, giving other analgesic, co-administering naloxone or metoclopramide (62–64). In a prospective, observational PINPOINT trial it has been found that ticagrelor concentration was reduced and antiplatelet response was delayed in the initial hours of treatment in STEMI patients as compared with NSTEMI patients (65). In a subsequent analysis, it has been reported that the main determinants of HTPR at 1 and 2 h after ticagrelor loading dose are presence of STEMI and morphine co-administration (66). Furthermore, the presence of STEMI and diabetes mellitus were found to be associated with impaired metabolism of ticagrelor within first 6 h post ticagrelor loading dose in ACS patients (67). It has been recently published, that bioavailability of ticagrelor in MI patients managed with mild therapeutic hypothermia after out-of-hospital cardiac arrest is significantly decreased, thus increasing the risk of stent thrombosis, a possibly lethal complication, which is not uncommon in this specific subset of patients (68, 69). The main reasons of insufficient antiplatelet effect of the P2Y12 inhibitors in out-of-hospital cardiac arrest survivors treated with mild therapeutic hypothermia are probably impaired gastrointestinal absorption and altered cytochrome activity causing a delay in drug metabolism (69–71). The temporary use of cangrelor may be a solution to overcome HTPR while oral antiplatelet agents start to work in resuscitated patients undergoing mild therapeutic hypothermia (72). A single dose of intravenous morphine in STEMI patients was associated with a delay in the onset of prasugrel action (73), 65% of critically ill patients display HTPR on prasugrel, mainly due to poor absorption from gastrointestinal tract, as well as increased platelet reactivity induced by generalized inflammation (74).



Conclusion of the Chapter


i) HTPR is a significant and modifiable risk factor for cardiac ischemic events and it is present frequently in clopidogrel treated patients.

ii) Patients treated with prasugrel and ticagrelor can display HTPR mainly in the acute phase of treatment, which can be in part related to opioid use.

iii) The routine use of platelet function testing to detect HTPR and undertake action is not recommended by the ESC guidelines. Nevertheless, HTPR should be taken into account, if de-escalation is undertaken from potent P2Y12 inhibitors to clopidogrel (12).

iv) HTPR can be detected by a variety of platelet reactivity testing.





Low On-Treatment Platelet Reactivity (LTPR)

With the introduction of more potent antiplatelet agents the problem of LTPR associated with elevated bleeding risk became a major concern. In the TRITON-TIMI 38 trial the use of prasugrel as compared with clopidogrel was associated with significant increase of non-coronary artery bypass grafting related major bleeding, as well as life-threatening bleeding and bleeding leading to death according to the Thrombolysis in Myocardial Infarction (TIMI) criteria (75). While in the PLATO trial the administration of ticagrelor as compared with clopidogrel carried similar risk of major bleeding according to the PLATO trial criteria. However non-coronary artery bypass grafting related major bleeding and both major and minor bleeding occurred more frequently in the ticagrelor group (76).

Data on LTPR and bleeding on clopidogrel therapy comes from few small studies adapting different bleeding scales. Another limitation is low amount of serious bleeding events in those trials and predominant inclusion of low risk stable patients. First study reporting a link between LTPR and bleeding was conducted in 597 ACS patients treated with clopidogrel (77). In a 1-month observation period there were 16 bleeding episodes (5 serious and 11 small). Patients suffering from bleeding events were characterized by stronger platelet inhibition measured with the light transmission aggregometry (a previous golden standard) or the VASP assay. In a study by Sibbing et al. LTPR on clopidogrel (the cut-off value was based on the ROC curve analysis accounting 18.8 U according to the Multiplate analyzer) affected 39% of 2,533 patients with stable coronary artery disease undergoing PCI. Furthermore, those with LTPR had significantly higher risk of major in-hospital bleeding according to the TIMI criteria (78). Another study including 246 stable coronary artery disease patients receiving clopidogrel showed a relationship between >50% platelet inhibition measured with the light transmission aggregometry and occurrence of any bleeding event assessed with the use of very liberal bleeding scale called the BleedScore: 88% of all included bleeding events were superficial bleeding (79). Importantly, older age and female sex are important predictors of LTPR and of bleeding odds (80, 81).

There are few prospective studies providing a head-to-head comparison of platelet reactivity and bleeding risk in patients on prasugrel vs. ticagrelor (55, 82, 83). The first randomized trial included only 96 ACS patients treated with PCI (82). The half of them received ticagrelor, the other half received prasugrel, and platelet reactivity measurements were performed after 1 month. LTPR was defined as PRI ≤ 20% in the VASP assay and occurred in 58% of ticagrelor recipients and 33% of prasugrel recipients with a lack of relationship between LTPR and bleeding events. Another prospective registry including 512 patients with ACS treated with PCI (278 on ticagrelor, 234 on prasugrel) has shown that patients treated with ticagrelor were characterized by lower platelet reactivity assessed with the use of the VerifyNow device at 1 month post PCI, as compared with prasugrel (33.3 Platelet Reactivity Units (PRU) vs. 84.6 PRU; p < 0.001) (83). Grade 1 Bleeding Academic Research Consortium (BARC) bleeding events were more frequent in the ticagrelor arm, while grade ≥2 BARC bleeding events rate was similar irrespective of antiplatelet agent used. Another observational study assessing the relationship between occurrence of clinical events and platelet reactivity in 226 ACS patients (105 on ticagrelor and 121 on prasugrel) (55) indicated that bleeding episodes occurred in patients with platelet reactivity values ≤ 23 U as assessed with the Multiplate Analyzer.



Conclusion of the Chapter


i) Due to the widespread use of potent P2Y12 inhibitors, the LTPR phenotype is frequent.

ii) LTPR is a well-documented risk factor for bleeding complications. Platelet function guided dose-adjustment of potent P2Y12 inhibitors may be a potential solution in patients who are presenting with a bleeding event (12).





Therapeutic Window Strategy

Based on the growing body of evidence showing an association between HTPR and ischemic events, and LTPR with bleeding events, the therapeutic window hypothesis was developed. It suggests that patients with platelet reactivity values within the middle range achieve the best net clinical benefit (28, 84). According to the European group of experts, the cut-off values for HTPR are as following: the VerifyNow assay >208 PRU, the Multiplate analyzer >46 Units (U) and the VASP assay >50% Platelet Reactivity Index (PRI) (31). The cut-off values for LTPR are as following: the VerifyNow assay <95 PRU, the Multiplate analyzer <19 U and the VASP assay <16% PRI.



Conclusion of the Chapter


i) The therapeutic window strategy to guide antiplatelet therapy might be an attractive strategy to improve patients net clinical benefit in terms of precision medicine.

ii) Clinical randomized trials aiming to answer that question are missing yet.






STUDIES INVESTIGATING INDIVIDUALIZED ANTIPLATELET TREATMENT TO OVERCOME HTPR (TABLE 3)

First small randomized trials comparing individualized antiplatelet therapy vs. standard of care antithrombotic treatment showed favorable results of antithrombotic adjusted therapy with either higher clopidogrel dose or addition of GP IIb/IIIa antagonist (104, 106, 107, 110, 113, 114). First large randomized trial that has brought huge disappointment to advocates of the individualized approach was the Gauging Responsiveness with a VerifyNow assay, Impact on Thrombosis and Safety (GRAVITAS) trial showing no benefit of administration of higher clopidogrel dose vs. standard clopidogrel dosing in 2200 low-to-moderate cardiovascular risk patients undergoing PCI with HTPR on-clopidogrel when it comes to death from cardiovascular causes, MI or stent thrombosis (hazard ratio [HR] 1.01; 95% confidence interval [CI] 0.58–1.76; P = 0.97) in a 6 month follow-up (96). The next negative, similar size study—The Assessment by a Double Randomization of a Conventional Antiplatelet Strategy for Drug-Eluting Stent Implantation and of Treatment Interruption vs. Continuation 1 Year after Stenting (ARCTIC) trial demonstrated that the addition of acetylsalicylic acid, clopidogrel or switch to prasugrel as compared with conventional approach did not show any significant differences in the occurrence of the primary end point composed of death from cardiovascular causes, MI, stent thrombosis, urgent revascularization or stroke (HR 1.13; 95% CI 0.98–1.29; P = 0.10) 1 year after stent implantation in a group of 2,440 low-to-moderate cardiovascular risk patients (95). The third large trial that was prematurely ended and almost entombed the individualized approach was The Testing Platelet Reactivity in Patients Undergoing Elective Stent Placement on Clopidogrel to Guide Alternative Therapy with Prasugrel (TRIGGER-PCI). Trial included only 423 low cardiovascular risk patients with stable coronary artery disease undergoing elective PCI, and the strategy of switch from clopidogrel to prasugrel in those with HTPR on-clopidogrel did not bring reduction in the primary endpoint composed of death from cardiovascular causes and MI with concomitant increase in TIMI major bleeding at 6 months (94).


Table 3. Studies investigating individualized antiplatelet treatment.

[image: Table 3]

More promising results on the conception of individualized approach were shown by some prospective registries (89, 90, 92). The MADONNA registry, which included 798 patients (more than one third of them had MI), has shown that the non-guided group had significantly higher risk of stent thrombosis (odds ratio [OR] 7.9; 95% CI 1.08–69.2; p = 0.048) at 30 days as compared with individualized therapy group (92). In the IDEAL-PCI registry the main strategy to overcome HTPR was a switch to a more potent antithrombotic agent (mainly prasugrel). At 30 days, there was only one definite stent thrombosis in the non-guided group (90). In the PECS registry, including only ACS patients, those with HTPR received either higher clopidogrel dose or prasugrel, while those below HTPR threshold received conventional clopidogrel therapy (89). The primary endpoint composed of all-cause death, MI, stent thrombosis or stroke at 1 year occurred more frequently in patients treated with higher clopidogrel doses than in conventional treatment group (HR 2.27; 95% CI 1.45–3.55; p < 0.0001), while the risk of ischemic events in prasugrel recipients was similar to conventional treatment arm (HR 0.90; 95% CI 0.44–1.81; p = 0.76). Worth adding is the fact that bleeding events (3/5 according to the BARC scale) were also more frequent in the higher clopidogrel dose group vs. conventional group (HR 2.09; 95% CI 1.05–4.17; p = 0.04), while in prasugrel recipients it was similar to conventional treatment arm (HR: 1.90; 95% CI 1.17–3.08; p = 0.01).

After failure of the first randomized trials investigating individualized antithrombotic therapy and some favorable data from registries, long-awaited results of the Platelet function monitoring to adjust antiplatelet therapy in elderly patients stented for an acute coronary syndrome (ANTARCTIC) randomized study were recently published (88). The study was designed for elderly population including patients over 75 years old undergoing PCI for ACS. Participants were divided into two groups. In the monitoring group, patients received prasugrel 5 mg daily with dose or drug adjustment in case of HTPR, while in conventional group patients were treated with prasugrel 5 mg daily. Platelet function was tested with the VerifyNow assay. The cutoff values for HTPR and LTPR were based on the American consensus of experts, accounting ≥208 for ischemic events and ≤ 85 for bleeding events (30). The primary endpoint composed of cardiovascular death, myocardial infarction, stroke, stent thrombosis, urgent revascularization, and BARC-defined bleeding complications (types 2, 3, or 5) occurred in 120 (28%) patients in the monitoring group vs. 123 (28%) in the conventional group (HR 1.003, 95% CI 0.78–1.29; p = 0.98). Rates of bleeding events did not differ significantly between groups. Drug or dose adjustment based on platelet reactivity measurements did not improve the clinical outcome in a group of elderly patients undergoing PCI for ACS.


Conclusion of the Chapter


(i) Trials on individualized antiplatelet approach had many limitations. These concerns are mainly due to the chosen low cardiovascular risk populations (mostly stable coronary disease patients), use of different cut-off points for HTPR, predominant use of higher clopidogrel doses instead of more potent antiplatelet agents to overcome HTPR, only single switch to other dose or antiplatelet agent, delayed time of randomization (after PCI or even day after PCI) and chosen compounds of the primary endpoint (34).

(ii) Real life data from the registries showed more promising results.






STUDIES INVESTIGATING DE-ESCALATION OF ANTIPLATELET TREATMENT


TROPICAL

The randomized trial Testing Responsiveness to Platelet Inhibition on Chronic Antiplatelet Treatment for Acute Coronary Syndromes (TROPICAL-ACS) assessed guided de-escalation of antiplatelet treatment in patients with MI treated with PCI in 2,610 patients (87). Investigators of the TROPICAL-ACS trial aimed to test safety and efficacy of antithrombotic treatment de-escalation from prasugrel in the acute phase of ACS to clopidogrel in the chronic phase based on platelet reactivity measured with the Multiplate analyzer. 1,304 patients were included to the de-escalation study arm. Participants were treated with prasugrel for a week, and then switched to clopidogrel for a week and after 14 days platelet reactivity assessment was performed resulting in either continuation of clopidogrel therapy or in case of HTPR switch back to prasugrel. In the conventional study arm, 1,306 patients were treated with prasugrel for 12 months. The primary endpoint was the net clinical benefit (cardiovascular death, MI, stroke or bleeding grade 2 or higher according to BARC criteria) and it occurred in 95 patients (7%) in the guided de-escalation group and in 118 patients (9%) in the control group (pnon−inferiority = 0.0004; HR 0.81; 95% CI 0.62–1.06; psuperiority = 0.12). Despite early de-escalation, there was no increase in the primary endpoint of ischemic events in the de-escalation group (32 patients [3%]) vs. the control group (42 patients [3%]; pnon−inferiority = 0.0115), with similar frequency of BARC 2 or higher bleeding events in the de-escalation group vs. control group (64 [5%] vs. 79 [6%]; HR 0.82; 95% CI 0.59–1.13; p = 0.23). It is worth underlining that the trial was designed to test the non-inferiority hypothesis and the analysis was intention to treat. As a consequence, the platelet reactivity-guided antithrombotic drug de-escalation was non-inferior to recommended conventional 12 months prasugrel therapy at 1 year after PCI in MI patients in terms of the net clinical benefit.



TOPIC

In the TOPIC (timing of platelet inhibition after acute coronary syndrome) randomized study, 645 patients 1 month after ACS were randomly assigned to either continuation of dual antiplatelet therapy composed of aspirin and potent antiplatelet agent or de-escalation to aspirin and clopidogrel (86). Drug de-escalation occurred without platelet function testing, however all patients underwent platelet reactivity assessment with the use the VASP assay at the time of randomization. The primary endpoint combining cardiovascular death, urgent revascularization, stroke and bleeding as defined as BARC ≥2 occurred in 85 (26.3%) patients in the unchanged drug group vs. 43 (13.4%) patients in the de-escalation group (HR 95%CI 0.48 (0.34–0.68; p < 0.01), with significant reduction in the occurrence of BARC ≥2 bleeding (48 [14.9%] vs. 13 [4%]; HR 95%CI 0.30 (0.18–0.50), p < 0.01). Additionally, the subanalysis revealed that at the time of randomization based on the results of platelet function testing, 47% of patients were classified with LTPR. Among this subpopulation, drug de-escalation brought the most prominent reduction in the primary endpoint incidence as compared with continued potent antiplatelet regimen (HR 0.29; 95% CI 0.17–0.51; p < 0.01). Nevertheless, the reduction of bleedings in the de-escalation group was mainly due to TIMI minimal and minor bleedings, with no difference in the major bleeding events.



ELECTRA

In the recently published Effectiveness of LowEr maintenanCe dose of TicagRelor early After myocardial infarction (ELECTRA) study, the antiplatelet efficacy of two ticagrelor maintenance dose regimens (reduced dose of 60 mg twice daily vs. standard dose of 90 mg twice daily) in stable patients at 30 days after acute MI were compared (85). The trial included 52 patients randomized in 1:1 ratio to the reduced or standard ticagrelor maintenance dose. Platelet function testing with the use of the VASP assay and the Multiplate analyzer were performed 2 weeks after the treatment initiation. There were no significant differences in platelet reactivity between patients treated with reduced vs. standard ticagrelor dose (VASP: 10.4 [5.6–22.2] vs. 14.1 [9.4–22.1] %PRI; p = 0.30; Multiplate: 30.0 [24.0–39.0] vs. 26.5 [22.0–35.0] U; p = 0.26). Importantly, the percentage of patients with HTPR was similar in reduced vs. standard ticagrelor dose (VASP: 4% vs. 8%; p = 0.67; Multiplate: 15% vs. 8%; p = 0.54). In conclusion, the lower ticagrelor dose provided similar antiplatelet effect to the standard regimen.

Three observational registries aimed to assess the incidence of switching between P2Y12 receptor blockers:



TRANSLATE-ACS

The Longitudinal Assessment of Treatment Patterns and Events after Acute Coronary Syndrome (TRANSLATE-ACS) observational study in 8672 MI patients has reported that P2Y12 inhibitor switch occurred in 7.6% of participants (115). The switches were usually de-escalations from more potent agents to clopidogrel mainly due to economic reasons, while escalations from clopidogrel were mainly promoted by ischemic events.



ATLANTIS-SWITCH

The recently published, prospective, observational, multicenter ATLANTIS-SWITCH study included 571 ACS patients undergoing PCI treated with ticagrelor (45%) or prasugrel (55%) and investigated the frequency and predictors of either switch or drug discontinuation (116). The prevalence of P2Y12 antagonist stop was 5.9%, and of switch was 6.7% and it was more frequent in ticagrelor recipients as compared with prasugrel (15.9% vs. 9.2%; p = 0.016). The majority of stop/switch choices were prompted by physicians (75%), they did not increase the risk of adverse cardiovascular events and were motivated by one of four identified independent predictors: major surgery, need for oral anticoagulation, TIMI major bleeding, or drug intolerance (116).



SCOPE

The SCOPE registry investigated the incidence of P2Y12 inhibitor switching in 1363 patients undergoing PCI (117). The P2Y12 inhibitor switch occurred in 10.5% and was not platelet function based. The authors concluded that de-escalation of antiplatelet treatment from more potent drugs to clopidogrel was an independent predictor of net cerebrovascular event (NACE) defined as a combination of adverse cardiovascular event and any bleeding event (OR 5.3; CI: 2.1–18.2; p = 0.04).



Conclusion of the Chapter

De-escalation strategies with use of platelet function testing seem to be safe.




CURRENT PLACE OF PLATELET FUNCTION TESTING IN EVERYDAY CLINICAL PRACTICE

The ischemic risk in ACS patients undergoing PCI is relatively high in clopidogrel treated patients due to its heterogenous and unpredictable antiplatelet effect (40, 50). With the common use of more potent antiplatelet agents, increased ischemic risk occurs mainly within first months after ACS, whereas bleeding events are proportional to the duration and intensity of antiplatelet treatment (75, 76). Recently, the idea of de-escalation of antiplatelet therapy was investigated and focused on the net clinical benefit and to minimize the bleeding risk (86, 87). The choice of P2Y12 inhibitors offers a chance for individualization of the therapy based on patient characteristics (81, 118). However, the de-escalation trials were powered for minor bleeding events and not for ischemic events. The prolongation studies with P2Y12 receptor inhibitors as the DAPT trial or the PEGASUS-TIMI 54 trial indicated benefit for longer treatment with potent drugs as prasugrel or ticagrelor (119, 120). Therefore, in the era of personalized medicine, according to the latest guidelines on myocardial revascularization, platelet function testing guided P2Y12 inhibitor de-escalation (e.g., switch from newer more potent drug to clopidogrel after an acute phase) may be considered in ACS patients, particularly those unsuitable for 12-month potent antithrombotic therapy due to the increased bleeding risk (class of recommendation IIb, level of evidence B) (12). Such drug de-escalation could be deliberated highly risky without platelet function testing guidance, especially when we take under consideration very high variability in response to P2Y12 receptor inhibitors. In ACS patients undergoing cardiac surgery, platelet function testing is recommended to guide antiplatelet treatment interruption (class of recommendation IIb, level of evidence B), because the preoperative use of P2Y12 inhibitors plus aspirin is associated with increased risk of bleeding and mortality (12, 87).



CONCLUSIONS

According to the recent guidelines, platelet function testing use is narrowed to certain clinical scenarios, as P2Y12 inhibitor de-escalation and guidance of antiplatelet treatment interruption in ACS patients undergoing cardiac surgery (12). Due to unfavorable results of previous randomized trials its use is not recommended in everyday clinical practice (12, 87). In the course of modern ACS treatment, as directed in the guidelines, a potent P2Y12 inhibitor, like prasugrel or ticagrelor, are initiated to prevent ischemic complications, but at the same time taking a risk of increased bleeding. When it comes to a major bleed, a switch to a less potent agent is performed, this time risking possible ischemic complications, leading to a vicious circle. The main goal of the precision-based therapy concept is to provide the right drug in the right dose to fit the needs of an individual patient from the very beginning of the treatment process (29). The physician's choice would then be based on clinical, genetic, cellular and environmental variables. All these data would have to be integrated in an algorithm, as previously proposed (28). The gathered clinical information (e.g., based on the PREDICT score), results of platelet function testing and genetic status (CYP2C19 carrier) could be used to personalize antiplatelet therapy in patients with high-thrombotic or bleeding risk. Moreover, the precision-based antiplatelet therapies are also cost-effective, as this would reduce unnecessary hospitalizations due to either ischemic or bleeding complications. Such a test should be simple, fast, not expensive, well-validated, user-friendly, and platelet function testing fits pretty well to this description.
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The physiological heterogeneity of platelets leads to diverse responses and the formation of discrete subpopulations upon platelet stimulation. Procoagulant platelets are an example of such subpopulations, a key characteristic of which is exposure either of the anionic aminophospholipid phosphatidylserine (PS) or of tissue factor on the activated platelet surface. This review focuses on the former, in which PS exposure on a subpopulation of platelets facilitates assembly of the intrinsic tenase and prothrombinase complexes, thereby accelerating thrombin generation on the activated platelet surface, contributing importantly to the hemostatic process. Mechanisms involved in platelet PS exposure, and accompanying events, induced by physiologically relevant agonists are considered then contrasted with PS exposure resulting from intrinsic pathway-mediated apoptosis in platelets. Pathologies of PS exposure, both inherited and acquired, are described. A consideration of platelet PS exposure as an antithrombotic target concludes the review.
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INTRODUCTION

Blood vessel wall injury sets into play processes that lead to the formation of a hemostatic plug that stops the bleeding from the injury site. In primary hemostasis, platelets adhere to exposed subendothelium, resulting in their activation and aggregation, forming a platelet plug. Secondary hemostasis is initiated by tissue factor exposure at the site of vessel wall damage, resulting in formation, via the coagulation pathway, of covalently cross-linked fibrin that binds to, and stabilizes, the platelet plug (1).

It has long been recognized that activated platelets contribute in a major way to fibrin formation; this is well-exemplified in the cell-based model of coagulation (2). This procoagulant property of platelets, earlier termed platelet factor 3 availability (PF3a) and assayed by measuring the ability of platelets to promote thrombin and fibrin formation (3), results from exposure of the anionic aminophospholipid phosphatidylserine (PS) on the surface of activated platelets (4). PS, translocated from the internal to the external platelet membrane leaflet, facilitates the assembly of the intrinsic tenase complex [factor (F)VIIIa; FIXa; FX] and prothrombinase complex (FVa; FXa; prothrombin), contributing to the burst of thrombin generation in the propagation phase of coagulation. Specifically, the negatively charged γ-carboxyglutamate (Gla) residues at the NH2 termini of the vitamin K-dependent factors, FIX(a), FX(a), and prothrombin, interact with negatively charged PS via Ca2+. FVIII binds to PS via its C2 domain and FVa via its C1 and C2 domains (5, 6). Tenase and prothrombinase activities are enhanced by PS-containing membranes by up to three orders of magnitude (7–9). Phosphatidylethanolamine (PE), that also becomes exposed on the surface of activated platelets, can contribute to the enhanced thrombin formation (7, 10); the fatty acid chain length of PE, but not PS, regulates the ability to support coagulation, with platelet-specific PEs demonstrating optimum activity (11). Oxidized PE, specifically 12-hydroxyeicosatetraenoic acid (HETE)-PE, formed by activated platelets, is even more potent than native PE in enhancing thrombin generation (12).

It is recognized that tissue factor-expressing platelets also comprise a subpopulation of procoagulant platelets. However, a discussion of this type of procoagulant platelet is beyond the scope of this mini-review, and the reader is referred to several recent, relevant publications on the topic (13–18).


Procoagulant Phosphatidylserine-Exposing Platelet Subpopulations and Nomenclature

A unique feature of procoagulant platelet formation is that only a subpopulation of activated platelets exposes PS. This was recognized over 25 years ago by flow cytometry (19) using fluorescently labeled annexin A5 that binds PS with high affinity in a Ca2+-dependent manner. Fluorescently labeled lactadherin that does not require Ca2+ is also used to detect PS-exposing platelets [e.g., Dasgupta et al. (20)]. Flow cytometric and microscopy studies have shown colocalization of FVIII(a), FIX(a), FX(a), FV(a), and prothrombin with PS-exposing platelets, confirming that these platelets serve as assembly sites for the intrinsic tenase and prothrombinase complexes (21–25).

Procoagulant platelet subpopulations have been referred to by a myriad of names in the literature; however, it is recognized that these platelets share the key characteristic of PS exposure. An early description of a subpopulation of PS-exposing platelets was as COAT (COllagen And Thrombin)-FV platelets formed in response to dual agonist activation. These platelets were characterized by high levels of FV on their surface, in addition to PS (22, 26). COAT-FV was later abbreviated to COAT when it was demonstrated that these platelets are also coated with fibrinogen, fibronectin, von Willebrand factor (VWF), and thrombospondin, among many other α-granule proteins, on their surface (27). Subsequently, this subpopulation has been termed coated platelets, denoting the coating of the platelets with procoagulant proteins, including fibrin (28–30). The distinct morphology of procoagulant platelets has led to the terminology of blebbing, balloon(ing), or balloon-like platelets (31–35). Procoagulant platelets have also been referred to as SCIP (sustained calcium-induced platelet morphology) platelets (36), necrotic/4-[N-(S-glutathionylacetyl)amino]phenylarsonous acid (GSAO)-binding platelets (37–39), superactivated platelets (40), capped platelets (21, 41), and zombie platelets (42). Agbani and Poole (43) recently proposed “procoagulant platelets” as the unifying term for this activated platelet subpopulation.

In this brief review, we focus on mechanisms involved in PS exposure induced by platelet activation to form a subpopulation of procoagulant platelets, then contrasting it with PS exposure resulting from platelet apoptosis. Pathologies of PS exposure, inherited and acquired, are described. We conclude with a consideration of platelet PS exposure as an antithrombotic target.




PLATELET MEMBRANE PHOSPHOLIPID ASYMMETRY: MAINTENANCE AND COLLAPSE


Flippase [(Aminophospholipid) Translocase]

Similar to other biological membranes, resting platelets possess an asymmetrical phospholipid plasma membrane bilayer (4), with the minor phospholipid PS sequestered to the inner cytoplasmic leaflet. This PS asymmetry is created by a flippase/(amino)phospholipid translocase enzyme, a member of the Type IV subfamily of P-type ATPases (P4-ATPases) (9, 44), that rapidly and specifically shuttles PS from the outer to the inner membrane leaflet against the concentration gradient, in an ATP-dependent fashion (45). Its activity is abrogated when cytoplasmic Ca2+ (Ca2+cyt) increases to low micromolar levels (46).



Scramblase and TMEM16F

Scramblase is a Ca2+-dependent, ATP-independent enzyme that regulates the rapid, non-specific bidirectional movement, i.e., “scrambling,” of phospholipids between membrane leaflets, resulting in a loss of normal membrane phospholipid bilayer asymmetry. Although scramblase activity has long been described in platelets (4), the protein involved in Ca2+-dependent PS exposure was only identified a decade ago as TMEM16F (anoctamin 6) (47–49). It is a member of the multiple transmembrane (TMEM)16 (anoctamin) domain family of proteins, of which the first-described member, TMEM16A, is a Ca2+-activated Cl− channel. TMEM16F has been described to be a Ca2+-dependent Cl− channel, a Ca2+-regulated non-selective cation channel permeable for Ca2+, or a Ca2+-dependent phospholipid scramblase (49). Evidence is accumulating that TMEM16F is indeed itself a scramblase [e.g., Watanabe et al. (50); Le et al. (51)].




PLATELET PHOSPHATIDYLSERINE EXPOSURE

Several different pathways result in procoagulant platelet formation. In one, PS exposure occurs rapidly via platelet activation by strong agonists. A second is the intrinsic apoptosis pathway via which PS exposure occurs more slowly (9, 37, 52, 53). These pathways are considered in turn below, and key characteristics are summarized in Table 1. In a recently described third pathway that is distinct from the aforementioned canonical pathways, binding of oxidized low-density lipoprotein to platelet membrane glycoprotein (GP)IV (CD36) and signaling through extracellular signal-regulated protein kinase (ERK)5 mitogen-activated protein (MAP) kinase leads to PS exposure. This pathway may be relevant in thrombotic events that occur in dyslipidemia (54).


Table 1. Summary of key characteristics of platelet agonist- and apoptosis-induced PS exposure (Agonist-Induced Phosphatidylserine Exposure and Apoptosis-Induced Phosphatidylserine Exposure).

[image: Table 1]


Agonist-Induced Phosphatidylserine Exposure

Agonist-stimulated platelet surface PS exposure is a rapid process, occurring in seconds to minutes, and is accompanied by other apoptotic-like events, including mitochondrial membrane permeabilization and depolarization, and plasma membrane blebbing, with extracellular vesicle (EV) formation. The proportion of PS-exposing platelets formed depends on the agonist(s) used for platelet stimulation, with the most potent in vitro, physiologically relevant stimulus being the combination of collagen/convulxin/collagen-related peptide (CRP) plus thrombin (C+T) The former binds to GPVI, and the latter cleaves protease-activated receptor (PAR)1 and PAR4 (23), synergizing to set into motion the signaling pathways that result in the sustained, supramaximal levels of Ca2+cyt (55) (see below) that are required for PS exposure on a substantial proportion of platelets. Anywhere from 20 to 40% of C+T-stimulated platelets become PS-exposing, with a wide variation between donors; singly, these agonists are not as potent, with a smaller proportion of PS-exposing platelets being formed (56). ADP or thromboxane A2 (TxA2) (using the stable mimetic U46619) does not play a major role (23, 33), while shear forces are effective (57, 58). The non-physiological, non-receptor-mediated ionophores A23187, and ionomycin, that directly increase Ca2+cyt, are the most potent stimulators of PS exposure, with typically >90% of platelets taking on the procoagulant phenotype (19, 56).

Platelet stimulation by collagen (or convulxin/CRP) or thrombin [or the PAR-specific thrombin receptor activating peptides (TRAPs)] alone activates phospholipase (PL)Cγ (via GPVI) and PLCβ (via PAR1/4), resulting in a rise in Ca2+cyt to the micromolar range (23). Cleavage of membrane phosphatidylinositol-4,5-bisphosphate by PLC forms inositol trisphosphate (IP3) and diacylglycerol (DAG); the former induces the release of Ca2+ from internal stores, the dense tubular system (DTS), via IP3 receptors. Depletion of internal Ca2+ stores allows store-operated Ca2+ entry (SOCE) from the platelet exterior: briefly, stromal interaction molecule 1 (STIM1) in the DTS membrane undergoes a conformational change, allowing activation of Orai1, the major Ca2+ release-activated Ca2+ channel in the platelet plasma membrane (23). DAG, together with Ca2+, activates protein kinase C (PKC)α that enhances Na+/Ca2+ exchange during SOCE (59, 60). Sustained increases in Ca2+cyt via release from internal stores, SOCE, and release of mitochondrial Ca2+ upon mitochondrial permeability transition pore (MPTP) formation (see below) in a small proportion of platelets activate scramblase. It is the dual stimulation of GPVI and PAR1/4 by C+T that leads to the sustained, elevated levels of Ca2+cyt necessary for PS exposure in a substantial proportion of platelets; the combination of C+T activates store-independent, receptor-operated Ca2+ entry (ROCE). This involves non-selective cation transient receptor potential C (TRPC) channels, TRPC3 and TRPC6, that allow Na+ entry. Coupling to reverse-mode Na+/Ca2+ exchange then leads to the sustained elevated Ca2+cyt that activates scramblase (61).

Ca2+cyt increases activation of the Ca2+-dependent cysteine protease calpain that has a number of substrates in platelets, including cytoskeletal components, signaling molecules, and the β3 integrin subunit, thereby regulating many platelet responses, including spreading, secretion, aggregation, and EV formation (36, 62–64). In platelets stimulated to expose PS, calpain-2-mediated proteolysis of αIIbβ3-associated proteins and β3 results in inactivation of αIIbβ3, the integrin necessary for platelet aggregation (65); thus, procoagulant platelets are unable to participate in aggregation. To that end, both in flow chambers coated with collagen and in mouse models of arterial thrombosis, two distinct microdomains of platelets are visualized in thrombi: 1) aggregated, non-PS-exposing platelets with extended pseudopods and activated αIIbβ3; surrounded by 2) PS-exposing platelets that have elevated Ca2+cyt, inactivated αIIbβ3, a rounded morphology, and are shedding EVs (see below) (32, 36). Further, in these ex vivo and in vivo systems, PS-exposing platelets are observed to translocate to the surface of thrombi where they accelerate fibrin formation (66).

Mitochondrial integrity loss is an apoptosis hallmark that precedes agonist-induced PS exposure, with involvement of the inner mitochondrial membrane (IMM) Formation of the cyclophilin D-regulated MPTP, a non-selective multiprotein pore that spans the IMM, is a key step (67, 68), as PS exposure is reduced in convulxin+thrombin-stimulated cyclophilin D-deficient platelets or platelets treated with cyclosporin A, an MPTP inhibitor (69–71). Reactive oxygen species, e.g., hydrogen peroxide (H2O2), that can trigger MPTP formation, synergize with thrombin to expose platelet PS, indicating a role for oxidative stress in procoagulant platelet formation (69). Sustained MPTP formation leads to disruption of the IMM potential (ΔΨm) (72, 73), and ΔΨm depolarization is associated with PS exposure both in agonist-stimulated platelets in vitro and platelets aging in vivo (69, 71, 74–77).

In convulxin+thrombin-stimulated platelets, PS exposure is entirely dependent on ΔΨm loss and TMEM16F. However, there is evidence of a second minor pathway of PS exposure that occurs with collagen+thrombin stimulation that is independent of these (76, 78). This pathway may also be involved in the mitochondrial depolarization-independent PS exposure observed in A23187-stimulated platelets in the presence of cyclosporin A (79). Heterogeneity within the PS-exposing platelet subpopulation has also been reported by Topalov et al. (80): one subset with high Ca2+cyt, ΔΨm loss, and inactive αIIbβ3; and another with low Ca2+cyt, intact ΔΨm, and active αIIbβ3. Subsequently, this latter subset was described to be the result of the interaction between a procoagulant platelet and an aggregatory (non-PS-exposing) platelet (81).

Although caspase activation occurs upon mitochondrial depolarization and has been used as a marker in studies of agonist-induced platelet PS exposure, e.g., caspase-3 (75, 79), the agonist-induced pathway of procoagulant platelet formation appears to be independent of caspase activation (52, 82).

Near-complete shedding of GPIbα and GPVI mediated by ADAM17 and 10, respectively, is accompanied by PS exposure and modulates platelet function from less adhesive to more procoagulant (83).

In becoming procoagulant, platelets undergo remarkable morphological changes. Platelets adherent to collagen/CRP, but not fibrinogen, spread and transform into blebbing, rounded, balloon-like structures (31, 34). These collagen-adherent balloon platelets are PS exposing, as determined by annexin A5 binding (32, 33). Similarly, platelets stimulated in suspension by C+T or A23187 form a distinct PS-exposing platelet subpopulation with a spherical, balloon-like morphology, almost devoid of granules and normal internal architecture (Figure 1) (35, 84). This ballooning has been attributed to activation of Ca2+-activated Cl− channels, resulting in initial salt entry into platelets, which is then followed by the influx of water (33). There is increased permeability of plasma membrane of the PS-exposing platelets to low-molecular-weight molecules (33, 71).
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FIGURE 1. Upon platelet activation with collagen (10 μg/ml) + thrombin (1 U/ml) (C + T), a subpopulation of phosphatidylserine (PS)-exposing platelets with a round, balloon-like morphology and one or more associated extracellular vesicles (EVs) is formed. Resting (unstimulated) (A) or stimulated (B) washed platelets were labeled with anti-CD41-FITC (platelet marker) and annexin A5-Alexa Fluor 647 (PS exposure) and analyzed on an Amnis ImageStreamX Mark II (ISX) multispectral imaging flow cytometer. Images representative of n = 4 independent experiments.


The unique surface protein coating of procoagulant platelets (Introduction) has been observed primarily localized to a small, convex structure, or cap, rather than distributed uniformly on the PS-exposing platelet surface; 85% of PS-exposing platelets possess caps, with one per platelet (21, 41). It was subsequently demonstrated that procoagulant activity is located in the cap, or remnant platelet body, early in balloon-platelet development, then becomes predominant in the balloon-like structure at later time points (85). Recently, it was observed that more than 90% of PS-exposing platelets possess one or multiple associated EVs that exhibit heterogeneity in platelet membrane glycoproteins and activation markers different from platelet-derived EVs free in suspension (see below) (Figure 1) (35).

PS exposure is accompanied by the release of membrane-bound EVs (previously referred to as microparticles or microvesicles) from the platelet plasma membrane (86); indeed, Scott syndrome platelets, that are deficient in PS exposure upon activation (Pathologies of Phosphatidylserine Exposure), are also deficient in EV formation (87, 88). EV surface membranes are heterogeneous in their expression of platelet membrane glycoproteins, e.g., αIIbβ3 and GPIb-IX-V, and activation markers, e.g., CD62P (P-selectin), CD63, and activated αIIbβ3 (35, 89, 90), and only about half expose PS (86). Platelet-derived EVs support hemostasis and also play a role in platelet–cell communications, delivering bioactive molecules, e.g., cytokines, eicosanoids, RNA species, to target cells [e.g., Boilard et al. (91)]. Elevated circulating EV levels have been reported in thrombotic conditions, immune-mediated conditions, and malignancy and inflammatory conditions, but whether they are “active contributors” or “passive indicators” of these conditions is not known (86). EVs are cleared rapidly (92), implying that they must be produced continuously for circulating levels to be detected.

Once procoagulant platelet formation has been stimulated in vitro, PS exposure is not readily reversed; this is likely due, at least in part, to inhibition of translocase activity (56, 76, 93), preventing the flipping of PS to the internal membrane leaflet. Even in vivo, PS exposure persists on activated platelets, as demonstrated by a study in which rabbit platelets stimulated to expose PS in vitro continued to circulate when injected into recipient rabbits (94). Although PS is a clearance signal of apoptotic cells by macrophages (see below), there are examples of cells that express PS constitutively and are viable (95, 96).

It is still not clear why there is platelet response heterogeneity to becoming PS exposing. Certainly, it is not due to differences in overall platelet reactivity, as PS-exposing platelets express CD62P to the same extent as non-PS-exposing platelets (9), indicating that they are capable of the secretion event. Although it had previously been attributed to platelet age, with young platelets, identified by increased thiazole orange staining, having an enhanced capacity to take on a procoagulant phenotype (22, 97), uptake of this dye is increased in large platelets that are not necessarily young platelets in the steady state (98). Recently, it has been shown that young, newly produced, steady-state (rabbit) platelets are indeed less responsive in exposing PS than older platelets (98). It is speculated that differences in receptor expression levels and in Ca2+-flux machinery activity are involved (99), and levels of adhesive receptors, including GPVI, GPIbα, αIIb, and β3, have been reported to be increased on procoagulant platelets (97, 100).



Apoptosis-Induced Phosphatidylserine Exposure

It is now well-recognized that platelets, although they are anucleate, can undergo apoptosis. This occurs via the intrinsic, mitochondrial-dependent pathway, with platelets possessing the necessary cytosolic machinery, while likely lacking the death receptors required for the extrinsic pathway (37, 101, 102). Platelet apoptosis can be initiated in vitro by ABT-737, a BH3-only protein mimetic, that inhibits the pro-survival Bcl-2 family protein Bcl-xL, resulting in activation of the proapoptotic Bcl-2 proteins Bak and Bax; these then go on to initiate mitochondrial damage, cytochrome c release, caspase activation, PS exposure, and membrane blebbing and EV formation (37, 52, 101), all hallmarks of apoptosis in nucleated cells.

In contrast to platelet agonist-induced PS exposure, which occurs rapidly, apoptosis-induced PS exposure occurs more slowly, on the order of hours (9, 37, 52, 53). This apoptosis pathway is indeed Bak and Bax dependent, as platelets lacking these proteins do not externalize PS when incubated with ABT-737. It is also caspase dependent, as responses are abolished in the presence of a caspase inhibitor (52, 78). However, it does not require increases in Ca2+cyt or calpain activity, which are necessary for agonist-induced PS exposure (52) (Agonist-Induced Phosphatidylserine Exposure) There is early mitochondrial outer membrane permeabilization (MOMP), followed by later IMM disruption concomitant with PS exposure (81): MPTP formation may not be involved, and ΔΨm depolarization may occur (52, 103–105). PS-exposing platelets take on a rounded morphology but maintain cytoplasmic components (105, 106); EV formation is not observed early on, but increases with time (103, 104, 107).

ABT-737 treatment of platelets has also been reported to result in PS exposure on a second platelet population at a higher level, observed with agonist-induced PS exposure, than described above. PS exposure on this population is dependent on increases in Ca2+cyt and TMEM16F but unlike agonist-induced PS exposure is dependent on caspase activation (78, 107).

Apoptosis, being the process of programmed cell death, is a major physiological mechanism that regulates the life span of cells, with externalized PS being the “eat me” recognition signal for phagocytic cells to mediate clearance of damaged cells (108). Platelet apoptosis regulates circulating platelet life span, as mutations in Bcl-xL result in shortened platelet survival, while deletion of Bak and Bax prolongs it by almost 2-fold (109, 110). Administration of ABT-737 to dogs and mice causes dramatic thrombocytopenia within 2 h (109, 111), but PS exposure persists on the circulating platelets (106); formation of venous thrombi is inhibited (106). Platelet PS exposure may be involved in physiological platelet clearance; the proportion of PS-exposing platelets increases as rabbit platelets age in the circulation under steady-state conditions (77).




PATHOLOGIES OF PHOSPHATIDYLSERINE EXPOSURE

The importance of activated platelet membrane phospholipid bilayer scrambling with resulting PS exposure in hemostasis is highlighted in the very rare inherited autosomal recessive disorder Scott syndrome. The first-described patient, Mrs. M.A. Scott, had a relatively severe bleeding phenotype: she was found to have an isolated defect in PF3a (Introduction) (112); impaired PS exposure upon platelet activation, thereby resulting in deficient procoagulant activity and abrogated fibrin formation at sites of vascular damage (3, 113); and diminished EV formation (Agonist-Induced Phosphatidylserine Exposure) The genetic defect in four of the six known Scott syndrome patients for whom mutational analysis is available, as well as in canine Scott syndrome, in German Shepherd dogs, involves homozygous and heterozygous variants in the TMEM16F gene (47, 49, 114–118), resulting in an absence of expression of the TMEM16F protein (Scramblase and TMEM16F) Knockout of TMEM16F in genetically modified mice recapitulates the Scott syndrome phenotype (119–122).

Studies of Scott syndrome platelets have shown that, in humans, TMEM16F is required for the major agonist-induced PS exposure pathway but is not essential for apoptosis-induced PS exposure (78). In contrast, in dogs, both agonist- and apoptosis-induced platelet PS exposure requires TMEM16F (116). Detailed proteomic profiling of human Scott syndrome platelets has provided insight into protein modifications that occur when platelets are activated to expose PS (123).

In contrast with the Scott syndrome, in the rare autosomal dominant Stormorken syndrome, resting platelets have elevated surface PS exposure; resting Ca2+cyt is increased due to a novel STIM1 gain-of-function variant. Stormorken syndrome patients have thrombocytopenia and a mild bleeding diathesis along with their thrombocytopathy (124).

Another inherited disorder in which elevated PS exposure and Ca2+cyt is observed with resting platelets is the microthrombocytopenia, Wiskott–Aldrich syndrome (WAS) Upon stimulation, WAS platelets have increased susceptibility to PS exposure that occurs as a result of MPTP opening (125, 126).

Resting platelets from Bernard–Soulier syndrome patients also have elevated PS exposure, independent of their large size (127), indicating a role for GPIb-IX-V. PS exposure is generally increased in activated BSS platelets as well and is accompanied by ΔΨm depolarization in a proportion of platelets (127).

Aberrant PS exposure has been described in certain acquired platelet disorders. Platelets from patients with immune thrombocytopenia have increased (apoptosis-induced) PS exposure likely contributing to the decreased platelet counts (128, 129). Recently, there has been the report of increased circulating PS-exposing ballooned platelets in trauma hemorrhage in response to the damage-associated molecular pattern histone H4, demonstrating a mechanism by which platelets respond to tissue damage (130).



CONCLUSION: POTENTIAL OF PROCOAGULANT PHOSPHATIDYLSERINE-EXPOSING PLATELETS AS AN ANTITHROMBOTIC TARGET

Understanding of the mechanisms involved in the formation of the procoagulant PS-exposing platelet phenotype and its role in hemostasis has increased dramatically. Since traditional antiplatelet agents do not completely reduce the risk of thromboembolic events, the question arises: Is PS exposure a useful antithrombotic target? Not surprisingly, drugs that target the ADP and TxA2 pathways of platelet activation and aggregation have no major effect on inhibiting platelet procoagulant activity (38, 131, 132) since these agonists are not particularly potent in stimulating the formation of PS-exposing platelets (Agonist-Induced Phosphatidylserine Exposure). There are certainly indications that the procoagulant platelet might be a useful target in reducing thrombosis. Firstly, knockout of TMEM16F in platelets of genetically modified mice (Pathologies of Phosphatidylserine Exposure) decreases platelet thrombus formation in vitro on collagen-coated coverslips under flow conditions and in models of arterial and venous thrombosis (119–122). Secondly, there is evidence that in clinical conditions of thrombosis, specifically coronary artery disease, and essential thrombocythemia, the procoagulant platelet response is increased, and that increased levels of procoagulant platelets are associated with increased risk for recurrent infarction in lacunar and non-lacunar stroke and predict incident stroke after transient ischemic attack (131, 133–136). Thirdly, procoagulant platelets have recently been shown to play a critical role in forming neutrophil macroaggregates that promote pulmonary thrombosis after gut ischemia that is a potent inducer of platelet PS exposure on the endothelium in the intestines, liver, and lungs; large membrane fragments ripped from PS-exposing platelets in a shear-dependent fashion wrap around the neutrophils to form adhesive bridges (137).

Thus, since PS exposure persists on activated platelets not only in vitro but in vivo as well (76, 94), blocking of the procoagulant surface could be an effective, novel strategy to reduce thrombosis. By binding to PS, annexin A5, diannexin [a recombinant annexin A5 homodimer with a longer circulating half-life than annexin A5 and a 10-fold higher binding affinity to PS (138, 139)] and lactadherin inhibit thrombus formation in vitro and in animal models of arterial and venous thrombosis (139–145). However, diannexin and lactadherin impair hemostasis as well, increasing murine tail bleeding time blood loss (139, 145); thus, if a strategy of blocking exposed PS is to be pursued, dosages of blocking compounds must be finely tuned.

Alternatively, mitochondrial depolarization (70), scramblase activity (146, 147), or water entry into platelets (33, 148) are potential targets to inhibit formation of the thrombin-generating subpopulation of platelets while still allowing platelet aggregation to occur. It may be that inhibition of procoagulant platelet formation could be an alternative approach to reduce thrombosis without impairing hemostasis.
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Despite improvements in donor screening and increasing efforts to avoid contamination and the spread of pathogens in clinical platelet concentrates (PCs), the risks of transfusion-transmitted infections remain important. Relying on an ultraviolet photo activation system, pathogen reduction technologies (PRTs), such as Intercept and Mirasol, utilize amotosalen, and riboflavin (vitamin B2), respectively, to mediate inactivation of pathogen nucleic acids. Although they are expected to increase the safety and prolong the shelf life of clinical PCs, these PRTs might affect the quality and function of platelets, as recently reported. Upon activation, platelets release microparticles (MPs), which are involved in intercellular communications and regulation of gene expression, thereby mediating critical cellular functions. Here, we have used small RNA sequencing (RNA-Seq) to document the effect of PRT treatment on the microRNA profiles of platelets and derived MPs. PRT treatment did not affect the microRNA profile of platelets. However, we observed a specific loading of certain microRNAs into platelet MPs, which was impaired by treatment with Intercept or its Additive solution (SSP+). Whereas, Intercept had an impact on the microRNA profile of platelet-derived MPs, Mirasol did not impact the microRNA profile of platelets and derived MPs, compared to non-treated control. Considering that platelet MPs are able to transfer their microRNA content to recipient cells, and that this content may exert biological activities, those findings suggest that PRT treatment of clinical PCs may modify the bioactivity of the platelets and MPs to be transfused and argue for further investigations into PRT-induced changes in clinical PC content and function.
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INTRODUCTION

Derived from giant megakaryocytes in the hematopoietic bone marrow, platelets are small discoid and anucleate blood elements (1). Platelets have a key hemostatic role and are guardians of the structural integrity of blood vessels (2). Upon activation, platelets release extracellular vesicles (EVs), known as microparticles (MPs) (3), along with other particles, such as free mitochondria and mito-MPs (4). These MPs can mediate intercellular communications through delivery of bioactive molecules (5). With their rich content in protein-coding messenger RNAs, non-coding RNAs (e.g., microRNAs), cytokines, and lipids, platelet MPs may play an important role in gene regulation and homeostasis (5, 6). We reported previously that MPs released from human platelets can transfer functional microRNAs to human endothelial cells (1) and macrophages (2), in which platelet-derived microRNAs could regulate host cell gene expression.

Transfusion of clinical platelet concentrates (PCs) is required in various pathological conditions (e.g., thrombocytopenia, cancers, transplant surgery) (7) or for prophylactic purposes (8). In contrast to other blood products, clinical PCs, once collected and prepared (e.g., by apheresis or from buffy coats) are stored at room temperature under gentle agitation. This almost systematic procedure limits platelet storage to 5–7 days (9).

To increase their shelf life, these clinical PCs go through a series of routine tests and are sometimes treated with pathogen reduction technologies (PRTs) to eliminate the potential risks of viral, bacterial, fungal, or protozoal type contamination (10). The main PRTs available on the market are based on a photochemical principle (excitation at a given wavelength) to cross-link the pathogens' nucleic acids. The pathogen inhibitor Mirasol uses riboflavin (vitamin B2), a natural photochemical compound that binds to nucleic acids after UV exposure. This is followed by oxidation of guanine bases leading to single-strand breaks (11, 12). On the same principle, Intercept, along with its Additive solution, uses the properties of amotosalen to irreversibly block the replication of DNA and RNA, thus preventing the proliferation of pathogens (11, 13, 14). There are other pathogen inhibitors under development, such as Theraflex, which does not use photochemical compounds, but only ultraviolet C (UVC) irradiation (15).

However, these technologies, which are essentially based on photochemistry, do not receive unanimous agreement regarding their innocuousness on platelets and derived MPs, especially on their repertoire of functional nucleic acids (16). Although PRTs are convenient to reduce the risk of transfusion-transmitted infections, they can affect platelets and derived MPs' properties and, therefore, influence their functions. In fact, PRTs affect the metabolic (pH, sugars, nucleosides) and physiological parameters of platelets (e.g., increased platelet activation, reduced aggregation in response to agonists such as collagen, ADP, and thrombin, and increased risk of bleeding, as reported in several clinical cases) (17–20). However, less is known about their effects on the generation, content, and bioactivity of platelet MPs.

The advent of PRTs predated the discovery of the rich and functional nucleic acid content (e.g., messenger RNA, transfer RNA, microRNA, and long non-coding RNA) of platelets and derived MPs. Their effects on the profile of mRNAs and, in particular, microRNAs are yet to be unveiled. We have previously reported that PRT treatment of clinical PCs altered the level of some platelet microRNAs (21), suggesting that it might also alter the microRNA content of MPs derived from PRT-treated platelets. In this study, we have used small RNA sequencing (RNA-Seq) to characterize the microRNA profile of platelets, treated or not with pathogen inhibitors Mirasol or Intercept, as well as that of the MPs derived from these platelets.



METHODS


Samples

The study was designed as previously described (19, 21). Briefly, clinical PCs were prepared from blood by apheresis using a standard blood bank protocol (19). PCs were subjected to one of the following four conditions: (1) Control (platelets stored in donor plasma); (2) Mirasol [platelets stored in donor plasma and treated with riboflavin and ultraviolet B (UVB) light]; (3) Additive solution [platelets stored in 65% storage solutions for platelets (SSP+; MacoPharma) and 35% donor plasma]; or (4) Intercept [platelets stored in SSP+ (Additive solution) and treated with amotosalen and UVA light]. For each group, 6 PC samples were pooled (n = 6 PCs per treatment, 24 samples in total, 4 pools). All PR treatments were performed according to the standard blood bank procedures or the manufacturer's instructions without modification.



Platelet Storage and MPs Isolation

Clinical PCs, treated or not with PRTs, or with the Additive solution, were stored under blood bank conditions (at room temperature under gentle rocking) for 7 days.

For platelet analysis, platelets were isolated from the PCs, as previously described (19), using anti-CD45 magnetic beads to minimize leukocyte co-isolation (<1 leukocyte per 3.2 million platelets; <0.03% of the platelet RNA preparations) (22, 23).

For MP analysis, platelets were sedimented at 1,000 g for 10 min. Platelet-free supernatant (PFS) was further spun a 18,000 g for 90 min to isolate platelet MPs.



RNA Isolation and Sequencing

Considering the role of MPs in intercellular communications, we analyzed the microRNA content of platelet MPs by RNA-Seq, as we did for platelets.


RNA Isolation

Total RNA from platelets or MPs was isolated using Trizol LS (Life Technologies—Ambion, Thermo-Fisher Scientific) and suspended in DEPC-treated DNase-RNase-free water (Invitrogen) prior to RNA purification and subsequent on-column DNase treatment using RNeasy mini-kit (Qiagen) following the manufacturer's protocol. Total RNA was then shipped on dry ice to the sequencing platform (ArrayStar).



Library Preparation

The purity, quality, and concentration of total RNA samples were determined using NanoDrop ND-1000 (Thermo Scientific) and 2100 Bioanalyzer (Agilent). Total RNA of each sample was used to prepare the microRNA sequencing library, which included the following steps: (1) 3′-adapter ligation, (2) 5′-adapter ligation, (3) cDNA synthesis, (4) PCR amplification, and (5) size selection of PCR amplified fragments of ~130–150 base pairs (corresponding to small RNAs of ~15–35 nucleotides). The complete libraries were quantified by Agilent 2100 Bioanalyzer.



Small RNA Sequencing

The samples were diluted to a final concentration of 8 pM and denatured as single-stranded DNA prior to cluster generation performed on an Illumina cBot using a TruSeq Rapid SR cluster kit (#GD-402-4001, Illumina). The clusters were then sequenced for 51 cycles on an Illumina HiSeq 2000 using TruSeq Rapid SBS Kits (#FC-402-4002, Illumina), as per the manufacturer's instructions.



Bioinformatics Analysis

The clean reads that passed the quality filter were processed to remove the adaptor sequence to generate the trimmed reads. All analyses displayed here were obtained from ArrayStar standard analysis pipeline and refined using R (Free Software Foundation). MicroRNA read counts were normalized as read counts per million microRNA alignments (RPM). Sequences known to be contaminant confounders from RNA isolation procedures were discarded before analysis.




Illustrations

Figures displayed in this manuscript were generated using R (Free Software Foundation), Inkscape software (Free Software Foundation) and/or Prism 8 (GraphPad Software, Inc.).




RESULTS


PRTs Have No Effect on the Most Abundant microRNAs in Platelets

We first analyzed, by RNA-Seq, the profile of microRNAs in platelets either not treated (Control) or treated with Mirasol, Additive solution, or Intercept. MicroRNA profiling and clustering data suggest that treatment of platelets with Mirasol, Additive solution, or Intercept altered the global profile of platelet microRNAs (Figure 1A). However, when looking at the 20 most abundant platelet microRNAs, we obtained similar profiles between the four experimental conditions (Figure 1B).


[image: Figure 1]
FIGURE 1. MicroRNA profile of PRT-treated human platelets. Clinical PCs were either left untreated in donor plasma (Control group) or treated with PRT agents Mirasol or Intercept, or with the Additive solution, used as the vehicle control for Intercept. Platelets were isolated from the clinical PCs, and total RNA was extracted and pooled from six donors per group prior to small RNA-Seq analysis. (A) Heatmap representation of the platelet microRNA profiles with clustering analysis, where fold changes vs. control PCs are indicated in graded color intensity. (B) Circular diagram representing the 20 most abundant microRNAs in each pooled sample, along with other microRNAs and their relative proportion. PCs, platelet concentrates; PRT, pathogen reduction technologies.




Certain MicroRNAs Might Be Specifically Loaded Into MPs

We observed that the 20 most abundant microRNAs, in both platelets (Figure 1B) and derived MPs (Figure 2A), comprised approximately two-thirds of all sequences. Fourteen of the 20 most abundant microRNAs in platelets were found among the 20 most abundant microRNAs in platelet MPs, suggesting that the microRNA profile of platelet MPs slightly differs from that of the platelets from which they derive (Figure 2A vs. Figure 1B).


[image: Figure 2]
FIGURE 2. Platelet microRNAs are differentially partitioned into MPs. MPs were isolated from control PCs. Total RNA was extracted and pooled from six donors prior to small RNA-Seq analysis, as done for platelets in Figure 1. (A) Circular diagram representing the 20 most abundant microRNAs in platelet MPs, along with other microRNAs and their relative proportion. *IsomiR sequence. (B) Pearson's correlation of microRNA abundance in platelet MPs vs. platelets. (C) The 20 most abundant microRNAs, above 1,000 RPM, specifically impoverished in platelet MPs vs. platelets. (D) The 20 most abundant microRNAs, above 1,000 RPM, specifically enriched in platelet MPs vs. platelets. Hsa, Homo sapiens; MPs, microparticles; PCs, platelet concentrates; RPM, reads per million.


Platelet MPs (780 unique sequences; Figure 2A) appeared to contain a more diverse array of microRNAs than platelets (544 unique sequences; Figure 1B), with the difference concerning mainly the least abundant sequences.

A correlation of the platelet and derived MP microRNAs suggests that some microRNAs may be specifically loaded in platelet MPs (Figure 2B). Among the top 20 microRNAs above 1,000 reads per million (RPM), hsa-miR-454-3p, hsa-miR-16-5p, and hsa-miR-20a-5p are the three microRNAs most specifically enriched in platelets (versus MPs) (Figure 2C). For platelet MPs, the top three specific microRNAs were hsa-miR-320b, hsa-miR-320a, and hsa-miR-4433b-3p (Figure 2D).



microRNA Loading Into MPs Is Impacted by Intercept Treatment of Platelets

Linear regression analyses unveiled that Mirasol treatment of platelets had no effect on the microRNA content of the released MPs (Figure 3A). Whereas, the exposure of platelets to the vehicle of Intercept, Additive solution, slightly disturbed the MP microRNA correlation with MPs released from control platelets (Figure 3B), the treatment of platelets with Intercept had more profound effects (Figure 3C). A closer examination of Figure 3C revealed two groups of microRNAs: those that are enriched (the steepest slope) and those that are impoverished (the smoothest slope) in MPs released from Intercept-treated platelets. These results suggest that Intercept may interfere with the natural process underlying MP formation and released from platelets, leading to the production of MPs with a different content and, possibly, different bioactivity.


[image: Figure 3]
FIGURE 3. MicroRNA profile of the MPs derived from human platelets subjected to PRT treatment. MPs were isolated from PCs that were either left untreated in donor plasma (Control group) or treated with PRT agents Mirasol or Intercept, or with the Additive solution, used as the vehicle control for Intercept. (A–C) Pearson's correlation of the microRNA abundance in platelet MPs isolated from Mirasol-treated platelets (A), Additive solution-treated platelets (B), or Intercept-treated platelets (C) vs. control MPs. MPs, microparticles; RPM, reads per million. (D) Heatmap representation of the 20 most abundant microRNAs in MPs, where fold changes vs. control PCs are indicated in graded color intensity. MPs, microparticles; PCs, platelet concentrates; PRT, pathogen reduction technologies; RPM, reads per million.


We observed the same trend when focusing our analysis to the 20 most abundant microRNAs (Figure 3D and Tables 1–3). Mirasol treatment led to a feeble decrease in the level of certain microRNAs, such as hsa-miR-22-3p or hsa-miR-423-5p, in MPs compared to control MPs (Figure 3D and Table 1). On the contrary, the Additive solution decreased the level of certain highly abundant microRNAs, such as hsa-miR-151a-3p, hsa-miR-320a, or hsa-miR-221-3p, while increasing specifically the level of hsa-miR-26a-5p (Figure 3D and Table 2). Intercept treatment led to a more pronounced alteration of MP microRNA content, with a decrease in hsa-miR-185-5p levels and an increased abundance of hsa-let7i-5p (up to 3 fold) and hsa-miR-451a (up to 6.3 fold), compared to its vehicle (Additive solution) (Figure 3D and Table 3).


Table 1. Impact of Mirasol treatment on the microRNA profile of platelet-derived MPs.
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Table 2. Impact of Additive solution treatment on the microRNA profile of platelet-derived MPs.
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Table 3. Impact of Intercept treatment on the microRNA profile of platelet-derived MPs.
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Similar trends were observed when analyzing the data of the other, less abundant microRNAs (not in the top 20, but >1,000 RPM). The effect of Mirasol was very limited, consisting mainly in downregulation of some microRNAs (Table 1). As above, the Additive solution modified (decreased or increased) the level of several other MP microRNAs of lower abundance (Table 2). Similarly, Intercept downregulated some MP microRNAs, such as hsa-miR-151a-3p (0.3-fold change vs. control MPs), while increasing the level of other MP microRNAs, such as hsa-miR-144-3p (13.7-fold change vs. control MPs) (Table 3).




DISCUSSION

Overall, our results indicate that Mirasol treatment of platelets had no marked effect on the microRNA profile of derived MPs, while Intercept exposure induced a more pronounced alteration in microRNA levels in platelet-derived MPs, an effect to which its Additive solution vehicle likely contributes.

Storage and quality control of PCs is a major challenge in blood banks, for which several checkpoints are set up from blood/platelet collection to PC transfusion. Based on the use of photochemical products designed to interfere with the genetic material of pathogens, through chemically induced cross-linking of nucleic acids, PRTs had revolutionized the control of PC safety and prolonged their shelf life. These technologies, however, were developed before we learned about the existence of functional nucleic acids (e.g., microRNAs) in human platelets (22, 24). Indeed, platelets carry all the components of the transcription (25) and translation (26) machinery of classical cells. They also contain a wide range of non-coding RNAs, including microRNAs (25, 27). Therefore, we cannot exclude the possibility that PRTs might impact the functional activity and/or level of nucleic acids contained in platelets or its derived MPs.

In this study, we expanded our previous qPCR analyses of selected microRNAs (21) by performing small RNA-Seq microRNA analyses of platelets, treated or not with PRT. These analyses corroborated our previous findings that Intercept may alter microRNA levels in exposed platelets (21), in addition to modulating the platelet mRNA transcriptome (19), which suggest that these consequences might be related.

PRTs induced variations on less abundant microRNAs. While such differences might have limited functional consequences individually, it is important to note that microRNAs generally act in clusters (28) and that changes, even subtle, in the level of several microRNAs might have an impact on platelet function or physiological response to agonists (21).

In the current study, we observed that platelets and their MPs had a different microRNA profile, suggesting a specific microRNA loading into MPs upon platelet activation. This difference, as also suggested by Diehl et al. (29), reflects an active and selective mechanism for packaging platelet microRNAs in MPs, which may confer specific regulatory functions to MPs.

Like outer membrane vesicles from bacteria (30) or other EV-like exosomes in eukaryotes (31), the profile of the genetic material, embedded in EVs, often depends on the physiological context and EV formation mechanisms at play in the cell of origin. It is, therefore, of importance to assess the effects that PRTs can have on the microRNA profile of platelet MPs.

Although we detected important differences in the microRNA repertoire of MPs derived from platelets exposed to Intercept or its Additive solution vehicle, none of the PRT treatments influenced the profile of microRNA isoforms (also known as isomiRs; Supplementary File 1). These observations suggest that PRT may influence microRNA loading into MPs rather than microRNA processing events.

Several studies have reported reduced platelet function upon Intercept treatment (19, 21, 32–34). Intercept has been shown to induce activation of p38, diminish the level of CD42 (also known as GpIb, which, in its complex, allows platelet adhesion and platelet clogging) (35), and deregulate expression of the pro-survival gene Bcl-xl and anti-apoptotic genes (21). In addition, to modulate the platelet mRNA transcriptome (19), Intercept was reported to alter platelet characteristics (mean volume), activation level, and aggregation response to physiological agonists (21). As the loading of genetic material (e.g., microRNAs) and the process of MP formation can be affected upon alteration of these characteristics and properties, the effect of Intercept on the microRNA profile of platelet MPs may thus be the consequence of all these interferences.

Intercept, in particular, seems to trigger the specific overrepresentation of hsa-miR-451a. This microRNAs is known to modulate cytokines, such as Macrophage Migration Inhibitory factor (MIF), which plays essential roles in the immune system and cell growth (36–38). As platelet MPs are internalized and transmit their microRNA content to macrophages (6), the transfer of this specific MP-enriched microRNA may reprogram the macrophage function of the PC recipient.

Other microRNAs, such as miR-26a, are also overrepresented in platelet MPs upon Intercept and Additive solution treatments. MiR-26a is involved in the regulation of numerous target genes (e.g., PTEN, SMAD1, AKT, and MAP3K2/MEKK2) and was found to play a role in normal tissue growth and development (39). The increase in platelet MP miR-26a levels may thus affect endothelial cell growth, as platelet MPs transmit their microRNA content to such cells (5).

The changes in the level of certain microRNAs in MPs derived from platelets exposed to Intercept or its Additive solution vehicle, may have long-term, cumulative effects upon multiple transfusions.



CONCLUSION

In this study, while there was no major effect on platelets, we found that PRT may impact the microRNA profile of platelet-derived MPs and induced overrepresentation of certain microRNAs. As platelet MPs may reprogram the function of macrophages by transferring their content in functional microRNAs, such as miR-126-3p (6) or miR-223 in endothelial cells (5), treatments that impact microRNA loading into MPs will also impact their bioactivity. The long-term consequences of transfusing modified platelet MPs to patients, and their detrimental/beneficial effects on health remain to be determined, especially in patients receiving PC on a regular basis.
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Type 2 diabetes is a major risk factor for cardiovascular disease. Given the contribution of platelets to atherothrombosis—which in turn is a major contributor to cardiac events, there may be cause to consider platelet function in management of diabetes. Despite the large body of research concerning the role of platelets in cardiovascular complications of type 2 diabetes, evidence from population-based studies of platelet aggregation in diabetes is limited. Mean Platelet Volume (MPV), a cell trait partially associated with markers of platelet activity, is more commonly available. We investigated the association of metabolic syndrome and diabetes with platelet aggregation to three physiological agonists, ADP, collagen, and epinephrine, in the Framingham Heart Study Offspring cohort. We further examined the relationship between MPV measured with Beckman Coulter LH750 instruments and self-reported diabetes as well as MPV and diabetes medication in the UK BioBank cohort, performing the largest such analysis to date. Increased platelet aggregation associated with prevalent diabetes was observed for low concentration epinephrine (0.1 μM) alone and only in analyses of participants stratified either by male sex and/or having metabolic syndrome. Other agonists and concentrations were not significant for prevalent diabetes, or in opposite direction to the main hypothesis (i.e., they showed lower platelet aggregation associated with diabetes). After a median of 18.1 years follow-up, no platelet aggregation trait was associated with increased risk of diabetes (n = 344 cases). As expected, increased MPV was significantly associated with diabetes (β = 0.0976; P = 8.62 × 10−33). Interestingly, sex-stratified analyses indicated the association of MPV with diabetes is markedly stronger in males (β = 0.1232; P = 1.00 × 10−31) than females (β = 0.0514; P = 7.37 × 10−5). Among diabetes medications increased MPV was associated with Insulin (β = 0.1341; P = 1.38 × 10−11) and decreased MPV with both Metformin (β = 0.0763; P = 1.99 × 10−6) as well as the sulphonylureas (β = 0.0559; P = 0.0034). Each drug showed the same direction of effect in both sexes, however, the association with MPV was nearly twice as great or more in women compared to men. In conclusion, platelet function as measured by aggregation to ADP, collagen, or epinephrine does not appear to be consistently associated with diabetes, however, MPV is robustly associated suggesting future work may focus on how MPV segments pre-diabetics and diabetics for risk prediction.
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INTRODUCTION

Platelets play a central role in the development of atherothrombosis, a major contributor to cardiovascular events (1). Type 2 diabetes is a major risk factor for cardiovascular disease (2) and a strong predictor of cardiovascular mortality (3). Metabolic syndrome, a cluster of lipid, and nonlipid risk factors of metabolic origin (4), is prevalent and associated with an increased risk for diabetes and CVD in both sexes (5). Multiple aspects of atherothrombosis are suspected to be dysregulated in diabetes, including increased atherosclerosis, chronically activated endothelium, coagulation, and platelet reactivity (6). Platelet activation has been associated with progressive thickening of the carotid artery in diabetic patients (7). Given the contribution of platelets to atherothrombosis there may be cause to consider platelet function in management of diabetes and its macrovascular complications, but this is not part of the current standard of care (8).

Platelets in patients with diabetes are reported to exhibit hyper-reactivity to subthreshold stimuli, and undergo rapid consumption, resulting in accelerated thrombopoiesis of more reactive platelets (9). Reports of increased platelet aggregation to various agonists go back several decades (10, 11); however, studies in diabetics without CVD have produced inconsistent results (12–16). Platelet function in metabolic syndrome is less well-characterized. The two previous studies of platelet aggregation comparing metabolic syndrome patients with healthy controls produced inconsistent results (17, 18). Alterations in several platelet functional measures have been reported in both diabetes and metabolic syndrome: increased platelet P-selectin (17, 19), increased levels of thromboxane metabolites (18, 20), and increased platelet turnover (17, 21). Mean Platelet Volume (MPV), a measurement of platelet size, is partially associated with other established markers of platelet activity, including platelet aggregation (1, 22). Elevated MPV is associated with diabetes (23–27) and has been shown to be an independent prognostic marker of vascular events in diabetics (28) as well as the general population (29).

The majority of previous studies concerning platelet aggregability in diabetes or metabolic syndrome have been of limited sample size and often lacked adjustment for potential confounders known to affect platelet aggregation independent of these conditions, including age and sex. Platelets are significantly more reactive at baseline and after aspirin therapy in women compared to men (30). The relationship of sex with platelet aggregation in diabetes is largely unknown. To this end, we investigated the association of platelet aggregation to three physiological agonists with metabolic syndrome and diabetes in the FHS Offspring cohort, accounting for sex in our models and further stratifying analyses by sex where possible. We further examined the relationship between MPV with self-reported diabetes, accounting for sex, in the UK BioBank cohort, performing the largest such analysis to date. Finally, we examined the relationship between MPV and diabetes medication status, also accounting for sex.



METHODS


Framingham Heart Study (FHS) Cohort, Phenotypes, and Analysis

The FHS is a longitudinal community-based cohort (31). This investigation considered participants in the Framingham Offspring cohort attending the fifth examination cycle (1991–1995) during which platelet function was assayed. Of 3,799 individuals attending the exam, 551 were excluded for one of the following reasons: missing platelet function measures mainly due to the measures being started partway in the exam cycle (n = 526), missing current diabetes status (n = 2), currently taking an antiplatelet medication other than aspirin (n = 14), previous history of leukemia (n = 3) or lymphoma (n = 7). The Institutional Review Board of Boston University Medical Center (Boston, MA) approved the study protocol, and all participants provided written informed consent.

Platelet aggregation was tested in response to three agonists: ADP (Sigma–Aldrich), epinephrine (Sigma–Aldrich), and collagen (Bio/Data), and arachidonic acid (Bio/Data). Blood samples were collected from the antecubital vein in the morning with participants lying supine after an overnight fast. Blood was drawn into an evacuated collection tube containing 3.8% sodium citrate (Becton Dickinson) and centrifuged at 160 g for 5 min at room temperature to separate platelet rich plasma. Blood was at RT until assay. Platelet rich plasma was not diluted to any specific concentration before assay. A 4-channel light transmission aggregometer (Bio/Data, Horsham, PA) was used to measure platelet aggregation at 37°C and 1,200 rpm. Aggregation was tested with a fixed concentration of arachidonic acid (1.64 mM) and increasing concentrations of ADP (0.05–15 μmol/L) and epinephrine (0.01–15 μmol/L) (32). As concentrations for epinephrine and ADP were titrated up or down based on individual responsiveness, not all participants were tested at all concentrations. Collagen lag time was measured in response to a single concentration (1.9 μg/mL) of calf-derived Type 1 fibrillar collagen. An increase in collagen lag time is indicative of reduced platelet aggregation. For ADP and epinephrine maximal aggregation at each concentration normalized relative to platelet poor plasma was used (scale of 0–100%). All reactions were run the same morning as the blood draw. Aspirin usage was inferred on the basis of the absence of full response to arachidonic acid stimulation. This was done by lab technician opinion after several minutes of aggregation (33).

Because of the variable number of participants tested at a given concentration of agonist, we focused our continuous trait analyses on two concentrations of ADP (1 and 5 μM) and epinephrine (0.1 and 1 μM) which had a sample size >900 at each concentration of agonist. We further characterized the association of prevalent diabetes with platelet aggregation by dichotomous aggregation traits previously applied in the analysis of venous thrombosis and CVD (32, 34). Briefly, ADP hyperreactivity was defined as ≥50% maximal aggregation to at least one low concentration (0.05, 0.1, 0.5, and 1 μmol/L). Similarly, hyperreactivity to epinephrine required ≥50% maximal aggregation to at least one low concentration (0.05, 0.1, 0.5, and 1 μmol/L). In contrast, those who failed to reach 50% maximal aggregation at a higher concentration (5, 10, and 15 μmol/L) of ADP or epinephrine were considered hyporesponders. Histograms of maximal percent aggregation at concentrations used to determine hyperreactivity and hyporeactivity are shown for ADP in Supplementary Figure 1 and for epinephrine in Supplementary Figure 2.

Criteria for diabetes mellitus were a fasting glucose level of ≥126 mg/dL, non-fasting glucose level ≥200 mg/dL, or use of medications to treat hyperglycemia. No specific steps were taken to exclude type 1 diabetes. Metabolic syndrome status was determined by the unified criteria of the International Diabetes Federation Task Force on Epidemiology and Prevention, National Heart, Lung, and Blood Institute, American Heart Association, World Heart Federation, International Atherosclerosis Society, and International Association for the Study of Obesity (35). The presence of any three of five risk factors constitutes a diagnosis of metabolic syndrome. The risk factors and their cut points are: elevated waist girth (male, ≥94 cm; female, ≥80 cm), elevated triglycerides (≥150 mg/dL), reduced HDL (male, <40 mg/dL; female, <50 mg/dL), elevated blood pressure (systolic ≥130 and/or diastolic ≥85 mm Hg), elevated fasting glucose (≥100 mg/dL) (35).

In this study, there were 1,143 distinct family clusters that contributed data. For a reference point, only 45 families out of 1,143 had family size >10 members, so the vast majority of families in the Gen2 study reflect sibships and close cousins. In the FHS cohort multivariable linear mixed-effect models correcting for nonindependence of families were used to determine the association of continuous platelet aggregation traits with metabolic syndrome and/or prevalent diabetes. Similarly, the association of incident diabetes with continuous traits was determined by Cox mixed-effect models. Duration of follow-up was calculated as days between date of baseline examination with no diabetes (Exam 5) and date of the examination where the participant first met the criteria for diabetes (up to Exam 9), ranging from 2.5 to 22.5 years. The association of prevalent diabetes with dichotomized platelet aggregation traits was assessed by multivariable logistic regression analyses. All models adjusted for age at baseline, sex, and aspirin usage at baseline (as determined by low PRP platelet aggregation to 5mg/mL arachidonic acid). A two-tailed P < 0.05 was considered nominally significant. Statistical analyses were performed with R, version 3.41. For additional sensitivity analyses, we stratified participants based on aspirin usage (yes/no), or history of cardiovascular disease (yes/no) as previously defined. Main models for prevalent diabetes were already adjusted for age at baseline, sex, and aspirin usage. We ran additional sensitivity models adding history of CVD as a further covariate.



UK BioBank Cohort, Phenotypes, and Analysis

The UK Biobank is a large population-based prospective study (n = 500,000), established to allow investigations of the genetic and nongenetic determinants of the diseases of middle and old age (36). IRB approval was granted by the North West Haydock Research Ethics Committee (16/NW/0274) and this project approved by application to the UK Biobank. Participants were assessed between 2006 and 2010 in 22 locations throughout the UK. The assessment visit comprised electronic signed consent, a self-completed touch-screen questionnaire, a computer-assisted interview, physical, and functional measures, as well as collection of blood, urine, and saliva (36). Blood samples from participants were collected into 4 mL EDTA vacutainers by vacuum draw at assessment centers and stored at 4°C. Samples were transported overnight to the UK Biocenter (Stockport, UK) in temperature-controlled containers where full blood cell counts were measured using four Beckman Coulter LH700 Series hematology analyzers (37). The blood cell count values were QC'd centrally by the UK BioBank before release. We applied exclusion criteria that included (A) missing values for any of the following: MPV measurement, blood pressure, BMI, self-report of diabetes diagnosed by a physician, use of anti-platelet, blood pressure, or hyperlipidemia medication; (B) self-report of any of the following conditions: pregnancy, cancer drug treatments, malignant lymph nodes, bone metastases, leukemia, lymphoma, myelodysplasia, multiple myeloma; (C) ICD9 and/or ICD10 codes for any of the following conditions: HIV, neoplasms of bone, polycythaemia vera, myelodysplastic syndrome, red cell aplasia, anemias, coagulation defects, other diseases of the blood, diseases of the liver, abnormal findings on blood tests, splenectomy, and hematopoietic stem cell transplantation. A total of 36,297 participants were removed after applying the exclusion criteria. Among those remaining samples with MPV measures, we used the UK BioBank code (2443) indicating participant self-report of diabetes having been diagnosed by a physician. Use of anti-platelet (aspirin, clopidogrel, and dipyridamole), blood pressure, hyperlipidemia, or diabetes medications (insulin, metformin, and sulphonylureas) was also based on self-report. We defined hypertension as a systolic blood pressure ≥ 130 mm Hg, a diastolic blood pressure ≥ 85 mm Hg, or use of any antihypertensive medication. The association of MPV with self-reported diabetes or with diabetes medications among self-reported diabetics was assessed by multivariable linear analyses. No specific steps were taken to exclude type 1 diabetes. All models adjusted for age at baseline, sex, BMI, hypertension, antiplatelet medication, and hyperlipidemia medication. Secondary analyses were performed using interaction terms to assess effect modification by sex. A two-tailed P < 0.05 was considered nominally significant. Statistical analyses were performed with R, version 3.41.




RESULTS


Framingham Heart Study

The study sample consisted of 3,244 FHS participants from the Offspring cohort who attended Exam 5 (here treated as baseline) and underwent platelet function testing. Platelet aggregation data from different agonists were available for epinephrine (n = 3,086), ADP (n = 3,215), and collagen (n = 3,146). This is the largest population-based study of platelet aggregation by LTA, the gold standard assay in the field, published to date, and to our knowledge the second largest (n = 244 here vs. n = 257 previously) such cross-sectional study conducted in diabetics (38). We believe this is the largest prospective study of platelet aggregation and diabetes (n = 344 cases). Descriptive statistics for the population demographics at the baseline examination are shown according to diabetes status in Table 1. The average participant age was 55.0 years (SD, 9.9 years) and the sample was 52.8% women (n = 1,715). At the baseline exam 41% (n = 131) met the criteria for metabolic syndrome (≥3 of 5 traits) and 7.5% (n = 244) were classified as having diabetes. In linear mixed effects models examining either sex or age separately along with family structure but no other covariates, female sex was strongly associated with higher platelet reactivity for all tests, and weaker associations were observed with older age being associated with increased platelet reactivity (except for collagen lag time; Supplementary Table 1). Hence all models, except those sex stratified, adjusted for both age and sex.


Table 1. Baseline characteristics of Framingham participants.
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We first investigated the relationship between platelet reactivity and metabolic syndrome at the baseline examination. Results of the linear mixed-effect models are presented in Table 2. Reduced platelet aggregation in response to 5 μM ADP (β = 3.07; P = 1.7 × 10−5), 0.1 μM (β = 2.92; P = 0.032), and 1 μM epinephrine (β = 3.11; P = 0.011) as well as increased collagen lag time (β = 2.07; P = 0.015) were associated with metabolic syndrome after adjusting for age, sex, and aspirin therapy. Analyses stratified by sex showed aggregation was uniformly reduced across agonists and concentrations in females (four of five traits P < 0.05), but not in males (one of five traits P < 0.05). Further, the magnitudes of the associations with metabolic syndrome were greater in females compared to males (Table 2). The same patterns emerge when diabetics with metabolic syndrome are excluded from the analyses (Supplementary Table 2), suggesting the association is a pre-diabetic phenomenon. In the absence of metabolic syndrome, by contrast, female sex (compared to male sex) is associated with strong, uniform increases in aggregation across agonists and concentrations (five of five traits P < 0.05; Supplementary Table 3).


Table 2. Results of linear mixed-effect models for association of metabolic syndrome with platelet aggregation and stratified by sex.
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We next investigated the relationship between platelet reactivity and prevalent diabetes (including those with metabolic syndrome). Results of the linear mixed-effect models are presented in Table 3. After adjusting for age, sex, and aspirin therapy we observed that reduced platelet aggregation in response to 5 μM ADP (β = 4.55; P = 7.5 × 10−4), 1 μM epinephrine (β = 7.89; P = 7.0 × 10−4) as well as increased collagen lag time (β = 8.04; P = 1.8 × 10−7) were associated with diabetes status. These are the same three traits and directions of effect as we observed in metabolic syndrome (Table 2). There was a trend toward increased aggregation to 0.1 μM epinephrine. Stratifying the analysis of 0.1 μM epinephrine by sex, it was evident the increased reactivity to epinephrine associated with diabetes was limited to males (β = 9.75; P = 0.006) and absent in females (β = 0.41; P = 0.928). The association in response to 1 μM ADP differed between the sexes with aggregation increasing in males and decreasing in females, but the models did not reach statistical significance. As previously observed in the models of metabolic syndrome, platelet aggregation measures in females again showed stronger negative associations with diabetes compared to males (Table 3). The interpretation of significance and directions of effects were not altered if, instead of adjusting for aspirin use, we stratified to non-aspirin or aspirin takers (Supplementary Table 4). Likewise, if analyses were adjusted for or stratified based on prior CVD history they remained largely unchanged (Supplementary Table 5).


Table 3. Results of linear mixed-effect models for association of prevalent diabetes with platelet aggregation and stratified by sex.
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We explored the relationship between aggregation and diabetes further in multivariable analyses accounting for metabolic syndrome. Results of the linear mixed-effect models are presented in Table 4. There was a stronger association with increased aggregation to 0.1 μM epinephrine (β = 6.84; P = 0.022) compared to the diabetes model without metabolic syndrome as a covariate (Table 3). Reduced aggregation in response to 5 μM ADP (β = 3.42; P = 0.013) and 1 μM epinephrine (β = 6.88; P = 0.004), as well as increased collagen lag time (β = 7.58; P = 1.7 × 10−6) remained significantly associated with diabetes status. Stratifying the multivariable analyses by sex again showed increased reactivity to 0.1 μM epinephrine was associated with diabetes in males alone (β = 10.06; P = 0.006). Females, by contrast, once again showed stronger negative associations of platelet aggregation measures with diabetes compared to males (Table 4). In this multivariable model the repressive effect of metabolic syndrome on three measures: 0.1 μM (β = 5.26) and 1 μM epinephrine (β = 3.48) as well as 5 μM ADP (β = 3.48) remained significant in females independent of diabetes whereas in males only 0.1 μM epinephrine (β = 2.37) remained significant (data not shown).


Table 4. Results of multivariable linear mixed-effect models for association of prevalent diabetes with platelet aggregation including metabolic syndrome status and stratified by sex.
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To further investigate this bias in the influence of metabolic syndrome on platelet reactivity in diabetes, we performed analyses stratifying on metabolic syndrome status and then on metabolic syndrome as well as sex. Results of the linear mixed-effect models are presented in Table 5. In the absence of metabolic syndrome, no platelet aggregation measure reached statistical significance in models combining sexes. Analyses of individuals lacking metabolic syndrome stratified by sex indicated that increased aggregation to 1 μM ADP was observed exclusively in males (β = 7.81; P = 0.033) and reduced aggregation to 5 μM ADP trended exclusively in females (β = 18.40; P = 0.058). For individuals with metabolic syndrome a similar complex pattern also emerges where the association with diabetes in response to epinephrine differed by concentration on account of sex. Increased aggregation to low concentration epinephrine was observed exclusively in males (β = 10.99; P = 0.007) and reduced aggregation to high concentration epinephrine exclusively in females (β = 8.50; P = 0.012).


Table 5. Results of linear mixed-effect models for association of prevalent diabetes with platelet aggregation stratified by metabolic syndrome status and by sex.
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Next we investigated whether platelet aggregation measures were associated with incident diabetes. During follow-up (median, 18.1 years), we observed 344 incident diabetes cases. Results of the Cox mixed-effect hazard models are presented in Table 6. After adjusting for age, sex, and aspirin usage, aggregation to 5 μM ADP was associated with a minor reduction in incident diabetes. Sex stratified analyses indicated the reduced risk was limited to females (HR = 0.974 [95%CI, 0.959–0.988] P = 3.3 × 10−4). Increased collagen lag time was also associated with a minor reduction in risk among females. These sex-specific risk reductions remained significant in multivariable models accounting for metabolic syndrome (Supplementary Table 6). We next asked whether there are sex differences in diabetes risk associated with metabolic syndrome. Remarkably, the incident diabetes hazard ratio for women with metabolic syndrome was nearly three times that for men, (HR = 14.17 [95%CI, 9.13–22.01] P = 2.0 × 10−33) vs. (HR = 5.46 [95%CI, 3.82–7.80] P = 2.1 × 10−21). Thus, we stratified the platelet aggregation analyses of incident diabetes by both sex and metabolic syndrome status. We observed the sex-specific risk reductions in incident diabetes with ADP and collagen were limited to females with metabolic syndrome (Supplementary Table 7).


Table 6. Results of cox mixed-effect hazard models for association of platelet aggregation with incident diabetes and stratified by sex.
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We broadened our investigation of platelet reactivity in incident diabetes by considering dichotomous platelet aggregation traits utilizing information available from multiple platelet agonist concentrations, as previously applied to assess risk of venous thrombosis as well as cardiovascular disease risk in the FHS cohort (32, 34). Hyperreactivity to ADP was observed at baseline in 278/3,215 (8.6%); and to epinephrine, in 314/3,086 (10.2%). Hyporeactivity to ADP was seen in 100/3,215 (3.1%); and to epinephrine, in 499/3,086 (16.2%). Results of the Cox mixed-effect hazard models for incident diabetes are presented in Supplementary Table 8. No hyper/hypo platelet reactivity traits were associated with incident diabetes.



UK BioBank

Increased MPV is partially associated with other more established markers of increased platelet reactivity, including platelet aggregation (1). We investigated sex differences in the relationship of MPV with diabetes and medications used to manage the disease in the UK BioBank cohort. After applying exclusion criteria, the study sample consisted of 463,703 UKBB participants. Diabetes status is based on self-report of having diabetes diagnosed by a physician. Descriptive statistics for the population demographics are shown according to diabetes status in Table 7. Sex stratified descriptive statistics for platelet cell counts and MPV are presented in Supplementary Tables 9, 10, respectively. Platelet count and MPV were strongly inversely correlated (Pearson's correlation, r = −0.46, P < 2.2E−16), as is typically observed in population studies of both indices. The average participant age was 56.3 years (SD, 8.1 years), the sample was 54.8% women (n = 242,203), and 4.9% (n = 22,701) were diabetics.


Table 7. Baseline characteristics of UK BioBank participants.
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We first investigated the association between diabetes and MPV. Results of the multivariable linear model are presented in Table 8. Diabetes was associated with increased MPV (β = 0.0976; P = 8.62 × 10−33) after adjusting for age, sex, BMI, hypertension, as well as anti-platelet and cholesterol medication. We observed a strong interaction between sex and diabetes status (P = 3.17 × 10−11). Stratifying the analysis of diabetics by sex, we observed the association with increased MPV is markedly stronger in males (β = 0.1232; P = 1.00 × 10−31) than females (β = 0.0514; P = 7.37 × 10−5).


Table 8. Results of multivariable linear model for association of self-reported diabetes with MPV and stratified by sex.

[image: Table 8]

In order to obtain interpretable risk estimates based on MPV, we subsequently ran multivariable logistic model associations of MPV with diabetes. MPV was associated with an increase in prevalent diabetes (OR = 1.08 [95%CI, 1.07–1.10] P = 3.3 × 10−4) after adjusting for age, sex, BMI, hypertension, as well as anti-platelet and cholesterol medication. A significant interaction with MPV was found for sex (P = 3.17 × 10−11) (Table 9). As demonstrated in sex-stratified analyses, the magnitude of the association was greater for men (OR = 1.11 [95%CI, 1.09–1.13] P = 3.3 × 10−4) than women (OR = 1.05 [95%CI, 1.02–1.07] P = 4.3 × 10−5).


Table 9. Results of multivariable logistic regression model for association of MPV with self-reported diabetes and stratified by sex.
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We next investigated the relationship between diabetic drug therapies and MPV. More than two-thirds (69.8%, n = 15,847) reported taking medication to manage their diabetes, the most common were Metformin (54.9%, n = 12,475), Insulin (19.1%, n = 4,336), and the sulphonylureas (20.8%, n = 4,723). Results of the multivariable linear models adjusting for age, sex, BMI, hypertension, as well as anti-platelet and cholesterol medication are presented in Table 10. Increased MPV was associated with Insulin (β = 0.1341; P = 1.38 × 10−11) whereas decreased MPV was associated with both Metformin (β = 0.0763; P = 1.99 × 10−6) as well as sulphonylureas (β = 0.0559; P = 0.0034). Drug-sex interactions were significant for Metformin and Insulin, but not sulphonylureas. In sex-stratified analyses each drug showed the same direction of effect in both sexes, however, the magnitude of the association with MPV was nearly twice as great or more in females compared to males (Table 10). We investigated whether there were sex differences in diabetes medication rates that could be impacting the associations we observed with MPV. If a bias were to follow the trend from the association of MPV with diabetes (Table 9), we reasoned Insulin-dependent diabetes rates may be much higher in male cases whereas females may more often be taking Metformin and sulphonylureas. We did not observe this pattern in medication usage. The difference in Insulin-dependent diabetes rates between males (18.9%, n = 2,580) and females (19.4%, n = 1,756) was not statistically significant (χ2 test, P = 0.32). A greater proportion of males (56.9%, n = 7,772) than females (52.0%, n = 4,703) reported taking Metformin (χ2 test, P = 5.92 × 10−13). Finally, a greater proportion of males (23.4%, n = 3,192) than females (16.9%, n = 1,531) reported taking sulphonylureas (χ2 test, P = 1.88 × 10−31).


Table 10. Results of multivariable linear models for association of diabetes medication usage with MPV and stratified by sex.
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DISCUSSION

We do not observe a clear and consistent pattern of association between ADP, collagen, or epinephrine measures of platelet function by LTA with metabolic syndrome or diabetes. This is consistent with what we observed prior for VTE (34), but contrasts with arterial disease where there was a strong association of ADP-driven hyper-reactivity with future thrombosis (32). Despite the large body of research concerning the role of platelets in diabetes, evidence from population-based studies of platelet aggregation in diabetes is limited. Study samples are often selected on the basis of comorbidities including CAD (13, 38) or disease severity, such as patients hospitalized for inadequate glycemic control (20). Our study results did not change appreciably if we adjusted for, or stratified, diabetes associations on aspirin use, or on CVD status. Many clinical studies were limited to one sex (10, 15) and the majority have not accounted for sex as a confounding factor. While women in general possess greater platelet reactivity (30), our results do suggest that platelet reactivity associated with both metabolic syndrome and diabetes is reduced in women compared to men. Recently, there was a study of 81 diabetic men and 533 non-diabetic men with platelet aggregation assays of ADP, AA, collagen, thrombin receptor activating peptide (TRAP) and protease-activated receptor 4 agonist peptide (PAR-4AP) that also reported negative findings in regards to platelet function measurements and diabetes status, whether in aspirin or non-aspirin takers (39).

MPV has been suggested as a potential surrogate metric for other established markers of platelet activity including platelet aggregation, though evidence has been mixed (22). Since platelet aggregation has only been measured in cohorts of several thousands and often in clinical centers primarily focused on platelet and bleeding disorders, utilizing MPV in research measurements has the potential to access much larger populations and clinical cohort samples. Utilizing data from the UK BioBank we conducted the largest multivariable analysis of MPV and diabetes to date. While the effect size is modest, MPV appears to be robustly associated with diabetes and differs in magnitude according to sex. The effect among females was less than half of that observed in males. In contrast, among non-diabetics MPV is increased in females compared to males (Supplementary Table 10) an observation consistent with sex differences observed in platelet aggregation studies (30). The ability to detect this association with sex in the general population may depend on the sample size. Increased MPV in females is observed in reference measurements of healthy populations including more than 12,000 subjects (40, 41), but not fewer (42, 43).

We observed strong associations between MPV and several medications used to manage diabetes, including insulin, metformin, and sulphonylureas. In each case, there is evidence for a biological basis to the association. This is the first study to show an association between insulin therapy and MPV in diabetics. Two previous studies (with fewer than 350 insulin-dependent diabetics in each) did not (23, 27). Insulin has been shown to reduce platelet aggregation in healthy subjects both in vitro and in vivo (44). Insulin inhibits Ca2+ mobilization in platelets by interfering with P2Y12-mediated cAMP suppression (45). The platelets of diabetics have decreased sensitivity to insulin, potentially leading to reduced P2Y12 inhibition and increased platelet reactivity (46). The strong increase in MPV associated with insulin therapy may be explained by the fact that patients with insulin-treated diabetes are likely to be at a more advanced stage of insulin resistance (47). This may further explain increased MPV in females because women are more intrinsically insulin resistant than men (48).

Metformin has been shown to reduce platelet aggregation to ADP in insulin-dependent diabetics (49). This may be related to the drug's protective effect on mitochondrial function. Hyperglycemia induces mitochondrial hyperpolarization in platelets, resulting in increased reactive oxygen species (ROS) generation and subsequent activation (50). Metformin inhibits mitochondrial complex I and thereby reduces activated platelet-induced mitochondrial hyperpolarization, ROS overload, and inhibits mitochondrial DNA release (51). Metformin therapy reduces plasma levels of interleukin-6 (IL-6), an inflammatory cytokine associated with insulin resistance and diabetes risk (52). IL-6 functions in a paracrine signaling loop, stimulating thrombopoietin (TPO) in the liver which increases platelet production in the bone marrow (53). Metformin inhibits hepatic IL-6 signaling in vivo (54). While metformin might act to inhibit IL-6/TPO and platelet generation, it is unclear to us how this might lead to a concomitant decrease in the average size of platelets, given that PLT and MPV are typically strongly inversely correlated. However, one indication that there could be a causal effect of metformin on reducing platelet volumes comes from a study of 60 newly diagnosed diabetics treated with metformin monotherapy. After 6 months from baseline, the metformin-treated individuals had a significant reduction in MPV (55).

Inhibition of platelet aggregation by sulphonylureas has also been demonstrated in vitro (56, 57). However, a clinical trial of Gliclazide failed to show an effect on platelet aggregation in either insulin- or non-insulin-treated diabetics (58). For the most commonly prescribed sulphonylurea, Gliclazide, the mechanism may involve inhibition of activated glycogen synthetase, activation of adenylate cyclase, modulation of arachidonic acid release from platelet membranes, stimulation of prostacyclin production, and inhibition of the pro-aggregating action of thromboxane A2 (59). Gliclazide therapy has also been shown to reduce IL-6 levels in diabetics presenting with poor glucose control (60), and similar to metformin we speculate that changes in the IL-6/TPO axis could mediate feedback effects on platelet generation, turnover and the average size of platelets.

Sex differences with respect to platelet reactivity were apparent in the FHS as well as UK BioBank cohorts. In the former, platelet aggregation associated with both metabolic syndrome and diabetes was reduced in women compared to men. In the latter, the increase in MPV associated with diabetes among women was less than half of that observed in men. Further, the association of diabetes medications with MPV was nearly twice as great or more in women compared to men. Women are distinctly different from men with regard to the actions of insulin and the susceptibility to develop insulin resistance (48). Our results indicate it will be important for future studies to consider sex differences and medication status. Diabetes, even at an early stage, attenuates the protective effect of female sex on CVD and increases the risk for CVD in females to a greater extent than in males (61). While the effect size of MPV may be small it may prove a useful variable in prediction models for diabetes, especially given the importance of sex differences in its biological risk factors and pathophysiological mechanisms. The precise mechanisms whereby diabetes status influences MPV remains to be studied further and may include complex interactions between disease progression, sex, medications, genetic alleles influencing MPV or diabetes, and effects on platelet generation and turnover.


Limitations

Though LTA is the gold standard, it is still an in vitro rather in vivo measure of platelet activation. Although, LTA in FHS was performed by lab staff experienced with a high volume of samples, LTA can be subject to technical variability including operator influences that can potentially harm accuracy or generalizability of results (62). We also were limited to those historically measured agonists and concentrations available within FHS. Other pathways of platelet activation (e.g., thrombin) or approaches to platelet function (e.g., whole blood assays, granule release markers, other platelet morphology assays like spreading and imaging-based assays, shear stress flow systems) were not available for analysis in the FHS Offspring cohort at Exam 5. While all regression models accounted for aspirin usage, this was determined by an indirect measure (failure to demonstrate full aggregation response to arachidonic acid). Whether and when participants precisely took aspirin could not be determined. However, a recent study found that arachidonic acid LTA provided the best discrimination of aspirin use in diabetics among nine platelet function tests examined (63). Both populations we examined are of predominantly European ancestry which could limit the generalizability of the results. Some prior work such as the large NHANES study (n = 17,969) suggest that African or Hispanic populations may have higher MPV than European ancestry populations, though the absolute mean difference in NHANES was small (<0.17 femptoliters) (64). There are some limitations unique to the UK BioBank analyses. First, diabetes status is based on self-report, though that of being diagnosed by a physician. We were unable to consider direct measures of several lipid (HDL, triglycerides) and nonlipid (fasting blood glucose) risk factors which would have allowed us to classify participants with metabolic syndrome. However, our models did adjust for BMI, hypertension and indirect evidence of lipid and thrombotic risk, cholesterol lowering and antiplatelet medications, respectively. MPV measurements seem to be effected by pre-analytic factors and analytic factors like timing, temperature, tube type, and anticoagulant, and instrument more so than most other cell count measurements (65–67). A strength of this study is that a single tube type and instrument model were used to measure MPV in a large sample, though this could also limit generalizability to other studies with different instruments or tubes. Due to the size and nature of the study UK BioBank samples were shipped overnight and stored at 4°C. We cannot determine whether these conditions may have impacted diabetes-MPV associations. However, we do not expect storage and transport time to be specifically related to diabetes status, thus, we expect there would be little confounding of our associations. The associations of MPV with Metformin, Insulin, and sulphonylureas are also based on self-report. Retrospective analyses of in the UK have estimated medication adherence to oral hypoglycemics to be 81.6% for monotherapy and 80.8% for dual therapy (68). Adherence to insulin therapy in the UK is estimated to be 70.6% (69).

In conclusion, platelet function as measured by aggregation does not appear to be consistently associated with diabetes. In agreement with prior studies MPV is robustly associated suggesting future work may focus on how MPV segments pre-diabetics and diabetics for risk prediction as well as how this may differ by treatment and sex.
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Top 20 Fold Upregulated Fold Downregulated  Fold
change change change

hsa-miR-146a-5p 1.1 hsamiR-3703p 87 hsamiR-4285p 05
hsamiR-151a-8p 11 hsamiR-127-8p 28 hsamR-253p 05
hsamiR-1268p 12 hsamiR-1853p 22 hsamiR92a3p 0.4
hsamiR-320a 11 hsamiR-493-3p 23 hsamiR-1425p 05
hsamiR-221-8p 07 hsamR5763p 80 hsamR27a8p 0.4
hsa-miR-21-5p 0.8 hsa-miR-379-5p 2.4 hsa-miR-24-3p 0.4
hsa-miR-30d-6p 08 hsamR-189-8p 28 hsamR2233p 04
hsa-miR-148a-3p 1.6 hsa-miR-374a-3p 2.7 hsa-miR-23a-3p 03

hsa-let-7i-5p 15 hsa-miR-484 03
hsa-miR-26a-5p 0.9 hsamiR-1265p 05
hsa-miR-423-3p 08 hsamiR-1283p 0.3
hsa-miR-191-5p 0.6 hsamiR-10a5p 0.4
hsamiR22-8p 05 hsalet-7d-3p 04
hsa-miR-186-5p 1.2 hsamiR-1283p 0.3
hsa-miR-140-8p 1.1 hsa-mR-30e3p 0.3
hsa-mR-423-5p 05 hsa-miR-80c-5p 03
hsa-miR-185-5p 0.7 hsamiR-162-8p 05
hsa-let-7g-5p 10 hsa-miR22-5p 03
hsa-miR-451a 06 hsa-miR-543 0.2
hsa-miR-1307-3p 1.2 hsamR-29a3p 04

hsa-miR-363-3p 0.2
hsa-miR-374b-5p 0.5
hsa-miR-10b-5p 0.2
hsamiR-328b-3p 0.3
hsamiR-1226p 0.4
hsamiR-197-3p 05
hsa-miR-3616p 0.2
hsa-miR-150-5p 0.1
hsamR285p 04
hsamR-335-3p 0.4
hsa-miR-335-5p 03
hsamR-601-3p 05
hsa-miR-15b-3p 0.4
hsamR-4103p 0.4
hsa-miR-3385p 0.4

hsa-miR-421 04
hsamR-920-8p 0.2
hsarlet-7a-3p 05

The 20 most abundant microRNAs are displayed, along with the microRNAs that were
the most impacted (downregulated or upregulated) by Mirasol treatment.
Data are expressed as fold change vs. MPs derived from control platelets.
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Top 20 Fold Upregulated Fold Downregulated  Fold

change change change
hsa-miR-146a-5p 0.7 hsa-let-7f-5p 24 hsamR-151a8p 04
hsamiR-151a-8p 04 hsa-miR-1-3p 23 hsa-miR-320a 03
hsamiR-1263p 13 21 hsamR2218p 04
hsamR-320a 03 hsamiR-107 23 hsamiR-186-5p 03

hsa-miR-221-8p 0.4 hsa-miR-142-3p 22 hsa-miR-423-5p 05
hsa-miR-21-6p 15 hsamiR-143-8p 2.1 hsa-miR-1307-8p 04

hsa-miR-30d-5p 0.7 hsa-miR-144-3p 2.7 hsa-miR-320c 03
hsa-miR-148a-8p 15 hsa-miR-145-5p 33 hsa-miR-486-5p 05
hsa-let-7i-5p 1.1 hsa-miR-150-5p 25 hsa-miR-44330-3p 0.4
hsa-miR-26a-5p 2.8 hsa-miR-182-5p 2.0 hsa-miR-320b 03

hsamiR-4233p 06 hsamiR-199b-5p 23 hsa-mR-361-8p 05
hsa-miR-191-5p 1.1 hsa-miR-23a-3p 22 hsa-miR-185-3p 02
hsamR228p 08 hsamiR238b3p 87 hsa-miR-326 03
hsa-miR-186-5p 0.3 hsa-miR-26a-5p 28 hsa-miR-425-3p 04
hsamR-1408p 07 hsamiR26b5p 28 hsamR5325p 04
hsa-miR-423-5p 0.5 hsa-miR-32-5p 22 hsa-let-7d-3p 05
hsamR-1856p 13 hsamiR3353p 20 hsa-mR-6205p 05
hsalet7g-6p 18 hsamiR3408p 2.1 hsa-mR576-8p 04
hsamR-45ta 18 hsamiR-36135p 28 hsa-mR-3455p 04
hsamiR-1807-8p 04 hsamiR-8698p 8.1 hsa-mR-6852-5p 03
hsamR-3795p 2.4 hsa-mR-1260b 0.4

hsamiR-4103p 22 hsamR-769-5p 03

hsamiR-411-6p 8.0 hsa-miR-320c 03

hsa-miR-487b-3p 2.4 hsa-miR-99b-3p 0.4

hsamiR-494-8p 20 hsa-mR-139-8p 0.1

hsa-miR-2355-3p 03

hsa-miR-6842-3p 04

hsa-miR-760 03

hsa-miR-501-3p 03

hsa-miR-1908-5p 0.2

hsa-miR-2155p 0.4

hsa-miR-2110 03

hsa-mR-338-5p 04

hsa-miR-574-3p 05

hsamR9203p 05

hsa-miR-1250-5p 02

hsa-miR-320d 02

hsa-miR-320d 02

hsa-miR-29c5p 03

The 20 most abundant microRNAS are displayed, along with the microRNAs that were
the most impacted (downregulated or upregulated) by Additive solution treatment.
Data are expressed as fold change vs. MPs derived from control platelets.
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Trigger

Cytoplasmic Ca?* (Ca?*cy) concentrations
Mitochondrial integrity

Intracellular protease activation

TMEM16F
Morphology

In vivo effects (in animal models)

Agonist-induced platelet PS exposure
(fast response)

Physiologically relevant: engagement of both GPVI
(collagen/convuixin/CRP) and PAR1/PAR4 (thrombin)
receptors

Non-physiological: Ca?+ ionophores A23187, ionomycin
Sustained, elevated Ca*; levels required

Loss of IMM integrity:
« Dependence on MPTP formation
* AWy, depolarization occurs

* Calpain activated

« Caspase activation occurs, but PS exposure is not
dependent on it

Required

* Rounded, blebbing platelets essentially empty of
cytoplasmic contents

* EVs are shed

« In arterial thrombi, PS-exposing platelets form
microdomains that do not participate in
platelet aggregation

* PS-exposing platelets continue to circulate in
the bloodstream

Apoptosis-induced platelet PS exposure
(slow response)

Inhibition of pro-survival Bol-xL, resulting in activation of
proapoptotic Bak and Bax
Non-physiological: ABT-737

Not dependent on sustained, elevated Ca?+ .y levels

MOMP occurs early, with loss of IMM integrity occurring
concomitant with PS exposure

« Dependent on caspase activation

Not essential

« Rounded, blebbing platelets with cytoplasmic contents
remaining

o EVs are shed

« Formation of venous thrombi inhibited

« Thrombocytopenia, with PS exposure persisting on
remaining circulating platelets

Ca?*ey, cytoplasmic Ca?*; CRR, collagen-related peptide; EV, extracellular vesicle; GF glycoprotein; IMM, inner mitochondial membrane; MOMP. mitochondrial outer membrane
permeabilization; MPTR. mitochondrial permeability transition pore; PAR, protease-activated receptor; PS, phosphatidylserine; AWm, inner mitochondrial membrane potential.
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Study author/acronym Population n Follow-up  Outcome Method Cut-off value Study type

ELECTRA (85) ™ 52 14 days Level of platelet VASP assay 16% for LTPR, CRT: ticagrelor standard maintenance dose 2 x 90mg vs.

inhibition 50% for HTPR; ticagrelor reduced maintenance dose 2 x 60 mg in patients 30
and MEA 19U for LTPR days post MI
46U for HTPR

TOPIC (86) PCI for ACS 646 1 year MACE,BARC>2  n/a na CRT: continuation of ticagrelor/prasugrel vs. switch to clopidogrel
bleeding in patients 1 month post ACS.

TROPICAL-ACS (87) PCl for ACS 2610 1year Net ciinical MEA 46U CRT: guided de-escalation: 7 days prasugrel 5 or 10mg + 7 days
benefit:MACE or clopidogrel 75mg after 14 days if HTPR prasugrel 5 or 10mg, if
BARC >2 bleeding no HTPR clopidogrel 76 mg vs. non-guided prasugrel 5 or 10 mg

ANTARCTIC (88) PCl for ACS 877 1year ST, MACE, BARC  VerifyNow 208PRUfor HTPR  GRT: gideed: in case of HTPR on prasugrel 5 mg swlich to
major bleeding 85 for LTPR prasugrel 10mg, in case of LTPR on prasugrel 5 mg switch to

clopidogrel 75 mg vs. non-guided prasugrel 5 mg

PECS REGISTRY (89) ACS+PCI 741 1 year ST,MACE,BARC ~ MEA 46U Observational: 600/150 mg clopidogrel vs. prasugel in patients
major bleeding with HTPR

IDEAL-PCI (90) PCI 1,008 1 month ST MEA 50U Observational: non-HTPR on clopidogrel arm vs. HTPR on

clopidogrel individualized approach (reloading with clopidogrel,
ticagrelor, or prasugrel; re-testing)

ISAR-HPR (91) PCIfor CADor 999 1month ST, MACE, TIMI MEA 468AUXMIn Retrospective HTPR on clopidogrel am vs. prospective HTPR on
ACS bleeding clopidogrel individualized approach am (reloading with
clopidogrel, switch to prasugrel, re-testing)
MADONNA (92) PCI 798 1month ST, MACE, TIMI MEA 50U Non-randomized, controlled: non-guided vs. guided group (up to
major bleeding 4 loadings with 600 mg clopidogrel or 1 loading with prasugrel in
patients with HTPR)
Kozinski et al. (33) ACS+PCI il 1 month Level of platelet VASP assay 50% Parallel-group, open-label study: patients with HTPR were
inhibition assigned to prasugrel (30mg loading dose, 10mg maintenance

dose) or clopidogrel (150 mg maintenance dose for 6 days and
thereafter 75 mg maintenance dose)

TRIGGER-PCI (94) Elective PCI 423 Gmonths  MACE,bleeding  VerifyNow 208PRU CRT: prasugrel (loading of 60 mg and maintenance 10mg) vs.
clopidogrel (maintenance 75 mg) in patients with HTPR
ARCTIC (95) PCl with DES 2440 1 year MACE VerifyNow 235PRU CRT: guided: clopidogrel (600 mg reloading and 75 mg or 150mg

maintenance) or prasugrel (60mg loading and 10mg
maintenance) or GP lIb/llla inhibitors vs. non-guided: clopidogrel
(maintenance 75mg) in patients with HTPR

GRAVITAS (96) PClforCADor 2214  6months  MACE VerifyNow 230PRU CRT: 300/75 mg clopidogrel vs. 600/75 mg clopidogrel in patients
NSTE-ACS with HTPR
Alexopoulos et al. (97) CAD with 31 1 month Level of platelet VerifyNow 235PRU Randomized, crossover: 10m prasugrel vs. 150mg clopidogrel in
clopidogrel inhibition patients with htpr
treatment
Alexopolus et al. (98) HD with 21 1 month Level of platelet VerifyNow 235PRU Randomized, crossover: 10m prasugrel vs. 150 mg clopidogrel ¢
clopidogrel inhibition
treatment
Capranzano et al. (99) Clopidogrel 100 Level of platelet VerifyNow 230PRU Observational: prasugrel in patients with htpr
treatment + age inhibition
>75
Ferreiro et al. (100) oMl 30 Level of platelet VASP assay 50% Observational: cilostazol vs. 150mg clopidogrel in patients with
inhibition HTPR
BOCLA Plan (101) PCI 504 Level of platelet [’y 50 Observational: 600/150 mg clopidogrel vs. ticlopidine vs. prasugre
inhibition in patients with HTPR
Gurbel et al. (102) Stable CAD + 20 7 days level of platelet LTA 43% Observational: single dose efinogrel 60mg in patients with HTPR
previous PCI inhibition
RESPOND (103) Stable CAD+ 41 1 month Level of platelet LA 3% CRT crossover: ticagrelor 180/90 mg vs. clopidogrel 600/75 mg
clopidogrel inhibition
Valgimigli et al. (104) Elective PCI 263 Inhospital  MACE VerifyNow 235PRU CR: tirofiban vs. placebo in patients with HTPR
ACCEL-RESISTANCE (105) PCI 60 1 month Level of platelet LTA 50% CRT: adjunctive cilostazol vs. 150 mg clopidogrel in patients with
inhibition HTPR
Bonello et al. (106) PCI 429 1month MACE, ST, VASP assay 50% CRT: guided (repeated loading with clopidogre! 600 mg) vs.
bleeding non-guided group
Bonello et al. (107) PCI 162 1month MACE VASP assay 50% CRT: guided (repeated loading with clopidogrel 600 mg) vs.
non-guided group
VASP-02 (108) Elective PCI 153 1month MAGE, level of VASP assay 69% Observational: 150 mg clopidogrel in patients with HTPR
platelet inhibition
Trenk et al. (109) Elective PCI 17 14days Level of platelet LA 14% Observational: 150 mg clopidogrel vs. control in patients with
inhibition HTPR
Cuisset et al. (110) Elective PCI 149 1month MACE LTA 70% CRT: GP lIb/llla antagonists vs. control in patients with HTPR
Matezky et al. (111) ™ 200 10weeks  Level of platelet TA 80% Observational: 600/150mg clopidogrel in patients with HTPR
inhibition
Neubauer et al. (112) Elective PCI 161 Level of platelet A 5Q Observational: 600/150 mg clopidogrel vs. ticlopidine in patients
inhibition with HTPR

ACS, acute coronary syndrome; BARC, Bleeding Academic Research Consortium; CAD, coronary artery disease; CRT, controlled randomized trial; CYR. cytochrome P450; DM, diabetes melitus; HD, haemodialysis; HTPR, high
on-treatment platelet reactiviy; IA, impedance aggregometry; LTA, ight transmission aggregometry; LTPR, low on-treatment platelet reactivity; MACE, major adverse cardiovascular event; MEA, multiple electrode aggregometry; M
myocardial infarction; n/a, not applicable; NSTE-ACS, non ST-elevation acute coronary syndrome; PC, percutaneous coronary intervention; PRU, platelet reactivity unit; ST, stent thrombosis; TIMI, thrombolysis in myocardial infarction;
U, unit VASP. vasodilator stimulated phosphoprotein.
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Cardiovascular
processes

Sympathetic
tone
Parasympathetic
function

Blood

pressure

Heart rate

Vascular
endothelial
function
Platelet
aggregation

Thrombolytic
activity

Activation during
morning hours

Increased

Decreased

Increased

Increased

Decreased

Increased

Decreased

Negative effect on cardiovascular
disease

Increase in blood pressure, heart rate,
and vasoconstriction (15).

Increase in heart rate and
vasoconstriction (15).

There is an associations between an
increase in blood pressure and
ischemic heart disease and

stroke (16).

High resting heart rate is associated
with adverse cardiovascular events
7.

Endothelial dysfunction is associated
with atherosclerotic plaque
formation (18).

A higher platelet aggregation
increases the change of the formation
of blood clots and thereby, adverse
cardiovascular events (19).

Lower thrombolytic activity increases
the change of the formation of blood
clots, and thereby adverse
cardiovascular events (20).
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Incident diabetes Males Females

Phenotype HR 95% ClI i Num HR 95% CI P Num HR 95% CI i Num

1pM ADP 0999 0993-1.006 0757 310/2,763 1.003 0.993-1.013 0528 165/1,219 0997  0.989-1.005 0.429 145/1,544
5uMADP 0990 0.981-0999 0021 2221914 0998 0987-1.009 0673  132/961 0974 0959-0988 3.32E-04  90/953
0.1pMEPI 0995 0988-1.002 0.156 153/1,466 0995 0.983-1.007 0.417 72/560 0995  0.986-1.004 0.254 81/908
1M EPI 0999 0.995-1.004 0760 269/2,296 1.000 0.995-1.006 0.883 143/1,084 0998 0.991-1.005 0.659 116/1,262
COLLAGEN  1.002 0997-1.007 0461 333/2,884 0997 0990-1.003 0332 186/1,316 1008 1.001-1.015 0.020 147/1,568
Sample size (N) at different concentrations vary due to concentration titrating scheme originally applied in FHS LTA data acquisition. ADP and EPI values are % Maximal Aggregation

whereas COLLAGEN is Lag time. Main model adjusts for age, sex, aspirin usage. Sex stratified models adjust for age, aspiin usage. Num indicates Events/Totel at risk. HR, hazard
ratio; Cl, confidence interval: P P-value.
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Baseline characteristics

MPV, L
Age, year

Female, n (%)

BMI, kg/m?

SBP, mm Hg

DBP, mm Hg

Hypertension, n (%)

BP medication, 1 (%)
Hyperlipidemia medication, 1 (%)
Anti-platelet medication, n (%)
Diabetes medication, 1 (%)
Metformin, n (%)

Insulin, n (%)

Sulphonylurea, n (%)

Diabetic
(n=22,701)

Not diabetic
(n = 441,002)

Mean (n) SD (%) Mean (1) SD (%) P-value

9.46
59.39
8483
31.28
143.22
81.48
16,703
14,060
16,646
11,779
15,847
12,475
4,336
4,723

112
7.25
395
59
18.55
10.29
789
61.9
733
187
69.8
549
19.1
208

9.33
56.18
233,720
2717
139.41
82.24
285,278
77,802
59,900
10,922

1.08
8.11
55.6
4.61
19.69
10.69
69.4
17.6
13.6
2F

6.9E-66
<2.2E-16
<2.2E-16
<2.2E-16
1.4E-181
1.7E-26
1.6E-190
<2.2E-16
<2.2E-16
<2.2E-16

BM indicates body mass index; HDL, high-density lipoprotein; LDL, low-density
lipoprotein; SBR. systolic blood pressure; DBR, diestolic blood pressure; BP. blood
pressure; n, sample size; SD, standard deviation; P-value, univariate T-est P-value.
Medication usage is based on self-report.
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Factors stored in Adhesive glycoproteins:
granules P-selectin'(27, 40), Fibrinogen (41), WWF*(36, 42, 43),
Fibronectin (44), Thrombospondin (44)
Coagulation factors: Protein S (45), Factor XI (46)
Mitogenic factors: PDGF (47), TGF-p (48), EGF (49)
Angiogenic / Vasoactive factors: VEGF (50), PF4
inhibitor (51), Serotonin (62)
Chemokines: CXCLY (53), CXCL4*(PF4) (54, 55),
CXCL1 (GROW) (56, 57), CXCLS"(58), COL5*(RANTES)
(69, 60), COL3 (MIP1o) (61)
Unknown location COL7(MCPS) (56), IL1B (62), HMGB1*(63), Defensins'(11)
Plasma Membrane  Thromboxane A2* (36), PAF (64), CD4OL (9), TREM-1
ligand (65), allbBb3 Integrin*(86, 67), GPIB'(36), ICAM2
(69), P-selectin’(35)

VW, von Willebrand factor; PDGF, platelet derived growth factor; TGF-p, transforming
growth factor p; VEGF, vascular endothelial growth factor; PF4, Platelet Factor 4; IL1,
interleukin 1; HIMGB, high mobilty group box protein 1; PAF, platelet activating factor;
TREM-1, triggering receptor expressed on myeloid cels 1; GPIb, glycoprotein Ib; ICAM2,
intercellular achesion molecule 2. Factors known to be associated with NET production
by neutrophils are denoted with an’.
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Al (n = 440,393) Males (n = 198,969) Females (n = 241,424)
Phenotype Beta SE P Beta SE P Beta SE P Pintor
MPV 0.0076 0.0082 8.62E-33 0.1232 0.0105 1.00E-81 00514 00130 7.37€-05 BA7E-11

Main model adfusts for age, sex, BMI, hypertension, anti-platelet, and cholesterol medication usage. Stratified models adjust for age, BM, hypertension, anti-platelet and cholesterol
medication usage. Medication usage is based on self-report. SE, standard error: P. P-value; Pinter, P-value for interaction between diabetes status and sex.
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Phenotype

1M ADP
5uM ADP
0.4 uMEPI
1uMEPI
COLLAGEN

SE

0.78
071
1.37
1.23
0.85

P

9.46E-01
1.70E-05
3.26E-02
1.15E-02
1.64E-02

N

2,999
2,069
1,660
2,485
3,144

Beta

1.04
—2.66
0.03
-1.66
1.07

SE

0.93
1.05
1.89
1.84
1.26

Males

P

2.63E-01
1.16E-02
9.87E-01
3.67E-01
3.96E-01

N

1,353
1,051
609
1,134
1,478

Beta

—1.14
-3.77
-5.18
—4.78

3.47

SE

122
0.95
1.90
165
1.16

Females

P

3.52E-01
6.78E-05
6.38E-03
3.67E-03
2.82E-03

N

1,646
1,018
951
1,351
1,671

Sample size (N) at different concentrations vary due to concentration titrating scheme originally applied in FHS LTA data acquisition. ADP and EPI values are % Maximal Aggregation
whereas COLLAGEN is Lag time. Main model adjusts for age, sex, aspirin usage. Sex stratified model adjusts for age, aspirin usage. SE, standard error; P, P-value.
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Phenotype

1M ADP
5uM ADP
0.4 uMEPI
1uMEPI
COLLAGEN

Beta

0.01
—4.55
527
~7.89
8.04

SE

145
1.35
293
233
154

P

9.93E-01
7.51E-04
7.23E-02
7.04E-04
1.81E-07

N

2,908
2,088
1,660
2,485
3,144

Beta

2.58
-3.91
9.75
—5.44
6.35

SE

1.60
1.92
3.68
336
2.08

Males

P

1.06E-01
417E-02
6.40E-03
1.05E-01
2.29E-03

N

1,362
1,050
609
1,134
1,473

Beta

—4.02
-5.70
0.41
-10.98
10.85

SE

2.48
1.88
455
323
2.34

Females

P

1.06E-01
2.48E-03
9.28E-01
6.72E-04
3.50E-06

N

1,646
1,018
951
1,351
1,671

Sample size (N) at different concentrations vary due to concentration titrating scheme originally applied in FHS LTA data acquisition. ADP and EPI values are % Maximal Aggregation
whereas COLLAGEN is Lag time. Main model adjusts for age, sex, aspirin usage. Sex stratified models adjusts for age, aspirin usage. SE, standard error; P, P-value.
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0.4 uMEPI
1uMEPI
COLLAGEN

Beta

-0.01
-3.42
6.84
-6.88
7.58

SE

1.50
1.38
2.99
240
1.59

P

9.94E-01
1.34E-02
2.21E-02
4.08E-03
1.76E-06

N

2,908
2,088
1,660
2,485
3,144

Beta

2.31
-3.10
10.06
-5.01
6.26

SE

1.64
1.95
3.65
343
213

Males

P

1.58E-01
1.13€-01
5.77€-03
1.44€-01
3.30E-03

N

1,352
1,050
609
1,134
1,473

3.66
-9.08
9.65

SE

258
1.95
4.68
3.36
243

Females

P

1.66E-01
4.65E-02
4.34E-01
B.97E-03
7.24€-06

N

1,646
1,018
951
1,351
1,671

Sample size (N) at different concentrations vary due to concentration titrating scheme originally applied in FHS LTA data acquisition. ADP and EPI values are % Maximal Aggregation
whereas COLLAGEN is Lag time. Main model adjusts for age, sex, aspirin usage, and metabolic syndrome status. Sex stratified models adjusts for age, aspirin usage, metabolic
syndrome status. SE, standard error; B, P-value.
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5uM ADP
0.1 uMEPI
1pMEPI
COLLAGEN
1M ADP
5uM ADP
0.1 M EPI
1uMEPI
COLLAGEN

Beta

-0.95
-3.70
7.32
-7.28
7.84
6.97
—295
4.62
~7.45
7.52

SE
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1.48
299
252
1.83
4.40
3.69
932
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P
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1.42E-02
4.15E-03
1.78E-05
1.13E-01
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6.20E-01
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7.87E-02

N

1,218
821
609

1,008

1,207

1,780

1,247
951

1,482

1,847

Beta
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—-3.97
10.99
-5.70
6.20
7.81
-1.15
3.72
—4.75
6.93

SE

1.90
2.10
4.10
372
2.44
3.67
4.42
8.13
8.38
4.83

Males

P

4.40E-01
5.90E-02
7.38E-03
1.25E-01
1.11E-02
3.32E-02
7.94E-01
6.47E-01
5.71E-01
1.52E-01

N

627
464
288
518
702
725
586
321
616
m

Beta

-3.18
—-3.60
3.80
-850
10.00
-18.81
—18.40
na.
—24.38
8.09

Females

SE P
2.50 2.04E-01
2.02 7.45E-02
4.32 3.79E-01
3.39 1.22€E-02
2785 2.70E-04
16.43 2.62E-01
9.70 5.79E-02
na. na.
19.52 2.12E-01
14.77 5.84E-01

N

591
357
321
485
595
1,086
661
2630
866
1,076

Sample size (N) at diferent concentrations vary due to concentration titrating scheme originally applied in FHS LTA data acquisition. ADP and EPI values are % Maximal Aggregation
whereas COLLAGEN is Lag time. MS, Metabolic Syndrome. Main models according to MS status adjust for age, sex, aspiin usage. Sex stratified models adfusts for age, aspirin usage.
NG female diabetics without metabolic syndrome were in the 0.1 1M EPI concentration testing sample. SE, standard error; P, P-value.
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Top 20 Fold Upregulated Fold Downregulated  Fold
change change change

hsa-miR-146a-5p 0.3 hsaet-7-5p 33 heamiR-151a8p 03
hsa-miR-151a-3p 03 27 hsa-miR-320a 02
hsa-miR-1263p 18 31 hsamR221-3p 03
hsamiR-320a 02 hsamiR-1423p 80 hsamiR-186-5p 02
hsamiR-221-8p 03 hsamiR-1443p 137 hsamiR-1307-3p 03

hsa-miR-21-6p 1.4 hsa-miR-150-6p 2.9 hsa-miR-320c 02

0.7 hsa-miR-182-5p 2.3 hsa-miR-320b 0.2
hsa-miR-148a-8p 1.1 hsa-miR-23a-3p 2.1 hsa-miR-185-3p 0.2
hsa-let-7i-5p 24 hsa-miR-23b-3p 3.1 hsa-miR-326 0.2

hsamiR-26a-5p 29 hsamiR-26a5p 29 hsamR-4253p 04
hsamiR-423-3p 04 hsamR26b5p 29 hsamiR5325p 05
hsamR-191-5p 08 hsamR-325p 33 hsamR-620-5p 0.4
hsamiR-22-8p 06 hsamiR-35135p 85 hsamRS5763p 02
hsa-mR-186-5p 02 hsa-mR-3698p 25 hsa-mR-345-5p 0.4
hsamiR-140-8p 03 hsamiR-4115p 87 hsamiR68525p 02

hsa-miR-423-5p 06 hsalet-7a-5p 36 hsa-miR-12600 04
hsa-miR-185-5p 06 hsalet-7b-5p 24 hsamiR769-5p 02
hsa-let-7g-5p 25 hsa-let-7c-5p 3.2 hsa-miR-320c 0.2
hsamiR-45ta 66 hsalet-7d-5p 40 hsa-miR-9%-3p 02
hsa-miR-1307-3p 03  hsa-let-7g-5p 25 hsamiR-139-3p 04
hsarlet-7i-5p 24 hsamiR-2355-3p 02
hsa-miR-15b-5p 2.2 hsa-miR-68423p 0.3
hsamiR-16-6p 2.2 hsamiR-760 03

hsa-miR-183-5p 3.0 hsa-miR-501-3p 05
hsa-miR-363-3p 2.6 hsa-miR-1908-5p 0.3

hsa-miR-374a-5p 2.3  hsa-miR-2110 03
hsa-miR-451a 6.6 hsa-miR-574-3p 0.2
hsa-miR-98-5p 4.3 hsa-miR-1250-5p 0.1

hsa-miR-320d 0.1

hsa-miR-29c-5p 0.3
hsa-miR-146a-5p 0.3
The 20 most abundant microRNAs are displayed, along with the microRNAS that were

the most impacted (downregulated or upregulated) by Intercept treatment.
Data are expressed as fold change vs. MPs derived from control platelets.
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Diabetic Not diabetic
(n=244) (n=3,004)

Baseline characteristics Mean (n) SD (%) Mean(n) SD (%) P-value

Female (%) 94 385 1,621 54 4.68E-06
Age, year 603 87 546 99 2.20E-19
BMI, kg/m? 3116 575  27.14 484 BO5E-22
Metabolic syndrome 217 889 1,114 874 4.96E56
Fasting glucose, mg/dL 17874 6260 9525 9.7  186E55
HDL, mg/dL 4072 1249 6057 1518 5.60E-27
LDL, mg/dL. 12343 33001 12678 3281  0.146
TRIG, mg/dL 20553 15616 14305 10146 1.98E-14
SBP, mmHg 18989 1972 12580 1871 1.20E-22
DBP, mmHg 7421 1002 7802 1025 5.37E-08
Waist girth, in 4125 533 8631 551 590E84
Hypertension medication 87 a8 481 169 1.31E-19
Lipid medication 34 16.3 177 6.2 2.88E-08
Aspirin usage 70 287 440 146 962609
Diabetes medication 117 48 0 0 na.
Insulin, n (%) 39 159 na na. na
Oral hypoglycemic, n (%) 88 36.1 na. na. na

BMI indicates body mass index; HDL, high-density lipoprotein; LDL, low-density
lipoprotein; SBR systolic blood pressure; DBR. diastolic blood pressure; n, sample size;
SD, standard deviation; P-value, univariate T-test P-vlue. *sub-dug not specified but in
the time period of this Exam from January 1991 to June 1995 TZDs had not been released
and metformin was only released in 1995 50 all or nearly all of these participants were likely
treated with sulfonylurea drugs.
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Year, Patients, n Antithrombotic therapy Markers of Results
Author, Quality - ECMO configuration platelet function Platelet count x 10%/L,  Platelet function Clinical events
rating ECMO duration (method) lcal
RO it mean & SD (definition)
PLATELET ADHESION
Lukitoetal. (16)  n=20 VKA + ASA + dipyridamole  Soluble GPVI (ELISA) Unspecified time point Unspecified time point during  Thrombosis Not reported
Rating Configuration =1 Surface-bound GPloa and  during ECMO: ECMO compared with healthy — Bleeding Not reported
fair 14VA+B6W VKA + ASA (0 = 1) GPVI (flow oytometry) 132 (range 51-268) indivicuals: Mortaity Not reported
Duration VKA only (n = 1) Integrin ay, subunit (fow 1 GPlba
Median: 4 days (range 1-11)  Heparin® -+ antiplatelets  cytometry) 1GPVI
Indlation n=3 1sGPVI
Cardiomyopathy (0 = 9) Heparint only (n = 9) > Integrin ayp subunit
Respiratory failure (0 = 7) No antithrombotics (1 = 5)
Cardiac arrest (1 = 2)
Others (1= 2)
PLATELET ACTIVATION
Chungetal.(17) n=13 UFH pthromboglobuiin (ELISA)  During ECMO compared  72h. on ECMO compared with  Thrombosis Not reported
Rating Configuration Target ACT =140-160s.  Platelet factor 4 (ELISA)  with before ECMO: before ECMO: Bleeding Not reported
Fair w Widely diverging platelet  thromboglobuiin Mortalty Not reported
Duration counts - no significant trend (1) Platelet factor 4
Median: 7 days (range 6-7) over time.
Indication
Acute respiratory failure (0 = 10) At ECMO cannulation:
Acute-on-chronic lung discase 194 £74
h=2)
Puimonary embolism (n = 1)
PLATELET AGGREGATION
Laneetal. (18 n=23 URH Piatelet aggregation Bofore ECMO, Before and during ECMO Thrombosis
Rating Configuration Targel ACT: (Multiplate Analyzer, ADP,  median: 130 compared with healthy No events
Fair 1BVA+5W PLC > 100 x 109 /L: TRAP, AA as agonists) indivicuals: (Avenous or arteria
Duration 180-200s. During ECMO compared ¢ Platelet aggregation (TRAP,  thromboembolism leading to
Range 3-80 days PLC < 100x109 /L: Agonist concentrations Not  with before EOMO: AA, ADP) neurological complication or
Indication 160-180s. reported 1 PLo puimonary embolism)
Cardiac surgery (n = 6) During ECMO compared with
Dilated cardiomyopathy (0 =2) before ECMO: Bleeding
Acute myocardial infarction 19 Platelet aggregation (TRAP)  Severe blecding: 26.1% (1 = 6)
=2 19 Platelet aggregation (M) (Two or more lters in the first
Cardiac failure/cardiogenic — ¢ Platelet aggregation (ADP) 24 h following cannulation or
shock (not AMI) (n = 1) administration of more than five
Myocarditis (n = 2) units of RBC in 24)
Respiratory failure (1 = 3)
Pulmonary artery hypertension Mortality
=1 30-day mortalty: 30.4%
Preumonia (n = 3)
Complications of
pulmonary/cardiac
transplantation (n = 3)
Tauber etal. (19)  n=38 UFH Platelet aggregation Before ECMO: Before ECMO compared with  Thrombosis
Rating Configuration Target ACT =150-180s.  (Multiplate Analyzer, ADP 134+ 95 healthy indivicuals: Not reported
Good 26VA+ 12W 6.41uM, TRAP 32uM, AA 1 Platelet aggregation (ADP, AA)
Duration 0.5mM as agonists) During ECMO compared  —Platelet aggregation (TRAP)  Bleeding
Not reported with before ECMO: Moderate (<2U RBC/d)
Indication LPLC 24h. on ECMO compared with | _ g 7495)
before ECMO:
Intractable cardiac or + Patelot sgaregation (ADP, aa,  !"o10358d (= 2 RBC/d)
respiratory faiure (n = 38) During EGMO compared 1 78" A = 1026%)
with after EOMO: (Estimated indirectly by
1PLC 18, on EOMO comparedwit  "@SUSen reauiements)
before ECIO: .
Before ECMO compared [ TI0 S pop Ay Mo
with after EOMO: (1) Pl scapagaton ey, Notreported
- PLC
24h. after EOMO compared with
before ECMO:
— Platelet aggregation (TRAP,
ADP, AR)
Mutlak etal. (20) n=5 UFH Platelet aggregation Before EOMO: 90min. on ECMO compared  Thrombosis Not reported
Rating Configuration W Target aPTT =45-555.  (Multiplate Analyzer, ADP 136 30 with before ECMO: Bloading Not reported
Fair Duration Not reported 0.4mM, TRAP 32 mM, AA | Platelet aggregation (ADP)  Mortalty Not reported
Indication ARDS (n = 5) 0.5mM as agonists) (4) Platelet aggregation (AA)
> Platelet aggregation (TRAP)
120, 150 and 180 min. on ECMO
compared with before ECMO:
| Platelet aggregation (ADP)
(1) Platelet aggregation (AA)
— Platelet aggregation (TRAP)
Nair et al. (21) n=10 UFH Platelet aggregation During ECMO compared  Unspecified time point during ~ Thrombosis
Rating Configuration 7 VA + 8 W/ Target aPTT =15-2 x (Multiplate Analyzer, ADP,  with before ECMO: ECMO compared with healthy  No events
Fair Duration Median: 10 days (QR  normal value TRAP, collagen, fistocetinas  4¢ PLC indivicluals: (Glinically apparent arterial or
5-14) agonists) 1% Platelet aggregation venous thrombosis o
Indication Primary graft Agonist concentrations Not (ADP, TRAP, collagen, ristocetin)  oxygenator failure)
dysfunction (lung) (n = 2) reported
Sovere ARDS (0 = 1) Bleeding
Primary graft dysfunction (heart) 5 (50%) experienced
n=3 bleeding episodes.
Cardiogenic shock (n = 2) (Any bleediing significant enough
Post cardiotomy (1 = 2) to trigger administration of blood
products (excluding RBC) or
coagulation factors)
Mortality
In-hospital mortality: 40%
PLATELET ACTIVATION AND AGGREGATION
Kabbhenn et al.  n =6 (flow cytomery) UFH Surface-bound CD62 and  During ECMO compared  On ECMO compared with Thrombosis Not reported
©2) 1= Not reported (aggregometry) Target aPTT =40s. or CDB3 (flow cytometry) with before ECMO: healthy indivicuals: Bleeding Not reported
Rating Configuration anti-factor Xa activity < 0.2 Platelet aggregation (ight | PLC 1CD62 Mortaiity
Poor w Umi transmission agaregometry, 1CD63 In-hospital mortalty: 35%
Duration LMWH collagen, ristocetin, ADP,  During ECMO compared
Mean: 10 days (SD 9.5) Target anti-factor Xa activty  epinephrin as agonists)  with after ECMO: On ECMO compared with after
Indication <0.181U/ml 1 pLC Ecno:
ARDS Agonist concentrations Not IPlatelet aggregation
Acute interstitial pneumonia reported Before ECMO compared  (ADP, ristocetin)
Exacerbated COPD with after ECMO: (1) Platelet aggregation
Bridge to lung transplant - PLC (collagen, epinephring)

Post-lung transplant
Post-pneumectomy
Tracheal rupture

+ Statistically significant increase; | Statistically significant recluction; — No change; (1) Non-significant increase; (1) Non-significant reduction; *Significance not tested * Type of heparin not specified.

ECMO, Extracorporeal membrane oxygenation; WV, Veno-venous; VA, Veno-arterial; ARDS, Acute respiratory distress syndrome; COPD, Chronic obstructive pulmonary disease; ACT, Activated clotting time; aPTT, Activated partial
thromboplastin time; UFH, Unfractionated heparin; LMV/H, Low molecular weight heparin; VKA, Vitamin K antagonist; ASA, Acetylsalicylic acid; ELISA, Enzyme-linked immunosorbent assay; GPIV, Glycoprotein Vi; GPlb, Giycoprotein
Ib; TRAR, Thrombin receptor-activating peptide-6; ADP, Adenosine diphosphate; AA, Arachidonic acid; PLC, Platelet count; RBC, Red biood cells; AUC, Area under the curve; IQR, Interquartile range.
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Area of

mutational effect

Gene

Megakaryopolesis ANKRD26

Platelet
production/
clearance

Other/unknown

AL

GATAT

GFI1B

HOXAT1

MECOM

MPL

NBEAL2

RBMBA

RUNXT

SLFN14

SRC

THPO

PTPRJ

ACTINT

cYcs
GNE

GP1BA

GPIBB
GP9
ITGA2B
1TGB3
MYH9

PRKACG
TRPM7
TPM4

TuBB1

WAS

FLNA

DIAPH1

ABCGS

ABCG8

ADAMTS13

STIMT

vWF

ORAIT

MASTL

Syndrome

ANKRD26-related thrombocytopenia

ETV6-related thrombocytopenia

Paris-Trousseau
thrombocytopenia/Jacobsen syndrome

FYB-related thrombocytopenia

GATA1-related disease: X-linked
thrombocytopenia (XLT) and X-linked
thrombocytopenia with thalassermia
o®um

Macrothrombocytopenia and platelet
function defects

Amegakaryooytic thrombocytopenia with
radio-ulnar synostosis

Congenital amegakaryocytic
thrombocytopenia and radioulnar
synostosis

Congenital amegakaryocytic
thrombocytopenia (CAMT)
Gray platelet syndrome

Thrombocytopenia-absent radius
syndrome

Familial platelet disorder with propensity
to acute myelogenous leukemia
(FPD/AML)

SLAN14-related thrombocytopenia

SRC-related thrombocytopenia

Inherited thrombocytopenia from
monoallelic THPO mutation

Inherited thrombocytopenia

Inherited thrombocytopenia

ACTN/-related thrombocytopenia

CYCS-related thrombocytopenia
GNE myopathy with congenital
thrombocytopenia

Bernard-Soulier Syndrome (BSS) +
platelet type von-Willebrand disease
(PTWD)

Glanzmann thrombasthenia

MYH9-related disease (MYH-RD)

PRKACG-related thrombocytopenia
TRPM?-related thrombocytopenia
Tropomyosin 4-related thrombocytopenia

TUBB1-related thrombocytopenia

Wiskott-Aldrich syndrome, X-finked
thrombocytopenia (XLT)

Filaminopathies A

Macrothrombocytopenia (MTP) and
hearing loss

Macrothrombocytopenia associated with
sitosterolemia

Thrombotic thrombocytopenic purpura
Stormorken syndrome and york platelet
syndrome

Von Willebrand disease type I8

Stormorken syndrome

Autosomal dominant thrombocytopenia

Other syndromic and features

Predisposition to leukemia. Reduction of platelet a-granules. Normal in
vitro platelet aggregation and mean platelet volume. Some patients
have high level of hemoglobin and leukocyte.

Leukemia predisposition. High erythrocyte mean corpuscular volume
(MCV). Some patients have elevated red cell MCV.

Abnormal development of heart and face. Intellectual disabilies. Large
a-granules. Abnormal MKs morphology. Normal RBCs and WBCs
counts. Moderate thrombocytopenia.

Small platelets. Reduction of mature MKs in BM. Significant bleeding
tendency. Normal WBCs count. Low mean platelet volume MPV. Mild
ifon deficiency anemia.

Dyserythropoietic anemia. Macrothrombocytopenia. Beta-thalassemia
Congenital erythropoietic porphyria. Erythrocyte

abnormalities. Splenomegaly.

Macrothrombocytopenia. Red cell anisopoikilocytosis

Platelet dysfunction. Reduction of platelet a-granules.

Bilateral radioulnar synostosis. Severe bone marrow failure. Cardiac
and renal malformations. B-cell deficiency. Hearing loss. Clinodactyly.
Some patients show skeletal anomalies. Some patients have:
developed pancytopenia.

Absence or reduced of MKs in BM. No physical anomalies.
Development to BM aplasia in infancy.

Impaired platelet function. Severe reduction of platelet a-granules.
contents. Large platelets. Development of myelofibrosis and
splenomegaly in some patients. Abnormlities in megakaryocyte
development.

Bilateral radial aplasia. Elevated hemoglobin level in patients with
5'UTR SNP. Normal WBCs count and some patients have leucocytosis
and eosinophilia. Anemia. Skeletal, urogenital, kidney, and heart
defects. Reduced MKs in BM.

Platelet defects. Variable platelet counts. Reduction in dense granule
secretion observed in secondary qualitative abnormality.
Myelodysplasia. Reduced response to several platelet agonists.

Giant platelets. Decreased ATP secretion. Reduced number of dense
granules.

Myelofibrosis, bleeding, and bone pathologies. Hypercellular bone
marrow with trilineage dysplasia. Platelets are dysmorphic and variable
in size. Paucity of a-granules. Splenomegaly, congenital facial
dysmorphism. Abundant vacuoles.

Bone marrow aplasia. Normal or enlarged platelet morphology.

Syndromic thrombocytopenia characterized by spontaneous bleeding,
small-sized platelets. Impaired platelet function.

Dysplastic megakaryocytes. Some patients have mild anemia and
febrile neutropenia. Big and pale platelets.

Galactosemia, hypotonia, seizures, jaundice, galactosuria,

and hepatomegaly.

Congenital macrothrombocytopasnia. Anisocytosis. Absent or mild
bleeding diathesis.

Normal platelet size and volume.

Rimmed vacuoles. Hematological complications are rare. Proteinuria
and hematuria in some patients. Membranoprolferative
glomerulonephiis. Platelets size are nomal to large.

Macrothrombocytopaenia. Severe bleeding tendency with platelet
function defect. Platelet anisocytosis.

Impaired platelet function.

Congenital macrothrombocytopaenia. Mild bleeding tendency.
Development of kidney dysfunction, deafness, cataracts, and
Déhle-like bodies. Elevated liver enzymes,

Giant platelet. Impaired platelet function.
Macrothrombocytopaenia. Atrial fibrilation.

Magrothrombocytopaenia. Al other blood cell counts are nomal. Mid
effect on platelet function.

Congenital macrothrombocytopaenia.

Mid or severe immunodeficiency, hematopoietic malignancies, and
eczema. Thrombocytopenia with small platelets. Autoimmune.
haemolytic anemia.

X-linked dominant form of periventricular nodular heterotopia
(FLNA-PVNH) and the otopalatodigital syndrome spectrum of
disorders. Hemorrhage and coagulopathy. Abnormal platelet
morphology.

Xanthomas and pre-mature coronary atherosclerosis due to
hypercholesterolemia. Hematologic abnormalites.

Upshaw_Schulman syndrome. Anermia.

Tubular myopathy and congenital miosis. Severe immune dysfunction.

CRAC channelopathy. Severe combined immunodeficiency,
autoimmunity, muscular hypotonia, and ectodermal dysplasia.
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References  Sample

size

Robinson etal. n=10
(12)

Cheungetal. n
(13)

Sainietal. (14) n=24

Age Study Mode
design of ECMO

Reported:  Prospective  Not

Mean (range) reported

=3(1-8) days

Calculated:

Range =

7 days

Reported:  Prospective  Not

Mean & SEM reported

=2544h

postnatal age

Calculated:

Range = 48h

of

postnatal age

Reported:  Retrospective VA-

Median (QR) ECMO

=9(1-70) n=18

months (75%)

Calculated: N/A W-EGMO
n=
625%)

Indication  Duration
of ECMO
Respiratory ~ Reporteck
falure (= Range = 4-16
10) days
Caloulated:
Range =
12 days
Meconium  Reported:
aspiration  Mean  SEM
syndrome (0 =91 £ 4h
=5 Caloulated:
Congenital  Range = 157h
diaphragmatic
hernia (1
=§)
Acute Reported:
respiratory  Median (QR) =
distress 8 (6-10) days
syndrome (1 Calcuiated:
=4 NA
Puimonary
hypertension
(=4
Congenital
diaphragmatic
hernia (1 =
2
Myocarditis/diated
cardiomyopathy
=3
Post-
operative (n

=11

Time
points

Baseline

15min

60min

after initiation of
ECMO

15min

60min

after

platelet transfusion

Baseline
1h

2h

4h

12h

24h

after initiation of
ECMO

1h before
decannulation
24h post-
decannulation

24hpriortoa
severe bleeding
event

Prior to ECMO
decannulation

Clinical
events
(number
of events)

Bleeding
n=0
Thrombosis
Not reported
Mortality
Not reported

Bleeding
n=1(10%
Thrombosis
Not reported
In-hospital
mortality
n=2(20%

Bleeding
n=10(42%)
severe
Thrombosis
Not reported
In-hospital
mortality
n=13(64%)

Therapeutic
agents with
reported
anti-platelet
effects

Not
reported

Not
reported

Inhaled
nitric
oxide,
miliinone,
and Hy
blockers.

Monitoring
of platelet
function
(method)

Flow cytometry
(Surface-bound GPIb and
lla)

Platelet aggregation
(Whole blood
aggregometer using
collagen, ADP and
Tistocetin as agonists)
Bioluminescent assay
(Luciferase detection of
platelet ATP release in
response to collagen
and thrombin)

Platelet aggregation
(Whole blood
aggregometer using
collagen as agonist)
ELISA

(Soluble P-selectin)
Zymography
(Gelatinolytic activities of
plasma matrix
metalloproteinases,
MMP-2, and MMP-9)

Thromboelastography
(Platelet-mapping using
ADP and AA)

Results
Platelet Platelet
count function
Sigrificant Significant reduction
reduction 60min 15 min after ECMO
after ECMO  initiation compared to
initiation baseline
comparedto  No change in GPIb and
baseline Il expression
Decreasedto  Platelet aggregation

pre-transfusion
value by 60min
after transfusion

Significant
reduction 1h
after ECMO
initation and
24h after
decannulation;
no significant
difference 4, 12,
and 24h after
ECMO initation
and 1 h before
decannulation
compared to
baseline

No significant
fference
between patients
who had severe
bleeding and
those who had
not

Significant
reduction in
non-sunvvors
compared

to survivors

was not improved by
platelet transfusion but
resolved within 8h after
decannulation

from ECMO

Significant reduction 1,
2,4, 12, and 24 h after
EGMO intiation; no
significant difference
1hbefore and 24h
after
decannulationcompared
to baseiine

Significant increase in
soluble P-selectin 4,
12, and 24 h after
ECMO iniation; no
significant difference 1
and 2h after ECMO
initiation and 24 h after
decannulation
compared to baseiine
Significant reduction in
patients who had
severe bleeing
compared to those
who had ot
Significant reduction in
non-sunvivors
compared to survivors

AA, arachidonic acid; ADF, adenosine diphosphate; ATF, adenosine triphosphate; ECMO, extracorporeal membrane oxygenation; GPIb, glycoprotein Ib; ELISA, enzyme-linked immunosorbent assay; GPllla, glycoprotein Illa; IQR,
inter-quartile range; N/A, not available; PLC, platelet count; SEM, standard error of the mean; VA-ECMO, venoarterial ECMO; W-venovenous ECMO.
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Chemical group

Prodrug (requiring hepatic
activation)

Loading dose

Maintenance dose

Onset of action

Duration of antiplatelet effect
Excretion route

Recommended stop of
treatment before surgery

Clopidogrel

Thienopyridine

Yes

300/600mg
75mg

2-4h

3-10 days
Renal and biliary
5 days

Prasugrel

Thienopyridine

Yes

60mg
10mg

30min

5-10 days
Renal and feces
7 days

Ticagrelor

Cyclopentyl
triazolo-pyrimidine
No

180mg
2% 90mg
30min
3-4 days
Biary

3 days

Cangrelor

Cyclopentyl
triazolo-pyrimidine
No

30 pgrkg bolus
4 ng/kg/min infusion
2min

1-2h

Renal and feces

1h
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Group of antiplatelet agents

Oyclooxygenase-1 antagonist
P2Y;, antagonists

GP lIb/llla antagonists

PAR-1 antagonist

Receptor
agonist

ADP

Fiorinogen

Thrombin

Drug/s

Acetylsalicylc acid
Clopidogrel
Prasugrel
Ticagrelor
Cangrelor
Abciximab
Tirofiban
Eptifibatide

Vorapaxar

Route of
administration

Oral/intravenous

}m.

Intravenous

}‘mm

Oral

Mode of platelet
inhibition

Irreversible

} Ireversible

Reversible

Noncompetitive
J»Compemive

Competitive

Current place in ACS treatment
in ESC guidelines (12)

Class of recommendation Level of
evidence

L

(5]

Bk

*Level of evidence A in ST-elevation acute myocardial infarction, level of evidence B in non-ST-elevation acute coronary syndromes. ACS, acute coronary syndrome; ADR, adenosine
diphosphate; ESC, European Society of Cardiology; PAR-1, protease-activated receptor 1.
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Delivery ~ Carrier Carrier Biologically active

platform  composition morphology  agent/loading
method
Nanoparticle aggregates
SANTs PLGA 38+ 1.6pm  tPA/coating
aggregates tPA
composed of
180 % 70nm
NPs
4pm aggregates
composed of
~200nm NPs
SANTs PLGA
(combined
with TEB)
Liposomes
Lenticular Pad-PC-Pad  Lenticular, (5(6)-FAM]
vesicles 100nm
Nanocapsules Egg-PC ~200nm Eptiibatide/
encapsulation

Targeted site

Occluded
mesentery artery

Ocoluded
pulmonary artery

Oceluded
carotid artery

Oceluded
carotid artery

Experimental
setup

In vivo

Invivo

In vivo

In-vitro
(extracorporeal
pump flow
setup)

In-vivo

Experimental
model

Mouse arterial
thrombus
model

Mouse PE
model

Rabbit carotid
vessel
occlusion model

Mouse carotid
vessel
occlusion model

Experimental outcome

Total dissolution of
thrombus within 5 min of
local administration

Reinstatement of arterial
flow with ~86% sunvival
rate in mice post
administration

Higher rate of complete
recanalization of ELVO
With r-tPA coated SA-NTs
vith TEB, significantly less
vascular trauma than
stent-retriever TM

Selective payload (dye)
release in stenosed arteriel
model at high shear

Reduction of pulmonary
thrombus load without
prolonged bleeding times
in mice

References

(147)

(147)

(148)

(149)

(150)

SA-NTs, shear-activated nanotherapeutics; SA-NPs, shear-activated nanoparticles; NPs, nanoparticles; PLGA, poly(lactic-co-glycolic acid); tPA, tissue plasminogen activator; PE,
pulmonary embolism; TEB, temporary endovascular bypass; r-tPA, recombinant tissue plasminogen activator; ELVO, emergent large vessel occlusion; TM, thromboectomy; FAM,
carboxyfluorescein (model-dye); Pad-PC-Pad, 1,3-dipalmitamidopropan-2-yl 2-(trimethylammonio)ethyl phosphate; PC, phosphatidylcholine.
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Name Molecule type  Injury Experimental outcome Development ~ References

model/organism/administration phase
AWW-2  Murine - Inhibition of Ristocetin and Botrocetin-induced aggregationof  In-vitro (129)
monoclonal human and guinea pig platelets; dose dependent inhibition of
antibody H-SIPAin human and guinea pig platelets, L-SIPA unaffected
Photochemically ~induced Thrombus prevention without prolonged bleeding times In-vivo (129)
thrombosis/guinea pigs/intravenous
ACS patients with UAP/AMI Inhibition of H-SIPA of acute ACS patients In-vitro (130)
Balloon injury/guinea pigs/intravenous Dose dependent inhibition of thrombus and neointima formation ~ Ex-vivo (131)
AW200  Humenized - Inhibition of H-SIPA, adhesion, thrombin generation in human ~ In-vitro (132)
monoclonal platelets
antibody
cynomolgus monkeys/intravenous  Sustained inhibition of RIPA without extensive prolongation of the - Ex-vivo (132)
bleeding time in cynomolgus monkeys
Balloon injury/Japanese white Inhibition of botrocetin-induced aggregation after first injury; Ex-vivo (133)
rabbits/intravenous reduction of cell proliferation thrombus and neointimal growth
following second injury
Follts injury model/Beagle Thrombus inhibition in the stenosed coronary arteries without ~ Ex-vivo (133)
dogs/intravenous prolonged bleeding times
Humans (healthy)intravenous Dose-dependent inhibition of RiCof activity, prolongation of Phase | (134)
PFA-100 closure time, no prolonging bleeding times, no significant
adverse effects, no evidence of immunogenicity
ARCI779  Aptamer - Inhibition of botrocetin and high shear-induced aggregationin ~ In-vitro (135)
human platelets
Denuded porcine aorta segments  Reduction of platelet adhesion on collagen coated platesand  Ex-vivo (135)
thrombi formation in injured porcine arteries
Electrical injury arterial thrombosis  Dose-dependent inhibition of occlusive thrombus formationin —— In-vivo (135)
model/cynomolgus cynomolgus monkeys with mild bleeding time prolongation
monkeys/intravenous Dose and concentration dependent VWF and platelet activty ~ Phase | (136)
Humans (healthy)intravenous inhibition without major bleeding events or side effects
Humans (patients with congenital  Dose-dependent inhibition of VWF-related platelet function, Phase I (187)
TTP)intravenous stabilized platelet count in congental TTP patients, Test doses
insufficient to suppress all the clinical/laboratory features of TTP
Humans (Patients Reduction in cerebral embolic events in patients post CEA, Phase Il (138)
undergoing CEAYintravenous Increased anemic and bleeding events
ARC15105  Aptamer Denuded porcine aorta segments  Better aggregate inhibition than ARG1779 under arterial shear  In-vitro/ex-vivo ~ (139)
conditions in perfusion chamber,
>90% platelet activity reduction in segmented porcine arteries
cynomolgus >90% VWF activity reduction in cynomolgus monkeys In-vivo (139)
monkeys/intravenous, subcutaneous
ALX-0081/  Bivalent - Selective inhibition of platelet adhesion to collagen at high shear  In-vitro (140)
ALX-0881  nanobody rates
(INN: - Complete inhibition of platelet adhesion on collagen in blood from Ex-vivo (140)
Caplacizumab/ PCl patients on standard antithrombotics
Cabiiv)
Modified Folts injury Lower effective dose and bleeding risk, superior therapeutic In-vivo (140)
modelbaboons/intravenous window in baboons as compared to commercial antithrombotics
Humans (Patients undergoing Dose-dependent inhibition of platelet adhesion and aggregation in In-vitro (141)
PClyintravenous CAD patients prior to PCI, prolongation of co/ADP time in
PFA-100
mAb-3HO (ADAMTS-13 inhibiting Ab) Complete neutralization of VWF activity without severe bleeding ~ In-vivo/ex-vivo  (142)
induced tisk in thrombocytopenia
aTTP/Baboons/subcutaneous
Humans (healthyyintravenous Total RIPA inhibition at high dose in healthy subjects, no bleeding  Phase | (140)
tisk and immunogenic response reported, drug well-tolerated and
safe
Humans (stable angina patients  Transient but clinically insignificant decrease in FVIll and WWF  Phase Ib (140)
undergoing PClintravenous levels in patients, no increased bleeding risk or immunogenic

response on dose increase even in addtion to standard therapy,
rapid clearance of unbound antibody

Humans (aTTP patientsyintravenous, More rapid resolution of TTP episodes, faster platelet-count Phase I (143)
subcutaneous normalization, higher frequency of complete remission and (TITAN,

increased bleeding tendency as compared to placebo NCTO1151423)
Humans (aTTP Faster resolution of TTP episode with shorter time to platelet count Phase Il (144)

patientsyintravenous, subcutaneous — response, clinically significant reduction in aTTP recurrence, aTTP (HERCULES,
related deaths and major thromboembolic events as compared to NCT02553317)
placebo; higher bleeding-related TEAES than placebo
(Ongoing study) Phase lib -
(Post-Hercules,
NCT02878603)

CEA, carotid enderterectomy; PCI, Percutaneous Coronary Intervention; TTF, Thromboltic thrombocytopenic purpure; aTTR, Acquired Thrombotic thrombocytopenic purpura; H-SIPA,
High shear-induced platelet aggregation; L-SIPA, Low shear-induced platelet aggregation; Ab, antibody; CAD, Coronary artery disease; RIPA, Ristocetin-induced pletelet aggregation;
RiCof, Ristocetin cofactor; ACS, Acute coronary syndrome; TEAES, Treatment-emergent adverse events; UAP, Unstable angina; AMI, Acute myocardial infarction.
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Molecule Animal model Plaque  References
targeted development
effect

PGl ApoE~/~IP~/~ (chow diet) t @©1)

GPlbe ApOE~/~ + Fab anti-GPlbe l “3)
(HFD up to 18 weeks)
Ldir~/=GPlba™/~ (HFD for 16 i “8)
weeks)
Ldlr~/~ hiL4R/GPlbo: (HFD for = (“8)
16 weeks)

W Ldir~/=vWF~/= (HFD up to 22 4 “9)
weeks)

allbpd ApoE~/~GPIIb™/~ (HFD for 8 i 59
at 12 weeks)

GPVI ApOE™/~ + Fab anti-GPVI 4 (55)
(HFD for 12 weeks)

PARY ApoE~/~PAR4~/= (HFD for 6 = )
or 10 weeks)

CcD40L ApoE~/~CD154~/~ (chow 1 (75)
diet)

cD40 ApoE~/=CD40~/~ (HFD for 4 4 (79)
weeks)

PF4 ApoE~/~PF4~/= (HFD for 10 1 (76)
weeks)

RANTES Ldir~/= 4 RANTES inhibitor i (77, 78)
(HFD up to 22 weeks)

™Ay ApoE™/~ + $18886 or aspirin i ©0)
(chow diet)
ApoE~/=COX-1=/= (HFD for 8 { 82
weeks)
Ldir~/~ + aspirin (chow diiet or i (83-85)
HFD up to 26 weeks)
ApOE™/~ + aspirin (chow diet = (70,80
or HFD up to 12 weeks)
ApOE~/~ + aspirin long + @1
treatment (HFD up to 16 weeks)

CalDAG-GEFI  CalDAG-GEFI™/~ in 4 (67)
hematopoietic cells (HFD for 12
weeks)

P2Y12 ApoE~/~P2Y12~/= (HFD up to i (65, 67)
20 weeks)
ApoE~/~ 4 Clopidogrel (chow ! (68, 70)
diet or HFD between 8 at 12
weeks)
ApoE~/~ + Clopidogrel (HFD = (69
for 6 months)
ApOE™/~ + Ticagrelor (HFD for i’ 71,72
20 weeks)
ApoE=/~ 4 Ticagrelor (HFD for = 73

12 weeks)
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Source Effect on tissue regeneration References

PLATELETS
o-Granules
1GF Enhances bone growth, BMD, bone mass and implant ossedintegration (28,39)
BVP Plays a role in osteoblast and chondrocyte differentiation and bone regeneration @9
PDGF Improves bone healing and implant osseointegration (33)
TGF-p Enhances bone regeneration (30)
VEGF Promotes angiogenesis and endochondral ossification (34,35)
FGF Regulates osteogenesis, chondrogenesis, and bone mineral homeostasis (32)
BDNF Upregulated in granulation tissue of fractured bone and this suggest ts involvement in angiogenesis @6)
IL-1 Regulates bone metabolism @n
L6 Modulates inflammation and induces bone resorption )
-8 Induces mesenchymal stem cell migration (39)
Dense granules
Calcium Increased cytoplasmic Ca2+ concentration may induce osteoblast apoptosis (40)
ATP Increases bone mineralization at low concentration, but decreases bone mineralization at high concentration (1)
Serotonin Reduces bone mineral density and inhibits osteoblast differentiation and proliferation. Inhibits FXIll that mediate the (42, 43)
assembly of plasma fibronectin in cell cultures
Polyphosphate Inhibits mineralization at low concentration, whereas enhances mineralization at higher concentration in cell (44, 45)
cultures
BLOOD PLASMA
Albumin
Enhances bone remodeling when used as adjunctive to bone graft material (“6)
Globulins
p-Globuiins Fibronectin, a B-globulin derived protein, enhances re-epithelization and extracellular matrix formation (n vitro). @7, 48)
Fibronectin combined with B-TCP was slightly better that B-TCP alone in bone regeneration in a rat bone
defect model
Coagulation proteins
Thrombin Enhances cell migration, osteoblast function, and bone repair “9)
Factor VIl Mice lacking F-VIll showed reduced bone healing scores (50)
Plasminogen Enhances angiogenesis 1)
Factor Xil In osteoblast cell cultures, the inhibition of FXIli-A transglutaminase, resulted in reduction in fibronectin, collagen @3)
matrix assembly and mineralization
Fibrinogen Fibrinogen 3D scaffolds enhances bone regeneration and increases TGF-p 62)
Complement system
c1-Co Meaintains cell prolferation and tumover and enhances angiogenesis and tissue healing (3)
Other molecules
Glucose High serum glucose (in diabetic patients) reduces bone mineral density and bone turnover by altering osteoblast (54

function and collagen properties

PF4, Platelet factor 4; TGF-p, Transforming growth factor bete; FGF, fibroblast growth factors; VEGF, Vascular endothelial growth factors; IGF, Insulin-like growth factor; PDGF, Platelet
derived growth factor; BONF, Brain-derived neurotrophic factor; TGF-, Transforming growth factor-beta; BMP, bone morphogenetic proteins; F-Xil, Fibrin stabillzing factor; BMD, bone
mineral density; NR, not reported.
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Material

Comparisons

Maxillary sinus augmentation

PRF

PRP

PRF alone, PRF vs. allograft, PRF vs.
xenograft,

PRF vs. collagen membrane
PRP with xenograft vs. xenograft

PRP with autogenous bone graft or bone
substitute

PRP with bone gratt vs. bone graft

Alveolar ridge resorption

PRF

PRP

PRF with Ti-Mesh vs. Ti-Mesh

PRF/allograft vs. allograft

PRF/autogenous bone vs. autogenous bone
PRGF alone or combined with bone grafts

Periodontal bone defects

PRP

PRF

Gingival recession
PRF

Alveolar socket
L-PRF

L-PRF

PRF, PRP
PRP, PRF

PRF

Implant surgery
PRF

PRF

PRP

PRF

PRF

PRP/ bone graft vs. bone graft

PRP/GTRvs. GTR

PRF alone vs. PRF/ open flap debridement
(OFD)

PRF vs. connective tissue graft

L-PRF vs. blood clot
L-PRF vs. PRP

PRF or PRP vs. empty socket
PRF or PRP vs. empty socket
PRF/bone graft/ bone graft or empty defect

PRF/bone graft/ bone graft or empty defect
PRF vs. no graft

PRP around dental implant

PRF vs. no graft

PRF vs. flap surgery (in per-implantitis)

Endodontic diseases

PRF, PRP

PRF, PRP
Jaw cysts
PRP

PRP

Cleft palate
PRP

Alveolar clefts
PRP

PRF

BRONJ
PRF

PRP

L-PRF

PRF or PRP

PRF or PRP

PRP/bone graft vs. bone gratt
PRP vs. empty defect

PRP vs. surgical closure alone

PRGF with bone graft

PRP with ilac bone graft vs. bone graft

PRF with iliac bone graft vs. bone graft

PRF with surgical debridement
PRP with laser

L-PRF with BMP-2

Osteoradionecrosis

L-PRF
PRP

L-PRF
PRP gel

Oroantral communication (OAC)

PRF
PRF
Oral ulcers
PRP
PRF

T™Ds
PRP

PRF vs. buccal advancement flap

PRF

PRP

PRF

PRP vs. Hyaluronic acid or saline injection

Effect of PCs

PRF alone or combined with allografts accelerate bone healing, although it does
not affect the maturation of xenograft

similar new bone formation was reported in both groups
Increased volume of newly formed bone in PRP/xenograft combination
PRP does not improve implant success

PRP did not add beneficial diference to the percentage of newly formed bone or
to the implant survival

PRF prevents mesh exposure and bone resorption
PRF increase alveolar ridge width, and the percentages of vital bone
Adding PRF increases bone width and decreases bone resorption
Enhances soft tissue healing and reduces inflammatory complications.

PRP as an adjunctive material enhances bone regeneration, reduces pocket depth
and enhances dlinical attachment level

No beneficial effect was found when used with GTR

PRF enhance bone regeneration when combined with OFD, whereas it cid
improve the outcomes with GTR

No evidence supports the use of PCs in the treatment of gingival recession

L-PRF enhanced the preservation of the alveolar width and reduced buccal bone
resorption

L-PRF resulted in better preservation of alveolar height and width compared to
PRP

PCs reduce alveolar osteitis compared to empty socket
PCs showed inconsistent results in hard tissue regeneration

PRF enhances alveolar ridge preservation

PRF improves the early phases of osseointegration
PRF enhances implant stabity and reduces marginal bone loss
Inconclusive results due to lack of studies

PRF does not improve bone healing

PRF improves clinical outcomes

PCs enhance bone regeneration, root development, and regaining of pulp vitaliy,
although the level of evidence was weak

PCs enhance root development

PRP accelerates bone healing
PRP did not improve bone healing

PCs enhance soft tissue closure of complete cleft palate and reduce the incidence
of oronasal fistula

Mixing the PRGF with bone grafts resulted in complete closure of 90.9% cases
with recurrent cleft palate fistulas

The combination of iliac graft and PRP reduce bone resorption compared to iiac
gratt

adding PRF to iliac bone grafts, did not enhance maxilary alveolar bone thickness,
height, and density o the percentage of newly formed bone

PREF has been found to enhance soft tissue healing and reduce pain of surgically
debrided BRONJ cases

Laser assessed surgery and PRP application enhance tissue healing of BRONJ
cases

The combination of BMP-2 and L-PRF accelerate healing compared to L-PRF
alone

tion of PCs combined with surgical debridement improve tissue healing
PRP enhance bone regeneration of mandibular bone defect

PRF clots provides successful results and reduces pain and sweling compared to
buccal advancement flap.
PRF membrane could be used to manage OAC of size <5mm

Application of PCs in autoimmune derived ulcers accelerate tissue healing and
reduce pain and discomfort during mastication

PRF membrane could improve tissue healing after excision of oral mucosal lesions
such as leukoplakia and lichen planus

PCs injection reduces pain and improves mouth opening in patients with TMDs

References

(69)
(70)
1)
(72)
73)
(74)
(79)
(79)
(76)
@7
78)
78
79
(80)
@®1)
(82, 83)
4, 9)
84
(84)
(80)
(85)
(6)
®7)
8

(89)

(90, 91)
92)

©3)

(94)

(95, 96)

(©7,98)

(©9)
(100)
(101)
(102)
(103)
(104)
(105)

(106, 107)
(108)

(109)

PR, platelet rich fibrin; PRR, platelet rich plasma; PRGF; plasma rich in growth factors; PCs, platelet concentrates; BRONJ, Bisphosphonate related osteonecrosis of the jaw; TMDs,
Temporomandibular disorders; BMPs, bone morphogenic proteins.
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Composition Size (nm) Charge Concentrationtested  Nanoparticle  Effect on platelet References

shape function
Copper oxide 10 Negative 1.6 x 1019 atoms/mL. Rods and No effect (66)
spheres.
Gold 13,20,29 Negative 50uM Spheres No effect ©7)
Gold 530 Negative 5-40uM Spheres No effect ©8)
Gold >60 Negative 5-40pM Spheres Inhibition of ADP (68)
induced platelet
aggregation
Gold 20 Negative 5-40uM Spheres Platelet Aggregation ©8)
Gold 40 Negative 5-40pM Spheres Platelet aggregation (68)
Gold 30 Negative 0.45 mg/mL Spheres Inhibition of collagen @7
induced platelet
aggregation
Gold 50 Negative 0.420 mg/mL Spheres Inhibition of @n

collagen-induced
platelet aggregation

Gold 18 Negative Sug/mL Spheres Platelet aggregation (69)

Gold 9.509 % 0.56 Negative 2.144 x 1021 Rods and Platelet aggregation (66)
atoms/mL spheres

Gold 30 Negative and 5,15,25,and Spheres No effect (43)

positive S0pg/mL

Gold (PEI) 20 Negative 50 ppm Spheres Platelet aggregation (70)

Gold (PVP-) 50 Negative 50 ppm Spheres Platelet aggregation (70)

Iron 10-50 Negative 2 x 1019 atoms/mL. Rods and Platelet aggregation (66)
spheres

Iron 10 Not specified 5 mg/mL. Spheres Inhibition of PMA and 1)

arachidonic acid
induced platelet

aggregation
Iron oxide (FeO3) 55-65 Not specified- 50 pg/mL Rods Platelet aggregation 72
Iron oxide 90 Negative 05mM Spheres No effect 73
(Ferucarbotran)
Iron oxide 90 Negative 10mM Spheres Platelet aggregation 73
(Ferucarbotran)
Iron oxide 90 Negative smM Spheres No effect 73
(Ferucarbotran)
Iron oxide (QD-labeled 90 Negative 05mM Spheres No effect 73
Ferucarbotran)
Iron carbide (PEG) 30 Neutral 1 mg/mL Spheres No effect )
Iron oxide (FeOy) 20-30 Not specified- 50 pg/ml Spheres Platelet aggregation (72,75)
Iron oxide 90 Negative 05mM Spheres No effect 73)
(Ferucarbotran (HSA-)
Nickel 62 Neutral 50pg/ml Spheres Platelet activation 72
Silver 10-15 Positive 50pM Spheres Inhibition of thrombin- 67)

induced platelet

aggregation
Siver 20 Neutral 0.05-0.1 mg/kg iv. or Spheres Platelet aggregation (76)

5-10 mg/kg

Silver 16-71 Positive 50pg/ml Spheres No effect @)
Siver (PVP) 90-240 Neutral 50pg/mL. Spheres Platelet activation 72
Siver 12 Positive 200 mg/L Spheres Platelet activation 78
Silver (PEG) 20 Neutral 125-625 UM Spheres Inhibition of fibrinogen 79

induced platelet

aggregation
Siver (Colloidal) 10-100 Positive <10pglL Spheres No effect (©0)
Siver (citrate coated) 24345 Negative ~500pg/mL Spheres No effect ©1)
Silver (PVP coated) 216438 Negative ~500 pg/mL Spheres No effect ©1)
Titanium dioxide 101 Negative 1 mg/kg Not specified Platelet aggregation (©2)
(anastase)
Titanium dioxide (rutile) 104 Negative 1 mg/kg Not specified No effect ©2
Titanium dioxide 10 x 40 Not specified-  0.4-10pg/mL Rods No effect ©3)
Titanium dioxide 600-4,000 Negative 10pg/mL Spheres Platelet activation 84)
Titanium dioxide 20-160 Not specified- 50 pg/mL. Rod No effect 72
Zinc oxide 100-1,200 Negative 10pg/mL Rod Platelet aggregation ©4
Zinc oxide 150 Negative 1 mg/kg Not specified No effect 82

HAS, Human serum albumin; PEG, polyethylene glycol: PEI, polyethyleneimine; PVP, polyvinylpyrrolidone; PMA, Phorbol-myristate-acetate; QD, Quantum dots.
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Nanoparticle type

Silver

Gold

Iron oxide

Titanium dioxide, zinc oxide,
nickel, and copper oxide

Main findings

Siver NPs need to accumulate within platelets to interfere with different intraplatelet pathways (67, 76, 78, 79). Primary NPs size
is as important as the stability and monodispersity of the NPs which highly depend on the type of dispersion medium used.
Chitosan and PEG prevent agglomeration (122) but also increase NPs size affecting NPs properties and leading to inconsistent
results despite using similar or close primary NPs size. PVP has no effect on platelet function but citric acid can inhibit platelet
aggregation (7, 77). Siver NPs can also interfere with light absorbance and therefore, light transmission aggregometry, which is
the gold standard for studying platelet function, may not be suitable to investigate siver NPs-platelets interactions

Gold NP size is important when investigating their effect on piatelet function. It seems that gold NPs >60nm do not modify
platelet function. However, when NPs are <50 nm they can be internalized and accumulated in platelets affecting their function
(10, 66, 68-70, 93). PEI, PVP, and PAA coatings can induce platelet aggregation (70, 100, 123)

The effect of iron nanoparticles on platelet function is not consistent and the studiies available demonstrate that they can induce
(66,72, 73, 75); have no effect (73, 74) or inhibit platelet aggregation (7 1). No single factor seems to be determinant but coatings
may play an important role as HAS, PEG, and citrate have shown to do not affect platelet function (73, 74) but PAA inhibited
platelet aggregation (71)

Most studies refer to pro-aggregatory effect of these NPs. However, information is scarce to draw a robust conclusion regarding
their effect on blood platelets

PEI, polyethyleneimine; PVP, polyvinylpyrrolidone; PAA, poly acrylic acid: HAS, Human serum albumin; PEG, polyethylene glycol: PMA, Phorbol-myristate-acetate.
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Technique Some major advantages for platelet References
subpopulation studies

Confocal/epifluorescence * Visualization of discrete subpopulations (47, 56)

microscopy » Compatible with functional studies

Flow cytometry (FC) Rapid, multi-parameter characterization (47, 58)
of subpopulations

Fluorescence activated Allows for separation of platelet (@7,85)

cell sorting (FACS) subpopulations for further analysis

Laser scanning « Rapid measurement of fluorescence and  (93)

cytometry (LSC) light scatter of slide-based specimens

 Microscope-based enables visualization
and morphological assessment

Interfacial platelet * Minimal sample preparation ©4)
cytometry (PC) * Allows for studying subpopulation

interactions with protein surfaces
Platelet contraction + Enables measurement of contractile ®1)
cytometry forces of individual platelets adhering

on substrates
Mass cytometry « Detects multiple heavy metal ©5)

isotope-conjugated antibodies on
platelet surface
+ Overcomes challenges with spectral
overlap and eliminates need for
compensation associated with FC
* Greatly increases number of parameters
that can be analyzed
FlowRNA « Enables RNA measurement within ©06)
specific cell subpopulations due to
concurrent measurement of protein
expression
* Capacity to multiplex
RNA measurement
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A

Molecule targeted Animal model Effect on infarct References
area
Platelets Thombocytopenia = (107)
« granules Nbeal2~ i (125)
Dense granules Unc13d~/~ Js (125)
PAR4 PAR4~/~ ' (123)
Gapp Goi2"/1/PE4-Cre 1 (124)
GPlber Antibodly anti-GPlbe i (108, 126)
GPVI Antibody anti-GPVI i (108)
allbpd Antibody anti-GPIIb/lila & (108)
B
Molecule targeted Clinical trial Effect Bleeding References
™Ay JPPP ! t (127)
Aspirin
ARRIVE = t (128)
Aspirin
ASPREE = 1 (129)
Aspirin
ARTIS = + (130, 131)
Early aspirin adcition to thrombolysis
P2Y12 CAPRIE = + (132)
Clopidogrel vs. aspirin - Ischemic stroke patients
CHARISMA = 1 (133)
Clopidogrel + aspirin vs. aspirin alone
MATCH = t (134)
Clopicogrel + aspirin vs. aspirin alone
CHANCE 1 = (135, 136)
Clopidogrel + aspirin vs. aspirin alone
COMPRESS = 1 Tendency (137)
Clopidogrel + aspirin vs. aspirin alone
POINT | + (138, 139)
Clopidogrel + aspirin vs. aspirin alone
SOCRATES = = (140, 141)
Ticagrelor vs. aspirin
PRINCE | Tendency ? (142, 143)
Ticagrelor vs. clopidogrel (+ aspirin)
TARDIS = 4 (144)
Aspirin, clopidogrel and dipyridamole vs. guideline treatment
allbpd abESTTI = + (145)
Abciximab
saTls = = (146)

Tirofiban vs. placebo
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A

Molecule targeted

Platelets
GPlba
Pid1
GPVI

FcRy
CLEC-2
PARY

Goip
allbpd

& granules
Dense granles
Stim1

Orait

XAz

P2Y12

B
Molecule targeted

P2Y12

PAR1

Animal model

Thrombooytopenia
Fab anti-GPloo
Pld1~/~

Antibody anti-GPVI
Soluble GPVI-Fc
FoRy~/~

Fab anti-CLEC-2
PAR4™/~
PAR4~/~

PAR4 antagonist

Fab anti-GPIlb/llla

Isolated hearts and perfusion of platelets
from acute Mi patients

+ Abciximab

Nbeal2~/~

Unc13d~/=

Stim1~/=

Orai1 =/~

Aspirin

Clopidogrel

Isolated hearts and perfusion of platelets
from acute M patients

+ Cangrelor

Clinical trial

CURE
Clopidogrel + aspirin vs. aspirin alone
TRITON-TIMI-38

Prasugrel vs. clopidogrel (+ aspirir)
PLATO

Ticagrelor vs. clopidogrel (+ aspirin)
PEGASUS-TIMI-54

Ticagrelor + Aspirin vs. Aspirin alone
The TRA 2P-TIMI 50

Vorapaxar vs. placebo (+ concomitant
medical therapy)

TRACER

Vorapaxar vs. placebo (+ standard
therapy)

Effect

| Prasugrel

1 Ticagrelor

Effect on M.I.

e e

4
4
4
4

Bleeding
1

+ Prasugrel

References

(166)
(167)
(167)

(167, 169)
(169)
(168)
(167)
(176)
(177
(178)
(124)
(167)
(179)

(167)
(167)
(167)
(167)

(165, 180)

(165, 166)

(179)

References

(184)

(185)

(186)

(187-189)

(190)

(191)
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allbpd

P2Y12

P2Y12 and
XAy

Animal model

Xenograft rats model
+ aboiximab
Xenograft model +
AZD6140
Angiotensin Il 4
Clopidogrel
Angiotensin Il +
Clopidogrel and
Aspirin

Molecule targeted Clinical trial

P2Y12

Aspitin

Ticagrelor

Effect
on LT

Effect on
aneurysm
diameter

1 (between 40 and
49mm)

References

(197)

(209)

@10)

@11)

References

@12)

213
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Medication

Insulin
Metformin
Sulphonylureas

All diabetics (n = 21,314)

Beta SE P

0.1341 0.0198 1.38E-11
-0.0763 0.0160 1.99E-06
—0.0559 0.0191 3.41E-03

Male (n = 12,896)

Beta SE P
0.1058 00257 B.75E-05
~0.0504 00206 1.44E-02
~0.0301 00236 9T1E-02

Female (n = 8,418)

Beta SE P Pinter

0.1782 0.0313 1.27€-08 2.81E-06
-0.1205 0.0257 2.75E-06 6.42E-06
—-0.0888 0.0827 6.64E-03 0.077

Main model adjusts for age, sex, BMI, hypertension, anti-platelet, and cholesterol medication usage. Stratified modiels adfust for age, BMI, hypertension, anti-platelet, and cholesterol
medication usage. Medication usage is based on self-report. SE, standard error: P, P-value; Pinter, P-value for interaction between medication and sex.
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Al (n = 440,393) Males (n = 198,969) Females (n = 241,424)
Phenotype OR 95% CI P OR 95% CI P OR 95% CI P Pinter
MPV 108 1.07-1.10 6.49E-30 111 1.09-1.13 3.16E-30 105 1.02-1.07 4.28E-05 6.80E-05

Main model adjusts for age, sex, BMI, hypertension, anti-platelet, and cholesterol medication usage. Stratified models adjust for age, BMI, hypertension, anti-platelet, and cholesterol
medication usage. Medication usage is based on self-report. OR indicates odds ratio; Cl, confidence interval: B P-value; Pyer, P-value for interaction between MPV and sex.
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Change during References

aging
Platelet count 1 (18-20)
PLATELET ACTIVITY
Bleeding time 1 (©7,28)
Platelet sensitivity to agonists t (6-11,22,29)
B-thromboglobuiin plasma level t (29,31)
PF4 plasma level t (29,31)
Platelet phosphoinositide * ©9)
turnover
Platelet o-adrenoreceptor Controversial ™) (1), (6,3%)
binding capacity 0]
Platelet B-adrenoreceptor affinity 1 (35)
PLATELET SEROTONIN SYSTEM
Platelet sensitivty to serotonin t @3
Platelet serotonin content 1 (36,37)
PLATELETS AND OXIDATIVE STRESS
Rate of intraplatelet carbonylated 1 (42, 43)
proteins.
Intraplatelet GG activity i ©2)
Intraplatelet cGMP levels. 1 (50,53, 54)
Intraplatelet NOS activity t (50, 54)
Intraplatelet production of HyOp + ©5)
PLATELETS AND PROSTAGLANDIN PATHWAYS.
Platelet sensitivity to prostacyciin * ©9)
Platelet expression of L (60)
prostacyclin receptor
Thromboxane A2 production t (©7,62)
Prostacyclin production t ©n
PLASMA MEMBRANE MODIFICATION
Platelet membrane lipid B (67-69)
structural order
Platelet lipid peroxide membrane t (70)

composition
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Gene Protein Genetic modification ~ Background DB A Thrombosis Bleeding Remarks References

SAC% phenotype phenotype
Anot Anoctamin-1 PF4-Cre Ano1 C57B1/6 o7 o n.d. n.d. - (18)
Ano6 Anoctamin-6 AnopGlAN0382) C57Bl/6 o7 o nd. t Prolonged bleeding (18)
Anxal Annexin A1 PF4-Cre Anxal C5781/6 22 o n.d. n.d. - (29
Apoe Apolipoprotein E Apogt™iUne C57Bl/6 22 4 nd. nd. - (23
Bnip2 BOCL2-interacting ~ Bnip2!™'a C57BIEN 21 ° nd. nd. - (2
protein 2
Capnl Calpain-1 Capn1tmiAhc C57BI/6 10 1t 1 nd. Delayed vessel occlusion (27,28)
Cd36 CD36 CdgetmiMie C57BI/6 14 ° 4 ° Delayed thrombus formation, (29,30)
increased embolization
Cded2 Small GTPase PF4-Cre Cdcd2 C57BI/6 x 1295V 20 ° t t Accelerated vessel occlusion, @1
cDC42 prolonged bleeding
ClecTb CLEC2 INU1 Ab* C57BI6 19 4 1 1 Delayed thrombus formation, ©0)
increased embolization
Csk Tyrosine kinase PF4-Cre Cskim1Tara C57Bl/6 23 i 18 t Moderately reduced thrombus (32)
CsK formation
Digd Scaffold protein  Dig4'™!a C57BI/6N 21 ° nd. nd. - @3
DLG4
Dusp3 Protein Duspg'm1Srah C57B/6 11 i i o Decreased pulmonary embolism, (33)
phosphatase ‘small thrombus volume
DUSP3
Foerlg FeR y-chain FoertgimiRay C57BI/6 x 1295V 04 1! 1 nd. Delayed and reduced thrombus (34,35)
formation
For2 Formyl peptide Fpr2TaACTB)#imw C57BI/6 22 1 nd. nd. - (23
receptor-2
Gnagq Gq a-subunit Gnagt™1Soff C57BI/6 x 1295V 04 4 1 t Intra-abdominal bleeding, frequent (34,36)
postnatal death, protection
thromboembolism
Gp6 GPVI GpetmiBeni C57BI/6 03 4 1 o Reduced thrombus stabilty, (37,38)
eenhanced embolization
Gp6/Cleclb  GPVICLEC2 JAQ1HINUT Ab* C57BI/6 03 nd 1 1 Delayed thrombus formation, smaller @)
thrombus volume
Grm8 Glutamate Grmg!ma GC57BIEN 21 ° nd. nd. - (2™
metabotropic
receptor 8
Ifnar1 Interferon Ifnarftma C57BI6N 21 $ nd. nd. - (23
receptor 1
Itga2 Integrin a2 LoxP-Cre ltga2 C57BI/6 x 1295V 05 1 1 ° Reduced thrombus formation, (5,39
increased embolization
Itgb1 Integrin 1 Mx-Gre tgb GC57BI/6 x 1298V 04 i ° ° Unchanged thrombus formation (5.34,40)
Kennd K-activated Ca Konnqtm1RKr C57BI/6 x 1295V 16 o nd. nd. - (18)
channel-4
Mpig6b Receptor G6B-b  Mpigeptm!-1Atte C57BI/6 24 1 nd. 1 Prolonged bleeding (1)
Orait Calcium channel  BMC Orai1=/~ C57B/6 o1 L ' o/t Reduced thrombus formation and (2, 49)
ORAI1 stability
Pik3cg Pl 3-kinase y PikgcgtmWym 1298V 13 ! ! ° Protected from thromboembolic: (44, 45)
vascular occlusion
Pleg2 (GOF)  Phospholipase Pleg2is C8HeB/FeJ 12 t 1 nd. Increased pulmonary (46)
C-y2 (GOF) thromboembolism
PIdT Phospholipase D1 Pig7tm3Mafr C57B/6 [ o 1 o Reduced thromboembolism, reduced (14)
thrombus stability
Prkca Protein kinase C-a.  PrkcaWhe/tet0/tumk 57816 06 4 4 o Delayed thrombus formation, no fecal (47,48)
occult blood
Pried Protein kinase C-8  Prkcam1Kin C57BI/6 t o nd. Unchanged thrombus formation (47, 49)
Prkeq Protein kinase C-6  Prkog™m1Litt C57B/6 + n.d. nd. Limited occlusion, thrombus instabilty @7
Prid2 Protein kinase D2~ Prig2™!-1Daca C57B/6 17 4 n.d. o Unchanged bleeding (50)
Piprj Phosphatase PF4-Cre Prprf™!-Weis 57816 23 4 4 ° Severely compromised thrombus (32)
cD148 formation
Rac1 Small GTPase Mx-Cre Rac1 C57B/6 08 1 4 1 Reduced thrombus formation and (61)
RAC1 volume, variable but prolonged
bleeding
Rhoa Small GTPase PF4-Cre Rhoa C57BI/6 x 1295V 08 ° i t Unstable thrombus formation, (19
RHO-A increased embolization
stim1 Regulator STM1  BMC Stim1=/= C57BY6 o1 l i 1 Reduced thrombus stabiity, no vessel (“2,52)
occlusion
Stim2 Regulator STIM2 ~~ Stim2!m1Beni C578/6 o1 o n.d. nd. - (42)
Syk Tyrosine kinase  PF4-Cre C57BY6 09 nd. i t Blood-filed lymphatics, impaired 59
SYK Syktmi(sykiSpwa thrombus formation
Vps13a Vacuolar sorting  Vps13a™a C57BI6N 21 i nd. nd. - [C
protein VPS13A

Shown are published changes in platelet deposition (SAC%) on collagen for mice with indicated genetic deficiencies in comparison to wild-type mice. Where indicated, GPVI and/or CLEG2 were rendered non-functional by injection of
antibodies. Further indicated are published effects of the gene deficiency (same mouse strain) on in vivo arterial thrombosis, pulmonary thromboembolism and/or (tai) bleeding.

BMC, bone-marrow chimera; DB, database; GOF, gain-of-function mutation; n.d., not determined. *Antibody-mediated deficiency of CLEG2 and/or GPVI; **microflidics data not included in reference; ***only data for M1 published;
4 increased/prolonged; | decreased/shortened; o unchanged.
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M Microspot surface Platelet receptors

involved
M1 Collagen type | VWF)* GPlb, GPVI, By

M2 Rhodooytin + laminin + VWF-BP GPb, CLEC2, agB

M3 Laminin + VWF-BP GPb, ags

P Parameter of analysis Image  Range Scaling

Platelet adhesion
P1 Platelet surface area coverage (%SAC) BF* ~ 0-9367  0-10
Thrombus signature

P2 Platelet aggregate coverage (%SAC)  BF 0-4917  0-10
P8 Thrombus morphology score BF 0-50 0-10
P4 Thrombus mulilayer score BF 0-30 0-10
P5  Thrombus contraction score BF 0-30 0-10
Platelet activation

P6  PS exposure (%SAC) FL 0-1228  0-10
P7  P-selectin expression (%SAC) FL 0-2070  0-10
P8 Integrin oy activation (%SAC) FL 0-2825  0-10

*Binds VWF from plasma. **BF, brightfield: FL, fluorescence.
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Type of PCs

PRP

Red PRP

LPRP
Red-L-PRP

PRF

Red-PRF

L-PRF

Red-L-PRF

Type of
preparation
protocol

2
3

Platelet
concentration

B

C

Leukocytes,
+=>1%
¥

¥

Red blood cells,
+=>10%

Activation

1,11, 1, v

[NINTR

[RINTR

‘Commercial kits

Cell separator PRP, Vivostat PRF,
Anitua’s PRGF

Gurasan, Regen, Plateltex,
SmartPReP, PCCS, Magellan,
Angel, GPS PRP

Fibrinet PRFM

Choukroun's PRF

ISTH dlassification of PCs: Type of PC preparation protocols: (1) gravitational centrifugation techniques; (2) standerd cell separators; and (3) autologous selective fltration technology
{plateletpheresis). Platelet concentration: A, pletelet count of < 900 x 10%uL; B, platelet count of 900~1,700 x 10%/puL; C, platelet count of > 1,700 x10%/yL. Activation protocol: I,
o activation; Il the use of PRP with activation; i, use of frozen-thawed preparations; IV, photoactivated PRP (not mentionedin ISTH classification).

L-PRF, leukocyte-rich platelet-rich fibrin;

-PRF, leukocyte-rich PRP; PRF, platelet-rich fibrin; Red-L-PRF, red blood cell-rich and leukocyte rich platelet-ric

h fibrin; Red-L-PRR, red blood

cell-rich and leukocyte-rich PRP; Red-PREF, red blood cell-rich platelet-rich fibrin; Red-PRF, red blood cell-rich PRP. + or - defines whether (+) or not () there are leukocytes equal or

greater than

) 1% and/or Red cells equal or greater than

) 10% of the total cell counts.
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Amount, mL RBC, n (%) FFP,n (%) Platelets, n (%)

None 3(9%) 14 (43%) 14 (43%)
1-1,500 14 (43%) 13 (39%) 8(24%)
1,600-3,000 9(27%) 2(6%) 7(21%)
3,000-4,500 2(6%) 16%) 2(6%)
>4,500 5(15%) 3(9%) 2(6%)

ECMO, Extracorporeal membrane oxygenation; RBC, Red blood cells; FFP Fresh-frozen
plasma; mL, milliter.
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Variables Value

Age (years) 49 (+13)
Male gender 23 (70%)
ECMO configuration

w 10 (30%)

VA 23 (70%)
ECMO indication

Pulmonary (Pulmonary infections, septic shock, aspiration 13 (39%)

and vasculitis)

Cardiac (Cardiomyopathies, cardiogenic shock, epicarditis 8(24%)

and hypothermia)

EGPR (Cardiac arrest refractory to conventional GPR) 12 (36%)
Charlson's comorbidity index 15 (@&1.3)
Duration of ECMO (days) 5(3-8]
Duration from ECMO initiation to day 1 blood sample 16 h: 33 min

(6 h: 58 min)
SOFA score, day 1 132 (#2.7)
SOFA score, day 3 136 (+£3.4)
SAPS-Ill score at ICU-admission® 72.4 (£19.3)
Mortality at ECMO weaning 13 (40%)
30-day mortality 17 (52%)
Laboratory parameters, day 1 (reference interval)
Immature platelet fraction (0.016-0.126) 0.047
0.032-0.080]
Hemoglobin, mmoV/L (7.3-10.5%) 67 (£0.9)
INR (<1.2) 1.8 (£08)
Activated partial thromboplastin time, sec (20-29) 44(36-59)
Fibrinogen, wmol/L (6.5-12.0) 85 (£4.7)
CRP, mg/L (<8) 139 (£107)
Leucooytes, 109/L (3.5-10.0) 141 @&8.5)
Creatinine, umol/L (45-105) 193 [66]
Medical treatment
Day 1
Unfractionated heparin® 20 (61%)
Antiplatelet drugsd 8 (24%)
fasp (0 = 4); can (1 = 1); asp + can (n = 2); asp + can + tic
(=1)
Day 2
Unfractionated heparin® 28(97%)
Antiplatelet drugs? 5(17%)
fesp (0 = 2); asp + can (0 = 1);tic (1 = 1); asp + dlo (1 = 1))
Day 3
Unfractionated Heparin® 23 (96%)
Antiplatelet drugs? 4(17%)

fasp (0 = 3); asp + clo (1= 1))

Velues are expressed as n (%), mean (+ standerd deviation), or median
[interquartie range}.

ECMO, Extracorporeal membrane oxygenation; WV, Veno-venous; VA, Veno-arterial
ECPR, extracorporeal cardiopulmonary resuscitation; h, hours; min, minutes; SOFA,
Sequential Orgen Feilure Assessment; ICU, Intensive care unit; INR, International
nomalized ratio; CRP, C-reactive protein; asp, aspirin; can, cangrelor; tic, ticagrelor;
clo, clopidogrel.

#Available for 18 patients only.

bCombined reference interval for men and women.

©Active infusion at time of blood sampling.

9 Administered within the past 24 h prior to blood sampling.





