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Abstract

:

COVID-19 infection is associated with a broad spectrum of presentations, but alveolar capillary microthrombi have been described as a common finding in COVID-19 patients, appearing as a consequence of a severe endothelial injury with endothelial cell membrane disruption. These observations clearly point to the identification of a COVID-19-associated coagulopathy, which may contribute to thrombosis, multi-organ damage, and cause of severity and fatality. One significant finding that emerges in prothrombotic abnormalities observed in COVID-19 patients is that the coagulation alterations are mainly mediated by the activation of platelets and intrinsically related to viral-mediated endothelial inflammation. Beyond the well-known role in hemostasis, the ability of platelets to also release various potent cytokines and chemokines has elevated these small cells from simple cell fragments to crucial modulators in the blood, including their inflammatory functions, that have a large influence on the immune response during infectious disease. Indeed, platelets are involved in the pathogenesis of acute lung injury also by promoting NET formation and affecting vascular permeability. Specifically, the deposition by activated platelets of the chemokine platelet factor 4 at sites of inflammation promotes adhesion of neutrophils on endothelial cells and thrombogenesis, and it seems deeply involved in the phenomenon of vaccine-induced thrombocytopenia and thrombosis. Importantly, the hyperactivated platelet phenotype along with evidence of cytokine storm, high levels of P-selectin, D-dimer, and, on the other hand, decreased levels of fibrinogen, von Willebrand factor, and thrombocytopenia may be considered suitable biomarkers that distinguish the late stage of COVID-19 progression in critically ill patients.
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1. Introduction


Despite coronavirus diseases 2019 (COVID-19) infection being associated with a broad spectrum of presentations, a common finding in COVID-19 patients and appearing as a consequence of severe endothelial injury with endothelial cell membrane disruption is the presence of alveolar capillary microthrombi [1]. These observations clearly point to the identification of a COVID-19-associated coagulopathy, which may contribute to thrombosis, multi-organ damage, and because of severity and fatality.



Given the knowledge we have, there is still no clarity on the pathophysiological mechanisms involved in arterial and venous thrombosis during COVID-19 disease and, particularly, some aspects of platelet susceptibility to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) are in contrast. However, the literature agrees on the occurrence of prothrombotic abnormalities and, in this scenario, platelets have been shown to be deeply involved. Traditionally platelets are recognized as key actors in hemostasis. Indeed, we have to consider that platelets are also deeply implicated in the host defense in case of infections [2] given that, together with other immune cells and coagulation process, they act as modulators and effectors of immune cells other than clot formation [3]. In vertebrates, platelets are able to respond to pathogens mainly by promoting neutrophil extracellular traps (NETs) release and indirectly disposing of them [4]. The ability to prime macrophages, recruit and activate neutrophils, and participate actively to intravascular thrombosis places platelets as a link between host defense and thromboinflammation. Indeed, inflammation may cause hemostatic alterations leading to thrombosis [5,6] and, on the other hand, thrombosis may exacerbate inflammation [7], thus promoting a loop which increases tissue damage and thrombotic complications [8,9].



In the pathogenesis of COVID-19, the excessive release of cytokines is crucial in further influencing the systemic hemodynamic aberrations and cardiovascular diseases (CVD) and, in this context, platelets secrete a number of pro-inflammatory cytokines, chemokines, and growth factors that significantly contribute to thromboinflammation [10], which is responsible for infection sequelae and severity in organ failure.



Of course, in the crosstalk between inflammation and thrombosis, platelets are required to talk with other circulating cells, such as monocytes and macrophages, and each of them talks with endothelial cells [11,12]. As documented by reports in patients deceased due to the fact of COVID-19, an extensive platelet–fibrin clot formation in the pulmonary microvasculature was found in 80–100% of lungs and in other organs examined [13] and marked inflammation has been established to be a typical clinicopathological feature that worsens COVID-19 prognosis [7,14,15].



Circulating platelet–neutrophil, –monocyte and –T-cell aggregates were found to be significantly increased in patients with COVID-19 in comparison with healthy subjects [16], and platelets themselves manifest hyperreactivity [16,17], thus contributing to COVID-19 pathophysiology.



This review will focus on the link between the prothrombotic status of patients suffering from COVID-19 and platelet activation, thus providing an overview of the inherent links between thrombosis and the immune response, which is useful for understanding how these relationships may promote the prothrombotic consequences due to the presence of SARS-CoV-2 infection.




2. Peculiar Aspects of Thrombotic Events in COVID-19


Although the exhaustive pathobiology profile of thrombosis due to the fact of COVID-19 has not yet been fully clarified, one significant finding that emerges in the difference between COVID-19 and non-COVID-19 disorders is that the coagulation alterations are mainly mediated by the activation of platelets and intrinsically related to viral-mediated endothelial inflammation [18].



From a histopathological point of view, SARS-CoV-2 distinguishes from other viruses that share the tropism for the respiratory tract. Lungs from patients who died due to the fact of COVID-19 showed widespread thrombosis with microangiopathy combined with a severe endothelial injury with virus infiltration, disrupted cell membrane, a dense perivascular infiltration of T lymphocytes, and an aberrant condition of macrophage activation [1].



These and other distinctive histopathological features, such as the uncontrolled inflammatory response and endothelial cell apoptosis, confer to COVID-19 characteristics not comparable to any other equally severe viral respiratory infections [1]. COVID-19 patients who develop thrombotic complications show hypercoagulability combined with increased levels of coagulation factors, acquired antiphospholipid antibodies, and reduced production of endogenous anticoagulant molecules [18].



As mentioned, patients affected by COVID-19 experience a range of diseases from mild illness to severe multiple organ dysfunction having as notable manifestation the fatal hypoxemic respiratory failure. Nevertheless, the non-pulmonary organ damages associated with a platelet prothrombotic phenotype have emerged as important predictors of mortality [19] given that several immunomodulatory molecules regulating leukocyte and endothelial function are released by platelets making them a major player in the thrombo-inflammation complications of COVID-19 [20,21].




3. Platelet Activation


Platelets, small anucleated cells released by megakaryocytes [22,23], are known to influence not only vascular hemostasis but also immune response, tumor progression, and other inflammatory processes [24]. Specifically, during sepsis, platelets can promote endothelial dysfunction, NETs formation, and generation of microthrombi, thus exacerbating coagulation and inflammation. Moreover, the ability of antiplatelet therapy during sepsis to reduce the uncontrolled inflammation, coagulation, and damage to organ function and improve prognosis of patients has confirmed the role of platelet hyperactivation in promoting the interaction of platelets–inflammatory cells–endothelial cells with the subsequent cascade reaction between inflammation and coagulation [25,26,27,28]. Platelets contain three types of granules (i.e., alpha, dense, lysosomes) and their activation results in the secretion of molecules stored in these granules able to modulate aggregation and thrombus formation [29] (Figure 1).



Soluble fibrinogen binding to platelet integrins activates platelets and promotes clot formation [29,30,31]. One of the more important platelet integrins to which fibrinogen binds is the integrin αIIbβ3 [32] that is involved in platelet spreading [33]. In resting platelets, integrin αIIbβ3 is usually inactive with a low affinity for ligands. After platelet stimulation, the conformation of the integrin αIIbβ3 changes resulting in a receptor with a higher affinity state for ligands and allowing further signaling events [32]. Glycoprotein (GP) VI is the main platelet receptor for collagen, exposed in the case of endothelial injury [34,35]. Dimerization of GPVI is required for collagen binding [36], while [37] only monomeric GPVI is able to bind fibrin (ogen) and D-dimer [38,39].



The activation of more relevant fibrin (ogen)- and D-dimer-induced signaling pathways involved in platelet activation [29,31,40] observed in COVID-19 are illustrated in Figure 1. Activation of these signaling pathways triggers aggregation and activation of platelets combined with conformationally shape change and the subsequent clot formation and eventually clot retraction [41,42].



In comparison with controls, platelets from hospitalized stable COVID-19 patients show enhanced levels of the platelet activation markers P-selectin and lysosomal-associated membrane protein 3 (LAMP-3), and significantly higher expression of the transmembrane integrins GPIIb/GPIIIa complex, GPIbα, GPIX, CD9, and CD40 [43]. In the same study, the authors show that after stimulation with thrombin receptor activating peptide (TRAP), platelets respond with higher expression of the collagen receptor GPVI [43].



The expression of P-Selectin, a 120 kDA transmembrane protein, on the platelet surface subsequent to platelet activation regulates neutrophil–platelet, platelet–platelet, and monocyte–platelet interactions, becoming a driver for activation of neutrophil integrins, formation of NETs [44], and tissue factor expression [45]. The upregulation of the integrins GPIIb (CD41) and GPIIIa (CD61) and the von Willebrand factor (VWF) receptor subunits, GPIbα and GPIX, known to regulate platelet–leukocyte interactions, together with P-selectin may contribute to exacerbate the inflammatory response in COVID-19 patients [44,46,47].



On the effectiveness of antiplatelet therapy in COVID-19 patients, both positive and negative results have been found. In a retrospective, observational study, including 412 hospitalized patients with COVID-19, aspirin administration reduced the need of mechanical ventilation (aspirin group: 35.7% vs. non-aspirin group: 48.4%, p = 0.03) even if the mortality did not differ (aspirin group: 26.5% vs. non-aspirin group: 23.2%, p = 0.51 [48]).



In a randomized, controlled, open-label, platform trial having the primary outcome at 28 day mortality, aspirin was not associated with reduced mortality or risk of progressing to invasive mechanical ventilation. Nevertheless, in the same study a subtle increase in the likelihood of being discharged alive within 28 days was observed, even if not statistically significant (RR: 0.96, 95% CI: 0.89–1.04) [49].




4. Platelets and Immunothrombosis


SARS-CoV-2 infection induces immunothrombosis, a process in which the interaction between activated neutrophils, monocytes, coagulation cascade, and platelets leads to intravascular clot formation from small to large vessels [50].



Beyond the well-known role in hemostasis, the ability of platelets to release also various potent cytokines and chemokines has elevated these small cells from simple cell fragments to crucial modulators in the blood, including their inflammatory functions, which have a large influence on the immune response during infectious diseases [51,52]. Platelets express several immunoreceptors making them sentinels ready to recognize intravascular pathogens. In order to ensure pathogen clearance, platelets activate immune cells even if platelets themselves can directly limit pathogen growth through the release of antimicrobial molecules. However, a condition of aberrant platelet activation leads to inflammation and thrombotic complications.



In inflammatory conditions, platelet–neutrophil interaction promotes further recruitment of neutrophils into sites of inflammation [53]. The P-selectin glycoprotein ligand 1 (PSGL-1), expressed on neutrophils and binding to platelet P-selectin, mediates neutrophil–platelet interaction [54]. Blocking the P-selectin-mediated platelet interaction with neutrophils by using antagonists to P-selectin and GPIIb/IIIa or reducing circulating platelets have been shown to significantly reduce recruitment of neutrophils and vascular permeability, improve gas exchange, and prolong survival in sepsis-induced models of acute lung injury [55,56].



Neutrophil adhesion to platelets is reinforced by the β2-integrin macrophage antigen-1 (Mac-1, CD11b/CD18) binding to GPIbα on the platelet surface and the simultaneous binding of fibrinogen GPIIb/GPIIIa on platelets and CD11b/CD18 on neutrophils [57,58] (Figure 1).



Furthermore, the deposition by activated platelets of the chemokine platelet factor 4 (PF4; CXC chemokine ligand 4 [CXCL4]) [59] at sites of inflammation promotes adhesion of neutrophils on endothelial cells [60,61] and thrombogenesis [62,63]. Indeed, platelets are involved in the pathogenesis of acute lung injury also by promoting NETs formation and affecting vascular permeability [64]. Mechanistically, PF4 has been reported to be a crucial mediator in forming NETs [62]. PF4 heterodimerization with regulated upon activation of normal T cell expressed and presumably secreted (RANTES), another alpha-granule stored chemokine released upon platelet stimulation, induces activation and recruitment of inflammatory cells [61,65]. Conversely, the disruption of PF4–RANTES interaction reduces platelet–neutrophil aggregates and inhibits NETs formation, neutrophil recruitment, and reduces vascular permeability [62]. These findings support the concept that the crosstalk among integrins may be critical in synergizing platelet effects on modulating inflammatory response.



Indeed, as already mentioned, the inhibition of platelet–neutrophil interaction by blocking P-selectin or GPIIb/IIIa [55,66] also reduces the severity of acute lung injury, thus suggesting that the platelet-mediated infiltration of neutrophils is a basic mechanism in different inflammatory settings [55,66,67] even if factors influencing leucocyte emigration in the microcirculation of inflamed lung are also others [68].



PF4 is a glycosaminoglycan-binding protein able to neutralize the anticoagulant properties of antithrombin towards thrombin and the coagulation factor Xa [69,70,71,72].



Upon platelet stimulation, the tetramer PF4 transfers to polysaccharides, such as heparin, more highly sulfated than its proteoglycan carrier [73,74,75]. Taking in mind the important role of heparan sulfate proteoglycans in providing suitable storage sites at vascular wall for coagulation inhibitors, such as antithrombin, specifically at level of endothelium and the high PF4 binding affinity [76], we can understand the importance of PF4 to negatively interfere with the anti-thrombotic heparin-like activity of endothelium [72,77].



When the positively charged PF4 binds negatively charged polyanions, a conformational change of PF4 occurs with the consequent exposure of antigenic neoepitopes [78,79] (Figure 2A).



These neoepitopes cause production of anti-PF4/polyanion IgG antibodies that, in the case of bacterial infection, represent a mechanism by which platelets directly (Figure 2A) [80] or indirectly promote bacterial phagocytosis [81,82], thus killing the opsonized anti-PF4/polyanion IgG bacteria. In this way, a general mechanism of recognition allows targeting of a wide spectrum of invading pathogens with a single clonal antibody and platelets with their chemokine PF4 and Fc-gamma receptor (FcγR)IIA are shown as a bridge between innate and acquired immunity.



Taking in mind that the platelet IgG Fc-domain is a strong cell activator, the immune receptor FcγRIIA IgG-PF4 binding to platelet FcγRIIA leads to a consistent cell stimulation including platelet adhesion, aggregation, release of both alpha- and dense granule content, thromboxane A2 production and cytoskeleton rearrangement [83,84,85].



It has been demonstrated that platelet FcγRIIA is dynamically linked to GPIIb/GPIIIa on the platelet membrane; thus, the fibrinogen secreted after platelet stimulation further supports platelet interaction and spreading [83].



However, besides cooperating in host defense from pathogens, the anti-PF4/polyanion antibodies can also induce the so-called heparin-induced thrombocytopenia (HIT) without prior heparin exposure, a response known as spontaneous HIT [86] (Figure 2B), an immune complication of heparin therapy clinically associated with thrombocytopenia and life-threatening thromboembolic complications with mortality which exceeds 20% [87].



Of note, there has also been reported crosstalk among the complement system, which is constituted of more than 30 types of soluble plasma proteins or membrane proteins and platelets that may exacerbate the hypercoagulable condition in COVID-19. Actually, C3a and C5a fragments are known to stimulate mast cell degranulation and endothelial cell activation, thus promoting prothrombotic events mainly by stimulating TF and VWF secretion, respectively [88]. Furthermore, C3a fragment, in particular, directly stimulates platelets, suggesting that the over-activation of the complement system in SARS-CoV-2-infected patients may contribute to exacerbating the risk of thrombosis [89] not only for the accumulation of inflammatory infiltrates in the pulmonary alveoli but also for leading to a fatal hypercoagulable state This could support a role for complement inhibition as potential therapeutic approach to treat patients SARS-CoV-2 infected [90].




5. Platelets and Inflammation


Indeed, at the beginning it was not so clear how the inflammatory response to SARS-CoV-2 was intertwined with coagulation disorders. Then, evidence from both translational and basic research studies has better clarified the close relationship among innate immunity, platelets, and coagulation factors, not only in capturing and fighting invading pathogens but also in contributing to tissue injury due to the excessive inflammatory response. Consistently, Manne et al. [16] showed in COVID-19 patients both higher surface P-selectin expression and higher circulating platelet–leukocyte aggregates and Nicolai et al. reinforced the concept that immunothrombosis is the link between multiorgan failure and thrombotic events [91]. Surface activation markers of platelets and neutrophils as well as functional assays showed marked histopathological changes in vessel microcirculation. These abnormalities included microvascular thrombotic formations containing neutrophils, platelets, and NETs, now considered hallmarks of SARS-CoV-2 infection [91]. Furthermore, the same authors in in vitro assays found that platelets and neutrophils from infected patients, in comparison with those from healthy subjects, exhibited abnormal activation in the circulation [91].



In the presence of bacterial or viral infections, the immune system reacts through the release of both proinflammatory and anti-inflammatory cytokines essential to control and eliminate pathogens. However, following exposure to cells presenting SARS-CoV-2 antigen, T-cell reactivity has been shown to amplify cytokine release (cytokine storm) resulting in a positive feedback between immune cells and cytokines [92,93]. Indeed, in an infectious clinical setting, platelets express a number of immunoreceptors that enable them to act as specialized sentinels able to sense and, via receptors, recognize pathogens from all major classes of microorganisms invading the bloodstream [94]. Given that their primary function is constantly to scan the endothelium to detect the presence of any vessel damage, platelets can act as first responders to invading pathogens resulting in platelet activation and release of antimicrobial molecules, cytokines and adhesion molecules, that regulate the host immune cell response against infection [51]. However, the presence of aberrant platelet activation can promote inflammation and thrombosis that are not two independent and separate processes being connected by points making them an integral part of the defensive host response [8].



Actually, platelets from patients with COVID-19 showed a hyperreactive phenotype [20,43] and upregulation in the release of soluble immunomodulatory factors [21], indicating the involvement of platelets in the pathogenesis of thromboinflammation in this viral infection.



In addition, the genomic dsRNA virus can modulate interferon secretion and activate nuclear factor kappa-light-chain-enhancer of an activated B cells (NF-kB) signaling pathway leading to release of huge amounts of interferon type 1 and proinflammatory cytokines [95]. The cytokine storm described in COVID-19 can induce activation of platelets that release microvesicles with procoagulant activity and express tissue factor (TF) on their surface [96,97] and the presence of cytokine storm [98,99] with the consequent hyperactivation of platelets may become responsible for CV complications [3]. Actually, coagulation disorders are known to be linked to viral infections [100] and an increased incidence of CV events has been observed after influenza infection [101]. Furthermore, coagulopathies including thrombocytosis, disseminated intravascular coagulation (DIC), and thromboembolism were also observed in SARS-CoV-1 [102,103].




6. SARS-CoV-2 Effects on Platelets


Blood from patients with COVID-19 contains SARS-CoV-2, is infectious [104,105,106], and high mRNA levels of SARS-CoV-2 correlate with severity of infection [106,107].



In viral infections, such as influenza, human immunodeficiency, and hepatitis C, platelets internalize virions, resulting in platelet activation [52,108]. A direct action of SARS-CoV-2 on platelets is still controversial. In a study by Barrett et al., SARS-CoV-2 viral particles were found in megakaryocytes morphologically active in platelet production in the bone marrow [17] and within lung in deceased COVID-19 patients [17]. Consistently, viral particles were also found in platelets in approximately 39% of circulating platelets not showing changes in their morphology. Obviously, this suggests that SARS-CoV-2 is either transferred from megakaryocytes to platelets or directly engulfed by circulating platelets.



The mechanism by which megakaryocytes and platelets take up SARS-CoV-2 has been explored and platelets have been reported to express the receptor for SARS-CoV-2 angiotensin-converting enzyme (ACE) 2 [105,106]. It is known that SARS-CoV-2 binds to and enters through cells that express ACE2 [109] and promotes an immediate downregulation of this receptor [110]. Virus binding to ACE2 receptor determines an increase of its substrate Angiotensin II (Ang II) with an impact on immune, vascular endothelial and coagulation responses [111]. Actually, as a result of Ang II accumulation secondary to ACE2 downregulation, clot formation may also occur for the consequent overexpression of TF [112], a transmembrane protein serving as a high affinity receptor and cofactor for coagulation factors VII and VIIa [113,114,115].



TF expression is negligible in healthy non-inflamed endothelial cells, but it can be induced by a number of proinflammatory stimuli including viruses [116,117,118].



TF binding to factor VII initiates the extrinsic coagulation cascade with generation of factor Xa and thrombin [115] which, in turn, activates platelets and triggers the conversion of fibrinogen to fibrin, essential for blood clotting [119]. COVID-19 patients show elevated TF activity in circulating extracellular vesicles associated with disease severity and mortality [120]. Pulmonary histopathology studies with the characterization of CD61+ platelet thrombi in COVID-19 patients with ARDS showed that CD61+ areas were higher in COVID-19 vs. non-COVID-19 ARDS samples [121]. Interestingly, the same authors found that higher levels of fibrin and activated platelets in PF4-positive thrombi correlated to high TF protein expression throughout lung tissue samples in which both arterial and venous thrombi and microangiopathy were observed [121].



Traces of SARS-CoV-2 mRNA, detected by reverse transcription quantitative real-time PCR (RT-qPCR), were found in isolated platelets in some studies [16] but not in all [122]. Furthermore, it has been found that SARS-CoV-2 mRNA can entry platelets also through mechanisms independent of ACE2 receptor [16].



In any case, platelet hyperactivation in COVID-19 patients has been documented by several studies [16,21,106,123,124] and increased aggregation, alpha-granule secretion, and thrombus formation seem to be also induced by a spike (S) protein fragment binding to platelets [105]. Indeed, SARS-CoV-2 S protein is formed by protruding homotrimers that play a key role in virus attachment to ACE2 receptor of target cells [125]. However, receptor binding per se could not explain each coagulopathy observed in patients affected by COVID-19. Actually, it has been found that S protein can be shed and free S protein subunits were detected in different organs and urine [126]. The coronavirus S glycoprotein is a class I viral fusion protein formed by S1 and S2 subunits [127]. The subunit S1 mediates receptor binding [128], while S2 is responsible for virus–cell membrane fusion [129]. In COVID-19 patients, free S1 particles have been detected in circulation and seem to be involved in the pathogenesis of the disease [130]. Interestingly, a confirmation of SARS-CoV-2 effects on platelets comes from a study carried out by Grobbelaar et al., who showed the in vitro ability of S protein to directly interact with platelets and fibrinogen to cause blood hypercoagulation [126]. Specifically, after that whole blood samples from healthy subjects were exposed to isolated SARS-CoV-2 S protein S1 subunit, platelet hyperactivation and major ultrastructural changes were noted.



The first communication between hemostasis and inflammation occurs at the level of endothelium. Under physiological conditions, the balance between pro- and anti-thrombotic factors released by endothelial cells preserves an intact endothelium; conversely, if endothelium is damaged, it loses its anti-inflammatory and anti-thrombotic properties becoming suitable for inflammatory and prothrombotic environment [8,11,12,131]. While platelets physiologically contribute to guarantee the integrity of basal barrier of the alveolar capillaries, they may also play an important role in lung injury in a variety of pulmonary disorders [132]. The involvement of platelet–leukocyte aggregates and platelet–endothelial interactions in the pathogenesis of acute lung injury has already been observed [133].



As already mentioned, during SARS-CoV-2 infection, lung tissue injury and damage of lung endothelial cells promote platelet aggregation with the formation of microthrombi and consequent consumption of platelets [134]. A number of circulating and dysregulated coagulation and inflammation biomarkers, including D-dimer, P-selectin, fibrinogen, and VWF and various cytokines, can directly bind to endothelial cell receptors thus influencing signaling pathways involved in endotheliopathy [1,135]. Certainly, it has to be considered that platelet hyperactivation may be also the consequence of a damaged endothelium as well as of the cytokine storm occurring during SARS-CoV-2 infection [136]. Actually, alterations in endothelial cell functions cause the decreased production of molecules, such as nitric oxide and prostacyclin, known to prevent platelet adhesion and the increased secretion of platelet activators resulting in platelet hyperactivation [137].



Clinical observations may induce to hypothesize that in COVID-19 patients the measurement of D-dimer, fibrinogen, VWF, and the platelet activation marker P-selectin may help clinicians in deciding treatment strategy on the basis of correct clinical diagnosis [138]. Specifically, as shown in Figure 3, during early stages, COVID-19 patients show normal to slightly enhanced levels of D-dimer, fibrinogen, VWF and P-selectin, and platelet activation. If untreated, D-dimer rapidly increases and also fibrinogen, VWF and P-selectin further increase leading to platelet hyperactivation, clot formation, and thrombotic events. During the late stage of the disease, critically ill patients show cytokine storm, still high levels of P-selectin and D-dimer, while fibrinogen and VWF decrease because they are depleted by damaged endothelial cells or hyperactivated platelets that, at this stage, show thrombocytopenia (Figure 3).




7. Alterations of Platelet Indices in COVID-19


A common complication in patients affected by COVID-19 is thrombocytopenia, which indicates poor prognosis and high mortality of hospitalized COVID-19 patients [139,140]. A meta-analysis of 31 studies including 7613 patients found lower platelet count in severe COVID-19 infection associated with a three-fold increase in the risk of developing severe COVID-19 [141]. Indeed, lower platelet count was found in patients with either more severe illness or poor outcomes and in non-survivors. Curiously, thrombocytopenia has been reported to be not significantly related to intensive care unit (ICU) admission. This fact may be justified considering that thrombocytopenia tends to significantly appear in the late clinical stage of COVID-19 [142].



The mechanisms proposed to explain this hematological abnormality are not definitely clarified. However, three aspects can be assumed to explain thrombocytopenia in SARS-CoV-2 basically related to decreased platelet production, increased platelet consumption, and disruption [143] (Figure 4).



Since coronaviruses can directly infect bone marrow cells, resulting in abnormal hematopoiesis [144], a possible cause of decreased platelet generation could be also the bone marrow suppression due to the SARS-CoV-2 binding to specific receptors leading to decreased primary platelet formation [144].



In addition, bone marrow suppression can be a consequence of the COVID-19-induced aberrant inflammatory cytokine production that causes immune damage to the lungs with the disruption of hematopoietic progenitor cells [145] with consequently decreased platelet primary production.



Actually, given that a large number of megakaryocytes release platelets during pulmonary circulation [23], one can also speculate that the presence of the ARDS secondary to COVID-19 pneumonia contributes to dysfunction of megakaryopoiesis, leading to a process of megakaryocytes rupture, blocking platelet release into pulmonary circulation and then reducing the number of systemic platelet circulation.



It is known that the increase in autoantibodies and immune complexes leads to platelet destruction, and this phenomenon has been frequently reported in patients with COVID-19 [146].



An immunological mechanism of thrombocytopenia independent of complement that leads to platelet disruption may be attributable to antibody anti-platelet causing platelet lysis via reactive oxygen species [147]. Indeed, this immunologic thrombocytopenia, a common complication in patients affected by human immunodeficiency virus (HIV)-1 disease [148], has been demonstrated to be associated with circulating immune complexes containing platelet membrane components (GPIIIa49-66) and anti-platelet membrane antibodies. Immune complexes and antibodies when deposited on platelet surfaces would be recognized by reticuloendothelial cells and destroyed resulting in massive platelet destruction.



SARS-CoV-2 causes thrombocytopenia also for increased platelet consumption. Indeed, damage of lung tissue following viral infection and inflammation triggers platelet activation and aggregation with formation of microthrombi, thus leading to platelet consumption [149]. One cause of depleted platelet number may be attributable to the increased secretion of coagulation biomarkers, such as D-dimer, P-selectin, fibrinogen, and VWF, that can induce platelet hyperactivation and aggregation after binding to platelet receptors. In this case, platelet counts may be lower because aggregated platelets are not counted by a platelet count analyzer.



Besides platelet counts, other indices of platelets, such as platelet size and maturity, have been shown to be associated with increased platelet activation and adverse clinical events [150,151,152]. Larger platelets are more active with a greater prothrombotic phenotype [153], and mean platelet volume (MPV) is a predictor of CV events being associated with increased morbidity and all-cause mortality [154]. In comparison with matched critically ill patients not affected by COVID-19, patients with COVID-19 showed larger MPV [155] and a tendency to have elevated immature platelet fraction (IPF), mirroring the number of circulating young platelets [155]. In comparison with mature platelets, immature platelets contained higher amounts of RNA [156] with prothrombotic transcriptomic profiles [157]. Patients deceased for COVID-19 had shown a more prothrombotic platelet profile due to the fact of SARS-CoV-2’s ability to induce transcriptomic changes to megakaryocytes [17]. Indeed, as noted by Barrett et al., the direct viral–megakaryocytes interaction was able to influence the expression of transcripts resulting in enrichment of genes involved in metabolic and oxidative pathways related not only to platelet degranulation but also to platelet count, size, and immaturity, all contributing to a hyperactive phenotype. In multiple clinical settings, increased values of IPF were associated with adverse CV outcomes and mortality [158,159,160]. Noteworthy was that COVID-19 positive patients showed IPF ≥ 8% at platelet count up to 251 × 109/L, whereas in non-COVID-19 patients, a relative IPF ≥ 8% was observed only in individuals with platelet counts lower than 70 × 109/L [155]. Taken together, these findings suggest that megakaryocytes were stimulated to produce large immature platelets in response to increased platelet consumption.




8. Vaccine-Induced Thrombocytopenia and Thrombosis


Before worldwide marketing and distribution, SARS-CoV-2 vaccines were tested for safety and effectiveness by clinical trials and pooled analyses. However, the adenoviral vector-based vaccine started to raise suspicions of atypical coagulopathies after that millions of doses were administrated. In particular, the vaccine Chimpanzee Adenovirus Oxford 1 (ChAdOx1) nCov-19, formulated by AstraZeneca, was reported to be responsible for the occurrence of arterial and venous thromboembolism mostly in under 60 year old women [161]. Although rare events, approximately 1/100,000 recipients, the European Medicines Agency (EMA) wanted to further examine those cases [162], and atypical thrombosis involving cerebral and splanchnic veins were reported [163]. In these patients, pulmonary emboli were also observed. Other disorders requiring medical intervention were the DIC and a severe thrombocytopenia generally occurring 5–30 days after vaccination [163,164].



Though the etiology has not yet been well clarified, the involvement of anti-PF4 antibodies considered to exert a key role in what was initially described as similar to HIT has been established, with the difference that patients with vaccine-induced immune thrombotic thrombocytopenia (VITT) have never received heparin. Indeed, VITT differs from HIT not only for the absence of prior exposure to heparin but also because anti-PF4 antibodies in VITT are oligoclonal instead of polyclonal and the binding sites to PF4 are different [165].



A plausible explanation of VITT could be that adenoviral vector encoding the S protein triggers an immune response with a subsequent inflammatory response and platelet activation followed by PF-4 release, a cytokine that promotes coagulation via neutralization of heparin-like molecules on endothelial cells (Figure 5).



However, even though the SARS-CoV2 spike protein shows a similar epitope with PF4, it has been recently excluded that the SARS-CoV2 spike protein promotes the immune response responsible for VITT [166].



As already previously described, the complexes PF4–endothelial polyanionic proteoglycans stimulate extrafollicular B cells to produce IgG antibodies which exert positive feedback on platelet activation. From this point on, thrombogenesis and hemostasis disorders would resemble those induced by HIT autoantibodies, thus inducing a pan-cellular response combined with a Fcχ receptor-dependent stimulation of neutrophils and monocytes with the subsequent NETosis and TF and thrombin generation [167,168]. In addition, a role in the immune complex-mediated thrombotic sequelae may derive from complement activation which facilitates FcγR-independent monocyte TF expression, IgG binding to the cell surface FcγRs, and platelet adhesion to damaged endothelium [169].



Moreover, the incidence of VITT is very rare among adenoviral vectors and appears exceptional with mRNA-based vaccines [170].




9. Conclusions


Several independent studies are in line to consider platelets the frontline of COVID-19 pathogenesis for their involvement in different stages of SARS-CoV-2 infection. The most common complication in patients severely affected by COVID-19 is thrombocytopenia, basically related to decreased platelet production and increased platelet consumption and disruption.



However, platelet abnormalities in COVID-19 are not only quantitative. Indeed, it has been clearly established that platelets are also hyperreactive, thus consistently contributing to the overwhelming of thromboinflammatory events. Moreover, it cannot be excluded that platelets may also work as a reservoir for SARS-CoV-2 infection, replication, and spread. Indeed, further studies are needed to clarify these potential aspects of platelets versus the virion responsible for COVID-19. Additionally, not only ACE2 but also other platelet receptors have been reported to regulate SARS-CoV-2 engagement of platelets. In any case, platelets participate actively to intravascular thrombosis representing a link between host defense and thromboinflammation, a process in which their interactions with activated neutrophils, monocytes, coagulation systems and endothelial cells lead to intravascular clot formation from small to large vessels. Certainly, platelet potential to contribute to the overwhelming thromboinflammatory responses might suggest that a tailored antiplatelet therapy in addition to heparin could improve the outcomes during COVID-19. Further exploration of this pharmacological strategy needs to be done.
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Figure 1. Platelet activation in COVID-19. Platelets from COVID-19 patients show higher expression of the GPIbα–GPIX–GPV complex, GPIIb/GPIIIa complex, CD9, and CD40. Activated platelets also show increased secretion of IL-1 and release of microvesicles–TF (tissue factor) complexes. While fibrinogen and D-dimer bind to monomeric GPVI, collagen binds to dimeric GPVI, leading to the activation of PKC (protein kinase C). Thrombin and VWF (von Willebrand factor) bind to the GPIbα–GPIX–GPV complex, leading to the activation of PI3K/MAPKs and to a conformational change of the GPIIb/GPIIIa complex in its active form, able to bind fibrinogen and VWF and to activate PI3K, leading to an increase in the intracellular Ca2+. These pathways lead to platelet adhesion, spreading, TXA2 (thromboxane A2) synthesis, and granule secretion of ADP, PF4 (platelet factor 4), VWF, RANTES, and P-selectin. PF4–RANTES heterodimerization and the binding of P-selectin to PSGL-1 (P-selectin glycoprotein ligand 1) stimulate platelet–neutrophil interaction and promote NETs (neutrophil extracellular traps) formation. The binding of GPIbα–GPIX–GPV and GPIIb/GPIIIa÷fibrinogen complexes to Mac-1 (macrophage antigen-1) regulates platelet–leukocyte interaction exacerbating the inflammatory response. 
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Figure 2. (A) PF4 role in bacterial killing. PF4 (platelet factor 4) stored in alpha-granules is released. When PF4 binds negatively charged polyanions, it undergoes a conformational change. This binding leads production of anti-PF4/polyanion IgG antibodies. The IgG–PF4 complex binds the FcγRIIA receptor on the platelet surface and promotes bacterial killing. (B) PF4 role in HIT. PF4 binds negatively charged molecules like heparin leading to the formation of anti-PF4/polyanion IgG antibodies. The IgG–PF4 complexes induce HIT (heparin-induced thrombocytopenia), an immune complication of heparin therapy clinically associated with thrombocytopenia and thromboembolic complications. 
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Figure 3. Impaired balance between hypercoagulability and bleeding tendency during COVID-19 progression. (A) During the early phase of the infection, patients show increased levels of fibrinogen, VWF (von Willebrand factor) and P-selectin and normal to mildly increased levels of D-dimer, leading to hypercoagulability. (B) During the disease’s progression, there is increased formation of D-dimer. (C) In the advanced stage of the infection, fibrinogen and VWF levels decrease, while D-dimer levels strongly increased; this phase is characterized by thrombocytopenia and bleeding diathesis. 
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Figure 4. Mechanisms leading to thrombocytopenia in COVID-19 patients. Thrombocytopenia in SARS-CoV-2 is related to decreased platelet production, increased platelet consumption, and destruction. 
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Figure 5. Pathogenesis of vaccine-induced thrombocytopenia and thrombosis (VITT). (1) Adenoviral vector encoding the S protein triggers an inflammatory response and platelet release of PF-4. (2) PF4–adenoviral vector complexes stimulate B-cells to produce anti-PF4 IgG antibodies (VITT antibodies). (3) (A) VITT antibodies bind FcγRIIa on the platelet surface causing platelet activation and release of procoagulant factors; VITT antibodies bind FcγRIIIA causing platelet clearance and thrombocytopenia. (B) VITT antibodies bind FcγRI on the monocyte surface causing monocyte activation and expression of TF and thrombin. (C) VITT antibodies bind FcγRIIa on the neutrophil surface causing neutrophil activation and NETosis. 
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