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a b s t r a c t 

In coronavirus disease 2019 (COVID-19), multiple thromboinflammatory events contribute to the patho- 

physiology, including coagulation system activation, suppressed fibrinolysis, vascular endothelial cell in- 

jury, and prothrombotic alterations in immune cells such as macrophages and neutrophils. Although 

thrombocytopenia is not an initial presentation as an infectious coagulopathy, recent studies have demon- 

strated the vital role of platelets in COVID-19-associated coagulopathy SARS-CoV-2 and its spike protein 

have been known to directly or indirectly promote release of prothrombotic and inflammatory media- 

tors that lead to COVID-19-associated coagulopathy. Although clinical features of vaccine-induced immune 

thrombotic thrombocytopenia include uncommon locations of thrombosis, including cerebral venous si- 

nus, we speculate coronavirus spike-protein-initiated prothrombotic pathways are involved in the patho- 

genesis of vaccine-induced immune thrombotic thrombocytopenia, as current evidence suggests that the 

spike protein is the promotor and other cofactors such as perturbed immune response and inflammatory 

reaction enhance the production of anti-platelet factor 4 antibody. 

© 2021 The Author(s). Published by Elsevier Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Platelets are critical components of hemostasis but also par- 

icipate in the host defense mechanisms of bacterial infections. 

latelets are known to play vital roles as immune modifiers as 

ell as the progenitor cells of clot formation in collaboration with 

he other immune cells and the coagulation system [ 1 , 2 ]. In in-

ertebrates, platelets have been shown to directly kill pathogens. 

eanwhile, platelets induce neutrophil extracellular traps (NETs) 

elease and indirectly dispose of pathogens in vertebrates [ 3 , 4 ]. 

hese responses to infection are elicited by the interaction be- 

ween soluble mediators, including thrombin, damage-associated 

olecular patterns (DAMPs), and their membrane surface recep- 

ors [5] . Hemocytes, an ancestor cell that serves platelet functions 

n invertebrates have evolved to important modulators of host de- 

ense, inflammation, and hemostasis [3] . Platelets detect pathogens 

nd deploy host-defense peptides such as platelet factor 4, a major 

latelet-derived CXC chemokine, to recruit and facilitate leukocyte 

esponses in the context of the innate immune system [6] . Platelets 

lso act as liaisons to promote T cell-B cell crosstalk, critical inter- 
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ctions required in adaptive immunity [7] . However, the extent to 

hich platelets are the major response initially in the host defense 

gainst viral infection in humans has not been determined. 

Microthrombosis, a prominent pathological feature of coron- 

virus disease 2019 (COVID-19), has been extensively documented 

y autopsy reports demonstrating extensive platelet-fibrin clot for- 

ation in the pulmonary microvasculature in 80–100% of lungs 

xamined [8] . In this review, we discuss the roles of platelets in 

he pathogenesis of COVID-19-associated coagulopathy (CAC) and 

accine-induced immune thrombotic thrombocytopenia (VITT). 

latelets in COVID-19 

Although platelet counts are within the normal range in most 

atients who initially present with COVID-19, platelet activation 

lays a vital role in thrombosis development. For instance, the 

ytokine storm described in COVID-19 stimulates platelets to ex- 

ress tissue factor on their surface and release procoagulant 

icrovesicles [9] . As a result, increased levels of tissue factor- 

ositive platelets and microvesicles are reported in COVID-19 pa- 

ients [10] . The increase in von Willebrand factor, especially its 

ltra-high-molecular-weight form, occurs in the early stages of 

OVID-19 and platelet clumping occurs [ 11 , 12 ]. The immunothrom- 

us formed mainly by platelets and leukocytes is also a hallmark 

f intravascular clotting in COVID-19 [ 8 , 13 ]. Manne et al. [14] re-
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v

orted both platelet aggregates and circulating platelet-neutrophil, 

monocyte, and -T-cell aggregates increased significantly in COVID- 

9 patients. Virus-induced sensitization of platelets is observed 

ith increased platelet responsiveness by thromboxane generation 

o low-dose agonist stimulation. Thrombin, a potent platelet ago- 

ist, also generated early in COVID-19 to further activate platelets. 

latelets also release various cytokines that modulate inflamma- 

ion (Interleukin [IL]-1 α, IL-1 β , IL-4, IL-10, IL-13, interferon- α, and 

nterferon- γ ), chemokines (monocyte chemoattractant protein 1), 

nd growth factors (vascular endothelial growth factor) [15] . 

The cytokine storm and macrophage activating syndrome play 

mportant roles in the pathogenesis of COVID-19. Excessive cy- 

okines that are released are important in further orchestrating 

he systemic hemodynamic alterations and cardiovascular injury, 

nd the mortality rate increases with higher cytokine levels [16] . 

n COVID-19, elevated levels of biomarkers for cardiac injuries, 

uch as natriuretic peptides, troponins, myoglobin were observed 

long with the increased levels of C-reactive protein, IL-2, and IL- 

. The possible mechanisms of cardiovascular injury include direct 

oxicity through the viral invasion to the cardiac myocytes, ACE2 

eceptor-mediated cardiovascular injury, microthrombosis, and cy- 

okine release syndrome [17] . Among various cytokines, IL-17 at- 

racted much attention recently. IL-17 is a multifunctional cytokine 

hat shows a mixed immunopathological effect (from pro to oppo- 

ite antiinflammatory) depending on the condition [18] . In COVID- 

9, IL-17 activates platelets and the severity of disease presentation 

as shown to positively correlate with levels of IL-17 and other T- 

elper-17 lymphocytes-producing pro-inflammatory cytokines such 

s IL-1, IL-6, IL-15 tumor necrosis factor, and interferon- γ [19] . Al- 

hough its efficacy is still inconclusive, the inhibitory effect of IL-17 

as been examined in a pilot study [20] . 

Except for D-dimer and fibrinogen levels, standard coagula- 

ion tests including prothrombin time and activated partial throm- 

oplastin time are often normal. However, additional biomark- 

rs of thrombin generation or activation, including thrombin- 

ntithrombin complex (TAT) and prothrombin fragment 1.2 are 

arkedly elevated in COVID-19 [21] . As mentioned, thrombin ac- 

ivation stimulates protease-activated receptor-1 (PAR1), a critical 

echanism in platelet aggregation and upregulation of coagulation 

22] . Although in most patients, platelet counts initially are normal, 

he count is lower in non-survivors than in survived patients with 

OVID-19, and platelet count less than 150,0 0 0 / μL is a predictor

f worse outcome [23] . 

Platelet size is an indicator of platelet recycling, and the mean 

latelet volume is known to correlate with platelet activation and 

ncreases in septic patients with thrombosis. Comer et al. [24] re- 

orted elevated mean platelet volume in COVID-19 higher levels 

n critically ill patients, while Zhang et al. [25] reported increased 

ean platelet volume correlated with platelet count decreases. 

oreover, single-cell transcriptome analysis showed megakary- 

cyte progenitors increased up to 5% of CD34 + cells in all symp- 

omatic COVID-19 patients, while such increase was absent in 

ealthy or asymptomatic patients [26] . 

Platelet susceptibility to severe acute respiratory syndrome 

oronavirus 2 (SARS-CoV-2) is still controversial, but Campbell 

t al. [27] reported platelets express angiotensin-converting en- 

yme 2 (ACE2), and the spike protein binding directly en- 

ances platelet aggregation, α-granule secretion, and spike protein- 

nduced thrombus formation ( Fig. 1 ) although Manne et al. [14] re- 

orted ACE2 was not detected by messenger RNA (mRNA) or pro- 

ein levels in the platelets. The discussion on SARS-CoV-2 infection 

ia ACE2 is still ongoing, and Campbell et al. [27] suggested that 

latelets may express different SARS-CoV-2 receptors. 

In bacterial infections, microcirculatory thrombus is formed as 

 host defense mechanism that inhibits microbial dissemination. 

owever, systemic microthrombosis impairs tissue circulation and 
2 
eading to organ dysfunction [28] that is initially localized in the 

ung, platelet counts do not decrease. Nevertheless, platelets are 

unctionally activated and contribute to thrombus formation, and 

hrombotic sequela. Platelet activation is also determined by addi- 

ional factors that include P -selectin expression, platelet-leukocyte 

ggregate formation, and altered nitric oxide/prostacyclin synthe- 

is [ 10 , 29 ]. For further understanding of CAC, additional indicators 

f platelet function such as mean platelet volume, platelet factor 

, and P -selectin beyond platelet counts should be considered. It 

s also important to remind clinicians that the prothrombotic shift 

epends on the mutual effect between platelets and other factors 

ncluding activated coagulation, vascular dysfunction, neutrophils, 

nd the complement system [ 30 , 31 ]. 

latelet factor 4 in COVID-19 

Platelet factor 4, a CXC chemokine stored in α-granule of the 

latelet, is released from activated platelets during aggregation, 

nd promotes further thrombogenesis via platelet clumping and 

ETs release [ 32 , 33 ]. Platelet factor 4 is also known as a heparin-

inding protein, and the physiological role of platelet factor 4 is to 

eutralize heparan sulfate on the endothelial surface, thereby in- 

ibiting the local antithrombotic properties [34] . In addition, the 

ositively charged platelet factor 4 binds negatively charged bac- 

erial surfaces to promote opsonization. In this fashion, platelet 

actor 4 contributes to the host-defense against bacterial infec- 

ion [24] . Platelets provide an essential role in bacteria-killing and 

mmunothrombus formation in sepsis. Activated platelets release 

latelet factor 4 that stimulates platelets, macrophage, and neu- 

rophils via the interaction with IgG and its receptor Fc γ RIIA on 

he cellular membrane [35] . platelet factor 4 is also known to 

ind polyanions charge-dependently and undergoes a conforma- 

ional change. This change provokes the exposure of antigenic epi- 

ope that induces the production of anti-platelet factor 4/polyan- 

ons antibodies. As a result, anti- platelet factor 4/polyanion an- 

ibodies also helps to eliminate various pathogens from the host 

36] , but also can induce heparin-induced thrombocytopenia (HIT) 

ithout heparin, a response known as spontaneous HIT [37] . HIT 

s an immune complication of heparin therapy caused by antibod- 

es to platelet factor 4/heparin conjugates (also known as HIT anti- 

ody), and spontaneous HIT can occur without prior heparin expo- 

ure. The clinical feature of HIT is represented by thrombosis with 

hrombocytopenia and the mortality exceeds 20% [38] . 

Multiple platelet biomarkers are increased in COVID-19 patients 

 24 , 39 ], including platelet factor 4, soluble P -selectin, and throm- 

opoietin. Comer et al. reported agonist-induced ADP release from 

latelets was 30- to 90-fold higher in COVID-19 compared to con- 

rols and unrelated to platelet counts. The prevalence of IgG HIT 

ntibodies in COVID-19 patients is high, and a prospective study 

emonstrated an incidence of 11% IgG HIT antibodies after hos- 

italization unrelated to a HIT diagnosis [40] . These observations 

uggest the SARS-CoV-2 can potentiate the platelet factor 4 release, 

nd the circulating platelet factor 4-induced platelet activation may 

ontribute to the pathogenesis of CAC. 

OVID-19 vaccines and platelets 

accine-induced immune thrombotic thrombocytopenia (VITT) 

In the early communication from the European Medicines 

gency ( https://www.ema.europa.eu/en/documents/prac-recomm- 

ndation/signal- assessment- report- embolic- thrombotic- events- 

mq- covid- 19- vaccine- chadox1- s- recombinant- covid _ en.pdf ), 30 

ases of thromboembolic events had been reported by March 11, 

021 among approximately 5.5 million ChAdOx1, an adenovirus- 

ectored vaccine, recipients. At that time, the thromboembolic 

https://www.ema.europa.eu/en/documents/prac-recommendation/signal-assessment-report-embolic-thrombotic-events-smq-covid-19-vaccine-chadox1-s-recombinant-covid_en.pdf
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Fig. 1. Platelet activation in COVID-19. 

Both inflammation and coagulation are important promotors of clot formation in coronavirus disease 2019 (COVID-19). Other than severe acute respiratory syndrome coro- 

navirus 2 (SARS-CoV-2) binding to angiotensin-converting enzyme 2 (ACE2), damage-associated molecular patterns (DAMPs) formed as the consequence of inflammation 

and thrombin generated in the course of coagulation stimulate platelets to release platelet factor 4, P -selectin, and von Willebrand Factor from α-granule, and adenosine 

diphosphate (ADP) release from dense granule, and the tissue factor-expressing microvesicle release from platelets. Platelet factor 4 can stimulate neutrophil extracellular 

traps (NETs) ejection and propagate the inflammation. These responses altogether facilitate platelet aggregation and clot formation. TLRs: Toll-like receptors, PAR1: protease 

activated receptor 1, GP: glycoprotein, PF4: platelet factor 4, VWF: von Willebrand factor 
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vents were rare, and the risk did not seem to increase beyond 

he expected rate [41] . However, soon after, the number of cases 

ncreased, and as of April 4, 2021, 222 cases with cerebral venous 

inus thrombosis (CVST) were reported to the European drug 

afety database out of 34 million vaccinations with ChAdOx1 

estimated incidence of 1:150 0 0 0) [42] , and this thrombotic event 

as been recognized as rare but serious complication and named 

accine-induced immune thrombotic thrombocytopenia (VITT) or 

hrombotic thrombocytopenic syndrome (TTS). 

Greinacher et al. [43] demonstrated an essential role of anti- 

latelet factor 4 antibody in the development of VITT, and hypoth- 

sized the mechanism resembles that of HIT. Recently, Huynh et al. 

44] determined the binding sites of anti- platelet factor 4 anti- 

ody obtained from VITT patients were all located in the heparin- 

inding site of platelet factor 4 and indicated that pathogeneses of 

ITT and HIT should highly overlap. The pathogenic HIT antibodies 

ind cellular Fc γ RIIA, a low-affinity receptor for the Fc-fragment of 

mmunoglobulin G, on platelets and monocytes to upregulate ag- 

regation and propagate inflammation [45] . However, since most of 

he VITT cases were not exposed to heparins, a similar mechanism 

ith heparin-independent spontaneous HIT is suspected. In VITT, 

ree DNA in the vector vaccine or DNA from other sources is as- 

umed to bind platelet factor 4 and triggers the HIT antibody pro- 

uction [46] . McGonagle et al. [47] suggested viral DNA- platelet 

actor 4 interplay is a part of antiviral immunity, akin to the innate 

mmunity for bacterial infection. Another possible source of DNA 

s the exaggerated immune reaction of the leukocytes. The inflam- 

atory stimulus after vaccination can cause NETs formation with 
t

3 
he DNA release from macrophages and neutrophils [48] . Other 

han above, hypersulfated glycosaminoglycan, chondroitin sulfate, 

s known to trigger spontaneous HIT after trauma and knee surgery 

46] . Chondroitin sulfate, a major component of the glycocalyx on 

he endothelial cell that is easily injured and released into the 

irculation during inflammation, can be another candidate of the 

olyanion source [49] ( Fig. 2 ). 

During the course of anti- platelet factor 4 antibody production, 

he involvement of spike protein is significant. Similar to SARS- 

oV-2, the spike protein will stimulate the release of platelet fac- 

or 4 from platelets, activate immune cells to induce inflamma- 

ory reaction, and turn the antithrombotic properties of the vas- 

ular lumen toward the opposite side through the binding to ACE2 

50] . Therefore, although VITT was initially reported as the compli- 

ation of the virus-vectored vaccine, it can be also found after the 

accination with mRNA vaccine [51–53] . 

pike protein and anti-platelet factor 4 antibody 

As described previously, the spike protein of coronavirus up- 

egulates the inflammatory response and injures the vascular en- 

othelium by binding to ACE2 [54] . ACE2 converts angiotensin II to 

ngiotensin 1–7, a molecule counterbalancing the vasoconstrictive, 

roinflammatory, and pro-coagulant effects of angiotensin II [55] . 

herefore, decline of angiotensin 1–7 on the cellular membrane by 

OVID-19 infection, as well as loss of the endothelial anticoagu- 

ant effects, leads to microcirculatory disturbance by vasoconstric- 

ion, profound inflammation, and activated coagulation [56] . The 
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Fig. 2. Platelet activation in vaccine-induced thrombotic thrombocytopenia (VITT). 

The spike protein produced after vaccination stimulates dendritic cells/macrophages to initiate the production of anti-spike protein antibody as well as elicit inflammatory 

reactions. The spike protein also stimulates platelets and vascular endothelial cells directly via angiotensin-converting enzyme 2 (ACE2) binding or indirectly through in- 

flammation and coagulation. Platelet factor 4 released from α-granule of the platelets binds to polyanions, i.e. , free-DNA in the virus-vectored vaccine, free-DNA released 

from neutrophil extracellular traps (NETs), and heparan sulfate released from glycocalyx. Platelet factor 4/polyanion binding expresses immunogenicity and stimulates the 

anti-platelet factor 4 antibody production. Platelet factor 4/polyanion-antibody binding promotes platelet aggregation and further NETs release from the leukocytes. PF4: 

platelet factor 4. 
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accine-induced spike protein also may induce the similar reac- 

ions and may serve the underlying condition of thrombogenesis. 

olunga Biancatelli et al. [57] reported the S1 subunit of SARS-CoV- 

 spike protein alone could produce acute lung injury. So far, the 

mount of produced spike protein and the productivity difference 

etween the vaccines have not been examined; however, the im- 

unogenicity of the spike protein may not be the same among the 

accines. Kowarz et al. [58] reported the spike protein is immuno- 

enic, and the immunogenicity of the spike protein generated by 

irus-vectored vaccine is more potent than that of mRNA vaccine. 

hey also reported the virus-vectored vaccine can produce variant 

pike protein by splicing, and that may cause the intensified in- 

ammation and hypercoagulation. 

Although the immunogenicity is considered higher in virus- 

ectored vaccine, the induction of neutralizing antibody is more 

otent in mRNA vaccines, and neutralization level is reportedly 

ighest in mRNA vaccines followed by convalescent serum, and the 

evels were lower in virus-vectored vaccines [59] . Thus, the pro- 

uction of anti- platelet factor 4 antibodies does not correlate with 

he generation of anti-spike neutralizing antibodies. 

With respect to the prevalence of anti- platelet factor 4/polyan- 

on antibody after vaccination, Thiele et al. [60] examined the 281 

accinated samples by enzyme-linked immunoassay and reported 

hat induction of anti- platelet factor 4/polyanion antibody was 

ecognized in both after mRNA- and adenovirus-vectored vaccina- 

ions, and the positive rate was 5.6% (95% confidence interval [CI]: 

.9–10.7) with BNT162b2 (mRNA vaccine) and 8.0% (95% CI: 4.5–
4 
3.7%) with ChAdOx1. However, the optical densities were low in 

ost cases (range: 0.5–1.0 units), and none of those samples in- 

uced platelet activation. Ant-platelet factor 4 antibody is also pro- 

uced in COVID-19. Even though the optical density was also low 

nd 0.752 (interquartile range: 0.48–1.31), IgG anti- platelet factor 

 antibody was detected in 7.6% of hospitalized COVID-19 patients 

ot received heparin therapy [61] . These observations suggest that 

nti- platelet factor 4 antibody production is the consequence of 

he immune reaction evoked by the spike protein [60] . However, in 

any cases, the platelet activation test was negative, and the an- 

ibody is functionally inactive [62] . Therefore, anti- platelet factor 

 antibodies and other factors are necessary for VITT development. 

he current evidences suggest spike-protein can trigger the pro- 

uction of anti- platelet factor 4 antibody, and the immunogenicity 

f vectored vaccine is more potent in terms of anti- platelet factor 

 antibody production, but other missing links should be found to 

xplain the higher prevalence of VITT in the vectored vaccines. 

irus-vectored vaccine and mRNA vaccine 

The virus-vectored vaccine elicits poly clonal antibodies that 

ake the virus neutralization possible driving other antibody- 

ependent effector functions as well as potent T cell responses 

63] . The splicing occurs only in virus-vectored vaccines, and the 

mmunogenicity of vectored vaccine to induce anti- platelet fac- 

or 4 antibody seems higher, however, VITT-like adverse events 

re also rarely found in mRNA vaccines. Cari et al. [64] reported 
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he adverse events expressed by bleeding and clot with thrombo- 

ytopenia were 3.3 and 15.1/10 0,0 0 0 doses in mRNA and virus- 

ectored vaccine recipients, respectively. The severe cases were 

ocumented 0.4 and 3.0 cases, and death rate was 0.04 and 

.48/10 0,0 0 0 doses for mRNA and vectored vaccine recipients, re- 

pectively. In other report, an observed risk of thrombocytopenic 

vents after ChAdOx1 vaccination was higher than the expected 

isk (relative risk [RR]: 2.80, 95% CI: 1.39–5.67) [65] . These ob- 

ervations suggest thrombocytopenia and thrombosis after vacci- 

ation is the result following spike protein production and sub- 

equent platelet factor 4 release, and the incidence is higher in 

ectored vaccine. The mechanism of the different reactions among 

accines should be examined more thoroughly to reduce similar 

dverse events in the future. 

Whether spike protein-elicited thrombogenicity can explain the 

ifferent prevalence of VITT still remains to be determined. As 

or the possibility of spike protein-induced thrombogenicity, SARS- 

oV-2 is known to use ACE2 to infect lung epithelial cells and 

licit intra-alveolar inflammation and peri-alveolar thrombogenic- 

ty [66] . It is generally accepted that SARS-CoV-2 attach to en- 

othelial cells by binding to ACE2 expressed on the surface [67] . 

owever, some researchers doubt whether the spike protein of 

ARS-CoV-2 directly alters endothelial cell functions [ 68 , 69 ] as 

he presence of ACE2 on endothelial cell membranes is uncertain. 

ascimento Conde et al. [70] demonstrated that primary human 

ndothelial cells lack ACE2 at both protein and RNA levels, and 

uggested SARS-CoV-2 is incapable of infect endothelial cells. If en- 

othelial cell expresses ACE2, and the spike protein produced by 

he vectored vaccines upregulates the endothelial prothrombotic 

eaction more vigorously, the higher prevalence of VITT is under- 

tandable. The splicing variant can also be the breakthrough of this 

ssue [51] , but the presence of ACE2 on endothelium is the precon- 

ition of this theory. 

Another possible explanation of the different VITT prevalence 

ates is the participation of specific components in the vec- 

ored vaccine that facilitate the formation of anti-platelet factor 

/polyanion antibody. Negatively charged extracellular DNA in the 

ector virus binds platelet factor 4 and DNA- platelet factor 4 en- 

agement may lead to platelet factor 4-directed thrombosis [47] . In 

his case, the exaggerated inflammatory response induced by free 

NA-Toll-like receptor on platelets may also be involved in the hy- 

erinflammation and the release of platelet factor 4. Other than 

bove, not only the humoral factors i.e. , dendritic cell-B lympho- 

ytes system but also the cellular immunity that includes dendritic 

ells, cytotoxic T cells, and helper T cells may contribute to the dif- 

erent prevalence in VITT [71] . 

The perplexing mystery in VITT is why the thrombosis fre- 

uently occurs in cerebral venous sinus. According to the data prior 

o COVID-19 pandemic, thrombocytopenia was observed in 8.4% of 

otal CVST, and heparin-induced thrombocytopenia was only 0.1% 

72] . Consequently, even if the incidence of CVST in 2021 does not 

ncrease compared to anticipated risk, a strong connection should 

xist with vaccination. The incidence of CVST in COVID-19 was re- 

ortedly 0.02% (20/10 0,0 0 0, 95% CI: 4–60/10 0,0 0 0) however, these 

atients did not show thrombocytopenia and anti-platelet factor 4 

ntibodies in this report [73] . Meanwhile, Ostovan et al. [74] re- 

orted 6 COVID-19 cases with CVST, and 3 of them were compli- 

ated with thrombocytopenia. Unfortunately, anti-platelet factor 4 

ntibody was not checked in these patients. Therefore, CVST with 

hrombocytopenia can occur in COVID-19 and perhaps after the 

accination with mRNA vaccine. However, since the prevalence is 

uch lower, some essential factors in the vectored vaccines or pro- 

uced by vaccination are necessary to complicate CVST. Some un- 

nown events that occur after vaccination in the intracranial space 

ust be figured out to explain the high prevalence of CVST. Pons 

t al. [68] delineated the ACE2 expression on the blood vessels of 
5 
he brain, and the different distribution of ACE2 can be the hint to 

olve the mystery [75] . 

Are there any specific backgrounds or comorbidities related to 

he risk of VITT? Are there any genetic risks for the recipients? 

hese additional questions also need to be answered. 

mmune thrombocytopenic purpura (ITP) and thrombotic 

hrombocytopenic purpura (TTP) after vaccination 

SARS-CoV-2 can alter the host immune system, and the in- 

reased prevalence of autoantibodies such as antinuclear antibod- 

es and antigen-specific autoantibodies in COVID-19 patients is 

eported [76] . The vaccination has been known to induce var- 

ous autoimmune disorders like immune thrombotic thrombo- 

ytopenic purpura (ITP) [77] and Guillain–Barre syndrome [78] , 

nd the pathogenic autoantibody generation due to the immuno- 

ogic deregulation is highly suspected. The chimpanzee adenovirus- 

ectored Ebola vaccine is reported to cause thrombocytopenia 

ithout thrombosis however, the mechanism has not been re- 

olved [79] . Regarding COVID-19 vaccine, ITP is listed as another 

utoimmune thrombocytopenic disease [80] . ITP is mediated by 

ntiplatelet autoantibodies against membrane glycoprotein (GP) 

omplexes such as GPIIb/IIIa and GPIb/IX [81] . However, the detec- 

ion of these antibodies is not commonly performed, and the clin- 

cal diagnosis is made by excluding other thrombocytopenic dis- 

ases [82] . Recently, a prospective cohort study surveyed the asso- 

iation between ChAdOx1 vaccination and ITP. The result reported 

he incidence was 1.13 (95%CI: 0.62–1.63) cases per 10 0,0 0 0 doses. 

he study concluded that the ChAdOx1 vaccination is associated 

ith small increased risk of ITP with small increased risks arterial 

hromboembolic and hemorrhagic events [65] . Meanwhile, accord- 

ng to Vaccine Adverse Event Reporting System (VAERS), the preva- 

ence of thrombocytopenia was higher and 8.0 per 10 0,0 0 0 doses 

or both mRNA and vectored vaccine [80] . Kuter [83] prospectively 

ollowed fifty-two consecutive chronic ITP patients after vaccina- 

ion and reported a platelet count drop of 96% within 2–5 days 

fter vaccination in 12% of the patients. The events could occur in 

oth types of vaccines and the platelet counts recovered to more 

han 30,0 0 0 / μL after the treatment with corticosteroids and in- 

ravenous immunoglobulin (IVIG). 

Other than ITP, cases are even rare but the complication of 

hrombotic thrombocytopenic purpura was reported after receiving 

ither Ad26.COV2-S or mRNA-based anti-COVID-19 vaccine [ 84 , 85 ]. 

hus, when the patients demonstrate unexpected thrombocytope- 

ia shortly after the vaccination, the possibility of these diseases 

hould be considered. 

ntithrombotic therapy for COVID-19 

nticoagulant therapy for COVID-19 

SARS-CoV-2 infection induces a process known as im- 

unothrombosis, in which activated neutrophils and monocytes 

nteract with platelets and the coagulation systems, leading to in- 

ravascular clot formation from small to large vessels [86] . Ther- 

peutic approach to mitigate immunothrombus may theoretically 

e useful, and anticoagulant and antiinflammatory agents have 

een proposed as therapeutic candidates. However, high-quality 

vidence does not exist to support the use of anticoagulants. An 

bservational study demonstrated a better survival (Hazard ratio 

HR]: 0.73, 95% CI: 0.66–0.81) in the patients treated with prophy- 

actic dose of anticoagulants within 24 h after admission compared 

o the patients treated without anticoagulation [87] . In contrast, 

herapeutic dose of anticoagulation with rivaroxaban or enoxaparin 

ollowed by rivaroxaban did not improve the clinical outcomes 
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ut increased bleeding compared with prophylactic anticoagula- 

ion [88] . A systematic review and meta-analysis revealed that 

he overall odds of mortality comparing anticoagulated to non- 

nticoagulated patients were similar. Of note was the mortality 

as lower with prophylactic dose (Odds ratio [OR]: 0.83, 95% CI: 

.73–0.95) and higher with intermediate-to-therapeutic dose (OR: 

.60, 95% CI: 1.11–2.31). The major bleeding of higher dose anti- 

oagulation is more frequent compared to prophylactic dose (OR: 

.33, 95% CI: 2.34–4.72) [89] . In an open-label, adaptive, multi- 

latform, randomized clinical trial (REMAP-CAP, ACTIV-4a, and AT- 

ACC Clinical Trials), therapeutic-dose anticoagulation with hep- 

rin did not result in a greater probability of survival or a greater 

umber of days free of cardiovascular or respiratory organ support 

han usual thromboprophylaxis [90] . In summary, the anticoagula- 

ion will be beneficial however, intensive anticoagulation may in- 

rease the bleeding risk and potentially harmful for the COVID-19 

atients. The patients who may benefit from the intensive antico- 

gulation should be carefully selected. 

ntiinflammatory therapies for COVID-19 

Regarding the efficacy of antiinflammatory therapy, series of 

andomized controlled trials (RCTs) examined the effects of an 

nti–interleukin-6 receptor monoclonal antibody. In the early RCT, 

ocilizumab failed to prevent the intubation or death in moder- 

tely ill COVID-19 patients required oxygenation [91] . Next RCT 

erformed in COVID-19 pneumonia patients treated without me- 

hanical ventilation showed reduced progression to the compos- 

te outcome of mechanical ventilation or death [92] . Following 

hese, a large RCT examined the effect of tocilizumab in critically 

ll patients receiving organ support in ICU. The treatment with the 

ocilizumab and sarilumab improved outcomes including survival 

93] . Most recent RCT was done in hospitalized patients with se- 

ere COVID-19 pneumonia, and the use of tocilizumab did not re- 

ult in significantly better clinical status or lower mortality than 

lacebo at 28 days [94] . Some other RCTs reported mixed results, 

nd further study is necessary to obtain the definitive result. 

Other than anti-interleukin-6 therapy, the effect of non-specific 

ntiinflammatory therapy with corticosteroid have been reported. 

n RECOVERY trial, an open-label randomized trial performed in 

ospitalized patients with COVID-19, the use of dexamethasone re- 

ulted in lower 28-day mortality in the patients receiving oxygen 

r ventilated at randomization [95] . In another trial, the efficacy of 

-day fixed-dose of hydrocortisone or shock-dependent dosing of 

ydrocortisone was compared with no hydrocortisone. The results 

howed 93 and 80% probabilities of superiority with regard to the 

mprovement in organ support-free days within 21 days; however, 

either treatment strategy met prespecified criteria for statistical 

uperiority [96] . While the definitive answer needs further investi- 

ation, the present evidence suggests that moderate to severely ill 

OVID-19 patients may benefit from corticosteroid therapy. 

ntiplatelet therapy for sepsis and COVID-19 

Since platelets contribute to the thrombotic and inflammatory 

esponse in sepsis, it is logical to think antiplatelet therapy might 

e beneficial. However, the reported efficacy of antiplatelet ther- 

py in septic patients is inconsistent, and therapeutic approaches 

o inhibit platelet activation and microthrombosis formation need 

urther investigation. Platelet-activating factor (PAF) is an endoge- 

ous proinflammatory mediator implicated in the pathogenesis of 

epsis. The clinical effect of lexipafant, a PAF receptor antagonist, 

as examined in a small-size double-blind RCT but failed to show 

he improvement of survival [97] . Similarly, the effect of recom- 

inant PAF acetylhydrolase that degrades PAF was examined in a 

hase III trial, but this agent also could not show a positive impact 
6 
n terms of survival [98] . Much later, the effects of more common 

ntiplatelet agents such as aspirin and P2Y 12 inhibitors, including 

lopidogrel, prasugrel, and ticagrelor were examined in an obser- 

ational study, and the use of these agents was shown to associate 

ith the reduced mortality in sepsis (OR: 0.82, 95% CI: 0.81–0.83) 

99] . In contrast, in a prospective setting, 100 mg once daily of as- 

irin did not reduce the mortality in sepsis (HR: 1.08, 95% CI: 0.82–

.43) [100] . 

Similarly, positive and negative results are mixed concerning 

he effectiveness of antiplatelet therapy for COVID-19. A retro- 

pective, observational cohort study that included 412 hospitalized 

dult COVID-19 cases demonstrated the association between as- 

irin use and less mechanical ventilation (aspirin group: 35.7% vs. 

on-aspirin group: 48.4%, P = 0.03). However, the mortality was 

ot different between the groups (aspirin group: 26.5% vs. non- 

spirin group: 23.2%, P = 0.51) [101] . In the following open-labeled 

CT, 15,0 0 0 hospitalized COVID-19 were randomized to the aspirin 

roup (150 mg once a day) and control (usual care alone) group. 

he result showed a subtle difference, and although aspirin was as- 

ociated with a small increase in the likelihood of being discharged 

live, the difference was not statistically significant (RR: 0.96, 95% 

I: 0.89–1.04) [102] . 

reatments for VITT 

In the event of major thrombotic events 4 to 30 days after 

OVID-19 vaccination, VITT should be considered, and the infu- 

ion of high-dose IVIG (1 g/kg followed by a second dose 24 h 

ater) in combination with non-heparin anticoagulants are recom- 

ended. The objective of immunoglobulin therapy is to neutral- 

ze the causative anti-platelet factor 4/polyanion antibody. Steroids 

r plasma exchange are also options to reduce the autoantibodies 

 103 , 104 ]. Vayne et al. [105] reported platelet activation was sup- 

ressed by IV.3, a monoclonal antibody that binds Fc γ RIIA recep- 

ors and also by IdeS (IgG-degrading enzyme derived from Strep- 

ococcus pyogenes). 

onclusions 

Thrombosis is a major pathological driver in COVID-19. Evolv- 

ng evidence suggests that in addition to the activated leukocytes 

nd derangement of antithrombotic property of endothelial cells, 

yperactive platelets participate in thrombogenesis. The direct and 

ndirect effects of SARS-CoV-2 spike protein on platelets stimu- 

ate the release of platelet factor 4. The spike protein also up- 

egulates inflammation and coagulation through the binding to 

CE2 on macrophages/monocytes, lung epithelial cells, and pos- 

ibly vascular endothelial cells, reactions that lead to micro and 

acro circulatory clotting known as CAC. In this regard, CAC is not 

ust a result of SARS-CoV-2 infection but the major facilitator of 

OVID-19. The virus vectored vaccines provide a certain amount 

f DNA that binds platelet factor 4 released from platelets. DNA- 

latelet factor 4 binding induces the antigenicity of platelet factor 

, and the newly generated anti-platelet factor 4/polyanion anti- 

ody causes VITT. Other than the adenovirus-vectored vaccine ori- 

in DNA, polyanion can be originated from NETs and endothelial 

lycocalyx. As for the treatment of CAC, there is no high-quality 

vidence that supports the use of antiplatelet therapy. For VITT, 

igh-dose IVIG is recommended to neutralize anti-platelet factor 

 antibody-Fc γ RIIA binding. It may be rational to think that the 

hrombotic events in CAC and VITT occur not separately but rather 

ome common mechanisms exist. Understanding the mechanism is 

xtremely important to develop safer vaccines. 



Platelets and COVID-19-related thrombosis Trends in Cardiovascular Medicine 32 (2022) 1–9 

D

g

B

O

C

i

F

R

T

J

R

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

eclaration of Competing Interest 

TI has received a research grant from Japan Blood Products Or- 

anization and JIMRO. JHL serves on the Steering Committees for 

oehringer-Ingelheim, CSL Behring, Instrumentation Laboratories, 

ctapharma, and Leading Biosciences. 

RediT authorship contribution statement 

Toshiaki Iba: Writing – original draft, Writing – review & edit- 

ng. Jerrold H. Levy: Writing – review & editing. 

unding 

This work was supported in part by a Grant-in-Aid for Special 

esearch in Subsidies for ordinary expenses of private schools from 

he Promotion and Mutual Aid Corporation for Private Schools of 

apan. 

eferences 

[1] Yeaman MR . Bacterial-platelet interactions: virulence meets host defense. Fu- 

ture Microbiol 2010;5(3):471–506 . 

[2] de Stoppelaar SF , van ’t Veer C , van der Poll T . The role of platelets in sepsis.
Thromb Haemost 2014;112(4):666–77 . 

[3] Jenne CN , Kubes P . Platelets in inflammation and infection. Platelets 
2015;26(4):286–92 . 

[4] Matsumoto K , Yasuoka H , Yoshimoto K , Suzuki K , Takeuchi T . Platelet CXCL4
mediates neutrophil extracellular traps formation in ANCA-associated vasculi- 

tis. Sci Rep 2021;11(1):222 . 
[5] Iba T , Connors JM , Nagaoka I , Levy JH . Recent advances in the research and

management of sepsis-associated DIC. Int J Hematol 2021;113(1):24–33 . 

[6] Brandt E , Petersen F , Ludwig A , Ehlert JE , Bock L , Flad HD . The be-
ta-thromboglobulins and platelet factor 4: blood platelet-derived CXC 

chemokines with divergent roles in early neutrophil regulation. J Leukoc Biol 
20 0 0;67(4):471–8 . 

[7] Yeaman MR . Platelets: at the nexus of antimicrobial defence. Nat Rev Micro- 
biol 2014;12(6):426–37 . 

[8] McFadyen JD , Stevens H , Peter K . The emerging threat of (Micro)thrombosis

in COVID-19 and its therapeutic implications. Circ Res 2020;127(4):571–87 . 
[9] Bautista-Vargas M , Bonilla-Abadía F , Cañas CA . Potential role for tissue fac- 

tor in the pathogenesis of hypercoagulability associated with in COVID-19. J 
Thromb Thrombolysis 2020;50(3):479–83 . 

[10] Hottz ED , Quirino-Teixeira AC , Merij LB , Pinheiro MBM , Rozini SV , Bozza FA ,
Bozza PT . Platelet-leukocyte interactions in the pathogenesis of viral infec- 

tions. Platelets 2021:1–8 . 

[11] Turecek PL , Peck RC , Rangarajan S , Reilly-Stitt C , Laffan MA , Kazmi R ,
et al. Recombinant ADAMTS13 reduces abnormally up-regulated von Wille- 

brand factor in plasma from patients with severe COVID-19. Thromb Res 
2021;201:100–12 . 

[12] Kaur G , Sandeep F , Olayinka O , Gupta G . Morphologic changes in circulating
blood cells of COVID-19 patients. Cureus 2021;13(2):e13416 . 

[13] Martinod K , Deppermann C . Immunothrombosis and thromboinflammation in 

host defense and disease. Platelets 2021;32(3):314–24 . 
[14] Manne BK , Denorme F , Middleton EA , Portier I , Rowley JW , Stubben C ,

et al. Platelet gene expression and function in patients with COVID-19. Blood 
2020;136(11):1317–29 . 

[15] Taus F , Salvagno G , Canè S , Fava C , Mazzaferri F , Carrara E , et al. Platelets pro-
mote thromboinflammation in SARS-CoV-2 pneumonia. Arterioscler Thromb 

Vasc Biol 2020;40(12):2975–89 . 

[16] Soy M , Keser G , Atagündüz P , Tabak F , Atagündüz I , Kayhan S . Cytokine storm
in COVID-19: pathogenesis and overview of anti-inflammatory agents used in 

treatment. Clin Rheumatol 2020;39(7):2085–94 . 
[17] Bielecka-Dabrowa A , Cichocka-Radwan A , Lewek J , Pawliczak F , Maciejew-

ski M , Banach M . Cardiac manifestations of COVID-19. Rev Cardiovasc Med 
2021;22(2):365–71 . 

[18] Raucci F , Mansour AA , Casillo GM , Saviano A , Caso F , Scarpa R , et al. Inter-

leukin-17A (IL-17A), a key molecule of innate and adaptive immunity, and its 
potential involvement in COVID-19-related thrombotic and vascular mecha- 

nisms. Autoimmun Rev 2020;19(7):102572 . 
[19] Pacha O , Sallman MA , Evans SE . COVID-19: a case for inhibiting IL-17? Nat

Rev Immunol 2020;20(6):345–6 . 
[20] Avdeev SN , Trushenko NV , Tsareva NA , Yaroshetskiy AI , Merzhoeva ZM , Nu-

ralieva GS , et al. Anti-IL-17 monoclonal antibodies in hospitalized patients 
with severe COVID-19: a pilot study. Cytokine 2021;146:155627 . 

[21] Moosavi M , Wooten M , Goodman A , Nahab FB , Duncan A , Maier C , Guarner J .

Retrospective analyses associate hemostasis activation biomarkers with poor 
outcomes in patients with COVID-19. Am J Clin Pathol 2021;155(4):498–505 . 

[22] Andersen H , Greenberg DL , Fujikawa K , Xu W , Chung DW , Davie EW . Pro-
tease-activated receptor 1 is the primary mediator of thrombin-stimulated 

platelet procoagulant activity. Proc Natl Acad Sci U S A 1999;96(20):11189–93 . 
7 
[23] Sriram K , Insel PA . Proteinase-activated receptor 1: a target for repurposing 
in the treatment of COVID-19? Br J Pharmacol 2020;177(21):4971–4 . 

[24] Comer SP , Cullivan S , Szklanna PB , Weiss L , Cullen S , Kelliher S ,
et al. COVID-19 induces a hyperactive phenotype in circulating platelets. PLoS 

Biol 2021;19(2):e3001109 . 
[25] Zhang S , Liu Y , Wang X , Yang L , Li H , Wang Y , et al. SARS-CoV-2 binds platelet

ACE2 to enhance thrombosis in COVID-19. J Hematol Oncol 2020;13(1): 
120 . 

[26] Stephenson E , Reynolds G , Botting RA , Calero-Nieto FJ , Morgan MD , Tuong ZK ,

et al. Single-cell multi-omics analysis of the immune response in COVID-19. 
Nat Med. 2021;27(5):904–16 . 

[27] Campbell RA , Boilard E , Rondina MT . Is there a role for the ACE2 receptor in
SARS-CoV-2 interactions with platelets? J Thromb Haemost 2021;19(1):46–50 . 

[28] Iba T , Levi M , Levy JH . Sepsis-induced coagulopathy and disseminated in- 
travascular coagulation. Semin Thromb Hemost 2020;46(1):89–95 . 

[29] Canzano P , Brambilla M , Porro B , Cosentino N , Tortorici E , Vicini S ,

et al. Platelet and endothelial qctivation as potential mechanisms behind 
the thrombotic complications of COVID-19 patients. JACC Basic Transl Sci 

2021;6(3):202–18 . 
[30] Ali MAM , Spinler SA . COVID-19 and thrombosis: from bench to bedside. 

Trends Cardiovasc Med 2021;31(3):143–60 . 
[31] Siddiqi HK , Libby P , Ridker PM . COVID-19-a vascular disease. Trends Cardio- 

vasc Med 2021;31(1):1–5 . 

[32] Rossaint J , Herter JM , Van Aken H . Synchronized integrin engagement and 
chemokine activation is crucial in neutrophil extracellular trap-mediated ster- 

ile inflammation. Blood 2014;123(16):2573–84 . 
[33] Slungaard A . Platelet factor 4: a chemokine enigma. Int J Biochem Cell Biol

2005;37(6):1162–7 . 
[34] Fiore MM , Kakkar VV . Platelet factor 4 neutralizes heparan sulfate-enhanced 

antithrombin inactivation of factor Xa by preventing interaction(s) of enzyme 

with polysaccharide. Biochem Biophys Res Commun 2003;311(1):71–6 . 
[35] Palankar R , Kohler TP , Krauel K , Wesche J , Hammerschmidt S , Greinacher A .

Platelets kill bacteria by bridging innate and adaptive immunity via platelet 
factor 4 and Fc γ RIIA. J Thromb Haemost 2018;16(6):1187–97 . 

[36] Hoylaerts MF , Vanassche T , Verhamme P . Bacterial killing by platelets: mak- 
ing sense of (H)IT. J Thromb Haemost 2018;16(6):1182–6 . 

[37] Warkentin TE . High-dose intravenous immunoglobulin for the treatment 

and prevention of heparin-induced thrombocytopenia: a review. Expert Rev 
Hematol 2019;12(8):685–98 . 

[38] Salter BS , Weiner MM , Trinh MA , Heller J , Evans AS , Adams DH , Fischer GW .
Heparin-induced thrombocytopenia: a comprehensive clinical review. J Am 

Coll Cardiol 2016;67(21):2519–32 . 
[39] Krauel K , Pötschke C , Weber C , Kessler W , Fürll B , Ittermann T , et al. Platelet

factor 4 binds to bacteria, [corrected] inducing antibodies cross-react- 

ing with the major antigen in heparin-induced thrombocytopenia. Blood 
2011;117(4):1370–8 . 

[40] Delrue M , Siguret V , Neuwirth M , Brumpt C , Voicu S , Burlacu R , et al. Con-
trast between prevalence of HIT antibodies and confirmed HIT in hospitalized 

COVID-19 patients: a prospective study with clinical implications. Thromb 
Haemost 2021;121(7):971–5 . 

[41] Østergaard SD , Schmidt M , Horváth-Puhó E , Thomsen RW , Sørensen HT .
Thromboembolism and the Oxford-AstraZeneca COVID-19 vaccine: side-effect 

or coincidence? Lancet 2021 S0140-6736(21)00762-5 . 

[42] Eudravigilance-European database of suspected adverse reaction reports. 
https://www.adrreports.eu/en/index.html . Accessed April 16, 2021. 

[43] Greinacher A , Thiele T , Warkentin TE , Weisser K , Kyrle PA , Eichinger S . Throm-
botic thrombocytopenia after ChAdOx1 nCov-19 vaccination. N Engl J Med 

2021;384(22):2092–101 . 
[44] Huynh A, Kelton JG, Arnold DM, Daka M, Nazy I. Antibody epitopes in 

vaccine-induced immune thrombotic thrombocytopenia. Nature 2021. doi: 10. 

1038/s41586- 021- 03744- 4 . 
[45] Tutwiler V , Madeeva D , Ahn HS , Andrianova I , Hayes V , Zheng XL ,

et al. Platelet transactivation by monocytes promotes thrombosis in hepar- 
in-induced thrombocytopenia. Blood 2016;127(4):464–72 . 

[46] Warkentin TE , Greinacher A . Spontaneous HIT syndrome: knee replacement, 
infection, and parallels with vaccine-induced immune thrombotic thrombo- 

cytopenia. Thromb Res 2021;204:40–51 . 

[47] McGonagle D , De Marco G , Bridgewood C . Mechanisms of immunothrombosis 
in vaccine-induced thrombotic thrombocytopenia (VITT) compared to natural 

SARS-CoV-2 infection. J Autoimmun 2021;121:102662 . 
[48] Merad M , Martin JC . Pathological inflammation in patients with 

COVID-19: a key role for monocytes and macrophages. Nat Rev Immunol 
2020;20(6):355–62 . 

[49] Iba T, Levy JH, Warkentin TE. Recognizing vaccine-induced immune 

thrombotic thrombocytopenia. Crit Care Med 2021. doi: 10.1097/CCM. 
0 0 0 0 0 0 0 0 0 0 0 05211 . 

[50] Angeli F , Spanevello A , Reboldi G , Visca D , Verdecchia P . SARS-CoV-2 vac-
cines: Lights and shadows. Eur J Intern Med 2021;88:1–8 . 

[51] Dias L , Soares-Dos-Reis R , Meira J , Ferrão D , Soares PR , Pastor A , et al. Cere-
bral venous thrombosis after BNT162b2 mRNA SARS-CoV-2 vaccine. J Stroke 

Cerebrovasc Dis 2021;30(8):105906 . 

[52] Ciccone A , Zanotti B . The importance of recognizing cerebral venous throm- 
bosis following anti-COVID-19 vaccination. Eur J Intern Med 2021;89:115–17 . 

[53] Sangli S, Virani A, Cheronis N, Vannatter B, Minich C, Noronha S, et al. Throm-
bosis with thrombocytopenia after the messenger RNA-1273 vaccine. Ann In- 

tern Med 2021:L21–0244. doi: 10.7326/L21-0244 . 

http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0001
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0001
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0002
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0002
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0002
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0002
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0003
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0003
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0003
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0004
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0004
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0004
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0004
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0004
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0004
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0005
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0005
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0005
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0005
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0005
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0006
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0006
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0006
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0006
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0006
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0006
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0006
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0007
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0007
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0008
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0008
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0008
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0008
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0009
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0009
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0009
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0009
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0010
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0010
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0010
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0010
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0010
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0010
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0010
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0010
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0011
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0011
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0011
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0011
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0011
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0011
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0011
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0011
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0012
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0012
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0012
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0012
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0012
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0013
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0013
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0013
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0014
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0014
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0014
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0014
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0014
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0014
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0014
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0014
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0015
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0015
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0015
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0015
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0015
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0015
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0015
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0015
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0016
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0016
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0016
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0016
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0016
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0016
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0016
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0017
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0017
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0017
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0017
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0017
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0017
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0017
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0018
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0018
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0018
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0018
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0018
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0018
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0018
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0018
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0019
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0019
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0019
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0019
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0020
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0020
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0020
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0020
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0020
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0020
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0020
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0020
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0021
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0021
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0021
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0021
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0021
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0021
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0021
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0021
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0022
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0022
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0022
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0022
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0022
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0022
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0022
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0023
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0023
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0023
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0024
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0024
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0024
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0024
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0024
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0024
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0024
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0024
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0025
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0025
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0025
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0025
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0025
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0025
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0025
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0025
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0026
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0026
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0026
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0026
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0026
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0026
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0026
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0026
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0027
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0027
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0027
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0027
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0028
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0028
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0028
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0028
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0029
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0029
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0029
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0029
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0029
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0029
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0029
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0029
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0030
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0030
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0030
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0031
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0031
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0031
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0031
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0032
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0032
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0032
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0032
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0033
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0033
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0034
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0034
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0034
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0035
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0035
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0035
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0035
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0035
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0035
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0035
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0036
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0036
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0036
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0036
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0037
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0037
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0038
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0038
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0038
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0038
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0038
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0038
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0038
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0038
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0039
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0039
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0039
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0039
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0039
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0039
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0039
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0039
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0040
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0040
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0040
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0040
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0040
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0040
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0040
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0040
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0041
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0041
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0041
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0041
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0041
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0041
https://www.adrreports.eu/en/index.html
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0043
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0043
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0043
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0043
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0043
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0043
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0043
https://doi.org/10.1038/s41586-021-03744-4
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0045
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0045
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0045
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0045
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0045
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0045
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0045
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0045
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0046
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0046
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0046
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0047
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0047
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0047
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0047
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0048
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0048
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0048
https://doi.org/10.1097/CCM.0000000000005211
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0050
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0050
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0050
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0050
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0050
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0050
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0051
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0051
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0051
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0051
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0051
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0051
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0051
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0051
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0052
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0052
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0052
https://doi.org/10.7326/L21-0244


Platelets and COVID-19-related thrombosis Trends in Cardiovascular Medicine 32 (2022) 1–9 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[  

 

[

[

[54] Loganathan S , Kuppusamy M , Wankhar W , Gurugubelli KR , Mahadevappa VH ,
Lepcha L , Choudhary AK . Angiotensin-converting enzyme 2 (ACE2): COVID 

19 gate way to multiple organ failure syndromes. Respir Physiol Neurobiol 
2021;283:103548 . 

[55] Abassi Z , Higazi AAR , Kinaneh S , Armaly Z , Skorecki K , Heyman SN . ACE2,
COVID-19 infection, inflammation, and coagulopathy: missing pieces in the 

puzzle. Front Physiol 2020;11:574753 . 
[56] Verdecchia P , Cavallini C , Spanevello A , Angeli F . The pivotal link between

ACE2 deficiency and SARS-CoV-2 infection. Eur J Intern Med 2020;76:14–20 . 

[57] Colunga Biancatelli R, Solopov P, Sharlow ER, Lazo JS, Marik PE, Catravas JD. 
The SARS-CoV-2 spike protein subunit 1 induces COVID-19-like acute lung 

injury in K18-hACE2 transgenic mice and barrier dysfunction in human en- 
dothelial cells. Am J Physiol Lung Cell Mol Physiol 2021. doi: 10.1152/ajplung. 

00223.2021 . 
[58] E. Kowarz, L. Krutzke, J. Reis, S. Brancharz, S. Kochanek, R. Marshalek Vaccine- 

Induced Covid-19 Mimicry” syndrome: splice reactions within the SARS-CoV- 

2 spike open reading frame result in spike protein variants that may cause 
thromboembolic events in patients immunized with vector-based vaccines. 

Res Sq. Doi: 10.21203/rs.3.rs-558954/v1 . 
[59] Khoury DS, Cromer D, Reynaldi A, Schlub TE, Wheatley AK, Juno JA, 

et al. Neutralizing antibody levels are highly predictive of immune protec- 
tion from symptomatic SARS-CoV-2 infection. Nat Med 2021. doi: 10.1038/ 

s41591- 021- 01377- 8 . 

[60] Thiele T , Ulm L , Holtfreter S , Schönborn L , Kuhn SO , Scheer C , et al. Fre-
quency of positive anti- platelet factor 4/polyanion antibody tests after 

COVID-19 vaccination with ChAdOx1 nCoV-19 and BNT162b2. Blood 2021 
blood.2021012217 . 

[61] Pascreau T, Ballester MC, Van Dreden P, Zia-Chahabi S, Zuber B, Choucair J, 
et al. The high frequency of anti-platelet factor 4/heparin antibodies in pa- 

tients with COVID-19 is neither related to heparin treatment or to an in- 

creased incidence of thrombosis. Clin Chem Lab Med 2021. doi: 10.1515/ 
cclm- 2021- 0623 . 

[62] Brodard J , Kremer Hovinga JA , Fontana P , Studt JD , Gruel Y , Greinacher A .
COVID-19 patients often show high-titer non-platelet-activating anti-platelet 

factor 4/heparin IgG antibodies. J Thromb Haemost 2021;19(5):1294–8 . 
[63] Sadarangani M , Marchant A , Kollmann TR . Immunological mechanisms of 

vaccine-induced protection against COVID-19 in humans. Nat Rev Immunol 

2021:1–10 . 
[64] Cari L , Fiore P , Naghavi Alhosseini M , Sava G , Nocentini G . Blood clots and

bleeding events following BNT162b2 and ChAdOx1 nCoV-19 vaccine: An anal- 
ysis of European data. J Autoimmun 2021;122:102685 . 

[65] Simpson CR, Shi T, Vasileiou E, Katikireddi SV, Kerr S, Moore E, et al. 
First-dose ChAdOx1 and BNT162b2 COVID-19 vaccines and thrombocytopenic, 

thromboembolic and hemorrhagic events in Scotland. Nat Med 2021. doi: 10. 

1038/s41591- 021- 01408- 4 . 
[66] Zou X , Chen K , Zou J , Han P , Hao J , Han Z . Single-cell RNA-seq data analysis

on the receptor ACE2 expression reveals the potential risk of different human 
organs vulnerable to 2019-nCoV infection. Front Med 2020;14(2):185–92 . 

[67] Hamming I , Timens W , Bulthuis ML , Lely AT , Navis G , van Goor H . Tissue
distribution of ACE2 protein, the functional receptor for SARS coronavirus. a 

first step in understanding SARS pathogenesis. J Pathol 2004;203(2):631–7 . 
[68] Pons S , Fodil S , Azoulay E , Zafrani L . The vascular endothelium: the cor-

nerstone of organ dysfunction in severe SARS-CoV-2 infection. Crit Care 

2020;24(1):353 . 
[69] Nicosia RF, Ligresti G, Caporarello N, Akilesh S, Ribatti D. COVID-19 vasculopa- 

thy: mounting evidence for an indirect mechanism of endothelial injury. Am 

J Pathol 2021 S0 0 02-9440(21)0 0210-8. doi: 10.1016/j.ajpath.2021.05.007 . 

[70] Nascimento Conde J , Schutt WR , Gorbunova EE , Mackow ER . Recombinant
ACE2 expression is required for SARS-CoV-2 to infect primary human en- 

dothelial cells and induce inflammatory and procoagulative responses. mBio 

2020;11(6) e03185-20 . 
[71] Poland GA , Ovsyannikova IG , Kennedy RB . SARS-CoV-2 immunity: 

review and applications to phase 3 vaccine candidates. Lancet 
2020;396(10262):1595–606 . 

[72] Sánchez van Kammen M, Heldner MR, Brodard J, Scutelnic A, Silvis S, 
Schroeder V, et al. Frequency of thrombocytopenia and platelet factor 4/hep- 

arin antibodies in patients with cerebral venous sinus thrombosis prior to the 

COVID-19 pandemic. JAMA 2021. doi: 10.1001/jama.2021.9889 . 
[73] Siegler JE , Cardona P , Arenillas JF , Talavera B , Guillen AN , Chavarría-Mi-

randa A , et al. Cerebrovascular events and outcomes in hospitalized pa- 
tients with COVID-19: The SVIN COVID-19 multinational registry. Int J Stroke 

2021;16(4):437–47 . 
[74] Ostovan VR , Foroughi R , Rostami M , Almasi-Dooghaee M , Esmaili M ,

Bidaki AA , et al. Cerebral venous sinus thrombosis associated with COVID-19: 

a case series and literature review. J Neurol 2021:1–12 . 
[75] Cui H, Su S, Cao Y, Ma C, Qiu W. The Altered anatomical distribution of

ACE2 in the brain with Alzheimer’s disease pathology. Front Cell Dev Biol 
2021;9:6 84 874. doi: 10.3389/fcell.2021.6 84 874 . 

[76] Trahtemberg U , Fritzler MJ . COVID-19-associated autoimmunity as a feature 
of acute respiratory failure. Intensive Care Med 2021;47(7):801–4 . 

[77] Brodin-Sartorius A , Guebre-Egziabher F , Fouque D , Cozon G , Villar E , Lav-

ille M , Juillard L . Recurrent idiopathic thrombotic thrombocytopenic purpura: 
a role for vaccination in disease relapse? Am J Kidney Dis 2006;48(3):e31–4 . 

[78] Kojima Y , Ohashi H , Nakamura T , Nakamura H , Yamamoto H , Miyata Y ,
et al. Acute thrombotic thrombocytopenic purpura after pneumococcal vac- 

cination. Blood Coagul Fibrinolysis 2014;25(5):512–14 . 
8 
[79] Tapia MD , Sow SO , Mbaye KD , Thiongane A , Ndiaye BP , Ndour CT , et al. Safety,
reactogenicity, and immunogenicity of a chimpanzee adenovirus vectored 

Ebola vaccine in children in Africa: a randomised, observer-blind, placebo–
controlled, phase 2 trial. Lancet Infect Dis 2020;20(6):719–30 . 

[80] Welsh KJ , Baumblatt J , Chege W , Goud R , Nair N . Thrombocytopenia in-
cluding immune thrombocytopenia after receipt of mRNA COVID-19 vaccines 

reported to the vaccine adverse event reporting system (VAERS). Vaccine 
2021;39(25):3329–32 . 

[81] McMillan R . Autoantibodies and autoantigens in chronic immune thrombocy- 

topenic purpura. Semin Hematol 20 0 0;37(3):239–48 . 
[82] Porcelijn L , Schmidt DE , Oldert G , Hofstede-van Egmond S , Kapur R ,

Zwaginga JJ , de Haas M . Evolution and utility of antiplatelet autoanti- 
body testing in patients with immune thrombocytopenia. Transfus Med Rev 

2020;34(4):258–69 . 
[83] Kuter DJ. Exacerbation of immune thrombocytopenia following COVID-19 vac- 

cination. Br J Haematol 2021. doi: 10.1111/bjh.17645 . 

[84] Yocum A , Simon EL . Thrombotic thrombocytopenic purpura after 
Ad26.COV2-S vaccination. Am J Emerg Med 2021;S0735-6757(21):00376–84 . 

[85] de Bruijn S, Maes MB, De Waele L, Vanhoorelbeke K, Gadisseur A. First report 
of a de novo iTTP episode associated with an mRNA-based anti-COVID-19 vac- 

cination. J Thromb Haemost 2021. doi: 10.1111/jth.15418 . 
[86] Bonaventura A , Vecchié A , Dagna L , Martinod K , Dixon DL , Van Tas-

sell BW , et al. Endothelial dysfunction and immunothrombosis as key 

pathogenic mechanisms in COVID-19. Nat Rev Immunol 2021;21(5): 
319–329 . 

[87] Rentsch CT , Beckman JA , Tomlinson L , Gellad WF , Alcorn C , Kidwai-Khan F ,
et al. Early initiation of prophylactic anticoagulation for prevention of coron- 

avirus disease 2019 mortality in patients admitted to hospital in the United 
States: cohort study. BMJ 2021;372:n311 . 

[88] Lopes RD , de Barros E Silva PGM , Furtado RHM , Macedo AVS , Bronhara B ,

Damiani LP , et al. Therapeutic versus prophylactic anticoagulation for pa- 
tients admitted to hospital with COVID-19 and elevated D-dimer concen- 

tration (ACTION): an open-label, multicentre, randomised, controlled trial. 
Lancet 2021;397(10291):2253–63 . 

[89] Moonla C , Sosothikul D , Chiasakul T , Rojnuckarin P , Uaprasert N . An-
ticoagulation and in-hospital mortality from coronavirus disease 2019: 

a systematic review and meta-analysis. Clin Appl Thromb Hemost 

2021;27:10760296211008999 . 
[90] REMAP-CAP InvestigatorsTherapeutic anticoagulation with heparin in criti- 

cally Ill patients with COVID-19. N Engl J Med 2021 Aug 4. doi: 10.1056/ 
NEJMoa2103417 . 

[91] Stone JH , Frigault MJ , Serling-Boyd NJ , Fernandes AD , Harvey L , Foulkes AS ,
et al. Efficacy of tocilizumab in patients hospitalized with COVID-19. N Engl J 

Med 2020;383(24):2333–44 . 

[92] Salama C , Han J , Yau L , Reiss WG , Kramer B , Neidhart JD , et al. Tocilizumab
in patients hospitalized with COVID-19 Pneumonia. N Engl J Med 

2021;384(1):20–30 . 
[93] Investigators RCAP , Gordon AC , Mouncey PR , Al-Beidh F , Rowan KM ,

Nichol AD , Arabi YM , et al. Interleukin-6 receptor antagonists in critically Ill
patients with COVID-19. N Engl J Med 2021;384(16):1491–502 Apr 22 . 

[94] Rosas IO , Bräu N , Waters M , Go RC , Hunter BD , Bhagani S , et al. Tocilizumab
in hospitalized patients with severe COVID-19 Pneumonia. N Engl J Med 

2021;384(16):1503–16 . 

[95] RECOVERY Collaborative GroupDexamethasone in hospitalized patients with 
COVID-19. N Engl J Med 2021;384(8):693–704 . 

[96] Angus DC , Derde L , Al-Beidh F , Annane D , Arabi Y , Beane A , et al. Effect
of hydrocortisone on mortality and organ support in patients with severe 

COVID-19: the REMAP-CAP COVID-19 corticosteroid domain randomized clin- 
ical trial. JAMA 2020;324(13):1317–29 . 

[97] Suputtamongkol Y , Intaranongpai S , Smith MD , Angus B , Chaowagul W ,

Permpikul C , et al. A double-blind placebo-controlled study of an infusion 
of lexipafant (platelet-activating factor receptor antagonist) in patients with 

severe sepsis. Antimicrob Agents Chemother 20 0 0;44(3):693–6 . 
[98] Opal S , Laterre PF , Abraham E , Francois B , Wittebole X , Lowry S , et al. Re-

combinant human platelet-activating factor acetylhydrolase for treatment 
of severe sepsis: results of a phase III, multicenter, randomized, dou- 

ble-blind, placebo-controlled, clinical trial. Crit Care Med 2004;32(2): 

332–341 . 
[99] Tsai MJ , Ou SM , Shih CJ , Chao PW , Wang LF , Shih YN , et al. Association of

prior antiplatelet agents with mortality in sepsis patients: a nationwide pop- 
ulation-based cohort study. Intensive Care Med 2015;41(5):806–13 May . 

100] Eisen DP , Leder K , Woods RL , Lockery JE , McGuinness SL , Wolfe R , et al. Effect
of aspirin on deaths associated with sepsis in healthy older people (ANTISEP- 

SIS): a randomised, double-blind, placebo-controlled primary prevention trial. 

Lancet Respir Med 2021;9(2):186–95 . 
[101] Chow JH , Khanna AK , Kethireddy S , Yamane D , Levine A , Jackson AM ,

et al. Aspirin use is associated with decreased mechanical ventilation, inten- 
sive care unit admission, and in-hospital mortality in hospitalized patients 

with coronavirus disease 2019. Anesth Analg 2021;132(4):930–41 . 
102] Recovery trial finds aspirin does not improve survival for pa- 

tients hospitalised with COVID-19. https://www.recoverytrial.net/files/ 

recovery- aspirin- statement _ final _ 080621.pdf 
103] Elalamy I, Gerotziafas G, Alamowitch S, Laroche JP, Van Dreden P, Ageno W, 

et al. SARS-CoV-2 vaccine and thrombosis: an expert consensus on vaccine- 
induced immune thrombotic thrombocytopenia. Thromb Haemost 2021. 

doi: 10.1055/a- 1499- 0119 . 

http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0054
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0054
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0054
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0054
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0054
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0054
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0054
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0054
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0055
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0055
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0055
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0055
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0055
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0055
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0055
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0056
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0056
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0056
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0056
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0056
https://doi.org/10.1152/ajplung.00223.2021
https://doi.org/10.21203/rs.3.rs-558954/v1
https://doi.org/10.1038/s41591-021-01377-8
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0060
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0060
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0060
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0060
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0060
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0060
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0060
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0060
https://doi.org/10.1515/cclm-2021-0623
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0062
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0062
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0062
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0062
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0062
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0062
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0062
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0063
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0063
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0063
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0063
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0064
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0064
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0064
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0064
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0064
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0064
https://doi.org/10.1038/s41591-021-01408-4
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0066
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0066
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0066
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0066
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0066
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0066
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0066
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0067
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0067
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0067
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0067
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0067
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0067
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0067
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0068
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0068
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0068
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0068
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0068
https://doi.org/10.1016/j.ajpath.2021.05.007
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0070
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0070
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0070
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0070
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0070
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0071
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0071
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0071
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0071
https://doi.org/10.1001/jama.2021.9889
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0073
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0073
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0073
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0073
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0073
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0073
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0073
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0073
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0074
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0074
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0074
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0074
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0074
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0074
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0074
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0074
https://doi.org/10.3389/fcell.2021.684874
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0076
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0076
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0076
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0077
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0077
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0077
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0077
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0077
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0077
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0077
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0077
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0078
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0078
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0078
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0078
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0078
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0078
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0078
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0078
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0079
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0079
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0079
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0079
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0079
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0079
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0079
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0079
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0080
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0080
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0080
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0080
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0080
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0080
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0081
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0081
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0082
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0082
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0082
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0082
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0082
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0082
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0082
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0082
https://doi.org/10.1111/bjh.17645
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0084
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0084
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0084
https://doi.org/10.1111/jth.15418
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0086
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0086
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0086
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0086
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0086
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0086
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0086
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0086
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0087
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0087
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0087
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0087
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0087
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0087
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0087
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0087
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0088
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0088
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0088
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0088
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0088
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0088
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0088
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0088
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0089
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0089
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0089
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0089
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0089
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0089
https://doi.org/10.1056/NEJMoa2103417
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0091
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0091
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0091
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0091
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0091
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0091
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0091
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0091
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0092
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0092
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0092
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0092
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0092
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0092
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0092
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0092
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0093
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0093
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0093
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0093
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0093
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0093
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0093
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0093
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0093
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0094
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0094
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0094
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0094
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0094
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0094
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0094
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0094
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0095
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0096
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0096
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0096
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0096
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0096
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0096
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0096
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0096
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0097
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0097
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0097
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0097
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0097
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0097
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0097
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0097
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0098
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0098
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0098
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0098
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0098
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0098
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0098
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0098
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0099
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0099
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0099
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0099
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0099
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0099
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0099
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0099
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0100
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0100
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0100
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0100
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0100
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0100
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0100
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0100
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0101
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0101
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0101
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0101
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0101
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0101
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0101
http://refhub.elsevier.com/S1050-1738(21)00096-7/sbref0101
https://www.recoverytrial.net/files/recovery-aspirin-statement_final_080621.pdf
https://doi.org/10.1055/a-1499-0119


Platelets and COVID-19-related thrombosis Trends in Cardiovascular Medicine 32 (2022) 1–9 

[ [  
104] Patriquin CJ, Laroche V, Selby R, Pendergrast J, Barth D, Côté B, et al. Thera- 
peutic plasma exchange in vaccine-induced immune thrombotic thrombocy- 

topenia. N Engl J Med 2021. doi: 10.1056/NEJMc2109465 . 
9 
105] Vayne C, Rollin J, Gruel Y, Pouplard C, Galinat H, Huet O, et al. Platelet factor
4 immunoassays in vaccine-induced thrombotic thrombocytopenia. N Engl J 

Med 2021 NEJMc2106383. doi: 10.1056/NEJMc2106383 . 

https://doi.org/10.1056/NEJMc2109465
https://doi.org/10.1056/NEJMc2106383

	The roles of platelets in COVID-19-associated coagulopathy and vaccine-induced immune thrombotic thrombocytopenia
	Introduction
	Platelets in COVID-19
	Platelet factor 4 in COVID-19
	COVID-19 vaccines and platelets
	Vaccine-induced immune thrombotic thrombocytopenia (VITT)
	Spike protein and anti-platelet factor 4 antibody
	Virus-vectored vaccine and mRNA vaccine
	Immune thrombocytopenic purpura (ITP) and thrombotic thrombocytopenic purpura (TTP) after vaccination

	Antithrombotic therapy for COVID-19
	Anticoagulant therapy for COVID-19
	Antiinflammatory therapies for COVID-19
	Antiplatelet therapy for sepsis and COVID-19
	Treatments for VITT

	Conclusions
	Declaration of Competing Interest
	CRediT authorship contribution statement
	Funding
	References


