
The unprecedented outbreak of coronavirus disease  
2019 (COVID-19) was declared a pandemic by the 
WHO, with >34 million people infected with severe acute 
respiratory syndrome coronavirus 2 (SARS- CoV-2),  
the virus that causes COVID-19, and with>1 million 
COVID-19- related deaths worldwide1. COVID-19 can 
lead to a disease spectrum ranging from mild respira-
tory symptoms to acute respiratory distress syndrome  
(ARDS) and death2–4. SARS-CoV-2 is now the third highly  
pathogenic and transmissible coronavirus identified in 
humans. Human coronaviruses were first dis covered 
in the 1960s5, but it was not until the 21st century that 
coronaviruses were recognized as major threats to public 
health. SARS- CoV6–9, Middle East respiratory syn-
drome coronavirus (MERS- CoV)10 and SARS- CoV-2 
all cause severe respiratory tract infections and have 
been associated with global pandemics. SARS- CoV 
was first reported in China in 2003 and infected >8,000 
indivi duals, causing 774 deaths worldwide11. A decade 
later, MERS was first reported in Saudi Arabia and 
infected >2,494 individuals and caused 858 deaths, with 

an extremely high death rate of 34% in part owing to the 
lack of effective therapies12,13.

SARS- CoV, MERS- CoV and SARS- CoV-2 belong to 
the Betacoronavirus genus, which is one of four genera 
of coronavirus14. Phylogenetic analysis revealed  
that SARS- CoV-2 is closely related to two bat-derived 
SARS- like coronaviruses, bat- SL- CoVZC45 and bat- 
SL- CoVZXC21 (with around 88% sequence identity), 
SARS- CoV (approximately 79% sequence identity) and  
MERS- CoV (approximately 50% sequence identity)15. 
Homology modelling revealed that the receptor- binding 
domain structures in SARS- CoV and SARS- CoV-2 
are similar, despite some amino acid variations15. 
MERS- CoV infects human cells by binding to the dipep-
tidyl peptidase 4 receptor16, whereas both SARS- CoV17 
and SARS-CoV-2 (refs18,19) use angiotensin-converting 
enzyme 2 (ACE2) as a receptor to infect cells. For 
SARS-CoV-2 infection, in addition to ACE2, one or 
more proteases including transmembrane protease 
serine 2 (TMPRSS2), basigin (also known as CD147) and 
potentially cathepsin B or cathepsin L are required18,19. 

Acute respiratory distress 

syndrome

(ArDs). A syndrome 

characterized by severe acute 

respiratory failure arising from 

inflammation and fluid build- up 

in the lungs.

Thrombocytopathy and 
endotheliopathy: crucial contributors 
to COVID-19 thromboinflammation
Sean X. Gu1,2,5, Tarun Tyagi1,5, Kanika Jain1, Vivian W. Gu1, Seung Hee Lee3, 

Jonathan M. Hwa1, Jennifer M. Kwan1, Diane S. Krause2, Alfred I. Lee4, 

Stephanie Halene4, Kathleen A. Martin1, Hyung J. Chun  1 and John Hwa  1 ✉

Abstract | The core pathology of coronavirus disease 2019 (COVID-19) is infection of airway  

cells by severe acute respiratory syndrome coronavirus 2 (SARS- CoV-2) that results in excessive 

inflammation and respiratory disease, with cytokine storm and acute respiratory distress 

syndrome implicated in the most severe cases. Thrombotic complications are a major cause of 

morbidity and mortality in patients with COVID-19. Patients with pre- existing cardiovascular 

disease and/or traditional cardiovascular risk factors, including obesity, diabetes mellitus, 

hypertension and advanced age, are at the highest risk of death from COVID-19. In this Review, 

we summarize new lines of evidence that point to both platelet and endothelial dysfunction as 

essential components of COVID-19 pathology and describe the mechanisms that might account 

for the contribution of cardiovascular risk factors to the most severe outcomes in COVID-19. 

We highlight the distinct contributions of coagulopathy, thrombocytopathy and endotheliopathy 
to the pathogenesis of COVID-19 and discuss potential therapeutic strategies in the management 

of patients with COVD-19. Harnessing the expertise of the biomedical and clinical communities 

is imperative to expand the available therapeutics beyond anticoagulants and to target both 

thrombocytopathy and endotheliopathy. Only with such collaborative efforts can we better 

prepare for further waves and for future coronavirus- related pandemics.

✉e- mail: john.hwa@yale.edu

https://doi.org/10.1038/ 

s41569-020-00469-1

www.nature.com/nrcardio

REV IEWS

194 | MARCH 2021 | VOLUME 18 

http://orcid.org/0000-0003-3508-2678
http://orcid.org/0000-0001-7366-2628
mailto:john.hwa@yale.edu
https://doi.org/10.1038/s41569-020-00469-1
https://doi.org/10.1038/s41569-020-00469-1
http://crossmark.crossref.org/dialog/?doi=10.1038/s41569-020-00469-1&domain=pdf


Coronaviruses also have a propensity to bind acetylated 
sialic acid residues, which are abundant on cell mem-
brane proteins including on megakaryocytes and 
endothelial cells20,21.

Although research into the underlying mechanisms 
of coronavirus- mediated diseases is still ongoing and a 
strong consensus has not yet been reached regarding 
the optimal treatment and prevention of these diseases  
(especially of COVID-19), reports of important common-
alities in the haematological effects of the three dis-
eases are emerging. In this Review, we identify these  
shared features, with a focus on the effects on platelets 
and endothelial cells and how these mechanisms inter-
sect with cardiovascular risk factors. We highlight how 
cardiovascular risk factors, including diabetes mellitus, 
obesity and ageing, in combination with SARS- CoV-2 
infection can lead to catastrophic thrombosis (fig. 1). 
Reviewing the literature and the lessons from previous 
coronavirus- related pandemics as well as the initial 
studies and observations from the current COVID-19  
pandemic can provide important insights into dis-
ease pathogenesis, prognostic indicators and novel 
therapeutic strategies for COVID-19 and for future 
coronavirus-related pandemics.

COVID-19- associated thromboinflammation

Thromboinflammation (the coordinated activation of the 
inflammatory and thrombotic responses) is a major cause 
of morbidity and mortality in patients with COVID-19 
(fig. 2). The initial reports from hospitals in Wuhan, 

China, showed that patients with severe COVID-19  
can develop acute lung injury and hypo xaemic respira-
tory failure, which were the major causes of death in 
these patients22–26. Notably, laboratory studies revealed 
evidence of coagulopathy with significantly elevated levels 
of d- dimer in the plasma, a mild pro longation of pro-
thrombin time and borderline throm bocytopenia in a 
large proportion of patients hospi talized with COVID-19 
(refs25,27). Subsequent reports that were based largely on 
case series and cross- sectional studies from China28–30, 
Netherlands31–33, France34–36 and Italy37 indicated that the 
incidence of thromboembolic events, including deep vein 
thrombosis and pulmonary embolism, is high in criti-
cally ill patients with COVID-19 in the intensive care unit 
(ICU). Post- mortem examination of a small cohort of  
patients with COVID-19 in Germany found evidence 
of venous thromboembolism in 7 out of 12 COVD-19- 
related deaths, with massive pulmonary embolism aris-
ing from lower extremity deep vein thrombi as the direct 
cause of death in 4 out of the 12 patients38. Other studies 
have reported a high frequency of platelet–fibrin thrombi 
in the small arteries and capillaries of the pulmonary 
vascu lature in post- mortem lung tissue from patients 
with COVID-19, suggesting a hypercoagul able state 
that can predispose to both venous and arterial throm-
bosis in critically ill patients with COVID-19 (refs39–43). 
Alveolar capillary microthrombi were nine times more 
prevalent in patients with COVID-19 than in patients 
with influenza in a small series of patient autopsy 
evaluations43. These occluding microthrombi have 
been found not only in the lungs, but also in the heart, 
kidneys and liver in patients with COVID-19 (ref.44),  
supporting the presence of widespread thrombotic 
microangiopathy in these patients.

In addition to the pulmonary pathologies, throm-
botic complications associated with COVID-19 also 
affect the cardiovascular and cerebrovascular systems. 
Substantial evidence indicates that COVID-19 morbidity 
is increased in patients with underlying cardiovascular 
conditions (such as hypertension, diabetes mellitus and 
pre- existing cardiovascular disease) and can provoke 
myocardial injury leading to complications such as 
heart failure, myocarditis and cardiac arrhythmias45–47. 
Several case series have found that ST- segment elevation 
myocardial infarction (STEMI) can be the first clinical 
presentation of COVID-19 (refs48,49). Moreover, a high 
burden of coronary thrombus has been observed in 
patients with COVID-19 who develop STEMI50.

An increased frequency of peripheral artery throm-
bosis manifesting as acute limb ischaemia with high 
rates of revascularization failure has been reported in  
patients with COVID-19 compared with patients pre-
senting with acute limb ischaemia during a similar 
period in 2019 (ref.51). One study described four cases of 
acute limb ischaemia, two of which occurred in young 
healthy individuals without risk factors for ischaemia52. 
Consistent with these findings, a case series from a sin-
gle institution showed that COVID-19 was associated 
with the incidence of large- artery ischaemic stroke, 
parti cularly in young individuals53. These observations 
are concerning given the relative absence of cardiovas-
cular disease risk factors and other comorbidities in 
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these young patient populations compared with older 
patients. Additionally, autopsy reports of patients with 
COVID-19 indicate that thrombosis in small vessels 
(platelet-rich thrombotic microangiopathy), with or 
without haemorrhage, is associated with ARDS43,54.

The combined presence of venous thrombosis, arterial 
thrombosis and small- vessel thrombosis is rare in a sin-
gle disease entity and can point towards a unique mech-
anism of disease. Interestingly, a similar constella tion 
of vascular complications is found in antiphospholipid 
syndrome55. Indeed, data are now emerging indicat-
ing that some patients with COVID-19 can develop  
antiphospholipid syndrome56. The exact mecha nisms 
of thrombosis in antiphospholipid syndrome are still 
a matter of intense investigation but it has become 
clear that the origin of thrombosis is at the interface 
between the blood and the endothelium. Similarly, the  
cause of thrombosis in patients with COVID-19 is  
the focus of intense investigation, and coagulation abnor-
malities (coagulopathy), complement activation and 
cytokine release (inflammation), platelet hyper activity 
and apoptosis (thrombocytopathy), and endothelial dys-
function (endotheliopathy) are emerging as potential 
major contributors to the pathogenesis of thrombosis 
in these patients (discussed in detail below). The pro-
cess is likely to be very complex because inflammation, 
coagulopathy, thrombocytopathy and endotheliopathy  
are distinct and yet intricately related processes.

Given the high risk of thrombosis in patients with 
COVID-19, interim guidance from the International 
Society on Thrombosis and Haemostasis (ISTH) 

recom mends thrombosis prophylaxis with heparin ther-
apy in all patients hospitalized with COVID-19 who do 
not have contraindications for antithrombotic therapy57,58. 
Therapeutic doses of anticoagulants are recommended 
if evidence of thrombosis such as venous thromboem-
bolism is found. Anticoagulant therapy with low mole-
cular weight heparin (enoxaparin 40–60 mg per day) 
seems to be associated with a better prognosis than no 
anticoagulant therapy in patients with severe COVID-19  
who have a sepsis- induced coagulopathy score of ≥4 or 
have markedly elevated d- dimer levels in the plasma 
(greater than sixfold of the upper limit of normal)59.  
Although effective to some extent, anticoagulant ther-
apy alone seems to be inadequate because patients with 
COVID-19 receiving anticoagulants still have major 
thrombotic events. Detailed understanding of the com-
plex mechanisms leading to COVID-19- associated 
thromboinflammation is urgently required.

COVID-19- associated coagulopathy

Coagulation and fibrinolysis. COVID-19-associated 
coagulopathy is characterized by a prothrombotic state 
with high rates of thrombosis and microvas cular com-
plications28–33. The aetiology of COVID-19- associated 
coagulopathy remains controversial and is likely to be 
heterogeneous, with contributions from many cell types. 
Early reports from China provided initial evidence for 
the presence of coagulopathy in patients with COVID-19  
(refs28–30). Elevated plasma levels of d- dimers (which are 
fibrin degradation fragments indicative of excessive clot-
ting) and mild thrombocytopenia are often observed in 
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hospitalized patients with COVID-19, and high d- dimer 
levels with severe thrombocytopenia correlate with a 
more severe disease course, including higher rates of 
admission to the ICU and increased mortality25,27,60–62. 
Interestingly, platelet counts in patients with COVID-19 
have been found to be on average higher than in patients 
with comparable, non- COVID-19 respiratory illnesses63, 
probably related to the megakaryocyte response, as 
described below. In a case series of 183 patients with 
COVID-19, a pattern of coagulopathy that fulfilled the 
ISTH criteria for disseminated intravascular coagulation 
(DIC) — elevation of d- dimer levels, moderate- to-severe 
thrombocytopenia, prolongation of prothrombin time 
and decreased fibrinogen levels — was seen in 71% of 
patients who were admitted to the ICU and did not 
survive, whereas only 0.6% of survivors met the ISTH 
criteria64,65. However, subsequent reports showed that 
although d- dimer levels were consistently elevated 
across all studies, other signs of DIC, such as prolonga-
tion of the prothrombin time, severe thrombocytopenia 
(platelet count <50 × 109/l) and decreased fibrinogen, 
were not observed in most patients with COVID-19 
(refs35,66–68). Indeed, platelet counts were typically nor-
mal or mildly elevated and fibrinogen levels were mark-
edly increased in critically ill patients with COVID-19, 
findings that are contradictory to a consumptive coagu-
lopathy such as DIC. In addition, depletion of endo-
genous anticoagu lants such as antithrombin or of the 
fibrinolytic regu lator α2 antiplasmin, which is a hall-
mark of DIC, is not commonly observed in patients 
with COVID-19 (ref.69). Studies of thrombin generation 
in patients with COVID-19 have yielded mixed results, 
because both high levels of thrombin–antithrombin III 
complexes (which suggests increased thrombin gene-
ration) and normal levels of prothrombin fragment 1.2 
(which suggests no increase in thrombin generation) 
have been found in different single-institution stud-
ies70,71. Similarly, several studies have found elevations 
in the plasma levels of tissue-type plasminogen activa-
tor, urokinase-type plasminogen activator, plasminogen 
activator inhibitor 1 (PAI1) and carboxypeptidase B2  
(also known as thrombin- activatable fibrinolysis 

inhi bitor) in hospitalized patients with COVID-19, 
indicating variable effects of COVID-19 on fibrinoly-
tic activity71–73. Studies using thrombin- generation 
assays (such as endogenous thrombin potential) and 
viscoe lastic haemostatic assays (such as thromboelasto-
graphy or rotational thromboelastometry) have found 
that patients with COVID-19 have a hypercoagulable 
state with increased thrombin generation and hypofi-
brinolysis66,67,73,74. The overall interpretation from these 
diverse reports is that although COVID-19- associated 
coagulopathy shares some pathophysiological features 
with DIC, the coagulopathy observed in patients with 
COVID-19 is a unique entity that leads to a variable 
hypercoagulable state dependent on cellular involve-
ment (such as endothelial cells, leuko cytes and platelets) 
as well as on the timing of sample collection during the 
disease process.

Endothelial effects on coagulopathy. COVID-19- 
associated coagulopathy has two central features in 
common with DIC, endotheliopathy and a marked 
inflammatory response, although the degree of each in 
COVID-19 can be higher than in other disease states. 
Studies from our institution have highlighted many 
features of endotheliopathy that correlate with severity 
of disease in patients with COVID-19. An analysis of a 
cohort of 68 patients hospitalized with COVID-19 iden-
tified elevations in the levels of numerous circulating 
markers of endothelial injury, such as von Willebrand 
factor (vWF), PAI1, soluble thrombomodulin, angio-
poietin 2 and follistatin69,75. Notably, particularly high 
levels of vWF, PAI1 and angiopoietin 2 were observed in 
patients who were admitted to the ICU69,75, and elevated 
levels of soluble thrombomodulin, PAI1, angiopoietin 2 
and follistatin in hospitalized patients with COVID-19, 
all correlated with increased mortality69,75. At present, 
whether the endotheliopathy associated with COVID-19  
is a result of direct viral infection of endothelial cells, 
which has been reported in some autopsy studies43,76, 
or is a consequence of the virus- induced inflammatory 
response is uncertain. Further details on this aspect are 
provided in the endotheliopathy section.

Disseminated intravascular 

coagulation

(DiC). Coagulopathy 

characterized by excessive 

formation of small clots 

throughout the body.

a b c

Fig. 2 | COVID-19-associated thrombosis. Imaging examples of thrombotic complications in patients with coronavirus 

disease 2019 (COVID-19) and with multiple cardiovascular risk factors, including diabetes mellitus, obesity, old age and 

hypertension. a | CT scan showing pulmonary emboli (arrow) involving the anterobasilar arteries in the left lower lobe of 

the lung. b | Doppler ultrasound image showing short- segment non- occlusive deep vein thrombus in the right lateral 

subclavian vein (arrow). c | CT scan showing a 10- mm diameter thrombus in the abdominal aorta (arrow).
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Inflammation and coagulopathy. The inflammatory 
response in patients with severe COVID-19 is parti c-
ularly striking, with persistent fever, elevated levels of 
inflammatory markers (such as C- reactive protein, 
erythrocyte sedimentation rate, ferritin and various 
cytokines, including IL-1β, IL-6 and TNF) leading to a 
hyperinflammatory response known as cytokine storm, 
which is associated with poor outcomes77–81. Early reports 
postulated that this inflammatory response might resem-
ble the response seen in macrophage activation syndrome 
or haemophagocytic lymphohistiocytosis81–85. However, 
later studies have identified unique profiles of neutrophil, 
macrophage, lymphocyte and other immune responses 
in patients with COVID-19, together with evidence 
of NeTosis and complement activation81–85. An intriguing 
finding is the correlation between elevated circulating 
levels of inflammatory cytokines and abnormal coagu-
lation parameters77,86. Notably, plasma IL-6 levels have 
been shown to correlate directly with fibrin ogen levels 
in patients with COVID-19 (ref.66). As detailed above, 
the process of thromboinflammation with hypercoagul-
ability and a severe inflammatory state is thought to be 
an important factor in COVID-19 pathogenesis86,87. 
Indeed, levels of prothrombotic acute phase reactants, 
such as fibrinogen, vWF and factor VIII, that are com-
monly elevated during inflammatory conditions, are 
increased in patients with COVID-19 compared with 
healthy individuals35,67,69,88, implicating the endothelium, 
platelets and the coagulation system as potential medi-
ators of coagulopathy and thrombosis in COVID-19. 
Collectively, the available clinical and laboratory data 
suggest that COVID-19 can be associated with a massive 
inflammatory response combined with a hypercoagul-
able state that predisposes patients to thrombotic events. 
Therefore, novel anti- inflammatory strategies, such as 
antagonists for IL-6 or IL-1β signalling89–91, in addition 
to antithrombotic therapies might have a greater effect 
in preventing thrombosis and death in patients with 
COVID-19 than either therapy alone.

COVID-19- associated thrombocytopathy

Platelets are considered to be first responders to vas-
cular injury92, capable of rapidly responding to blood 
perturbations such as inflammation or hyperglycae-
mia through activation of stress- induced pathways93–95. 
Platelets are short- lived (7–10 days), small (2–4 μm 
diameter) and anucleate cells and, therefore, were pre-
viously thought to be capable of only very limited func-
tions, such as media ting thrombosis96. However, we 
now know that platelets are more complex and diverse 
than previously thought, containing fundamental 
machinery for many critical cellular processes, includ-
ing autophagy97,98, programmed cell death99 and rapid 
de novo protein synthesis100,101. Studies from our group 
and others have identified many roles of platelets in  
vascular homeo stasis and immune responses95,100,102 
in conditions including inflammatory, cardiovascular, 
neurode generative and oncological diseases103. Platelets 
interact with many other cell types, including circulating 
blood cells, endothelial cells and other cells of the vessel 
wall, either directly or through the release of signalling 
mediators. Therefore, platelets can function as a blood 

component that bridges the immune system (through 
interactions with various leukocytes) and throm bosis 
(via platelet activation and release of haemostatic 
and inflammatory mediators)104. Thrombocytopathy 
(platelet dysfunction) is also a pro minent feature of 
COVID-19, as described in the section below, and 
can encompass thrombocytopenia and platelet hyper-
activation, contributing to excessive thrombosis and a 
dysfunctional immune response.

Thrombocytopenia and platelet hyperactivation. A 
reduction in platelet count (thrombocytopenia) was 
commonly observed in patients with SARS or MERS 
(TAble 1). In an early epidemiological report on SARS 
from 2003, three of nine patients with SARS (33%) in 
Canada were documented to have thrombocytopenia 
(defined as a platelet count of <130 × 109 cells per 
litre)105. Subsequent studies from Asia, particularly Hong 
Kong106–108, Taiwan109,110 and China111, also indicated the 
presence of thrombocytopenia in patients with SARS. 
Thrombocytopenia in these patients was generally 
mild, with moderate- to- severe thrombocytopenia 
being associated with severe end- stage disease106–111. 
Studies in children with SARS also demonstrated the 
presence of thrombocytopenia in five out of ten patients 
(50%) in one study112 and 12 out of 44 patients (27%) 
in another study70. Thrombocytopenia in patients with 
SARS was often associated with clinically significant 
coagulopathy113,114. Similar findings were observed in 
patients with MERS- CoV infection, for which many of 
the studies were from Saudi Arabia115–120.

SARS-CoV-2 infection was also associated with throm-
bo cytopenia in early reports from China18,22,23,25,27,64,121–124.  
The incidence of thrombo cytopenia in patients with 
SARS, MERS or COVID-19 is approximately 47%, 37% 
and 25%, respectively (TAble 1). Of note, the threshold to 
define thrombocytopenia was lower in most COVID-19 
studies (most used <100 × 109 platelets per litre) than in 
SARS and MERS studies (<100–150 × 109 platelets per 
litre) (TAble 1), largely explaining why the incidence of 
thrombocytopenia in patients with COVID-19 is lower 
than in patients with SARS or MERS. The incidence of 
thrombocytopenia in patients with severe COVID-19 
(requiring mechanical ventilation or ICU admission) has 
been reported to be as high as 35% (122 of 263 patients  
in a French study125). In patients with COVID-19, throm-
bocytopenia can be associated with low fibrinogen 
level and increased risk of bleeding, particularly in 
patients receiving anticoagulant therapy126. However,  
in patients with severe COVID-19, low fibrinogen levels 
and bleeding events are rare whereas thrombotic com-
plications are more common126. One explanation is that 
platelets are hyperactivated in patients with COVID-19 
(refs69,75,127). Previous studies by our group and others 
have also demonstrated high rates of platelet apoptosis 
in patients with cardiometabolic disease and comor-
bidities such as diabetes mellitus94. Furthermore, the 
presence of apoptotic platelets promotes hyperactiva-
tion of surviving platelets128. Given that patients with 
severe COVID-19 often have cardiovascular comor-
bidities, platelet apoptosis is likely to be an important 
contributor to COVID-19 pathogenesis. Moreover, other 
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mechanisms implicated in COVID-19 pathogenesis, 
including hypoxia, inflammation, immune system acti-
vation and endothelial activation and dysfunction76, can 
further induce platelet activation and apoptosis, leading 
to increased thrombosis72,94,128,129 (fig. 3).

Several autopsy studies in patients with COVID-19 
have reported thrombosis in arteries and in veins, partic-
ularly within small vessels (platelet- rich thrombotic 
microangiopathy), with or without haemorrhage43,54,130. 
In these patients, increased small-vessel thrombosis 
was associated with the typical ARDS pathology  
of diffusely oedematous lungs43,54,130. The presence of 
thrombosis throughout the lungs suggests that hyper-
activated platelets might additionally influence disease 
in the lungs by exacerbating inflammation. Activated 

platelets are increasingly recognized to regulate leuko-
cyte activity during infections and allergic reactions102, 
further contributing to the leukocyte cytokine release. 
Activated platelets express P- selectin and CD40L on 
the cell surface, can interact with neutrophils and can 
release α- granules and complement C3 as well as vari ous 
cytokines, including CC- chemokine ligand 2 (CCL2), 
CCL3, CCL7, IL-1β, IL-7, IL-8 and hepatocyte growth 
factor131,132. Levels of all these cytokines have been 
reported to be significantly increased in patients with 
COVID-19 compared with healthy individuals133. In vitro 
and in vivo studies have shown that, in response to den-
gue virus infection, platelets release IL-1β on micro-
particles, which contributes to an increase in endothelial 
permeability134. This platelet response involving IL-1β 

Table 1 | Thrombocytopenia in patients with SARS, MERS or COVID-19

Study (year) Region Number of 
patients

Thrombocytopenia 
(%)

Platelet count 
threshold (×109/l)

Ref.

SARS

Poutanen et al. (2003) Canada 9 33 130 105

Tsang el al. (2003) Hong Kong 10 20 150 106

Lee et al. (2003) Hong Kong 138 45 150 107

Peiris et al. (2003) Hong Kong 50 40 150 8

Hon et al. (2003) Hong Kong 10 50 150 112

Leung et al. (2004) Hong Kong 44 27 150 70

Peiris et al. (2003) Hong Kong 87 55 NA 108

Wong et al. (2003) Hong Kong 157 55 140 113

Choi et al. (2003) Hong Kong 267 50 150 114

Liu et al. (2004) Taiwan 43 28 130 109

Wang et al. (2004) Taiwan 35 46 150 110

Lang et al (2003) China 3 67 150 111

Total – 853 47 – –

MERS

Memish et al. (2013) Saudi Arabia 6 50 140 115

Omrani et al. (2013) Saudi Arabia 3 100 NA 116

Assiri et al. (2013) Saudi Arabia 23 22 122 117

Assiri et al. (2013) Saudi Arabia 47 36 140 118

Arabi et al. (2014) Saudi Arabia 12 58 140 119

Al- Tawfiq et al. (2017) Saudi Arabia 16 31 140 120

Total – 107 37 – –

COVID-19

Chan et al. (2020) China 6 33 162 124

Huang et al. (2020) China 40 5 100 22

Guan et al. (2020) China 869 36 150 25

Chen et al. (2020) China 99 12 125 23

Xu et al. (2020) China 62 5 100 121

Yang et al. (2020) China 149 13 150 122

Zhou et al. (2020) China 191 7 100 27

Zhang et al. (2020) China 95 12 100 123

Tang et al. (2020) China 21 47 100 64

Total – 1,532 25 – –

COVID-19, coronavirus disease 2019; MERS, Middle East respiratory syndrome; SARS, severe acute respiratory syndrome.
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and other cytokines might possibly contribute to  
COVID-19- associated ARDS.

In addition to cytokine release, another important  
event in ARDS, as seen in COVID-19 pathology, is neutro-
phil recruitment to the pulmonary vasculature135. The 
phenomenon of activated platelets binding to neutro-
phils and rolling of platelet- bound neutrophils on the 
endothelium, known as ‘secondary capture’, has a crucial 
role in initiating immunothrombosis136. The binding of 
activated platelets to neutrophils facilitates the trans-
migration of platelets to the alveolar lumen and contri-
butes to the formation of oedematous lungs, which in 
turn can cause further platelet activation135. Neutrophil 
extracellular traps (NETs) have been shown to trigger 
thromboinflammation in patients with COVID-19 
(ref.135), leading to vascular thrombosis and a high risk of 
death137. Taken together, platelet activation and apoptosis 
can contribute to the severe pathology of COVID-19, 
including thrombosis and the cytokine storm.

Mechanisms of thrombocytopathy and thromboin-

flammation. On the basis of the current knowledge of 
COVID-19 pathology, several mechanisms of COVID-19- 
related thrombocytopathy are possible. Hypoxia, oxida-
tive stress, nutrient stress and other stressors affect platelet  
mitochondria metabolism and function, leading to 
platelet hyperactivation and apoptosis138. Studies by our 
group and others have shown that many of the comorbid 

conditions observed in patients with COVID-19 (such 
as diabetes mellitus, ageing and obesity), which involve 
oxidative stress, can lead to platelet hyperactivity and 
apoptosis128. We have reported the regulation of platelet 
reactivity by ageing- associated changes in redox homeo-
stasis138. Thrombocytopenia can arise from reduced pro-
duction or increased loss of platelets by consumption, 
clearance or death. The three major mechanisms of plate-
let clearance are platelet senescence (loss of sialic acid), 
apoptosis (scavenger receptor- mediated loss) and Fc 
receptor- mediated platelet clearance by macrophages139. 
Consumption of platelets into a growing thrombus or 
platelet apoptosis might explain the thrombocytopenia 
observed in some patients with COVID-19, which has 
been associated with increased risk of death compared 
with patients with normal platelet counts61. Alternatively, 
SARS- CoV-2- induced production of autoantibodies 
that target platelet surface antigens can cause increased 
platelet destruction140. Antiphospholipid antibodies 
have also been detected in critically ill patients with 
COVID-19 (ref.56). Hypoxia, caused by environmental 
conditions141 or disease states such as chronic obstructive 
pulmonary disease142, has been associated with platelet 
hyperactiva tion and a prothrombotic state. COVID-19  
pathology involves mild- to- severe hypoxia with periph-
eral blood oxygen saturation falling below 94% even 
with oxygen therapy, and hypoxia is a crucial para-
meter to monitor in all patients with COVID-19 (ref.143).  
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Fig. 3 | COVID-19-associated thrombocytopathy. Schematic diagram 

summarizing the normal physiological platelet response to vessel wall 

damage, that is, haemostasis (panel a) and the thrombocytopathy associated 

with coronavirus disease 2019 (COVID-19; panel b). Possible additional 

inducers of pathological platelet hyperactivation include cardiovascular risk 

factors such as old age, diabetes mellitus, obesity and hypoxia from lung 

disease, and immune factors leading to increased intracellular levels of 

reactive oxygen species (ROS). The consequences of pathological platelet 

hyperactivation include increased platelet microvesicle and granule release 

that contribute to increased thrombosis and cytokine storm (local and 

circulating). Increased platelet activation can result in platelet–leukocyte 

conjugates (primarily neutrophils) and platelet apoptosis and/or aggregation, 

which in turn can further lead to increased thrombosis and inflammation. The 

presence of impaired fibrinolysis and endotheliopathy can contribute to 

increased thrombosis and can lead to life- threatening thrombosis and 

thromboembolism. The lungs are the most susceptible organ to thrombosis 

but these events can occur in many organs, including the heart, kidneys and 

liver. With platelet hyperactivation, apoptosis and increased thrombus 

formation, platelet clearance and consumption are higher, leading to 

thrombocytopenia. Thrombocytopenia occurs only if megakaryocytes are 

unable to produce sufficient platelets to compensate for the platelet loss. 

SARS- CoV-2, severe acute respiratory syndrome coronavirus 2.
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The hypoxia in patients with COVID-19 might contri-
bute to thrombocytopathy directly or indirectly. A French  
study found that 58% of patients with COVID-19 who 
had thrombo cytopenia at the time of hospital admis-
sion required oxygen supplementation compared with 
41% of patients with platelet counts in the normal 
range at the time of hospital admission125. A throm-
botic consumptive microangiopathy mediated by 
complement (C3a and C5a) might also contribute to 
thrombocytopathy in COVID-19 (ref.144). All these pro-
cesses can contribute to dysregulated platelet function  
and can ultimately predispose patients with COVID-19 
to thromboinflammation.

In addition to environmental stressors, viral infec-
tions also directly affect platelets, leading to increased 
apoptosis and removal. A study in patients with 
SARS- CoV-2 infection showed that most patients had 
platelet hyperreactivity and alterations in the platelet 
transcriptome compared with healthy individuals127.  
Of note, SARS- CoV-2 RNA traces were detected in plate-
let samples from two of the 25 patients included in the 
study, but ACE2 mRNA or protein was not detected in 
any of the platelet samples127. Whether platelets have suf-
ficient ACE2 expression required for SARS- CoV-2 entry 
into the cell145,146 has yet to be definitively demonstrated 
but other potential methods of SARS- CoV-2 entry into 
platelets independent of ACE2 are emerging19. Studies 
of influenza virus infection indicate that platelets have 
many of the required receptors for influenza virus entry, 
and influenza virus infection of platelets potentially leads 
to platelet apoptosis147–151. In addition, given that platelets 
have features of innate immune cells, viral entry might 
occur as a part of a platelet- mediated antiviral response 
to SARS- CoV-2. Platelet uptake and degradation of 
influenza virus and HIV, which are single- stranded RNA 
viruses like SARS- CoV-2, occur through an endosomal, 
Toll- like receptor (TLR)- mediated pathway104,152–154. 
SARS- CoV-2 entry into platelets is likely to involve a 
similar mechanism leading to platelet activation104.

Various aetiologies have been suggested to underlie 
SARS- associated thrombocytopathy, including viral 
infection of platelets, endothelial damage caused by 
mechanical ventilation and potential viral infection of 
endothelial cells that in turn triggers platelet activation, 
apoptosis and aggregation, and thrombosis in the lung 
(DIC) that causes vast platelet consumption155. A simi-
lar picture is likely to occur in COVID-19-associated 
thrombocytopathy, with direct infection of platelets by 
SARS- CoV-2, endothelial damage caused by mechanical 
ventilation and viral infection of endothelial cells, and 
thrombosis.

Increased production of inflammatory chemokines 
and cytokines (many from platelets) and an excessive or 
uncontrolled innate immune response are typical char-
a cteristics of ARDS77–81, including in the ARDS seen in 
COVID-19. A cytokine storm has been suggested as a 
major cause of the lung damage occurring in patients 
with COVID-19 (refs77–81). Complement system acti-
va tion is a natural immune response to bacterial and 
viral infections. Complement activation can induce 
platelet activation and aggregation, leading to fibrin 
deposition to promote thrombosis156,157. Furthermore, 

platelet apoptosis leads to the release of a wide variety 
of pro- inflammatory and procoagulant factors158 and 
highly thrombogenic apoptotic bodies72,94,128. The for-
mation of immune complexes is another potential 
mechanism for platelet hyperactivation and thrombo-
cytopenia in COVID-19 and might be similar to that 
seen in heparin- induced thrombocytopenia (HIT). 
HIT involves the formation of heparin–platelet factor 4 
(PF4)–antibody complexes, which recognize the FcγRIIa 
receptor on the platelet surface, causing platelet activa-
tion and clearance159. The activated platelets can trigger 
NETosis leading to thrombosis in the inflamed region 
(immunothrombosis), which also involves endothelial 
cell dysfunction135,159. SARS- CoV-2 is likely to form 
immune complexes with reactive antibodies in the 
host, as observed in severely ill patients with influenza 
(H1N1) infection160. Influenza virus–IgG complexes can 
bind platelet FcγRIIa and cause platelet activation161. 
Virus- induced platelet activation can lead to increased 
platelet–leukocyte conjugates162, potentially triggering 
NETosis. Interestingly, platelet–PF4 deposits in the lungs 
have been found in autopsy studies in patients with 
COVID-19 and correlate with increased NETosis and 
microthrombus formation135.

Megakaryocytopathy. Megakaryocyte function is crucial 
to compensate for rapid platelet consumption or loss. 
Furthermore, megakaryocytes can contribute to the 
severe pathology (megakaryocytopathy) seen in some 
patients with SARS- CoV-2 infection. Autopsy studies 
have revealed abnormal megakaryocyte distribution 
and proplatelet formation in the tissues of patients with 
COVID-19. One study found CD61+ megakaryocytes 
(possibly representing resident pulmonary megakary-
ocytes) with nuclear hyperchromasia and atypia in lung 
tissues from patients with COVID-19 (ref.130). Another 
study identified megakaryocytes in the cardiac micro-
vasculature in all patients with COVID-19 who were 
studied (n = 7) as well as in the kidneys and lungs, and 
the numbers of megakaryocytes in the heart and lungs 
were higher than in patients with ARDS from other 
causes44. Megakaryocyte numbers were also higher in 
the bone marrow and showed focal clustering and mor-
phology consistent with proplatelet formation. These 
findings suggest that COVID-19 has a unique patho logy, 
with systemic increases in megakaryocyte numbers.  
In both autopsy studies, the megakaryocytes in the lung 
had morphological characteristics suggestive of active 
platelet production. This observation supports the find-
ing that the lungs are a site of platelet biogenesis with 
both intravascular and extravascular reservoirs of mega-
karyocytes163,164, and suggests that these pulmonary meg-
akaryocytes are increased in severely ill patients with 
COVID-19. The capacity of this potentially compensa-
tory increase in platelet production to maintain normal 
peripheral platelet counts in patients with COVID-19 is 
inconsistent, with some patients developing thrombo-
cytopenia and others not62. Thrombocytopenia in some 
patients with COVID-19 might be due to decreased 
platelet production in the lungs caused by ARDS and 
hypoxia during coronavirus infections164. Whether the 
platelet hyperactivation seen in patients with COVID-19 

Megakaryocytopathy

A variety of functional 

disorders of megakaryocytes 

leading to increased or 

decreased megakaryocyte 

function.
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(ref.127) results from activation of the megakaryocytes 
that are producing the platelets is not yet known.

Megakaryocytes express receptors that can interact 
with some types of virus147–151, have pattern recogni tion 
receptors, such as C‐type lectin receptors and TLRs,  
that recognize viruses and have a role in fighting infec-
tions165. However, neither megakaryocytes nor platelets 
seem to express ACE2, the SARS-CoV-2 entry recep-
tor127,166. Despite the lack of ACE2 expression, electron 
microscopy has revealed the presence of coronavirus 
virions in megakaryocytes in the lungs in autopsy sam-
ples from patients with COVID-19 (ref.44). In addition, 
SARS- CoV-2 RNA has been detected in the platelets of 
some patients with COVID-19 (ref.127). The research-
ers in this study suggested that the platelets might take 
up SARS- CoV-2 or SARS- CoV-2 RNA independently 
of ACE2, but another possibility is that the detected 
SARS- CoV-2 RNA comes from the infected meg-
akaryocytes from which the platelets were derived. 
Megakaryocytes and/or platelets might be able to take 
up intact virus via ACE2- independent mechanisms such 
as endocytosis through TLRs104. Moreover, through a 
mechanism termed emperipolesis, megakaryocytes can 
engulf other cells such as neutrophils, which results in 
the formation of platelets that contain components of the 
non- megakaryocyte donor cell167.

COVID-19- associated endotheliopathy

The functions of endothelial cells include maintaining 
vascular integrity and barrier function, as well as pre-
venting inflammation by limiting their interactions 
with immune cells and platelets168. Endotheliopathy, or 
endothelial dysfunction, is emerging as an important 
pathological feature in COVID-19. Transmission elec-
tron microscopy of blood vessels from autopsy speci-
mens from patients with COVID-19 has revealed the 
presence of endothelial cell damage and apoptosis43,169. 
Damage to the endothelium and blood vessels has crucial 
roles in promoting angiogenesis. Post- mortem analy sis 
of lung samples has shown that both intussusceptive 
(non- sprouting) and sprouting angiogenesis are more 
frequent in patients with COVID-19 than in patients 
with influenza43. Whether endothelial dys function is 
primarily a result of direct infection of endothelial cells 
by SARS- CoV-2 remains to be determined, but bio-
markers of endothelial dysfunction, such as thrombo-
modulin, vWF, angiopoietin 2 and PAI1, are frequently 
elevated in patients with COVID-19 compared with 
healthy controls, and seem to have prognostic relevance, 
being associated with severe disease69,75. Endothelial 
dysfunction leading to arteriopathy and thrombosis is a 
major contri butor to the pathophysiology of thrombotic 
complications associated with COVID-19, including 
myocardial infarction and strokes69,75.

Mechanisms of endotheliopathy and thromboinflam-

mation. ACE2, the cell- entry receptor for SARS- CoV-2,  
is expressed in the respiratory epithelium and also 
in endothelial cells, as shown by several studies43. 
Moreover, ACE2 has been shown to be upregulated in 
response to interferon in human epithelial cells (but not 
so far in endothelial cells), which might be a mechanism 

that contributes to potentiating the cellular uptake of 
SARS- CoV-2 (ref.170). Interestingly, several single- cell 
analyses of human lungs have not reliably demonstrated 
detectable levels of ACE2 expression in lung endothe-
lial cells170,171, which requires future investigation. 
Nevertheless, endothelial injury, whether through direct 
viral infection or immune- mediated damage, is a crucial 
feature of severe COVID-19 across multiple studies, and 
the underlying mechanisms will need to be elucidated as 
we seek novel treatment strategies.

Resting endothelial cells maintain vascular homeo-
stasis through antiplatelet, anticoagulant and anti-  
inflammatory effects172 (fig. 4). A combination of the 
direct viral infection of endothelial cells by SARS- CoV-2 
and the endothelial cell response to the inflammatory 
process associated with COVID-19 that upregulates 
immune cell responses, production of cytokines78 and 
activation of complement144,157,173 probably mediates 
endothelial damage and microvascular thrombosis. 
Studies by our group have demonstrated the contribu-
tion of endotheliopathy to COVID-19 severity, showing 
that increased circulating levels of markers of endothelial 
cell damage, including thrombomodulin, angiopoietin 2  
and vWF, are significantly correlated with increased 
mortality in patients with COVID-19 (refs69,75). In the 
section on therapies, we discuss a number of potential 
therapeutic strategies that directly target endothelio p-
athy with the goal of stabilizing the endothelium, which 
might be an important therapeutic target in preventing 
thrombosis in patients with COVID-19.

Several studies have also found the presence of 
acquired antiphospholipid antibodies in patients with 
COVID-19 (ref.174). Antiphospholipid antibodies, which 
include lupus anticoagulant, anti- cardiolipin antibody 
and anti- β2- glycoprotein I, predispose individuals to 
arterial and venous thrombosis174. A small case series 
including three patients with COVID-19 reported 
multiple cerebral infarctions in the setting of positive 
antiphospholipid antibodies56. Several larger studies 
found a high frequency of antiphospholipid anti bodies 
in patients with COVID-19 who had prolonged activ-
ated partial thromboplastin time35,175. In another study, 
the percentage of patients testing positive for a lupus 
anticoagulant was significantly higher among patients 
with COVID-19 than in individuals without COVID-19  
(ref.176). Several lines of evidence indicate that anti-
phospholipid antibodies can interact with a variety of 
vascular and haematopoietic components, including 
endothelial cells, platelets and complement factors, to 
promote thrombosis177–181. However, although antiphos-
pholipid antibodies are a common occurrence in viral 
infections, they are often transient and do not always 
imply an increased risk of thrombosis182. Furthermore, 
false-positive results in lupus anticoagulant tests can 
occur in patients receiving anticoagulation therapy183,184. 
Nevertheless, whether antiphospholipid antibodies 
have a major role in the pathophysiology of throm-
bosis associated with COVID-19 requires further 
investigation. Additionally, dermatological evidence of 
a vascular inflammatory phenomenon manifesting as 
chilblains has been reported in patients with COVID-19  
(refs90,185).
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Endotheliopathy associated with ageing. Age is the 
major risk factor for COVID-19- related death, with 
304.9 deaths per 1,000 cases in patients aged ≥85 years 
compared with 0.3 deaths per 1,000 cases among patients 
aged 5–17 years186. The endotheliopathy associated 
with old age and the healthy endothelium associated with 
young age might be reasons for the severe consequences 
of COVID-19 in very old patients and the protection in 
young patients. Ageing is associated with endothelial 
dysfunction187,188, and endothelial dysfunction is a major 
contributor to vascular pathologies and cardiovascular 
diseases in old individuals189,190. Oxidative and nitrosative 
stress, which are increased in old individuals, can induce 
endothelial dysfunction191. NADPH oxidases and mito-
chondria can generate reactive oxygen species (ROS), 
and dysregulation of these pathways can cause accumu-
lation of ROS187,192,193. In aged endothelial cells, increased 
ROS levels can decrease the availability of nitric oxide 
(NO), which is a potent vasodilator and antiplatelet agent 
with cardioprotective effects189–191,194. Decreased NO 
levels can lead to vasoconstriction and platelet activation 
and promote cardiovascular diseases195. Another func-
tion of the vascular endothelium is to maintain a balance 
between pro- inflammatory and anti-inflammatory fac-
tors196. Chronic inflammation has been associated with 
age- related endothelial dysfunction, characterized by 
elevated levels of C- reactive protein, pro- inflammatory 
cytokines and adhesion molecules that recruit immune 
cells, impair mitochondrial function and disrupt cellular 
energy metabolism191. Furthermore, the number of apo-
ptotic endothelial cells increases with advancing age196,197. 
The age- related decline in NO bioavailability together 
with the upregulation of mitochondrial oxidative stress 
and chronic inflammation have all been suggested to 
induce endothelial cell apoptosis196.

An example of a potential area for further explora-
tion in COVID-19 pathology is cerebromicrovascular 

dysfunction and damage as a result of age- related endo-
thelial dysfunction. Overactivation of poly(ADP-ribose) 
polymerase 1, as can be observed in viral infections, can 
lead to NAD+ depletion and subsequent endothelial 
damage and dysfunction198,199. Additionally, age-related 
impairment in oxidative stress resilience caused by dys-
function of the nuclear factor erythroid 2-related factor 2  
(NRF2) antioxidant defence pathway in vascular 
endothelial cells might also have a role in COVID-19- 
associated endotheliopathy200. Pharmacological activa-
tors of NRF2 have been proposed as potential treatment 
options for COVID-19 (ref.201). NRF2 has powerful 
anti- inflammatory and anti- apoptotic effects in endothe-
lial cells201. Of note, NRF2 dysfunction exacer bates the 
endothelial damaging effect of hypertension and dia-
betes, conditions also known to increase the risk of 
COVID-19- related death201. Therefore, the underlying 
mechanisms of age- related endothelial dysfunction are 
complex and probably involve multiple molecular and 
cellular pathways.

Multisystem inflammatory syndrome and Kawasaki- like 

disease in children and adolescents. The most impor-
tant risk factor for COVID-19 is age. Endotheliopathy 
and thrombocytopathy occur with ageing, and healthy 
child ren and adolescents have little to none of the 
endothelial damage and platelet dysfunction seen 
in adults189,190. Children were initially thought to be 
at very low risk of developing COVID-19. Children 
with SARS- CoV-2 infection typically had mild or 
no COVID-19 symptoms, and hospitalization rates 
were low202–204. However, as the COVID-19 pandemic 
progressed, reports of children hospitalized with an 
unusual multiorgan inflammatory syndrome simi-
lar to Kawasaki disease were published202–204. The con-
dition is characterized by high levels of inflammation  
in multiple organ systems, including the cardiovascular,  
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respiratory, haematological, gastrointestinal and muco-
cutaneous systems and was later defined as multi system 
inflammatory syndrome in children (MIS- C)205–208. The 
delayed onset of MIS- C, several weeks after the initial 
COVID-19 symptoms205–207, sug gests that the syndrome 
is the result of an excessive immune response rather 
than the viral infection itself209. Notably, whereas adults 
with severe COVID-19 frequently have cardiovascular 
comorbidities, the majo rity of children with COVID-19 
are healthy and without the cardiovascular risk factors 
that predispose to severe disease205–208. Mortality among 
paediatric patients is low despite ICU admission being 
common205,206, probably owing to the lack of accom-
panying endotheliopathy and thrombocytopathy in  
paediatric patients compared with older patients189,190.

Around 33% of all patients with MIS-C show fea-
tures similar to those in patients with Kawasaki dis-
ease, particularly patients aged ≤5 years205–207. Kawasaki 
disease is a vasculitis in which damage to the vascular 
endothelium can lead to arterial vasculopathy and aneu-
rysm formation in the coronary vasculature and other 
arteries205,206,210. Neutrophils and other immune cells 
enter the vessel wall, promoting endothelial damage 
and subsequent myofibroblast hyperproliferation210. 
Thrombocytopathy and endotheliopathy are shared 
factors in the pathogenesis of both COVID-19 and 
Kawasaki disease211. Endothelial function can remain 
impaired for years after Kawasaki disease resolves212. 
Intravenous immunoglobulins and aspirin are the main 
therapeutic approaches for Kawasaki disease, to suppress 
the immune response and platelet function213–217. Given 
that MIS- C has similar symptoms and causes to those of 
Kawasaki disease, these drugs could potentially target 
the effects of MIS- C and might be considered in adult 
patients with COVID-19.

Cardiovascular risk factors and COVID-19

In healthy individuals, platelets do not directly interact 
with the endothelium, with both being in a quiescent 
state (fig. 1). Quiescent endothelial cells secrete a number 
of crucial mediators that act synergistically to prevent 
local platelet aggregation, including NO (through the 
cGMP pathway)218 and prostacyclin (also known as 
prostaglandin I2, which acts through the cAMP path-
way)219,220. Endothelial cells can also synthesize and 
release tissue plasminogen activator that converts 
plasminogen to plasmin, thereby activating fibrinoly-
sis and clot dissolution221–223. Thrombomodulin on the 
endothelial cell surface binds thrombin with high affin-
ity to prevent platelet activation and fibrinogen cleav-
age. These factors are essential to maintaining blood 
fluidity, particularly in the microvasculature because the 
endothelium in these small vessels is exposed to larger 
fractions of blood (owing to the smaller diameter) than 
the endothelium in larger vessels221. After vascular stress 
or injury, cross- activation of platelets and the endothe-
lium is essential to the response and repair processes: 
platelets release several endothelial cell- targeted vaso-
active substances such as thromboxane (which acts 
through thromboxane receptors), ADP (via P2Y puri-
noceptors), serotonin (via 5- hydroxytryptamine and 
serotonergic receptors) and PAI1 (which effectively 

inhibits the action of endothelial- associated plasmino-
gen activator)221. vWF is released from both endothelial 
cells and platelet storage granules and mediates platelet 
adhesion to the endothelium. Evaluation of circulating 
vWF multimers in patients with COVID-19 might be 
informative because COVID-19 pathology has signa-
tures of thrombotic thrombocytopenia purpura, which 
is characterized by thrombocytopenia, microthrombi, 
endothelial cell dysregulation and increased circulating 
levels of vWF multimers224,225. Elevated circulating levels 
of vWF seem to have prognostic relevance in COVID-19,  
being associated with severe disease69. Similarly, increa sed  
release of thrombomodulin is also associated with high 
mortality in patients with COVID-19 (ref.69). All these 
factors probably contribute to the thrombotic micro-
angiopathy found in multiple autopsy studies of patients 
with COVID-19 (ref.44).

In inflammatory conditions, the crosstalk between 
platelets, the coagulation system and the endothelium 
is perturbed and can exacerbate the inflammatory pro-
cess226. Oxidative stress and inflammatory stress asso-
ciated with hypertension227,228, diabetes mellitus72,94,128, 
old age138,229,230, lung disease142,231 and many other 
systemic diseases can lead to platelet and endothelial 
dysfunction221. We and others have demonstrated that 
diabetes mellitus, obesity, old age and lung disease are 
associated with platelet activation and induce platelet 
apoptosis via increased oxidative stress and mitochon-
drial damage72,128,159,232. Moreover, these cardiovascular 
risk factors can also lead to endothelial cell activation, 
damage and dysfunction233–236. Thrombocytopathy and 
endotheliopathy, in conjunction with inflammation 
and coagulopathy, are exacerbated in patients with 
SARS- CoV-2 infection, leading to increased throm-
bosis and risk of embolization (fig. 1). This fatal com-
bi nation of thrombocytopathy and endotheliopathy  
is highlighted by observations that increased levels 
of markers of platelet and endothelial cell activation 
and damage are associated with an increased risk of 
ICU admission and death in patients with COVID-19 
(refs69,75). Thrombocytopathy and endotheliopathy lead 
to the formation of occluding microthrombi not only in 
the lungs but also in many other organs including the 
heart, kidneys and liver, supporting the observation of 
widespread thrombotic microangiopathy in patients 
with COVID-19 (ref.44). This platelet–endothelial 
interaction in health and disease might hold the key to 
developing effective new targeted therapies.

Potential therapeutic approaches

Evidence- based guidelines for the treatment of COVID-19  
have been established by many institutions, profes-
sional societies and countries, including the NIH237 and 
the Centers for Disease Control and Prevention in the 
USA238. Supportive care and respiratory support remain 
the cornerstone of therapy. Evidence of improvement 
(symptoms, disease duration and/or survival) has been 
observed with some antiviral therapies (remdesivir239), 
antibodies (convalescent serum240), anti- inflammatory 
agents (dexamethasone241), immunomodulatory thera-
pies (tocilizumab89) and anticoagulants (heparin242), 
although placebo- controlled, randomized clinical trials 
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are needed to prove efficacy definitively. Despite these 
therapies, the case fatality rate of COVID-19 remains 
high, especially in elderly patients186. Therefore, new 
targets and strategies are urgently needed. As described 
in this Review, thrombosis is a major cause of death in 
patients with COVID-19. Targeting the coagulation 
pathway with agents such as heparin seems to be effec-
tive, particularly for venous thromboembolism, and 
has been highlighted in several previous reviews59,243. 
Targeting thrombocytopathy and endotheliopathy might 
provide additional new therapeutic strategies of particu-
lar benefit to those patients with cardiovascular risk fac-
tors. Given the close interactions between platelets and 
vascular endothelial cells, a number of FDA- approved 
drugs targeting these cell types in vascular disease, which 
are currently under investigation for COVID-19, might 
help to reduce COVID-19 morbidity and mortality.

On the basis of our current understanding of the 
mechanisms of thrombocytopathy and endothelio p-
athy, therapies directed against platelet activation and 
apoptosis and/or improving endothelial cell health 
might be effective for treating patients with COVID-19.  
Importantly, therapies aimed at preventing platelet and 
endothelial cell dysfunction should also be consi dered. 
Although anticoagulants are currently in use for the treat-
ment of patients with COVID-19, specific antiplate let 
agents might also be worth investigating. The two main 
naturally occurring agents that benefit both the endothe-
lium and platelets are endothelial- derived NO (through 
the cGMP pathway) and prostacyclin (through the cAMP 
pathway) (figs 1,4). Prostacyclin is a naturally occurring 
metabolic product of the fatty acid arachidonic acid, pre-
dominantly synthesized in endothelial cells by cycloox-
ygenase 2 and prostacyclin synthase. Prostacyclin is  
an approved therapy for pulmonary hypertension and 
is available in several forms, including inhaled epopros-
tenol, iloprost and treprostinil, as well as in intravenous 
and oral forms244. Prostacyclin is antithrombotic, being a  
potent inhibitor of platelet activa tion, and reduces 
arterial tone through antiproliferative and vasodilatory 
actions on vascular smooth muscle cells245,246. In addi-
tion, growing evidence indicates that prostacyclin also 
has anti-inflammatory effects through reducing the 
production of the pro- inflammatory cytokines IL-1β 
and IL-6 and increasing vWF proteolysis246,247. NO has 
pleiotropic actions that protect against vascular dis-
ease by promoting vascular smooth muscle cell relaxa-
tion (vasodilatation), inhibiting platelet activation and 
reducing leukocyte adhesion and inflammation, while 
also being an antioxidant248,249. These collective effects 
suggest that inhaled NO might be a promising strategy 
for the treatment of patients with COVID-19, and  
multiple trials of inhaled NO are in progress250.

Given that prostacyclin has beneficial effects in 
platelets and the endothelium by increasing cAMP 
levels, other oral agents that raise cAMP levels in these 
cell types might also be potential therapeutic strategies 
for COVID-19. These include the phosphodiesterase 3 
inhibitors, such as dipyridamole and cilostazil, which 
are currently used for stroke prevention and periphe-
ral vascular disease251–253. A small study has suggested 
a benefit of dipyridamole in patients with COVID-19, 

showing a reduction in biomarkers of disease severity 
(such as d- dimer levels) and improved clinical out-
comes252. Antiplatelet drugs alone, such as aspirin and 
P2Y purinoceptor 12 inhibitors, might be another option 
to provide antithrombotic protection in these patients. 
Although reviews on COVID-19 antithrombosis men-
tion aspirin only for the acute treatment of arterial 
thrombotic complications of COVID-19, prophylactic 
antiplatelet agents are now being included in thera-
peutic algorithms for the management of patients with 
COVID-19, and many clinical trials on the prophylactic 
use of antiplatelet agents are proposed or are under-
way254–256. Low- dose aspirin has long been used for the 
treatment of Kawasaki disease, features of which have 
been associated with COVID-19. In addition, platelets 
are increasingly recognized to have a role in Kawasaki 
disease211. However, aspirin and other antiplatelet agents 
do not address endotheliopathy. Other agents such as 
antioxidants (vitamin C and vitamin E) and fish oils have 
been explored as potentially being beneficial to both 
platelets and the endothelium221. However, the efficacy 
of these agents remains uncertain, particularly in a rapid, 
acute disease process. Additional therapeutic strategies 
that might afford protection against endothelial injury 
or death are also being actively investigated in the con-
text of COVID-19. Complement inhibition, which can 
protect endothelial cells against complement- mediated 
injury, is being tested in a large, randomized, placebo- 
controlled trial257–259. Statins, which have pleiotropic  
effects on endothelial cells in addition to their lipid- 
lowering effects260, are also being actively investigated  
for the treatment of patients with COVID-19 (refs261–263). 
Other, broader immunomodulatory agents might 
afford endothelial protection by suppressing the innate 
immune response that can injure endothelial cells. 
Current therapies for COVID-19 remain inadequate as 
they do not substantially reduce morbidity and mortal-
ity, but as new mechanistic insights emerge from con-
certed biomedical research efforts, opportunities will 
continue to arise to identify potentially safe and effective 
therapeutic strategies.

Conclusions

Platelets and endothelial cells are two highly symbiotic 
cell types whose dysfunction contributes to COVID-19- 
associated inflammation, coagulopathy, thrombosis 
and death. The mechanisms of thrombocytopathy and  
endotheliopathy remain poorly understood in the context 
of COVID-19. However, the mechanisms of thrombo-
cytopathy and endotheliopathy are well studied in the 
context of the cardiovascular risk factors (such as diabetes 
mellitus, obesity and ageing) that have been associated 
with increased COVID-19 morbidity and morta lity. 
Patients with COVID-19 and cardiovas cular risk factors 
such as diabetes mellitus, obesity and old age have a high 
incidence of venous thromboembolism, arterial throm-
bosis and thrombotic microangio pathy, which con-
tribute to the high mortality seen in these patients28–37. 
Correlations between the increased mortality and the 
presence of elevated levels of biomarkers of endothe-
lial and platelet damage and dysfunction in patients 
with COVID-19, and autopsy reports demonstrating  
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changes in endothelial morpho logy and extensive 
thrombosis, have confirmed the crucial importance of 
endotheliopathy and thrombocytopathy in COVID-19 
(refs43,54,69,75,130). Despite improved understanding of the 
management of patients with COVID-19, the overall 
mortality in these patients remains high, parti cularly 
among patients at high cardiovas cular risk28–37. As we 
approach 1.5 million COVID-19-related deaths world-
wide, new therapeutic strategies are urgently needed. 

Now is the time to harness our understanding of throm-
bocytopathy and endotheliopathy and directly target 
and prevent this platelet and endothelial dys function. 
The necessary collaboration between the scientific and 
medical communities with diverse and complementary 
expertise will help us to navigate the current and future 
coronavirus pandemics.
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