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Patients with COVID-19 often have hypoxemia, impaired lung function, and

abnormal imaging manifestations in acute and convalescent stages. Alveolar

inflammation, pulmonary vasculitis, and thromboembolism synergistically

damage the blood-air barrier, resulting in increased pulmonary permeability

and gas exchange disorders. The incidence of low platelet counts correlates

with disease severity. Platelets are also involved in the impairment of pulmonary

microcirculation leading to abnormal lung function at different phases of

COVID-19. Activated platelets lose the ability to protect the integrity of blood

vessel walls, increasing the permeability of pulmonary microvasculature. High

levels of platelet activation markers are observed in both mild and severe cases,

short and long term. Therefore, the risk of thrombotic events may always be

present. Vascular endothelial injury, immune cells, inflammatory mediators,

and hypoxia participate in the high reactivity and aggregation of platelets in

various ways. Microvesicles, phosphatidylserine (PS), platelets, and coagulation

factors are closely related. The release of various cell-derived microvesicles

can be detected in COVID-19 patients. In addition to providing a phospholipid

surface for the synthesis of intrinsic factor Xase complex and prothrombinase

complex, exposed PS also promotes the decryption of tissue factor (TF) which

then promotes coagulant activity by complexing with factor VIIa to activate

factor X. The treatment of COVID-19 hypercoagulability and thrombosis still

focuses on early intervention. Antiplatelet therapy plays a role in relieving the

disease, inhibiting the formation of the hypercoagulable state, reducing

thrombotic events and mortality, and improving sequelae. PS can be another

potential target for the inhibition of hypercoagulable states.
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Introduction

Many COVID-19 patients, in both acute and convalescent

stages, have symptoms of shortness of breath and dyspnea,

accompanied by hypoxemia, impaired lung function (the

diffusing capacity of the lung for carbon monoxide (DLCO)

<80%), and abnormal imaging manifestations (interstitial

infiltration, ground-glass opacity (GGO) and fibrosis) (1–5).

Pulmonary diffusing dysfunction is ultimately attributed to

damage to the blood-air barrier, including abnormalities in

alveolar ventilation and pulmonary blood perfusion. Alveolar

inflammation, pulmonary vasculitis, and thrombosis/

embolism all have detrimental effects on pulmonary alveoli

and microcirculation. Under the migration of macrophages

that exist in the alveolar interst i t ium, pulmonary

inflammation first appears on the alveolar side of the blood-

air barrier. Further infection of type II alveolar epithelial cells

by a large number of viruses leads to various immune cells,

inflammatory mediators, and cytokines interacting to initiate

inflammatory cascades, forming a cytokine storm and

allowing more extensive infiltration of the alveoli (6, 7). In

severe cases, the immune system is compromised, and the

population of lymphocytes decreases or even collapses. The

immune response can spread to vascular endothelial cells,

allowing SARS-CoV-2 to directly invade angiotensin-

converting enzyme 2 (ACE2) receptor-expressing vascular

endothelial cells. Local vasoconstriction occurs after

pulmonary vasculitis. The exposed collagen at the injury

site promotes platelet activation, initiates the coagulation

cascade, and eventually forms microthrombi or large

thrombi in situ, resulting in increased intravascular

pressure (8, 9). The mechanism by which platelets lead to

impaired lung function has not been elucidated in detail. The

function of platelets is complex. Platelet count and activity

may be abnormal during both the acute and convalescent

phases of COVID-19. The influence of virus-induced

microenvironmental changes which induce platelets into a

procoagulant phenotype appear to exist during many stages

of COVID-19. COVID-19 patients have been shown to

exhibit high levels of platelet-derived microvesicles (pEVs),

similar to patients with acute respiratory distress syndrome

(ARDS) and H1N1. Therefore, this review focuses on the

effect of platelets on pulmonary microcirculation (including

vascular endothelial injury and thrombosis) and explores

the capability of endothelial injury, inflammation, and

hypoxia to promote the formation of procoagulant platelets

throughout COVID-19 disease progression. Additionally, we

emphasize the role of phosphatidylserine (PS)-positive

microvesicles (MVs) and discuss the treatment for COVID-

19 hypercoagulability and thrombosis.
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Low platelet count: Weak
endothelial protection

In SARS-CoV-2 infection, platelet consumption induced by

pulmonary or extrapulmonary thrombosis/embolism and

platelet destruction by immune-associated complement and

antibodies are directly responsible for thrombocytopenia (9,

10). However, in the early stage of COVID-19, platelet

consumption results from the formation of microthrombi,

which then stimulates the release of new platelets by

megakaryocytes from the bone marrow in a system of

feedback compensation, resulting in a slight or no reduction in

platelet count. In a retrospective, observational study conducted

by Barett et al., high immature platelet fraction and increased

mean platelet volume were found in patients with COVID-19,

indicating an accelerated rate of platelet renewal (11). In other

comparative studies, similar increased immature platelet count

was shown in patients with COVID-19 (12, 13). For severe and

critically ill patients, the consumption of platelets and

coagulation factors is massively increased due to platelet

activation by cytokine storm, causing severe endothelial

damage leading to enhanced contact between platelets and

endothelial cells, white blood cells and erythrocytes, which

promotes extensive formation of thrombi. When the bone

marrow cannot mobilize and release sufficient platelets,

exhaustion of platelet levels occurs (14). Thus, low platelet

count has been shown to be associated with the severity of

COVID-19 (15). The results of a retrospective cohort study

showed that 36.2% of COVID-19 patients had low platelet

counts (< 150*109/L) on admission. With increasing disease

severity, the incidence of low platelet counts increased. And

platelet levels were lower in critically ill patients than in severe

patients (16). Chen et al. studied low platelet counts that

occurred 14 days after symptom onset (known as delayed-

phase thrombocytopenia) and showed that 11.8% of patients

developed transient delayed-phase thrombocytopenia (17). This

could be a combination of the immune system and impaired

megakaryocyte growth. Townsend et al. evaluated coagulation

markers four months after SARS-CoV-2 infection, and more

than 90% of convalescent patients had platelet counts in the

normal range (18). Interestingly, a rare complication of

adenovirus-based vaccination against SARS-CoV-2, vaccine-

induced immune thrombotic thrombocytopenia (VITT), also

leads to low platelet counts (19–23). Additionally, in a self-

controlled case series study, low platelet counts and an increased

risk of thrombotic events were observed following initial

vaccination with ChAdOx1 nCoV-19 and BNT162b2 mRNA

vaccines (24). The specific pathogenesis in these phenomena is

not fully understood, although initial research into VITT

suggests that it is mediated through anti-platelet factor 4
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antibodies that activate platelets leading to thrombosis and

consumptive coagulopathy (25). It may also be related to

variant proteins produced in human cells in response to the

mRNA carried by the vector (26).

During inflammation, platelets not only coordinate the

chemotaxis of leukocytes but also maintain the integrity of the

endothelial barrier at the injury site in what is termed

“inflammation-related hemostasis”. In fact, evidence has

shown that platelets protect the integrity of microcirculation.

For example, in mice with acute skin inflammation, bleeding

events occurred early and persisted in the platelet-depleted

group, while only a few ecchymoses occurred in the normal

platelet group (27). Another study found that mice deficient in

the platelet-derived angiogenesis protein 1 (ANGPT1) gene had

increased microsphere leaks at the site of leukocyte

extravasation, with similar results using an anti-glycoprotein

Iba antibody. The authors propose that platelet ANGPT1

interacts with endothelial Tie-2 to prevent passive plasma

leakage (28). The permeability of pulmonary microcirculation

is of particular concern. The blood-air barrier, where the lungs

communicate with the outside world, is highly susceptible to

inflammation when pathogens invade, and studies have shown

that megakaryocytes exist in large quantities in the pulmonary

circulation where they are able to dynamically release platelets in

the lungs (29–31). Histological and experimental examination of

patients with inflammatory lung disease revealed an increased

number of peripheral blood megakaryocytes (32). Postmortem

reports of non-survivors of COVID-19 also showed significantly

elevated megakaryocyte levels, which may be related to the

promotion of thrombopoietin production and upregulation of

JAK-STAT signaling by the high inflammatory response (33). At

the same time, shortened megakaryopoiesis and retention of

megakaryocytes in the lung result in no concomitant increase in

platelet count (34). In studies of isolated rabbit and sheep lungs,

an artificially low platelet state increased pulmonary

microvascular permeability, leading to pulmonary edema and

fluid accumulation (35, 36). Pulmonary capillary leakage and

low platelet counts are often observed together in critically ill

ARDS patients (37, 38). Human platelets have also been

observed to reduce vascular endothelial permeability in vitro

(39). In another ARDS study, the use of the platelet C-type

lectin-like 2 (CLEC-2) ligand (podoplanin) protected

alveolar-capillary integrity (40). Therefore, the protective

effect of platelets on the vascular endothelium may be

underappreciated in acute lung infection. Prior to the

occurrence of pulmonary capillary leakage, platelets, together

with endothelial cells, can protect the vascular wall structure of

pulmonary microcirculation in the early immune response to

avoid the leakage of blood components into the interstitium and

alveolar cavity and to ensure the normal lung function.

In severe and critical COVID-19 patients, the incidence of

severe pulmonary inflammation is high, often accompanied by

the pathological manifestations of diffuse alveolar injury
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including the leakage of plasma components into the alveolar

cavity (41). At this time, the viral load increases sharply, and

abundant immune cells are recruited and activated to release

inflammatory mediators and cytokines, which damage alveolar

epithelial cells and vascular endothelial cells. Although cytokine

storm is an important factor in causing severe pneumonia and

pulmonary dysfunction (6, 7, 42), the weakening of vascular

endothelial protection caused by the reduction of platelets also

contributes. The integrity of the blood vessel wall cannot be

maintained, and the permeability of the pulmonary

microcirculation is further increased by the combined effects

of viruses, inflammation, and increased pulmonary vascular

pressure. With the gradual accumulation of fluid, the effective

volume of the alveolar space, the tidal volume and vital capacity

decrease, worsening dyspnea. Airflow leads to the evaporation of

water in the alveolar cavity, causing residual plasma proteins and

necrotic alveolar epithelial debris to form a hyaline membrane

(43). Even if sufficient oxygen can be ensured, the pulmonary

condition cannot be reversed due to the destruction of the lung

structure and the reduction of the effective volume of the

alveolar space (43, 44).
Enhanced platelet activity:
Thrombogenesis

Physiological hemostasis is a repair process involving

platelets, coagulation cascade, and a variety of factors that

form platelet-fibrin complexes locally at the damaged blood

vessel site (45). Thrombosis is a disordered pathological

process (46, 47). Platelets bind to von Willebrand factor

(vWF), which is attached to subcutaneous collagen fibers via

glycoprotein (GP) Ib/IX/V complexes. Platelet granules are then

released. Further, adenosine diphosphate (ADP), thromboxane

A2 (TXA2), 5-hydroxytryptamine, and platelet factor IV are

released from the granules. Platelets aggregate due to the

action of GP IIb/IIIa, Ca2+, and fibrinogen. Under the

synergistic effect of thrombin, ADP, TXA2, and intrinsic and

extrinsic coagulation pathways, platelets aggregate inside the

growing thrombus, which locally seals off damaged blood

vessels. The risks of thrombosis and embolism are important

to consider in pulmonary syndrome. They affect the ventilation/

perfusion ratio and cause hypoxia in serious cases. From the

acute phase to the recovery phase, platelet activity should be

continuously monitored in COVID-19 patients. A single-center

cross-sectional study showed that the platelet activation marker

soluble CD40 ligand (sCD40L) was significantly higher in

intensive care unit (ICU) patients than in non-COVID-19 and

non-hospitalized controls (48). Barrett et al. found that in

hospitalized patients with COVID-19, platelet activation

markers (such as thromboxane B2 (TXB2), p-selectin, and

sCD40L) were associated with increased mortality, with
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plasma TXB2 increasing the risk of thrombosis (Figure 1A) (49).

Alterations in platelet phenotype can also occur in patients with

mild symptoms and may even persist into the recovery phase.

McCafferty et al. compared the phenotype of platelets in SARS-

CoV-2 positive group and SARS-CoV-2 exposed individuals and

found an increase in both PAC1-positive and CD62P-positive

platelets (50). The data confirm platelet activation and suggest

that patients with mild disease may be at risk for thrombosis

during both the acute and convalescent periods. These studies

indicate that the risk of thrombotic events may always exist in

COVID-19 patients whether with mild or severe disease in the

short or long term. The presence of SARS-CoV-2 particles and

viral proteins in a significant fraction of platelets has been

detected in severe COVID-19 patients, and virus-platelet

interactions amplify platelet activation. As part of the defense

mechanisms against SARS-CoV-2, platelets recognize

intracellular viral components to degrade them via
Frontiers in Immunology 04
autophagosomes and autophagolysosomes (51). Platelets

containing viruses may also originate from bone marrow and

lung megakaryocytes infected by SARS-CoV-2 and become

infectious through being captured by lung macrophages (34).

SARS-CoV-2 appears to have the ability to impact mitochondria

in platelets and lead to thrombotic or bleeding events depending

on the extent of mitochondrial damage (52).

In COVID-19, the classic cause of respiratory dysfunction is

local or diffuse pulmonary inflammation. As the disease

progresses chest radiographic findings change from patchy

shadows in the lateral lung to bilateral pulmonary GGO (53).

However, there are also studies reporting that patients with

COVID-19 hypoxemia have good lung compliance but

abnormal pulmonary blood perfusion (54, 55). In addition,

autopsy results showed microthrombi around normal alveoli

(9). These results emphasize the importance of thrombogenesis

induced by activated platelets. In severe cases, pulmonary
B

C

D

E

A

FIGURE 1

Origin and procoagulant activity of microvesicles (MVs). (A) During acute local inflammation, invasive SARS-CoV-2 triggers the immune
response in which neutrophils and monocytes are recruited and cytokines activate platelets. When COVID-19 worsens, platelets are easily
activated by high viral load, cytokine storm, damaged vascular endothelium, and platelet-leukocyte aggregates, forming widespread (micro-)
blood clots in the body, which can lead to poor circulation, hypoxemia and multiple organ failure. Platelet activation markers (such as
thromboxane B2, p-selectin, soluble CD40 ligand, and mean platelet volume) are associated with increased mortality and the risk of thrombosis.
(B) MVs are plasma-membrane-derived particles that can be generated by direct budding or fission when cytoskeletal proteins are disrupted.
Both tissue factor (TF) and phosphatidylserine (PS) on the surface of MVs can promote the generation of the procoagulant state. (C) Various
types of cells release MVs in the circulation, including platelets, endothelial cells, red blood cells, neutrophils, lymphocytes, and monocytes,
among which platelets are the most important. (D) In addition to providing a phospholipid surface for the synthesis of the intrinsic and extrinsic
tenase complex (FIXa-FVIIa-Ca2+-PS) and prothrombinase complex (FXa-FVa-Ca2+-PS), PS can also facilitate the decryption of TF and promote
TF-FVIIa complex formation to participate in extrinsic coagulation. The TF-FVIIa complex catalyzes the activation of FX and FIX. (E) PS can
facilitate the decryption of TF.
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(micro)thrombosis occurs, and pulmonary capillary pressure

increases, leading to pulmonary hypertension. The pressure

difference between the two sides of the blood-air barrier

pushes more plasma components into the alveolar cavity.

Since the cardiopulmonary system is connected by blood

vessels, pulmonary hypertension caused by vascular

thrombosis can be transmitted to the heart. At the same time,

cytokine storm and endothelial dysfunction also play a

synergistic role in the formation of extrapulmonary

complications. Of concern is that cardiovascular disease may

further aggravate hypoxemia. In the acute phase, the

compensatory manifestations of increased heart rate and

enhanced myocardial contractility can aggravate myocardial

oxygen consumption and accelerate the occurrence of

myocardial dysfunction. In the decompensated phase, normal

myocardial contraction and relaxation are impaired. With

pulmonary circulation congestion and insufficient systemic

circulation blood volume, patients may develop systemic

ischemia and hypoxia, accompanied by decreased return

blood volume.
Persistent factors promoting
platelet-thrombogenesis
in COVID-19

Vascular endothelial injury

Under physiological conditions, vascular endothelial cells

have smooth surfaces, which inhibit platelet adhesion and fully

cover the underlying collagen fibers. The endothelium releases

prostacyclin (PGI2) and nitric oxide (NO) to inhibit platelet

activation and prevents platelet amplification by NTPDase-1

(46). Elevated levels of endothelial stress products are often

detected in the circulating blood of COVID-19 patients. Goshua

et al. found that 80% of non-ICU patients had higher

concentrations of vWF antigen than normal. ICU patients

were associated with further elevated markers of vascular

endothelial and platelet activation, including vWF antigen

(565% vs. 278%) and soluble P-selectin (15.9 ng/mL vs. 11.2

ng/mL) (48). Another study indicated that among ICU patients

with COVID-19, levels of endothelium biomarkers (such as

soluble E-selectin, soluble P-selectin, angiogenin (Ang) 2,

soluble intercellular adhesion molecule-1, and vWF) were

higher in non-survivors (56). Fogarty et al. evaluated patients

recovering from COVID-19 and found that vWF antigen, vWF

propeptide, factor VIII and soluble thrombomodulin were

significantly elevated (57). Persistent endothelial injury may be

observed even in patients who are not hospitalized. These results

suggest that activation of vascular endothelial cells may persist.

In another study, Rauch et al. co-cultured human pulmonary

microvascular endothelial cells (HPMVEC) in vitro with plasma
Frontiers in Immunology 05
from patients in acute and convalescent phase and observed that

plasma from COVID-19 patients significantly reduced the

activity of HPMVEC (58). Among them, the cytotoxicity of

ICU patient plasma was the strongest, indicating that infected

plasma can trigger microvascular endothelial cell damage.

In respiratory diseases, the alveolar side of the blood-air

barrier can initiate the immune response through direct

interaction with pathogens, while the vascular endothelial side is

often affected by inflammation (59). At first, local damage occurs

at the weak part of the blood-air barrier, followed by the

aggregation of immune cells and cytokines. Cascading

inflammatory reactions form a cytokine storm, which increases

vascular endothelial permeability, accelerates the influx of

inflammatory factors, and gradually increases the scope of

vascular endothelial injury. A series of autopsy results of

COVID-19 deaths revealed that viral components, such as

SARS-CoV-2 inclusion bodies, were found in vascular

endothelial cells. Studies have shown that immunocompromised

patients are at risk for virus persistence, co-infection, and

reinfection (60, 61), and the virus has the possibility of hiding

in the body resulting in long-term symptoms (62). SARS-CoV-2

invades vascular endothelial cells and binds to ACE2 receptors,

inducing a procoagulant state. ACE/ACE2 imbalance inhibits the

conversion of angiotensin (Ang) II to Ang1-7. Ang II, which is

generated by Ang I through ACE, then accumulates, causes

vasoconstriction, endothelial activation, and thrombosis,

affecting hemodynamic homeostasis (63–66). An experimental

model of ACE2 knockout mice promotes vascular inflammation

and platelet aggregation, while increased ACE2 can provide

protection for the vascular endothelium (65).

After vascular endothelial cells are damaged, the factors

(PGI2, NO, NTPDase-1), which inhibit platelet activation,

aggregation, and expansion, decrease. Exposed basal

membrane collagen enhances platelet adhesion by binding

with platelet membrane GP Ib/IX/V complex via bridging

molecule vWF. Numerous studies have shown that high levels

of vWF are common in all stages of COVID-19 (48, 56, 57).

Damaged endothelium can also promote the coagulation

cascade downstream of platelets by expressing tissue factor

(TF), entrapping other blood cells to form firm clumps.

Moreover, the release of TF pathway inhibitors is reduced,

promoting local coagulation. In a baboon model of sepsis, TF-

induced coagulation cascades played a key role, and inhibition of

TF effectively reduced multiple organ failure and mortality (67).

Many studies have also demonstrated that the up-regulation of

TF expression is related to the formation of immune thrombosis

in COVID-19 (68, 69). A cross-sectional study found that

thrombin-antithrombin III complex concentrations and FVIII

activity were elevated in 90% of non-ICU patients, and

significantly increased in ICU patients (48). From the

perspective of hemodynamics, local vasoconstriction and slow

blood flow are conducive to platelet adhesion when pulmonary

vascular endothelial cells are damaged.
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Inflammation

Pulmonary inflammation is the most common pathological

change in COVID-19. In a follow-up study testing COVID-19

patients for 34 inflammatory-related substances, patients with mild

symptoms showed higher levels of chemokine RANTES (CCL5),

while patients with later-stage disease had significant increases in

cytokines such as interleukin (IL) 6 and interferon-g (IFN-g) (70).
Diffuse alveolar damage can be seen in many patients with severe

and critical COVID-19. Inflammatory infiltration of the pulmonary

interstitium and deposition of intravascular platelet-fibrin thrombi

are important features. In COVID-19, the co-occurrence of

inflammation and platelet thrombus on both sides of the blood-

air barrier also suggests the close relationship between platelets and

the immune system. A retrospective study by Chen et al. found that

in severe COVID-19, inflammatory markers (lactate

dehydrogenase, C-reactive protein, ferritin, procalcitonin, tumor

necrosis factor a (TNF-a), IL-2R, IL-6, and IL-10) were

significantly elevated and T-cell subsets (CD4+ T cells and CD8+

T cells) were reduced (71). Another autopsy study showed

interstitial mononuclear inflammatory infiltration bilaterally in

the liver and especially the lungs. The results indicated that the

concentration of pro-inflammatory CCR6+ Th17 increased,

enhancing cytotoxicity in CD8+ T cells (72). In the whole-body

tissue atlas of COVID-19 established by Dorward et al., the lungs

presented with diffuse alveolar damage and bronchopneumonia.

Patchy vasculitis of the intima of small and medium pulmonary

arteries was also seen, mainly infiltrated by MRP8+ monocytes and

mixed with T cells and macrophages (73). A similar phenomenon

was seen in SARS. Histopathology of severe SARS indicated a large

number of macrophages in the alveoli and lung interstitium (74).

Serological measurements have shown that cytokines (Th1-type

interferon, inflammatory cytokines IL-1, IL-6, and IL-12) and

chemokines (neutrophil chemokine IL-8, monocyte chemokine

protein-1, and Th1 chemokine IFN-g-inducible protein-10) are

significantly increased (75). Accumulation of pathogenic

monocytes/macrophages and elevated cytokine/chemokine was

also detected in a mouse model of SARS-CoV (76). GGO caused

by pulmonary inflammatory exudation is a common imaging

manifestation in the acute phase of COVID-19 that can also

appear in convalescent patients. In a cohort study of thoracic

high-resolution computed tomography, GGO remained the most

common symptom in previously hospitalized COVID-19 patients

at six months of recovery (5). At another follow-up at 12 months,

76% of the severe group still had GGO (4).

Inflammation interacts with platelets, inducing a vicious cycle

(77, 78). Inflammation/immunity is thought to be a potential

promoter of platelet activation, causing the transition of normal

platelets to a procoagulant phenotype and eventually forming

thrombosis. Using in vitro experiments, Hottz et al. showed that

monocyte subsets with high CD16 and low HLA-DR expression

interacted with platelets to promote TF expression and secrete more
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TNF-a and IL-1b, amplifying inflammation in severe COVID-19

(79). Studies have indicated that toll-like receptor 4 signaling

stimulates neutrophils to bind to activated platelets and then

release neutrophil extracellular traps (77). Cell-free DNA activates

the coagulation cascade; and histone components convert platelets,

red blood cells, and endothelial cells to a procoagulant state (80).

These need to be noted in COVID-19 patients with bacterial

infection or sepsis. Both in vivo and in vitro experiments have

proved that TNF-a/TNF-r1 signal and IL-1 can promote the

expression of vascular endothelial vWF, and facilitate platelets

adhesion to endothelial cells via GP Ib/lX/V. Then it transitions

to a hypercoagulable state (81). In addition, inflammatory cytokines

can also enhance the coagulation cascade downstream of the

platelet-thrombus. For example, IL-1 and TNF-a can stimulate

the synthesis of coagulation factors and activate monocytes and

endothelial cells (82). Inflammation or cytokine storm can also

indirectly promote the production of procoagulant platelets by

damaging local or enlarged vascular endothelial cells. In addition,

platelets enhance inflammatory responses, such as regulating

immune cell function, promoting platelet-neutrophil aggregation,

storing immunomodulatory molecules (transforming growth

factor-b, IL-1, platelet-derived growth factor, and CC-chemokine

ligand 5), and expressing Toll-like receptors to bind

microorganisms (83, 84). The role of platelet-mediated vascular

inflammation has been demonstrated in atherosclerosis and

myocardial infarction (85, 86).
Hypoxia

Dyspnea and hypoxemia can be used to assess disease

progression and prognosis in COVID-19. Shortness of breath

and dyspnea are common symptoms at admission. The majority

of hospitalized patients present with mild hypoxemia, but some

patients do not develop respiratory distress until partial arterial

oxygen pressure (PaO2) drops to 60 mmHg (or lower). This

indicates that even if the clinical symptoms are mild at

admission, the patient’s condition may actually be more

severe. In a study in Seattle, when patients were admitted, 53%

had dyspnea, 86% had an abnormal initial chest X-ray, and 41%

developed hypoxia (1). In another retrospective study, mortality

was higher in patients with initial symptoms of respiratory

distress, and hypoxemia was an independent predictor of in-

hospital mortality (87). The long-term effects of SARS-CoV-2 on

the lungs require continuous monitoring of the patients’

respiratory symptoms, lung imaging, and lung function tests.

Mo et al. analyzed the lung function of discharged COVID-19

survivors. Of those studied, 30.4% of patients with mild

pneumonia and 84.2% of patients with severe pneumonia

showed impaired diffusion volume (2). A similar pattern was

observed in patients 30 days after discharge. In patients

discharged after severe disease, lung function was seriously
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impaired, with a higher proportion of DLCO and imaging

abnormalities (3). A comparison of lung function at 6 and 12

months of discharge showed no significant improvement in

dyspnea and diffuse lung injury, with 54% of the severe group

having diffuse lung injury one year after discharge, compared to

23% of patients with milder illness (4, 5). Pulmonary fibrosis is

another important cause of poor pulmonary function in

convalescence. Pulmonary fibrosis is closely related to protein

deposition in the extracellular stroma and fibroblast migration

into muscle cells. Elevated levels of growth factor receptor B1

and respiratory virus infection are involved in this process (5,

88). Hypoxia can lead to inflammation-related gene

transcription and aggravate endothelial injury through hypoxia

inducible factor (HIF) and NF-Bĸ pathway (89). HIF-1a
promotes the production of neutrophil extracellular traps, and

cell-free DNA can activate the contact clotting pathway by

providing negatively charged surfaces. Histone components

can bind to platelets, red blood cells, and endothelial cells and

then activate a procoagulant phenotype (80). In a hypoxic rat

model, bleeding time was significantly shortened in the hypoxic

exposure group. Coagulation tests showed reduced prothrombin

time and activated partial thromboplastin time, as well as higher

platelet reactivity and stronger interaction with fibrinogen (90).

In other pulmonary syndromes such as chronic obstructive

pulmonary disease and sleep apnea, hypoxia has been

implicated in platelet hyperresponsiveness and aggregation

(91, 92). The blood clots cause poor blood flow in the

pulmonary microcirculation, so the vicious cycle of hypoxia

and thrombosis can exacerbate pulmonary dysfunction.
Microvesicles (MVs), platelets,
and thrombosis

MVs are plasma-membrane-derived particles that can be

generated by direct budding or fission when cytoskeletal proteins

are disrupted (Figure 1B), and they are mainly derived from

activated, injured and dead cells. In a high intracellular Ca2+

environment, phospholipid translocation enzymes (floppase and

flippase) are inactivated. PS is exposed to the outer surface of the

cell membrane by scramblase, resulting in a loss of plasma

membrane asymmetry and release of MVs (93–95). Various

types of cells release MVs in the circulation, including platelets,

endothelial cells, red blood cells, neutrophils, lymphocytes, and

monocytes (Figure 1C) (96, 97). During acute local

inflammation, invasive SARS-CoV-2 triggers the immune

response in which neutrophils and monocytes are recruited

and cytokines activate platelets. With viral clearance and

cytokine production, neutrophils, monocytes, lymphocytes,

and platelets undergo activation, damage, and death, releasing

MVs, while lymphocytes primarily produce killer toxins and

promote antibody production. Rausch et al. found that the
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number of PS+ peripheral blood mononuclear cells (PBMCs)

in patients within weeks of the initial diagnosis of COVID-19

was significantly higher than that in healthy controls or

recovered patients (98). When COVID-19 worsens, platelets

are easily activated by high viral load, cytokine storm, damaged

vascular endothelium, and platelet-leukocyte aggregates,

forming widespread (micro-) blood clots in the body, which

can lead to poor circulation, hypoxemia and multiple organ

failure (Figure 1A). These platelets have the characteristics of

large average volume, high activity and short life (as shown by an

increased proportion of immature platelets). In response to

stimulation by massive amounts of cytokines, platelets release

large numbers of platelet extracellular vesicles (pEVs). Such

pEVs are the main circulating MVs in prethrombotic and

inflammatory diseases (99). Zaid et al. showed that pEVs

concentrations were higher in non-severe or severe COVID-19

patients than in healthy controls (100). By grouping surface

antigens, Balbi et al. found that in SARS-CoV-2 infection,

most MVs originated from either the endothelium or platelets

(101). Flaumenhaft et al. demonstrated that megakaryocytes

also produce MVs directly, mainly CD41+, CD42b+ and PS-

expressed MVs (102). MVs can also be found in endotheliocytes

and erythrocytes that have been damaged in the thrombo-

inflammatory environment and then cleared by various

immune cells. Similarly elevated levels of MVs have been seen

in other lung diseases and viral infections. For example,

compared with hydrostatic edema, ARDS had a higher

concentration of alveolar epithelial MVs which showed

stronger procoagulant effects (103). High levels of pEVs are

also seen in other viral infections, such as influenza A and

dengue fever. They promote pEVs release through an FcgRIIa-

related mechanism and a CLEC-2-dependent manner,

respectively (104, 105).

Both TF and PS on the surface of MVs can promote the

generation of the procoagulant state (Figure 1B), which plays an

important role in the activation of the coagulation cascade and

the formation of arterial/venous thrombosis. The TF-FVIIa

complex catalyzes the activation of FX and FIX. A study

analyzed MVs TF activity in COVID-19 patients, and found

that SARS-CoV-2 may induce TF+ MVs release in moderate and

severe disease. Results also indicated that MVs TF activity was

correlated with coagulation markers (D-dimer, international

normalized ratio, prothrombin, fibrinogen. and antithrombin

levels), fibrinolytic levels (plasminase-antifibrinolytic complex),

and endothelial activation markers (vWF) (106). In addition to

providing a phospholipid surface for the synthesis of the

intrinsic pathway factor Xase complex (FIXa-FVIIa-Ca2+-PS)

and prothrombinase complex (FXa-FVa-Ca2+-PS) (Figure 1D),

PS can also facilitate the decryption of TF and promote TF-

FVIIa complex formation to participate in extrinsic coagulation

(Figure 1E). Studies have shown that high PS content of about

30% enables the TF-FVIIa complex to exert the highest

procoagulant activity (107). MVs have been associated with
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the initial formation of platelet thrombi in many animal models.

For example, monocyte-derived TF+ MVs were involved in the

accumulation of platelet-rich thrombi after laser-induced

endothelial injury in mice (108). Another in vitro study

showed that short duration (2-4 h) exposure to monocyte-

derived MVs can lead to PS exposure on the surface of human

umbilical vein endothelial cells and induce procoagulant activity

and apoptosis of endothelial cells (109). Increased MVs may also

predict the occurrence of thrombotic events. One study has

shown that compared with healthy controls, non-severe

COVID-19 group, and sepsis ICU group, platelet membrane

potential depolarization, cytoplasmic Ca2+, and PS

externalization were significantly higher in COVID-19 ICU

patients, and were correlated with organ failure and increased

D-Dimer (110). In addition, the frequency of PS+ and MVs-

bound PBMCs in recovered patients was also statistically

significantly higher than that in healthy donors, indicating that

PS+ MVs+ PBMCs may be a predictor of long-term adverse

prognosis in COVID-19 (98). In a prospective study conducted

by Amabile et al., circulating MVs were an independent

predictor of myocardial infarction and stroke in patients with

end-stage renal failure (111). Pulmonary thrombotic events

appear to accelerate the development of severe conditions.

There is a close relationship between MVs, PS, platelets, and

coagulation factors, and therefore special attention is needed.
Treatment

In COVID-19, the most commonly used means of inhibiting

hypercoagulability and preventing thrombotic events is

anticoagulant therapy, such as unfractionated heparin, low

molecular weight heparin, and direct oral anticoagulant drugs. As

a part of comprehensive antithrombotic therapy, the ultimate goal of

antiplatelet therapy is to control the downstream coagulation

cascade by inhibiting platelet adhesion, aggregation, and release so

as to inhibit thrombosis. In a multivariate analysis, Santoro et al.

found that in-hospital treatment with antiplatelet drugs (e.g., aspirin,

clopidogrel, ticlopidine, prasugrel, or ticagrelor) reduces mortality,

even in subgroups of patients in ICU (112). Results from a

retrospective study showed that patients treated with aspirin had

lower cumulative morbidity during hospitalization than those

without antiplatelet drugs, whether routinely used in critically ill

patients or recommended for all hospitalized patients (113). Another

randomized controlled trial indicated a decrease in the incidence of

thrombosis (4.6% vs. 5.3%) and a 1.2% improvement in survival in

the aspirin group (150mg daily) compared with the usual care group

(114). Some antiplatelet agents also have antiviral, anti-

inflammatory, and anti-cytokine storm mitigation effects. For

example, aspirin irreversibly inhibits cycloxygenase and inhibits

inflammatory effects related to the nuclear transcription of Kappa

B (115). P2Y12 inhibitors exert anti-inflammatory effects by

attenuating cytokine release, platelet-leukocyte interaction, and the
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formation of neutrophil extracellular traps (116). Under the

combined action of anti-platelet and anti-inflammatory

treatments, platelets, other blood cells, vascular endothelial, and

alveolar epithelial cells are less damaged. The decrease in

phosphatidylserine exposure and MVs release inhibits the

decryption of tissue factor and the formation of intrinsic and

extrinsic tenase and prothrombinase complexes, thus indirectly

inhibiting the coagulation cascade triggered by phosphatidylserine

and blocking the formation of thrombosis.

As for the controversies about the efficacy of antiplatelet

drugs, different conclusions may be drawn based on the bias in

clinical trials, such as patients with different disease severity, the

phase and duration of drug use, combinations of other drugs,

diverse primary outcomes, and so on (Table 1). Analysis of a

retrospective study showed no association of antiplatelet therapy

(aspirin and/or P2Y12 receptor antagonists) with survival in

hospitalized patients with COVID-19 (119). In a randomized

controlled study, in-hospital antiplatelet therapy was less likely

to improve organ support-free days within 21 days in critically ill

patients, but it improved the probability of survival to discharge

(97%) and survival over 90 days (99.7%) (120). Berger et al.

focused on non-critically ill hospitalized patients with COVID-

19, and found no improvement in the organ support–free days

within 21 days and no significant differences in the incidence of

thrombotic events or in-hospital deaths between the additional

P2Y12 inhibitor group and the control group with therapeutic

anticoagulation alone (121). Considering that the lifespan of

platelets is only 7-9 days, the late intervention of antiplatelet

therapy may miss the opportunity to modulate platelet

activation and fail to achieve the expected efficacy. Analysis of

an observational cohort study showed that patients receiving

aspirin (81 mg daily), clopidogrel (75 mg daily), dipyridamole

(200 mg BID), ticagrelor (90 mg BID), or prasugrel (10 mg daily)

before admission could reduce the incidence of pulmonary

embolism and death (117). In another study, patients who

used aspirin (median dose: 81 mg; median treatment duration:

6 days) early in treatment (24 hours after admission or seven

days before admission) had lower rates of mechanical ventilation

(35.7% vs. 48.4%) and ICU admission (38.8% vs. 51.0%) (118).

However, Corrochan et al. rejected the efficacy of early

antiplatelet agents and found that pre-admission treatment

with anticoagulants and antiplatelet agents did not

significantly improve mortality and thrombotic events (122).

Results in studies on the early use of antiplatelet agents vary

widely. In addition to differences in study design, a variety of

measures of adverse outcomes, and discussion of single results

versus combined results can have an impact. Another reason for

emphasizing early treatment is that by inhibiting (micro)

thrombosis , hypoxia due to insufficient pulmonary

microcirculation can be avoided. At the same time, the

pulmonary vascular pressure can be maintained in the normal

range to avoid pulmonary edema caused by the large pressure

difference between the two sides of the blood-air barrier.
frontiersin.org

https://doi.org/10.3389/fimmu.2022.955654
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Xiang et al. 10.3389/fimmu.2022.955654
TABLE 1 Summary of studies on antiplatelet therapy in COVID-19.

Studies Study
design

Population Start
time of
APT

Name of
APT

Experimentalintervention Comparator
intervention

Follow-
up
time

Adverse
prognosis and

all-cause
mortality

Evidence of improved prognosis

Santoro 2022
(112)

Prospective
cohort study

7824 Prehospital
and in‐
hospital

Aspirin,
clopidogrel,
ticlopidine,
prasugrel, or
ticagrelor

730 patients (9%) received single
APT (n=680) or dual APT (n=50)
during hospitalization. 66 patients
received additional oral
anticoagulants, unfractionated or
LMWH.

6930 patients
with neither
anticoagulation
therapy nor APT

Until
death or
hospital
discharge

In-hospital APT
was associated with
lower mortality risk
(RR 0.39, 95% CI
0.32-0.48, p<0.01)
in a multivariable
analysis including
cardiovascular risk
factors,
anticoagulation
therapy, and severe
clinical
presentation.

Meizlish 2021
(113)

Propensity
score‐
matched,
observational
study

638 In‐hospital Aspirin 319 patients who were not on home
antiplatelet therapy received in‐
hospital aspirin. Aspirin was for
critically ill COVID-19 patients
before 18 May 2020, and 81 mg
aspirin daily for all hospitalized
patients after 18 May 2020.

319 patients
treated with no
in-hospital
aspirin

Until
death or
hospital
discharge

(1) On
multivariable
analysis of
propensity score‐
matched patients in
the aspirin cohort,
the use of in‐
hospital aspirin was
associated with a
lower cumulative
incidence of in‐
hospital death (HR
0.522, 95% CI
0.336-0.812).
(2) Among patients
admitted after May
18, the cumulative
incidence of in-
hospital death was
significantly lower
in the in-hospital
aspirin cohort
compared with the
no antiplatelet
therapy group (HR
0.036, 95% CI
0.002-0.576).

RECOVERY
Collaborative
Group 2022
(114)

Randomized,
controlled,
open-label,
platform trial

14892 In‐hospital Aspirin 7351 patients were randomly
allocated to usual care plus aspirin
(150 mg daily by mouth, nasogastric
tube, or rectum).

7541 patients
treated with
usual care alone

28 days (1) A reduction in
thrombotic events
(4.6% vs. 5.3%) and
an increase in
major bleeding
events (1.6% vs.
1.0%) were seen in
the aspirin group.
(2) Aspirin was
associated with a
small increase in
the rate of being
discharged alive
within 28 days
(75% vs. 74%; RR
1.06, 95% CI 1.02–
1.10, p=0.0062) but
no improvement in
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TABLE 1 Continued

Studies Study
design

Population Start
time of
APT

Name of
APT

Experimentalintervention Comparator
intervention

Follow-
up
time

Adverse
prognosis and

all-cause
mortality

28-day mortality
(17% vs. 17%; RR
0.96, 95% CI 0.89–
1.04, p=0.35).

Chow 2021
(117)

Propensity
score‐
matched,
observational
study

34675 Prehospital
and in‐
hospital

Aspirin,
clopidogrel,
dipyridamole,
ticagrelor, or
prasugrel

6781 (19.6%) patients received
prehospital antiplatelet therapy,
such as aspirin (81 mg daily),
clopidogrel (75 mg daily),
dipyridamole (200 mg BID),
ticagrelor (90 mg BID), or prasugrel
(10 mg daily). Dual antiplatelet
therapy was used in 7.4% of
patients. Receipt of other
therapeutics (such as
dexamethasone and remdesivir) was
not different between the two
groups.

27894 (80.4%)
patients were not
on antiplatelet
therapy at the
time of
admission. Then,
29.4% of the
control group
received in‐
hospital
antiplatelet
therapy.

NR (1) In‐hospital
mortality was
significantly lower
in patients
receiving
prehospital
antiplatelet therapy
(18.9% vs. 21.5%,
p<0.001), resulting
in a 2.6% absolute
reduction in
mortality (HR,
0.81, 95% CI: 0.76–
0.87, p<0.005).
(2) In the
antiplatelet therapy
group, there was a
significantly lower
rate of pulmonary
embolism (2.2% vs.
3.0%, p=0.002) and
higher rate of
epistaxis (0.9% vs.
0.4%, p<0.001).
There was no
difference in the
rate of other
hemorrhagic or
thrombotic
complications.

Chow 2021
(118)

Retrospective,
observational
cohort study

412 Within 24
hours of
hospital
admission
or in the 7
days before
hospital
admission

Aspirin 98 patients (23.7%) received aspirin
within 24 hours of admission or 7
days before admission. The median
dose of aspirin was 81 mg and the
median treatment duration was 6
days (IQR, 3-12 days).

314 patients
(76.3%) received
no aspirin

NR (1) After adjusting
for confounding
variables, aspirin
use was
independently
associated with a
reduction in the
risk of mechanical
ventilation (aHR,
0.56, 95% CI 0.37-
0.85, P=0.007),
ICU admission
(aHR, 0.57, 95% CI
0.38-0.85,
P=0.005), and in-
hospital mortality
(aHR, 0.53, 95% CI
0.31-0.90, P=0.02).
(2) There were no
differences in major
bleeding or overt
thrombosis
between aspirin
cohort and control
group.
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TABLE 1 Continued

Studies Study
design

Population Start
time of
APT

Name of
APT

Experimentalintervention Comparator
intervention

Follow-
up
time

Adverse
prognosis and

all-cause
mortality

Evidence of no improved prognosis

Schrottmaier
2022 (119)

Retrospective
study cohort

578 In‐hospital Aspirin,
clopidogrel, or
ticagrelor

114 (20.3%) patients received
antiplatelet therapy, such as aspirin
(100 mg daily), clopidogrel (75 mg
BID), ticagrelor (90 mg BID), or a
combination thereof. 522 (92.7%)
patients were treated with
anticoagulation. General inpatients
received prophylactic doses, and
patients with suspected pulmonary
embolism or new thromboembolic
events received therapeutic
anticoagulation.

Patients with no
antiplatelet
therapy or no
anticoagulant
therapy
respectively

NR Analysis of
patient’s survival
using Kaplan–
Meier curves
showed no
association of
antiplatelet therapy
(aspirin and/or
P2Y12 receptor
antagonists) with
survival, whereas
anticoagulation
(LMWH and/or
NOAC) was
associated with
increased survival.

REMAP-CAP
Investigators
2022 (120)

Randomized
clinical trial

1557 critically
ill adult
patients

In‐hospital Aspirin,
clopidogrel,
ticagrelor, or
prasugrel

Patients were randomized to receive
aspirin (n=565) (75-100 mg once
daily) or a P2Y12 inhibitor (n=455),
such as clopidogrel (75 mg once
daily without a loading dose),
ticagrelor (60 mg twice daily
without a loading dose), prasugrel (a
60-mg loading dose followed by 10
mg daily if aged <75 years and
weight ≥60 kg or 5 mg daily if aged
≥75 years or weight <60 kg). All
antiplatelet interventions were
administered enterally until study
day 14 or hospital discharge,
whichever occurred first. Patients
received concurrent anticoagulation
thromboprophylaxis according to
standard care.

529 patients with
no antiplatelet
therapy

90 days (1) In the critically
ill patients treated
with antiplatelet
agents, the
likelihood of
improvement in
organ support–free
days within 21 days
was low. The
median for organ
support–free days
was 7 (IQR 1-16)
in both the
antiplatelet and
control groups
(aOR 1.02, 95% CI
0.86-1.23, 95.7%
posterior
probability of
futility).
(2) The
proportions of
patients surviving
to hospital
discharge were
71.5% and 67.9%
in the antiplatelet
and control groups,
respectively (aOR
1.27, 95% CI 0.99-
1.62, adjusted
absolute difference,
5%, 97% posterior
probability of
efficacy).
(3) Major bleeding
occurred in 2.1%
and 0.4% of
patients in the
antiplatelet and
control groups (a
OR 2.97, 95% CI
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TABLE 1 Continued

Studies Study
design

Population Start
time of
APT

Name of
APT

Experimentalintervention Comparator
intervention

Follow-
up
time

Adverse
prognosis and

all-cause
mortality

1.23-8.28, adjusted
absolute risk
increase 0.8%,
99.4% probability
of harm).

Berger 2022
(121)

Randomized
clinical trial

562 non–
critically ill
patients

In‐hospital Ticagrelor,
prasugrel, or
clopidogrel

293 patients were randomized to a
therapeutic dose of heparin plus a
P2Y12 inhibitor for 14 days or until
hospital discharge, whichever was
sooner. Ticagrelor (60 mg BID),
prasugrel (5 mg daily for <75 years
old with <60 kg; 30 mg load, 10 mg
daily for <75 years old with ≥60 kg),
and clopidogrel (300 mg load then
75 mg daily) were allowed.
Concomitant baseline therapies
included corticosteroids, remdesivir,
and IL-6 receptor antagonists.

269 patients
treated with a
therapeutic dose
of heparin and
usual care

90 days (1) Compared with
a therapeutic dose
of heparin only,
additional P2Y12

inhibitor did not
improve organ
support–free days
within 21 days
during
hospitalization
(aOR 0.83, 95% CI
0.55-1.25).
(2) No significant
differences in the
incidence of
thrombotic events
or in-hospital
deaths between the
P2Y12 inhibitor
group and the
usual care group
(6.1% vs. 4.5%;
aOR, 1.42, 95% CI
0.64-3.13) were
seen.

Corrochano
2022 (122)

Observational
study

1612 Prehospital Aspirin,
clopidogrel,
prasugrel,
ticagrelor,
cangrelor, or
dipyridamole

Patients were grouped according to
treatment received prior to
admission. Before admission, 155
(9.6%) patients received
anticoagulants, and 308 (19.1%)
antiplatelet therapy. Group 1 was
comprised of patients receiving
chronic anticoagulation with VKA,
DOACs, or heparins. Group 2
consisted of patients receiving
antiplatelet therapy.

1135 patients
(70.4%) received
neither
anticoagulation
nor antiplatelet
therapy.

28 days (1) On the
multivariate
analysis (adjusted
for sex, age and
comorbidities), pre-
admission
treatment with AC
(35.5%, OR 1.07,
95% CI 0.70-1.62,
p=0.757) or AP
(35.7%, OR 1.18,
95% CI 0.84–1.66,
p=0.339) did not
significant
influence mortality
rates.
(2) Patients on AC
(4.5%, OR 0.41,
95% CI 0.18–0.93,
p=0.034) had lower
ICU admission
rates than the
control group.
(3) The
antithrombotic
groups (AC or AP)
showed no
statistically
significant
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Therefore, it can reduce the incidence of lung consolidation and

sequela. Currently, in convalescent patients, no guidelines

recommend routine use of antiplatelet agents in patients

without thrombotic risk factors.

S ince the role of ant icoagulants in improving

hypercoagulability and preventing thrombosis in COVID-19 has

been widely recognized, antiplatelet therapy is more often used as a

supplementary treatment. Many guidelines recommend

therapeutic doses of low molecular weight heparin for

hospitalized, non-critically ill patients, and some narrow the

patient population based on oxygen needs or bleeding risk.

Prophylactic-intensity anticoagulant therapy for critically ill

patients has been widely recommended (123–127). The

formation of thrombi or extensive microthrombi consumes a

large number of coagulation factors and platelets, leading to a

hypofibrinolytic state during which antiplatelet or anticoagulation

therapy would be less effective. Thus studies that administer

therapeutic anticoagulation later in disease progression may not

see a significant extension of survival time or improvement in

survival rate. Coagulation abnormalities may exist for a long time,

from the acute stage to the sequelae stage. We believe that it is of

great importance to carry out comprehensive antithrombotic

therapy in the early stage of COVID-19 to prevent thrombosis

or remove (micro) thrombosis before there is a significant

depletion of coagulation factors. If untreated early,

hypercoagulation or thrombosis may cause a rapid increase in

D-dimer, along with higher levels of fibrinogen, vWF, and P-

selectin (14). When entering the period of severe and critical

illness, cytokine storms, severe endothelial damage,

intrapulmonary and extrapulmonary thrombosis, and

consumption of platelets and clotting factors together lead to a

significant risk of bleeding. Some studies of long COVID have

detected higher D-dimer levels than normal (128). In addition,

multiple studies have shown that patients may experience impaired

fibrinolytic function during long COVID, with elevated

plasminogen activator inhibitor-1 levels and decreased thrombi
Frontiers in Immunology 13
solubility (129–132). Buonsenso et al. found that anticoagulant

therapy improved the quality of life in patients with poor

pulmonary microcirculation on SPECT/CT during long COVID,

suggesting extensive cell death, multiple tissue injury, and organ

failure (133). The above data indicates that the improvement of

hypercoagulability is very promising for the improvement of

sequelae. However, the current guidelines do not recommend

routine prophylactic doses of anticoagulant after discharge, with

the exception of the National Institute for Health and Care

Excellence (NICE) guidelines which recommend prophylaxis last

for at least 7 days after discharge (125). Exposed PSmay be another

potential target for inhibiting hypercoagulable states. Studies have

shown that PS can act as a signal to promote a hypercoagulable

state in COVID-19 (98). In addition to being sensitive probes and

effective PS blockers, lactadherin and annexin V act as

anticoagulants by blocking activation of the clotting cascade in

vitro and in vivo. Lactadherin inhibits intrinsic pathway factor Xase

complex and prothrombinase complex by competing with

coagulation factors V and VIII for PS binding sites. It also affects

the formation of TF-FVIIa complex and inhibits the activation of

FII. In contrast, annexin V is unable to inhibit factor Xase complex

and has weak inhibition of the TF-FVIIa complex (134, 135).

Dasgupta et al. demonstrated lactadherin-mediated clearance of

PS+ pEVs in the circulation and observed an increase in the

number of pEVs and thrombin production of more than 2 times

in lactadherin-deficient mice (136). Therefore, the study of

improving the procoagulant state by inhibiting PS can be viewed

as a new direction for the treatment of COVID-19.
Discussion

Low platelet counts and high platelet activity have been

seen in both mild and severe COVID-19 patients and

correlated with disease severity. For survivors, studies have

also observed abnormal platelet counts and platelet activity
TABLE 1 Continued

Studies Study
design

Population Start
time of
APT

Name of
APT

Experimentalintervention Comparator
intervention

Follow-
up
time

Adverse
prognosis and

all-cause
mortality

differences with the
no-antithrombotic
therapy group on
the incidence rates
for thrombotic
events.
APT, antiplatelet therapy; LMWH, low molecular weight heparin; RR, risk ratio; CI, confidence interval; HR, hazard ratio; aOR, adjusted odds ratio; IQR, interquartile range; NR, not
reported; aHR, adjusted hazard ratio; VKA, vitamin K antagonists; DOACs, direct oral anticoagulants; AC, anticoagulant; AP, antiplatelet agent; ICU, intensive care unit; NOAC, novel
oral anticoagulants.
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from the acute phase to the recovery phase. This indicates that

platelet-related risk factors for exacerbation may persist, which

may not only aggravate disease progression and enhance the

risk of thrombosis/embolism events and death, but also

increase the incidence of sequelae in discharged patients.

Therefore, antiplatelet therapy is still very meaningful, even

while the efficacy for patients at different stages may vary. It is

ideal to control platelet activation at an early stage, which plays

a role in relieving the disease, inhibiting the formation of a

hypercoagulable state, reducing thrombotic events and

mortality, and improving sequelae.
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