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Abstract
Background: Coronavirus disease 2019 (COVID-19) infection is related to immune hyperactivity, the release of
inflammatory cytokines, and immunothrombosis. Among the underlying mechanisms in COVID-19 thrombosis,
neutrophil extracellular traps (NETs) formation, NETosis, may have a significant role. COVID-19 thrombi obtained
from extracorporeal membrane oxygenation contained an accumulation of neutrophils and in a higher amount of
NETs when compared with non-COVID-19 thrombi specimens.
Main body: During sepsis and inflammatory status, NETs released from neutrophils and histones and nucleosomes
extruded into the extracellular space and take part in the host innate immunity defense, inflammation, and
thrombosis. Excessive NETosis is related to clinical progression and respiratory failure in infections and sepsis.
NETosis act as a scaffold for thrombus formation, and new associative data support the relation between
deregulated immune responses with thrombus formation and organ failure. NETosis is reported in COVID-19
patients. In COVID-19 infection, overproduction of tissue factor (TF) by neutrophils has a role in immunothrombosis.
Additionally, NETs can trap TF pathway inhibitor (TFPI) as the only endogenous protein that effectively inhibits the
activity of the significant proteases– complexes, TF–FVIIa and prothrombinase.
Conclusion: Because of NETosis can induce intrinsic and extrinsic coagulation cascade activation through the
production of TF, activation of FXII, and inhibition of TFPI and fibrinolysis and induce immunothrombosis, targeting
NETosis may diminish thrombus formation related to NETs in COVID-19 patients.
Keywords: SARS-CoV-2, COVID-19, Thrombosis, Tissue factor, Angiotensin converting enzyme, NETosis, NETs, Factor
seven activating protease (FSAP), Tissue factor pathway inhibitor, TFPI, Acute respiratory distress syndrome, ARDS

Introduction
The pathophysiology of COVID-19 infection-related
thrombosis is still poorly understood. Endothelial damage
and subsequently activation of coagulation cascade can
lead to widespread microvascular thrombi formation in
the lungs and other organs. The lungs injury increases alveolar and capillary permeability that then will be shown
as ground-glass appearance in the chest X-ray, and clearly
ARDS [1]. Elevated evidence has been shown an increased
risk of thrombosis in severe COVID-19 patients and suggested
microvascular
thrombosis
as
a
main
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pathophysiologic parameter in COVID-19 infection [2, 3].
The complement system, inflammatory cytokines, and
neutrophil extracellular traps (NETs) formation, NETosis,
can contribute to coagulation activation [4, 5]. Various
pathogens such as bacteria, fungi, protozoa, and viruses
can activate NETosis. Cytokines and chemokines like IL-8
and TNF, antibodies and immune complexes, and microcrystals can induce NETs formation [6–8].
NETs are actively released from neutrophils into the
extracellular space [9]. NETs formation is a part of innate immunity and is described as responsible for trapping the pathogens, killing the microbes, and inducing
inflammation [10]. The NETosis contributes to sepsis
and acute respiratory distress syndrome(ARDS)
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pathogenesis and causes vascular tissue damage, thrombosis, multiorgan failure, and death [11, 12]. Increased
NETs formation correlates with COVID-19 related
ARDS and is a potential biomarker for the disease severity [13, 14]. SARS-COV-2 may directly infect monocytes/ macrophages and induce tissue factor (TF)
expression/release from these cells that may play a critical role in developing COVID-19 coagulopathy [15].
NETs used several pathways that support fibrin formation and enhance platelets activation and thrombosis.
NETs can stimulate thrombosis in a platelet-dependent
manner by adhesion and activation of platelets and binding the cells to von Willebrand factor (VWF) and fibrinogen or directly by coagulation cascade activation
[16]. Neutrophils and platelets release microparticles
that contain TF that NETs can trap. TF has been detected in NETs inside venous thrombi in vivo as a factor
of induce thrombosis [17, 18]. NETs are involved in fibrinolysis inhibition by tissue plasminogen activator
(tPA) inhibition [19]. Additionally NETs promote intrinsic coagulation cascade by activation of FXII by nucleic
acids and phosphates and increase fibrin formation.
NETs induce tissue factor pathway inhibitor (TFPI) degradation as the main source of extrinsic pathway inhibitor and increase the chance of blood coagulation [20].
NETosis

NETosis/ETosis described as a form of necrosis that is associated with neutrophils (NETosis) and other granulocytes or
macrophages (ETosis). In sepsis, after neutrophil stimulation
with IL-8, lipopolysaccharide (LPS), TNF-α, and complement
the decondensed chromatin networks or NETs are released
by neutrophils [6–8]. Additionally, TLR2/4 and complement
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are responsible for initiating NETs formation and associated
with dysregulated innate immune response and subsequent
tissue injury and organ dysfunction [21].
In the NETosis process, neutrophil granules contents
translocate to the nucleus, decondense the chromatin, and
induce a neutrophil extracellular trap (NETs). In NETosis,
the internal, granular, and nuclear membranes are broken
down and the cell content extruded to the extracellular
space, but cytoplasmic membrane integrity is maintained
[22]. NETs contain decondensed chromatin, histones, and
proteolytic peptides such as myeloperoxidase (MPO), neutrophil elastase (NE), high mobility group protein B1
(HMGB1), matrix metalloproteinases (MMPs), proteinase
3 (PR3), and cathepsins that trap, immobilize, and kill microorganisms and activate other immune cells. Additionally, Peptidyl arginine deaminase 4 (PAD4) is transferred
from the cytoplasm into the nucleus to catalyze citrullination of histones, leading to decondensation of chromatin.
Viral infections stimulate NETs formation (Fig. 1). Virusinduced NETs can lead to hyperactivation of immune system response and produce cytokines, chemokines, immune complexes, and inflammation [22–25].
In vivo, plasma DNases degrade NETs and are subsequently cleared by macrophages [26, 27]. The NETs clearance importance is demonstrated in deficient DNase 1
and DNase 3 mice models. After a few days of inducing
neutrophil activation, vessel occlusion occurred due to a
large number of NETs, leading to death in the models.
NETosis and intrinsic and extrinsic coagulation cascade

The coagulation cascade can be activated via extrinsic or
intrinsic pathways. The extrinsic pathway is started by
tissue factor (TF), which is normally expressed as a

Fig. 1 NETs formation can lead to vascular endothelial cells dysfunction. NETs contain decondensed chromatin, citrullinated-histones and
proteolytic peptides such as myeloperoxidase (MPO), neutrophil elastase (NE) and high mobility group protein B1 (HMGB1), peptidyl arginine
deaminase 4 (PAD4). NETs interaction to neutrophils and platelets lead to immunothrombosis formation
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transmembrane protein in cells that are not directly in
contact with the blood flow. When a blood vessel is
damaged, TF is exposed to the blood and attaches to
factor VII that is presented in blood and starts a common coagulation pathway. Activation of factor FXII initiates the intrinsic pathway upon binding to negatively
charged surfaces, such as collagen and phospholipid.
Subsequently, cleavage of FXI and FIX can use active FX
and lead to fibrin formation [28].
Plasmin degraded fibrin is the important regulator preventing clot formation and thrombosis. Fibrin clots like
NETs can capture bacteria and prevent their invasion. In
contrast to fibrin clots, NETs contain antimicrobial proteins that enable them to prevent the pathogens from
spreading and kill them [9, 29]. In an experiment in
which whole blood was contained NETs, platelets recruited to NETs [10]. The platelets recruitment may be
due to binding to C3b deposits on NETs because platelets express complement receptor 1(CR1) on their membrane and or mediated by histones [10, 30, 31]. NETs
might lead to platelet aggregation as an essential step in
clots formation. NETs contain histones, especially the
type of H4 can activate platelets. Subsequently, the activated platelets releaseHMGB1that stimulate NETosis in
a positive feedback loop. Additionally, histones stimulate
platelets to secrete polyP from α-granules that activate
FXII and blood coagulation's intrinsic pathway [32, 33].
Decorated NETs with platelets may be suitable scaffolds
for thrombus formation. In this regard, experiments on
NETs in mice treated with DNase showed the formation
of smaller thrombi [34, 35]. The exact mechanism of coagulation activation by NETs remains unknown, and the
separate components of NETs, including DNA and histones, have been demonstrated to induce thrombin formation [32]. Experiments demonstrated that neutrophils
treated with cytokines can upregulate TF mRNA and release TF on their NETs, resulting in thrombin formation
[36]. However, TF exposure on NETs apparently depends on the type of stimulation used to induce NETosis. Consequently, not all experiments have been shown
NETs could produce TF and initiate coagulation [9].
NETs can directly activate intrinsic coagulation cascade
because NETs have negative charges and could bind and
activate FXII and induce thrombin generation [37]. In
this regard, an in vitro study showed that inhibition of
FXII or FXI in NETs reduced thrombin formation [38].
So that NETs can start the initiation of coagulation via
either intrinsic or extrinsic pathways[9]. NE and, to a
minor extent, cathepsin G as the NET-associated protein
may contribute to fibrin formation on NETs because
they could degrade TFPI. TFPI is the major extrinsic coagulation pathway inhibitor that recruited through nucleosome into the site of injury. [39] The fibrin clots
mixed with NETs have more resistant to fibrinolysis by
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plasmin that might be a critical point in NETs related
thrombosis. [40].
NETosis and immune complexes

A major responsible factor to immunothrombosis development, a feature observed in COVID-19 infection that
induces ARDS and disease severity, is NETs formation.
A well-known mechanism for NETs formation is stimulation of the FcγRIIA and downstream SYK signaling
pathway [41]. Immune complexes are the primary mediators of FcγRIIA signaling and NETosis. COVID-19 patients with robust antibody responses have been
associated with poor clinical outcomes that raise the
possibility of the contribution of immune complexes in
NETs formation [42, 43]. Additionally, endogenous stimuli such as inflammatory cytokines, damage-associated
molecular patterns (DAMPs), and pathogen-associated
molecular patterns (PAMPs) could stimulate the release
of NETs and the contribution of their role in COVID-19
infection remains to be clarified [44].
NETosis and Factor Seven Activating Protease (FSAP)
activation

Hyaluronan-binding protein 2 or factor VII activating
protease is a serine protease produced by the liver, kidney, and pancreas. It is present in the circulation in the
form of zymogen (pro-FSAP). It is known to activate coagulation factor-VII independent tissue factor and urokinase single-chain plasminogen activator[45, 46].
Several in vitro and patient-based studies have been
shown a link between the levels of FSAP, inflammation,
and disease. FSAP level is elevated in lung endothelial
cells of acute lung injury induced by lipopolysaccharide
and in the lungs of patients with acute respiratory distress syndrome [47–49]. In pathologic situations like
acute coronary disease, ischemic stroke, and symptomatic carotid stenosis, FSAP levels increased. In addition,
FSAP can activate inflammation pathways in nonimmune cells like smooth muscle and endothelial cells
and myeloid cells through NF-kB mediated proinflammatory cytokine production [50–52]. Elevated FSAP
levels may indicate systemic inflammation that increases
the risk of thrombosis in the COVID-19 patients.
NETs and antiphospholipid antibodies

NETs and their associated components are known to
stimulate thrombosis because intravascular NETosis can
initiate thrombotic events in arteries, veins, and especially microvasculature and has a critical role in thrombosis formation in COVID-19 [53]. Antiphospholipid
antibodies (aPLs) are known as one of the mechanisms
of thrombosis through NETs formation. APLs promote
NETs release in a manner dependent on Reactive oxygen
species (ROS) and TLR4 [54]. NETs are essential in
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antiphospholipid syndrome (APS) because in APS, neutrophils are prone to spontaneous release of NETs.
NETs are an essential activator of the coagulation cascade in APS [55]. NETs in APS are the main source of
tissue factors (TFs), platelet activation, and aggregation
and play a vital role in forming atherosclerosis and arterial thrombosis. In APS, neutrophils seem to have a
greater adhesion potential, enhancing neutrophilendothelium interaction and NETs diffusion [56]. Thus,
neutrophils and NETosis are directly or indirectly involved in APS pathogenesis [57]. Many studies have reported low/moderate aPL titers in COVID-19 patients.
These antibodies mainly target β2GP1 but indicate epitope characteristics different from APS antibodies [58,
59]. There is currently limited information on the role
and importance of aPLs in COVID-19 pathogenesis, and
evidence suggests that aPLs may have little clinical association with prolonged activated partial-thromboplastin
time (aPTT) and thrombosis in COVID-19 patients [60,
61].
NETosis inhibition

NETosis stimulates coagulation activation and fibrinolysis inhibition in various pathways. Targeting NETs formation might be a feasible and valuable therapeutic
strategy to prevent thrombus formation and improve
clinical outcomes of COVID-19 infection. Anti-cytokine
therapy against IL-1β is widely used in various inflammatory and autoimmune diseases, preventing activation
and accumulation of neutrophils and subsequently
NETosis. The recombinant anakinra protein as IL-1β receptor antagonist may be a potential target to COVID19 treatment and is currently undergoing clinical trials
(https://clinicaltrials.gov: NCT04324021, NCT04330638,
NCT02735707). Additionally, using inhibitors that target
involved components of NETs formation process like
NE, PAD4, and gasdermin D protein (GSDMD) during
inflammation can be another approach. The NETosis
prevention by nocodazole as a microtubule inhibitor is
reported in in vitro experiments [62]. In this regard,
clinical trials (https://clinicaltrials.gov: NCT04326790,
NCT04328480, NCT04322565, NCT04322682) that test
the efficacy of colchicine against COVID-19 are currently underway [63]. Drugs inhibitors of the NETosis
axis such as glucocorticoids can block neutrophils' function and prevent NETs formation. Additionally, using
exogenous DNase treatment improves NETs clearance,
and recombinant human DNase I is currently under investigation for safety and efficacy in clinical trials in
COVID-19.

Conclusion
NETs formation in COVID-19 infection that is related
to dysregulated immune response, releasing of
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inflammatory cytokines, and development of pathogenic
microvascular thrombi. COVID-19 patients seem especially prone to excessive NETs formation and disease severity parallel increasing markers of NETosis [13, 64]. In
this regard NETs, inhibitors may dampen the severity of
SARS-COV-2 infection.
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