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INTRODUCTION

Severe acute lung injury (ALI) and acute respiratory
distress syndrome (ARDS) observed following
SARs-CoV-2 infection have been attributed to
the disruption of the host inflammatory and
immune response.l'l However, patients diagnosed
with COVID-19 exhibit early hypoxemia with
minimal respiratory dysfunction, alongside reduced
lymphocytes with neutrophilia.”” Lower CD8" cell
levels are also observed such that CD8*/neutrophil and
neutrophil/lymphocyte ratios are predictive of disease
outcome. Increased pro-inflammatory cytokines
including IL-6, IL-1B, and TNF-o have also been noted
in moderate and severe COVID-19 cases.! Collectively,
such findings suggest neutrophilia with an associated
moderate increase in cytokine levels being core to
disease pathogenesis.l'! Indeed, vasculopathy and
coagulopathy accompany cytokine elevation, with a
high incidence of thrombotic complications observed
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in critically ill COVID-19 patients.’! Segmental
hyperperfusion with vasodilation and endothelial
dysfunction in the pulmonary vasculature of
COVID-19 patients has been observed, while further
reports indicate increases in pulmonary dead space
that is attributable to pulmonary microthrombosis
and embolism." However, moderate increase in
cytokine levels does not match expected levels seen
in typical ARDS (i.e., a cytokine storm) [Table 1].156]
In this manuscript, we evaluate the role of neutrophil
extracellular traps (NETs) in causing thrombosis in
COVID-19 patients.

METHODS

This article is based on a critical analysis of literature
on peer-reviewed article indexing databases including
PubMed, Scopus, and Medline, using NETS, thrombosis,
ARDS, and COVID-19 as keywords. Data and relevant
aspects were compiled and presented as discussion
points in the manuscript.
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Table 1: Comparison of recorded specific cytokine levels in cases of moderate and severe acute respiratory

syndrome and COVID-19 patients

Cytokines Moderate Severe COVID-19 (nonsevere) COVID-19 (severe)
ARDS (n=13) (pg/ml) ARDS (n=5) (pg/ml) (n=166) (pg/ml) (n=286) (pg/ml)

IL-1B 552.5 610.9 5.0 5.0

IL-6 856 345 13.3 25.2

TNF-a 46.4 41.4 8.4 8.7

IL-8 189.2 187.3 13.7 18.4

Data modified from Nguyen et al. (2018) and Qin et al. (2020). ARDS=Acute respiratory syndrome; IL=Interleukin; TNF=Tumor necrosis factor

RESULTS AND DISCUSSION

Neutrophil extracellular traps and COVID-19

NETs are web-like structures consisting of DNA, histones,
toxic protein granules, and enzymes, which are released
from neutrophils as they undergo a specialized type of
cell death called “NETosis.” These unique structures are
now increasingly associated with a central role during
COVID-19 pathogenesis.”! Although NETs primarily
trap microbes and associated debris, uncontrolled
NET proliferation culminates in alveolar damage,
endothelial injury, and coagulopathy.®! NETosis is a
well-orchestrated process, whereby neutrophils undergo
morphological alterations in response to infections,
platelets, and inflammatory mediator, resulting in nuclear
membrane rupture. This results in mixing of nuclear
components (DNA and histones) with cytoplasmic
granular content including myeloperoxidase and
neutrophil elastase (NE).[¥! Although NET release during
infections is physiologically beneficial, excessive NET
production could prove harmful, resulting in tissue
injury and thrombosis.® Indeed, NET-specific markers
are significantly elevated in COVID-19 patient sera,
while such sera triggered NET production in healthy
control-derived neutrophils.l”! It is thus possible
that ALI, vasculopathy, and coagulopathy seen in
COVID-19 patients could be due to excessive release of
NETs from neutrophils.

It is increasingly clear that effective neutrophil apoptosis
leads to resolution of the inflammatory response in
particularly respiratory conditions and perhaps may
represent a more proinflammatory form of apoptosis.”!
Indeed, NETs in pneumonia do not seem to participate in
bacterial clearance but rather contribute to compromised
lung function with higher levels of NETs in blood
associated with adverse outcomes."” Thus, while specific
numbers and statistics connecting NETs and respiratory
syndromes are yet to be established, high NET levels
have been associated with increased duration of treatment
and inpatient stay, a prolonged timeline to recovery, and
increased mortality in severe pneumonia.’" Indeed,
persistent low concentrations of circulating NETs were
associated with better outcomes.!"!

| 2021 |

Neutrophil extracellular trap overproduction may
underlie thrombosis and vasculitis in COVID-19 patients
Intact NETs exert a significant role during coagulation,
whereby platelets become entangled within the NET
web-like extrusion.* This results in platelet activation
and aggregation.' Furthermore, NETs induced
thrombin formation by developing scaffolds that trap
pro-thrombogenic factors including red blood cells,
fibrin, fibronectin, von Willebrand factor, factor XII, tissue
factor (TF), and endovesicles containing TF.["! Excessive
NET release culminates in thrombogenesis both with
and without the presence of fibrin, which is evidenced by
NETs forming scaffolds with large aggregates, capable of
blocking microvasculature without activation of coagulation
pathways and thrombus formation.!"!

Furthermore, individual NET components have also been
reported to induce thrombosis. Histone-DNA complexes
containing thrombi are more stable than fibrin-containing
scaffolds, which significantly prolong clot lysis time and
can be shortened using deoxyribonuclease 1, preventing
clot formation altogether.' DNA within NETs can directly
activate Factor XII, initiating the intrinsic coagulation
cascade, while NET histones increased TF expression in
endothelial cells and macrophages, thus activating the
extrinsic coagulation cascade.!"**! Furthermore, histones
can activate platelets through Toll-like receptors (TLRs) 2
and 4, culminating in platelet aggregation by fibrinogen
recruitment.™ Strikingly, activated platelets can stimulate
neutrophils to release NETs via TLR4, P-selectin, and high
mobility group box 1.

NET components, such as cathepsin G and NE, may also
degrade anticoagulants involved in the inhibition of TF.
Histones bind to thrombomodulin, inhibit the activity of
protein C, and thus inhibit the activation of protein C.!"
Finally, DNA in NETs interferes with degradation of fibrin
by plasmin, due to its tight interactions with them.!"* Most
importantly, intact NETs have been identified in both
arterial and venous thrombi, forming an integral part of
thrombi in histological examination of tissues derived
from patients with myocardial infarctions, strokes, and
pulmonary embolism.!"! Dysregulation and excessive
NET production can also promote the production of
antineutrophil cytoplasmic antibodies (ANCAs) and
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Figure 1: Schematic visualization of the proposed mechanism underlying increased neutrophil extracellular trap production in response to SARS-CoV-2 infection,
leading to thrombosis and antineutrophil cytoplasmic antibody-associated vasculitis (steps 1-5). Viral infection elevates the production of neutrophil extracellular traps
and their constituents. Neutrophil extracellular traps form stable scaffolds that trap platelets, red blood cells, fibrinogen, and fibronectin, preventing their degradation
and promoting coagulation, leading to thrombosis. Concurrently, individual neutrophil extracellular trap components induce thrombosis by activating intrinsic and
extrinsic coagulation pathway. Finally, neutrophil extracellular trap components give rise to numerous antineutrophil cytoplasmic antibodies that will lead to antineutrophil
cytoplasmic antibody-associated vasculitis, particularly in small vessels, and promote thrombosis in small vessels

cause vasculitis."¥ These groups of antibodies result in
ANCA-associated vasculitis, which affects small vessels,
and it is accompanied by elevated ANCA levels in patient
serum. '

Although most COVID-19 patients exhibit mild flu-like
symptoms, 5%-10% of cases involve life-threatening
pneumonia and respiratory failure. Studies of patients
with SAR-CoV infections implicated the involvement of
cytokines IL-18, TNF-a, and IL-6 as causative factors.['”]
IL-1P induces the generation of other cytokines, including
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IL-6 and TNF-a, thereby contributing to the “cytokine
storm” of inflammatory diseases.!8!

CONCLUSION

We suggest that excessive NET release from neutrophils
centrally underlies SARS-CoV-2 infection and COVID-19
pathogenesis. Excessive NET release has been associated
with alveolar damage and accumulation of edema,
endothelial injury and coagulopathy, elevated platelet
activation, and thrombogenesis [Figure 1].¥} Considering
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