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Abstract: Coronavirus disease 2019 (COVID-19) has spread rapidly throughout the world.
The range of the disease is broad but among hospitalized patients with COVID-19 are
coagulation disorders, pneumonia, respiratory failure, and acute respiratory distress syn-
drome (ARDS). The excess production of early response proinflammatory cytokines results
in what has been described as a cytokine storm, leading to an increased risk of thrombosis,
inflammations, vascular hyperpermeability, multi-organ failure, and eventually death over
time. As the pandemic is spreading and the whole picture is not yet clear, we highlight the
importance of coagulation disorders in COVID-19 infected subjects and summarize it.
COVID-19 infection could induce coagulation disorders leading to clot formation as well
as pulmonary embolism with detrimental effects in patient recovery and survival.
Coagulation and inflammation are closely related. In this review, we try to establish an
association between virus infections associated with innate immune activation, inflammation
and coagulation activation.
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Introduction

Patients with coronavirus disease 2019 (COVID-19) show a diverse level of severity
that ranges from asymptomatic to acute phase of multi-organ dysfunctions." Although
about 60-70% of the
hospitalized patients develop coagulation abnormalities such as thrombocytopenia,

most of the COVID-19 patients have respiratory infection,”

hypercoagulation, disseminated intravascular coagulation (DIC) and venous thrombo-
sis (VT).> Coagulation activation as well as widespread vascular inflammation related
diseases have been shown to be present in COVID-19 patients with severe outcome,
and autopsy revealed almost 58% of patients died due to venous thrombosis and
> Emerging reports show that a subset of COVID-19 infected
patients, who develop severe disease, are commonly shown with prolonged activated
partial thromboplastin time (APTT), delayed prothrombin time (PT), higher D-dimer
and fibrin degradation products (FDP) levels, increased thrombin-antithrombin (TAT)

pulmonary embolism.*

complex and decreased antithrombin (AT) in plasma samples.® These changes clearly
indicated that coagulation activation, increased thrombin generation and consumptive
coagulopathy are evident in sudden decrease in plasma fibrinogen level in
nonsurvivors.® Another study, involving Caucasian patients showed diffuse pulmonary
inflammation along with pulmonary-specific vasculopathy. A study also reported
elevated levels of vVWF (von Willebrand factor) in circulation and increased activity
of vWF and factor VIIL’
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The pathophysiology of severe acute respiratory syn-
drome (SARS)-CoV-2-mediated vascular complications are
similar to that of severe pneumonia caused by other viruses
or bacteria.*” But the detailed molecular mechanism of
SARS-CoV-2-mediated hypercoagulation is far from clear.
Catanzaro et al hypothesized that SARS-CoV-2 may down-
regulate ACE-2 expression, thus regulating over production
of angiotensin I and concomitant enhancement of IL-6. IL-6
in positive inflammatory feedback loop inactivates ACE-2,
enhancing angiotensin II retention lead to endothelial activa-
tion and inflammation.'® Several factors including endothe-
lial activation,'' monocyte infiltration,'> complement
activation,'® increased plasma cytokine'* may contribute to
viral infection mediated systemic coagulation activation.

COVID-19 and Extrinsic
Coagulation Pathway

Immune response towards microorganism activates extrinsic
coagulation pathway, which is vital for host defense but also
responsible for multi-organ failure.'” In normal physiologi-
cal conditions, tissue factor (TF) resides within the endothe-
lial cells.'® However, during trauma, tissue injury or
inflammation, TF gets exposed to the external surface and
comes into contact with coagulation factor VII, thereby acti-
vating the extrinsic coagulation pathway.'” Leukocyte infil-
tration and TF expression in inflammatory monocytes further
worsen the thrombotic complications.'® A recent report
demonstrates the presence of viral elements within endothe-
lial cells of renal vessels of COVID-19 patients.'? This study
also showed the endothelial activation, accumulation of
inflammatory cells in lung vasculatures in COVID-19
patients with the evidence of endothelial and inflammatory
cell death.'® The potential involvement of complement acti-
vation mediated coagulation activation in COVID-19
patients has been documented in another case study, where
the authors demonstrated coagulation abnormalities,
endothelial injury, microvascular thrombotic complications
mediated by intense complement activation and terminal
complement complex (C5b-9) deposition.”’ Complement
and coagulation pathways are closely related and comple-
ment activation may lead to coagulation activation.

Inflammation and Coagulation
Activation in COVID-19

Coagulation and inflammation are interrelated. It is well
known that overwhelmed innate immune response activates
coagulation, whereas coagulation activation and thrombin

generation further lead to augmented inflammation.?' Other
than promoting clot formation by activating platelets and by
cleaving fibrinogen to fibrin,?* thrombin also exerts multiple
cellular effects via protease activated receptors (PARs).>
Thrombin generation and its activity is tightly regulated by
anticoagulant molecules like AT,** tissue factor pathway
inhibitor (TFPI) and activated protein C (APC). During
inflammation, most of these anticoagulant protective
in COVID-19
patients.'> As a result of impaired regulation of procoagu-

mechanisms are impaired, as noted

lant—anticoagulant molecules, the natural homeostasis
further shifts

inflammatory phenotype that predisposes to the development

towards more procoagulant and pro-
of intravascular thrombosis, DIC and multi-organ failure.
Overproduction of early response pro-inflammatory cyto-
kines like tumor necrosis factor o (TNFa), IL-6, and IL-1
as found in COVID-19 patients results in cytokine storm,
leading to hypercoagulation, platelet activation, leukocyte
infiltration and vascular hyperpermeability.?® Acute increase
of pro-inflammatory molecules in lung, lead to simultaneous
formation of pulmonary edema and pulmonary embolism as
observed in COVID-19 patients.**” Treatment with natural
anticoagulant molecule, APC and AT which is known to have
anticoagulant, anti-inflammatory cytoprotective effect may
rescue the COVID-19 patients with hyperinflammation and

coagulopathy.?®°

Neutrophil Extracellular Trap
(NET) and Platelet Activation in
COVID-19

Neutrophil activation and NET formation lead to release of
myeloperoxidase (MPO), neutrophil elastase and chroma-
tin content (DNA and histones), which are responsible for
coagulation activation, DIC and thrombosis.>' In a recent
finding, Zuo et al found increased citrullinated histone H3
(CitH3), MPO-DNA complex in COVID-19 patients.
Increase in NET parameters also correlated with inflam-
mation (C-reactive protein) and coagulation (D-dimer)
markers.*? Interestingly, sera from COVID-19 patients
also triggered NET formation, suggesting a critical link
between COVID-19 pathophysiology and NET formation.
NETosis sequester platelets in microcirculation that are
responsible for increased fibrin-platelet interaction and
formation of microthrombi.*> Thrombocytopenia has
been reported in COVID-19 patients.>* Megakaryocytes
and platelets associated with fibrin microthrombi were

found in cardiac microvasculature, fibrin associated and

submit your manuscript

824

Dove

Journal of Inflammation Research 2020:13


http://www.dovepress.com
http://www.dovepress.com

Dove

Biswas and Khan

fibrin independent platelet aggregates were seen in lung
parenchyma, renal circulation (glomerular platelet aggre-
gate) and in hepatic sinusoids in autopsy sample of
COVID-19.%

COVID-19 and Fibrinolysis Pathway

Fibrinolysis, cleavage of fibrin polymers is one of the
rescue mechanisms to combat hyper-coagulation and
excessive fibrin deposition. Plasmin, a central regulator
of fibrinolysis also plays an important role in COVID-19
pathophysiology through increase in virulence and infec-
tivity of SARS-CoV-2.
COVID-19 patientsnot only shows coagulation activation,

Increased D-dimer level in

but also manifests the altered fibrinolysis.>® This altered
fibrinolysis is typically attributed by tissue plasminogen
activator (TPA) that released from injured endothelial
cells.®’ Interesting recent findings showed that furin-like
cleavage site (682RRAR/S686) present in the S1/S2 pro-
tease cleavage site of the SARS-CoV-2 virus, can also be
proteolytically cleaved by higher concentration of plasmin,
cathepsin and elastase. Unlike furin, which is predomi-
nantly present in the cytoplasm of alveolar type II epithe-
lial cells, plasminogen and TPA that are released from the

endothelial cells augment the virus infectivity.***’

Toll-like Receptors and COVID-19

Generation of proinflammatory cytokines and vascular
inflammation is mediated through a number of pattern recog-
nition receptors, known as toll-like receptors (TLRs) and
nod-like receptors (NLRS).40’41 TLRs are expressed in dif-
ferent types of innate immune cells including monocyte,
macrophages, and dendritic cells present in alveolar micro-
environment. Alveolar macrophages along with pro-
inflammatory macrophages that infiltrate from circulation
provide the immune surveillance in lung. Upon entering the
lung, SARS-CoV-2 infects alveolar epithelial cells and lung
microvascular endothelial cells.*? Viral infection in these
cells directly or indirectly activates TLRs. Viral RNA can
directly activate TLRs in these cells or debris from infected
dying cells can activate other immune cells, like alveolar
in COVID-19

inflammatory response by phagocytic uptake of viral particle

macrophages. Macrophages participate
or cellular debris containing viral RNA.* Single stranded
viral RNA can be detected by TLR7-8 and positive strand or
double stranded secondary structure activates TLR3.*
Downstream of TLR engagement, Bruton's tyrosine kinase
(BTK) dependent NF«B activation results in the production

of cytokines and chemokines.** The role of TLR2 and TLR4

is interesting in this context. Traditionally TLR2 and TLR4
recognize peptidoglycan (PGN) and lipopolysaccharides
(LPS) from gram-positive and gram-negative bacteria.
However, recent studies showed that damage associated
molecular pattern (DAMP) like high mobility group box
protein (HMGBI), histones, and oxidized phospholipids
also can activate these TLRs. Activation of TLRs through
oxidized phospholipids or DAMP can activate the production
of TNFa, IL6, and other cytokines that are responsible for
cytokine storm.*? Interestingly, one in silico interaction study
hypothesized that TLR4 may be involved in recognizing
molecular pattern from spike protein of corona virus.
However, further studies will be required to understand the
roles of TLRs in COVID-19.*

COVID-19 TLR3 and Coagulation

TLR3 is classically known to recognize the single stranded
and positive stranded viral RNA.*® Previous studies
showed that TLR3 exerts protective role via interferon
release, thereby inhibiting the coronavirus infection in
macrophages.*’ TLR3 signaling also contributes in protec-
tive innate immune response to SARS corona virus** and
other respiratory viruses.*” These studies show that TLR3
plays an important role in antiviral immunity. However,
the role of TLR3 in regulation of infection and inflamma-
tion is very complex in nature. Along with the immune
cells, endothelial cells also express TLR3 and vividly
respond to the viral infection. Recent study showed
COVID-19 has been found in endothelial cells, and viral
infection may lead to TLR3 activation by viral RNA.'” In
the context of antiviral immune response and inflamma-
tion, it was reported that activation of TLR3 through viral
RNA analogue polyinosinic-polycytidylic acid (poly I: C),
can activate TF in endothelial cells.’® Severe hypoxemia
due to impaired pulmonary function has been reported in
COVID-19 cases.”' Interestingly, hypoxic condition is also
known to activate TLR3 activation that leads to monocyte
infiltration, TF expression and hypercoagulation.sz’53 An
earlier study also showed that virus-induced hemorrhagic
fever also develops a procoagulant state due to TF activa-
tion through TLR3.°® This suggests that viral genetic
material could activate TF and coagulation. Several other
studies also showed that the RNA released from either
damaged tissue or endocytosed cells can serve as ligands
for TLR3.7*>* This study further showed that pretreatment
inhibitor) inhibits
hypoxia induced TF activation and intravascular coagula-

of hydroxychloroquine (an TLR3

tion where extracellular RNA is a ligand for the same. It is
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Figure | Possible mechanism of SARS-CoV-2 medicated thrombosis.

interesting that extracellular RNA released from damaged

tissues could also activate intrinsic pathways of
coagulation.”® Therefore, the viral particles could induce

coagulation disorders though TLR3 activation.

Conclusion

The coagulation disorders lead to formation of an intra-
vascular clot in pulmonary or systemic circulation,
which is prominent findings in COVID-19 infection
associated severe respiratory disease, and has been
demonstrated both in humans and in animal models.
COVID-19 infection could induce coagulation disorder
leading to overt clot formation, pulmonary embolism
with detrimental effects in patient recovery and survival.
Although the mechanism of COVID-19-mediated coagu-
lation activation is not clearly known. It seems that viral
particles may lead to TLR activation directly or indir-
ectly. In this review, we hypothesize that COVID-19-
mediated TLRs
activation of extrinsic coagulation pathway and leuko-

activation may be responsible for

cyte infiltration, inflammatory signaling in endothelial
cells, neutrophil granule release, NET formation and
platelet aggregation, fibrin deposition that ultimately
lead to thrombosis (Figure-1). Most of these phenomena
are mediated through TLRs. TLRs can be considered as
suitable drug target.
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