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Hemostatic abnormalities in
COVID-19: A guided review

PLINIO C. SATHLER

Abstract: The spread of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
has already taken on pandemic proportions, affecting over 213 countries in a matter
of weeks. In this context, several studies correlating hemostatic disorders with the
infection dynamics of the new coronavirus have emerged. These studies have shown
that a portion of the patients affected by Coronavirus Disease 2019 (COVID-19) have
prolonged prothrombin time (PT) and activated partial thromboplastin time (APTT),
elevated D-dimer levels and other fibrinolytic products, antithrombin (AT) activity
reduced and decrease of platelet count. Based on these hallmarks, this review proposes
to present possible pathophysiological mechanisms involved in the hemostatic changes
observed in the pathological progression of COVID-19. In this analysis, it is pointed the
relationship between the downregulation of angiotensin-converting enzyme 2 (ACE2)
and storm cytokines action with the onset of hypercoagulability state, other than the
clinical events involved in thrombocytopenia and hyperfibrinolysis progression.
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INTRODUCTION

Alteration of hemostatic parameters in
Covid-19

Since its emergence in Wuhan, Hubei Province,
China, in December 2019, the novel coronavirus
(SARS-CoV-2) outbreak has spread worldwide,
reaching pandemic denomination by WHO in
March 2020 (Chen et al. 2020, WHO 2020a). With
over 15,000,000 confirmed cases and 600,000
deaths, this pandemic virus follows with wide
dissemination around the world. On March 13th,
Europe became the epicenter of this pandemic,
that previously was in Asia. In continuous
expansion, COVID-19 already affects more than
213 countries on five continents, among them,
United States, the new global epicenter of the
disease and South American countries, such as
Brazil (WHO 20204, b).

SARS-CoV-2 is a positive-sense single-
stranded RNA virus with approximately 30,000
nucleotides that was discovered through
unbiased sequencing of human airway epithelial
cells isolated from a cluster of patients with
atypical pneumonia after visiting Wuhan
(Cascella et al. 2020). Initially named as 2019-
nCov, SARS-CoV-2 was identified as a member of
the betacoronavirus genus, the same as SARS-
CoV and MERS-CoV. Due to genetic differences
with the other coronaviruses, the 2019-nCoV was
classified as the seventh member of the family
of coronaviruses that infect humans (Chan et al.
2020, Zhu et al. 2020).

Despite of not being a descendent of SARS-
CoV, and thus a completely independent human
pathogen from the SARS-CoV outbreak in 2002-
2003, 2019-nCov was found to share 89% identity
to bat SARS-like-CovVZXC21 and 82% with
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human SARS-CoV. That level of genetic similarity
between 2019-nCoV and SARS-CoVs suggests
that their characteristics and evolutionary
history may be mutually informative. For that
reason, the Coronaviridae Study Group (CSG)
of the International Committee on Taxonomy
of Viruses designated the 2019-nCoV as SARS-
CoV-2 (ICTV-CSG 2020).

Forming a clade with the severe acute
respiratory syndrome-related coronavirus,
SARS-CoV-2, produces a respiratory and systemic
illness that progresses to a severe form of
pneumonia with acute respiratory disorders and
multiple organ failure as major complications
(Mattiuzzi & Lippi 2020). The symptoms of SARS-
CoV-2 infection appear after an incubation
period of approximately 5.2 days. The period
from the onset of COVID-19 symptoms to death
average variable 14 days depending on the
age and immune system status of the patient
(Rothan & Byrareddy 2020).

Given the ongoing pandemic, several
studies correlating hemostatic disorders with
the dynamics of SARS-CoV-2 infection and
lethality are beginning to be developed, aiming
at a broader understanding of the pathological
aspects of COVID-19 and the identification of
new biomarkers and therapeutic targets (Han et
al. 2020, Lippi et al. 2020, Liu et al. 20203, Tang
et al. 2020a).

In this context, Tang et al. reported that
patients with COVID-19 had a worse prognosis
when their blood clotting parameters were
abnormal. Those patients were found with
evident signs of hypercoagulability, including
prolonged prothrombin time (PT) and activated
partial thromboplastin time (APTT), elevated
D-dimer levels, and other fibrin degradation
products (FDP), whereas the antithrombin (AT)
activity was below normal standards (Tang et al.
2020b). This association between the increase
in D-dimer levels with in-hospital deaths of
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COVID-19 infected patients was also observed
by Zhou and colleagues in a retrospective
multicenter cohort study from China (Zhou et al.
2020). Similarly, Lippi et al. (2020) reported the
association between systemic thrombocytopenia
and increased risk of mortality and prognostic
worsening in patients with COVID-19 in a meta-
analysis study.

These reports demonstrate that the
hemostatic function is significantly altered in
patients with SARS-CoV-2 when compared with
healthy people, influencing the clinical course
of this disease to unfavorable prognostics.
However, it is unclear whether these hemostatic
disorders are provoked by COVID-19 or are just
comorbidities or non-specific complications of
infection (Ferrari et al. 2020). Therefore, based on
these remarks, this review proposes to present
possible pathophysiological mechanisms
involved in the hemostasis changes during the
COIVD-19 progression.

SARS-COV-2 INFECTION AND
INFLAMMATORY PROCESS

After respiratory contamination, SARS-CoV-2
accesses the lung by infecting the pulmonary
epithelial cells. In the first step of infection
SARS-CoV-2 spike (S) glycoprotein binds the
angiotensin-converting enzyme 2 (ACE2),
enabling the docking of the viral particle to the
host cell (Chhikara et al. 2020, Yan et al. 2020)
(Figure 1). Zhao et al. (2020) demonstrated that
0.64% of cells in lungs expressed ACE2 and 83%
of these cells are type Il alveolar epithelial
cells, suggesting that these cells can serve as a
reservoir for viral invasion.

The infection process also requires cleavage
of the viral S protein by host proteases. Similar
to the mechanism observed for SARS-CoV,
cleavage of SARS-CoV-2 spike protein was shown
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Figure 1. SARS-Cov-2 infection and inflammatory process. The New Coronavirus SARS-CoV-2, in its infection
mechanism, binds to angiotensin-converting enzyme 2 (ACE2) via the receptor-binding domain (RBD) of its spike
(S) glycoprotein. Proteolytic processing of the viral spike protein assisted by the host protease TMPRSS2 enables
viral entry to human airway epithelial cells. The cytopathic effects that follow viral infectivity and replication lead
to an intense inflammatory response with increased pro-inflammatory cytokines. These chemical mediator acts
by promoting the cytoskeletal reorganization within endothelial cells allow the plasma proteins and leukocytes
to leave the circulation producing the inflammatory exudate. Excessive deposit of fibrin in the lungs provides an
ideal environment for fibroblast adhesion and proliferation, corroborating to an increase in collagen deposition in
the alveolar space and the onset of a fibrotic response that can generate a loss of function and respiratory failure.

to be primarily promoted by TMPRSS2, which
is extensively expressed on the human airway
epithelial cells (Figure 1). Following proteolytic
processing, the viral S protein undergoes
irreversible conformational changes that
promote viral entry through the fusion of the
virus to the host cell membrane (Hoffmann et
al. 2020, Wang et al. 2020). Other receptors on
the surface of human cells have been suggested
to mediate the entry of SARS-CoV-2, including
sialic acid receptors, and extracellular matrix
metalloproteinase inducer (CD147) (Sardu et al.
2020).

In the absence of exogenous or membrane-
bound proteases that enable entry at the
plasma membrane surface, the new coronavirus
could be internalized via clathrin- and

non-clathrin-mediated endocytosis. As the virus
is shuttled along the endocytic pathway towards
the cell interior, the pH in the endosome
decreases. The low pH environment activates
endosomal proteases, such as cathepsins, a
family of cysteine proteases (cathepsin B and L),
triggering the fusion pathway and releasing the
SARS-CoV-2 genome (Tang et al. 2020c).

The release of viral RNA is followed by
active transcription and translation of viral
proteins by the cellular machinery, ultimately
leading to enhanced in situ viral replication
with the generation of new viral particles. In
response to this infection, the cells produce
interferon alpha (INF-a), increasing major
histocompatibility complex (MHC) class |
expression and presentation of antigens as a
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central part of the body’s antiviral immunity (Li
et al. 2020). The rapid production of virions by
the cells induces a cytopathic response in the
infected cell, triggering the production of several
pro-inflammatory cytokines (Fu et al. 2020).

Interleukin-1 (IL-1) is one of the central
cytokines produced in this context, mainly the
B isoform (IL -1 B) (Conti et al. 2020, Dhama
et al. 2020). This chemical mediator acts by
promoting the cytoskeletal reorganization
within endothelial cells, causing the opening
of intercellular clefts and increasing vascular
permeability (Fahey & Doyle 2019). These
microcirculation structural changes allow
plasma proteins and leukocytes to leave the
circulation producing the inflammatory exudate
(Zhang et al. 2020a) (Figure 1).

The increase of inflammatory infiltrates
in the lungs provides the accumulation of
immune cells, mainly monocytes/macrophages,
granulocytes. These immune cells increase the
local IL-1 B levels in addition to other immune
mediators such as Tumor Necrosis Factor a
(TNF-a), Interleukin-6 (IL-6), Interleukin-8 (IL-
8), and Chemokine (CXC motif) Ligand 2 (CXCL2)
(Didangelos 2020, Guo et al. 2020a, Huang et
al. 2020a, Nikolich-Zugich et al. 2020). These
newly released cytokines and chemokines are
responsible for the amplifying the activation
and recruitment of inflammatory cells to the
infection site, respectively, which yields the
general inflammatory response characteristic of
the severe acute respiratory syndrome (Shi et al.
2020) (Figure 1).

Once cells of the myeloid lineage are
activated through viral peptides complexed with
MHC class |, expressed by SARS-Cov-2 infected
cells or immune mediators, such as cytokines,
they can efficiently present viral antigens to the
lymphocytes, enabling the cytotoxic response
and subsequent antibody production (Ganji
et al. 2020, Nikolich-Zugich et al. 2020). In this
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context, CD8+ T cells can kill viral infected cells,
while CD4+ T cells activate B cells to promote
the production of virus-specific antibody (Yuki
et al. 2020).

SARS-CoV-2 induces a robust B cell
response, as evidenced by the rapid and near-
universal detection of virus-specific IgM, IgG and
IgA, and neutralizing IgG antibodies (nAbs) in
the days following infection (Huang et al. 2020b).
The seroconversion occurs in most COVID-19
patients between 7 and 14 days after the onset
of symptoms, and antibody titers persist in the
weeks following virus clearance (Vabret et al.
2020). These antibodies can interact with the
receptor binding domain (RBD) of the SARS-
CoV-2 spike (S) glycoprotein, blocking virus
linkage with the host entry receptor (ACE2) (Ju
et al. 2020).

Although antibodies are generally
protective and beneficial, Zhang et al. reported
that patients with severe COVID-19 frequently
had an increased I1gG response and a higher
titre of total antibodies, which was associated
with worse outcome. This finding was suggestive
of possible antibody-dependent enhancement
(ADE) of SARS- CoV-2 infection (Zhang et al.
2020b). This phenomenon can promote cellular
uptake of virus particles bound in immune
complexes, through their binding to Fc receptors
(FcRs) promoting the persistent viral replication
and amplification of inflammatory responses
that contribute to tissue and organ damage
(Felsenstein et al. 2020, Iwasaki & Yang 2020).

During the onset of inflammation in the
airways, the presence of abundant exudate
containing fibrinogen promotes the generation
of persistent intra-alveolar fibrin deposits
formed by the proteolytic activity of coagulation
factors and, most importantly, local thrombin
generation. Excessive deposit of fibrin in
the lungs provides an ideal environment for
fibroblast adhesion and growth, corroborating
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to an increase in collagen deposition in the
alveolar space, replacement of functional
parenchyma by stromal cells and development
of pulmonary fibrosis. Besides, fibrin can also
directly impair lung function, inactivating the
surfactant, leading to loss of lung compliance
causing eventual respiratory failure and
subsequent fatality (Gralinski et al. 2013, Hofstra
et al. 2008, Kumar et al. 2020) (Figure 1).

PATHOGENIC MECHANISMS
OF THE NEW CORONOAVIRUS
AND THEIR CONSEQUENCES
TO NORMAL HEMOSTASIS

ACE2 downregulation and Angiotensin Il
increased

SARS-CoV-2 can generate hemostatic disorders
by several mechanisms impacting the evolution
of the disease. One of these mechanisms is
directly related to the fusion of the virus to the
host cell membrane and involves the Renin-
Angiotensin system (RAS), a distinct network for
systemic regulation of blood pressure that plays
aroleinthe managementofseveral physiological
responses to maintain homeostasis (Guo et al.
2020b).

In the RAS, juxtaglomerular kidney cells
secrete the highly specific endopeptidase renin
in response to physiological stimuli. Renin
then reaches its substrate angiotensinogen
in the plasma and hydrolyzes it to generate
angiotensin | (Ang 1). Subsequently, the
exopeptidase angiotensin-converting enzyme
(ACE) cleaves Ang | releasing a C-terminal
dipeptide His-Leu. This cleavage results in
an increase of the vasoconstrictor activity of
angiotensin, whose activated form is known as
angiotensin 1l (Ang Il). The counter-regulatory
carboxypeptidase angiotensin-converting
enzyme 2 (ACE2) catalyzes the irreversible
conversion of angiotensin | to angiotensin 1-9, a
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nine-amino acid peptide with anti-hypertrophic
effects in cardiomyocytes (Sotomayor-Flores
et al. 2020), and angiotensin Il to angiotensin
1-7, which is a potent vasodilator. ACE2 is,
therefore, a fundamental regulator of blood
volume, vascular resistance, and cardiovascular
homeostasis (Jia 2016, Kreutz et al. 2020).

The findings of Hoffmann et al. (2020)
reveal how, in a similar mechanism to that of
SARS-CoV, the molecular interaction between
SARS-CoV-2 spike protein and ACE2 receptors
presented on the membrane of the host airway
epithelial cells enables viral attachment to
target cells, ultimately leading to viral fusion and
cell entry. Upon infection, host cells undergo
a downregulation of surface-expressed ACE2,
which leads to the reduced production of Ang 1-7
and an accumulation of Ang I, promoting a local
unbalance of RAS (Kuster et al. 2020, Zhang et al.
2020c) (Figure 2a). The ACE2 downregulation has
a positive correlation to the severity of acute lung
injury, and according to Kuba et al. (2005) can be
directly induced by the in vivo administration
of recombinant SARS-CoV Spike protein in wild-
type mice. Conversely, the severity of lung failure
was not affected by the administration of SARS-
CoV spike in ACE2-knockout mice, indicating that
the effects of the viral spike protein to acute
lung injury are specific for ACE2.

Interestingly, the increase on the levels of
Angiotensin Il is related to the upregulation
of tissue factor (TF) expression on the airway-
associated endothelial cells that, in turn, initiate
the procoagulant response of plasma clotting
factors. (Nishimura et al. 1997). The binding
of TF to factor Vlla forms a complex with the
ability to catalytically convert factors IX and X to
their active derivatives IXa and Xa, respectively,
thus leading to thrombin generation and the
sequential clot formation with the deposition
of fibrin protofibrils (D’Alessandro et al. 2018,
Fraga-Silva et al. 2010) (Figure 2a).
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Thrombin is the central protease in the
consolidation of the hypercoagulability seen
in COVID-19 because even slow accumulating
amounts thrombin can further activate platelets
via protease-activated receptor - 1 (PAR-1) (Hsieh
et al. 2019) (Figure 2 b). Platelet-derived factor V
can also be activated by thrombin into factor
Va at the inflammation site, thus amplifying the
formation and activity of the prothrombinase
complex, generating more active thrombin in
a positive feedback loop. Thrombin can also
cleave factor VIII into Vllla, which increases the
levels of factor Xa by acting as a co-factor of
factor IX on the surface of activated platelets
(Levi & Sivapalaratnam 2019).

Concomitantly, Ang 1-7 is a known inducer
of nitric oxide (NO) production in thrombocytes,
which makes it a potent inhibitor of platelet
adhesion and aggregation. Thus, the reduction
of Ang 1-7 levels as a consequence of ACE2
downregulation contributes to the onset of
a hypercoagulable state due to an impaired
physiological control in platelet function (Fraga-
Silva et al. 2008) (Figure 2a).

Cytokine storm action

The overproduction of pro-inflammatory
cytokines and the overactivation of immune
cells during SARS-CoV-2 infection is known as
a cytokine storm (Vaninov 2020). This hyper-
inflammatory state directly impacts the
hemostasis, promoting functional changes that
contribute to the worsening of the COVID-19
(Yang & Tang 2016, Yao et al. 2020). The close
connection between inflammation and
hemostasis is defined as “immunothrombosis”
(Engelmann & Massberg 2013, Middleton et al.
2016, Guo & Rondina 2019) (Figure 1 and Figure
2b).

Pro-inflammatory cytokines such as IL-
1, tumor necrosis factor (TNF) and IL-6 further
enhance local procoagulant responses by
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inducing TF expression in monocytes. [L-1
and TNF also promotes the TF upregulation
expression in endothelial cell intensifying this
process (Grignani & Maiolo 2000, Schouten et al.
2008). Besides, both IL-1and TNF-a may mobilize
von Willebrand factor (vWF) to the endothelial
surface during inflammation, inducing higher
platelet activation mediated by the binding
of VWF to the platelet glycoprotein GPlba-IX-V
(Middleton et al. 2016, Nishimura et al. 2012)
(Figure 2b). The joint mobilization of clotting
factors and activated platelet to SARS-CoV-2
infected areasis likely linked to a hyperinduction
of pro-inflammatory cytokine production, which
amplifies the generation of thrombin and the
likelihood of thrombosis in situ (Van Wissen et
al. 2011).

In the progression of COVID-19, the
upregulation of IL-8 and CXCL2 can contribute
to the recruitment of neutrophils to the
sites of infection. One of the ways these
polymorphonuclear leukocytes perform their
function is through the release of nuclear
chromatin, or neutrophil extracellular traps
(NETs). NETs disperse cytotoxic mediators that
include extracellular histones, myeloperoxidase
(MPO) and neutrophil elastase (NE), while
strongly stimulating the production of pro-
inflammatory cytokines. It is especially
noteworthy that NETs can induce macrophages
to secrete IL-1B and this cytokine enhances NET
formation. The recognition of NETS as major
enhancers of endothelial injury and dysfunction
along with their significant contributions to
thrombin generation, thrombosis, and organ
failure suggests that the activation of NETs in this
positive loop could accelerate aberrant immune
responses, the formation of microthrombi, and
respiratory decompensation (Barnes et al. 2020,
Knopf et al. 2019, Monteiro et al. 2019, Narasaraju
et al. 2020) (Figure 1 and Figure 2b).
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The severe inflammatory response observed
in COVID-19 also promotes an imbalance of the
blood coagulation control mechanisms. In this
situation, antithrombin (AT) levels are found to
be markedly decreased because of impaired
synthesis, degradation by NE from activated
neutrophils, and cumulative consumption
because of ongoing thrombin generation (Levi &
van der Poll 2010, Thachil et al. 2020) (Figure 2b).

Endothelial dysfunction

During the course of its infection SARS-Cov-2 can
access peripheral blood, causing viremia (Lin
et al. 2020a). With the endogenous expression
ACE2, TMPRSS2, sialic acid receptor, and CD147
confirmed both by mRNA and protein levels,
endothelial cells might provide a possible route
of entry for the viral particles (Aimes et al. 2003,
Hamming et al. 2004, Sardu et al. 2020, Zhang et
al. 2020c¢) (Figure 2a). In fact, clinical reports have
found direct evidence of SARS-CoV-2 infection
of endothelial cells with diffuse endothelial
inflammation (endotheliitis) and inflammatory
cell death (varga et al. 2020).

The intact endothelium lining the vessel
wall represents a barrier separating platelets
from adhesive substrates in the subendothelial
connective tissue matrix. A potential disruption
of the vessel wall integrity due to the cytopathic
effect caused by the virus would allow circulating
platelets to adhere to the subendothelial matrix
through integrin binding to collagen fibrils and
recognition of VWF by surface glycoprotein Ib-
V-1X, further promoting platelet activation and
downstream thrombogenesis (Posch et al. 2018,
Ruggeri 2002, Siegel-Axel & Gawaz 2007) (Figure
20).

The release of thrombogenic inducers such
as factors V, XI, XIll upon platelet activation
contributes to the propagation phase of the
coagulation response in which active clotting
factors bind to highly procoagulant membranes
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of activated platelets (Hosseinzadegan & Tafti
2017) (Figure 2¢). With an enhanced deposition of
fibrintotheinflammation site and the conversion
of plasminogen to plasmin, lead to the cleavage
of fibrin protofibrils and the cumulative release
of D-dimers, which are a known marker of
COVID-19 associated thrombosis (Ji et al. 2020)
(Figure 2b, ¢).

Continuous evidences emerge in support of
the fact that viral replication on the endothelium
may be involved with the onset of disseminated
intravascular coagulation (DIC) in some COVID-19
patients. In this condition, the formation of
fibrin-platelet microthrombi in the pulmonary
vasculature contribute to the evolution of
progressive respiratory dysfunction and right
heart failure. (Thachil et al. 2020, Willyard 2020)
(Figure 2¢, d).

Thrombocytopenia

Thrombocytopenia is a clinical condition
recurrently associated with severe SARS-CoV-2
infections. In COVID-19, the extensive damage
caused to the bronchoalveolar tissue and the
associated endothelial cells by the viral infection
often results in intense platelet recruitment
to the lungs and consumption due to intense
activation, which lead to the depletion of
peripheral platelet count (Lippi et al. 2020, Yang
et al. 2005) (Figure 2c).

The reduction of circulating platelets can
contribute to the appearance of hemorrhagic
disorders mainly as consequences of DIC
evolution. Some patients have also been
present with skin manifestations of petechiae
or tiny bruises, but there is still no report on
massive bleeding (Joob & Wiwanitkit 2020, Sai &
Wiwanitkit 2020).

Furthermore, the lungs have recently been
identified as primary sites for terminal platelet
production, with considerable hematopoietic
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potential by actively promoting platelet release
from mature megakaryocytes (Lefrancais et
al. 2017). The inflammation triggered by SARS-
CoV-2 can result in morphological changes in
the pulmonary capillary bed, impairing the
megakaryocytes fragmentation steps and
ultimately affecting megakaryocytopoiesis,
which contributes to thrombocytopenia
(Middleton et al. 2016, Yang et al. 2005).

Other mechanisms have been suggested
for thrombocytopenia in COVID-19, including
the development of autoantibodies or immune
complexes mediating clearance and direct
infection of hematopoietic progenitor cells
and the megakaryocytic lineage resulting in
decreased production of platelets (Amgalan &
Othman 2020).

Alteration in fibrinolytic responses

The fibrinolytic system is widely affected in
Covid-19. Fibrinolysis is the process of dissolving
blood clots, thereby preventing the obstruction
of blood vessels. When activated by tissue- or
urokinase-type plasminogen activators (tPA or
uPA), plasminogen is converted to plasmin, the
critical enzyme of this system, whose function
is to degrade the deposited fibrin into soluble
fibrin degradation products (FDPs) (Figure 2c).
The production of plasmin is physiologically
modulated by plasminogen activator inhibitors
-1 and- 2 (PAI-1 and PAI-2) (Lin et al. 2020b).

In SARS-CoV2 infection, there is an
uncoordinated coexistence of hypercoagulation
and hyperfibrinolysis. Although physiological
mechanisms provide the generation of
antifibrinolytic mediators such as PAI-
1, intense fibrinolysis is still a hallmark in
about 25% of COVID-19 patients facing venous
thromboembolism (VTE) as reported by Cui et al.
(2020) in a cohort study with 81 COVID19 patients
under severe signs of pneumonia (Gralinski et al.
2013, Ji et al. 2020). In this research, assessment
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of fibrinolysis through systematic dosing of
D-dimer was recently described as an accurate
biomarker of VTE in COVID-19, with a sensitivity of
85%, specificity of 88.5% and negative predictive
value of 94.7% (Cui et al. 2020).

A possible explanation for this finding is
related to the fact that polyphosphates released
from activated platelets and collagen exposed
in endothelial injury enable activation of the
Hageman factor (Factor XIl). The increase in the
factor Xlla levels allows the highest conversion
of plasminogen to plasmin, stimulating the
activation of the fibrinolytic system (Didiasova
et al. 2018) (Figure 2c).

Besides, the signaling of IL-1, [L-6 and TNF to
the endothelium increases the expression and
release of endothelin-1 (ET-1), a vasoconstrictor
mediator that contributes to tPA production and
plasmin generation (Kahaleh & Fan 1997, Lidbury
etal. 1990, Maemura et al. 1992). Newly generated
thrombin also promotes the expression of
Annexin 2 (tPA receptor) on the endothelial
surface, which in turn expands the effectiveness
of tPA activation, plasmin production and the
systemic increase in D-dimer levels (Dassah et
al. 2009, Peterson et al. 2003) (Figure 20).

ANTITHROMBOTIC THERAPIES
IN COVID-19

The propensity of SARS-CoV-2 to cause
microvascular, venous and arterial thrombosis,
and thereby exacerbating organ injury, combined
with the current lack of an effective therapy for
this viral infection, has led to significant interest
regarding the use of antithrombotics for patients
with severe COVID-19 (McFadyen et al. 2020).

In a retrospective study with 449 patients
presenting severe COVID-19 in China, 99 of which
received low-molecular weight heparin (LMWH)
in prophylactic doses for at least 7 days, it was
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found that 28-day mortality of patients with
elevated D-dimer levels (greater than six-fold
at the upper limit of normal) and high sepsis-
induced coagulopathy score that used LMWH,
was lower than in non-user patients with similar
clinical profile. These findings highlight the
potential role of anticoagulation in mitigation of
clinical complications and mortality reduction
in specific COVID-19 patients (Tang et al. 2020a).

Given the potential severity of the SARS-
CoV-2 infection the prophylactic dose of LMWH
is recommended for hospitalized patients with
COVID-19 to prevent venous thromboembolism
(VTE) and treatment dose LMWH is contemplated
for those with significantly raised D-dimer
concentrations due to concerns of thrombi in
the pulmonary circulation (Al-Ani et al. 2020).

The anticoagulant activity of heparin is
primarily related to its ability to bind AT and
accelerate the formation of a molecular complex
with activated forms of several coagulation
factors,therebyleadingtoinhibition of secondary
hemostasis and consequent thrombotic events
(Spadarella et al. 2020). Besides being a potent
anticoagulant, heparin also has other potential
roles in thromboinflammation and acute lung
injury. Based on the immuno-thrombosis model,
which highlights a bidirectional relationship
between the immune system and thrombin
generation, blocking thrombin by heparin may
dampen the inflammatory response (Thachil
2020).

Several studies show that heparin is able
to decrease production of cytokines markedly
elevated in critically ill COVID-19 patients as
interleukin 6 (IL-6) and tumor necrosis factor
alpha (TNF - a) (Atallah et al. 2020). Additionally
heparin also protects the endothelium from
NETs and histones (Mitchell 2020). There is
also data reporting that heparin interacts with
spike proteins of several viruses, including
the SARS-CoV-2 spike protein receptor binding
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domain, suggesting that it may be able to
modulate protein’s interactions with the
endothelium (Mycroft-West et al. 2020). Due to
these characteristics, LMWH remains as the best
choice of anticoagulant for admitted patients
with severe COVID-19.

Although they are alternatives for the
treatment of thrombotic disorders evidenced
in SARS-CoV-2 infection, both Vitamin K
Antagonists (VKA) and Direct Oral Anticoagulants
(DOAC) display significant interference with
concomitant antiviral treatment to which the
COVID-19 patients are subjected (Marietta et al.
2020). The antiviral agents, particularly those
that strongly interact with P-glycoprotein and/
or cytochrome P450-based metabolic pathways
can modify VKA and DOAC pharmacokinetic
and pharmacodynamic profiles, consequently
changing their plasma anticoagulant activity,
increasing risk and bleeding (Testa et al. 2020).
Thus, an individualized patient-based approach
is recommended, aiming balancing the risk/
benefitratio of various antithrombotic strategies,
taking into consideration the underlying
hypercoagulable state.

Inaddition to VTE, there are emerging reports
that the rate of arterial thromboembolism is
increased in patients with COVID-19. Platelets
play a key role in this thrombotic disorder and
are a potential target for prevention of the SARS-
CoV-2 infection complications (McFadyen et al.
2020). Among the antiplatelet agents, aspirin
(ASA) and P2Y12 receptor inhibitors such as
clopidogrel are associated with decreased risk
of acute respiratory distress syndrome (ARDS) as
well as decreased mortality among the critically
ill, may representing a valid COVID-19 therapeutic
complement (Panka et al. 2017, Reilly & Christie
2015).

However, a number of drugs for the
treatment of COVID-19 may have interactions with
these oral antiplatelet agents, such as lopinavir/
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ritonavir, an antiviral agent that inhibits CYP3A4
metabolism. Although the active metabolite
for clopidogrel is mostly formed by CYP2C19,
inhibition of CYP3A4 may also lead to reduction
in effective dosage of clopidogrel. Therefore,
the concomitant use of this agent along with
lopinavir/ritonavir should be cautioned (Bikdeli
et al. 2020a). Currently, randomized trials
evaluating role of aspirin and clopidogrel in
COVID-19 patients at increased cardiovascular
risk are underway (Bikdeli et al. 2020b).

Vorapaxar and Dipyridamole are also
promising antiplatelet agents for adjuvant
treatment of the COVID-19. Vorapaxar exerts
its antiplatelet activity through antagonism
of the protease-activated receptor 1 (PAR-1),
which perform an important role in thrombin-
induced platelet aggregation and is also related
to blood coagulation, inflammation process,
and the fibrotic response (Bikdeli et al. 2020a).
Nonetheless, its terminal half-life of 8 days
renders it difficult to use in patients with severe
COVID-19 (Jose & Manuel 2020).

Dipyridamole is a phosphodiesterase
inhibitor that inhibits platelet aggregation by
increasing intracellular concentrations of cyclic
adenosine monophosphate (Liu et al. 2020a)
. In clinical trial reported by Liu et al,, thirty-
one patients with COVID-19 were randomized
to dipyridamole (150mg three times a day for 7
days) versus control. In this study, those treated
with dipyridamole showed trends toward higher
cure and hospital discharge rates (Liu et al.
2020b). With respect to SARS-COV-2 infection and
antiplatelet agents, there are many unknowns
regarding their use, evidencing the need for
more clinical trials to guide COVID-19 treatment.
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CONCLUSIONS

In summary, in light of the rapid progression
of the COVID-19 pandemic around the world,
understanding the pathophysiological
mechanisms of SARS-CoV-2 is of great
importance. The impact of this viral infection on
the hemostatic system is broad and can directly
influence the management and prognostic of
patients. Whether by focal downregulation
of ACE2 upon viral entry to infected cells or
hyper induction of cytokine production, a
significant number of COVID-19 patients develop
signs hypercoagulability, thrombocytopenia,
and hyperfibrinolysis. The establishment of
thrombotic and hemorrhagic complications
as a consequence of infection is a noteworthy
feature for the worsening of COVID-19 patients.
Thus, an overview of the SARS-CoV-2 infection
dynamics under the lens and pathophysiology
of hemostasis is fundamental to aid the
development of improved diagnostic and
therapeutic approaches in the management of
this ongoing pandemic.
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