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Clotting in COVID-19: Is It All in the Genes?

As of May 3, 2021, more than 154 million individuals around the
world have been infected with the severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2), and 3.22 million have succumbed to
coronavirus disease (COVID-19) (1). One major contributor to its
morbidity and mortality is venous thromboembolism (VTE), which
affects�17% of hospitalized patients with COVID-19 and�28% of
those who require ICU support (2). Promisingly, a recent interim
analysis of a multiplatform randomized controlled trial (N5 2,895)
consisting of participants in the ATTACC (Antithrombotic Therapy
to Ameliorate Complications of COVID-19), ACTIV-4 (Anti-
thrombotics for Adults Hospitalized with COVID-19) and REMAP-
CAP (Randomized, Embedded, Multifactorial Adaptive Platform
Trial for Community-Acquired Pneumonia) studies indicates that
full-dose anticoagulation therapy results in significantly improved
outcomes, including reduced mortality and prevention of organ
failure, compared with low-dose (prophylactic) anticoagulation
therapy in hospitalized patients with COVID-19 (3). Although
preliminary, these data provide a compelling rationale to explore
several important mechanistic questions regarding the relation
between COVID-19 and coagulopathy. These include 1) What are the
molecular pathways by which SARS-CoV-2 infection induce
coagulopathy in COVID-19? and 2) Is the coagulopathy unique to
SARS-CoV-2 infections or is it generic to all severe viral respiratory
tract infections?

In this issue of the Journal, FitzGerald and colleagues (pp.
687–697) provide data that fill in some crucial gaps in knowledge (4).
Although COVID-19 affects multiple organs, the most severe form
occurs when SARS-CoV-2 infects the lower respiratory tract, leading
to pneumonia and, in certain cases, venous thromboembolic disease,
including pulmonary embolism (5). To understand this mechanism,
FitzGerald and colleagues reanalyzed data from several publicly
available transcriptomic databases. Using bulk sequencing data of
human bronchial epithelial cells infected with SARS-CoV-2 (6), they
found that 10 genes (EDN1 [endothelin 1], SERPINB2 [serpin family
Bmember 2], PLAU [plasminogen activator, urokinase], F3
[coagulation factor III, tissue factor], LYN [LYN proto-oncogene, Src
family tyrosine kinase], C1QTNF1 [C1q and TNF related 1], PLAUR
[plasminogen activator urokinase receptor], PDPN [podoplanin],
CEACAM1 [CEA cell adhesion molecule 1], andNFE2L2 [nuclear
factor, erythroid 2 like 2]) within the regulation of blood coagulation
biologic process (7) were differentially expressed in human bronchial
epithelial cells infected by SARS-CoV-2 (adjusted P, 0.05).
Importantly, the SARS-CoV-2 infection significantly increased the
protein expression of TF (tissue factor), which is the master regulator
of the extrinsic pathway of blood coagulation. In contrast, SARS-
CoV-2 infection had no significant effect on the expression of TFP1, a
TF inhibitor, which led to a significant imbalance in the ratio between
TF and TFP1 in favor of thrombosis. Another notable gene
dysregulated by SARS-CoV-2 infection was PROS1, which encodes

protein S. Protein S is a cofactor for protein C; together, they
inactivate factors Va and VIIIa, leading to the inhibition of the
coagulation cascade. By downregulating PROS1, SARS-CoV-2
infection creates a prothrombotic milieu in COVID-19 lungs.
Interestingly, there are approved drugs (e.g., menadione and
warfarin), which can modulate PROS1 (8). This may present an
opportunity to repurpose these compounds for treating or preventing
venous thromboembolic complications in patients with severe
COVID-19.

These in vitro findings were largely recapitulated in human
BAL samples from subjects with and without COVID-19. Using bulk
and single-cell sequencing data, FitzGerald and colleagues identified
bronchial epithelial cells as the predominant source of F3 (the gene
that encodes TF), andmacrophages were the main source for PLAUR
(which encodes plasminogen urokinase-localizing protein) and
SERPINB2 (which encodes PAI-1 [plasminogen activator inhibitor-
2]), which are both negative regulators of plasmin that inhibit cross-
linking of the fibrin clot. In the circulating immune cells of patients
with COVID-19, however, none of the genes in the coagulation
pathway were significantly dysregulated (compared with those of
control subjects). Finally, FitzGerald and colleagues showed that this
prothrombotic response may be unique to SARS-CoV-2 and not
shared by other respiratory viruses such as influenza A, which did
not significantly alter the expression levels of genes involved in the
coagulation pathway. Consistent with this notion, a recent study has
shown a significant relationship of genes related to coagulation
(e.g., F3, PROS1, ITGB3, and TFPI2) with SARS-CoV-2 but not to
other human coronaviruses (e.g., Middle East Respiratory Syndrome
coronavirus [MERS-CoV] and severe acute respiratory syndrome
coronavirus [SARS-CoV]) (9). Together, these data suggest that
SARS-CoV-2 coaxes a unique response in the epithelial cells and
alveolar macrophages that leads to a prothrombotic milieu in the
lungs, which can result in thrombosis in situ or pulmonary embolism
in susceptible individuals (Figure 1).

There are some limitations to FitzGerald and colleagues’work.
First, their results were derived from experiments that contained
small sample sizes. Second, statistical significance of the results was
based on nominal, rather than adjusted, P values. The latter is
preferred, as transcriptomics data may contain many false positives
because of multiple comparisons and multidimensionality of the
datasets. Third, the authors weaved together the analysis on the
basis of results from several original experiments, which were
conducted by different investigators using different cohorts. This
could have introduced measured and unmeasured errors and
thereby confounded their analyses. Fourth, the authors did not
consider systemic factors such as proinflammatory cytokines, which
can increase the thrombotic tendencies of patients, as this was
beyond the purview of the study. IL-6 is a notable cytokine in this
pathway, as it may be responsible for COVID-19–related cytokine
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storm and affect production of many proteins in the coagulation
cascade, such as fibrinogen and various clotting factors by the
liver (10).

Notwithstanding these limitations, the work of FitzGerald and
colleagues is scientifically sound and clinically relevant.
Thromboembolic disease is common among hospitalized patients
with COVID-19, affecting 1 in 5 patients. Their work highlights an
important mechanism by which this occurs in COVID-19 and,
importantly, proffers novel targets for therapeutic discoveries and
approved drugs, which can be potentially repurposed. New or
repurposed therapies are desperately needed in the global fight
against the COVID-19 pandemic.

The diagram provides an overview of potential mechanism of
COVID-19 coagulopathy based on the work by FitzGerald and
colleagues (4). SARS-CoV-2 infects the lung epithelial cells
causing COVID-19 pneumonia. The immune cells (e.g., alveolar
macrophages) sense the virus and produce cytokines (e.g., IL-6),
which attract other immune cells (e.g., granulocytes) and recruit
additional cytokines, thus creating a vicious cycle of inflammation
that can damage the lung tissue. Blood vessels become leaky and
allow exudative fluid to rush into the interstitium and alveolar
units. IL-6 can transmigrate from the alveolar space into the
systemic circulation through the pulmonary capillaries, where it
can impact other tissues (e.g., liver) and promote the production
of clotting factors and fibrinogen by hepatocytes. IL-6 can also
orchestrate a COVID-19–related cytokine storm, causing
macrophages to overproduce proteins that promote thrombosis,
including PLAUR and the PAI-2. PLAU protein upregulates the
production of TF in type II pneumocytes. The TF protein is a
master regulator of the extrinsic coagulation cascade. Protein S

also decreases in COVID-19. The imbalance between the TF, its
inhibitor (TFPI), and protein S favors thrombosis. Genes
implicated in the coagulation pathway are not dysregulated in
peripheral blood mononuclear cells (PBMCs [i.e., T cells]) during
SARS-CoV-2 infection.�
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Figure 1. Proposedmechanism of coagulopathy in lungs of patients with coronavirus disease (COVID-19). Figure was created with
BioRender.com. PAI-25plasminogen activator inhibitor-2; PBMCs5peripheral bloodmononuclear cells; PLAU5plasminogen activator urokinase;
PLAUR5plasminogen activator urokinase receptor; SARS-CoV-25 severe acute respiratory syndrome coronavirus 2; TFPI5 tissue factor pathway inhibitor.
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