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Severe acute respiratory syndrome caused by coronavi-
rus 2 (SARS-CoV-2), now classified coronavirus disease
2019 (COVID-19), was first identified in December 2019
in Wuhan, Hubei Province, China, and has now spread to
all continents [1]. About 5-10% of COVID-19 patients
require intensive care unit (ICU) admission and mechan-
ical ventilation because of progression to a severe pneu-
monia including parenchymal disease, massive alveolar
damage and acute respiratory distress syndrome (ARDS)
with radiologic patchy shadowing or ground-glass opac-
ity [1]. Critically ill COVID-19 patients are prone to
develop not only hypoxia and excessive inflammation
but frequent thrombotic manifestations like pulmo-
nary embolisms (20-30% of cases), deep vein thrombo-
sis (DVT), catheter-related thrombosis as well as arte-
rial thrombosis like ischemic strokes [2—5]. In addition,
microvascular thrombosis, acrosyndrome and capillary
leak syndrome affecting lungs, kidneys and heart, poten-
tially complicated by multi-organ failure (MOF), are also
reported [3, 5]. The aim of this short review, which guid-
ing thread is illustrated in the figure, is to summarize the
complex mechanisms supporting the hemostasis disor-
ders observed in critically ill COVID-19 patients.
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How does SARS-CoV-2 lead to an inappropriate
immune response-induced cytokine storm

and a local and systemic inflammatory response
syndrome (SIRS)?

SARS-CoV-2 enters host cells by binding the angioten-
sin-converting enzyme 2 (ACE2), highly expressed in
lung alveolar epithelial cells, cardiac myocytes, vascular
endothelium and other cells [6, 7] (Fig. 1). The aggression
of the lung by SARS-CoV-2 causes a disruption of both
epithelial and endothelial cells together with an alveolar
inflammatory cell infiltrate leading to high levels of early
response-proinflammatory cytokines (IL-1B, IL-6 and
TNFa) [8, 9]. In severe critically ill COVID-19 patients,
this immune response is excessive and thus described as
a systemic “cytokine storm” which precipitates the onset
of a systemic inflammatory response syndrome (SIRS)
(Fig. 1) [5, 8, 9].

What is the link between SARS-CoV-2-associated
hypoxia, inflammatory response and both
hypercoagulability and endotheliopathy observed
in COVID-19 patients?

Although one cannot totally exclude that the hemostatic
disorders observed in critically ill COVID-19 patients
are specific effects of SARS-CoV-2, these disorders may
be due to hypoxia combined with an immuno-triggered
thrombo-inflammation supported by both an endothe-
liopathy and a hypercoagulability state [3, 5, 6] (Fig. 1).
The pivotal role of the endothelium in this concept is
supported by several data. Firstly, COVID-19-associ-
ated hypoxia results in vasoconstriction and reduced
blood flow that contribute to an endothelial dysfunc-
tion [3, 6, 7]. Secondly, hypoxia may also shift the basal
antithrombotic and anti-inflammatory phenotype of the
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Fig. 1 Pathophysiology for thrombosis in critically ill patients with COVID-19. The figure summarizes the steps of the thrombotic pathophysiologi-
cal sequence that consecutively includes the aggression of the host cells by the SARS-CoV-2, the excessive immune response-induced cytokine
storm, the local and systemic inflammatory response responsible for an endotheliopathy and a hypercoagulability state, leading to both systemic
and macro- and micro-thrombosis. The exact pathophysiological mechanisms leading to severe pulmonary vascular dysfunction and ARDS have
not been elucidated. SARS-CoV-2 severe acute respiratory syndrome coronavirus 2, ACE-2 angiotensin-converting enzyme 2, G/ gastrointestinal, /L
interleukin, G-CSF granulocyte colony stimulating factor, TNF tumor necrosis factor, IFN interferon, SIRS systemic inflammatory response syndrome,
EC endothelial cells, TF tissue factor, ULVWF ultralarge von Willebrand factor multimers, FVIIl factor VI, ARDS acute respiratory distress syndrome
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endothelium towards a procoagulant and proinflamma-
tory phenotype, notably by the alteration of transcrip-
tional factors, as early growth response gene 1 (Egrl)
and hypoxia-inducible factor 1 (HIF-1), as previously
reported in other ARDS [3]. Thirdly, COVID-19-related
proinflammatory cytokines induce an endothelial injury
resulting in the release of ultralarge von Willebrand fac-
tor multimers (ULVWF) involved in primary hemostasis
and the overexpression of tissue factor (TF) [3, 8—10].
ULVWE act as a bridge between activated platelets, dam-
aged EC and subendothelium. Circulating monocytes,
neutrophils, platelets and microparticles bind to the
activated endothelium and locally provide TF and neu-
trophils extracellular traps (NETs) for initiation of coagu-
lation via TF/FVIIa pathway. Consequently, excessive
amounts of thrombin are generated with a subsequent
hypercoagulability state [11] (Fig. 1). Hypercoagulation
is further enhanced by an imbalance between increased
procoagulant factors, i.e., FV, FVIII and fibrinogen, and
potentially decreased or normal natural coagulation
inhibitors, i.e., antithrombin, proteins C and S [3, 10].

How do hypercoagulability and endotheliopathy
lead to systemic and macro- and micro-thrombosis
in COVID-19?

Overall, low blood flow (induced by both vasoconstric-
tion and stasis) together with endothelial injury and
hypercoagulability (i.e., Virchow’s triad) supports the
higher risk of thrombosis in severe COVID-19 patients
[12, 13]. The occurrence of venous macro-thrombosis
(DVT and pulmonary embolism) is likely to be more
specifically enhanced by the excessive thrombin gen-
eration worsened by the imbalance between pro- and
anti-coagulant factors, while arterial macro-thrombosis
(strokes) may be further supported by increased ULVWF
levels [14] (Fig. 1). Interestingly, the pathophysiology
for COVID-19-related systemic micro-thrombosis (ulti-
mately complicated by MOF) may be specific and, in
particular, different from disseminated intravascular
coagulation (DIC): indeed, in contrast to sepsis-induced
coagulopathy, consumption of platelets, coagulation fac-
tors and fibrinogen as well as bleeding complications are
rare in severe COVID-19 patients, suggesting that DIC is
not a common complication of COVID-19 [2-4, 10, 15].
Pulmonary micro-thrombosis is the pathophysiological
substratum of COVID-19-related ARDS (Fig. 1). Criti-
cally ill patients with COVID-19 exhibit an alteration of
alveoli and pulmonary microvasculature associated with
platelet/ULVWE-rich strings anchored to the injured
endothelium and intra-alveolar fibrin deposition form-
ing localized/disseminated microthrombi [3, 16]. The lat-
ter were suggested to be due to a local impairment of the

fine balance between host coagulation and fibrinolytic
pathways within alveolar spaces; also, this microthrom-
botic vaso-occlusion process is likely to be significantly
enhanced by the vasoconstriction and the reduced blood
flow induced by the profound hypoxemia in the pulmo-
nary capillaries [2, 3, 5, 16].

What practical consequences for both laboratory
monitoring and anticoagulant therapy
management?

To monitor critically ill COVID-19 patients, the minimal
panel of hemostasis tests should include prothrombin
time, fibrinogen, platelet count and D-dimers. Of note,
increased D-dimer levels have been identified as a pre-
dictor of the development of ARDS, the need for admis-
sion in ICU and death [3, 9, 10, 13, 15]. High fibrinogen
and D-dimer levels both reflect the hypercoagulable and
inflammatory state. One question is whether the use of
viscoelastic tests performed on whole blood could be
helpful to both better explore hypercoagulability and pre-
dict thrombotic events in this setting [11]. Despite stand-
ard thromboprophylaxis using low molecular-weight
heparin (LMWH) or unfractionated heparin (UFH),
the prevalence of thrombotic events is unusually high: a
more aggressive thromboprophylaxis using LMWH or
UFH could be considered on an individual basis, espe-
cially in patients with multiple risk factors for throm-
boembolism (i.e., obesity, cancer, etc.) [2-5, 12, 13]. The
use of therapeutic doses is currently not supported by
evidence outside patients with confirmed thromboembo-
lism diagnosis or extracorporeal membrane oxygenation.
The benefit-to-risk ratio remains to be addressed in pro-
spective trials, before adopting an aggressive anticoagula-
tion approach.

In conclusion, to establish explanatory bonds between
the puzzled concepts of COVID-19 induced-immune
response, inflammation, endothelial injury, hyperco-
agulability and thrombosis still remains a challenge. In
practice however, the severity of both macro- and micro-
thrombosis occurring in critically ill COVID-19 patients
emphasizes the crucial need for a hemostasis-focused
laboratory monitoring and therapeutic management.
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