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The systemic manifestations commonly observed in COVID-19 patients include hypertension, arterial and venous
thromboembolism, kidney disease, cerebrovascular disorders, and diabetes mellitus). These clinical findings strongly
suggest that the virus is targeting the endothelium. Here we report a systematic and comprehensive evaluation of the
evidence showing that the endothelium is a key target organ in COVID-19, playing a fundamental role in its pathogenesis.
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| 1. Introduction

To access host cells, SARS-CoV-2 uses a surface glycoprotein (peplomer) known as spike; ACE2 has been shown to be a
co-receptor for coronavirus entry . Therefore, the density of ACE2 in each tissue may correlate with the severity of the
disease in that tissue. Other factors on the surface of human cells have been suggested to mediate the entry of SARS-
CoV-2, including transmembrane serine protease 2 (TMPRSS2), sialic acid receptors, and extracellular matrix
metalloproteinase inducer (CD147, also known as basigin). Additionally, cathepsin B and L have been shown to be critical
entry factors in the pathogenesis of COVID-19.

Intriguingly, all of these factors involved in the entry of SARS-CoV-2 in the host cell have been shown @ to be expressed
by endothelial cells (Figure 1).

ACE2 is the most studied of these receptors: its genetic inactivation has been demonstrated to cause severe lung injury in
H5N1-challenged mice, whereas administration of recombinant human ACE2 ameliorates H5N1 virus-induced lung injury
in mice =,



Figure 1. Endothelial dysfunction is a major determinant of COVID-19.

| 2. Systemic Manifestations

The SARS-CoV-2 coronavirus accesses host cells via the binding of its spike glycoprotein to angiotensin-converting
enzyme 2 (ACE2), sialic acid receptor, transmembrane serine protease 2 (TMPRSS2), and extracellular matrix
metalloproteinase inducer (CD147); cathepsin B and L also participate in virus entry. All of these factors are expressed in
endothelial cells. Endothelial dysfunction is a common feature of the clinical manifestations commonly observed in
COVID-19 patients. All of the drugs proposed as a potential therapeutic strategy to treat COVID-19 patients have been
shown to improve endothelial function, including tocilizumab, colchicine, chloroquine/hydroxychloroquine, and
azithromycin, and famotidine (see text for details and references).

ACE2 is currently at the center of a heated debate among physicians, and there are concerns that medical management
of hypertension, including the use of inhibitors of the renin-angiotensin-aldosterone system (RAAS), may contribute to the
adverse health outcomes observed . TMPRSS?2 binds the viral spike glycoprotein & recent structural assays have
suggested that coronaviruses can bind sialic acid receptors; CD147 has been shown to be essential for the entry of
cytomegalovirus into endothelial cells; both cathepsin B and L are present in endothelial cells (Figure 1) (6],

The endothelium prevents blood clotting by providing an antithrombotic surface, maintained by heparan sulphate present
in the matrix surrounding the cells, by the expression of tissue factor inhibitor, thrombomodulin, and by the production of
tissue-type plasminogen activator that promotes fibrinolysis [Z.

Endothelial dysfunction refers to a systemic condition in which the endothelium loses its physiological properties, including
the tendency to promote vasodilation, fibrinolysis, and anti-aggregation [&; moreover, endothelial dysfunction appears to
be a consistent finding in patients with diabetes [,

The cases of Kawasaki disease and pediatric multisystem inflammatory syndrome (PMIS) reported in young COVID-19
patients support our view of a systemic vasculitis caused by SARS-CoV-2 14,

COVID-19 patients often exhibit clotting disorders, with organ dysfunction and coagulopathy, resulting in higher mortality
(L Critical data came from the analysis of coagulation tests including prothrombin time (PT), activated partial
thromboplastin time (APTT), antithrombin activity (AT), fibrinogen, fibrin degradation product (FDP), and D-dimer, in
samples collected on admission and during the hospital stay of COVID-19 patients. Non-survivors had significantly higher
D-dimer and FDP levels, and longer PT vs survivors on admission 22, Moreover, significant reduction and lowering of
fibrinogen and AT levels were observed in non-survivors during late stages of hospitalization, which is compatible with a
clinical diagnosis of disseminated intravascular coagulation (DIC). Specifically, among 191 COVID-19 patients seen at two
hospitals in Wuhan, D-dimer levels over 1 ug/L at admission predicted an 18-fold increase in odds of dying before
discharge 21, When DIC is caused by a systemic infection, it features an acute systemic over-inflammatory response,
strictly linked to endothelial dysfunction 24!, Most recently a case of a COVID-19 patient with an increase of Factor VIII
clotting activity and a massive elevation of von Willebrand Factor (vWF) has been reported X3, further supporting our
theory: indeed, VWF can be seen as a marker of endothelial damage, since it is normally stored in Weibel-Palade bodies
within endothelial cells. Equally important, angiotensin Il levels in the plasma of COVID-19 patients were markedly
elevated and linearly associated to viral load and lung injury (81,
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