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A Severe Acute Respiratory Syndrome-Coronavirus-2 (SARS-CoV-2) has become a pandemic disease named
Coronavirus Disease-19 (COVID-19) of epochal dimension. The clinical spectrum of COVID-19 is wide, ranging
from asymptomatic forms to severe pneumonia, sepsis and multiple organ dysfunction syndromes resulting in

Among the various consequences of severe COVID-19, cardiovascular (CV) collapse appears the most serious

and potentially lethal. On the other hand, pre-existent CV comorbidities are also associated with higher mor-
tality. The most reliable hypothetical pathogenetic mechanism for CV complications and cardiac injury in severe
COVID-19 patients appears to be a sustained endothelial dysfunction, caused by the interplay of inflammation
and coagulation.

In this review, we survey papers addressing issues related to severe COVID-19, characterized by enhanced
lung microvascular loss, hypercytokinemia, hypoxemia and thrombosis. We discuss about how the virus-induced
downregulation of the angiotensin converting enzyme-2 (ACE2) receptor, used to enter the host cell, could affect
the renin-angiotensin system, attempting to clarify the doubts about the use of ACE inhibitors and Angiotensin-II
receptor blockers in COVID-19 patients. Finally, we point out how the delicate and physiological homeostatic
function of the endothelium, which turns into a disastrous battlefield of the complex interaction between “cy-
tokine and coagulative storms”, can be irreparably compromised and result in systemic inflammatory compli-

cations.

1. Introduction

Severe Acute Respiratory Syndrome-Coronavirus-2 (SARS-CoV-2) is
the pathogen agent of a pandemic disease named coronavirus disease
2019 (COVID-19) that has become a global and epochal challenge [1].
SARS-CoV-2 is a single-stranded RNA virus with surface binding gly-
coproteins called “spikes”. It shares a highly similar gene sequence with
SARS-CoV, virus that caused an epidemic in 2003, with some simila-
rities in the epidemiology of infection and disease clinical features
[2,3]. An initial overview from China including 72,314 patients re-
vealed several important epidemiological and clinical features of
COVID-19 [4]. The clinical spectrum of COVID-19 is very wide, and
ranges from the absence of overt symptoms or only mild signs of upper
respiratory tract infection in 81% of patients, to severe pneumonia in
14% of the patients or critical conditions characterized by severe acute
respiratory distress syndrome (ARDS), systemic infection, septic shock,
and multiple organ dysfunction syndrome in 5% of the patients [4].
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Since the beginning of the pandemic, around 13 million SARS-CoV-2
positive cases have been detected, and about 600 thousand deaths due
to COVID-19 have been recorded, with approximately 4.4% of case
fatality rate (confirmed positive deaths/confirmed positive cases) [5].
Population-based mortality estimates vary widely among countries and
continue to change as the pandemic continues, probably because of
differences in testing strategies, demographics, ethnicity, access to
healthcare, timing of peak infection, socioeconomic status, improved
disease treatments and study methodology [6,7]. Instead, using the
infection fatality rate an index that includes confirmed, suspected, and
asymptomatic patients, an increasing number of studies from different
regions have estimated global infection fatality rates in the range of
0.5-1% [8].

The fatality rate from COVID-19 is higher among older people,
probably reflecting the presence of other diseases, a weaker immune
system or simply worse overall health that allows a faster progression of
viral infection [4,8-10].
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Among various consequences of severe COVID-19, cardiovascular
(CV) complications appeared the most serious and potentially lethal
[1,11,12].

Acute respiratory infections, including influenza, are well known to
be associated with elevated risk of CV diseases (CVD) [13]. This re-
lationship is reciprocal because if, on one hand, viral respiratory in-
fectious diseases, including the previous SARS-CoV outbreak [14], can
increase the risk of CV events [15], on the other, the underlying CV
comorbidities increase the risk of mortality among patients with in-
fection [16].

A meta-analysis of 46,248 cases revealed that hypertension and
diabetes mellitus and global CVD are the most prevalent comorbidities
associated with the severity of COVID-19, while ARDS and acute car-
diac injury may represent the main complications for the recovery of
patients [17].

In a large retrospective study performed on 416 hospitalized pa-
tients, cardiac injury was significantly and independently associated
with mortality (hazard ratio: 4.26) [18].

Another preprint meta-analysis indicated that acute cardiac injury,
hypertension, heart failure, and global CVD were significantly asso-
ciated with mortality in COVID-19 patients [19].

SARS-CoV-2 enters human cells through the binding of the spike
protein with angiotensin converting enzyme-2 (ACE2) [3], a membrane
receptor highly expressed in immune or non-immune cells [20,21], and
in many organs, including lungs, heart and vessel walls [2]. ACE2 is an
important regulator of blood pressure and it is likely that elderly pa-
tients with hypertension could have dysregulated ACE2 expression/
function, predisposing them to severe conditions and mortality.

Acute lung injury leads to increased cardiac workload, therefore
patients with pre-existing CV comorbidities may be at a higher risk of
COVID-19 severity [1,22].

However, recent evidence suggests that a more likely pathogenetic
hypothesis unifying pre-existing comorbidities and the occurrence of
CV events in severe COVID-19 is the endothelial dysfunction due to a
direct viral attack but above all to the complex interaction between
“cytokines and coagulation storms” that, inside the vessels, can irre-
parably compromise the integrity and the physiological anti-thrombotic
and anti-inflammatory properties of the endothelium [23].

In this review, we summarize current and ongoing evidence sup-
porting endothelial damage underlying the pathophysiology of COVID-
19 severity and CV complications, and we focus on one key question: is
the endothelial dysfunction the hardest challenge? In an attempt to
answer this question, we retrace the steps through which the initially
alveolar injury can become systemic through an intensified and dan-
gerous involvement of the vascular endothelium in the interplay be-
tween inflammatory and thrombotic events.

2. Virus infection and COVID-19 pathogenesis: what the biopsy
results show

Postmortem examination has been crucial in determining the cause
of death and in understanding the pathogenesis of COVID-19. The first
series of autopsies on patients who died of COVID-19 revealed that the
leading process in all cases was consistent with diffuse alveolar damage
and airway inflammation [24-26]. Both in patients at an early stage
and in a more advanced stage of disease, the pulmonary autopsy re-
vealed formation of hyaline membranes, as well as fibrin deposition,
neutrophils, monocytes/macrophages infiltrating air spaces and an
extensive thickening of the alveolar wall [24,25,27]. Wang, et al.
showed increased accumulation of cytokines and SARS-CoV-2-infected
macrophages in the lungs [28]. Type II alveolar cells were found in the
alveolar spaces with evident signs of viral cytopathic effects [25].
CD4+ T cells have been reported in aggregates around small vessels,
containing platelets and small thrombi with entrapment of numerous
neutrophils [25]. From the results of the initial autopsies, it was soon
clear that COVID-19 was a systemic pathology affecting the vessels of
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different anatomical districts and not only the lung. Indeed, the infec-
tion caused cell degeneration, necrosis, atrophy, focal haemorrhage and
inflammatory cell infiltration in several organs such as heart, vessels,
liver, kidneys, spleen, brain and even skin [18,25,26,29]. This evidence
is supported by the fact that the ACE2, the gateway of SARS-CoV-2 into
endothelial cells, is ubiquitous and not only present in alveolar en-
dothelial cells.

In nine COVID-19 patients out of 26 patients expired from multiple
organ dysfunction associated with respiratory failure, the electron mi-
croscopic examination showed clusters of viral particles in renal po-
docytes and epithelium, positive to the viral nucleoprotein-antibody
immunostaining [18]. Viral particles have been found in en-
domyocardial biopsy of a patient with ARDS and cardiogenic shock
[29]. Myocardial localization of SARS-CoV-2 implies either a viraemic
phase or, alternatively, migration of infected alveolar macrophages
from lung to heart [29]. In another series of autopsies, electron mi-
croscopy unveiled viral inclusion particles into endothelial cells while
histology showed an accumulation of inflammatory cells near the en-
dothelium [30]. SARS-CoV-2 particles were isolated not only from or-
opharyngeal swab, but also in urine, faecal and serum samples, con-
firming a systemic viremia [31-34]. This wide spread would explain
how the transmission of the virus by respiratory and extra-respiratory
ways, including the vascular system, may rapidly worsen the clinical
picture of COVID-19.

Recently, several autopsy studies confirmed the results of ante
mortem imaging findings, highlighting that small pulmonary vascular
changes are a common feature of severe COVID-19 pneumonia. In a
study of 11 cases, Lax et al. [35] showed that arterial thrombosis and
inflammation of the small segmental or subsegmental vessels on pul-
monary autopsies correlated with ante mortem imaging of pulmonary
vessel enlargement or thickening on chest computed tomography.

In another study, the lungs from patients with Covid-19 showed
distinctive small pulmonary vascular features on histopathology, con-
sisting of severe endothelial injury associated with the presence of in-
tracellular viral particles and deranged cell membranes, widespread
vascular thrombosis with microangiopathy and new vessel growth [36].
Therefore, in light of the close correlations between histopathological
and radiological findings, combined with the clinical and bio-humoral
evidence that will be discussed in the following sections, we can rea-
sonably assume that for at least a significant subset of COVID-19 pa-
tients, the underlying cause of respiratory failure and organ dysfunction
is essentially thrombosis, inflammation and endothelial dysfunction.

3. Cell entry to SARS-CoV-2 invasion: the ACE2 receptor
3.1. ACE2 receptor and renin angiotensin system

ACE2 has been identified as the main receptor used by SARS-CoV
and SARS-CoV-2 to enter human cells [3]. ACE2 is an integral trans-
membrane protein, anchored at the apical surface of the cell, with a
catalytic domain located at the extracellular side of the cell, which can
be cleaved and released into bloodstream by ADAM17 (a disintegrin
and metalloproteinase domain-containing protein 17). The spike pro-
tein, a viral surface glyprotein, assembles as trimer and plays the most
important role in viral attachment, fusion and entry [3]. It is composed
of a short intracellular tail, a transmembrane anchor, and a large ec-
todomain that consists of a receptor binding S1 subunit and a mem-
brane-fusing S2 subunit. The S1 subunit contains a receptor binding
domain, that binds the cell surface ACE2 receptor for entry into the host
cells [3,37]. After receptor binding, spike protein is cleaved by pro-
teases, such as transmembrane protein serine 2 (TMPRSS2) and furin,
crucial for membrane fusion with the host cell and infection [37]. The
viral genome RNA replicates in the host cell cytoplasm leading to newly
formed genomic RNA, which is processed into virion-containing ve-
sicles that fuse with the cell membrane to release the virus.

ACE2 is ubiquitous and widely expressed in lung, heart, vascular
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system (endothelial cells and smooth muscle cells), gut, kidney, testis
and brain, providing a mechanism for the multiple-organ dysfunction as
observed in COVID-19 patients [38,39].

In the respiratory tract, elevated ACE2 expression has been identi-
fied in type II alveolar cells (representing about 80% of all ACE2-ex-
pressing cells) [20], in nasal and oral mucosa as well as in alveolar
macrophages [21]. In the lungs, local activation of RAS can influence
the pathogenesis of lung damage through multiple mechanisms, such as
an increase in vascular permeability and changes in alveolar epithelial
cells [40].

ACE2 is also highly expressed in pericytes, undifferentiated and
contractile cells that partially surround the capillary endothelial cells
and support the capillary integrity, and this could induce increased
microvascular damage [41]. Moreover, ACE2 is overexpressed in car-
diac myocytes from failing human hearts, suggesting a plausible ex-
planation for a higher infectivity of virus and a higher mortality in
patients with heart failure [20].

ACE2 is indeed a key component of the renin angiotensin system
(RAS), a key hormonal system involved in the CV pathogenesis. The
RAS system is characterized by proteolytic cascade reactions that ulti-
mately convert Angiotensin-I (Ang-I) to vasoconstricting and proin-
flammatory Ang-II by ACE enzyme. Ang-II binds to specific receptors —
Ang-type-1 (AT1) and Ang-type-2 (AT2) — on the cell membrane ex-
erting opposite effects on respiratory and CV system [42]. In the RAS
system, ACE2 acts as a carboxypeptidase able to counter-regulate the
action of ACE, modulating the balance between vasoconstrictors and
vasodilators [43]. ACE2 cleaves a single residue from Ang I to generate
Ang 1-9, and degrades Ang-II, the main effector of the RAS, to the
vasodilator Ang (1-7). Ang (1-7) binds to G-protein coupled Mas re-
ceptor, promoting vasodilation, anti-inflammatory and antifibrotic ef-
fects [42].

3.2. Interactions of SARS-CoV-2 with ACE2: the debate about the use of
RAS inhibitors is dissolving

ACE2 counteracts the effects of Ang-II in states with excessive ac-
tivation of RAS such as hypertension, congestive heart failure, athero-
sclerosis, metabolic disorders and older age [42]. These conditions are
characterized by an upregulation of ACE/Ang II/ATIR axis and a
downregulation of ACE2/Ang-(1-7)/Mas axis, commonly balanced by
drugs such as ACE inhibitors (ACEIs) and AT-1 receptor blockers (ARBs)
[44].

Since fatality rate is high in COVID-19 patients with underlying
comorbidities such as hypertension, cardiometabolic disorders, heart
failure and elderly, a heated debate has sparked in the scientific com-
munity about the appropriateness of their use in the presence of in-
fection.

Concerns and doubts about their use on COVID-19 patients arise
from animal studies suggesting that ARBs and ACEIs could increase the
expression of ACE2 in the CV and renal systems [45-47]. Hence the
doubt that an increase in ACE2 expression could aggravate the SARS-
CoV-2 infection, due to a greater probability of entering the host cell
and, consequently, the severity of COVID-19 in hypertensive and CVD
patients who take these medications [48,49]. However, we have to
emphasize that it is not yet known and even in animal models, whether
overexpression of ACE2 actually facilitates greater engagement and
entry of SARS-CoV, SARS-CoV-2 or other viruses.

Current evidences do not support the idea that treatment with ACEIs
or ARBS increases ACE2 protein expression and SARS-CoV-2 virus in-
fectivity and/or severity of COVID-19 in humans [50]. Recent results
have shown that ACEI use was associated with decreased ACE2 and
TMPRSS2 expression in human lungs but not with ADAM17 expression,
while neither cardiometabolic diseases (eg, hypertension, diabetes, and
cardiac diseases) nor ARBs were associated with altered expression of
these genes [51]. These results suggest that an increased risk of COVID-
19 in patients with cardiometabolic comorbidity is not related to
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upregulation of the SARS-CoV-2 receptor or proteases in the lung.

In theory, ACE2 downregulation might reduce the risk of SARS-CoV-
2 infection because of reduced virus receptor availability. However,
experimental animal studies suggested that the infection by SARS-CoV,
which shares the same ACE2 receptor for cell entry, reduced lung ACE2
expression, amplifying acute lung injury because of an imbalance in
Ang- Il or AT1 signalling [52,53]. Accordantly, an accumulation of non-
competitive Ang-II occurs, with consequent severe adverse effects in-
cluding a rapid vasoconstriction and limited pulmonary circulation,
leading to increased inflammatory responses, vascular permeability and
pulmonary oedema. Thus, in elderly patients with cardiometabolic
comorbidities in whom ACE2/Ang-(1-7)/Mas axis is already strained,
the further dramatic decrease due to viral consumption of ACE2 used to
enter could really induce pulmonary inflammation and thrombosis as
unwanted effects of enhanced and unopposed Ang II effects via the
ACE/Ang-11/AT1 receptor axis.

Some clinical studies have shown that ARBs have potential benefits
in the prevention and treatment of lung injury caused by COVID-19
[54,55]. In contrast, there is no clinical or experimental evidence
supporting that ACEIs and ARBs either augment the susceptibility to
SARS-CoV-2 or aggravate the severity and outcomes of COVID-19,
currently. A Retrospective cohort study showed no association between
ACEI or ARB use and COVID-19 test positivity supporting current
professional society guidelines not to discontinue ACEIs or ARBs in the
setting of the COVID-19 pandemic [56].

A recent meta-analysis performed on limited retrospective studies in
patients with COVID-19 investigating the effect of ACEI/ARBs on dis-
ease severity and death as outcomes, suggests that use of these medi-
cations may reduce the odds of mortality [57].

4. SARS-CoV-2 attacks the lining of blood vessels

The endothelium plays an important role in the blood vessel phy-
siology regulating the vascular tone and preserving the vascular
homoeostasis through autocrine, paracrine, and hormone-like me-
chanisms [58]. Endothelial dysfunction, principal determinant of
micro- and macrovascular dysfunction, shifts the vascular endothelial
balance toward more vasoconstriction and inflammation with recruit-
ment of immune cells and a pro-coagulant state [59].

In the lung in addition to type II alveolar cells and macrophages,
ACE2 receptor is also widely expressed by microvascular endothelial
cells (Fig. 1).

In different organs of COVID-19 patients, viral particles were found
within dead endothelial cells associated with an accumulation of dead
inflammatory cells, evidencing a direct viral attack and a diffuse host's
inflammatory response in the vessel wall [30]. Viral replication within
the alveolar cells causes apoptosis of epithelial cells, exposing the ACE2
receptor of the lung endothelial cells to the direct viral infection, trig-
gering enhanced endothelial permeability and destruction of the local
microcirculation (Fig. 1).

The recruitment of immune cells at the infection site can also cause
a widespread endothelial dysfunction resulting in cell death such as
apoptosis and pyroptosis [23] (Fig. 1).

It is reasonable to assume that the endothelial dysfunction can be
promoted both by direct action of SARS-CoV-2 virus to endothelial
ACE2 interaction and by indirect mechanisms (see the following para-
graph), as hypoxia, a hyper-inflammatory and immune dysregulation,
resulting in CV collapse of severe COVID-19 (Fig. 2).

This assumption provides a rationale for anti-inflammatory drugs,
ACE inhibitors, and statin therapies to counteract the endothelial in-
jury, particularly in those patients with a pre-existing endothelial dys-
function due to comorbidities such as diabetes, hypertension and obe-
sity, that make an individual more vulnerable to subsequent
endotheliitis of SARS-CoV-2 infection.
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Fig. 1. Putative mechanisms of SARS-CoV-2 infection within the alveolus. When SARS-CoV-2 infects the lower pulmonary airways, it can directly attack alveolar type
II alveolar cells and resident macrophages, both expressing the ACE2 receptor. In response to viral infection, these cells produce various proinflammatory chemokines
and cytokines. SARS-CoV-2 can also directly infect both capillary endothelial cell (increasing the permeability to plasma components at the infection site) and T cells
(reducing the antiviral immune response). Stressed and necrotic cells release DAMPs and PAMPs mediators. These ligands interact with the RAGE, a highly expressed
receptor in lung epithelial cells and stimulate downstream signalling that perpetuates an unfavourable proinflammatory state. Neutrophils can release NETs, which
could damage endothelial cells. The hypercytokinemia attracts a greater number of monocytes-macrophages (the main sources of pro-inflammatory cytokines) and
neutrophils from the bloodstream to the infection/inflammation site, to remove exudates. This massive cell infiltration into the alveolar or interstitial spaces causes a
“cytokine storm” which promotes further cellular apoptosis and leads to further worsening of lung injury.
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Fig. 2. A comprehensive overview of SARS-CoV-2-induced endothelial injury and thrombotic complications. SARS-CoV2 infects a number of cell types, including
type 1I alveolar cells, macrophages, T cells and endothelial cells, leading to hyperinflammation, hypoxia, apoptosis and imbalance of renin-angiotensin system. High
levels of proinflammatory cytokines/chemokines can directly induce endothelial leak, cause cell apoptosis or also promote systemic inflammation and thrombosis.
High levels of Ang-II switch endothelium to a proinflammatory and procoagulant phenotype. The ARDS- induced hypoxia can cause endothelial dysfunction by
mitochondrial ROS generation, intracellular acidosis, cell signalling pathway activation, and can increase blood viscosity. Together, a dysregulated immune response,
hypercytokinemia, imbalance of RAS, complement activation and hypoxemia induce an exacerbated endothelial dysfunction and thrombosis.

146



S. Del Turco, et al.

5. Endothelial dysfunction indirectly caused by the SARS-CoV-2
infection

5.1. Injury induced by hypoxia

The main clinical manifestation of COVID-19 patients is an acute
hypoxic respiratory failure that, in many cases, results in ARDS and
needs for invasive mechanical ventilation [60,61]. Endothelial cells act
as functional vascular oxygen sensors, through different cell PO,-me-
chanosensors, and adapt their metabolism to maintain ATP production.
Hypoxemia induces endothelial cells to significant metabolic changes
such as the reduction in cell ATP generation by oxidative phosphor-
ylation and a shift from aerobic toward anaerobic catabolic metabolism
[62]. The switch into hypoxic metabolism leads to the production of
mitochondrial reactive oxygen species (ROS). Indeed, when PO, is low,
the mitochondrial respiratory chain works slower and an alteration of
the cellular redox potential leads to an accumulation of electrons in-
ducing ROS formation [63].

As above-mentioned, a viral consumption of ACE2 can lead to an
accumulation of Ang-II with consequent activation of AT1 receptor that
can cause not only a rapid vasoconstriction, vascular permeability,
pulmonary edema and inflammation, but also enhanced ROS produc-
tion. In fact, Ang-II is a classic prooxidant peptide that increases su-
peroxide anion production through the activation of NAD(P)H oxidases
in various vascular cell types, including endothelial cells, causing in-
creased consumption of oxygen and energy [64]. Under physiological
conditions, the superoxide dismutase catalyzes the dismutation of su-
peroxide anion in H202 while when produced in excess, a significant
amount of peroxide anion reacts with NO to produce peroxynitrite,
leading to further cell injury. Therefore, hypoxia-induced endothelial
injury may likely be secondary to increased Ang-II levels and associated
pulmonary injury which in turn promote hypoxia.

During hypoxia, pyruvate, cannot contribute to the mitochondrial
respiratory chain, therefore it is transformed into lactate, leading to
intracellular acidosis [63]. Both intracellular oxidative stress and
acidosis are harmful for cell vitality.

Similarly, anaerobic metabolism allows the heart to use lactic acid
as an energy source by increasing the acidosis of cardiomyocytes in-
ducing irreversible damage to cellular activities. The conditions of hy-
poxia and acidosis, which entail the loss of the integrity of the lyso-
somal membrane with the consequent release of enzymes, can also
damage the adjacent cells [65].

Hypoxemia can also be detrimental through the hypoxia-induced
influx of calcium ions that can also lead to damage and apoptosis of
cardiomyocytes [66]. Therefore, the systemic viral infection associated
with hypoxia in acute respiratory failure can impair myocardial oxygen
demand, leading to acute myocardial injury.

5.2. Injury induced by cytokine storm and immune dysregulation: blood-
clotting complications

COVID-19 illness exhibits three grades of increasing severity that
correspond to distinct clinical features, potential therapy and clinical
outcome [67]. A first mild stage with an early infection, characterized
by mild symptoms and rapid activation of the innate immune response,
namely from monocytes and macrophages. A second moderate stage
characterized by pulmonary involvement without or with hypoxia,
lymphopenia, increased inflammatory processes and a third stage with
severe respiratory failure, septic shock and multiple organ dysfunction
syndrome resulting in fatality in half of such cases [67]. This small
subgroup of patients (5%) presents an extra-pulmonary systemic hy-
perinflammation with an elevated cytokine profile, lymphopenia and
altered profile coagulative.

Chemokines and pro-inflammatory mediators are initially released
in the area focal infected by pneumocytes and by local macrophages
and dendritic cells that undergo the direct attack of the virus (Fig. 1).
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Subsequently, neutrophils and monocytes-macrophages (the major
sources of pro-inflammatory cytokines) move from the bloodstream and
flow to the infection/inflammation site, invading alveolar or interstitial
spaces and sparking the so-called “cytokine storm” that causes further
injury of epithelial and EC. An excessive and uncontrolled release of
pro-inflammatory cytokines spreads all over the body through circula-
tion rapidly provoking vascular permeability and leakage, activation of
the coagulation, immune cell differentiation contributing to ARDS
single or multiple organ failure, and eventually death [68,69].

The cytokines and chemokines associated with COVID-19 cytokine
storm and disease severity are mainly tumor necrosis factor-a (TNF-a),
interleukin (IL)-1B, IL-6, IL-7, IL-10, granulocyte-colony stimulating
factor, interferon-y inducible protein 10, monocyte chemoattractant
protein 1 (MCP-1), macrophage inflammatory protein 1-a, platelet
derived growth factor [68,70-72]. Serum SARS-CoV-2 RNA level was
associated with elevated IL-6 concentration and poor prognosis sug-
gesting that multiple organ dysfunction in severe COVID-19 patients
could be at least partially caused by a direct attack from the virus [31].

It is critical to understand that aberrant generation of free radicals,
the downstream product of cytokine storm, represents the primary
cause of endothelial dysfunction, leading to direct damage to cells and
multiple organs dysfunction. NO produced by endothelial nitric oxide
synthase (eNOS) is a key determinant for vascular homeostasis, main-
taining antiproliferative, antithrombotic and antiatherogenic pheno-
type. Reduction in NO bioavailability, resulting from reduced NO pro-
duction and/or increased NO degradation by ROS, is a hallmark of
endothelial dysfunction and thrombotic events. A decreased activity of
ACE2, as observed in COVID-19, determines relative low levels of the
metabolite Ang-(1-7), that in physiological conditions exerts its crucial
antioxidative and vasoprotective role by a potent induction of NO [73].
Rabelo et al. demonstrated reduced eNOS (nitric oxide synthase) ex-
pression at both protein and mRNA level and reduced NO bioavail-
ability in ACE2-deficient animals [64]. Moreover, NO inhibited the
replication cycle of SARS-CoV and this could be the same for SARS-
CoV2. On the other hand, dysregulation of NO signalling pathways
provide a permissive cellular environment for viral entry and replica-
tion, as demonstrated by the treatment with NO donor compounds in
SARS-CoV infection [74].

Mild/moderate COVID-19 is associated with potent type-I Interferon
(IFN)-mediated antiviral response while it is reduced in more severe
patients [75]. The role of this cytokine has been characterized as trig-
gering antiviral states in cells and potentiating adaptive immune re-
sponses. In mild/moderate infection, a fast antiviral response with type-
I IFN consents a quick decrease of viral load, preventing T-cell ex-
haustion and hyperinflammation. In severe COVID-19, a poor and late
antiviral response results in high lung hypercytokinemia, weakened T-
cell resistance, and acute clinical worsening. However, the kinetics and
intensity of the type-I IFN response, during SARS-CoV-2 infection, that
could be linked to clinical outcome, remains to be elucidated.

Elevated levels of blood neutrophils predict severe respiratory dis-
ease and worse outcomes in COVID-19 patients [68,76]. Moreover,
many patients with COVID-19 showed high levels of neutrophil extra-
cellular traps (NETs), networks of extracellular chromatin and histones
that are released by neutrophils to trap pathogens [77]. NETs represent
an important strategy to immobilize and kill invading microorganisms,
but if not properly regulated, have potential to induce endothelial ac-
tivation and dysfunction to initiate and propagate inflammation in the
vessel wall, and, when formed intravascularly, drive thrombotic events
in macro and microvascular vessels, leading to organ damage [78,79]
(Fig. 1). Chromatin and histones exert cytotoxic effects on endothelial
cells [80] and there is experimental evidence supporting a role for
histones in ARDS and sepsis [81].

Severe COVID-19 is characterized by low levels of helper T cells,
regulatory T cells and natural killer cells, i.e. lymphopenia and de-
pression of antiviral immunity [82,83]. In particular, CD4™" T cells and
CD8* T cells were slightly lower in moderate cases and dramatically
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decreased in severe COVID-19, representing a critical factor associated
with lung injury severity [82]. Although the mechanism underlying
lymphopenia and impaired antiviral responses observed in the severe
cases of COVID-19 needs to be better clarified, recent data suggest that
SARS-CoV-2 can directly infect T cells through a receptor-dependent
manner [84]. However, T cells have a scant expression of ACE2, sug-
gesting either another receptor or a high spike protein affinity for ACE2.
The infection of T cells is unproductive, because SARS-CoV-2 cannot
replicate within T cells but rather induces a cytotoxic action and death
[84]. Therefore, an increased apoptotic cell death, cytokine insults, the
advanced age, and the presence of CV comorbidities could indirectly
contribute to lymphopenia [84,85].

The complement system is a key player of the innate immune re-
sponse against pathogens but its excessive activation may contribute to
the inflammatory response [86]. A study demonstrated that comple-
ment C3-deficient mice infected with SARS-CoV show ameliorating
lung injury, reduced neutrophilia and systemic inflammation, sug-
gesting that complement inhibitors represent an important strategy to
counteract lung complications in SARS-CoV and SARS-CoV-2 infection
[87]. Data on the role of complement activation in the development of
SARS-CoV-2-associated ARDS are scarce. A preprint study reported that
lung biopsy samples from patients with severe COVID-19 revealed
complement activation, characterized by C3a generation and C3-frag-
ment deposition [88]. Recently, a report showed beneficial effects of C3
inhibitor AMY-101 on a patient with severe COVID-19 pneumonia,
through a reduction of biomarkers of systemic hyperinflammation and
improved lung function [89].

Stressed and necrotic cells release danger associated molecular
pattern (DAMPs) molecules, such as high mobility group protein Bl
(HMGB1), and pathogen associated molecular patterns (PAMPs) mole-
cules, to alarm the environment about the loss of cellular homeostasis
[90]. HMGBI1, a chromatin-associated non-histone protein, activates
cells through binding to multiple cell-surface receptors, including TLR4
receptors, amplifying the pro-inflammatory cytokine release [90].

Extracellular HMGBI, in conjunction with extracellular DNA, RNA
and other DAMP or PAMP molecules are endocytosed via the receptor
for advanced glycation endproducts (RAGE) [91,92], constitutively and
abundantly expressed in the lungs [93], and transported to the en-
dolysosomal system, to be destroyed in the lysosomes (Fig. 1). How-
ever, the lysosomal system is inefficient in the presence of high levels of
HMGB1 [90], so the HMGB1/RAGE axis can initiate and perpetuate an
unfavourable proinflammatory state that compromises the integrity of
large tissue areas [94]. Importantly, the HMGB1-RAGE axis has been
shown to induce neutrophil-mediated lesion amplification following
necrosis [90], and this can be of particular significance for severe
COVID-19 pneumonia.

Recently, there has been an unusual increase in the number of
children suffering from multisystem inflammatory syndromes often si-
milar to Kawasaki disease [95,96], a rare pathology that is character-
ized by systemic vasculitis, i.e. inflammation of the blood vessels [97].
The most serious complication are coronary artery aneurysms, which
can lead to death from myocardial infarction even at a young age. Since
the affected subjects had been infected by SARS-CoV-2, scientists sus-
pect that Kawasaki disease may be triggered by the virus that causes an
abnormal immune response with secondary vasculitis [95,96].

Hyperinflammation, immune activation and hypoxia may play a
decisive role in endothelial dysfunction, associated disseminated in-
travascular coagulation (DIC) and CV risk factors may increase the
susceptibility to microvascular injury and microthrombus formation
predisposing COVID19 patients to both venous and arterial throm-
boembolic disease [1,22,98]. Studies suggested that blood clots appear
in 20% to 30% of critically ill COVID-19 patients [61,99]. Abnormal
coagulation parameters, as elevated fibrin marker (e.g. D-dimer, fibrin
degradation products), and prolongation of the coagulation times evi-
dence the coexistence of coagulation activation and hyperfibrinolysis in
COVID-19 patients [100]. A disarray of the coagulation and fibrinolytic

148

Thrombosis Research 196 (2020) 143-151

system was noted in the 71.4% of patients who did not survive the
infection [100]. This defective procoagulant-anticoagulant balance
would predispose to hypercoagulable state, meeting criteria for DIC. In
presence of systemic infection, DIC is characterized by over-in-
flammatory response, strictly linked to endothelial proinflammatory
and prothrombotic phenotype. Endothelial activation induced by in-
fection and by cytokine storm, as in COVID-19, results in tissue factor
(TF) expression, trigger of the extrinsic pathway of coagulation [101],
in excess thrombin generation and fibrinolysis shutdown, due to de-
creased levels of endogenous anticoagulant and increased levels of
Plasminogen Activator Inhibitor-1 (PAI-1) [102]. This complex picture
could indicate a hypercoagulable state in patients with severe COVID-
19 [103,104]. During the progression of COVID-19, inflammation could
lead to an uncontrolled activation of Xa factor, point of convergence of
extrinsic and intrinsic pathways of coagulation, and thrombin, protease
responsible of fibrin clot formation and stabilization. In addition to
hemostatic properties, factor Xa and thrombin promote in turn cell
processes as inflammation and angiogenesis via proteinase-activated
receptors expressed on vascular cells [105]. Factor Xa proven to induce
IL-6 expression and cell proliferation in lung fibroblasts, underlying as
an uncontrolled activation of the coagulation cascade may contribute to
lung diseases [106]. In COVID-19, factor Xa could have a crucial role, as
it could facilitate SARS-CoV-2 cell invasiveness by its proteolytic clea-
vage of spike protein, as previously demonstrate for SARS-CoV [107].
Interestingly, some COVID-19 patients showed elevated circulating le-
vels of von Willebrand factor (vWF) antigen, and factor VIII indicating
endothelial stimulation and damage [108,109]. The vWF, a multimeric
glycoprotein physiologically stored inside Weibel-Palade bodies of en-
dothelial cells, may contribute to tissue injury and organ failure in
thrombo-inflammatory disorders mediating platelet adhesion to da-
maged endothelium, modulating vascular permeability and edema
formation, and promoting inflammation and complement activation
[110]. In normal conditions, vWF is cleaved by protease ADAMTS13,
but in severe inflammatory states, upon systemic infection, a deficiency
of ADAMTS13 lead to increased levels of active vWW [111]. Currently,
there are no data on ADAMTS13, PAI-1 and TF concentrations in pa-
tients with severe COVID-19 infection.

In association with lymphopenia and elevated D-Dimer levels, some
COVID-19 patients showed thrombocytopenia, a condition character-
ized by a low platelet count associated with increased risk of severe
disease and mortality in patients with COVID-19 [1,68,100,112]. SARS-
CoV-2 may inhibit primary platelet production, attacking bone marrow
cells via ACE2 directly or indirectly by the cytokine storm, or lead
platelet destruction increasing autoantibody and immune complex
formation. In addition, damaged lung tissues and pulmonary en-
dothelial cells may induce platelet activation and aggregation in the
lungs, resulting in platelet consumption and intravascular micro-
thrombi formation [113,114].

Some COVID-19 patients show a systemic procoagulant state with
blood clots and extensive deposition of factors of alternative pathway
and lectin pathway of complement in smallest vessels of lung and skin
samples emphasizing the potential role of complement in microvascular
injury [115]. In addition, the hypoxia in severe COVID-19 may stimu-
late thrombosis not only increasing blood viscosity, but also hypoxia-
inducible transcription factors whose target genes include several fac-
tors that regulate thrombus formation, such as TF and PAI-1 [116].

The RAAS system is intrinsically linked to the coagulation cascade.
Elevated levels of Ang-II in COVID19 patients [83] would exacerbate
endothelial dysfunction and sustain the role of the endothelium in
thrombotic complications in COVID-19. It is know that Ang II increase
endothelial expression of TF and PAI-1 e and endothelial release of
complement factors, contributing to hypercoagulable state [117]. This
may explain why fibrin deposits observed in the lung alveoli of SARS
and COVID-19 victims [26,87].
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6. Conclusion

Endothelial dysfunction concerns a systemic condition in which the
endothelium loses its physiological properties such as the control of
vascular tone, haemostasis, vascular permeability, recruitment of neu-
trophils, hormonal traffic, including the tendency to promote vasodi-
lation, fibrinolysis, and platelet anti-aggregation.

The pathophysiology of endothelial function plays a significant role
in the development and progression of CVD and can be significantly
disrupted and exacerbated by SARS-CoV-2 infection. Pre-existing en-
dothelial dysfunction is the common denominator among previous co-
morbidities such as hypertension, diabetes, obesity, CVD and aging- of
people with an increased risk of severe COVID-19.

Endothelial cells can be directly affected by the viral infection but
they can also undergo the cytokine tsunami triggered during the viral
infection. Diffuse endothelial inflammation can be the consequence of a
dysregulated immune response that results in excessive activation of
the endothelium that becomes a real battleground of SARS-CoV-2.
Hypercytokinemia can directly induce endothelial leak through the
interruption of cell-cell junctions, cause cell apoptosis or also induce the
expression of proinflammatory, adhesion and procoagulant molecules
that promote systemic inflammation, leukocyte recruitment and a
procoagulant state. It is known that microthrombi begin to form early
in the lungs of severe COVID-19, possibly because of the interplay be-
tween inflammatory factors and coagulation.

Since mortality from COVID-19 remains high, especially among the
elderly people, new therapeutic strategies that target the lung micro-
vascular endothelium in conjunction with specific antiviral adminis-
tration could represent a promising therapeutic strategy to reduce
fatality rate.
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