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Abstract

Patients with COVID-19 present a wide spectrum of disease severity, from asymptomatic cases in the majority to serious
disease leading to critical care and even death. Clinically, four different scenarios occur within the typical disease timeline:
first, an incubation and asymptomatic period; second, a stage with mild symptoms due mainly to the virus itself; third, in up
to 20% of the patients, a stage with severe symptoms where a hyperinflammatory response with a cytokine storm driven by
host immunity induces acute respiratory distress syndrome; and finally, a post-acute sequelae (PASC) phase, which present
symptoms that can range from mild or annoying to actually quite incapacitating. Although the most common manifestation is
acute respiratory failure of the lungs, other organs are also frequently involved. The clinical manifestations of the COVID-19
infection support a key role for endothelial dysfunction in the pathobiology of this condition. The virus enters into the organ-
ism via its interaction with angiotensin-converting enzyme 2-receptor that is present prominently in the alveoli, but also in
endothelial cells, which can be directly infected by the virus. Cytokine release syndrome can also drive endothelial damage
independently. Consequently, a distinctive feature of SARS-CoV-2 infection is vascular harm, with severe endothelial injury,
widespread thrombosis, microangiopathy, and neo-angiogenesis in response to endothelial damage. Therefore, endothelial
dysfunction seems to be the pathophysiological substrate for severe COVID-19 complications. Biomarkers of endothelial
injury could constitute strong indicators of disease progression and severity. In addition, the endothelium could represent a
very attractive target to both prevent and treat these complications. To establish an adequate therapy, the underlying patho-
physiology and corresponding clinical stage should be clearly identified. In this review, the clinical features of COVID-19,
the central role of the endothelium in COVID-19 and in other pathologies, and the potential of specific therapies aimed at
protecting the endothelium in COVID-19 patients are addressed.
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Endothelial Damage in COVID-19

Patients affected by COVID-19 display different degrees of
disease severity, from asymptomatic and pauci-symptomatic
cases to severe disease that can even lead to death [1]. The
severity and mortality of the disease is highly related to
advanced age and comorbidities [2, 3]. Possibilities of death
increase exponentially with age [4]. COVID-19 is character-
ized by acute respiratory failure caused by several mecha-
nisms. Progression of the disease to an advanced stage, as a
consequence of a hyperinflammatory response that causes
systemic cytokine release syndrome, is associated with the
presence of pulmonary infiltrates and a rapid evolution to
respiratory failure. Typically, this clinical situation occurs
with a hypercoagulable state and marked elevation of acute-
phase reactants in the circulation (including reactive C pro-
tein, D-dimer, and ferritin). Although the lung is the main
target of the infection, there are extrapulmonary manifes-
tations of the disease. The clinical and laboratory features
suggest that endothelial activation and damage play a key
role in the pathophysiology of this condition.

The vascular endothelium is considered the largest organ
in the body, strategically located between the vessel wall
and blood stream. The endothelium is not homogeneous
and phenotypic characteristics differ from different vascular
beds. Endothelial functions are not limited to the conten-
tion of blood, since it actively participates in the control
of hemostasis, fibrinolysis, inflammation, oxidative stress,
vascular permeability, and vascular structure [5]. The
endothelium acts as a paracrine (acting on nearby cells),
endocrine (exerting actions on distant cells), and autocrine
(regulating its own function) organ. Endothelial cells (ECs)
have a profound capability of adapting to their environment
and responding to stimuli, and when this capacity is lost,
ECs play a critical role in vascular disease [6]. In particular,
loss of physiological features leads to endothelial dysfunc-
tion (ED), which is characterized by a reduced capacity for
vasodilation, enhanced proinflammatory and prothrombotic
properties, and abnormal modulation of vascular growth,
among other characteristics. ED has been demonstrated in
multiple clinical conditions with increased risk of throm-
botic complications, such as chronic kidney disease [7] and
liver failure [8], diabetes, obesity [9], pulmonary hyperten-
sion [10], septic syndromes [11], coronary artery disease,
and vascular senescence [12]. In addition, specific therapies
such as hematopoietic stem cell transplantation represent a
significant toxic insult to the endothelium, which may in
turn lead to endothelial-related complications such as veno-
occlusive disease/sinusoidal obstruction syndrome (VOD/
SOS) [13].

Studies by our group have previously characterized the
ED associated with some of these pathological conditions,
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with alterations in hemostasis, accelerated atherothrom-
bosis, enhanced inflammatory reaction, and an impaired
immune response. Despite the causes differ among the
mentioned pathological conditions, ED shares common
characteristics, such as an increased expression of adhe-
sion receptors at the cell surface, the production of a more
thrombogenic extracellular matrix enriched with pro-adhe-
sive proteins, such as von Willebrand factor (VWF) and
tissue factor (TF), the activation of intracellular inflamma-
tion-related proteins, such as p38 MAPK and the nuclear
factor kappa B (NF«kB), and the development of oxidative
stress [14—16]. These features coexist with the activation
of monocytes, macrophages, and granulocytes, favoring
the inflammatory phenotype.

The evidence generated in COVID-19 points to the
endothelial damage as a key element for the progression
of the disease to the later complicated stages. Terms like
endotheliitis, endotheliopathy, endothelial dysfunction, and
endothelial disease have been commonly used in the recent
literature in association with COVID-19. Initial clinical and
histopathological data [17] prompted hypothetical literature
on the role of the endothelial damage in the progression of
the disease [18]. Nowadays, there is a plethora of publica-
tions reporting different data, and even different results, on
a number of biomarkers of endothelial injury.

The host angiotensin-converting enzyme 2, ACE2 [19],
constitutes a specific receptor for the SARS-CoV and also
for SARS-CoV-2. It is present prominently, other than in
the alveolus, in endothelial cells. There is recent evidence
demonstrating the mechanisms SARS-CoV-2 uses to infect
cells. Co-expression of the protein-transmembrane protease
serine 2 (TMPRSS2) seems to be essential for the virus entry
to the cell [20]. TMPRSS2 is also present in endothelial
cells, with variable expression depending on the vascular
beds [21]. In addition, SARS-CoV-2 spike protein interacts
with both ACE2 and cellular heparan sulfate through its
receptor-binding domain (RBD) [22]. ACE2 contributes to
the integrity of the vascular endothelial cells and SARS-
CoV-2 infection downregulates its expression. Importantly,
ACE2 downregulates the activity of angiotensin-II (Ang-II)
at the endothelial cell by facilitating conversion of Ang-II to
Ang 1-7. With the loss of ACE2, Ang-II signaling increases
and drives activation of inflammatory pathways in the cell,
including the p38/MAPK pathway [23]. Furthermore, the
elevated systemic cytokine levels in these patients may also
have a deleterious effect on the endothelium. Virus entry and
exposure to a proinflammatory environment causes intracel-
lular activation of more proinflammatory pathways [23].

The soluble forms of adhesion receptors overexpressed
at the cell surface, namely, VCAM-1, the acute phase
reactant VWF, the natural anticoagulant thrombomodulin
(TM), among other endothelial-derived factors, have been
found to be elevated in COVID-19 patients. Some of these
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markers correlate with critical illness and even death [24,
25]. Endothelial damage is associated with the loss of the
anticoagulant properties of the endothelium, which may
contribute to the hypercoagulation state in these patients.
Elevated levels of the thrombin generated could also enrich
the proinflammatory milieu.

Upregulation of plasma heparanase 1 activity has been
also reported in COVID-19 [26], which acts by digesting
the endothelial cell glycocalyx. This layer covers the luminal
face of the endothelium, being essential for the maintenance
of its integrity and functions [27]. It consists of a scaffold of
proteins and glycosaminoglycan polymers, such as heparan
sulfate, chondroitin sulfate, and hyaluronans. The glycocalyx
constitutes a platform that facilitates the adhesion of several
growth factors, proteases, cytokines and chemokines, coagu-
lation factors, elements of the complement system, mem-
brane receptors, and adhesion proteins [28]. Degradation and
shedding of the endothelial glycocalyx occurs in association
with many pathological conditions, and septic syndromes
are among them [29, 30]. Aggression to the cell surface by
glycocalyx degradation facilitates virus infection and leads
to a defenseless endothelium. In COVID-19, heparan sulfate
levels are found to be increased in plasma in association with
the disease severity, being significantly higher in critically
ill patients [25]. In addition to the glycocalyx degradation,
activation of the complement system potentially heightens
the proneness of the endothelium to become dysfunctional
in COVID-19.

The endothelial injury caused by COVID-19 is therefore
in the crossroad of the hypercoagulative state, an impaired
fibrinolysis, the activation of the complement system, and
the degradation of the glycocalyx layer, and all of which are
processes linked in the pathogenesis of COVID-19 compli-
cations (Fig. 1). As endothelial injury seems to be a key ele-
ment for the complications of SARS-CoV2 infection, strate-
gies aimed at protecting the endothelium may be effective
to treat them.

Evidence of Neo-angiogenesis

In patients suffering from severe COVID-19, infection by
SARS-CoV-2 produces many additional specific effects not
observed in influenza A infections. Among these effects, it is
important to highlight the severe endothelial injury reported
with the disruption of the endothelial cell membranes; a
widespread vascular thrombosis with microangiopathy and
occlusion of alveolar capillaries, and significant new ves-
sel growth, mainly through a mechanism of intussusceptive
and sprouting angiogenesis, was never observed in influenza
cases [18].

The main evidence of the angiogenesis occurring in
association with COVID-19 comes from a small number of

cases [31], and a large study evaluating circulating markers
of angiogenesis [32]. Histologic samples show elongated
capillaries in the lungs with sudden changes in caliber and
the presence of intussusceptive pillars within the capillaries.
In the lungs from patients with COVID-19, the density of
intussusceptive angiogenesis was significantly higher than
the observed in lungs from patients with influenza or in
uninfected healthy lungs. The density of features of conven-
tional sprouting angiogenesis (much less frequent) was also
higher in the COVID-19 group than in the influenza group.
Although tissue hypoxia was a common feature in the lungs
from both SARS-CoV-2 and influenza A (H1N1) patients,
probably the greater degree of endotheliitis and thrombosis
in the lungs from patients with COVID-19 may contribute
to the relative frequency of sprouting and intussusceptive
angiogenesis observed in these patients. Additionally, the
rates of the pulmonary angiogenic features were plotted as a
function of the length of the hospital stay. Interestingly, the
degree of intussusceptive angiogenesis was found to increase
significantly with longer duration of hospitalization. The
relationship between these findings and the clinical course
of COVID-19 requires further research.

Circulating vascular markers associated with disease
severity and mortality have been recently analyzed in a
series of patients admitted to Yale-New Haven Hospital
with confirmed diagnosis of COVID-19 [32]. This study
demonstrates a significant increase in markers of angio-
genesis and endotheliopathy in patients hospitalized with
COVID-19. The main findings of this study were as follows:
multiple circulating proangiogenic factors, including VEGF-
A, PDGF-AA, and PDGF-AB/BB, significantly elevated in
non-intensive care unit (ICU) COVID-19 patients compared
to healthy donors, which could contribute to the recently
described vascular remodeling processes in COVID-19; sig-
nificantly increased levels of angiopoietin-2, follistatin, and
PAI-1 in patients at the ICU, reflecting ongoing endotheli-
opathy and supporting emerging data implicating endothelial
involvement in critical illness; and Kaplan—Meier survival
analyses indicating that markers of endotheliopathy seg-
regated significantly with in-hospital mortality (angiopoi-
etin-2, follistatin, PAI-1), suggesting that endotheliopathy
may be a predictor of mortality in COVID-19.

Whether neo-angiogenesis occurring in association with
COVID-19 is a reparative process for the endotheliopathy
developed with the disease or may be a way to spread infec-
tion remains to be elucidated.

Thrombophilic Endotheliopathy in COVID-19
Morbidity and mortality in patients admitted for COVID-19

is not only directly associated with pneumonia and acute
respiratory distress syndrome (ARDS), but also related to
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Fig. 1 Endothelial damage in the crossroad of infection, inflamma-
tion, and immunity in COVID-19. SARS-CoV-2 infection causes an
endotheliopathy associated with a state of hyperinflammation and
dysregulated immunity, in which different factors are involved. Sol-
uble factors secreted by cells and tissues to the circulation, such as
cytokines, adhesion receptors, coagulation proteins, elements of the
activated complement system, and products released from the degra-

coagulopathy, clinically evidenced by a higher incidence
of both venous and arterial thromboembolism, especially
in critically ill patients [33]. Elevations or alterations of
some laboratory markers related to both hemostasis and/or
fibrinolysis have been variably found associated with these
conditions. Normal or elevated fibrinogen levels, near nor-
mal platelet counts, moderate prolongations in prothrombin
time (PT) and activated partial thromboplastin time (aPTT),
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dation of the endothelial glycocalyx. Cellular response involves mac-
rophages and leukocytes, and to a lesser extent platelets and poten-
tially circulating microvesicles secreted from injured cells. Signaling
mediators may play a role, with activation of transcription factors,
engagement of inflammasome, and TLR4 overexpression, promot-
ing further activation of proinflammatory mediators. TLR, Toll-like
receptor; HS, heparan sulfate

and the lack of a manifest bleeding phenotype (a thrombo-
philic state predominates) suggest that COVID-19-associ-
ated coagulopathy could be an individualized entity [34, 35].
Several studies have also showed the use of D-dimer as a
stratification tool between mild and severe forms of COVID-
19 and also as mortality predictive marker.

Klok et al. [36] described the characteristics of 184
COVID-19 patients admitted to ICU and 31% of them had
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thrombotic complications despite being treated with pro-
phylactic doses of low molecular weight heparins (LMWH).
The most frequent thrombotic complication observed was
pulmonary thromboembolism (81%), whereas the least prev-
alent was arterial thrombosis presented as ischemic stroke
in all cases. Also, an increased incidence of thrombotic
complications has been demonstrated in non-ICU patients
(12%) despite thromboprophylaxis, being the most frequent
complication the asymptomatic deep vein thrombosis [37].
Although COVID-19-associated coagulopathy analytically
shares some characteristics with classical sepsis-induced
coagulopathy and disseminated intravascular coagulation
(DIC), several reports highlighted significant differences
between them [38, 39].

In addition to coronavirus infection, admission into hos-
pital emergency units or ICU has been widely accepted as
a risk factor for the development of coagulopathy [40, 41].
However, presence of laboratory indicators even in patients
with moderate disease, as well as the potential organic dys-
function derived from the coagulopathy itself, suggests that
specific pathophysiological mechanisms must be considered
in COVID-19 patients.

Several mechanisms could be implicated in the activation
of the coagulation cascade following SARS-CoV-2 infec-
tion. The innate immune system is triggered unspecifically
by the recognition of pathogen-associated molecular patterns
(PAMPs), through Toll-like receptors (TLRs) [42], promot-
ing the initiation of a storm of proinflammatory cytokines,
mainly interleukin (IL)-1, IL-6, and tumor necrosis factor
(TNF). Consequently, cytokine-related endothelial damage
and enrollment of neutrophil and monocyte cells could be
the main responsible of the tissue-factor pathway activa-
tion [43, 44]. Moreover, recruited neutrophils release DNA
strands, assembled by histones, altogether with fibrin threads
forming a complex extracellular net which acts by intercept-
ing leukocytes and activated platelets. These neutrophil
extracellular traps (NET) stabilize oxidant and cytotoxic
molecules in the extracellular space and participate in the
activation of thrombin generation. In fact, cell-free DNA and
myeloperoxidase-DNA complexes were found to be higher
in COVID-19 patients than in healthy donors and showed
correlation with their respiratory severity [45].

Activation of endothelial cell lineages can induce the gen-
eration and expression of TF [46] and destruction of acti-
vated endothelial cells could result in the expression of pro-
coagulant membrane phospholipids. Furthermore, impaired
antithrombin III production, disrupted activated protein
C-TM interaction, and a fostered platelet pro-aggregant
state, due to increased VWF release [47], would generate the
conditions for a local procoagulant tendency. Interestingly,
unlike in septic patients, ADAMTS-13 has been reported
to be strictly normal in COVID-19 patients [25], despite
the increased release of VWF from the injured endothelial

cells. Furthermore, platelet activation through the different
pathways described would participate potentiating thrombin
generation.

Dysregulation of the fibrinolytic system could be an
additional cause for COVID-19 coagulopathy. Plasmin
production by viruses and other pathogens for their infec-
tive purposes and immune evasion of host immunity has
been reported [48, 49]. The initial plasmin production in
early stages of the infection, in which antifibrinolytic treat-
ment would have a role [50, 51], in parallel to the throm-
bin generation, may be exceeded at some point and, as a
consequence, fibrin deposits are perpetuated. Wright et al.
described the fibrinolytic shutdown in COVID-19 patients
tested by thrombo-elastography [52]. The lack of lysis of the
clot after 30 min, even with D-dimer levels above 2600 ng/
mL, predicted venous thromboembolic events [47]. Nou-
gier et al. demonstrated increased plasma PAI-1 levels in
COVID-19 patients and the coexistence of both hypercoagu-
lability (despite heparin prophylaxis) and hypofibrinolysis,
evidenced also by thrombo-elastography [53]. However, a
recent publication described high levels of PAI-1 and tissue
plasminogen activator (tPA) in COVID-19 patients, both
correlating with worsening respiratory status, specially
tPA, whose extreme high levels were correlated with higher
mortality [54]. Moreover, the coexistence of two parallel
fibrinolytic systems has been proposed: the systemic and the
local in bronchoalveolar parenchyma, whose enhancement
or shutdown can be independent [55]. Therefore, the balance
between fibrinolysis and hypofibrinolysis mechanisms seems
complex in the COVID-19 setting.

A possible link between the COVID-19 coagulopathy and
presence of acquired antiphospholipid antibodies has been
also reported. Zhang et al. firstly described the presence of
autoantibodies IgA and IgG anti-cardiolipin and anti-f2-
glycoprotein-I in three COVID-19 patients with arterial
thrombotic events [56].

A higher prevalence of autoantibodies IgA anti-p2-
glycoprotein-I was confirmed in a larger cohort of COVID-
19 patients with the additional finding of significantly lower
levels of B2-glycoprotein-I in COVID-19 patients than in
healthy controls, with an inverse correlation with ventilation
failure [57]. More recently, several studies have informed
an elevated incidence of lupus anticoagulant presence in
COVID-19 patients, by coagulometric tests [47, 58, 59]. The
majority of these findings did not show any straightforward
correlation with the presence of antiphospholipid antibodies
(measured by immunoassay) or with thromboembolic events
[60]. The transient development of lupus anticoagulant or
antiphospholipid antibodies concomitant to a viral infection
is a well-known fact, resulting from a collateral and unspe-
cific activation of the immune system [61, 62]. In addition,
Wang et al. described in their preliminary data the presence
of diverse autoantibodies in patients with COVID-19, which
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could range from those against immune-related proteins, to
immune-cell surface proteins and to tissue-associated anti-
gens, such as endothelial adhesion molecules [63]. Never-
theless, the true role of these antibodies and their impact
on the prothrombotic profile of these patients remains to be
elucidated.

The convincing evidence for a thrombophilic state devel-
oping in COVID-19 patients fully supports the use of anti-
coagulant treatment to reduce the overall morbidity and
mortality of COVID-19. It remains to be defined the group
of patients that can benefit more from anticoagulation. Anti-
coagulant treatment will be discussed below.

Endothelial Damage and Complement
System in COVID-19

The complement system is a part of the innate immune sur-
veillance system and plays a critical role in the host response
to bacterial and viral infection. However, activation of the
complement cascade can also promote acute and chronic
inflammation and intravascular coagulation together with
endothelial cell injury, leading to a thrombotic microan-
giopathy (TMA) with multiorgan affection [64]. Atypical
hemolytic uremic syndrome (aHUS) is the gold standard
disease in which complement dysregulation could be inher-
ited or acquired [65]. There is growing evidence suggesting
that other pathological conditions, such as pre-eclampsia,
HELLP syndrome, and catastrophic antiphospholipid syn-
drome, could be included in the spectrum of complemen-
topathies [66]. The different pathways of the complement
system are highly regulated to ensure that the propagation
of complement activation is appropriately restricted, avoid-
ing the potential injury to vascular endothelium and other
bystander host tissues [67]. Of note, certain elements of the
complement cascade facilitate coagulation and interfere with
anticoagulation [66, 68]. Therefore, crosstalk between the
complement and coagulation dysregulated cascades, both
converging at the endothelial level, may create a prothrom-
botic environment associated with adverse outcomes in
COVID-19 [69].

Preclinical and clinical studies strongly suggest an over-
activation of complement cascade in SARS-CoV-2 infection.
Although the pathogenesis of COVID-19 is likely multifac-
torial, it definitely includes endothelial damage in parallel to
complement activation. Not only are C5b9 and C5a plasma
levels elevated in moderate and severe COVID-19 disease
compared with healthy controls [70], but C5b9 levels also
correlate with those of vVWF and are associated with disease
severity [71]. Autopsy findings from 5 COVID-19 non-sur-
vivors revealed multi microthrombi and fibrin deposition
within alveolar capillaries, among other organs, suggest-
ing the complement implication in this TMA development.
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The analysis of lung tissues from these patients with severe
COVID-19 revealed significant deposits of complement
components such as C5b9, C4d, and the mannose-binding
lectin (MBL)-associated serine protease (MASP)2, consist-
ent with systemic activation of the alternative and lectin-
based complement pathways [72]. Furthermore, results from
the proteomic and metabolomic analysis of the serum from
COVID-19 patients also suggest a complement involvement
in the pathogenesis of this infection [73]. Interestingly, a
preclinical work has demonstrated that SARS-CoV-2 spike
proteins bind directly to heparan sulfate to activate the alter-
native complement pathway on cell surfaces [74]. Finally,
the published clinical observations of severe COVID-19
(elevated D-dimer, lactate dehydrogenase, bilirubin, and
cardiac and renal injury, among other TMA signs) are also
consistent with excessive complement activation.

Despite the evidence of complement involvement in
endothelial damage and sustained inflammatory response
in COVID-19 patients, the complement fundamental role is
the early control of virus replication. It constitutes an essen-
tial step before the activation of a more effective adaptive
immune response [75]. Then, in order to elucidate whether
complement system mainly plays a protective or pathogenic
role in coronavirus infection, two studies investigated com-
plement activation in Middle East Respiratory Syndrome
(MERS) and SARS-CoV infection in murine models. In
those studies, MERS-CoV infection—induced lung damage
and C5a and C5b9 complement activation products were
detected in sera and lung tissues, respectively. Blocking C5a
production, by targeting its receptor, decreased tissue dam-
age, cytokine response, and viral replication [76]. Another
study using mice deficient in C3, the central component of
the complement system, found that, compared with control
mice, mice lacking C3 exhibited significantly less weight
loss and less respiratory dysfunction despite equivalent viral
loads in the lung [77], identifying the complement system as
an important host mediator of SARS-CoV-induced disease.

Therapeutic Strategies to Protect
the Endothelium

As previously commented, the SARS-CoV-2 enters the
host via the respiratory tract and alveolar epithelial cells,
infecting and damaging also vascular endothelial cells and
alveolar macrophages, all of them expressing ACE2 cells
[78, 79]. As with other CoV, SARS-CoV-2 has mechanisms
of evasion of the primary immune response, mainly sup-
pressing interferon expression and action [80, 81], which
seems to contribute to productive viral replication and severe
pathogenesis.

As a consequence of the interaction of infected cells and
immune cells (mainly macrophages and T cells), a high
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concentration of inflammatory cytokines (IL-6, IL-8, IL-1p,
GM-CSF, TNF-a, among others) is released at the end of the
first week [82]. This has been called “cytokine storm” and is
also described as cytokine release syndrome (CRS) which is
a phenomenon not exclusive of SARS-CoV-2 infection but it
can also be seen in a variety of other settings [83]. This con-
tributes to endothelial dysfunction and promotes pulmonary
vascular leakage and ARDS in the most severe patients [78],
which is the main cause of death. Consequently, therapeutic
strategies to improve outcomes in COVID-19 patients may
include molecules addressing different targets. The battery
of compounds includes the following: antivirals, molecules
with effects against the inflammatory pathways, anticoagu-
lants, inhibitors of complement system activation, or com-
pounds reducing endothelial damage (Fig. 2). Which one
(or what combination), when to administer, and whom are
questions currently under investigation.

Antivirals

Antivirals, if administered early enough in the illness course,
could avoid or decrease the hyperinflammatory response.
The only antiviral currently commercialized that has been
shown to be effective against the SARS-CoV-2 is remdesi-
vir. Although it does not appear to reduce mortality among
hospitalized patients overall, it is associated with a reduced
time to recovery in severe COVID-19 patients and it could
decrease mortality in those who only require low-flow sup-
plemental among this group [84, 85]. Other drugs with

Fig.2 Therapeutic strate-
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antiviral properties in vitro, such as lopinavir-ritonavir or
hydroxychloroquine, have been used but they have not been
demonstrated to be consistently effective and so are not cur-
rently recommended outside of clinical trials [86, 87]. Con-
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clear clinical benefit, maybe dependent on their antibody-
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lial dysfunction limiting the entry of the virus into the
endothelial cells and avoiding its further replication. Of note,
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in the acute phase, it is worth considering that the chronic
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as anti-inflammatory and/or immunomodulatory drugs and
include corticosteroids, cytokine pathway inhibitors, and
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protein (CRP), ferritin, sCD25/sCD163, and triglycerides),
lymphocyte activation (with lymphopenia), and endothe-
lial dysfunction with increases in D-dimer and fibrinogen.
Many of these parameters have been associated with worse
outcomes and may help to guide when to initiate treat-
ment to inhibit this hyperinflammatory state [38]. How-
ever, if they are initiated too soon, they may impair the
immune response against the virus or even promote its
replication [95]. Further to this, if the treatment is initi-
ated when ARDS is already well established, it could be
too late. Glucocorticoids, specifically dexamethasone, are
the only anti-inflammatory compounds that have shown
a reduction in mortality when administering to a spe-
cific population with COVID-19. The use of 6 mg/day of
dexamethasone during 10 days in the RECOVERY trial
reduced 28-day mortality compared with standard of care
alone in those patients receiving some ventilatory support
or oxygen, mainly after day 7 of symptoms onset [96-98].
This treatment had no effect or it was deleterious among
those patients without an oxygen requirement.

Previous evidence supports the fact that glucocorticoids
are able to modulate endothelial function, acting differently
depending on whether they are used in healthy conditions,
where they have been shown to promote endothelial dys-
function in in vitro or animal studies [99, 100]; or if they are
administered in situations where inflammation is present,
like septic shock, atherosclerosis, or inflammatory diseases
[101, 102]. Positive effects over endothelial function in this
scenario have been attributed to a reduction in endothelial
expression of different cytokines and biomarkers (such as
IL-6, IL-8, VEGF, endothelin-1, NFxB, and COX-2) [103].

Among cytokine action inhibitors, the preferred target has
been IL-6, mainly with the use of the monoclonal antibody
tocilizumab, a potent IL-6 receptor blocker. After very posi-
tive results in observational studies, some randomized trials
had shown no clear benefit in mortality. However, recently,
three different trials have suggested benefits in clinical out-
comes among different subgroups of patients, including
critically ill patients [104—108]. In vitro data indicate that
endothelial IL-6 trans-signaling is associated with an inflam-
mation circuit for robust IL-6, IL-8, and MCP-1 produc-
tion and promoted PAI-1 production and that IL-6 signal-
ing blockade by tocilizumab can blunt this endothelial cell
activation [109]. Previously, IL-6 blockade with tocilizumab
had been demonstrated to improve endothelial function in
a cardiovascular high-risk population [110]. Interestingly,
median elevation of IL-6 in this scenario is generally lower
than seen in other settings of hyperinflammation, such as
the CRS associated with patients with lymphoid neoplasms
treated with chimeric antigen receptor (CAR)-T cells, which
have shown a better response to tocilizumab [111]. This
observation suggests that other pathways are involved in
COVID-19 pathobiology.
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Other cytokine inhibitors have shown positive results in
observational studies and are under evaluation in as part
of randomized clinical trials: anakinra and canakinumab
against IL-1 [112, 113], mavrilimumab against GM-CSF
[114], and emapalumab against IFN-y [115] are examples.
Furthermore, JAK-2 inhibitors, as baricitinib or ruxolitinib,
are also promising drugs with already proven benefits and
ongoing prospective studies underway [116-118]. Spe-
cifically, in a limited series of severe COVID-19 patients,
administration of baricitinib was related to the attenuation
of circulating biomarkers associated with cytokine storm
and vascular endothelial damage [119]. Also, treatment with
Bruton tyrosine kinase (BTK) inhibitors, such as ibrutinib,
may provide protection against lung injury and even improve
pulmonary function in hypoxic patients with COVID-19
[120]. Clinical studies are now ongoing.

Anticoagulant and Antiplatelet Therapies

Treatments addressing coagulation pathways are useful
to treat the coagulopathy developing in severe cases of
COVID-19. The most studied molecules in this regard are
thromboprophylaxis and treatment of the thrombotic events
with heparin. Tang et al. have described the protective role
of prophylactic doses of LMWH in COVID-19 patients
with a sepsis-induced coagulopathy score >4 or D-dimer
levels above six-fold the upper limit of normal by decreasing
their mortality rate [121]. In fact, the International Society
of Thrombosis and Haemostasis (ISTH) interim guidelines
[122] advise prophylaxis with LMWH in all COVID-19
hospitalized patients if there is no contraindication and, in
subsequent updates, several guidelines have suggested the
intensification of anticoagulation based on severity of the
disease and thrombotic risk [123, 124]. The rationale for
the use of LMWH, in addition to its widely described anti-
coagulant effect, is based on both impaired ACE2-mediated
internalization of the virus in the presence of heparin [22]
and on its proven anti-inflammatory effects [125]. Moreo-
ver, heparin may have a beneficial effect protecting the
endothelium in the setting of SARS-CoV-2 infection since
patients treated with therapeutic doses of anticoagulation
for other reasons before their admission for COVID-19 had
lower levels of circulating endothelial cells, analyzed as
a marker of endothelial damage in an observational study
[126]. Early studies suggested that not only heparins but also
direct oral anticoagulants (DOACSs) could be beneficial for
severe COVID-19 patients [127] though this indication has
been challenged in later studies on critically ill COVID-19
patients [128].

DOACS can be an option of anticoagulation in ambu-
latory COVID-19 patients, despite the need for awareness
about interactions with other drugs that could be used for
the COVID-19 treatment (as antivirals in the beginning of
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the pandemic) as well as the importance of monitoring and
dose adjustment in the setting of renal failure [129]. It also
remains to be defined the group of patients that can benefit
most from anticoagulation [130]. Of note, some DOACs
may exert anti-inflammatory action at lower doses protect-
ing from endothelial dysfunction while still exhibiting some
anticoagulant action [131]. Although antiplatelet therapy has
been under consideration, its beneficial role in COVID-19
hypercoagulability has not been proved, while their interfer-
ence with some antiviral drugs used during the pandemic
has prompted physicians to replace the antiplatelet therapy
[132].

Likewise, other treatments have been proposed. Wang
et al. reported respiratory improvement in three ICU
COVID-19 patients after the administration of tissue plasmi-
nogen activator (tPA) [133], and clinical assays are ongoing
to evaluate the role of fibrinolysis in patients with COVID-
19-induced ARDS [134]. As explained above, although
there is a systemic hypofibrinolysis, as evidenced by plasma
biomarkers, it can be a local pulmonary hyper-fibrinolysis.
Administration of plasminogen has been demonstrated to
be beneficial in patients with COVID-19 pneumonia, and,
for this treatment to be effective, presence of u-PA is neces-
sary to convert the administered plasminogen into plasmin
[135]. In a recent meta-analysis, recombinant human soluble
TM (rhsTM) also proved to reduce 28-day mortality in non-
COVID-19 septic patients with sepsis-associated coagulopa-
thy [136]. Also, treatment with antithrombin and activated C
protein is under consideration since nebulized administration
has been successfully used in lung injury and sepsis models,
respectively [137, 138]. However, further studies are needed
in the specific COVID-19 context.

Complement Inhibitors

Although complement activation plays a protective role in
front of infection by favoring viral clearance, complement
inhibition treatment is worthy of consideration in order to
avoid inflammatory over-response and endothelial injury in
COVID-19 patients. Actually, blockage of C5 may be thera-
peutically beneficial without affecting the protective immune
response. In fact, some anecdotal results point out to com-
plement blockage as a potential efficient strategy to treat
patients with COVID-19-associated ARDS. Treatment with
eculizumab (Soliris; Alexion, Boston, MA), a monoclonal
antibody that binds with high affinity to the complement
protein C5, has been proved to be efficient in 4 cases with
COVID-19-associated ARDS, showing a marked clinical
improvement within the first 48 h after the first adminis-
tration [139]. Moreover, a patient with severe ARDS due
to COVID-19 pneumonia was successfully treated with the
compassionate use of the complement C3 inhibitor AMY-
101 (Amyndas Pharmaceuticals, Glyfada, Greece) [140],

and upstream complement inhibition at the C3 or C5 level
has proved to lead to a rapid decline in the concentration
of serum inflammatory markers in patients with COVID-19
[141]. Whether blockade of terminal complement effectors
at different levels of the cascade leads to similar outcomes
remains under study [142]. It is worth mentioning that a
recent study suggested inefficacy of IFX-1, an anti-human
C5a monoclonal antibody, in patients with severe COVID-
19 in an exploratory, randomized phase 2 trial. However, as
acknowledged by the authors, the trial was not powered to
show statistically significant differences in clinical primary
endpoints (percentage change in PaO2/FiO2 in the supine
position between baseline and day 5), eventually jeopard-
izing any conclusion, even on secondary endpoints (mortal-
ity at 28 days and treatment-emergent and serious adverse
events) [143]. To date (April 2021, www.clinicaltrials.gov),
there are 18 active clinical trials testing complement inhibi-
tion across a spectrum of COVID-19 affected patients.

Endothelial Protection

Finally, therapeutic strategies for COVID-19 and its severe
manifestations could include agents that decrease endothe-
lial damage and ED, including defibrotide (DF), angiotensin-
converting enzyme inhibitors, angiotensin-II receptor block-
ers, and novel p38/MAPK inhibitors.

DF is a biologically derived, complex mixture of poly-
deoxyribonucleotides with pleiotropic properties, including
anti-thrombotic, pro-fibrinolytic, and anti-inflammatory
effects [144]. DF is currently approved for the treatment of
VOD/SOS in adults and children [145, 146], with proven
safety and efficacy, and favorable tolerability. As an endothe-
lial protective agent, DF is believed to limit the endothe-
lial damage that underlies VOD/SOS, wherein endothelial
cells undergo apoptosis and extrusion into hepatic sinusoids
[147]. DF interacts directly with endothelial cells at the cell
membrane, and becomes internalized by macropinocytosis
[148]. DF subsequently affects multiple signaling cascades
within endothelial cells, including inhibition of both the p38/
MAPK pathway [148] and the PI3K/Akt pathway [149],
with the decreased expression of numerous endothelial cell
adhesion molecules, including but not limited to P-selectin,
E-selectin, VCAM-1, and ICAM-1 [150]. DF also reduces
serum cytokines and proinflammatory molecules including
IL-6, IL-12, TNF-a, IFN-y, VEGF, thromboxane A2, leu-
kotriene B4, and ROS, furthering DF’s anti-inflammatory
properties relevant in the treatment of hyperinflammatory
syndromes and so targeting CRS [149, 150]. On the other
hand, DF increases tissue plasminogen activator and TM
expression, while simultaneously decreasing VWF and PAI-
1, thereby reducing thrombosis and enhancing fibrinolysis
[148, 149]. DF also markedly inhibits heparanase expres-
sion and activity [151], promoting restoration of endothelial
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integrity and function. It competes with heparan sulfate to
diminish heparanase-mediated degradation, preserving
heparan sulfate on the subendothelial basement membrane
[152], and, as a consequence, it may interfere with direct
interactions between SARS-CoV-2 and heparan sulfate that
facilitate viral adherence and entry. This effect may also both
diminish viral adherence and complement activation.

In patients with post-transplant thrombotic microangiopa-
thy, treatment with DF significantly reduced complement
activation and associated vascular damage [153]. DF may
similarly regulate complement hyperactivation observed in
patients with severe COVID-19. In fact, two patients with
pediatric inflammatory multisystem syndrome temporally
associated with SARS-CoV-2 infection received DF, leading
to symptomatic resolution and normalization of complement
levels [154].

For these reasons, and for its demonstrated long-term
safety even in high-risk pediatric populations [155], DF
stands as a promising candidate for the treatment of COVID-
19, based on the complex pathophysiology of COVID-19
and DF’s pleiotropic mechanisms of action [156].

Several studies of DF in COVID-19 are in process and
actively enrolling patients internationally. These include
the Spanish DEFACOVID phase 2b randomized, double-
blind, placebo-controlled, clinical trial (clinicaltrials.gov:
NCT04348383) and single-arm, phase 2 studies in Italy, Ire-
land, Germany, and the UK, with over 150 patients enrolled
and treated to date across these various protocols. Clinical
trials in the USA are underway at the University of Michigan
in Ann Arbor, MI, USA (clinicaltrials.gov: NCT04530604)
and Brigham and Women’s Hospital in Boston, MA, USA
(clinicaltrials.gov: NCT04652115). Patients receiving
DF are being comprehensively assessed for inflammatory
markers as well as other biomarkers associated with the
endotheliitis of COVID-19; these data will hopefully con-
firm the effects of DF on multiple targets fundamental to the
pathophysiology of COVID-19 and demonstrate associated
clinical benefit.

In addition to DF, other pharmacologic agents have poten-
tial as treatments targeting ED through effects on the Ang-II
and p38/MAPK signaling axis. As antagonists of the Ang-II
pathway, ACE inhibitors and ARBs stand to inhibit the sign-
aling cascade driven by high levels of Ang-II, which leads to
p38/MAPK activation in endothelial cells. ACE inhibitors
and ARBs are currently being studied for their capacity to
downregulate this axis and mitigate the contribution of Ang-
II to inflammatory processes in COVID-19. Direct inhibitors
of p38/MAPK may also be considered for this reason, and
some of these have already been developed and studied in
several contexts [157]. These strategies might achieve both
immediate and long-term protective effects for endothelia
in patients with COVID-19, and so further improve patient
outcomes.
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Concluding Remarks

e The endothelium is a strategic component of the patho-
physiology of COVID-19 complications.

e Endothelial injury in COVID-19 is at the crossroad of
the hypercoagulative state, the impaired fibrinolysis,
the activation of the complement system, and the deg-
radation of the glycocalyx layer.

e A precise correlation between the patient clinical infor-
mation and the pathological findings is basic to select
an effective treatment for COVID-19.

e Antiviral therapies will be most effective when viral
activity is the main pathogenic factor. Directed anti-
inflammatory, anticoagulant, anti-complement, and
endothelial protective agents are indicated when the
vascular endothelium is affected. Use of preventive
strategies could avert development of endothelial-
related complications.
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