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Abstract: One of the hallmarks of the SARS-CoV-2 infection has been the inflammatory process
that played a role in its pathogenesis, resulting in mortality within susceptible individuals. This
uncontrolled inflammatory process leads to severe systemic symptoms via multiple pathways;
however, the role of endothelial dysfunction and thrombosis have not been truly explored. This
review aims to highlight the pathogenic mechanisms of these inflammatory triggers leading to
thrombogenic complications. There are direct and indirect pathogenic pathways of the infection that
are examined in detail. We also describe the case of carotid artery thrombosis in a patient following
SARS-CoV-2 infection while reviewing the literature on the role of ACE2, the endothelium, and the
different mechanisms by which SARS-CoV-2 may manifest both acutely and chronically. We also
highlight differences from the other coronaviruses that have made this infection a pandemic with
similarities to the influenza virus.

Keywords: endothelial dysfunction; SARS-CoV-2 infection; thrombosis; angiotensin-converting
enzyme-2; angiogenesis

1. Introduction

The clinical therapeutics that have been suggested in the course of SARS-CoV-2
infection have immediately noted the uncontrolled inflammatory process as an important
hurdle to overcome. Endothelial dysfunction and thrombosis are consequences of the
cataclysmic inflammatory trigger. Here, we describe the case of a carotid artery thrombosis
that occurred in a patient with COVID-19 to highlight endothelial dysfunction during
SARS-CoV-2 infection. We believe that the data presented in this overview could provide a
basis for understanding the role of endothelial dysfunction and assist virologists and health
providers (family doctors, internists, cardiologists, and intensivists) in the physician–patient
discussion about the risks and expectations after the involvement of the endothelium in
SARS-CoV-2 infection.

A 47-year-old woman with no comorbidities tested positive for SARS-CoV-2 via an
RNA test, and presented with right upper paresis and headache 15 days after the onset of
mild respiratory symptoms. The patient was treated with domiciliary oxygen and managed
conservatively prior to the event. Computed tomography (CT) and magnetic resonance
imaging (MRI) revealed an ischemic stroke at the junction of the perfusion territories of
the left anterior cerebral artery (ACA) and the left middle cerebral artery (MCA). Carotid-
specific imaging showed a thrombus of the bulb of the left common carotid artery (LCA)
extending into the left internal carotid artery, which was responsible for a 75% vessel
stenosis without of any underlying atheroma (Figure 1).

Blood tests results showed mild leucopenia, but no elevation of inflammatory mark-
ers including a C-reactive protein (CRP) of <3 mg/L and procalcitonin of 0.02 pg/L. No
abnormalities of the coagulation profile were noted and antiphospholipid antibodies,
anti-cardiolipin, and autoimmunity screening were negative. Sinus rhythm and echocar-
diography assessed by ECG ruled out causes of cryptogenic stroke. Anticoagulation by
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low-molecular-weight-heparin and statin treatment was commenced with clinical improve-
ment and total resolution of the thrombotic occlusion at a 10-day follow-up CT-scan.

Figure 1. (A,B): CT angiogram with three-dimensional reconstruction depicting thrombotic stenosis
of the left carotid artery bifurcation extending into the internal carotid artery (red circles). (C): CT
Virtual Intravascular Endoscopy of the left carotid bifurcation demonstrating a large thrombus
causing significant stenosis of the left carotid artery. (D): MRI brain diffusion-weighted imaging
showing punctiform lesions in hypersignal diffusion visible in left fronto-parietal FLAIR at the level of
the left ACA-MCA territory, with decreased apparent diffusion coefficient. No hemorrhagic changes.
Gyriform enhancement in relation to the lesions indicating a rupture of the blood–brain barrier.
Preserved patency of circle of Willis. Abbreviation: ACA, anterior cerebral artery; CT, computed
tomography; MCA, middle cerebral artery; MRI, magnetic resonance.

2. The Clinical Problem

Coronaviruses (CoVs) comprise a large family of single-stranded, positive-sense RNA
viruses. They have a capacity for rapid mutation and recombination. Coronaviruses can
induce respiratory or intestinal infections in humans and animals [1–3].

People who develop acute respiratory infections, including influenza, respiratory syn-
cytial virus, and bacterial pneumonia, may experience progression of the disease to cardio-
vascular disease (CVD) [4–8]. With the emergence of the severe acute respiratory syndrome
virus coronavirus 2 (SARS-CoV-2), which causes coronavirus disease 2019 (COVID-19), the
pandemic has rapidly highlighted these major cardiovascular pathologies. The develop-
ment of CVD as a progression of COVID-19 is generally associated with comorbidities,
which can increase the incidence and severity of infectious diseases [7–11]. This rapid pro-
gression of the infection has brought out two conditions. In the first, it was highlighted that
a large percentage of patients who contract COVID-19 have underlying CVD [12,13]. The
second condition revealed that the vascular complications due to COVID-19 are sometimes
not related to a pre-existing vascular pathology [13–15].

The most relevant finding to emerge from COVID-19 severe acute respiratory syn-
drome is the devastating global public health crisis. The morbidity and mortality associated
with COVID-19 are usually attributed to severe acute respiratory distress syndrome (ARDS)
resulting in severe lung function impairment and cardiovascular complications including
myocardial infarction (MI). Additionally, disability and death in COVID-19 patients can be
caused by ischemic stroke and pulmonary embolism (PE) [14–19].

Understanding the effects of COVID-19 on the pulmonary and the cardiovascular
system is not only fundamental but allows the provision of complete and satisfactory
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medical assistance to patients with cardiac-related comorbidities. At the same time, the
manifestation of neurological clinical signs, due to endothelial dysfunction with or without
systemic atherosclerotic lesions, can occur in patients with COVID-19 [20–22]. Prompt
diagnosis in these patients can limit the number of neglected cases of infection, reduce
delayed diagnosis, and avoid misdiagnosis. In addition, rapid diagnosis allows timely
medical treatment and prevents further transmission of the SARS-CoV-2 infection [20–22].

Since the beginning of the SARS-CoV-2 pandemic, patients with COVID-19 have
been characterized by a higher frequency of arterial and venous thrombosis, which has
been linked to systemic inflammation, prolonged bed rest, and a prothrombotic environ-
ment [23,24]. There is now abundant evidence that arterial and venous thromboembolism
(VTE) is a major cardiovascular risk in patients with COVID-19, potentially leading to
neurological complications [25–28]. The percentage of patients experiencing VTE is higher
in intensive care unit (ICU) admissions with symptomatic disease reaching 25%, but the
rate stands at 69% when routine venous ultrasound scans are performed [27,28]. Several
studies have reported a high prevalence of microthrombosis in situ, which may be related
to endothelial damage directly caused by viral infection [14–16,28,29].

Concerns related to quantifying the risk of cardiovascular and neurological compli-
cations depend on the heterogeneity of the patient population with COVID-19 and direct
SARS-CoV-2 infection of the endothelium remains unclear [30], with both prohibiting
accurate determination of risk. In addition, the different methods of thromboprophylaxis,
the definitions of variable outcomes, and the restriction of assessments in the ICU setting
should be considered. Although antithrombotic therapy is recommended for patients
hospitalized with COVID-19, with the aim of preventing thromboembolic cardiovascular
events, arterial and venous thromboembolism still occurred in a subgroup of patients who
had received standard thromboprophylaxis at the appropriate time [31–33].

3. Pathophysiology
3.1. Coronavirus Infection in Humans

The name “coronavirus” derives from the presence of the crown-shaped spikes on their
surface. Coronaviruses belong to the Coronavirinae subfamily, which is further classified into
four phylogenetic groups: the CoV α, β, γ, and δ. The α and β groupings are pathologically
harmful because they can cause infection in humans [7,34,35]. Coronaviruses consist of
four main structural proteins: the peak (S) protein, which mediates the binding of the viral
particle to the host receptor and subsequent fusion of the virus and cell membrane. The
nucleocapsid (N) protein, the membrane protein (M), and the envelope (E) proteins also
belong to the structure of the coronavirus [6,36].

In the mid-1960s, investigators identified the first human CoV (HCoV) from embryonic
tracheal organ cultures and, until 2003, only two HCoV species were acknowledged as
pathogens: HCoV-229E and HCoV-OC [37]. In 2003, two other types of HCoV emerged,
leading to severe acute respiratory syndrome coronavirus (SARS-CoV)40 and Middle
East Respiratory Syndrome coronavirus (MERS-CoV) [38]. In 2019, a newly identified
SARS-CoV-2 caused one of the more lethal respiratory infections in humans [9,11,39–44].
Thus, there are currently seven known human coronaviruses that have the potential of
infecting humans but three of these strains are highly pathogenic (SARS-CoV, SARS-CoV-2,
and Middle East respiratory syndrome (MERS)). The less virulent CoV strains, includ-
ing HCoV-229E, HCoV-NL63, HCoV-OC43, and HCoV-HKU1, are often self-terminating
infections and are usually termed as “common colds” [42,45].

3.2. SARS-CoV-2 Host Interaction

We learned that cells are the gateway to viral infection through a binding interaction
between viruses and the host’s cell surface and this interplay is mediated by a certain
affinity with surface receptors. Viral trophism towards a given cell line is regulated by
the expression and distribution of structured receptors on the cell surface that mediate
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virus entry. Therefore, receptors represent the crucial feature that specifically defines tissue
infection as well as the pathogenesis of the disease.

Virologists discovered that SARS-CoV-2 is the third human coronavirus that uses
the enzyme angiotensin-converting peptidase 2 (ACE2) as the gate of entry for cells [46].
Understanding the mechanism that regulates the interaction between SARS-CoV-2 and
ACE2 is a fundamental step in determining both the trophism of the virus for tissues and
the progression of SARS-CoV-2 infection, as well as its evolution towards more severe
forms of COVID-19. As a result, the knowledge of the cellular processes that form the
cornerstone of SARS-CoV-2 infection could represent the turning point in the identification
of treatments that prevent the progression of the infection towards the development of
complicated disease, thus favoring a reduction in mortality.

ACE2 is configured as a transmembrane protein that plays the main role in home-
ostasis of the cardiovascular system in counterbalancing the effects of the angiotensin-
converting enzyme (ACE) [47]. ACE acts as a catalyst in the conversion of angiotensin I to
angiotensin II. This octapeptide is very active in exerting a vasopressor action, mediating
vascular contraction with an increase in blood pressure, and in promoting a proinflamma-
tory activity. ACE2 is a carboxypeptidase that is active in the conversion of angiotensin
II into the heptapeptide angiotensin-(1-7) to facilitate its function as an antagonist of
angiotensin II. This work is mainly expressed by exercising anti-inflammatory and va-
sodilatory activity. Substantial evidence suggests elevated expression of ACE is in vascular
endothelial cells of the lungs, and it is therefore likely that the level of angiotensin II is also
increased in lung vascular cells. In support of this finding, there is evidence that in mouse
models where acute lung injury was induced, ACE2 deletion causes more severe disease,
thus suggesting a protective action of ACE2 in lung tissue due to its role in reducing the
levels of the pro-inflammatory angiotensin II [47].

Since ACE2 is the SARS-CoV-2 receptor and as reported in many cases of virus–host
interaction, viral receptor expression is down-regulated in infected cells. This genetic regu-
lation with reduced expression of the ACE2 receptor was noted in the lungs of mice with
SARS-CoV infection. Lung damage caused by SARS-CoV and SARS-CoV-2 can be caused
by the depletion of ACE II, which therefore plays a central role in maintaining the infection,
as also evidenced by the high angiotensin II levels that were reported in the plasma of
patients with COVID-19. However, patients with MERS-CoV infection experienced lung
disease similar to that induced by SARS-CoV-2 without the direct involvement of ACE2.
Therefore, other factors are implicated in the genesis of coronavirus-mediated infection
(Figure 2).

Figure 2. SARS-CoV-2 uses the enzyme angiotensin converting peptidase 2 (ACE2) as the gate of
entry for cells. The trophism of the virus for tissues leads to the inflammatory profile pattern before
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and after SARS-CoV-2 infection. The initial entry of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) into cells is shown with involvement mainly of type-II pneumocytes. S glycoproteins of
SARS-CoV-2 (SARS-2-S) bind to its functional receptor, the angiotensin-converting enzyme 2 (ACE2).
Host-cell-surface proteases such as TMPRSS2 cleave the full-length spike protein (S0), converting it to
its S2 site through a complex mechanism mediated by the selective function of the host’s furin. After
endocytosis of the viral complex, surface ACE2 is further down-regulated, resulting in obstacle-free
storage of angiotensin II. Local activation of the renin–angiotensin–aldosterone system may mediate
lung injury responses to viral injuries. Abbreviations: ACE2, angiotensin-converting enzyme 2;
ARB, angiotensin-receptor blocker; CVD, cardiovascular disease; RBD, receptor-binding domain;
SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; TMPRSS2, transmembrane serine
protease 2.

3.3. Functional Characteristics of Glycoprotein S

As with all coronaviruses, SARS-CoV-2 also has a 180 kDa (S) spike as a structured
protein, which serves to identify the key to access cells in the ACE2 receptor. Protein S
plays two essential roles: it induces binding to ACE2 from the amino-terminal region, and it
promotes the fusion of viral and cell membranes through the carboxy-terminal region [48].
The third crucial step for lung cell infection is the proteolytic activation of spikes that occurs
at a host-mediated polybasic furin cleavage site [49,50]. Evidence has shown that this
cleavage site characterizes all spike proteins from patients who have clinically manifested
SARS-CoV-2 infection. It is important to note that the furin cleavage site is typical of other
highly pathogenic viruses such as the influenza A virus, but is not expressed by SARS-CoV.

This scientific finding has prompted researchers to consider that its acquisition likely
occurs after recombination with coronaviruses in bats. Therefore, in the light of this
discovery, it is possible to state that cellular tropism of SARS-CoV-2 is multiplied by the
cleavage process sustained by the furin proteases and could represent the turning point
in explaining how transmission from bats to humans has been promoted [51]. However,
the tropism of SARS-CoV-2 depends on expression of other cellular proteases that act
synergistically to ACE2. Indeed, additional proteases are required for cleavage and act in
the fusion of SARS-CoV-2 with the host-cell membrane.

In particular, the transmembrane serine protease 2 (TMPRSS2) and TMPRSS13 are host-
cell-surface proteases that cleave the spike shortly after binding to ACE2 [49]. Following
the interaction of protein S with the ACE2 receptor, host-cell-surface proteases such as
TMPRSS2 and TMPRSS13 cleave the full-length spike protein (S0), converting it to its
S2 site through a complex mechanism mediated by the selective function of the host’s
furin. Activation of S glycoproteins of SARS-CoV-2 (SARS-2-S) by these surface proteases
requires processing of the S1/S2 cleavage loop, in which both the furin recognition motif
and extended loop length have proven to be critical [52,53].

Virology taught us that the greater transmissibility of SARS-CoV-2 is related to relevant
replication in the upper airways, which is not disclosed for the other highly pathogenic
coronaviruses SARS-CoV and MERS-CoV. The S glycoproteins of different coronaviruses
revealed an intrinsic temperature preference, corresponding with the temperature of the
upper or lower airways. SARS-2-S and HCoV-229E, which are responsible for the common
cold, replicate in an optimal way when the temperature of 33 ◦C is produced as in upper
airways. Instead, the S proteins of SARS-CoV and MERS-CoV work better at 37 ◦C, in
accordance with the favorable virus-replication preference for the lower airways. TMPRSS2
and TMPRSS13 proteases amplify the cell tropism of SARS-CoV-2 because they facilitate
SARS-2-S-driven access into the host cell through its activation. Both proteases were found
to be relevant in the context of authentic virus replication albeit with differences. For
example, TMPRSS13 is not active in low-pathogenic HCoV-229E because it is not effective
as a spike activity amplifier [52].

The process of cleavage at the S2 site facilitates the fusion of viral and cell membranes
to deliver viral RNA into the cytosol [54,55]. In some defined conditions that have been
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reported, cells exhibit low TMPRSS2 expression, which allows the possibility of undertak-
ing alternative pathways of virus uptake, including those involving the endolysosomal
pathway and cathepsins [52]. Evidence suggests that the D614G mutation increases the
stability of SARS-CoV-2, particularly at 37 ◦C, and improves its utilization of the cathepsin
L alternative pathway. The use of a subsidiary route for virus entry may confer greater sta-
bility of the S-glycoprotein. In these two years, we have learned that the spike’s properties
can promote the spread of the virus and potentially explain why the spike-G614 variant
that replaced the first D614 variant has become globally predominant. Coronavirus spike
protein is adjusted to suit airway temperature and protease conditions to improve virus
transmission and pathology [52].

Neuropilin 1 (NRP1) has recently emerged as a protein that works in the fusion
between the cell and SARS-CoV-2 for its entry [56–58]. Neuropilin has the role of a receptor
that binds the RXXR motif carboxyterminal sequence of the spike exposed after furin
cleavage. The precise mechanism of NRP1 in promoting the entry of SARS-CoV-2 into cells
remains to be clearly determined, but its role may be to amplify infection by involving
other types of cells such as endothelial cells [53,59] (Figure 3).

Figure 3. The tropism of SARS-CoV-2 depends on the expression of proteases that act synergistically
to ACE2. Transmembrane serine protease 2 (TMPRSS2) and TMPRSS13 cleave the full-length spike
protein (S0), converting it to its S2 site through a complex mechanism mediated by the selective
function of the host’s furin. Neuropilin 1 (NRP1) binds the RXXR motif carboxyterminal sequence of
the spike exposed after furin cleavage. Abbreviations: CatB/L, cathepsin B/L; NRP1, neuropilin; S,
spike; other abbreviations are given in the above Figure 3 image.

4. Endothelial Cell Infection and Endotheliitis in SARS-CoV-2 Infection

SARS-CoV-2 infection has very heterogeneous characteristics causing several clinical
syndromes of COVID-19 when an involvement of the vascular endothelium is established.
The two extreme clinical conditions experienced by patients with COVID-19 are asymp-
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tomatic infection or a fatal disease. Evidence from critical illness hospitalizations due to
COVID-19 disclosed about 30% of patients in which a serious disease with progressive
lung damage occurred [54,60]. The unfortunate progression of this pathology is associated
with the severe injuries of the vascular compartment resulting in rupture of the vascu-
lar barrier and edema. It should be noted that in the patho-anatomical examination of
the lesions, endotheliitis, thrombosis, and marked infiltration of inflammatory cells were
associated [61].

Several studies have suggested that vascular pathology is a major cause of severe
disease. As proof of this, investigators have identified thrombotic and microvascular com-
plications as the potent cause of deaths in patients with complicated COVID-19 [28,62,63].
Arterial and venous thromboembolism, kidney disease, and neurological disorders are
mandatory among the pathological events responsible for the onset of severe symptoms in
COVID-19 patients requiring hospitalization [64,65] (Figure 4).

Figure 4. Endothelial cell infection and endotheliitis in critically ill hospitalized patients with
COVID-19. CT-angiography of the supra-aortic arteries disclosed a significant stenosis of the left
carotid artery bifurcation extending into the internal carotid artery.

This suggests a leading role of SARS-CoV-2 in activating the vascular system in a
consistent process, which is potentially responsible for the multi-organ involvement of
the infection and the consequential multi-organ failure. However, solid evidence con-
firming whether viral infection leads to multi-organ failure or that the latter is caused by
inflammation-induced endothelial activation remains highly controversial and is still an
open topic.

As for the cardiovascular system, evidence of its serious involvement leading to
complications from SARS-CoV-2 infection was apparent very soon after the respiratory
disease. It has been unquestionably highlighted that these complications pose a key threat
in COVID-19. With the advent of COVID-19 we have learned that pre-existing CVD
represents a signifi-cant risk factor in patients with SARS-CoV-2 infection who develop
COVID-19. The mecha-nisms that sustain the disproportionate rate of cardiovascular
complications in patients who experienced SARS-CoV-2 infection remain unclear. However,
once SARS-CoV-2 in-fects the myocardium, it can cause direct or indirect damage. Likewise,
in these patients outcomes are worse than in patients who do not exhibit CVD [14–16].

4.1. Interaction of SARS-CoV-2 and ACE2 Receptor: Insight of Influence on
Renin–Angiotensin–Aldosterone System Inhibitors

The tissue and circulating elements that constitute the renin–angiotensin system
(RAAS) establish an elaborate intersecting network of regulatory and counter-regulatory
peptides. As previously reported, ACE2 has the key counter-regulatory function medi-
ated by the degradation of angiotensin II to angiotensin-(1-7). ACE2 has the effect of
containing the vasoconstriction, sodium retention, and fibrosis induced by the production
of angiotensin II. Although the primary substrate of ACE2 is angiotensin II, the action
of ACE2 is also the catalysis of angiotensin I into angiotensin-(1-9) and it interferes with
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the hydrolysis of other peptides [66]. ACE2 was found to be expressed in human tissue
specimen from 15 organs but it was also found to be widely expressed in the heart and in
the kidneys, as well as on the pulmonary alveolar epithelial cells, which are the target cells
of SARS-CoV-2 infection [67]. It is important to note that the circulating levels of soluble
ACE2 are scarcely understood, as is the functional role that ACE2 plays in the lungs under
normal conditions [68]. This underactive role carried out by ACE2 changes towards an
upregulation in some clinical states.

Evidence has shown that ACE inhibitors and angiotensin receptor blockers (ARBs)
have different effects on angiotensin II, which is the primary substrate of ACE2, so these
agents can be expected to exert different activity on ACE2 levels. Although substantial
structural homology has been demonstrated between ACE and ACE2, their enzymatic
active sites are different. As a result, ACE inhibitors in clinical use do not exhibit an action
to unequivocally affect the activity of ACE2 [69]. Diverging results regarding the effects of
ACE inhibitors on ACE2 levels have been reported in experimental animal models [70–73].
By evaluating results from the animal models, inconsistent evidence on the effects of ARBs
on ACE2 are disclosed. In fact, some of these experiences have reported the effect of ARBs in
increasing messenger RNA expression or ACE2 protein levels in tissues [70,74–76], while in
other studies, no consequence about its role was proven [77]. On the other hand, a relevant
number of human studies investigating the effects of RAAS inhibition on ACE2 expression
have not yielded positive results. Campbell et al., reported no difference in angiotensin-(1-7)
production after intravenous administration of ACE inhibitors in patients with coronary
artery disease. The observation that stems from this discovery is the lack of substantial
evidence that ACE inhibitors have direct effects on the ACE2-directed metabolism of
angiotensin II [78]. Luque et al., obtained comparable results by analyzing angiotensin-
(1-7) levels in patients who experienced hypertension and reported a lack of effect after
initial treatment with the selective ACE inhibitor captopril. However, patients who were
undergoing six-to-six continuous monotherapy with captopril revealed an increased level
of angiotensin-(1-7) [79]. Furuhashi et al., retrospectively analyzed a longitudinal cohort of
Japanese patients with hypertension who reported increased urinary ACE2 levels among
patients who were managed with long-term ARB olmesartan, compared with the group of
control patients who received no medical treatment. However, this association has not been
disclosed with the use of the ACE inhibitor enalapril or with other ARBs such as losartan,
candesartan, valsartan, and telmisartan [80].

The observation that emerges in the evaluation of these conflicting results suggests that
a complex mechanism exists at the basis of the RAAS responses to the pathway modulators.
Another point that reinforces the lack of definitive evidence from human studies, thus
lifting the veil of uncertainty, concerns the results provided by preclinical models that
may not be readily noted in physiological conditions. This point is clearly emphasized in
the study of Furuhashi et al., in which the effects on ACE2 after administration of RAAS
inhibitors should not be interpreted as uniformly applicable data because the response to
therapies within a given drug class was also different [80].

A precise observation concerns the plasma level of ACE2, which may not be a reliable
indicator of the activity of the integral structured form in the membrane. In fact, ACE2 is
released from the membrane by a process that appears to be supported by a separate regu-
lation mediated by an endogenous inhibitor [81]. Another important observation concerns
the degree of expression and biological relevance of ACE2, which is not homogeneous
as it may vary according to the type of tissue and the clinical condition. Unfortunately,
our knowledge sustained by solid data supporting the effects of ACE inhibitors, ARBs,
and other RAAS inhibitors on the lung-specific expression of ACE2 in animal and human
experimental models is inconsistent. Furthermore, even assuming that RAAS inhibitors can
modify the levels or activity of ACE2 in the target microcirculation, there is no substantial
clinical data proving the involvement of RAAS inhibitors in facilitating the interaction of
the spike protein of SARS-CoV-2 with ACE2. Further studies on ACE2 receptor mechanics
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need to be undertaken in humans as they would serve to better define the distinctive
interaction between SARS-CoV-2 and the RAAS network.

4.2. RAAS Blockers in SARS-CoV-2 Infection—Potential for Benefit or Harm?

The biomolecular mechanisms that regulate the interaction between SARS-CoV-2 and
ACE2 lead not only to the initial entry of the virus into the host cell via ACE2 but also
induce a subsequent downregulation. The crucial effect of downregulation concerns the
lack of protective effect on organs exerted by ACE2. No hypothesis has ever demonstrated
that the continuous activity of angiotensin II may be partly responsible for organ damage in
patients with COVID-19 [82,83]. SARS-CoV-2 saturating the ACE2 involved in the binding
with the spike leads to the subsequent down-regulation of the fullness of ACE2 receptors
in host cells’ surface [47]. In the early stage of SARS-CoV-2 infection, viral infection and
replication work together to decrease membrane ACE2 expression. The initial infiltration
of neutrophils was subsequently observed in response to bacterial endotoxin, which can be
induced by the down-regulation of ACE2 activity in the lungs [84]. Under these conditions,
an unconstrained accumulation of angiotensin II with local RAAS activation occurs. Liu
et al., studied a small series of patients with COVID-19 who reported high plasma levels of
angiotensin, which were consequently related to a higher total viral load and the degree of
lung damage [83] (Figure 5).

Figure 5. Depiction of the inflammatory profile of COVID-19 patients before and after Coronavirus
SARS-CoV-2 infection. The scheme reveals the occurrence of two different degrees of disease in the
investigated populations.

A dysregulation of ACE2 can theoretically also lead to decreased cardioprotection
in the context of myocardial involvement following pulmonary and circulatory haemo-
dynamic compromise in patients who develop COVID-19 with severe critical condi-
tions [85,86]. In severe forms of COVID-19 with a course characterized by grave clini-
cal deterioration preceding death, high levels of markers of myocardial injury were re-
vealed [87]. These markers underwent a rapid increase in parallel with worsening clinical
conditions [60]. After all, the cardiotropicity of many viruses has been reported, confirming
that very high viremia associated with a wide range of infectious agents can be responsible
for subclinical viral myocarditis.

ACE2 is involved, with a well-recognized role, in myocardial recovery and injury
response, as reported in the study by Oudit et al., in which autopsy findings of patients
who died from SARS were examined. In 35% of the heart samples studied, the authors
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recorded the presence of viral RNA, which was related to a reduced expression of the ACE2
protein [88]. In support of this study, it was reported that in human explanted hearts with
dilated cardiomyopathy, the administration of recombinant ACE2 leads to a normalization
of angiotensin II levels [89].

On the basis of this evidence, numerous randomized studies have been designed, the
aims of which were to verify whether the administration of a recombinant ACE2 protein
can be useful in restoring the balance of the RAAS network and, therefore, is potentially
able to prevent organ damage (ClinicalTrials.gov number, NCT04287686). In addition, two
ongoing RCTs have been designed based on the administration of losartan in the treatment
of COVID-19 in a non-hospitalized patient group (NCT04311177) and to patients requiring
hospitalization (NCT04312009). Patients enrolled in these RCTs had not received prior
medical treatment with the administration of a RAAS inhibitor.

4.3. Insights of Angiogenesis and ACE 2 Expression on Endothelial Cells in SARS-CoV-2 Infection

The topic is controversial with a large number of studies that reported evidence of
ACE2 expression on endothelial cells [28,38,90–92]. ACE 2 is expressed in several organs,
including the lung, heart, kidney, and intestine, but endothelial cells also have ACE2 on
their surface.

In vitro experiments have reported that SARS-CoV-2 can directly infect organoids in
engineered human blood vessels [93]. However, this evidence does not prove that the
vascular disorders in COVID-19 are due to the involvement of the endothelial cells by
the virus.

Ackerman et al., reported that vascular angiogenesis, either intussusceptive or germi-
native, differentiated the pulmonary pathobiology of patients who had COVID-19 from
that of patients with similar severe influenza virus-related infections. Given this back-
ground, investigators examined seven lungs of patients who died due to COVID-19 that
were compared with those who died from acute respiratory distress syndrome (ARDS) sec-
ondary to influenza A (H1N1). These autopsy specimens were separated to 10 age-matched,
uninfected control lungs.

Several points of Ackerman’s study deserve detailed assessments. First, immunohis-
tochemical analysis data concerning ACE expression in controls of patients without lung
infection suggested ACE2 expression in alveolar epithelial cells (0.053 ± 0.03) and capillary
endothelial cells (0.066 ± 0.03). In contrast, in the lung findings of patients with COVID-19
and those with influenza A who had died as a result of the onset of severe respiratory
failure, the relative ACE2-positive tallies revealed a high expression of alveolar epithelial
cells (relative counts of 0.25 ± 0.14 vs. 0.35 ± 0.15) and endothelial cells (relative counts of
0.49 ± 0.28 and 0.55 ± 0.11), respectively. It is important to note that ACE2-positive lym-
phocytes were not disclosed in perivascular tissue or alveoli of the non-infected controlled
lungs. However, the interaction between the ACE2 receptor and immune cells occurred in
the lungs of patients with COVID-19 and in those who had experienced H1N1 infection
in combination with a respiratory distress syndrome (relative counts of 0.22 ± 0.18 and
0.15 ± 0.09, respectively) [28].

The second major finding reported was the occurrence of a marked angiogenesis pro-
cess that intervenes in patients who died as a result of severe COVID-19. This population
had consistently demonstrated intussusceptive angiogenic lung features that were signifi-
cantly higher (60.7 ± 11.8) compared to those of the lungs of patients who had suffered
from H1N1 infection (22.5 ± 6.9) or to those of patients without any signs of lung infection
(2.1 ± 0.6). The comparison was statistically significant for both populations (p < 0.001).
With regard to the consistency of conventional germinative angiogenesis features, it was
also greater in the COVID-19 population compared to the influenza population [28].

The third interesting finding of this study involved a correlation between pulmonary
angiogenesis and hospitalization, where angiogenesis was plotted as a function of the
length of hospital stay. Investigators noted that the degree of intussusceptive angiogenesis
was found to be significatively affected with the raising of the duration of hospitalization
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(p < 0.001). In contrast, examination of the lungs of patients with H1N1 infection revealed
less intussusceptive angiogenesis without a demonstrable increase over time. A similar
pattern was seen for germinative angiogenesis [28].

Finally, Ackermann et al., provided an evaluation of angiogenesis-related genes that
was performed in patients in which associated respiratory failure occurred. Investigators,
using a multiplex analysis of angiogenesis-related gene expression, examined 323 genes
from the nCounter PanCancer progression panel (NanoString Technologies) and recorded
differences between samples from patients with COVID-19 and those from patients with
influenza. A total of 69 angiogenesis-related genes were found to be differentially regulated
in deceased COVID-19 patients, compared with 26 differentially regulated genes that were
disclosed in patients who experienced the H1N1 infection. The relevant finding was that
45 genes shared changes in expression [28].

A potential greater ACE2 receptor expression caused by induced angiogenesis can
lead to a substantially higher interplay of SARS-CoV-2 with the receptor so as to implement
ACE2′s power in sustaining the infection. However, other investigations have assumed
the primary role in the involvement of microvascular pericytes, as these types of cells
express high levels of the ACE2 receptor [90,94,95]. Therefore, it is the lesion of the
pericyte, from the extension of the viral infection, that is the determining cause inducing
endothelial dysfunction.

In particular, Mc Cracken et al., investigated ACE2 expression in human endothelial
cells (ECs) and the ability of SARS-CoV-2 to infect the endothelium by analyzing transcrip-
tomic and epigenomic data on ECs. Viral proteins combined with ECs were studied in vitro
using an analysis of RNA sequencing. The ENCODE has allowed the genetic evaluation
of infected ECs of different tissues including arterial, venous, and microvascular beds, in
comparison with epithelial cells from respiratory, gastrointestinal, and skin sources. Inves-
tigators recorded a very low or no basal ACE2 expression in ECs compared with epithelial
cells. Moreover, they observed that in vitro exposure of ECs to inflammatory cytokines
was increased in the plasma of patients with severe COVID-19 [95]. This condition failed
to upregulate ACE2 expression. Single-cell RNA sequencing of human organ donor arts
revealed that, while ACE2 sequence reads were abundant in pericytes, they were rare in
ECs [96]. Although there was an unusual endothelial ACE2 expression, contamination
from adherent pericyte fragments made it possible to determine a common confounder
in vascular single-cell RNA sequencing data [97]. Evidence suggested that there was a
scarce occurrence of ACE2 transcripts in human heart ECs and this was likely determined
by pericyte contamination. Investigators exposed the ECs to SARS-CoV-2 and observed
that replication levels were extremely low, even after the ECs were exposed to very high
concentrations of the virus compared to more permissive VeroE6 cells. The observed low
levels of SARS-CoV-2 replication in ECs were due to viral entry via an alternative pathway
to the ACE2-dependent one. This non-ACE-receptor-mediated entry was attributable
to exposure of greater concentrations of the virus. The reported data proved that direct
endothelial infection by SARS-CoV-2 is not likely to occur. The endothelial damage dis-
closed in patients with severe COVID-19 and in critically ill conditions was more likely
secondary to infection of neighboring cells. Other mechanisms, including immune cells,
platelets, and complement activation, and circulating pro-inflammatory cytokines were
implicated in endothelial damage. This evidence was supported by current achievements
proving that plasma from critically ill and convalescent patients with COVID-19 leads to
EC cytotoxicity [98].

4.4. Other Molecules (Mediators) Affecting Angiogenesis during SARS-CoV-2 Infection

Reports have demonstrated the expression of neuropilin receptors [53,56–59] and
TMPRSS2 [99], thus suggesting a viral infection of endothelial cells.

Investigators have learned that neuropilin 1, a type-1 membrane protein, was character-
ized by being highly expressed among Xenopus frogs, chicken, and mice. The extracellular
component of NRP-1 was composed of three distinctive domains, each of which was in-
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volved in molecular and/or cellular interactions. Evidence suggested that in mammals,
NRP-1 was expressed in the cardiovascular system, the nervous system, and in the limbs at
specific phases of development. Studies performed on chimeric embryos revealed several
morphological abnormalities such as excess capillaries and blood vessels, dilation of blood
vessels, malformed heart as well as ectopic sprouting and defasciculation of nerve fibers.
These kinds of abnormalities experienced in chimeric embryos suggested that NRP-1 has
several functions in embryonic morphogenesis [56–58].

Gerhardt et al., disclosed a role of NRP-1 in central nervous system germinative
angiogenesis that was found to be mediated by binding to the isoform VEGF165 (Vascular
Endothelial Growth Factor). The latter led to the stimulation of angiogenesis and was
indispensable for the development of cerebral vessels in the mouse.

Targeted inactivation of the NRP1 receptor can lead to abnormalities in the blood flow
that are capable of influencing the dynamics of SARS-CoV-2 infection. Therefore, blood
fluid dynamics plays a crucial role in the effects of SARS-CoV-2 infection. The vascular
neoformation and the presence of flow changes can induce both stabilization of the infection
in the primary localization and an acceleration in the propagation of the virus, making it
potentially the determining factor in the dynamics of SARS-CoV-2 infection. Jones et al.,
revealed that the loss of NRP1 function rather than the induced dynamic flow change was
the cause of the altered capillary plexus geometry. The evidence was in favor of vessel
remodeling defects that occurred concomitantly with the onset of blood flow. A genetic
alteration in neuropillin1 mutants led mainly to a deficiency related to endothelial cell
migration rather than replication. The inadequacy of migration of endothelial cells was,
therefore, the main cause of the altered blood flow dynamics [57].

Aspalter et al., worked on VEGF and Dll4/Notch signaling, which cooperate in
a negative feedback circle. VEGF and Dll4/Notch signaling play a central role in the
specified endothelial tip and stalk cells to oversee the function of the vessels. Thus, VEGF
and Dll4/Notch were active in sprouting angiogenesis by guiding the growth of blood
vessels in healthy and diseased tissues. Investigators discovered the key endothelial
function of NRP1, which abolished the stalk-cell phenotype by restricting the activation of
Smad2/3 through the function of Alk1 and Alk5. The evidence first revealed that Notch
downregulates Nrp1, thereby relieving the inhibition of Alk1 and Alk5, thus driving stalk-
cell behavior. Second, the authors disclosed that the heterogeneity between neighboring
endothelial cells determined by the lateral Dll4/Notch feedback circle used NRP1 levels as
the pivot, which in turn warranted a distinctive reactivity to TGF-β/BMP signaling [58].

More recently, two reports focused on the specific role of NRP1 as the key factor
implicated in the viral trophism. Canuti-Castelveteri et al., evaluated the role of nuropillin1
in the tissue tropism because NRP1 works similarly to a cofactor on the surface of the host
cell in promoting easier interaction between the viral particle and the virus receptor. The
authors suggested that NRP1 significantly reinforces SARS-CoV-2 infectivity by working
to bind furin-cleaved substrates. This action was prevented with the use of a monoclonal
blocking antibody against NRP1. In the case of mutations induced in SARS-CoV-2, un-
dergoing a modification in the furin cleavage site, the infectivity of SARS-CoV-2 was not
potentiated by neuropillin1. Human autopsies performed on the olfactory epithelium after
COVID-19 provided pathological findings in which SARS-CoV-2-infected NRP1-positive
cells were present in the nasal cavity. The reported data added important information on
the infectivity of SARS-CoV-2 cells in the first stage and defined a potential target for the
development of antiviral drugs [59].

Daily et al., found that the host furin protease recognizes an attachment site on the
viral protein S that cleaves the full-length precursor of S glycoprotein into two associated
polypeptides: S1 and S2. This interaction facilitating the cleavage of protein S led to the
creation of a polybasic Arg-Arg-Ala-Arg carboxy-terminal sequence on S1. This sequence
conformed to a C-end rule (CendR) motif, which has the characteristic of selectively binding
NRP1 and NRP2 to cell-surface receptors. The relevant data that emerged was the selectivity
of the CendR motif in S1, which directly linked NRP1. Once the blocking of this interaction
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had been carried out using RNA interference or through selective inhibitors, a reduced
entry of SARS-CoV-2 could be obtained, which resulted in reduced infectivity. Therefore,
NRP1 was shown to act as a host factor for SARS-CoV-2 infection and could potentially
provide a selective therapeutic target to counter COVID-19 [53] (Figure 6).

Figure 6. (A): Depicts the NRP1 b1–S1 CendR peptide complex superposed with the NRP1 b1–VEGF-
A fusion complex (based on PDB ID: 4DEQ †). Bound peptides are disclosed in stick representation.
(B) Structure of the SARS-CoV-2 spike trimer, based on PDB 6ZGE ††, in which we modelled the
cleavage loop using SWISS-MODEL. Transmembrane serine protease 2 (TMPRSS2) and TMPRSS13
cleaves the spike shortly after binding ACE2. Host-cell-surface proteases such as TMPRSS2 and
TMPRSS13 cleave the full-length spike protein (S0) converting it to its S2 site through a complex
mechanism mediated by the selective function of the host’s furin. Activation of S glycoproteins of
SARS-CoV-2 (SARS-2-S) by these surface proteases requires processing of the S1/S2 cleavage loop, in
which both the furin recognition motif and extended loop length are critical. Abbreviations: RMSD,
root-mean-square deviation; VEGF-A, Vascular Endothelial Growth Factor; other abbreviations
are given in previous figures. SARS-CoV-2 Sequence Resources. Genome Reference Sequence
(NC_045512) [55–59].

Hofmann et al., proved that the serine protease TMPRSS2 was employed after the
engagement of the ACE2 receptor by SARS-CoV-2 and that it worked via S protein priming,
and they disclosed that SARS-CoV-2′s spread also depends on TMPRSS2 activity. The role
of TMPRSS2 was pivotal and synergistic with furin-mediated pre-cleavage at the S1/S2 site
in infected cells, which could ultimately encourage subsequent SARS-CoV-2-dependent
TMPRSS2 entry into target cells. This mechanism can be compromised with a TMPRSS2
inhibitor camostat mesylate which is approved for clinical use in Japan. This substance has
potentially an increased antiviral activity leading to a blockage of viral entry and it might
constitute an off-label treatment option [45].

5. The Pathoanatomic Alteration of the Endothelium and SARS-CoV-2 Infection

Investigations on autopsy findings of patients who died after COVID-19 have helped
to clarify whether SARS-CoV-2 can directly infect the endothelium. Bryce at al reported
the first 100 COVID-19-positive autopsies performed at the Mount Sinai Hospital in New
York City noticing the presence of large pulmonary emboli in six cases. Furthermore,
the authors found that diffuse alveolar damage occurred in over 90% of cases and that
microthrombi were discovered as typical lesions in multiple organs including the brain.
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Hemophagocytosis was another peculiar patho-anatomic lesion. Electron microscopic
tests revealed the presence of the virus in the samples, and laboratory results from the
COVID-19 cohort revealed high levels of inflammatory markers, abnormal clotting values,
and elevated cytokines IL-6, IL-8, and TNFα [100].

In the autopsy checks by Ackerman et al., an interesting finding was a shared histo-
logical picture in the peripheral lung in both patients who died from respiratory diseases
associated with COVID-19 and those who had influenza-associated respiratory failure. Both
showed diffuse alveolar damage with perivascular T cell infiltration. However, the patients
who had suffered from COVID-19 disclosed well-defined and characteristic pulmonary
vascular changes. Consistent histopathological evidence suggested the occurrence of a
severe endothelial lesion associated with the presence of intracellular viruses and destroyed
cell membranes. An analysis of the pulmonary vessels of patients with COVID-19 revealed
widespread thrombosis with microangiopathy. Damage generated by alveolar capillary
microthrombi was nine times more prevalent in patients with COVID-19 and patients with
influenza, compared to healthy lung findings (p < 0.001). The data that differentiated the
findings of patients who died from COVID-19 to those for influenza-associated respiratory
failure concerned the greatest amount of growth of new vessels in the lungs of patients
with COVID-19. This conspicuous microvascular growth was mainly attributable to a
mechanism of intussusceptive angiogenesis and was 2.7 times as high as that of the lungs
of patients with influenza (p < 0.001) [28].

Histopathology revealed, in all lung specimens from the COVID-19 autopsies, a spread
alveolar injury that may be disclosed as focal with only mild interstitial edema or occurred
with homogeneous fibrin accumulation associated with marked interstitial edema and early
intraalveolar organization. Necrosis of alveolar lining cells, pneumocyte type-2 hyperplasia,
and linear intraalveolar fibrin deposition were observed in either focal or diffuse lesions.
The difference was noted in specimens of the influenza group in which florid diffuse
alveolar damage with massive interstitial edema and extensive fibrin deposition occurred
in all cases. In addition, in some cases, specimens presented focal organizing and resorptive
inflammation. These changes were suggestive of the substantially higher weight of the
lungs from patients who died from influenza [28].

A cytological evaluation revealed differences between the autopsy findings of patients
who died from influenza and those who died from COVID-19. In the lungs from patients
with COVID-19 and patients with influenza CD3-positive T cells (26.2 ± 13.1 for COVID-19
and 14.8 ± 10.8 for influenza), these values referred to 200-µm radius of precapillary and
postcapillary vessel walls in 20 fields of examination per patient. With the same field size,
the authors found a more relevant amount of CD4-positive T cells in lungs from patients
with COVID-19 than in lungs from patients with influenza (13.6± 6.0 vs. 5.8± 2.5, p = 0.04),
whereas the amount of CD8-positive T cells was also significant (5.3 ± 4.3 vs. 11.6 ± 4.9,
p = 0.008). The number of neutrophils (CD15 positive) was significantly lower adjacent to
the alveolar epithelial lining in the COVID-19 group than in the influenza group (0.4 ± 0.5
vs. 4.8 ± 5.2, p = 0.002) [28].

Schaefer et al., studied the in situ expression of SARS-CoV-2 in airways and lungs
obtained at autopsy of seven autopsy cases (male, N = 5; female, N = 2) with confirmed
COVID-19 infection. The use of reverse transcriptase-polymerase chain reaction (RT-PCR)-
validated SARS-CoV-2 infection and the detection of viral particles from autopsy cases
were evaluated using a rabbit polyclonal antibody against SARS Nucleocapsid protein
in correlation with clinical parameters. Chest imaging suggested a widespread-airspace
disease occurred in all patients. Histologic examination revealed an acute diffuse alveolar
damage (DAD) in five cases, while two cases developed preferentially organized alveolar
injuries. Among the five patients with acute diffuse alveolar damage, SARS-CoV-2 was
located in pulmonary pneumocytes, while in all cases, damage involved ciliated airway
cells. In two cases, viral particles were identified also in the upper airway epithelium. Inter-
estingly, in two patients with organizing DAD, SARS-CoV-2 was not discovered in lungs or
airways, and in these cases, the investigators did not reveal endothelial cell infection. This
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evidence strongly suggested that SARS-CoV-2 infection, involving epithelial cells in the
lungs and airways of patients with COVID-19 who progressed toward respiratory failure,
could be identified during the acute stage of lung injury and was absent in the organizing
stage [101].

Varga et al., found the pathological modifications of the endothelium exposed to
SARS-CoV-2 infection in patients of different ages and with multiple comorbid conditions.
The authors described the case of a recipient of a renal transplant with coronary artery
disease and arterial hypertension. In the patient, the deterioration of clinical conditions
due to COVID-19 required the use of mechanical ventilation. On the eighth day, after being
admitted to the ICU, the evolution towards a severe form of multisystem organ failure
had resulted in death. The use of electron microscopy performed on post-mortem autopsy
findings highlighted the presence of viral inclusion structures in endothelial cells in the
transplanted kidney. The histological analysis showed the accumulation of inflammatory
cells associated with the endothelium. The histological changes involved many tissues,
including apoptotic bodies, in the heart, the small bowel, and lung. The lung experienced
a remarkable accumulation of mononuclear cells with characteristic involvement of most
small lung vessels that appeared congested [102].

Severe endotheliitis occurred in patients with comorbidities such as diabetes, arterial
hypertension, and obesity. A severe and progressive respiratory failure due to negative
evolution of COVID-19 led these patients to hospitalization in the ICU. Subsequently,
the impairment of the clinical condition may lead to multi-organ failure. Mesenteric
ischaemia is generally caused by thrombosis and endotheliitis, requiring prompted removal
of necrotic small intestine. From a cardiocirculatory point of view, severe right heart
failure may occur as an evolutionary progression of left ventricular compromise related to
consequent ST-segment elevation and myocardial infarction. The progressive evolution of
this complication was toward a cardiac arrest. Histological post-mortem analysis recorded
a high grade of lymphocytic endotheliitis in lung, heart, kidney, and liver as well as a
rapid progression towards necrosis of liver cells. In addition, pathoanatomic damage with
evidence of myocardial infarction was reported, but without any proof of pathoanatomic
injuries related to lymphocytic myocarditis. The small intestine was investigated and the
histology revealed endotheliitis of the submucosal vessels [102].

Delorey et al., studied donors who died of COVID-19 producing both single-cell atlases
from 24 lung, 16 kidney, 16 liver, and 19 heart autopsy tissue samples and spatial atlases of
14 lung samples. With the use of integrated computational analysis, investigators found the
occurrence of substantial remodelling in the lung epithelial, stromal, and immune sections.
In these three compartments, evidence suggested multiple tracks of failed tissue regenera-
tion, including defective alveolar type-2 differentiation and expansion of fibroblasts and
putative TP63+ intrapulmonary basal-like progenitor cells [103]. The authors enriched viral
RNAs in phagocytic mononuclear and endothelial lung cells, which induced host-specific
programs of response to infection. For example, investigators differentiated lung regions
with and without viral RNA expression so that spatial analysis in the lung distinguished
host inflammatory responses. Instead, through the non-spatial analysis performed on other
tissue atlases, transcriptional alterations were recorded in multiple cell types in the heart
tissue of donors with COVID-19. Based on genome-wide association studies of COVID-19,
a mapping of the cell types and genes involved was performed and correlated with disease
severity. This study highlighted fundamental data that clarify the biological effect of severe
SARS-CoV-2 infection by highlighting the systemic character of the infection involving the
whole body, suggesting a fundamental step towards new treatments [103].

Lindner et al., revealed the existence of SARS-CoV-2 in the myocardial tissue from
autopsies of patients who died. The objective of investigation was to reveal a possible car-
diac response to the infection [104] by working at discovering the incidence of SARS-CoV-2
positivity in cardiac tissue by employing selective immuno-investigation of CD3+, CD45+,
and CD68+ cells in the myocardium. In addition, they evaluated the gene expression of
tumor necrosis growth factor α, interferon γ, chemokine ligand 5, as well as interleukin-6,
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-8, and -18 in myocardial tissue of patients infected with SARS-CoV-2. The study in-
cluded 39 consecutive autopsy cases with a median (interquartile range) patient age of
85 (78–89) years, with 59.0% being women. The presence of SARS-CoV-2 was recorded
at a rate of 61.5% of patients and viral load with a concentration of 1000 copies per µg of
RNA was reported at a rate of 41.0%, respectively. As regards cytokine response, the panel
disclosed the existence of six proinflammatory genes that were increased in 16 patients who
experienced SARS-CoV-2 in the heart compared to the 15 patients without any localization
of infection. The comparison between 15 patients without infection located in the heart
and 16 patients who recorded more than 1000 copies revealed the absence of inflammatory
cell infiltrates or differences in leukocyte numbers per high-power field. The results of this
study performed on autopsy cases could suggest the presence of SARS-CoV-2 within the
myocardium. Although it might speculate a potential response to SARS-CoV-2 infection
that could be produced in cases with higher virus load vs. no virus infection, there is
no clear evidence that the presence of the virus in the myocardium leads to an influx of
inflammatory cells. Future investigations should be directly focused on evaluating the
long-term consequences of cardiac involvement and the influx of inflammatory cells [104]
Table 1.

Table 1. Studies reporting pathoanatomic alteration in SARS-CoV-2 infection. Abbreviations: DAD,
diffuse alveolar damage; other abbreviations are given in previous figures.

First
Author/Year Ref

Type of
Study

Number of
Patients

Mean
Age (Yrs) Autopsy (n) Findings

Bryce et al., 2021
[100] OS 100 29 to 94 years

(Median 68)

Lung 99
Heart 97
Spleen 86

Lymphnodes 60
Kidney 94

82 cases DAD;
Hemophagocytosis

Higher cytokines IL-6, IL-8, and
TNFα.

Ackerman et al.,
2020 [28] OS

14
SARS-CoV-2 7

H1N1
7

68 ± 9.2 years
(female)

80 ± 11.5 years
(male)

Lung 14

Alveolar capillary microthrombi 9
times more in SARS-CoV-2
Higher CD3, CD4 and CD-8

positive T cells in SARS-CoV-2
Lower neutrophils (CD15)

Schaefer et al.,
2020 [101] OS 7

50 to 77
(Median 66)

Male 16
Female 23

Lung 7

5 cases diffuse DAD; 2 cases
alveolar injuries. SARS-CoV-2

infection involving
epithelial lung cell in acute phase

No endothelial cell infection

Varga et al., 2020
[102] OS 3 58 to 61 years

(Median 63)

Kidney 2
Lung 2
Heart 1
Liver 1

Intestin 2

Lymphocytic endotheliitis in lung,
heart, kidney, and liver.

Apoptotic bodies in the heart
Mononuclear cells in lung

Delorey et al.,
2021 [103] OS 32

30 to 89 years
Male 20

Female 12

Kidney 16
Lung 24
Heart 19
Liver 16

Higher viral RNAs in phagocytic
mononuclear and endothelial lung
cells. Transcriptional alterations in

multiple cell types in the heart
tissue.

Lindner et al.,
2020 [104] Prospective 39

78 to 89 years
(Median 68)

Male 16
Female 23

Heart 39

SARS-CoV-2 infects directly the
myocardium

Absence of inflammatory cell
infiltrates in patient with

SARS-CoV-2 infection.
Higher cytokine response
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6. The Role of the Endothelium in Infection: Direct or Vicarious?

Thrombosis and microangiopathy are relevant in lung tissue infected with SARS CoV-2.
An analysis of the pulmonary vasculature of the lungs in the COVID-19 patients who
succumbed to respiratory complications revealed the prevalence of thrombi in pulmonary
arteries with a diameter of 1 mm to 2 mm at the level of precapillary vessels, without
complete luminal obstruction. Similar pathoanatomic alterations were common in the
autopsy surveys of patients infected with the influenza A virus. Nonetheless, a distinctive
feature between the two pathogens located in pulmonary vasculature was the formation
of thrombi in the capillary alveoli. Although they were disclosed in both biopsy findings,
fibrin thrombi occurred nine times more commonly in patients with COVID-19 compared
to influenza. Contrary to the arteriolar system, the venular one seems more affected by
the infection sustained by Virus A with a statistically higher incidence of intravascular
thrombi in postcapillary venules of less than 1 mm in diameter. These histologic findings
were supported by three-dimensional micro-CT of the pulmonary specimens suggesting
that the lungs from patients with COVID-19 and influenza showed nearly total occlusions
of precapillary and postcapillary vessels [28].

The unresolved focal question is whether SARS-CoV-2 can replicate in endothelial
cells of the new angiogenic process and whether the more or less distorted neo-architecture
can be considered a factor influencing the replication.

The findings by Schimmel et al., go against the trend and the researchers suggest that
in vivo infection of endothelial cells by SARS-CoV-2 is unlikely. They speculate that en-
dothelial infection can occur in the condition defined as basolateral infection, which occurs
only if the adjacent lung epithelium is denuded. Another possibility includes the potential
infection of the endothelium when a high viral load is present in the blood, a condition that
the investigators define as apical infection. In the scenario described, while the occurrence
of SARS-CoV-2 infection of the endothelium is conceivable, it does not contribute to viral
amplification [105]. However, the central role of endothelial cells in SARS-CoV-2 infection
plays a key role in the pathogenesis of the infection. The progression of infection from the
pulmonary epithelium with the involvement of the adjacent infected endothelium favored
the development of a pro-inflammatory response to SARS-CoV-2 [105].

An interesting finding was provided by examining the microvascular architecture of
the lungs of patients with COVID-19. The autopsies of the lungs of patients with COVID-19
experienced distorted vascularity with structurally deformed capillaries. This chaotic
angiogenesis revealed the presence of capillaries that had sudden changes in caliber and
the presence of pillar intussusception within the capillaries. Ultrastructural damage of the
endothelium was disclosed on electron microscopy examination of the endothelium within
which the presence of intracellular SARS-CoV-2 was observed. In these pathoanatomical
circumstances, the investigators did not rule out the possibility of identification of the virus
in the extracellular space as well [28].

7. Comments and Conclusions

Although the studies reporting autopsy findings were scarce in number, the vascular
features identified were consistent with the presence of distinctive cardiac, pulmonary
vascular, and endothelial pathobiological features in these cases of COVID-19 [28,100–104].

Important evidence for the understanding of endothelial damage and angiogenesis
was provided by the study of autopsy lung findings. The lungs from the patients who
suffered from COVID 19 revealed morphologic patterns of diffuse alveolar damage and
infiltrating perivascular lymphocytes. Reports have disclosed three distinctive angiocentric
features of COVID-19. First, evidence has proved severe endothelial injury coupled with
intracellular SARS-CoV-2 virus and disrupted endothelial cell membranes. Secondly, robust
findings suggest widespread vascular thrombosis with microangiopathy and occlusion of
alveolar capillaries that occurred in the lungs of patients with COVID-19. Third, the lungs
of patients with COVID-19 remarkably revealed an increase in new vessel growth through
a mechanism of intussusceptive angiogenesis [28,106,107]. In particular, intussusceptive
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angiogenesis in the lungs from patients with COVID-19 was characterized by new vessel
growth that might have occurred by conventional sprouting or nonsprouting angiogenesis.
It is important to note that the existence of a pillar or pivot crossing the lumen of the vessel
was the distinctive feature of intussusceptive angiogenesis [108]. These critical changes in
the endothelial-lined intravascular structure, which were specific to the appearance of the
intussusceptive pillar, were not visible under the light microscope but they could be easily
identified by corrosion casting and scanning electron microscopy [28].

Ackerman et al., showed that in addition to tissue hypoxia, the greater degree of
endotheliitis and thrombosis in patients’ lungs who experienced COVID-19 could cause
a high rate of germination and intussusception angiogenesis observed in these patients.
Although the authors suggested that the degree of intussusceptive angiogenesis in patients
with COVID-19 had significantly increased with the increasing length of hospitalization, no
definitive conclusions could be drawn about the presence of these lesions and the disastrous
clinical evolution [28]. The authors previously reported that intussusceptive angiogenesis
was the main angiogenic mechanism directly implicated in the late stages of chronic lung
injury [28].

The clinical neurological manifestations during SARS-CoV-2 infection that develop
following the involvement of the vascular system responsible for cerebral circulation
deserve further attention. Neurological manifestations in the course of COVID-19 infection
have been reported as being as high as 36% in a large 226-patient cohort, with five cases of
stroke. A pathogenetic link between COVID-19 infection and systemic hypercoagulability
or prothrombotic state was suggested [22]. Other cases were associated with anti-cardiolipin
and antiphospholipid antibodies [109]. Cases of thrombotic neurological events have been
also sporadically reported over the course of this pandemic. Wang et al., reported a
series of five COVID-19 patients with cerebral vessel occlusion treated with mechanical
thrombectomy. In this series, patients’ investigations demonstrated a large clot burden with
fragmentation and the involvement of multiple territories. In all these cases, an underlying
disturbance of the coagulation profile was demonstrated [17]. A case of acute ischemic
stroke from a large floating thrombus within the common carotid artery in a patient with no
specific past medical history or risk factors was also recently described. MRI showed a large
thrombus adherent to a thin atheromatous plaque but failed to demonstrate ulceration,
hemorrhage, or signs of arteritis. However, a hypercoagulable state with elevated D-dimer
and CRP was shown, corroborating the hypothesis of a thrombotic proclivity triggered
by the infection-related inflammatory response and explaining the occurrence of thrombi
in relatively unusual sites [18]. Interestingly, Fara et al., reported three cases of stroke
secondary to large vessel thrombosis without occlusion even in the setting of a mild
infection with COVID-19, in which the inflammatory response is supposedly expected to be
weaker. However, they still found a significant systemic hypercoagulability with elevated
CRP and D-Dimer [19].

In our case, symptomatic large-vessel arterial thrombosis occurred in the absence
of a significant alteration of the coagulation profile or thrombophilic state and without
a significant laboratory-demonstrable inflammatory response. No atheromatous disease
was demonstrable. This case might support the emerging hypothesis of a direct effect
of SARS-CoV-2 on plaque stability and endothelium function [110]. Viral particles have
been identified within the endothelium with accompanying endotheliitis and apoptosis.
Viral-mediated endothelial disruption was considered responsible for endothelial dys-
function [102] and might lead to local thrombus formation even independently of the
systemic pro-inflammatory effect of the infection. However, an isolated, direct effect of
the pathogen in the context of such a systemic infection is difficult to discern and there is
no direct proof of viral-related endothelial damage in this case as we could not perform
histological examinations.

Finally, the role of ACE2 is fundamental in mechanisms leading to endothelial dys-
function. ACE2 is an integral membrane protein that appears to be the host-cell receptor for
SARS-CoV-2 [49,111]. A significantly higher number of ACE2-positive cells in the autopsy
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of lungs from patients with COVID-19 has been revealed. Histopathological evidence
demonstrated higher numbers of ACE2-positive endothelial cells and crucial modifications
in endothelial morphology and this finding provides further confirmation of a steady head
role of endothelial cells in the vascular phase of COVID-19. Typical disruption of intercellu-
lar junctions, cell swelling, and a loss of contact with the basal membrane were observed in
endothelial cells from selected samples of patients with COVID-19. Several studies testified
the presence of the SARS-CoV-2 virus within the endothelial cells, suggesting that direct
viral effects, as well as perivascular inflammation, may lead to critical contributions to the
endothelial injury [28,102,112].
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ACE2 angiotensin-converting enzyme 2
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Ang-I angiotensin I
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ARDS severe acute respiratory distress syndrome
ARBs angiotensin II receptor blockers
AT1R angiotensin type-1 receptor
CoVs coronaviruses
CAD coronary artery disease
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COVID-19 coronavirus disease 2019
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References
1. Cheng, V.C.C.; Lau, S.K.P.; Woo, P.C.Y.; Yuen, K.-Y. Severe Acute Respiratory Syndrome Coronavirus as an Agent of Emerging

and Reemerging Infection. Clin. Microbiol. Rev. 2007, 20, 660–694. [CrossRef] [PubMed]
2. Cowan, L.T.; Lutsey, P.L.; Pankow, J.S.; Matsushita, K.; Ishigami, J.; Lakshminarayan, K. Inpatient and Outpatient Infection as a

Trigger of Cardiovascular Disease: The ARIC Study. J. Am. Heart Assoc. 2018, 7, e009683. [CrossRef] [PubMed]
3. Madjid, M.; Miller, C.C.; Zarubaev, V.V.; Marinich, I.G.; Kiselev, O.I.; Lobzin, Y.V.; Filippov, A.E.; Casscells, S.W. Influenza

epidemics and acute respiratory disease activity are associated with a surge in autopsy-confirmed coronary heart disease death:
Results from 8 years of autopsies in 34 892 subjects. Eur. Heart J. 2007, 28, 1205–1210. [CrossRef] [PubMed]

4. Fauci, A.S.; Lane, H.C.; Redfield, R.R. Covid-19—Navigating the Uncharted. N. Engl. J. Med. 2020, 382, 1268–1269. [CrossRef]
5. Dhainaut, J.-F.; Claessens, Y.-E.; Janes, J.; Nelson, D.R. Underlying Disorders and Their Impact on the Host Response to Infection.

Clin. Infect. Dis. 2005, 41, S481–S489. [CrossRef]
6. Fehr, A.R.; Perlman, S. Coronaviruses: An overview of their replication and pathogenesis. Methods Mol. Biol. 2015, 1282, 1–23.
7. Zhang, S.-F.; Tuo, J.-L.; Huang, X.-B.; Zhu, X.; Zhang, D.-M.; Zhou, K.; Yuan, L.; Luo, H.-J.; Zheng, B.-J.; Yuen, K.-Y.; et al.

Epidemiology characteristics of human coronaviruses in patients with respiratory infection symptoms and phylogenetic analysis
of HCoV-OC43 during 2010–2015 in Guangzhou. PLoS ONE 2018, 13, e0191789. [CrossRef]

8. Team TNCPERE. The epidemiological characteristics of an outbreak of 2019 novel coronavirus diseases (COVID-19)-China, 2020.
China CDC Wkly. 2020, 2, 113–122. [CrossRef]

9. Chen, N.; Zhou, M.; Dong, X.; Qu, J.; Gong, F.; Han, Y.; Qiu, Y.; Wang, J.; Liu, Y.; Wei, Y.; et al. Epidemiological and clinical
characteristics of 99 cases of 2019 novel coronavirus pneumonia in Wuhan, China: A descriptive study. Lancet 2020, 395, 507–513.
[CrossRef]

10. Su, S.; Wong, G.; Shi, W.; Liu, J.; Lai, A.C.K.; Zhou, J.; Liu, W.; Bi, Y.; Gao, G.F. Epidemiology, Genetic Recombination, and
Pathogenesis of Coronaviruses. Trends Microbiol. 2016, 24, 490–502. [CrossRef]

11. Li, W.; Hulswit, R.; Kenney, S.P.; Widjaja, I.; Jung, K.; Alhamo, M.A.; van Dieren, B.; van Kuppeveld, F.J.M.; Saif, L.J.; Bosch, B.-J.
Broad receptor engagement of an emerging global coronavirus may potentiate its diverse cross-species transmissibility. Proc. Natl.
Acad. Sci. USA 2018, 115, E5135–E5143. [CrossRef] [PubMed]

12. El-Sahly, H.M.; Atmar, R.L.; Glezen, W.P.; Greenberg, S.B. Spectrum of Clinical Illness in Hospitalized Patients with “Common
Cold” Virus Infections. Clin. Infect. Dis. 2000, 31, 96–100. [CrossRef] [PubMed]

13. Imai, Y.; Kuba, K.; Rao, S.; Huan, Y.; Guo, F.; Guan, B.; Yang, P.; Sarao, R.; Wada, T.; Leong-Poi, H.; et al. Angiotensin-converting
enzyme 2 protects from severe acute lung failure. Nature 2005, 436, 112–116. [CrossRef] [PubMed]

14. Bonow, R.O.; Fonarow, G.C.; O’Gara, P.T.; Yancy, C.W. Association of Coronavirus Disease 2019 (COVID-19) with Myocardial
Injury and Mortality. JAMA Cardiol. 2020, 5, 751–753. [CrossRef] [PubMed]

15. Driggin, E.; Madhavan, M.V.; Bikdeli, B.; Chuich, T.; Laracy, J.; Biondi-Zoccai, G.; Brown, T.S.; Der Nigoghossian, C.; Zidar, D.A.;
Haythe, J.; et al. Cardiovascular considerations for patients, health care workers, and health systems during the coronavirus
disease 2019 (COVID-19) pandemic. J. Am. Coll. Cardiol. 2020, 75, 2352–2371. [CrossRef]

16. Bikdeli, B.; Madhavan, M.V.; Jimenez, D.; Chuich, T.; Dreyfus, I.; Driggin, E.; Nigoghossian, C.D.; Ageno, W.; Madjid, M.; for the
Global COVID-19 Thrombosis Collaborative Group; et al. COVID-19 and thrombotic or thromboembolic disease, implications
for prevention, antithrombotic therapy, and follow-up, JACC State-of the- Art Review. J. Am. Coll. Cardiol. 2020, 75, 2950–2973.
[CrossRef]

17. Wang, A.; Mandigo, G.K.; Yim, P.D.; Meyers, P.M.; LaVine, S.D. Stroke and mechanical thrombectomy in patients with COVID-19:
Technical observations and patient characteristics. J. NeuroInterv. Surg. 2020, 12, 648–653. [CrossRef]

18. Viguier, A.; Delamarre, L.; Duplantier, J.; Olivot, J.-M.; Bonneville, F. Acute ischemic stroke complicating common carotid artery
thrombosis during a severe COVID-19 infection. J. Neuroradiol. 2020, 47, 393–394. [CrossRef]

19. Fara, M.G.; Stein, L.K.; Skliut, M.; Morgello, S.; Fifi, J.T.; Dhamoon, M.S. Macrothrombosis and stroke in patients with mild
Covid-19 infection. J. Thromb. Haemost. 2020, 18, 2031–2033. [CrossRef]

20. Román, G.C.; Reis, J.; Spencer, P.S.; Buguet, A.; Öztürk, S.; Wasay, M. World Federation of Neurology Environmental Neurology
Specialty Group COVID-19 international neurological registries. Lancet Neurol. 2020, 19, 484–485. [CrossRef]

21. Tassorelli, C.; Mojoli, F.; Baldanti, F.; Bruno, R.; Benazzo, M. COVID-19: What if the brain had a role in causing the deaths? Eur. J.
Neurol. 2020, 27, e41–e42. [CrossRef] [PubMed]

22. Mao, L.; Jin, H.; Wang, M.; Hu, Y.; Chen, S.; He, Q.; Chang, J.; Hong, C.; Zhou, Y.; Wang, D.; et al. Neurologic Manifestations of
Hospitalized Patients With Coronavirus Disease 2019 in Wuhan, China. JAMA Neurol. 2020, 77, 683–690. [CrossRef] [PubMed]

23. Klok, F.A.; Kruip, M.J.H.A.; Van der Meer, N.J.M.; Arbous, M.S.; Gommers, D.A.M.P.J.; Kant, K.M.; Kaptein, F.H.J.; van Paassen, J.;
Stals, M.A.M.; Huisman, M.V.; et al. Incidence of thrombotic complications in critically ill ICU patients with COVID-19. Thromb.
Res. 2020, 191, 145–147. [CrossRef] [PubMed]

http://doi.org/10.1128/CMR.00023-07
http://www.ncbi.nlm.nih.gov/pubmed/17934078
http://doi.org/10.1161/JAHA.118.009683
http://www.ncbi.nlm.nih.gov/pubmed/30571501
http://doi.org/10.1093/eurheartj/ehm035
http://www.ncbi.nlm.nih.gov/pubmed/17440221
http://doi.org/10.1056/NEJMe2002387
http://doi.org/10.1086/432001
http://doi.org/10.1371/journal.pone.0191789
http://doi.org/10.46234/ccdcw2020.032
http://doi.org/10.1016/S0140-6736(20)30211-7
http://doi.org/10.1016/j.tim.2016.03.003
http://doi.org/10.1073/pnas.1802879115
http://www.ncbi.nlm.nih.gov/pubmed/29760102
http://doi.org/10.1086/313937
http://www.ncbi.nlm.nih.gov/pubmed/10913403
http://doi.org/10.1038/nature03712
http://www.ncbi.nlm.nih.gov/pubmed/16001071
http://doi.org/10.1001/jamacardio.2020.1105
http://www.ncbi.nlm.nih.gov/pubmed/32219362
http://doi.org/10.1016/j.jacc.2020.03.031
http://doi.org/10.1016/j.jacc.2020.04.031
http://doi.org/10.1136/neurintsurg-2020-016220
http://doi.org/10.1016/j.neurad.2020.04.003
http://doi.org/10.1111/jth.14938
http://doi.org/10.1016/S1474-4422(20)30148-4
http://doi.org/10.1111/ene.14275
http://www.ncbi.nlm.nih.gov/pubmed/32333819
http://doi.org/10.1001/jamaneurol.2020.1127
http://www.ncbi.nlm.nih.gov/pubmed/32275288
http://doi.org/10.1016/j.thromres.2020.04.013
http://www.ncbi.nlm.nih.gov/pubmed/32291094


Biomedicines 2022, 10, 654 21 of 24

24. Tang, N.; Li, D.; Wang, X.; Sun, Z. Abnormal coagulation parameters are associated with poor prognosis in patients with novel
coronavirus pneumonia. J. Thromb. Haemost. 2020, 18, 844–847. [CrossRef] [PubMed]

25. Llitjos, J.-F.; Leclerc, M.; Chochois, C.; Monsallier, J.-M.; Ramakers, M.; Auvray, M.; Merouani, K. High incidence of venous
thromboembolic events in anticoagulated severe COVID-19 patients. J. Thromb. Haemost. 2020, 18, 1743–1746. [CrossRef]
[PubMed]

26. Lodigiani, C.; Iapichino, G.; Carenzo, L.; Cecconi, M.; Ferrazzi, P.; Sebastian, T.; Kucher, N.; Studt, J.-D.; Sacco, C.; for the
Humanitas COVID-19 Task Force; et al. Venous and arterial thromboembolic complications in COVID-19 patients admitted to an
academic hospital in Milan, Italy. Thromb. Res. 2020, 191, 9–14. [CrossRef]

27. Marietta, M.; Ageno, W.; Artoni, A.; De Candia, E.; Gresele, P.; Marchetti, M.; Marcucci, R.; Tripodi, A. COVID-19 and haemostasis:
A position paper from Italian Society on Thrombosis and Haemostasis (SISET). Blood Transfus. 2020, 18, 167–169.

28. Ackermann, M.; Verleden, S.E.; Kuehnel, M.; Haverich, A.; Welte, T.; Laenger, F.; Vanstapel, A.; Werlein, C.; Stark, H.; Tzankov,
A.; et al. Pulmonary vascular endothelialitis, thrombosis, and angiogenesis in Covid-19. N. Engl. J. Med. 2020, 383, 120–128.
[CrossRef]

29. Wichmann, D.; Sperhake, J.P.; Lütgehetmann, M.; Steurer, S.; Edler, C.; Heinemann, A.; Heinrich, F.; Mushumba, H.; Kniep, I.;
Schröder, A.S.; et al. Autopsy findings and venous thromboembolism in patients with CO-VID-19. Ann. Intern. Med. 2020, 173,
268–277. [CrossRef]

30. Fosse, J.H.; Haraldsen, G.; Falk, K.; Edelmann, R. Endothelial Cells in Emerging Viral Infections. Front. Cardiovasc. Med. 2021, 8,
619690. [CrossRef]

31. Moores, L.K.; Tritschler, T.; Brosnahan, S.; Carrier, M.; Collen, J.F.; Doerschug, K.; Holley, A.B.; Jimenez, D.; Le Gal, G.; Rali, P.;
et al. Prevention, Diagnosis, and Treatment of VTE in Patients with Coronavirus Disease 2019: CHEST guideline and expert panel
report. Chest 2020, 158, 1143–1163. [CrossRef] [PubMed]

32. Spyropoulos, A.C.; Levy, J.H.; Ageno, W.; Connors, J.M.; Hunt, B.J.; Iba, T.; Levi, M.; Samama, C.M.; Giannis, D. Scientific
and Standardization Committee communication, clinical guidance on the diagnosis, prevention and treatment of venous
thromboembolism in hospitalized patients with COVID-19. J. Thromb. Haemost. 2020, 18, 1859–1865. [CrossRef] [PubMed]

33. Tang, N.; Bai, H.; Chen, X.; Gong, J.; Li, D.; Sun, Z. Anticoagulant treatment is associated with decreased mortality in severe
coro-navirus disease 2019 patients with coagulopathy. J. Thromb. Haemost. 2020, 18, 1094–1099. [CrossRef] [PubMed]

34. Weiss, S.R.; Navas-Martin, S. Coronavirus Pathogenesis and the Emerging Pathogen Severe Acute Respiratory Syndrome
Coronavirus. Microbiol. Mol. Biol. Rev. 2005, 69, 635–664. [CrossRef] [PubMed]

35. Perlman, S.; Netland, J. Coronaviruses post-SARS: Update on replication and pathogenesis. Nat. Rev. Microbiol. 2009, 7, 439–450.
[CrossRef] [PubMed]

36. Belouzard, S.; Millet, J.K.; Licitra, B.N.; Whittaker, G.R. Mechanisms of Coronavirus Cell Entry Mediated by the Viral Spike
Protein. Viruses 2012, 4, 1011–1033. [CrossRef]

37. Li, Q.; Guan, X.; Wu, P.; Wang, X.; Zhou, L.; Tong, Y.; Ren, R.; Leung, K.S.M.; Lau, E.H.Y.; Wong, J.Y.; et al. Early Transmission
Dynamics in Wuhan, China, of Novel Coronavirus–Infected Pneumonia. N. Engl. J. Med. 2020, 382, 1199–1207. [CrossRef]

38. Lu, R.; Zhao, X.; Li, J.; Niu, P.; Yang, B.; Wu, H.; Wang, W.; Song, H.; Huang, B.; Zhu, N.; et al. Genomic characterisation and
epidemiology of 2019 novel coronavirus: Implications for virus origins and receptor binding. Lancet 2020, 395, 565–574. [CrossRef]

39. Liang, W.; Zhu, Z.; Guo, J.; Liu, Z.; He, X.; Zhou, W.; Chin, D.P.; Schuchat, A.; for the Beijing Joint SARS Expert Group. Severe
Acute Respiratory Syndrome, Beijing, 2003. Emerg. Infect. Dis. 2004, 10, 25–31. [CrossRef]

40. Aleanizy, F.S.; Mohmed, N.; Alqahtani, F.Y.; El Hadi Mohamed, R.A. Outbreak of Middle East respiratory syndrome coronavirus
in Saudi Arabia, a retrospective study. BMC Infect. Dis. 2017, 17, 23. [CrossRef]

41. Paules, C.I.; Marston, H.D.; Fauci, A.S. Coronavirus Infections—More Than Just the Common Cold. JAMA J. Am. Med. Assoc.
2020, 323, 707. [CrossRef] [PubMed]

42. Wu, J.T.; Leung, K.; Leung, G.M. Nowcasting and forecasting the potential domestic and international spread of the 2019-nCoV
outbreak originating inWuhan, China: A modelling study. Lancet 2020, 395, 689–697. [CrossRef]

43. Cohen, J. Mining coronavirus genomes for clues to the outbreak’s origins. Science 2010, 31, 31. [CrossRef]
44. del Rio, C.; Malani, P.N. Novel coronavirus—Important information for clinicians. JAMA 2019, 323, 1039–1040. [CrossRef]
45. Chan, J.F.-W.; Kok, K.-H.; Zhu, Z.; Chu, H.; To, K.K.-W.; Yuan, S.; Yuen, K.-Y. Genomic characterization of the 2019 novel

human-pathogenic coronavirus isolated from a patient with atypical pneumonia after visiting Wuhan. Emerg. Microbes Infect.
2020, 9, 221–236. [CrossRef]

46. Andersen, K.G.; Rambaut, A.; Lipkin, W.I.; Holmes, E.C.; Garry, R.F. The proximal origin of SARS-CoV-2. Nat. Med. 2020, 26,
450–452. [CrossRef]

47. Kuba, K.; Imai, Y.; Rao, S.; Jiang, C.; Penninger, J.M. Lessons from SARS: Control of acute lung failure by the SARS receptor ACE2.
Klin. Wochenschr. 2006, 84, 814–820. [CrossRef]

48. Li, F. Receptor Recognition Mechanisms of Coronaviruses: A Decade of Structural Studies. J. Virol. 2014, 89, 1954–1964. [CrossRef]
49. Hoffmann, M.; Kleine-Weber, H.; Pöhlmann, S. A Multibasic Cleavage Site in the Spike Protein of SARS-CoV-2 Is Essential for

Infection of Human Lung Cells. Mol. Cell 2020, 78, 779–784.e5. [CrossRef]
50. Zhou, P.; Yang, X.-L.; Wang, X.-G.; Hu, B.; Zhang, L.; Zhang, W.; Si, H.-R.; Zhu, Y.; Li, B.; Huang, C.-L.; et al. A pneumonia

outbreak associated with a new coronavirus of probable bat origin. Nature 2020, 579, 270–273. [CrossRef]

http://doi.org/10.1111/jth.14768
http://www.ncbi.nlm.nih.gov/pubmed/32073213
http://doi.org/10.1111/jth.14869
http://www.ncbi.nlm.nih.gov/pubmed/32320517
http://doi.org/10.1016/j.thromres.2020.04.024
http://doi.org/10.1056/NEJMoa2015432
http://doi.org/10.7326/M20-2003
http://doi.org/10.3389/fcvm.2021.619690
http://doi.org/10.1016/j.chest.2020.05.559
http://www.ncbi.nlm.nih.gov/pubmed/32502594
http://doi.org/10.1111/jth.14929
http://www.ncbi.nlm.nih.gov/pubmed/32459046
http://doi.org/10.1111/jth.14817
http://www.ncbi.nlm.nih.gov/pubmed/32220112
http://doi.org/10.1128/MMBR.69.4.635-664.2005
http://www.ncbi.nlm.nih.gov/pubmed/16339739
http://doi.org/10.1038/nrmicro2147
http://www.ncbi.nlm.nih.gov/pubmed/19430490
http://doi.org/10.3390/v4061011
http://doi.org/10.1056/NEJMoa2001316
http://doi.org/10.1016/S0140-6736(20)30251-8
http://doi.org/10.3201/eid1001.030553
http://doi.org/10.1186/s12879-016-2137-3
http://doi.org/10.1001/jama.2020.0757
http://www.ncbi.nlm.nih.gov/pubmed/31971553
http://doi.org/10.1016/S0140-6736(20)30260-9
http://doi.org/10.1126/science.abb1256
http://doi.org/10.1001/jama.2020.1490
http://doi.org/10.1080/22221751.2020.1719902
http://doi.org/10.1038/s41591-020-0820-9
http://doi.org/10.1007/s00109-006-0094-9
http://doi.org/10.1128/JVI.02615-14
http://doi.org/10.1016/j.molcel.2020.04.022
http://doi.org/10.1038/s41586-020-2012-7


Biomedicines 2022, 10, 654 22 of 24

51. Johnson, M.C.; Lyddon, T.D.; Suarez, R.; Salcedo, B.; LePique, M.; Graham, M.; Ricana, C.; Robinson, C.; Ritter, D.G. Optimized
Pseudotyping Conditions for the SARS-CoV-2 Spike Glycoprotein. J. Virol. 2020, 94, e01062-20. [CrossRef] [PubMed]

52. Laporte, M.; Raeymaekers, V.; Van Berwaer, R.; Vandeput, J.; Marchand-Casas, I.; Thibaut, H.J.; Van Looveren, D.; Martens, K.;
Hoffmann, M.; Maes, P.; et al. The SARS-CoV-2 and other human coronavirus spike proteins are fine-tuned towards temperature
and proteases of the human airways. PLoS Pathog. 2021, 17, e1009500. [CrossRef] [PubMed]

53. Daly, J.L.; Simonetti, B.; Klein, K.; Chen, K.E.; Williamson, M.K.; Antón-Plágaro, C.; Shoemark, D.K.; Simón-Gracia, L.; Bauer, M.;
Hollandi, R.; et al. Neuropilin-1 is a host factor for SARS-CoV-2 infection. Science 2020, 370, 861–865. [CrossRef] [PubMed]

54. Teuwen, L.-A.; Geldhof, V.; Pasut, A.; Carmeliet, P. COVID-19: The vasculature unleashed. Nat. Rev. Immunol. 2020, 20, 389–391.
[CrossRef]

55. Hoffmann, M.; Kleine-Weber, H.; Schroeder, S.; Krüger, N.; Herrler, T.; Erichsen, S.; Schiergens, T.S.; Herrler, G.; Wu, N.H.; Nitsche,
A.; et al. SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is blocked by a clinically proven protease inhibitor. Cell
2020, 181, 271–280.e278. [CrossRef]

56. Gerhardt, H.; Ruhrberg, C.; Abramsson, A.; Fujisawa, H.; Shima, D.; Betsholtz, C. Neuropilin-1 is required for endothelial tip cell
guidance in the developing central nervous system. Dev. Dyn. 2004, 231, 503–509. [CrossRef]

57. Jones, E.A.V.; Yuan, L.; Breant, C.; Watts, R.J.; Eichmann, A. Separating genetic and hemodynamic defects in neuropilin 1 knockout
embryos. Development 2008, 135, 2479–2488. [CrossRef]

58. Aspalter, I.M.; Gordon, E.; Dubrac, A.; Ragab, A.; Narloch, J.; Vizán, P.; Geudens, I.; Collins, R.T.; Franco, C.A.; Abrahams,
C.L.; et al. Alk1 and Alk5 inhibition by Nrp1 controls vascular sprouting down Stream of Notch. Nat. Commun. 2015, 6, 7264.
[CrossRef]

59. Cantuti-Castelvetri, L.; Ojha, R.; Pedro, L.D.; Djannatian, M.; Franz, J.; Kuivanen, S.; van der Meer, F.; Kallio, K.; Kaya, T.;
Anastasina, M.; et al. Neuropilin-1 facilitates SARS-CoV-2 cell entry and infectivity. Science 2020, 370, 856–860. [CrossRef]

60. Zhou, F.; Yu, T.; Du, R.; Fan, G.; Liu, Y.; Liu, Z.; Xiang, J.; Wang, Y.; Song, B.; Gu, X.; et al. Clinical course and risk factors
for mortality of adult in patients with COVID-19 in Wuhan, China, a retrospective cohort study. Lancet 2020, 395, 1054–1062.
[CrossRef]

61. Gu, S.X.; Tyagi, T.; Jain, K.; Gu, V.W.; Lee, S.H.; Hwa, J.M.; Kwan, J.M.; Krause, D.S.; Lee, A.I.; Halene, S.; et al. Thrombocytopathy
and endotheliopathy: Crucial contributors to COVID-19 thromboinflammation. Nat. Rev. Cardiol. 2020, 18, 194–209. [CrossRef]
[PubMed]

62. Goshua, G.; Pine, A.B.; Meizlish, M.L.; Chang, C.-H.; Zhang, H.; Bahel, P.; Baluha, A.; Bar, N.; Bona, R.D.; Burns, A.J.; et al.
Endotheliopathy in COVID-19-associated coagulopathy, evidence from a single-centre, cross-sectional study. Lancet Haematol.
2020, 7, e575–e582. [CrossRef]

63. Smadja, D.M.; Mentzer, S.J.; Fontenay, M.; Laffan, M.A.; Ackermann, M.; Helms, J.; Jonigk, D.; Chocron, R.; Pier, G.B.; Gendron,
N.; et al. COVID-19 is a systemic vascular hemopathy: Insight for mechanistic and clinical aspects. Angiogenesis 2021, 24, 755–788.
[CrossRef] [PubMed]

64. Sardu, C.; Gambardella, J.; Morelli, M.B.; Wang, X.; Marfella, R.; Santulli, G. Hypertension, thrombosis, kidney failure, and
diabetes, is COVID-19 an endothelial disease ? A comprehensive evaluation of clinical and basic evidence. J. Clin. Med. 2020, 9,
1417. [CrossRef] [PubMed]

65. Gupta, A.; Madhavan, M.V.; Sehgal, K.; Nair, N.; Mahajan, S.; Sehrawat, T.S.; Bikdeli, B.; Ahluwalia, N.; Ausiello, J.C.; Wan, E.Y.;
et al. Extrapulmonary manifestations of COVID-19. Nat. Med. 2020, 26, 1017–1032. [CrossRef]

66. Vickers, C.; Hales, P.; Kaushik, V.; Dick, L.; Gavin, J.; Tang, J.; Godbout, K.; Parsons, T.; Baronas, E.; Hsieh, F.; et al. Hydrolysis of
biological peptides by human angiotensin-converting enzyme-related car-boxypeptidase. J. Biol. Chem. 2002, 277, 14838–14843.
[CrossRef]

67. Hamming, I.; Timens, W.; Bulthuis, M.L.C.; Lely, A.T.; Navis, G.J.; van Goor, H. Tissue distribution of ACE2 protein, the functional
receptor for SARS coronavirus, a first step in understanding SARS pathogenesis. J. Pathol. 2004, 203, 631–637. [CrossRef]

68. Serfozo, P.; Wysocki, J.; Gulua, G.; Schulze, A.; Ye, M.; Liu, P.; Jin, J.; Bader, M.; Myöhänen, T.; García-Horsman, J.A.; et al.
Ang II (angiotensin II) conversion to angiotensin-(1-7) in the circulation is POP (prolylo-ligopeptidase)-dependent and ACE2
(angiotensin-converting enzyme 2)-independent. Hypertension 2020, 75, 173–182. [CrossRef]

69. Rice, G.I.; Thomas, D.A.; Grant, P.J.; Turner, A.J.; Hooper, N.M. Evaluation of angiotensin-converting enzyme (ACE), its
homologue ACE2 and neprilysin in angiotensin peptide metabolism. Biochem. J. 2004, 383, 45–51. [CrossRef]

70. Ferrario, C.M.; Jessup, J.; Chappell, M.C.; Averill, D.B.; Brosnihan, K.B.; Tallant, E.A.; Diz, D.I.; Gallagher, P.E. Effect of Angiotensin-
Converting Enzyme Inhibition and Angiotensin II Receptor Blockers on Cardiac Angiotensin-Converting Enzyme 2. Circulation
2005, 111, 2605–2610. [CrossRef]

71. Ocaranza, M.P.; Godoy, I.; Jalil, J.E.; Varas, M.; Collantes, P.; Pinto, M.; Roman, M.; Ramirez, C.; Copaja, M.; Diaz-Araya,
G.; et al. Enalapril attenuates downregulation of angiotensin-converting enzyme 2 in the late phase of ventricular dysfunction in
myocardial infarcted rat. Hypertension 2006, 48, 572–578. [CrossRef] [PubMed]

72. Vuille-dit-Bille, R.N.; Camargo, S.M.; Emmenegger, L.; Sasse, T.; Kummer, E.; Jando, J.; Hamie, Q.M.; Meier, C.F.; Hunziker, S.;
Forras-Kaufmann, Z.; et al. Human intestine luminal ACE2 and amino acid transporter expression increased by ACE-inhibitors.
Amino Acids 2015, 47, 693–705. [CrossRef] [PubMed]

http://doi.org/10.1128/JVI.01062-20
http://www.ncbi.nlm.nih.gov/pubmed/32788194
http://doi.org/10.1371/journal.ppat.1009500
http://www.ncbi.nlm.nih.gov/pubmed/33886690
http://doi.org/10.1126/science.abd3072
http://www.ncbi.nlm.nih.gov/pubmed/33082294
http://doi.org/10.1038/s41577-020-0343-0
http://doi.org/10.1016/j.cell.2020.02.052
http://doi.org/10.1002/dvdy.20148
http://doi.org/10.1242/dev.014902
http://doi.org/10.1038/ncomms8264
http://doi.org/10.1126/science.abd2985
http://doi.org/10.1016/S0140-6736(20)30566-3
http://doi.org/10.1038/s41569-020-00469-1
http://www.ncbi.nlm.nih.gov/pubmed/33214651
http://doi.org/10.1016/S2352-3026(20)30216-7
http://doi.org/10.1007/s10456-021-09805-6
http://www.ncbi.nlm.nih.gov/pubmed/34184164
http://doi.org/10.3390/jcm9051417
http://www.ncbi.nlm.nih.gov/pubmed/32403217
http://doi.org/10.1038/s41591-020-0968-3
http://doi.org/10.1074/jbc.M200581200
http://doi.org/10.1002/path.1570
http://doi.org/10.1161/HYPERTENSIONAHA.119.14071
http://doi.org/10.1042/BJ20040634
http://doi.org/10.1161/CIRCULATIONAHA.104.510461
http://doi.org/10.1161/01.HYP.0000237862.94083.45
http://www.ncbi.nlm.nih.gov/pubmed/16908757
http://doi.org/10.1007/s00726-014-1889-6
http://www.ncbi.nlm.nih.gov/pubmed/25534429


Biomedicines 2022, 10, 654 23 of 24

73. Sukumaran, V.; Tsuchimochi, H.; Tatsumi, E.; Shirai, M.; Pearson, J.T. Azilsartan ameliorates diabetic cardiomyopathy in young
db/ db mice through the modulation of ACE-2/ANG 1-7/Mas receptor cascade. Biochem. Pharmacol. 2017, 144, 90–99. [CrossRef]
[PubMed]

74. Sukumaran, V.; Veeraveedu, P.T.; Lakshmanan, A.P.; Gurusamy, N.; Yamaguchi, K.I.; Ma, M.; Suzuki, K.; Kodama, M.; Watanabe,
K. Olmesartan medoxomil treatment potently improves cardiac myo-sininduced dilated cardiomyopathy via the modulation of
ACE-2 and ANG 1-7 Mas receptor. Free Radic. Res. 2012, 46, 850–860. [CrossRef]

75. Sukumaran, V.; Veeraveedu, P.T.; Gurusamy, N.; Lakshmanan, A.P.; Yamaguchi, K.; Ma, M.; Suzuki, K.; Nagata, M.; Takagi, R.;
Kodama, M.; et al. Olmesartan attenuates the development of heart failure after experimental autoimmune myocarditis in rats
through the modulation of ANG 1–7 mas receptor. Mol. Cell. Endocrinol. 2012, 351, 208–219. [CrossRef]

76. Lakshmanan, A.P.; Thandavarayan, R.A.; Watanabe, K.; Sari, F.R.; Meilei, H.; Giridharan, V.V.; Sukumaran, V.; Soetikno,
V.; Arumugam, S.; Suzuki, K.; et al. Modulation of AT-1R/MAPK cascade by an olmesartan treatment attenuates diabetic
nephropathy in streptozotocin-induced diabetic mice. Mol. Cell. Endocrinol. 2012, 348, 104–111. [CrossRef]

77. Burchill, L.J.; Velkoska, E.; Dean, R.G.; Griggs, K.; Patel, S.K.; Burrell, L.M. Combination renin-angiotensin system blockade and
an-giotensin- converting enzyme 2 in experimental myocardial infarction, implications for future therapeutic directions. Clin. Sci.
2012, 123, 649–658. [CrossRef]

78. Campbell, D.J.; Zeitz, C.J.; Esler, M.D.; Horowitz, J.D. Evidence against a major role for angiotensin converting enzyme-related
carboxypeptidase (ACE2) in angiotensin peptide metabolism in the human coronary circulation. J. Hypertens. 2004, 22, 1971–1976.
[CrossRef]

79. Luque, M.; Martin, P.; Martell, N.; Fernandez, C.; Brosnihan, K.B.; Ferrario, C.M. Effects of captopril related to increased levels of
prostacyclin and angiotensin-(1-7) in essential hypertension. J. Hypertens. 1996, 14, 799–805. [CrossRef]

80. Furuhashi, M.; Moniwa, N.; Mita, T.; Fuseya, T.; Ishimura, S.; Ohno, K.; Shibata, S.; Tanaka, M.; Watanabe, Y.; Akasaka, H.; et al.
Urinary angiotensinconverting enzyme 2 in hypertensive patients may be increased by olmesartan, an angiotensin II receptor
blocker. Am. J. Hypertens. 2015, 28, 15–21. [CrossRef]

81. Lambert, D.W.; Yarski, M.; Warner, F.J.; Thornhill, P.; Parkin, E.T.; Smith, A.I.; Hooper, N.M.; Turner, A.J. Tumor necrosis
factor-α convertase (ADAM17) mediates regulated ectodomain shedding of the severe-acute respiratory syndrome-coronavirus
(SARS-CoV) receptor, angiotensin-converting enzyme-2 (ACE2). J. Biol. Chem. 2005, 280, 30113–30119. [CrossRef] [PubMed]

82. Gurwitz, D. Angiotensin receptor blockers as tentative SARS-CoV-2 therapeutics. Drug Dev. Res. 2020, 81, 537–540. [CrossRef]
[PubMed]

83. Liu, Y.; Yang, Y.; Zhang, C.; Huang, F.; Wang, F.; Yuan, J.; Wang, Z.; Li, J.; Li, J.; Feng, C.; et al. Clinical and biochemical indexes
from 2019-nCoV infected patients linked to viral loads and lung injury. Sci. China Life Sci. 2020, 63, 364–374. [CrossRef] [PubMed]

84. Sodhi, C.P.; Wohlford-Lenane, C.; Yamaguchi, Y.; Prindle, T.; Fulton, W.B.; Wang, S.; McCray, P.B., Jr.; Chappell, M.; Hackam, D.J.;
Jia, H.; et al. Attenuation of pulmonary ACE2 activity impairs inactivation of des-Arg9 bradykinin/BKB1R axis and facilitates
LPS-induced neutrophil infiltration. Am. J. Physiol. Lung Cell. Mol. Physiol. 2018, 314, L17–L31. [CrossRef] [PubMed]

85. Hemnes, A.R.; Rathinasabapathy, A.; Austin, E.A.; Brittain, E.L.; Carrier, E.J.; Chen, X.; Fessel, J.P.; Fike, C.D.; Fong, P.; Fortune,
N.; et al. A potential therapeutic role for angiotensin-converting enzyme 2 in human pulmonary arterial hypertension. Eur. Respir.
J. 2018, 51, 1702638. [CrossRef] [PubMed]

86. Tan, W.S.D.; Liao, W.; Zhou, S.; Mei, D.; Wong, W.-S.F. Targeting the renin-angiotensin system as novel therapeutic strategy for
pulmonary diseases. Curr. Opin. Pharmacol. 2018, 40, 9–17. [CrossRef]

87. Shi, S.; Qin, M.; Shen, B.; Cai, Y.; Liu, T.; Yang, F.; Gong, W.; Liu, X.; Liang, J.; Zhao, Q.; et al. Association of cardiac injury with
mortality in hospitalized patients with COVID-19 in Wuhan, China. JAMA Cardiol. 2020, 5, 802–810. [CrossRef]

88. Oudit, G.Y.; Kassiri, Z.; Jiang, C.; Liu, P.P.; Poutanen, S.M.; Penninger, J.M.; Butany, J. SARS-coronavirus modulation of myocardial
ACE2 expression and inflammation in patients with SARS. Eur. J. Clin. Investig. 2009, 39, 618–625. [CrossRef]

89. Basu, R.; Poglitsch, M.; Yogasundaram, H.; Thomas, J.; Rowe, B.H.; Oudit, G.Y. Roles of angiotensin peptides and recombinant
human ACE2 in heart failure. J. Am. Coll. Cardiol. 2017, 69, 805–819. [CrossRef]

90. Nicin, L.; Abplanalp, W.T.; Mellentin, H.; Kattih, B.; Tombor, L.; John, D.; Schmitto, J.D.; Heineke, J.; Emrich, F.; Arsalan, M.;
et al. Cell typespecific expression of the putative SARS-CoV-2 receptor ACE2 in human hearts. Eur. Heart J. 2020, 41, 1804–1806.
[CrossRef]

91. Sluimer, J.; Gasc, J.M.; Hamming, I.; van Goor, H.; Michaud, A.; Akker, L.H.V.D.; Jutten, B.; Cleutjens, J.; Bijnens, A.P.J.J.; Corvol,
P.; et al. Angiotensinconverting enzyme 2 (ACE2) expression and activity in human carotid atherosclerotic lesions. J. Pathol. 2008,
215, 273–279. [CrossRef] [PubMed]

92. Hikmet, F.; Mear, L.; Edvinsson, A.; Micke, P.; Uhlen, M.; Lindskog, C. The protein expression profile of ACE2 in human tissues.
Mol. Syst. Biol. 2020, 16, e9610. [CrossRef] [PubMed]

93. Monteil, V.; Kwon, H.; Prado, P.; Hagelkrüys, A.; Wimmer, R.A.; Stahl, M.; Leopoldi, A.; Garreta, E.; Del Pozo, C.H.; Prosper, F.;
et al. Inhibition of SARS-CoV-2 infections in engineered human tissues using clini-cal-grade soluble human ACE2. Cell 2020, 18,
905–913. Available online: https://www.cell.com/pbassets/products/coronavirus/CELL_CELL-D-20-00739.pdf (accessed on 17
April 2020). [CrossRef] [PubMed]

94. Chen, L.; Li, X.; Chen, M.; Feng, Y.; Xiong, C. The ACE2 expression in human heart indicates new potential mechanism of heart
injury among patients infected with SARS-CoV-2. Cardiovasc. Res. 2020, 116, 1097–1100. [CrossRef]

http://doi.org/10.1016/j.bcp.2017.07.022
http://www.ncbi.nlm.nih.gov/pubmed/28789938
http://doi.org/10.3109/10715762.2012.684878
http://doi.org/10.1016/j.mce.2011.12.010
http://doi.org/10.1016/j.mce.2011.07.041
http://doi.org/10.1042/CS20120162
http://doi.org/10.1097/00004872-200410000-00020
http://doi.org/10.1097/00004872-199606000-00017
http://doi.org/10.1093/ajh/hpu086
http://doi.org/10.1074/jbc.M505111200
http://www.ncbi.nlm.nih.gov/pubmed/15983030
http://doi.org/10.1002/ddr.21656
http://www.ncbi.nlm.nih.gov/pubmed/32129518
http://doi.org/10.1007/s11427-020-1643-8
http://www.ncbi.nlm.nih.gov/pubmed/32048163
http://doi.org/10.1152/ajplung.00498.2016
http://www.ncbi.nlm.nih.gov/pubmed/28935640
http://doi.org/10.1183/13993003.02638-2017
http://www.ncbi.nlm.nih.gov/pubmed/29903860
http://doi.org/10.1016/j.coph.2017.12.002
http://doi.org/10.1001/jamacardio.2020.0950
http://doi.org/10.1111/j.1365-2362.2009.02153.x
http://doi.org/10.1016/j.jacc.2016.11.064
http://doi.org/10.1093/eurheartj/ehaa311
http://doi.org/10.1002/path.2357
http://www.ncbi.nlm.nih.gov/pubmed/18498093
http://doi.org/10.15252/msb.20209610
http://www.ncbi.nlm.nih.gov/pubmed/32715618
https://www.cell.com/pbassets/products/coronavirus/CELL_CELL-D-20-00739.pdf
http://doi.org/10.1016/j.cell.2020.04.004
http://www.ncbi.nlm.nih.gov/pubmed/32333836
http://doi.org/10.1093/cvr/cvaa078


Biomedicines 2022, 10, 654 24 of 24

95. McCracken, I.R.; Saginc, G.; He, L.; Huseynov, A.; Daniels, A.; Fletcher, S.; Peghaire, C.; Kalna, V.; Andaloussi-Mäe, M.; Muhl,
L.; et al. Lack of evidence of angiotensin-converting enzyme 2 expression and replicative infection by SARS-CoV-2 in human
endothelial cells. Circulation 2021, 143, 865–868. [CrossRef]
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