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ABSTRACT

Angiotensin converting enzyme-2 (ACE2) receptors mediate the entry into the cell of three strains of cor-
onavirus: SARS-CoV, NL63 and SARS-CoV-2. ACE2 receptors are ubiquitous and widely expressed in the heart,
vessels, gut, lung (particularly in type 2 pneumocytes and macrophages), kidney, testis and brain. ACE2 is mostly
bound to cell membranes and only scarcely present in the circulation in a soluble form. An important salutary
function of membrane-bound and soluble ACE2 is the degradation of angiotensin II to angiotensin;.;.
Consequently, ACE2 receptors limit several detrimental effects resulting from binding of angiotensin II to AT1
receptors, which include vasoconstriction, enhanced inflammation and thrombosis. The increased generation of
angiotensin; ; also triggers counter-regulatory protective effects through binding to G-protein coupled Mas re-
ceptors. Unfortunately, the entry of SARS-CoV2 into the cells through membrane fusion markedly down-reg-
ulates ACE2 receptors, with loss of the catalytic effect of these receptors at the external site of the membrane.
Increased pulmonary inflammation and coagulation have been reported as unwanted effects of enhanced and
unopposed angiotensin II effects via the ACE—~Angiotensin II—=AT1 receptor axis. Clinical reports of patients
infected with SARS-CoV-2 show that several features associated with infection and severity of the disease (i.e.,
older age, hypertension, diabetes, cardiovascular disease) share a variable degree of ACE2 deficiency. We
suggest that ACE2 down-regulation induced by viral invasion may be especially detrimental in people with
baseline ACE2 deficiency associated with the above conditions. The additional ACE2 deficiency after viral in-
vasion might amplify the dysregulation between the ‘adverse’ ACE—Angiotensin II—=AT1 receptor axis and the
‘protective’ ACE2—Angiotensin; ,—>Mas receptor axis. In the lungs, such dysregulation would favor the pro-
gression of inflammatory and thrombotic processes triggered by local angiotensin II hyperactivity unopposed by
angiotensin; . In this setting, recombinant ACE2, angiotensin; ; and angiotensin II type 1 receptor blockers
could be promising therapeutic approaches in patients with SARS-CoV-2 infection.

1. Introduction

lack of established therapeutic measures is generating basic and clinical
studies to explore the mechanisms of viral entry into the human body

According to the Center for Systems Science and Engineering at The
Johns Hopkins University, as of April 12, 2020, the Severe Acute
Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) pandemic caused
108,867 deaths worldwide, with a total of 1,777,666 infected people
(https://coronavirus.jhu.edu/map.html). Just to make a comparison,
the SARS-Cov virus in years 2002-2003 infested about 8,500 people in
27 countries and caused 866 deaths. [1]

The tremendous impact of SARS-Cov-2 infection and the paucity or

and the subsequent pathophysiological and therapeutic implications.

The present review discusses the role of angiotensin converting
enzyme 2 (ACE2) receptors which are not only the door through which
the virus enters into cells, [2,3] but also the conductor of several pa-
thophysiological reactions associated with the clinical features of the
disease, with potential therapeutic implications.

Abbreviations: ADAM17, disintegrin and metalloproteinase 17; ACE, angiotensin-converting enzyme; ACE2, angiotensin-converting enzyme 2; COVID-19, 2019
novel coronavirus disease; DABK, des-Argg bradykinin; IL, interleukin; NL63, human coronavirus NL63; RAAS, renin-angiotensin-aldosterone system; SARS, severe
acute respiratory syndrome; SARS-CoV, severe acute respiratory syndrome coronavirus; SARS-CoV-2, severe acute respiratory syndrome novel coronavirus;

TMPRSS2, transmembrane protease serine 2
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Figure 1. Counter-regulatory effects of angiotensin;_, on angiotensin II.

2. Entry of SARS-CoV-2 into cells

The entry of SARS-CoV-2 into cells is mediated by the efficient
binding of the spike (S) viral protein, a 1273 amino acid long protein
which belongs to the viral envelope and protrudes outwards with a
‘corona’ like appearance, to the angiotensin converting enzyme 2
(ACE2) receptors. [2,3]

The ACE2 receptor, discovered by two independent groups in year
2000, [4,5] is a trans-membrane type I glycoprotein (mono-carbox-
ypeptidase) composed by 805 amino acids which uses a single extra-
cellular catalytic domain to remove one single amino acid from the
octapeptide angiotensin II to generate angiotensin; ;. ACE2 receptor
also converts angiotensin I into angiotensin;.g, which in turn is con-
verted to angiotensin;.; by ACE and neprilisin (Figure 1). The catalytic
efficiency of ACE2 is 400 times higher on angiotensin II than on an-
giotensin 1. [6] ACE2 shows a 40% structural identity to ACE, [4] al-
though ACE-inhibitors do not block ACE2 because of the different
conformational structure of the catalytic site. [4]

ACE2 mediates the cell entry of three strains of coronavirus: SARS-
CoV, NL63 and SARS-CoV-2. [7] Notably, SARS-CoV and Sars-CoV2
share a 76% identity in the amino acid sequence, [8] thereby explaining
the propensity of these viruses for binding with ACE2. Some structural
variations of human ACE2 have been identified that are characterized
by a lower binding affinity with the spike viral protein, with potential
protective implications. [9] The first step of viral entry process is the
binding of the N-terminal portion of the viral protein unit S1 to a pocket
of the ACE2 receptor. The second step, which is believed to be of utmost
importance for viral entry, is the protein cleavage between the S1 and
S2 units, which is operated by the receptor transmembrane protease
serine 2 (TMPRSS2), a member of the Hepsin/TMPRSS subfamily. [10]
TMPRSS2 is stechiometrically contiguous to ACE2 receptor. [10] The
cleavage of the viral protein by TMPRSS2 is a crucial step because, after
S1 detachment, the remaining viral S2unit undergoes a conformational
rearrangement which drives and completes the fusion between the viral
and cellular membrane, with subsequent entry of the virus into cell,
release of its content, replication, and infection of other cells. The im-
portance of TMPSRR2 is supported by the evidence that entry of SARS-
CoV and SARS-CoV-2 into cells is partially blocked by camostat mesy-
late, an inhibitor of TMPSRR2. [2]

3. Site of ACE2 receptors

ACE2 genes map to the X chromosome, [11] its expression seems to
be higher in Asian than in white and African-American people, [12] and
receptors are ubiquitous. In particular, ACE2 receptors are expressed in
the heart (endothelium of coronary arteries, myocites, fibroblasts,
epicardial adipocites), vessels (vascular endothelial and smooth cells),
gut (intestinal epithelial cells), lung (tracheal and bronchial epithelial
cells, type 2 pneumocytes, macrophages), kidney (luminal surface of
tubular epithelial cells), testis, brain. [13-16] In the lung, the wide
surface of alveolar epithelial cells might explain the vulnerability of this
organ to the consequences of virus invasion. ACE2 is mostly bound to
cell membranes and only scarcely present in the circulation in a soluble
form.

The disintegrin and metalloproteinase 17 (ADAM17), upregulated
by angiotensin II through its type 1 receptors (AT1 receptors), cleaves
the membrane-anchored ACE2, thereby releasing a circulating active
form of ACE2 with loss of the catalytically activity of the remaining part
of the enzyme anchored to membrane. [17] Elevated circulating levels
of soluble ACE2 are markers of different disease states characterized by
increased activity of the renin-angiotensin system and associated with a
worse prognosis. [18,19]

4. ACE2: angels or devils?

In the current SARS-CoV-2 pandemic, ACE2 receptors can be con-
sidered ‘devils’, being the ‘entry door’ for the virus. Evidence about this
phenomenon is now strong and convincing. Hoffmann et al [2] and
Walls et al [3] provided unequivocal evidence that SARS-CoV-2 gain
access to cells through ACE2 receptors, as it happened with SARS-Cov.
[7] Other evidences complete the picture. For example, in a mouse
model of SARS-CoV infection, the virus entry is enhanced by over-
expression of ACE2. [20] Anti-ACE2 antibodies, but not anti-ACE an-
tibodies are able to block SARS-Cov viral invasion, [7] which is also
blocked by N-(2-aminoethil)-1 aziridine-ethamine, a specific ACE-2
inhibitor. [21] The pulmonary lesions induced by experimental SARS-
Cov infection are less aggressive in ACE2-knockout mice than in wild-
type mice. [22]

In the same time, however, ACE2 receptors exert salutary biological
functions that turn them as ‘angels’ under several aspects. A pivotal
protective function of ACE2 is the degradation of angiotensin II to
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angiotensin; 5., although ACE2 is able to metabolize other biological
peptides including (des-Arg9)-bradykinin. [15] The degradation of
angiotensin II to angiotensin; ; is blocked by selective ACE2 inhibitors
like MLN-4760. [23]

To understand the relevance of angiotensin II degradation by ACE2
results, it is important to review the biological effects of angiotensin II
Angiotensin II serves not only as a potent vasoconstrictor and stimulant
of aldosterone release. In different experimental and clinical models,
angiotensin II triggered a variety of important adverse reactions which
included myocardial hypertrophy and dysfunction, interstitial fibrosis,
endothelial dysfunction, enhanced inflammation, obesity-associated
hypertension, oxidative stress and increased coagulation. [13-16] A
detailed discussion of the mechanisms through which angiotensin II
mediates the above reactions is out of the purposes of this review. In the
current pandemic of SARS-CoV-2 infection with associated pulmonary
inflammation and Acute Respiratory Distress Syndrome (ARDS), it is
interesting to note that angiotensin II also interferes with adaptive
immunity by activating machrophages [24] and other cells of the im-
mune system, with consequent increased production of IL-6, [25] TNFa
and other inflammatory citokynes. [26,27]

It is important to remark that the deleterious effects of angiotensin II
summarized above almost entirely result from the stimulation of AT1
receptors. This chain of events can be defined as the ACE—Angiotensin
II—AT] receptor axis.

The ACE2 receptors reduce the adverse effects of angiotensin II not
only by degrading angiotensin II, thereby eliminating or limiting its
deleterious potential, but also by generating angiotensin;_;.
Angiotensin; ; exerts numerous salutary and opposite (‘counter-reg-
ulatory’) effects to those of angiotensin II through an efficient binding
with the G protein-coupled receptor Mas and angiotensin II type 2 re-
ceptors (AT2 receptors). Therefore, the ACE2—Angiotensin; ,—Mas re-
ceptor axis is counter-regulatory to the ACE—Angiotensin I[—AT1 re-
ceptor axis.

Santos et al provided an excellent review of the multiple effects of
the ACE2—Angiotensin;_,—~Mas receptor axis. [28]

4.1. ACE2—Angiotensin;_,—Mas receptor axis and the lung

Studies addressing the pulmonary effects of angiotensin;_, appear
particularly appealing. Mas receptors are expressed at the surface of
bronchial smooth muscle cells and alveolar epithelium. [29,30] In ex-
perimental and clinical models of lung inflammation, angiotensin;_,
exerted anti-inflammatory effects with less infiltrates of lymphocytes
and neutrophils, reduced perivascular and peri-bronchial inflammation,
and prevention of subsequent fibrosis. [29,31-33]

ACE2 is expressed on the luminal side of the bronchial ciliated
epithelia, where it removes a single amino acid residue also from the
polypeptide des-Arg [9] bradykinin (DABK), [6] thereby preventing the
binding of DABK on the bradykinin receptor Bl receptor. [34] In the
presence of reduced ACE2 function in the lung induced by endotoxins
there is an increase of free DABK, which in turn activates B1 receptors
with release of pro-inflammatory cytokines and intense lung in-
flammatory and injury. [34]

4.2. ACE2—Angiotensin;_,—Mas receptor axis and thrombosis

The ACE2—Angiotensin;_,—Mas receptor axis exerts anti-thrombotic
effects [35-38]. Mas receptors are expressed on platelets. [39] Stimu-
lation of Mas receptors by angiotensin;_, increases prostacyclin and NO
release. [35,36] Animals knockout for Mas receptors have a shorter
bleeding time and increased size of thrombi. [36] In these animals,
administration of angiotensin,_; induces a marked antithrombotic effect
which is directly related to the plasma levels of angiotensin;_; [39] and
is inhibited by A-779, an antagonist of Mas receptors. [35] Thus, an-
giotensin;_, plays an important role in opposing the pro-thrombotic and
pro-inflammatory effects of angiotensin II. [40,41]
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4.3. ACE2—Angiotensin;_,—Mas receptor axis and the endocrine system

The ACE2— Angiotensin;_,—Mas receptor axis is well expressed in the
pancreas where it improves insulin secretion possibly by improving
peri-insular blood flow and inhibiting fibrosis as a result of increased
NO release. [28,42] ACE2 receptors are also expressed in the adipose
tissue [43,44] and a reduction of ACE2 has been noted in the adipose
tissue of obese animals [44] In animal experiments, diets rich of fats
decreased ACE2 activity and angiotensin; ,, and increased angiotensin
II and blood pressure levels in male, but not in female, animals and
these reactions were inhibited by AT1 blockade with losartan. [45]
After ovariectomy, female animals showed similar reactions as in
males. [45] These data suggest that ACE2 deficiency may favor obesity-
induced hypertension. [45] ACE2 is also expressed in the cardiac adi-
pocytes. [46] Obese patients with heart failure have an increased
amount of epicardial adipose tissue [46] and it has been suggested that
ACE2 deficiency can induce heart failure with preserved ejection frac-
tion in animals. [47] This phenomenon has been attributed to adipose
tissue inflammation through local activation of macrophages, which
possess AT1 receptors on their cellular membrane. [26]

5. What does it happen to ACE2 after SARS-Cov binding?

SARS-Cov and SARS-CoV2 bind to ACE2 receptors, with the sub-
sequent membrane fusion and virus entry into the cell, leads to down-
regulation of these receptors. [16,22,48] In other terms, the virus ap-
pears to entry into the cell along with the membrane receptor, which is
functionally removed from the external site of the membrane.

As a result, the ACE—Angiotensin II—Mas receptor axis is markedly
attenuated, with amplification of the ACE—Angiotensin II-=AT1 receptor
axis.

5.1. Pulmonary implications of ACE2 down-regulation

Since the pulmonary inflammation and the resulting Acute
Respiratory Distress Syndrome (ARDS) are potentially deadly compli-
cations of SARS-CoV and SARS-CoV-2, studies addressing the lung
complications of ACE2 down-regulation are of outmost importance.
Studies using different models of lung injury showed that the down-
regulation of ACE2 receptors triggers important inflammatory lesions in
the respiratory tree (alveolar wall thickening, edema, infiltrates of in-
flammatory cells, bleeding) which appear to be mediated by angio-
tensin II. [22,48-50]

Tracheal instillation of cigarette smoke, [49] or particulate matter
of aerodynamic diameter of less than 2,5 ym, [50] induces acute lung
injury with release of inflammatory cytokines IL-6, TNF-a and TGF-p1
and increased expression of ACE, consistent with ACE—Angiotensin
II—AT1 receptor axis over-activity. [50] These reactions are increased in
ACE2 knockout mice. [50] In a model of acid aspiration, which induces
acute lung injury, lung inflammatory lesions were more severe and
lethal in ACE2 knock-out animals. [48] In these animals, injection of
recombinant ACE2 as well as AT1 receptor blockers attenuate the de-
gree of lung injury. [48] These findings strongly suggest that ACE2
protects from lung injury induced by acid aspiration. [48]

Notably, lung injury has been induced by the isolated spike viral
protein of the SARS-Cov, the ligand for ACE2 binding, in the absence of
other viral components. [22] This model has the merit to investigate the
impact of ACE2 down-regulation in the absence of confounding effects
of viral invasion and replication. The authors found that even the iso-
lated spike viral protein induced down-regulation of ACE2 receptors
with concomitant increase of angiotensin II in the lung tissue and
precipitation of severe pulmonary inflammatory lesions. [22] Also in
this model, AT1 receptor blockers attenuated the pulmonary lesions
induced by the spike viral protein. [22]

A key point to remark is that ACE2 are mainly expressed in pneu-
mocytes type II, small cylindrical cells which represent 5% of all
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pneumocytes. [51] Pneumocytes type 2 are responsible for the pro-
duction of alveolar surfactant, and in the same time they function as
‘stem’ cells, progenitors of pneumocytes type I (95% of all pneumo-
cytes) which are responsible of gas exchanges. [52] Therefore, the da-
mage of pneumocytes type II due to the binding of coronavirus to ACE2
receptors is devastating for at least three reasons: 1) local unopposed
ACE—Angiotensin II—AT]1 receptor axis over-activity; 2) reduced pro-
duction of alveolar surfactant by injured pneumocytes type II leading to
reduced lung elasticity; 3) reduced repair of pneumocytes type I leading
to impaired gas exchanges and fibrosis. [53]

6. Clinical characteristics of patients infected with SARS-CoV and
SARS-CoV-2

Studies from China and Italy have shown that hypertension, dia-
betes and history of cardiovascular disease are the most frequent co-
morbidities in patients infected with SARS-CoV-2. [54-56] Older age
and male sex are two additional factors associated with SARS-CoV-2
infection. [54-56] A similar picture emerged a few years ago with the
SARS-CoV infection. [57,58]

In a study conducted in 201 patients infected with SARS-CoV-2,
most patients were men (63.7% of patients), the mean age was 51 years
and the most frequent comorbidities were hypertension (19.4%), dia-
betes (10.9%) and history of cardiovascular disease (4.0). [55] Notably,
the patients who developed ARDS were older and had a higher pre-
valence of hypertension (27.4% Vs. 13.7%), diabetes (19.0% Vs. 5.1%)
when compared with those who did not develop ARDS. [55] In a
multivariate analysis, the factors associated with progression from
ARDS syndrome to death included older age, neutrophilia and hyper-
coagulation, mainly reflected by a higher D-dimer. [55] Abnormal
coagulation parameters and enhanced thrombosis predict a poor
prognosis in patients with SARS-CoV-2. [59] A meta-analysis of 8 stu-
dies conducted in China on a total of 46,248 patients infected with
SARS-CoV2 confirmed that hypertension, diabetes and history of car-
diovascular disease were the most frequent comorbidities in these pa-
tients. [56] Again, hypertension and history of cardiovascular disease
were significantly more prevalent among the more severe patients. [56]

In a recent analysis of 1591 infected patients from Italy, the mean
age of patients was 63 years, men were 82% and the prevalence of
patients with hypertension, diabetes and previous cardiovascular dis-
ease was 49%, 17% and 21%, respectively. [54] Patients with hy-
pertension were older that those without hypertension (66 vs 62 years,
p=0.005). When comparing the patients who died in the Intensive Care
Unit with those who survived, the former were older and had a higher
prevalence of hypertension (63% Vs. 40%, p<0.001). [54]

7. ACE2 deficiency: a central role in SARS-CoV-2 infection?

It is interesting to note that several conditions associated with viral
infection and severity of the disease share a variable degree of ACE2
deficiency. For example, ACE2 expression in the lungs markedly de-
creases with ageing, [60] to a greater extent in men than women. [60]
Diabetes mellitus has been associated with reduced ACE2 expression,
possibly as effect of glycosylation. [61-63] Several experimental and
clinical studies indicate that ACE2 deficiency obtained through deletion
or inhibition may be a causative factor for hypertension. [14,64]
Treatment with soluble recombinant ACE2 reduces the blood pressure
rise provoked by angiotensin II, increases angiotensin;., and reduces
angiotensin II. [65] ACE2 deficiency has been associated with exacer-
bation of hypertension and cardiac hypertrophy induced by angiotensin
I, [66] and maladaptive left ventricular remodeling after myocardial
infarction. [67] Furthermore, deficiency of ACE2 enhances the sus-
ceptibility to heart failure. [14] A heterozygote loss of ACE2 is believed
sufficient to increase the susceptibility to heart disease. [68]

Given the above premises, it is tempting to speculate (Figure 2) that
ACE2 deficiency may play a central role in the pathogenesis of SARS-
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CoV-2 infection. The down-regulation of ACE2 induced by viral inva-
sion could be especially detrimental in individuals with baseline ACE2
deficiency due, for example, to older age, diabetes, hypertension and
prior heart diseases including heart failure.

The possibility that a mild or moderate ACE2 deficiency may protect
from viral invasion seems unlikely because of the intrinsically high
affinity of SARS-CoV-2 to ACE2 receptors. [2,3] By contrast, in a setting
of ACE2 deficiency, the ACE2 down-regulation induced by virus could
amplify the imbalance between the ACE—Angiotensin II—=AT1 receptor
axis (adverse) and the ACE2—Angiotensin;_,I—Mas receptor axis (pro-
tective). At lung level, such dysregulation would much facilitate the
progression of inflammatory and hyper-coagulation processes which
share dependency upon local angiotensin II hyper-activity insufficiently
opposed by angiotensin; ;. This chain of events would not deny the
concomitant role of other mechanisms including an impaired immune
response to initial viral invasion, or a genetic susceptibility to hyper-
inflammation and thrombosis. [69,70]

In this context, administration of soluble recombinant ACE2 [12] or
angiotensin; ; [71] could be promising therapeutic approaches, re-
quiring urgent evaluation in clinical trials. Two trials of losartan as
additional treatment for SARS-CoV-2 infection in hospitalized
(NCT04312009) or not hospitalized (NCT04311177) patients have been
announced, supported by the background of the huge adverse impact of
the ACE—Angiotensin II—=AT1 receptor axis over-activity in these pa-
tients.

The possibility that ACE inhibitors and angiotensin II receptor
blockers (ARBs) may be discontinued even temporarily, because these
drugs appear to increase the expression of ACE2 receptors, the site of
viral entry into the human organism, [72-75] is actively debated. [76-
84] Several Scientific Societies and various experts in this area ex-
pressed the position that discontinuation of these drugs is not justified
by evidence and could be dangerous. [76,77,81,82] On the other hand,
several experimental data discussed above suggest the potential utility
of ARBs, particularly to limit lung inflammation during viral invasion.
[80,83] It is hoped that the results of the above mentioned
NCT04312009 and NCT04311177 trials will answer this question.

8. Conclusions

We suggest that ACE2 down-regulation induced by the cell entry of
SARS-CoV, NL63 and SARS-CoV-2 may be particularly detrimental in
subjects with pre-existing ACE2 deficiency. Some degree of ACE2 de-
ficiency has been associated with a variety of conditions including older
age, hypertension, diabetes and cardiovascular disease, which also
characterize people more likely to be infected and to present more se-
vere complications. In a setting of enhanced ACE2 deficiency produced
by the viral invasion, the marked dysregulation between the ‘adverse’
ACE—Angiotensin II-AT1 axis and the ‘protective’ ACE2—Angiotensin;.
7—~>Mas axis would contribute to enhance the progression of in-
flammatory and thrombotic processes. These considerations provide a
rationale for investigating the role of therapeutic approaches con-
ceptually linked to ACE2 receptor activity. These include the use of
soluble recombinant ACE2, angiotensin; y, and angiotensin II type 1
receptor blockers, which are currently being evaluated.
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