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Abstract

COVID-19 pandemic is caused by the novel coronavirus SARS-CoV-2. Angiotensin-converting enzyme 2 (ACE2) is not only an
enzyme but also a functional receptor on cell surfaces through which SARS-CoV-2 enters the host cells and is highly expressed in
the heart, kidneys, and lungs and shed into the plasma. ACE2 is a key regulator of the renin—angiotensin—aldosterone system
(RAAS). SARS-CoV-2 causes ACE/ACE2 balance disruption and RAAS activation, which leads ultimately to COVID-19
progression, especially in patients with comorbidities, such as hypertension, diabetes mellitus, and cardiovascular disease.
Therefore, ACE2 expression may have paradoxical effects, aiding SARS-CoV-2 pathogenicity, yet conversely limiting viral
infection. This article reviews the existing literature and knowledge of ACE2 in COVID-19 setting and focuses on its patho-
physiologic involvement in disease progression, clinical outcomes, and therapeutic potential.

Keywords Angiotensin-converting enzyme - COVID-19 - SARS-CoV-2 - Tissue damage

SARS-CoV-2 and ACE2

The acute respiratory tract infection outbreak originated in
Wuhan, China, in late 2019, and that spread throughout
the globe is caused by a novel coronavirus. Past outbreaks
were also caused by highly pathogenic coronaviruses, in-
cluding the acute respiratory syndrome coronavirus
(SARS-CoV) in 2002 and the Middle East respiratory
syndrome coronavirus (MERS-CoV) in 2012. The current
outbreak, denominated coronavirus disease 2019
(COVID-19), is caused by the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2).

SARS-CoV-2 is an enveloped virus containing one
positive-strand RNA genome that comprises 29.9 kb.
SARS-CoV-2 shares 80% identity with SARS-CoV [1],
and both viruses use the angiotensin-converting enzyme
2 (ACE2) as a cellular entry receptor [2, 3]. A coronavirus
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has four structural proteins: envelope (E), membrane (M),
nucleocapsid (N), and spike (S) proteins. The spike pro-
tein forms large protrusions from the virus surface, giving
the appearance of a crown and, therefore, the name of
coronavirus.

The S protein consists of subunits S1 and S2, responsible
for the attachment and membrane fusion, respectively. The
spike binds to human ACE2 (hACE2) in the cell membrane
through the S1 subunit of the receptor-binding domain (RBD).
Wrapp et al. [4] documented that SARS-CoV-2 RBD has ~
10- to 20-fold higher affinity to hACE2 when compared to
SARS-CoV RBD binding capacity. Moreover, SARS-CoV-2
RBD binds to soluble hACE2 more strongly than SARS-CoV
[3]. This enhanced affinity for hACE2 may contribute to
SARS-CoV-2’s higher infectivity, as COVID-19 is wide-
spread worldwide and the number of cases is constantly
increasing.

The transmembrane protease serine protease-2
(TMPRSS-2) and ADAM metallopeptidase domain 17
(ADAM17) [5] of the host cell are required for priming
the S protein to allow fusion of the viral and host mem-
branes through the S2 subunit [6, 7]. Therefore, SARS-
CoV-2 is internalized by endocytosis, and the viral RNA
is released for replication and translation by the host cell
machinery and further assembly and exocytosis of new
viral particles (Fig. 1).
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Fig. 1 SARS-CoV-2 life cycle: from binding to ACE2 receptor to shedding

Angiotensin-converting enzyme 2
and renin-angiotensin-aldosterone system

The renin—angiotensin—aldosterone system (RAAS) is a
signalling pathway that acts as a homeostatic regulator
of vascular function, as reviewed elsewhere [8]. It has a
dynamic control over systemic and local blood flow,
blood pressure, natriuresis, and trophic responses to a
wide range of stimuli. Therefore, macula densa releases
renin within the kidneys upon low intra-tubular sodium
concentration and sympathetic nervous stimulation, and
then renin converts angiotensinogen into angiotensin I in
the liver. Next, angiotensin-converting enzyme (ACE)
converts angiotensin I (Ang I) into Ang II, predominantly
in the lungs. Then, Ang II stimulates the release of aldo-
sterone from adrenal cortex [9, 10]. Figure 2 shows an
overview of the RAAS signalling pathway.

The main axis of the RAAS is composed of ACE/
angiotensin II (Ang II)/Ang II receptors AT1 and AT2.
Ang 1II can promote different effects in accordance with
the type of receptor, e.g. AT1 receptor binding stimulates
the classical effects of Ang II, which include increased
oxidative stress, inflammation, fibrosis and vasoconstric-
tion, whereas AT2 receptor binding promotes opposite
effects. Moreover, chronic activation of RAAS is associ-
ated with Ang II/AT1 deleterious effects, exacerbating the
inflammation, fibrosis, apoptosis, antidiuretic hormone
(ADH) and aldosterone release, and ultimately water and
sodium retention [9, 10]
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Discovered in 2000 [11] as an ACE homolog with distin-
guished function, ACE2 is an enzyme that catalyses the cleav-
age of Ang Il into Ang (1-7), Ang I to Ang (1-9), and partic-
ipates in the hydrolysis of other peptides.

ACE2 has a fundamental role in local and systemic
haemodynamics, as its main effect is to lower blood pressure.
Ang (1-7), the enzyme main product, binds to the Mas recep-
tor and promotes vasodilation, antioxidant, and antiprolifera-
tive effects, thus attenuating Ang II action [12]. Therefore, the
ACE2/Ang (1-7)/Mas axis counterbalances the ACE/Ang II/
ATIR axis and is an essential regulatory pathway of the
RAAS.

Furthermore, ACE2 regulates the ACE action by reducing
the amount of Ang II and increasing Ang (1-7). Hence, ACE/
ACE2 is essential for the maintenance of tissue liquid volume
and electrolyte balance. Pharmacologic therapy with RAAS
blockers is widely used for pathologies associated with chron-
ic ATIR activation, especially in systemic hypertension. ACE
inhibitors (ACEi) and angiotensin receptor blockers (ARBs)
promote the accumulation of Ang I and Ang II, respectively,
and thus favour the conversion by ACE2 to Ang (1-9) and
Ang (1-7) [13].

Importantly, the spike protein is a key determinant of the
virus tissue tropism and host range. SARS-CoV-2 competes
with Ang II for ACE2 in terms of internalization. The binding,
however, blocks ACE2 activity and thus reduces the enzyme
expression in the membrane [14]. This may promote RAAS
imbalance. Therefore, ACE2 downregulation promotes ACE/
ACE2 imbalance and increases ACE/Ang II/ATIR axis
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Fig. 2 Renin—angiotensin—
aldosterone system (RAAS):
ACE/ACE2 balance, pathophysi-
ological mechanisms, and the
impact of the RAAS blockers
(ACEi and ARBs). ACE;i,
angiotensin-converting enzyme
inhibitors; ARBs, angiotensin re- l
ceptor blockers
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pathological activation, leading to an increase in Ang II-
mediated vasoconstriction and a decrease in Ang (1-7)-medi-
ated vasodilation [10].

Additionally, the kallikrein—kinin system (KKS) is viewed
as a natural counterbalance to the RAAS, acting to reduce
systemic blood pressure and generation of reactive oxygen
species, thus playing a protective role against organ damage
in the heart and kidney [15, 16]. The balance between RAAS
and KKS affects blood pressure, salt sensitivity, circulating
volume, vascular tone, and natriuresis by reducing tubular
sodium reabsorption via regulation of the activity of the epi-
thelial sodium channel (ENaC) by bradykinin. Importantly,
downregulation of ACE2 following SARS-CoV-2 infection
results in an increased bradykinin that can activate the brady-
kinin (B) 2 receptor to promote vasoconstriction [17].
Dysfunctional RAAS and KSS may ultimately aggravate pro-
gression of COVID-19, in particular during cytokine release
storm [17].

ACE2 distribution and COVID-19
manifestations

COVID-19 most common symptoms are fever, dry cough,
myalgia, fatigue, and dyspnea. Moreover, other clinical man-
ifestations reported so far are sputum production, headache,
abdominal pain, diarrhoea, nausea, vomiting, dizziness, anos-
mia, dysgeusia, and liver function abnormality [18-21], which
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may be explained by the fact that SARS-CoV-2 target several
ACE2-expressing tissues.

ACE2 expression is detected in type I alveolar cells (AT2)
[22-26], bronchial transient epithelial secretory cells respira-
tory epithelial cells [27], myocardial cells [22], endothelial
cells and artery smooth muscle cells [22], oesophagus epithe-
lial cells [22—24], neurons and glia [28], tongue epithelial cells
[29], stomach [23, 26], cholangiocytes [23, 30], adipose tissue
[31], pancreatic exocrine glands and islets [32], renal proximal
tubule cells [22-25, 33, 34], podocytes [33-35], bladder
urothelial cells [22, 26], testis (Leydig and Sertoli cells and
spermatogonia) [26, 36, 37], uterus epithelial cells [26], ovary
and breast [29], maternal—foetal interface [38], enterocytes
from ileum [22-24] and colon [23, 24, 26], and rectum cells
[23]. These findings, with the exception of the report by Su
etal. [33] that detected ACE2 expression through immunohis-
tochemistry, all used single-cell RNA-seq and protein data-
bases, such as UniProt and Protein Atlas, to detect the receptor
expression among different tissues.

Zou et al. [22] linked the ACE2 expression in different
organs to their potential risk to SARS-CoV-2 infection.
High-risk tissues were defined as containing cells types with
> 1% proportion of ACE2 expression and were included in
this category: lower respiratory tract (2%), lung (> 1%), heart
(> 7.5%), ileum (30%), oesophagus (> 1%), kidney (4%), and
bladder (2.4%). To note, stomach and liver samples had < 1%
proportion of ACE2-positive cells, indicating that these tis-

sues were considered as low risk for SARS-CoV-2 infection.
Of importance, ACE2 expression in nasal epithelium occurs
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in an age-dependent manner and may explain, at least in part,
the reason why the younger ones have lower incidence of
COVID-19, since they exhibited the lowest nasal gene expres-
sion of ACE2 [39]. Additionally, the lower expression of
ACE2, not only in nasal epithelium but also in bronchial ep-
ithelial cells in children, when compared to adults [40], may
also explain the non-respiratory COVID-19 symptoms/
clinical manifestations in the youngest.

In line with the findings with ACE2, TMPRSS2 expression
may also explain the target cell types and clinical manifesta-
tion [41]. TMPRSS2 expression is similar to ACE2 expres-
sion in many tissues, such as the kidney, liver, testicles,
among the gastrointestinal tract, especially in the small intes-
tine, as well as in the lungs and type II alveolar cells [27, 34,
40, 42].

The oral cavity is also at potential risk for SARS-CoV-2
infection [29], as the oral mucosa also expresses ACE2, espe-
cially in tongue epithelial cells. This finding is consistent with
data that points out the SARS-CoV-2 effects on gustatory and
olfactory dysfunctions in COVID-19 patients [43, 44].
Anosmia seen in these cases not only may be attributed to
ACE2 expression in the olfactory cavity [45] but also raises
questions about SARS-CoV-2 tropism to neural tissues.

To note, ACE2 expression has not been detected in sensory
nor olfactory bulb neurons, since neurological manifestation
may also be explained by fever [43] or by mucosal congestion,
which leads ultimately to nasal obstruction and conductive
olfactory loss. However, magnetic resonance (MRI) did not
detect abnormal findings in the olfactory bulb and tract and no
sign of nasal obstruction was observed [46]. Therefore, anos-
mia and ageusia may suggest damage to olfactory and gusta-
tory receptors in COVID-19.

ACE2 is expressed in some areas in the brain [28] and
neurologic manifestations, such as headache and dizziness,
and encephalopathy features detected through MRI [47] sup-
port viral capacity to reach the central nervous system (CNS).
Based on the SARS-CoV outbreak, Baig et al. [48] proposed a
possible pathophysiological mechanism for the involvement
of the CNS, where, via haematological dissemination or via
the cribriform plate, the virus would be able to break through
the blood-brain barrier and to bind to the epithelial ACE2
receptor. Moreover, detection of SARS-CoV-2 in post-
mortem samples of frontal lobe [49] and cerebrospinal fluid
[50] confirmed the virus neurotropic potential.

Furthermore, evidence of ACE2 expression on oral cavity
points to SARS-CoV-2 routes of invasion. Respiratory trans-
mission has been considered the main route for the virus in-
fection; however, new findings may increase our understand-
ing about alternative transmission pathways. For example,
ACE2 expression occurs in some sites of the digestive tract
and, in fact, SARS-CoV-2’s RNA was detected in faecal sam-
ples from COVID-19 patients [51]. In addition, detection of
the viral RNA in rectal samples for days after nasopharyngeal
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swabs tested negative indicates viral shedding for days after
IgG seroconversion [52, 53]. Therefore, ACE2 expression and
distribution suggest that SARS-CoV-2 may have faecal-oral
transmission, yet virus viability in faeces samples requires
further investigation.

Regarding respiratory manifestations of COVID-19, most
cases present acute lung injury and acute respiratory distress
syndrome (ARDS) [54]. The lungs have a high RAAS activity
and ACE2 counteraction is essential to homeostasis. AT2 cells
synthesize the pulmonary surfactant, which is essential for
maintenance of low surface tension at air and liquid interface
in alveoli, preventing lung collapse. Alveolar cells (AT1 and
AT2) account for 31% of cells in the lungs [23]; however,
ACE2 expression is concentrated in a population of AT2 cells
that also express viral process-related genes [25]. As SARS-
CoV-2 targets AT2 cells, disruption of ACE/ACE2 physio-
logical balance occurs by the infection and local RAAS
overactivation leads to increased vascular permeability and
oedema. Analyses of lungs obtained during autopsy from pa-
tients who died from COVID-19 demonstrated diffuse alveo-
lar damage with necrosis of alveolar lining cells, AT2 hyper-
plasia, linear inter-alveolar fibrin deposition, marked intersti-
tial oedema with early inter-alveolar organization, and lym-
phocytic inflammation [55]. In the lungs from patients with
COVID-19 and lungs from patients with influenza, the rela-
tive counts of ACE2-positive cells for alveolar epithelial cells,
endothelial cells, and lymphocyte cells were higher when
compared to uninfected individuals. Interestingly, in the lungs
from patients with COVID-19 and patients with influenza,
similar mean numbers of CD3-positive T cells were found,
but CD4-positive T cells were more numerous in the lungs
from patients with COVID-19 than in the lungs from patients
with influenza, whereas CD8-positive T cells were less nu-
merous. Likewise, neutrophils (CD15%) were significantly
less numerous adjacent to the alveolar epithelial lining in the
COVID-19 group than in the influenza group [55]. In idio-
pathic pulmonary fibrosis and non-specific interstitial pneu-
monia, ACE2 was also upregulated within the lungs, as well
as in pulmonary arterial hypertension [56]. To note, ACE2 not
only functions as a receptor for SARS-CoV-2 entry into cells
but also drives the upregulation of genes involved in lung
fibrosis [5]. These findings shed the light of our knowledge
in pulmonary pathophysiology, susceptibility to SARS-CoV-
2 infection, and COVID-19 progression.

Noteworthy is that the reports indicate slightly increased
infection rate and significant higher fatality rate in male pa-
tients (> 60% vs < 40% women) [19, 57]. ACE2 expression
may explain that finding and therefore influence the COVID-
19 susceptibility between different ethnicities, genres, and age
[31, 56]. ACE2 expression is 3-fold higher in male in com-
parison to female lung samples, as shown by Zhao et al.
through single-cell RNA-seq [25]. Likewise, in vitro studies
demonstrated that oestrogen may regulate ACE2 expression
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in differentiated airway epithelial cells [58]. On the other
hand, no gender difference on ACE2 and TMPRSS2 expres-
sion was found in salivary glands [59] and bronchial epitheli-
um [60]. Therefore, other factors and behaviours can modulate
the enzyme expression, such as smoking, which is more prev-
alent in men.

Studies using epidemiological data from COVID-19 pa-
tients associated smoking to 1.4 times higher chance of devel-
oping the severe forms of the disease and 2.4 times higher
need of intensive care [61]. Chronic obstructive pulmonary
diseases (COPD) present high ACE2 expression in lungs
and bronchial epithelium [40, 62—65]. Smoking habits, known
to damage the respiratory system and its function, are the
leading cause of COPD, which can be aggravated in
COVID-19. Smoking can increase ACE2 expression in the
lungs and bronchial epithelium [63, 64], so that nicotine
may also upregulate ACE2 in neurons and glia and endothelial
cells through the nicotinic acetylcholine receptor activation
[28]. Thus, smoking can turn these tissues more susceptible
to SARS-CoV-2 infection and is a risk factor for COVID-19
pneumonia. Importantly, in people with asthma, ACE-2 and
TMPRSS2 gene expression in bronchial epithelial cells was
not different from healthy individuals [60], which may explain
the lack of association of asthma and COVID-19 severity.

In addition to differences between genres, ACE2 is highly
expressed in the testicles and this raises awareness about the
virus effect on fertility and sexual transmission. A single-
centre study [66] reported absence of SARS-CoV-2 in semen
and male tissues of confirmed COVID-19 patients during
acute and post recovery phases. Notably, SARS-CoV-2 trans-
mission by sexual contact is unlikely. Another concern is
whether the infection may cause infertility. Yu et al. [67] ob-
served a significant imbalance in male hormones and related
this finding to a possible damage to Leydig cells. Nonetheless,
longer follow-up is further required and, therefore, the SARS-
CoV-2 effect over male fertility remains elusive.

Female reproductive system also expresses ACE2, indicat-
ing that it can be a target to SARS-CoV-2. Thus, high-risk
group to COVID-19 are pregnant women. Pregnancy in-
creases renal, uterine, and placental ACE2 expression [68,
69] and enhances RAAS activation [70], as observed in mu-
rine models. ACE2 exhibits a time-dependent expression in
the placenta, so that in late stages of pregnancy, ACE2 is also
detected in several foetal tissues [38]. Placental analyses did
not show SARS-CoV-2 detection, but disclosed foetal vascu-
lar malperfusion in the presence of intramural fibrin deposi-
tion and foci of villous stromal-vascular karyorrhesis, and,
rarely, infarction [71]. On top of that, 15.4% of pregnant
women admitted for delivery tested positive for SARS-CoV-
2, yet asymptomatic, which has important clinical implica-
tions [72].

Chen et al. [73] did not detect the virus in amniotic fluid,
cord blood, breastmilk, and neonatal throat swab samples.

Moreover, COVID-19 symptoms in a small cohort of preg-
nant women did not differ from non-pregnant patients.
Additionally, a case—control study of 225 pregnant women
not only unveiled that COVID-19-related symptoms were
similar to controls but also reported no difference in the cu-
mulative incidence of early pregnancy loss [74]. However,
mothers hospitalized due to COVID-19 pathology had a
higher risk of ending their pregnancy via caesarean section,
whereas newborns had a higher risk of premature delivery
[75].

Currently, there is no evidence of vertical transmission in
late pregnancy. Many questions remain, such as what are the
effects during early stages of pregnancy or whether SARS-
CoV-2 might affect foetal development, due to ACE2 activity
reduction [69]. Of importance, the COVID-19 pandemic is
still ongoing and further investigation is required.

Comorbidities and ACE/ACE2 balance
disruption

Pre-existing comorbidities are related to a higher risk of de-
veloping the severe forms of COVID-19 and higher mortality
[19, 76, 77]. Approximately 50% of hospitalized COVID-19
patients have pre-existing medical conditions, including hy-
pertension [78], diabetes mellitus (DM) [79, 80], cardiovascu-
lar disease [19, 81, 82], cerebrovascular disease [82], obesity
[19, 83, 84], chronic kidney disease [19, 85], smoking [86,
87], and chronic pulmonary disease [19, 87]. In addition, in-
creasing age and male sex are at greater risk of mortality
during hospitalization [19, 88, 89].

Likewise, uremic patients under chronic haemodialysis ex-
hibited an increase in ACE and Ang II plasmatic levels,
whereas ACE2 and Ang (1-7) levels were lower when com-
pared to controls [90]. That imbalanced ACE/ACE2 ratio was
more severe in the haemodialysis patients with cardiovascular
disease.

These pre-existing comorbidities are associated with
chronic endothelial dysfunction, so that SARS-CoV-2 may
aggravate those conditions due to endotheliitis, apoptosis,
and lymphocytic and mononuclear infiltrating cells [55, 91].
Therefore, SARS-CoV-2-mediated endothelial dysfunction
and impaired vascularization, induced by chronic diseases,
accelerate vascular disease and prevent recovery from ische-
mic insults. Pre-existing comorbidities may also be directly
associated to higher rates of SARS-CoV-2 organ tropism, as
demonstrated in post-mortem analyses of the lungs, pharynx,
kidneys, liver, and heart [35]. To further determine the SARS-
CoV-2-mediated cytopathic effects on different organs, autop-
sy studies provided compelling evidences on diffuse alveolar
damage with activated type II pneumocytes, fibroblasts,
protein-rich exudate, hyaline membrane, and infiltrating lym-
phocytes in the wall of pulmonary arteries [55, 92, 93]. In
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advanced stages of COVID-19, squamous metaplasia and fi-
brosis occurred, which is consistent with data showing that
SARS-CoV-2 infection in vitro increases the expression of
factors associated with remodelling and fibrosis [5].
Importantly, the most frequent cause of death was pneumonia,
followed by pulmonary artery embolisms combined with
pneumonia. Diffuse alveolar damage is associated with
SARS-COV-2 detection in pulmonary pneumocytes and cili-
ated airway cells by immunohistochemistry (polyclonal anti-
body against nucleocapsid protein), so that in the stage of
organizing pneumonia, viral detection was not observed [94].

In the kidneys, post-mortem analyses disclosed proximal
acute tubule injury manifested as the loss of brush border,
dilatation of the tubular lumen with cellular debris, vacuolar
degeneration, and occasionally even frank necrosis and de-
tachment of epithelium with loss of tubular basement mem-
brane [33]. Likewise, viral inclusion bodies were found in
peritubular space and in endothelial cells of the glomerular
capillary loops [33, 35, 91], as assessed by electron microsco-
py. In small bowel intestine, dominant mononuclear cell infil-
trates within the intima along the lumen vessels associated
with apoptosis of endothelial cells were verified in resection
specimen [91]. To note, small bowel lesions may be associat-
ed to mucosal necrosis, transmural inflammation, and ische-
mic injury due to superior mesenteric artery thrombosis and
viral particles clustered within membrane-bound cisternal
spaces in the enterocytes [95].

Whether those histological findings are broadly determined
by complement associated microvascular injury and thrombo-
sis [96] or by apoptosis mediated by ORF3a protein of SARS-
CoV-2 [97], further investigation are warranted to investigate
the crosstalk with RAAS system and the most appropriate
clinical approaches for combating the COVID-19.

Next, to gain insights into the interaction between RAAS
activation and SARS-CoV-2 pathogenicity, we will discuss
the current evidence of RAAS modulation in healthy and dis-
eased individuals.

The RAAS system is a haemodynamic and biological sys-
tem, which plays a crucial role in the regulation of blood
pressure, plasma sodium and potassium, cell proliferation, fi-
brosis, and oxidative stress. As previously described, the liver
synthesizes angiotensinogen and renin, which is produced by
juxta-glomerular apparatus, and converts angiotensinogen in-
to Ang I. Next, ACE converts Ang I into Ang II, whereas
ACE2 converts Ang I into Ang (1-9) and Ang II into Ang
(1-7) [9]. Ang II attaches to its receptor (Ang II type 1 recep-
tor or AT1R or to ATR2), while Ang (1-7) binds to Mas
receptor, leading to vasodilation and decreasing inflammation,
cell proliferation, hypertrophy, and fibrosis [98]. To note, Mas
and ATR2 are key receptors that possess counter-regulatory
properties in relation to Ang II/ATRI1 binding, attenuating its
effect on vasoconstriction, sodium retention, inflammation,
and fibrosis (Fig. 2).
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Noteworthy, SARS-CoV-2 enters into host cells after bind-
ing to ACE2 receptor [99], and both SARS-CoV-2 and ACE2
are internalized by endocytosis, so that surface ACE2 is then
downregulated, resulting in unopposed Ang Il accumulation
[9]. There are two isoforms of ACE2, a circulating or soluble
isoform (sACE2) and the other isoform is not only tissue-
specific, but also cell-specific. As mentioned previously,
ACE2 expression is broad, including the heart, kidneys, and
lungs.

When tissues are damaged, ACE2 is released from cyto-
plasmic membrane to plasma and, therefore, can be used as a
surrogate marker of mortality. Thus, plasmatic ACE2 is in-
creased in individuals with coronary artery disease [56, 100],
myocardial infarction [56], heart failure [101], atrial fibrilla-
tion [56, 102], and aortic stenosis [103—105]

In line with these findings, higher levels of plasma sACE2
were found in men when compared to women and in older
individuals, with the age association more pronounced in
women [105]. In addition, higher levels of sSACE2 were de-
tected in post-menopausal women, compared to pre-
menopausal women. In other diseases, such as metabolic syn-
drome (effect stronger in men) and its components, such as
obesity, hypertension, insulin resistance, and dyslipidaemia
displayed elevated plasma sACE2 levels when compared to
controls [105]. Importantly, the impact of sex on the immune
response may provide a broader explanation of the differences
in COVID-19-related mortality in men [104]. ACE2 gene is
located on X chromosomes, which is important for its ability
to recognize the SARS-CoV-2. Therefore, SARS-CoV-2
RBD binds to ACE2 more frequently in men. The same
SARS-CoV-2 RBD can be recognized by ACE2 on either of
the two X chromosomes in females, but the chance that the
same residue sequences of ACE2 on the second chromosome
also perfectly binds to the SARS-CoV-2 RBD is low,
allowing unbound ACE?2 to catalytically cleave Ang II to form
Ang (1-7), and thus decrease COVID-19-related clinical com-
plications [104]. Interleukin-1 receptor-associated kinases
(IRAKs) and inhibitors of nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-«B) kinases (IKKs) are also
encoded on the X chromosome and may confer an advantage
in responding to and resolving SARS-CoV-2 infections in
females through Toll-like receptor 4 (TLR4) signalling path-
way. The X chromosomes together with sex hormones act in
concert to increase the production of interferon by dendritic
cells contributing to the enhanced TLR7-mediated response in
females. Oestrogen may also contribute to higher basal immu-
noglobulin levels, larger numbers of circulating and resident
CD4/CD8 T-lymphocyte ratio, reduced levels of fibrinogen
and plasminogen-activator inhibitor type 1 (PAI-1), and in-
creased levels of antithrombin III. These findings have impor-
tant biological implication in COVID-19 progression, in par-
ticular the cytokine release storm and thromboembolism
[104].
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To further substantiate these findings, a recent cross-
sectional study, including two larger European and Scottish
cohorts of male and female individuals diagnosed with heart
failure and taking ACE inhibitors, ARBs, or mineralocorticoid
receptor antagonists, demonstrated that in both cohorts, male
gender was the only predictor of elevated plasma concentra-
tion of ACE2 activity [106]. In the European cohort, those
drugs failed to predict plasma ACE2 activity. Conversely, in
the Scottish cohort, ACEi and ARB use were independent
predictors of lower plasma ACE2, while the use of a mineral-
ocorticoid receptor antagonist was an independent predictor of
higher plasma ACE2 concentrations.

Importantly, several lines of evidence support ACE and
ACE2 regulation in a manner of tissue and organ dependent.
Thus, analyses of ACE and ACE2 expression in the heart of
individuals with aortic stenosis and low left ventricular ejec-
tion fraction unveil higher expression of both genes in
cardiomyocytes when compared to healthy controls [107], as
well as in patients with dilated cardiomyopathy and arrhyth-
mia [56]. Nonetheless, diseased heart exhibited a lower ex-
pression of ACE2, yet in endothelial cells, ACE2 expression
was similar to healthy individuals [107]. After ARB adminis-
tration, ACE2 did not change, as opposed to the increase in
ACE2 and ACE/ACE2 ratio in cardiomyocytes after ACEi
treatment [107].

In individuals with type 2 DM, ACE2 expression is elevat-
ed in the pancreas, liver, and adipose tissue, whereas in dis-
cased liver (cirrhosis, dysplasia, steatosis, and steatohepatitis),
ACE2 is equally increased [56]. Similar findings were report-
ed in pneumonia-related diseases, such as interstitial pneumo-
nia, tuberculosis, idiopathic pulmonary fibrosis, and pulmo-
nary arterial hypertension [56]. Collectively, these data indi-
cate a higher risk of severe COVID-19 in patients with those
comorbidities.

In line with the findings of cell type-specific expression in
the other tissues, ACE and ACE2 protein expression revealed
higher levels of ACE in either tubular or glomerular compart-
ments, which was associated with a decrease in ACE2 expres-
sion in human kidney samples from individuals with type 2
diabetic kidney disease and hypertension [108]. Additionally,
in chronic kidney disease, both ACE and ACE2 expression
decreased.

Within the kidneys of patients with COVID-19, the cyto-
pathic effects of SARS-CoV-2 in podocytes and proximal
straight tubule cells may cause acute kidney injury, since these
compartments express high levels of ACE2 and TMPRSS2
[34]. Unexpectedly, podocytes and proximal tubular cells of
western individuals displayed higher expression of ACE2 and
TMPRSS2, which may explain, at least in part, the most fre-
quent occurrence of kidney injury in western individuals.
Likewise, further investigation is required to correlate ACE2
expression in other cells within the damaged kidneys, such as
T and B lymphocytes, NK cells and monocyte/macrophage. In

human kidneys with type 2 diabetic kidney disease and hy-
pertension, an imbalance of RAAS was also noticed by an
upregulation of ACE and a downregulation of ACE2 in glo-
meruli and tubular epithelial cells, as reviewed elsewhere
[108]. As kidney disease progresses, both ACE and ACE2
expression decreases. The clinical implications of these find-
ings require further elucidation in diabetic and hypertensive
individuals with COVID-19. As a result of the viral tropism to
the kidneys, acute renal injury was found to be the second
most observed COVID-19 complication in the USA (22.2%)
[77] and China (25.2%) [67]. Thus, there is compelling evi-
dences that patients with acute kidney injury at admission
exhibit activation of RAAS, as documented by higher plas-
matic renin and aldosterone levels and lower urinary sodium
levels in patients with acute kidney injury [109], as well as the
association of plasmatic aldosterone and C-reactive protein
levels and COVID-19 severity [110]. Since hypokalaemia
was found to be prevalent in patients with COVID-19 pneu-
monia (~ 30%) and is an indicator of RAAS activity, it was
suggested that hypokalaemia could be used as a surrogate
marker of COVID-19 progression and an independent risk
factor for invasive mechanical ventilation requirement [111].
Conversely, mean serum concentrations of ACE2, Ang II, and
aldosterone, as well as potassium levels and blood pressure,
were found to be similar in patients with COVID-19 and the
control group [112].

To provide further evidence that RAAS blockers were not
harmful in COVID-19 setting, several studies were set out to
analyse whether the use of ACEi and ARBs and other antihy-
pertensive drugs were associated with COVID-19 progres-
sion. These studies documented that those drugs were not a
risk factor for the likelihood of positive test for COVID-19 or
for severe COVID-19 [113—115], even after adjustment for
age and gender. RAAS blockers decreased the risk of hospi-
talization in 47% for diabetic patients [116], and the risk of
severity in 29% and the mortality in 43% for hypertensive
patients [117]. Although hypertensive patients may exhibit
COVID-19 progression, the lack of antihypertensive treat-
ment in that setting imposes an additional risk [118].
Therefore, RAAS blockers are protective in COVID-19 pan-
demic, so that they decrease mortality by 35% [118]. An im-
portant meta-analysis comprising 28,872 participants on
ACEi/ARBs with COVID-19 documented a trend to lower
risk of death or critical events when RAAS inhibition was
used for any conditions [119]. In particular, hypertensive in-
dividuals had significantly 34% reduction in death and 33%
reduction in the combination of death/critical outcomes.
Therefore, it is strongly encouraged that patients continue with
RAAS blockers during the COVID-19 pandemic.

Another clinical condition that play a crucial role in
COVID-19 pandemic is obesity [19, 76, 77, 120]. Thus, obe-
sity is associated with COVID-19 progression (odds ratio for
grade I obesity ranged from 1.30 to 1.80 [83, 121] and for
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grade II obesity from 3.60 to 7.36 [83, 122]). As expected,
obesity in young Chinese patients (< 45 years old) was asso-
ciated with an increased COVID-19 mortality [123]. In
American patients with body mass index (BMI) greater than
40 kg/m?, the adjusted odds ratio for death was 5.10 for those
with age less than 50 years old and 1.60 for those with more
than 50 years old [84]. In obese individuals with COVID-19,
inflammatory markers were higher when compared to non-
obese individuals, as well as the oxygenation parameters at
admission and the requirement of higher volumes of oxygen
and a long period to achieve oxygen weaning [124] and the
higher rates of invasive mechanical ventilation [122].
Differences in ACE2 bronchial epithelial expression between
patients with chronic pulmonary disease who are overweight
(mean BMI 29 kg/m?) when compared to those not over-
weight (mean BMI 21 kg/m?) may account for the higher rates
of COVID-19 in obese individuals [65]. Therefore, obese pa-
tients present an increased risk of critical illness leading to
intensive care unit admission and death (risk relative of 1.58,
even after adjusting for age and race) [125].

On the other hand, SARS-CoV-2 may infect adipose tissue
and contribute to immune activation and ultimately to cyto-
kine release storm [126]. Therefore, obesity is a risk factor (6-
fold) for greater severity of COVID-19 patients with metabol-
ic associated fatty liver disease, even after adjustment for age,
gender, DM, hypertension, smoking, and dyslipidaemia
[127]. That effect can be more evident in patients under 60
years old, which can explain the adverse clinical outcomes in
the youngest. In addition, BMI is associated with epicardial
adipose tissue volume. Therefore, ACE2 and inflammatory
cytokines (TNF-o and IL-6) in association with macrophage
polarization were detected at higher levels in epicardial adi-
pose tissue in obese patients with heart failure and preserved
ejection fraction [128]. Likewise, knockout mice for ACE2
exhibited an exacerbated epicardial adipose tissue inflamma-
tion and lipotoxicity, which was reversed by Ang (1-7) ad-
ministration [128]. We may speculate, therefore, that in the
COVID-19 setting, the downregulation of ACE2 induced by
the SARS-CoV-2 may contribute to epicardial adipose tissue
inflammation and ultimately to cardiac complications. It is
equally anticipated that, when SARS-CoV-2 infection in-
creases the levels of Ang II and decreases the levels of Ang
(1-7), a subsequent downregulation in the activity of pyruvate
dehydrogenase complex occurs [129]. That reduction may
lead ultimately to a decrease in the rate of glycolysis, resulting
in uncoupling between glycolysis and glucose oxidation. This
uncoupling induces intracellular acidosis and energy deple-
tion. Importantly, diabetic individuals who are overweight
express high levels of ACE2 in adipose tissue when compared
to those who are also diabetic but present weight stability [56].
Taken together, all these findings highlight mechanistic expla-
nation for higher rates of COVID-19 progression in DM
setting.
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Additionally, the expression of ACE2 is upregulated in
adipocytes of patients with obesity and DM, indicating that
adipose tissue is a potential target and SARS-CoV-2 reservoir
[130]. Whether the pulmonary adipocytes possess the capacity
of transdifferentiating into myofibroblasts and whether these
pulmonary lipofibroblasts located in the alveolar interstitium
identically contribute to lung fibrosis remain elusive [130].
However, further evidence is required to verify the therapeutic
potential of thiazolidinedione in COVID-19. These drugs may
stabilize lipofibroblasts in their inactive state and may de-
crease fibrosis, yet the crosstalk with ACE2 and inflammation
inhibition in adipose tissue has not been established.

Milne et al. [120] verified the effect of RAAS blockers on
ACE2 gene expression in lung tissue samples and found no
association between ARB use and ACE2 expression, whereas
ACEIi use was associated with both lower TMPRSS2 and
ACE2 expression. That finding may be attributed to the fact
that ACEi reduce Ang II conversion and consequently de-
crease ACE2 substrate availability.

Monoclonal antibody-based therapy
targeting the spike protein

Future directions encompass ACE2 as a therapeutic target in
COVID-19 setting, which may slow the virus entering spread-
ing. These strategies comprise the delivery of soluble form of
ACE2 (sACE2) [131] and the blocking of the interaction be-
tween the SARS-CoV-2 and hACE2 [132].

Of importance, ACE2 exists in two isoforms in the body,
e.g. the one that is anchored in the plasma membrane of cells
and the soluble (SACE2). As sACE2 contains the RBD to the
virus binding, but is not attached to the membrane, delivering
sACE2 will abrogate SARS-CoV-2 entering the cells. As doc-
umented, administration of soluble human recombinant ACE2
(rACE2; half-life of 8.5 h) into mice resulted in the increase of
systemic ACE2 activity, but not in tissues such as heart and
kidney [133]. In addition, soluble human rACE2 prevented
the hypertensive effect of Ang II, and this was associated with
both decrease in Ang II by enhancing its degradation and an
increase in Ang (1-7) levels in the plasma. These findings
indicate that targeting ACE2 activity in the plasma may have
important biological implications in states of Ang II overac-
tivity. Therefore, pursuing sACE2 activity may represent a
useful strategy to reduce SARS-CoV-2 infectivity.

Likewise, investigation of antibodies with potent anti-
SARS-CoV-2 neutralization activity that correlates with their
competitive capacity with ACE2 for the receptor-binding do-
main (RBD) of the viral spike protein binding has important
clinical implications.

Crystal structure analysis of the most potent antibodies
(P2C-1F11, P2B-2F6, and P2C-1A3) verified competition
with ACE2 binding, indicating that blocking the RBD and



Eur J Clin Microbiol Infect Dis (2021) 40:905-919

913

ACE2 is a surrogate for virus neutralization [134]. Likewise,
CV30 monoclonal antibody (mAb) binds to an epitope that
overlaps with the hACE2 RBD providing a structural basis for
its neutralization [135]. More importantly, competition with
ACE2, rather than binding affinity, may better predict anti-
body potency. Two other monoclonal antibodies (B38 and
H4) may act synergistically to block the RBD of the viral
spike protein and the cellular response receptor ACE2, not
only in vitro, but also in transgenic mice expressing hACE2
[136]. In these animals, both antibodies decreased virus repli-
cation and ameliorated lung injury. Other monoclonal anti-
bodies, obtained from convalescent COVID-19 individuals,
and with the capacity to recognize distinct epitopes of the
RBD of the viral spike protein (CAl e CB6), were equally
potent to neutralize the SARS-CoV-2 in vitro [137]. Similarly,
CB6 antibody inhibited SARS-CoV-2 infection in rhesus
monkeys at both prophylactic and treatment settings.

Likewise, after screening a large panel of human mAbs that
target the spike protein, two antibodies, COV2-2196 and
COV2-2130, recognized the non-overlapping epitopes on
RBD and bound simultaneously to the S protein inducing
virus neutralization in a synergistic manner [138]. In both
mice and rhesus macaques, these antibodies prevented these
animals from SARS-CoV-2 infection.

The epitope specificity may also play a role in antibody
functional activity. Therefore, mAb directed to RBD-A epi-
tope (CC6.29 and CC6.30) showed the highest neutralization
potency when compared to mAb directed to non-RBD epi-
topes on the spike protein [139]. Importantly, the antibodies
that did not bind to RBD and were directed to non-RBD epi-
topes on the S protein all showed poor neutralization
potencies.

A significant concern for any antibody, drug, or vaccine is
the potential for SARS-CoV-2 acquiring resistance due to
rapid mutation, a common finding in RNA virus. Therefore,
a cocktail therapy may provide a powerful way to minimize
mutational escape by SARS-CoV-2. Baum et al. documented
the therapeutic potential of antibody cocktails using two anti-
bodies (REGN10987 + REGN 10933), which possessed the
highest capacity to bind to distinct and non-overlapping re-
gions of the viral target, e.g. the RBD of the spike protein
[140].

To note, numerous mAbs and mAb cocktails provided ev-
idence of prophylaxis [136, 138—141]. Thus, 1B07 mAb, a
chimeric mouse Fv-human Fc (IgG1) antibody, when used
pre-SARS-CoV-2 exposure in adenovirus-hACE2 mice, re-
duced viral RNA load in the lungs and in extrapulmonary
sites, including the heart and spleen, and ameliorated lung
pathology and inflammatory markers, such as IL-6, Cxcl10,
Ccl2, Ccl5, and Cxcll1 [141]. Moreover, both prophylactic
and therapeutic potentials of mAbs are desirable. For example,
IgG1 abl, an antibody with high affinity and specificity to
SARS-CoV-2 RBD and highly competitive with ACE2,

prevented mice from disease burden by decreasing viral shed-
ding in lung tissue when used prophylactically or therapeuti-
cally [142]. The mechanism of neutralization could also in-
volve antibody-dependent cellular toxicity.

As an alternative, a strategy to enhance mAb potential
is the biparatopic therapy, the 89C8-ACE2 [143], which
combines a monoclonal antibody (89C8) that recognizes
the N-terminal domain (NTD) of the S protein, and the
ectodomain of ACE2, which binds to the RBD. This ap-
proach showed potent neutralizing activity in pseudovirus
and live virus assays. In the last one, the construct had
higher neutralizing capacity when compared to the ACE2-
Fc and the mAb alone, which showed weak neutralizing
ability.

Overall, these results suggest antibodies with potent anti-
SARS-CoV-2 neutralization activity deserve further clinical
translation.

Recently, an interim analysis of a phase 2 trial demonstrat-
ed the therapeutic potential of the LY-CoV55 neutralizing
antibody in patients with mild and moderate COVID-19
[144]. The main findings were faster viral clearance in patients
who received the dose of 2800 mg, lower incidence of hospi-
talization, mainly in those who were 65 years of age or older
and among those with a body mass index of 35 kg/m” or more,
and lower symptom burden. Importantly, the LY-CoV55 an-
tibody exhibited a safety profile.

ACE1/ACE2 gene polymorphisms

Whether genetic variability of ACE1/ACE2 explains the clin-
ical course of COVID-19 among various ethnic populations,
the studies remain elusive.

Therefore, four missense mutations showed significant mi-
nor allele frequency of ACE2 between Asians and Caucasians
[145]. Two of these variants (K26R and [468W) may affect
binding between S protein of the SARS-CoV-2 and hACE2
receptor. ACE2 expression between Asians and other seven
populations disclosed a difference in male (two populations)
and female (three populations) individuals.

When evaluating ACE2 genetic variation in COVID-19
progression, the variant rs2285666 of ACE2 was not associ-
ated with the disease outcome [89].

Nevertheless, several studies have demonstrated strong
association between ACEIl-insertion/deletion (I/D) and
COVID-19. ACEI-DD carriers have higher blood levels
of ACE, approximately twice when compared to ACE1-11
individuals, and have been associated with hypertension,
ARDS, and in-hospital mortality [146—148]. Therefore,
the deletion allele is associated with COVID-19 progres-
sion [89] and SARS-CoV-2 infection rate and mortality
[147], while the ACE1-II genotype negatively correlates
with infection rate and mortality [149]. However, a meta-
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analysis (48,758 healthy subjects from 30 different coun-
tries) significantly associated ACE1-I/D allele frequency
ratio with the increase in the recovery rate, but not with
mortality [150].

Moreover, ACEL-I/D polymorphisms could explain the
clinical course of COVID-19 among various ethnic popula-
tions. The distribution of the D/D, I/D, and I/ genotypes fre-
quency ratios in African Americans (29%, 60%, and 11%,
respectively), Indians (19%, 50%, and 31%, respectively),
and whites (29%, 40%, and 31%, respectively) were signifi-
cantly different. The frequency of the deletion allele among
African Americans, Indians, and whites (0.59, 0.49, and 0.44,
respectively) was also significantly different [151]. These
findings could explain the differences in cardiovascular dis-
ease, in particular in African Americans, who exhibit the
higher frequency of the deletion allele. Whether these evi-
dences could explain COVID-19 progression in different pop-
ulations, further information is warranted.

Overall, the significance of the findings of ACE and ACE2
allele frequency ratio require further in vitro and functional
studies to clarify their role in COVID-19 studies.

Conclusions

ACE2 expression and its modulation by conditions and un-
derlying comorbidities may increase tissue susceptibility to
COVID-19. Moreover, SARS-CoV-2 disrupts the ACE/
ACE2 physiological balance and activates the Ang II/AT1R
pathways, leading to severe complications of the disease.
Thus, strategies that target the overactivation of RAAS and
its deleterious effects in COVID-19 setting deserve further
investigation.
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