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ARTICLE INFO ABSTRACT

Keywords: The recent emergence of coronavirus disease-2019 (COVID-19) as a pandemic affecting millions of individuals
ACE_2 ) has raised great concern throughout the world, and the severe acute respiratory syndrome coronavirus-2 (SARS-
Angiotensin II CoV-2) was identified as the causative agent for COVID-19. The multifunctional protein angiotensin converting

}C\RDS . enzyme 2 (ACE2) is accepted as its primary target for entry into host cells. In its enzymatic function, ACE2, like
oronavirus . . . . ", .
COVID-19 its homologue ACE, regulates the renin-angiotensin system (RAS) critical for cardiovascular and renal homeo-

SARS stasis in mammals. Unlike ACE, however, ACE2 drives an alternative RAS pathway by degrading Ang-II and thus
operates to balance RAS homeostasis in the context of hypertension, heart failure, and cardiovascular as well as
renal complications of diabetes. Outside the RAS, ACE2 hydrolyzes key peptides, such as amyloid-f, apelin, and
[des-Arg9]-bradykinin. In addition to its enzymatic functions, ACE2 is found to regulate intestinal amino acid
homeostasis and the gut microbiome. Although the non-enzymatic function of ACE2 as the entry receptor for
SARS-CoV-2 has been well established, the contribution of enzymatic functions of ACE2 to the pathogenesis of
COVID-19-related lung injury has been a matter of debate. A complete understanding of this central enzyme may
begin to explain the various symptoms and pathologies seen in SARS-CoV-2 infected individuals, and may aid in

the development of novel treatments for COVID-19.

1. Introduction

Two decades ago, two research groups, Donoghue et al. [1],
attempting to discover new genes involved in heart failure, and Tipnis
et al. [2], screening a human lymphoma c¢DNA library, independently
discovered a new homologue of angiotensin converting enzyme (ACE),
which they named ACE2. The human ACE2, like ACE, is a zinc metal-
lopeptidase, which comprises 805 amino acids and is 42 % identical
with ACE. Both types of ACE are type I integral membrane glycoproteins
with an extracellular N-terminus and catalytic regions that metabolize
circulating peptides [3]. ACE2, however, contains only one catalytic
domain, while ACE contains two. A small C-terminal cytoplasmic
domain, present in both ACE proteins, is the site of intracellular regu-
lation and signaling, having a number of potential regulatory sites [3,4].
Thus, while ACE and ACE2 are related in name and overall topology, the
juxtamembrane, transmembrane, and cytoplasmic C-terminal domains
of ACE2 share a greater sequence identity (48 %) with the renal
non-catalytic transmembrane protein collectrin [4,5].

ACE and ACE2 are also functionally different, and ACE2 activity is not
affected by classical ACE inhibitors used in the treatment of cardiovascular
diseases [1,2]. ACE2 acts exclusively as a carboxypeptidase, removing a
single C-terminal amino acid from the octapeptide Angiotensin-II (Ang-II),
thereby generating a heptapeptide Angiotensin-(1-7) [Ang-(1-7)] or, much
less efficiently, from the decapeptide Angiotensin I (Ang-I), thereby forming
a nonapeptide Angiotensin-(1-9) [Ang-(1-9)]. In contrast, ACE principally
acts as a carboxydipeptidase (peptidyldipeptidase) removing the C-terminal
dipeptide from Ang-I to form Ang-II. While ACE metabolizes bradykinin to
[des-Arg9]-bradykinin, ACE2 degrades [des-Arg9]-bradykinin to biologi-
cally inactive breakdown products [1,2,6]. Other substrates for ACE2
include apelin-13/17, neurotensin (1-11), dynorphin A (1-13), amyloid-
peptides, p-casomorphin-(1-7), and ghrelin [3,6]. A comparison of the
structure, pharmacology, and substrate specificities of ACE and ACE2 is
provided in Table 1.
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2. Proteolytic cleavage of ACE2

ACE2 exists in a membrane-bound and an unbound soluble form,
with the former constituting the majority of ACE2 in the body. Mem-
brane-bound ACE2 contains a transmembrane domain that anchors a
cleavable N-terminal ecto-domain, which retains its enzymatic activity
in the secreted, soluble form. ACE2 is cleaved by a membrane-bound
protease, also called secretase or sheddase, which is different from the
secretase acting on ACE [7], since ACE2 lacks the ACE amino-acid
sequence recognized by this enzyme [1,2]. Thus, in its soluble form,
ACE2 is found in very low concentrations in the circulation [8,9]. In fact,
while serum ACE levels were found to be 7 nM in over 500 subjects [9],
the ACE2 content was 200-fold lower (33 pM). In recent years, it has
become increasingly apparent that the proteolytic shedding of cell sur-
face ACE2 is an important mechanism regulating its expression, func-
tions, and soluble concentrations in biological fluids [10]. The major
protease mediating proteolysis and ectodomain shedding of ACE2 is a
type I transmembrane protein belonging to the adamalysin subfamily of
zinc-dependent metalloproteases (A Disintegrin And Metalloproteasel7;
ADAM17). It is also known as “tumor necrosis factor-a (TNF-a) cleavage
enzyme” (TACE) [11,12], since it mediates extracellular domain shed-
ding and activation of TNF-a, a pro-inflammatory cytokine [13,14]. The
activity of ADAM17 is regulated by phosphorylation through the for-
mation of reactive oxygen species (ROS), which are induced by p38
mitogen-activated protein (MAP) kinase and NAPDH oxidase 2 [10,15,
16].

Phosphorylation enhances the catalytic activity of ADAM17 and thus
increases ACE2 shedding, resulting in the loss of ACE2 activity at the cell
membrane. Phorbol esters, ionomycin, endotoxin and the proin-
flammatory cytokines interleukin-1p and TNF-a can also promote ecto-
domain release by ADAM17 [7,17]. In addition, calmodulin binding
sites within the short cytoplasmic tail of ACE2 appear to regulate
shedding. Studies of HEK-293 cells using calmodulin inhibitors indicate
that calmodulin inhibits ACE2 shedding through proteases of the ADAM
family [18]. Importantly, the activity of ADAM17 is regulated not only
by endogenous peptides, such as Ang-II [12] and insulin [19], but also
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through pharmacological agents, e.g., rosiglitazone [20] and paricalcitol
[21]. In addition, it is altered in diseases, such as hypertension and
diabetes [19,20,22,23], suggesting that shedding is an important prop-
erty of ACE2 function. Thus, ACE2 levels in circulation and biological
fluids, such as CSF and urine, are dynamically determined by both the
cell surface expression and shedding of ACE2. To that end, circulating
ACE2 levels appear to serve as possible biomarkers in the progression of
renal and cardiovascular diseases, such as hypertension, heart failure,
and diabetes [24].

3. Enzymatic functions of ACE2 in plasma
3.1. Renin-angiotensin system

As mentioned earlier, ACE2 converts Ang-I into Ang-(1-9), and Ang-
II into Ang-(1-7). The beneficial effects of ACE2 are attributed mainly to
three factors: 1. degradation of Ang-II, thereby diminishing its detri-
mental effects, 2. degradation of Ang-I to Ang-(1-9), thereby limiting
actions of ACE on its substrate, and 3. Formation of Ang-(1-7). These
enzymatic functions of ACE2 are of particular significance in patho-
logical conditions, where Ang-I and Ang-II overstimulate the RAS
[25-27]. The cellular actions of Ang-(1-7) are mediated by Mas receptor
(MasR) signaling, which appears to oppose the effects of Ang-II on the
Ang-II type 1 receptor (AT1-R) [25,28]. Ang-(1-9), on the other hand,
also promotes beneficial cardiovascular and renal effects through AT2-R
activation. However, the expression of AT2-Rs is low in adults, but can
be upregulated in diseases [25,27]. Thus, the ACE2/Ang-(1-7)/MasR
axis has emerged as a physiological counter measure to the classical RAS
pathway [25,28]. Conversely, diminished ACE2 activity results in acti-
vation of the Ang-II/AT-1-R axis, and is associated with increased pro-
gression of cardiovascular and renal pathologies [25-27]. Fig. 1
illustrates a summary of the classical and alternative RAS pathways.

Some of the endogenous peptides and proteins involved in the RAS
also regulate cell surface expression of ACE2 by altering transcription of
this protein, regulating the shedding process or acting on both mecha-
nisms. Ang-II downregulates ACE2 expression by activating AT1-R-

ACE2
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Table 1
Comparison of structural and functional characteristics of ACE and ACE2.
ACE
Structure Zinc metallopeptidase with two catalytical sites; 1306 a.a.;
glycosylated,
Function o Enzymatic activity
Location Ubiquitously distributed in the vasculature and mammalian

Enzyme activity

tissues

Dipeptidyl carboxypeptidase Ang-I (1-10) to Ang-II (1-8) Ang-
(1-7) to Ang-(1-5) Bradykinin to Des-Arg bradykinin Ap-(1-42)
— AB-(1-40) Ap-(1-43) — Ap-(1-41)

Ectodomain Alpha-Secretase
shedding
Pharmacology Inhibitors: Captopril, enalapril, lisinopril, moexipril,

perindopril, quinapril, ramipril,

Zinc metallopeptidase with one catalytical site; 805 a,a.;

glycosylated; 42 % homology to ACE,

o Enzymatic activity

e Chaperone protein for neutral amino acid transporters

o Entry receptor for HCoV-NL63, SARS-CoV, and SARS-
CoV-2

Predominantly in the gastrointestinal tract, kidneys, heart,

testes, and lungs

Monocarboxypeptidase Ang-I (1-10) to Ang-(1-9) Ang-II (1-

8) to Ang-(1-7) Des-Arg bradykinin to inactive metabolites
AB-(1-43) — AB-(1-42)
ADAM17

Inhibitors: DX600, MLN-4760, Insensitive to ACE inhibitors,
Activators: Resorcinolnaphthalein, Xanthenone, Diminazine
aceturate,

[on] ace s 133
0N
N [om | [ Ace2 805 Xp22
0
collectrin 222 Xp22
extracellular 59

Protein  Amino acids Chromosome

Donoghue et al. 2000 [1] ;
Tipnis et al. 2000 [2]
Kuba et al., 2010; 2013 [4,96]

Hamming et al., 2004 [198]

Turner, 2015 [3]

Lambert et al., 2005 [11];
Iwata and Greenberg, 2011
[71

Tamargo and Tamargo, 2017;
[317] Hernandez Prada et al.,
2008 [326]

Singer and Camargo, 2011 [5]

ACE, ACE2 and collectrin are type I integral proteins with a signal peptide in the N-terminal, transmembrane and short C-terminal domains. ACE2 and collectrin share
identity in the C-terminus (white, shaded), whereas ACE and ACE2 are identical in the N-terminal extracellular domain (grey, vertical lines). ACE2 and ACE have one or

two zinc-binding motif (HEMGH) (bm) in the extracellular domain.
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Fig. 1. The renin angiotensin system (RAS).
The classical RAS consists of the breakdown of
Angiotensin I (Ang-I) into Ang-II via ACE, which
can bind either to the AT1 (angiotensin type 1)
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mediated upregulation of extracellular regulated (ERK)1/2 and p38
MAP kinases in human tubular kidney cells [29], rat aortic vascular
smooth muscle cells [30], cardiomyocytes [31], and catecholaminergic
neurons [32]. In Neuro-2A cells transfected with ACE2, AT1-R activa-
tion by Ang-II leads to internalization and subsequent destruction of
ACE2 in lysosomes [33]. In addition, Ang-II activation of the AT1-R
induces ADAM17-mediated proteolytic cleavage of ACE2 in car-
diomyocytes [12] and hypothalamic neurons [10,34]. Furthermore,
Ang-II stimulates phosphorylation of three mitogen-activated protein
kinases (MAPK): p38, extracellular signal-regulated kinases (ERK) 1/2,
and c-Jun N-terminal kinase (JNK), and increases the production of
TGF-pl, which further suppresses ACE2 expression [35-37]. Thus,
Ang-II-induced down-regulation of ACE2 expression eventually leads to
impaired conversion of Ang-II into Ang-(1-7) and further accumulation
of Ang-II and RAS-mediated detrimental effects in a probable positive
feedback cycle. Similar to Ang-II, another vaso-constrictive peptide,
Endothelin-1, also downregulates ACE2 transcription by activating p38
MAP kinase and ERK1/2 pathways in human bronchial epithelial cells
[38] and rat cardiomyocytes [31].

As opposed to Ang-II, Ang-(1-7) and atrial natriuretic peptide (ANP)
do not affect ACE2 expression [33]. However, both peptides counteract
Ang-II-AT1-R-mediated downregulation of ACE2 by inhibiting MAP ki-
nase in kidney tubular cells [39] and activating MAP kinase phosphatase
in rat aortic vascular smooth muscle cells [30], astrocytes [40], car-
diomyocytes [31,41], and in rat [42] but not human mesangial cells
[43]. In addition, Ang-(1-7) and ANP inhibit ADAM17 activity [44,45].

3.2. Apelin

This endogenous peptide is synthesized as a precursor 77 amino acid
pre-pro-peptide and is subsequently cleaved to produce three main
apelin fragments: apelin-36, apelin-17, and apelin-13. The latter can
undergo cyclization of the glutamine at its N terminus to produce
pyroglutamated apelin-13, [Pyrl]apelin-13 [46]. Apelin peptides have
been identified as substrates for ACE2, which cleaves some of these
peptides with similar efficiency as its primary substrate Ang-II [6,47].
Apelin is an inotropic, vasodilator, and cardioprotective peptide that
exhibits beneficial cardiovascular effects through activation of the
G-protein coupled APJ receptor, which, in its transmembrane domains,
shares 54 % sequence similarity with the AT1 receptor. However, it does
not bind Ang-II; instead it negatively regulates Ang-II-mediated adverse
cardiovascular actions [46-48]. Apelin upregulates ACE2 gene tran-
scription in murine heart [49,50], cardiomyocytes and adipose tissue of
diabetic rats [51]. It also promotes vascular repair following
immune-mediated injury [52]. Accordingly, genetic deletion of apelin
causes downregulation of cardiac ACE2 transcription and ACE2 protein
levels, which can be reversed by infusion of apelin, indicating an

[des-arg9]-Bradkini

+ Inflammation
* Vasoconstriction

important regulatory role of apelin in ACE2 gene expression [50,53].
Thus, while Ang-II, endothelin-1 and TGF-f1 downregulate ACE2
expression and promote Ang-Il-related deleterious effects, apelin pep-
tides, ANP, and Ang-(1-7) counteract these effects.

3.3. Kinin-kallikrein system

In addition to the RAS, ACE2 is involved in the regulation of the
kinin-kallikrein system (KKS). The KKS constitutes the precursor kini-
nogen, the proteolytic kallikrein enzymes, effector peptides bradykinin
(BK) and its active metabolite [des-Arg9]-BK (DABK). These peptides
recognize two pharmacologically distinct G protein-coupled receptors:
the B1 receptor, whose main agonist is DABK, and the B2 receptor,
whose ligand is BK [54]. The RAS enzymes ACE and ACE2 degrade BK
and DABK, respectively [1,6]. In addition, Ang-(1-7) produced by ACE2
downregulates ACE activity [55,56] and potentiates BK-induced vaso-
dilatations [57]. Of note, increased bradykinin levels are believed to be
responsible for the dry cough which is a known side effect observed in
some patients treated with ACE inhibitors. Thus, downregulation of
ACE2 activity by disease conditions, such as lung injury and SARS-CoV
infections, may increase DABK levels, and over-activation of Bl re-
ceptors can contribute to the pathogenesis of these diseases. In
endotoxin-induced lung inflammation models, the loss of ACE2 function
leads to accumulation of DABK, activation of Bl receptors, and the
release of proinflammatory chemokines, such as C-X-C motif chemokine
1 and 5, macrophage inflammatory protein-2, and cytokines, such as
TNF-a, from airway epithelia, increasing neutrophil infiltration and
promoting lung inflammation and injury [58]. In addition, vasocon-
strictions induced by DABK can contribute to endotoxin-related disease
pathology [59]. Importantly, B1 receptor expression is upregulated in
disease conditions, and its levels are low under normal circumstances,
whereas B2 is the main constitutive receptor in homeostasis. Interest-
ingly, DABK [60,61] and BK [62], acting through B1 and B2 receptors,
respectively, have been shown to activate ADAM17, the major protease
involved in ACE2 shedding.

4. Enzymatic functions of ACE2 in the central nervous system
4.1. Amyloid-p peptide and Alzheimer disease

In the central nervous system (CNS), both ACE and ACE2 have the
ability to hydrolyze the amyloid-p (Ap) peptide, which plays a key role in
the pathogenesis of Alzheimer disease (AD), for review, see [63]. In the
Japanese population, there is a significant association between the ACE
genotype and AD [64]. This is explained by reduced plaque formation,
the hallmark of AD, due to inhibition of Ap aggregation by ACE [65].
ACE can cleave the amyloidogenic Ap40, thereby reducing its
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aggregation [65], and it can also hydrolyze the more hydrophobic
AB-(1-42) to the less neurotoxic Ap40 form [66]. On the other hand,
ACE2 can efficiently hydrolyze Ap43 (the highly amyloidogenic form of
Ap that seeds plaque formation) to Ap42, which is then further degraded
by ACE to the less toxic Ap40 [3,67]. ACE2 activity is significantly
reduced in the frontal cortex and hypothalamus of OXYS AD rats and in
the mid-frontal cortex of AD patients, which is associated with an
elevated parenchymal Af and tau load [68,69]. In the cerebrospinal
fluid of AD patients, the ACE2 activity is positively correlated with
disease pathology [70]. In addition, ACE2 deficiency causes deteriora-
tion of cognitive functions in ACE2 knockout mice [71]. Conversely,
activation of ACE2 by diminazene aceturate (DIZE) or overexpression of
ACE2 reduces brain Ap pathology, improves the cognitive performance
[72,73] and ameliorates Af-induced inflammatory responses [74,75].

ACE2 is primarily responsible for converting Ang-II to Ang-(1-7).
Ang-(1-7) has been shown to reduce AD-related disease pathologies in
rat [76] and mouse [77] AD models. Decreased Ang-(1-7) levels in the
plasma of AD patients [78] and brain tissue of AD model mice have been
shown, accompanied by an inverse correlation between Ang-(1-7) and
Tau hyper-phosphorylation [79] inducing neurofibrillary tangles,
another histopathological hallmark of AD [63]. In addition, AVE0991, a
nonpeptide analogue of Ang-(1-7), and glycosylated Ang-(1-7) peptide
have been reported to attenuate aging-related neuroinflammation [80]
and cognitive impairment in mouse models [81]. Interestingly, hyper-
cholesterolemia, a known risk factor for AD, and increased oxidized
oxysterols, a result of disturbed cholesterol metabolism in AD patients,
have been shown to upregulate ACE2 expression in rat primary neurons
[82]. Recent studies of the hippocampi of AD patients [83,84] or of AD
mouse models [84] report increased ACE2 protein expression in asso-
ciation with oxidative stress. The role of ACE2 activity in the patho-
genesis of AD has been reviewed recently [85,86].

4.2. Neurogenic hypertension

Hypertension and increased oxidative stress are known causative
factors for neurodegenerative diseases. ACE2 counteracts over-activity
of the RAS and oxidative stress [87] caused by increased Ang-II activ-
ity in the hypothalamus and brain stem and plays a regulatory role in
neurogenic hypertension [23,88,89]. Activation of neuronal AT1-Rs
promotes internalization and degradation of ACE2 and stimulates
ADAM17-mediated ACE2 cleavage [10,33,90]. Indeed, a doubling of
soluble ACE2 in the cerebrospinal fluid of hypertensive patients has
been reported [10]. Overexpression of ACE2 in the brain attenuates
neurogenic hypertension with enhanced brain RAS activity in animal
models [89,91,92]. Similarly, in a number of hypertension models,
reduction in Ang-II-mediated signaling or upregulation of the central
ACE2/Ang-1-7 pathway have been shown to reduce hypertension
through downregulation of sympathetic signaling and increased para-
sympathetic tone [88,89,93].

5. Non-enzymatic functions of ACE2
5.1. Interaction with neutral amino acid transporters

Structurally, ACE2 is a chimeric protein that has emerged from the
duplication of two genes: homology with ACE in the catalytic domain
and homology with collectrin in the transmembrane C-terminal domain
(Table 1). Collectrin (transmembrane protein 27, Tmem?27) is a non-
catalytic protein that shares 48 % identity with the transmembrane
and C-terminus of ACE2. It is expressed in the kidneys, pancreas, and to a
lesser extent in the intestine, liver, heart and stomach [94,95]. Collectrin
plays critical roles in neutral amino acid transport in the kidney, and
p-cell proliferation and insulin exocytosis in the pancreas, but does not
promote SARS-CoV entry [94,96-98]. Gene-targeting studies in mice
indicate that collectrin is an essential regulator of the solute carrier
family 6 (SLC6) of Na'-dependent neutral amino acid transporters in
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proximal tubular epithelial cells of the kidney [94]. The urine samples of
collectrin knockout mice contain excessive amounts of neutral amino
acids, such as tyrosine and phenylalanine [94,99]. Although ACE2 does
not bind to amino acid transporters in the kidneys, it binds to the Broad
neutral (0) amino acid transporter 1 (B°AT1; SLC6A19) in the intestines,
where collectrin is absent, but ACE2 is highly expressed and regulates
the absorption of dietary neutral amino acids [5,100]. B°AT1 is
responsible for the transport of neutral amino acids across the apical
membrane of intestinal and renal tubular epithelia. Mutations in the
B°AT1 gene SLC6A19 lead to Hartnup disease, caused by malabsorption
of tryptophan. Furthermore, ACE2 is necessary for the expression of
human B°AT1 and, therefore, ACE2-knockout animals have reduced
levels of neutral amino acids in the serum and, specifically, display
impaired tryptophan uptake [101]. In this study, ACE2 null mice also
exhibited decreased expression of antimicrobial peptides and showed
altered gut microbial composition, which was restored by tryptophan
administration. The enzymatic activity of ACE2 is not necessary for
pairing with the B°AT1 amino acid transporter [5,101], and other
peptidases, such as aminopeptidase N, also form functional complexes
with B°AT1 [102]. Furthermore, the differential functional association
of mutant B°AT1 transporters with ACE2 and collectrin in the intestine
and the kidneys, respectively, participates in the phenotypic heteroge-
neity of human Hartnup disease [100]. Interestingly, the 3D structure of
the human receptor brought to light a complex architecture in which
two heterodimers, constituting ACE2-B°AT1, form a homodimeric su-
perstructure with a stoichiometry of (ACE2-B°AT1),, and B°AT1 was
proposed to stabilize each single heterodimeric ACE2-B°AT1 complex
[98].

5.2. Interaction with integrins

In addition to neutral amino acid transporters, ACE2 has been shown
to interact with biochemically purified integrin f1 in homogenates of
failing human hearts [103]. Subsequently, it has been demonstrated that
the ectodomain of ACE2 binds to integrin pl and integrin a5 [104],
suggesting that ACE2 may be an integrin substrate. Thus, the cleavage of
ACE2 at the cell membrane, through binding of soluble ACE2 to integ-
rins, can regulate integrin-mediated signaling, modulate cell-extracel-
lular matrix interactions and hence influence cardiac remodeling
processes [3,104]. Interestingly, the spike protein of SARS-CoV-2 con-
tains an integrin binding motif and binds to the a5p1 integrin protein as
well as to the human ACE2-a5p1 complex, facilitating its entry into host
cells [105]. ATN-161, an integrin binding peptide, inhibits the interac-
tion between SARS-CoV-2 and ACE2 and decreases SARS-CoV-2 infec-
tion in Vero-E6 cells [105]. Finally, the most important non-enzymatic
function of ACE2 is acting as an entry receptor for coronaviruses
including SARS-CoV-2 [98].

6. Coronaviruses and ACE2

Currently, seven human coronaviruses (HCoVs) have been described,
all seven having a zoonotic origin from bats, rodents, or domestic ani-
mals [106,107]. Four HCoVs, i.e., HCoV-NL63, HCoV-229E, HCoV-OC43
and HKU1, induce only mild upper respiratory diseases and only occa-
sionally cause severe infections in infants, young children and elderly
individuals. Some of these HCoVs have been known since the 1960s and
are not considered to be highly pathogenic to humans. However, this
concept has changed drastically in 2002 with the outbreak of the severe
acute respiratory syndrome (SARS) in China, caused by SARS-CoV, and a
decade later by Middle East respiratory syndrome coronavirus (MER-
S-CoV), which emerged in Middle Eastern countries [108].

Coronavirus replication is initiated by the binding of the densely
glycosylated trimeric spike (S) protein to cell surface receptors. The S
protein is composed of two functional subunits, S1 for receptor binding
and S2 for membrane fusion (Fig. 2). A specific interaction between S1
and the cognate receptor triggers a drastic conformational change in the
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S2 subunit, leading to the fusion between the virus envelope and the
cellular membrane, followed by release of the nucleocapsid into the
cytoplasm of the host cell [109]. Receptor binding is the major deter-
minant of host range and tissue tropism for a coronavirus. Some HCoVs
have adopted cell surface enzymes as receptors, such as aminopeptidase
N (APN) for HCoV-229E, and dipeptidyl peptidase 4 (DPP4) for
MERS-CoV, while HCoV-OC43 and HCoV-HKU1 use 9-O-acetylated
sialic acid as receptor [106]. SARS-CoV-2, SARS-CoV and HCoV-NL63
use ACE2 as cellular entry receptor [98,110-113]. The ectodomain of
the SARS-CoV-2 S1 protein binds to the peptidase domain of ACE2 with
an affinity of ~14 nM, which is 10- to 20-fold higher than SARS-CoV S
protein binding to ACE2 [114], probably due to amino acid mutations in
the S1 protein [115]. ACE2-binding affinity of the S protein is one of the
most important determinants of SARS-CoV-2 infectivity and disease
severity. While some of the S protein mutations enhance ACE2 binding,
resulting in increased susceptibility and severity of COVID-19, others
can inhibit S protein binding or result in a truncated S1 protein,
conferring a high degree of resistance to infection or reducing the
severity of it [116-118].

7. ACE2 and viral cell entry
7.1. Binding of the S protein to ACE2

On mature viruses, the spike protein is present as a trimer, with three
receptor-binding S1 heads sitting on top of a trimeric membrane fusion
S2 stalk (Fig. 2). SARS-CoV S1 contains a receptor-binding domain
(RBD) that specifically recognizes ACE2 as its receptor [112,119,120].
The RBD can be either in a standing-up state, which enables receptor
binding, or in a lying-down state, which does not bind to the host ACE2
receptor [121,122]. Thus, the RBD constantly switches between a
standing-up position for receptor binding and a lying-down position for
immune evasion [122]. The cryo-electron microscopic structure of the
SARS-CoV-2 spike revealed that its RBD is mostly in the lying-down state
[114,123], whereas in the SARS-CoV spike, the RBD is mostly in the
standing-up state (Fig. 2, inset). It was proposed that, in order to
maintain its high infectivity while keeping its RBD less accessible to
immune surveillance, SARS-CoV-2 mainly relies on host protease acti-
vation [122,124]. Moreover, to fuse membranes, the SARS-CoV spike
needs to be proteolytically activated at the S1/S2 boundary, so that S1
dissociates and S2 undergoes a structural change leading to fusion with
the host cell membrane. Thus, the formation of the ACE2-S1 complex
triggers subtle conformational rearrangements in the S protein, which

(Cathepsin L & Furin)

to the cell membrane. The second route in-
volves binding of the virion-associated trimeric
S protein of SARS-CoV-2 to ACE2. As a result,
the virions are taken up into endosomes, in
which the SARS-S protein is cleaved and acti-
vated by the pH-dependent cysteine protease
cathepsin L and furin. The SARS-S protein can
activate ADAM17, which cleaves ACE2, result-
ing in shedding of ACE2 (soluble ACE2). The
pink ovoid structures at the tip of S1 indicate
the receptor-binding domains (RBDs).
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are believed to increase its sensitivity to proteolytic digestion at the
border between the S1 and S2 subunits [109,125].

7.2. Proteases involved in viral entry

Cleavage of the S protein and the efficiency of viral entry are tightly
controlled by a wide array of host cell proteases. These include lyso-
somal proteases, such as cathepsin L, cathepsin B, and trypsin [126,
127], and cell surface proteases, such as type 2 transmembrane protease
serine 2 (TMPRSS2), human airway trypsin-like protease (HAT), factor
X, elastase, and cysteine protease m-calpain [125,127,128]. Indeed, in
SARS-CoV the expression of proteases provides a 100 to 1000-fold more
efficient infection pathway than receptor-mediated endocytosis [129].
Entries of SARS-CoV [130,131] and SARS-CoV-2 [132] are markedly
enhanced in cell lines expressing TMPRSS2. Camostat mesylate
(NI-03), a TMPRSS2 inhibitor used for the treatment of pancreatitis in
Japan, inhibits SARS-CoV, HCoV-NL63 [133], and SARS-CoV-2 infection
of human lung cells [110]. The structurally similar nafamostat mesylate
inhibits SARS-CoV-2 S-mediated entry with an ECsg in the low nano-
molar range [134,135]. Bromhexine, an over-the-counter mucolytic
cough suppressant, selectively inhibits TMPRSS2 in in vitro studies, with
an ICsp of 0.75 pM [136], suggesting pharmacological utility of this
drug. Recently, co-expression of ACE2 and TMPRSS2 in tissues derived
from the lungs, bronchial branches, and bronchial transient secretory
cells has been described, suggesting to cause high susceptibility of these
cells to SARS-CoV2 infection [137]. Of note, androgen receptor activa-
tion promotes transcription of TMPRSS2, which plays a role in the
pathogenesis of prostate cancer [136], and upregulates the expression of
the ACE2 gene, which is located on the X-chromosome [138]. In fact,
TMPRSS2 is highly expressed in large populations of epithelial cells in
prostate and lungs, as well as colon, small intestine, and kidney, and is
upregulated by androgens [136,139-141] and glucocorticoids [140].
Androgen receptor regulation of TMPRSS2 and ACE2 expression has
been suggested to be linked to a higher prevalence of SARS-CoV,
MERS-CoV [142], and SARS-CoV-2 in the male population [141,143].
Similarly, male mice have been shown to be more susceptible to
SARS-CoV infection than age-matched females [142].

In addition to TMPRSS2, novel furin cleavage sites that are absent in
SARS-CoV have been discovered on the S protein of SARS-CoV-2 [144],
and furin expression has been shown to overlap with the expression of
ACE2 and TMPRSS2 in lung and bronchial cells [137]. It was suggested
that the S1/S2 site in SARS-CoV-2 forms an exposed loop that harbors
furin cleavage sites (Fig. 2) composed of multiple arginine “RRAR”
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residues (multibasic) rather than the single arginine in SARS-CoV [114,
123,124]. Furin, a Ca2+—dependent endopeptidase and a member of the
proprotein convertase family (proprotein convertase subtilisin/kexin
type 3), accumulates mainly in the trans-Golgi network. It can be further
transported to the cell surface and back via the endosomal pathway
[145], or its catalytic domain can be shed and released into the extra-
cellular space. Thus, furin can cleave the SARS-CoV-2 spike protein in
the Golgi compartment, as well as in the extracellular fluid. Notably,
circulating levels of furin are elevated in patients with diabetes [146],
suggesting that increased mortality and delayed recovery of diabetic
COVID-19 patients may be linked to elevated furin levels. Inhibition of
expression or proteolytic activity of furin is a conceivable approach to
reduce SARS-CoV-2 infection. In this context, nanomolar concentrations
of a peptide designed from the furin cleavage sequence of the avian
influenza A H5N1 virus provide protection against infection by several
furin-dependent pathogens [147]. Recently, two furin inhibitors,
chloromethylketone and naphthofluorescein, were reported to show
antiviral effects in SARS-CoV-2-infected cells by decreasing viral pro-
duction and cytopathic effects [148].

Entry of SARS-CoV through clathrin-dependent [149] and indepen-
dent [150] endocytosis is facilitated by proteases [125]. It has recently
been shown that entry of SARS-CoV-2 pseudovirions is blocked by
lysosomotropic agents, ammonia chloride and bafilomycin A, indicating
that the SARS-CoV-2 S protein is internalized mainly by a cathe-
psin-L-mediated endocytic mechanism [151]. Similarly, ammonium
chloride, an endosomal pH modulator that blocks cathepsin B and L
activity, strongly inhibits SARS-CoV-2 entry into HEK-293T cells [110],
further suggesting that SARS-CoV-2 employs endosomal pathways. In
addition, non-endosomal direct fusion mechanisms, activated by cell
membrane proteases, are involved [127,152,153]. Thus, there are two
pathways for SARS-CoV entry into the target cell (Fig. 2): endocytosis
and fusion of the viral membrane with the membrane of the target cell,
which is at least two-orders more efficient than endocytosis [129].

8. Factors influencing ACE2-viral interaction
8.1. Enzymatic activity

SARS-CoV binding does not interfere with the enzymatic activity of
ACE2, nor does the enzymatic activity of ACE2 play any role in SARS-
CoV entry [109,112,120]. Accordingly, cells expressing catalytically
inactive mutants of ACE2 are still infected with SARS-CoV, further
indicating that the peptidase actions of ACE2 are not necessary for the
entrance of SARS-CoV into host cells [4,112,120]. In line with these
findings, the SARS-CoV S protein does not attenuate hydrolysis of Ang-1I
to Ang-(1-7) by soluble ACE2; thus it is unlikely that Ang-II or other
peptide substrates would directly interfere with SAR-CoV-2 binding and
internalization [17]. However, a novel ACE2 inhibitor, N-(2-amino-
ethyD)-1 aziridine-ethanamine, was found to be effective in blocking the
SARS-CoV S protein-mediated cell fusion [154]. In addition, high af-
finity binding of SARS-CoV-2 spike protein was recently reported to
enhance ACE2 carboxypeptidase activity [155].

8.2. Cytoplasmic domain

The role of the cytoplasmic domain of ACE2 in regulating the activity
and SARS-CoV entrance appears to vary depending on experimental
conditions [7]. Large deletions in the ACE2 cytoplasmic tail did not
modulate its expression and receptor function in HEK-293T cells, nor did
they alter SARS-CoV entrance into COS-7 cells [149,156]. This argues
against a significant role of the ACE2 cytoplasmic domain in mediating
SARS-CoV S-driven infection. On the other hand, a deletion of the
cytoplasmic domain of ACE2 resulted in a marked increase in the
constitutive release of soluble ACE2 [157]. In another study, although a
deletion of the cytoplasmic domain did not affect PMA (Phorbol myr-
istate acetate, a specific activator of protein kinase C)-stimulated
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shedding of ACE2, it abolished the shedding induced by the spike pro-
tein of SARS-CoV and inhibited SARS-CoV entry into HEK-293T cells
[158]. This suggests a role of the ACE2 cytoplasmic domain in SARS-CoV
infection and in the concomitant ACE2 shedding caused by the
SARS-CoV S protein.

8.3. Receptor expression levels

Several lines of evidence suggest that the entry of SARS-CoV is
directly correlated with ACE2 expression. Studies of human pulmonary
cell lines (A549) indicate that the infection and replication efficacy of
SARS-CoV-2 is correlated with ACE2 expression levels [159]. Natural
mutations, such as Y217 N, alter ACE2 expression and entry efficiency.
Moreover, an introduction of the Y217 N mutation into human ACE2
causes downregulation of ACE2 expression and reduced viral entry ef-
ficiency [160]. In addition, a higher ACE2 expression is correlated with
higher pseudotype SARS-CoV-2 and SARS-CoV viral infectivity, sug-
gesting that increased ACE2 levels may predispose individuals to
SARS-CoV-2 transmission [151,156,161,162]. Specifically, upregula-
tion of ACE2 expression by various drugs especially by RAS inhibitors
has been suggested to increase SARS-CoV-2 replication and suscepti-
bility to viral infection (recently reviewed [163]). Surprisingly, trans-
genic mice overexpressing human (h) DPP4, an entry receptor for
MERS-CoV [106], exhibited relative resistance to MERS-CoV infection,
exemplified by decreased lung inflammation and reduced rates of
mortality [164]. Intriguingly, these hDPP4 transgenic mice with higher
levels of hDPP4 expression also exhibited increased circulating levels of
soluble DPP4; and administration of recombinant soluble DPP4 atten-
uated lung histopathology and reduced the titers of virus recovered from
lung tissue [164].

9. Regulation of ACE2 expression during viral infection and lung
injury

Binding of both SARS-CoV and SARS-CoV-2 to ACE2 leads to
downregulation of ACE2 expression on the cell surface [112,165-168].
This is due to endocytosis of ACE2 bound to the virus and decreased
ACE2 transcription in the host cell [149,150,166,169,170]. In addition,
non-endocytotic internalization of the SARS-CoV-ACE2 complex,
involving the cleavage of the ACE2 ectodomain by cell protease
TMPRSS2 [152,171], causes further downregulation of ACE2 on the host
cell surface. Thus, TMPRSS2 facilitates SARS-CoV infection via two in-
dependent mechanisms: 1. cleavage of the SARS-S protein, which acti-
vates the S protein for membrane fusion, as described above, and 2.
cleavage of ACE2, which might also promote viral uptake through the
cathepsin L-dependent pathway [152]. Binding of SARS-CoV to ACE2
stimulates ADAM17, which induces shedding of the ACE2 ectodomain
and results in loss of ACE2 in the host cell membrane [158]. Subse-
quently, it was shown for SARS-CoV that only TMPRSS2-induced
shedding promotes viral infection [152], although both ADAM17 and
TMPRSS2 compete for ACE2 processing. If this pathway were also to
prove functional in SARS-CoV-2, then it could be assumed that disrup-
tion of ADAM17 cleavage increases membrane-bound ACE2 and thereby
enhances SARS-CoV-2 infection, whereas disruption of TMPRSS2 may
be protective. The interplay between TMPRSS2, ADAM17 and ACE2 in
COVID-19 has recently been discussed by Zipeto et al. [172]. Further-
more, some pro-inflammatory cytokines produced during SARS-CoV
infection, including TNF, IFN-B, IL-1p, IL-6, and IL-4 [173-176], have
been shown to downregulate ACE2 expression [35,177,178].

Downregulation of the entry receptor is not unique to SARS-CoV,
other viruses can downregulate their cell entry receptors as well [179,
180]. Interestingly, other viruses, such as influenza A subtype HIN1
[181], not using ACE2 as entry receptor, can also downregulate cellular
ACE2 levels. In addition, lung injuries induced by different pathogenic
factors are associated with downregulation of pulmonary ACE2
expression. Accordingly, lung injuries induced by ventilator [182,183],



M. Oz and D.E. Lorke

acid aspiration [184], ischemia-reperfusion [185], and lipopolysaccha-
ride administration [186,187] as well as disease models of pulmonary
hypertension [188,189], silicosis [190], asthma [191], and chronic
obstructive pulmonary disease [192] are associated with down-
regulation of pulmonary ACE2 expression. Thus, it is possible that
downregulation of ACE2 after viral infections can be related to viral
invasion and tissue injury, rather than a direct consequence of
ACE2-dependent replication in lung epithelium. In addition, factors
such as cell proliferation and differentiation also modulate ACE2
expression. For example, cell proliferation alone has been shown to
downregulate ACE2 expression in a cell cycle-dependent manner [193].
The state of cell differentiation has also been shown to modulate ACE2
expression in epithelial cells [161], in embryonic stem cells and in mice
of different age groups [194]. Thus, cellular factors other than
SARS-CoV-2 replication may also lead to decreased ACE2 levels and lung
pathology. Interestingly, HCoV-NL63, like SARS-CoV-2, utilizes ACE2
for cellular entry [111], but is not associated with a severe disease pa-
thology and causes mostly mild to moderate respiratory infections in
children. The S protein of HCoV-NL63 exhibits a reduced affinity for
ACE2 compared to SARS-CoV [195], and cleavage by host cell proteases
seems to be different for infectious host cell entry of SARS-CoV [196]
and HCoV-NL63 [197]. In addition, it has been proposed that
HCoV-NL63 does not induce ACE2 shedding [158], while SARS-CoV
activates ADAM17 and promotes the shedding of the ACE2 ectodo-
main, which may contribute to the differential pathogenicity of these
viruses.

10. Low levels of lung expression of ACE2 and accessory
proteins proposed for viral entry

10.1. Tissue-specific ACE2 expression

Initial studies identified small intestine, colon, duodenum, kidney,
testis, and gallbladder as the main organs expressing ACE2 [198].
Recent investigations indicate a more widespread expression of ACE2;
including alveolar type II cells and bronchial cells of the lungs, oral and
nasal mucosa, arterial smooth muscle cells, epithelial cells of the
esophagus, absorptive enterocytes from the ileum and colon, as well as
heart, liver, pancreas, kidneys, and brain [199,200]. Although, the
respiratory system is not a prominent ACE2-expressing organ, such as
the intestines and kidneys, due to the air-born nature of the virus,
mucosal cells of the upper respiratory tract and bronchial cells of the
lower respiratory tract have been suggested as main target regions for
viral replication. Compared to intestines and kidneys, the expression of
ACE2 is more than two orders of magnitude lower in the lungs of rodents
[201] and humans [200], and a small fraction (1 %<) of alveolar type 2
cells expresses ACE2 [202-206].

Interestingly, recent investigations studying ACE2 expression in the
respiratory system indicate that ACE2 is highly expressed in the nasal
epithelium, that its expression decreases to medium levels in the
epithelium of the small airways and that it cannot be detected in alveolar
macrophages [207]. In agreement with this study, a gradient of
decreasing ACE2 expression from nasal to intrapulmonary bronchial
regions was reported [208]. Notably, progressively reduced amounts of
ACE2 expression were observed in the lower airway regions, culmi-
nating in minimal amounts in the alveolar region [205,208]. Thus, it
was suggested that, due to scarce ACE2 expression, SARS-CoV-2 shows
limited ability to propagate in the human alveolar compartment and
that lung injury in COVID-19 most likely results from an immune acti-
vation rather than direct viral damage of the alveolar compartment
[205].

10.2. Interferons

Several studies have been able to demonstrate that interferons (IFNs)
[209-214] and some proinflammatory cytokines [215-218] upregulate
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ACE2 mRNA and protein expression in cell lines and lung tissue. Thus, it
was proposed that, after an initial downregulation due to virus binding
to ACE2, the host immune response to SARS-CoV-2 infections might
consist of an IFN-driven upregulation of ACE2, leading to an increase in
the number of respiratory epithelial cells susceptible to SARS-CoV-2
infection. This could potentially explain the entry of SARS-CoV-2 into
the respiratory tract via ACE2 receptors, despite low ACE2 expression in
healthy individuals [204]. However, the opposite is also conceivable:
upregulation of ACE2 as an IFN-stimulated gene may counteract viral
infection, which is in line with the anti-inflammatory and protective
functions of ACE2 in ARDS [210]. In agreement with these findings,
upregulation of ACE2 expression after rhinovirus [219], human respi-
ratory viruses [212], upper respiratory tract infections [220], and
SARS-CoV-2 infections has been reported in vivo, in vitro and post mortem
in pulmonary [210,221-223] and renal tubular [37] epithelial cells.
Upregulation could also be demonstrated in broncho-alveolar lavage
samples [224] and peripheral blood monocytes [225] of COVID-19 pa-
tients [226] as well as in lung tissue of SARS-CoV-2-infected mice [227].

A new perspective is added by a recent study demonstrating that IFN
does not stimulate the ACE2 gene, but instead the gene of a novel
primate-specific isoform of ACE2, which is non-functional as a
carboxypeptidase and does not mediate binding of the SARS-CoV-2 spike
protein [228]. In addition, another short isoform of ACE2 expressed in
the airway epithelium was also found to be upregulated by IFN stimu-
lation and by infection with rhinovirus, but not with SARS-CoV-2 [229,
230]. Furthermore, COVID-19 displays a profile of early IFN inhibition
[231], and IFNs may not be significantly induced or even inhibited by
SARS-CoV-2 in the lungs, thus possibly hindering the pattern of ACE2
upregulation during host antiviral response [232,233]. In line with these
findings, in nasopharyngeal swabs of COVID-19 patients, decreased
soluble ACE2 activity and ACE2 gene expression but increased expres-
sion of IFN stimulation genes were reported [234], suggesting the ex-
istence of IFN-independent mechanisms whereby SARS-CoV-2
suppresses ACE2 expression and function. Overall, the role of IFN
stimulation of ACE2 expression in the pathogenesis of COVID-19 related
lung injury is currently still a matter of debate.

Another factor that may influence ACE2 expression in COVID-19 is
sirtuin 1 (SIRT1). The expression of SIRT1 was reported to be upregu-
lated in the lungs of COVID-19 patients with comorbidities [235]. SIRT1
is expressed next to the promotor region of the ACE2 gene. Hence, an
increased expression or enhanced functional activation of SIRT1 is
associated with an increased ACE2 expression [236].

10.3. Alternative attachment sites

In addition to ACE2, other receptors and membrane proteins are also
involved in SARS-CoV-2 tropism. Earlier studies found that human
adenocarcinoma cell lines [237], HEK-293T cells [238], and endothelial
cells [239] expressing high levels of ACE2, are not permissive to
SARS-CoV infection. Similarly, secretory MUC5B club cells of the res-
piratory tract were not infected with SARS-CoV-2 in vitro or in vivo,
despite detectable ACE2 expression [208]. Conversely, human neuronal
cell lines [240], A549 human lung-derived cell lines [159], and some
other lung cells [241] that express ACE2 at undetectable levels are
susceptible to SARS-CoV or CoV-2 infection. Thus, in addition to ACE2,
several other membrane components have been proposed to function as
co-receptors or attachment sites for SARS-CoV and SARS-CoV-2. These
include Cluster of Differentiation 147 (CD147), also known as Basigin
(BSG) [242-245], Dendritic Cell-Specific Intercellular adhesion
molecule-3-Grabbing Non-integrin (DC-SIGN), also known as Cluster of
Differentiation 209 (CD209) [246-251], Neuropilin-1 [252,253], gly-
cosaminoglycans [254], heparan sulphate [255], and kidney injury
molecule-1 [256]. Interestingly, in reconstituted lipid membranes
devoid of ACE2, binding of the S1 subunit of SARS-CoV-2 spike protein
to neutral phospholipid membranes and liposomes was reported to
cause mechanical destabilization and membrane permeabilization in a
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receptor-independent manner [257].

11. The roles of ACE2 and angiotensin II in coronavirus-induced
lung pathology

11.1. Acute respiratory distress syndrome (ARDS)

Although the majority of COVID-19 cases are considered mild, a
subset of patients develops severe respiratory symptoms due to acute,
diffuse inflammatory lung injury, increased pulmonary vascular
permeability, and an accumulation of protein-rich fluid and inflamma-
tory cells within the alveoli. This triggers various immune cells, e.g.,
macrophages and neutrophils, to release a large number of inflamma-
tory factors. As a result, the disease rapidly progresses to ARDS and
multi-organ failure. ARDS is the clinical presentation of acute lung
injury; it is defined by the presence of bilateral opacities in chest im-
aging, non-cardiogenic pulmonary edema, acute hypoxemia, reduced
lung compliance, compromised arterial oxygenation, and pulmonary
hypertension [258]. The RAS, along with the KKS regulates several
pathophysiological events in the body, including vascular and pulmo-
nary pressure, inflammation, fibrosis, and coagulation [258,259]. In the
lungs, Ang-II is able to induce bronchoconstriction, vasoconstriction,
fibroproliferation, cytokine expression, and cell apoptosis, thus pro-
moting tissue injury. As a negative regulator of Ang-II, ACE2 has been
reported to protect the lungs from injury [258,260].

11.2. ACE2

Decreased pulmonary ACE2 activity, due to ACE2-downregulation
induced by SARS-CoV-2 replication, has been proposed as the main
mechanism driving lung pathology in COVID-19. Preclinical studies in
mice infected with respiratory syncytial virus [261] or avian H5N1
influenza [262] suggest that restoration of ACE2 by administration of
recombinant ACE2 reverses the exacerbated lung injury. In a random-
ized, double blinded study of piglets with lipopolysaccharide-induced
ARDS, plasma Ang-II levels increased significantly by lipopolysaccha-
ride infusion. Conversely, treatment with recombinant human ACE2
decreased Ang-II levels and attenuated arterial hypoxemia, pulmonary
hypertension, and redistribution of pulmonary blood flow [263].
Accordingly, downregulation of ACE2 was shown to play a role in the
pathogenesis of acute lung injury induced by influenza viruses, such as
H7NO9 [264] and H5N1 [262]. Moreover, in three different ARDS models
not related to viral replication (acid-aspiration-induced, endotoxin
induced, and peritoneal sepsis-induced ARDS), ACE2 knockout mice
show a more severe disease pathology, compared with wild-type mice;
and treatment with soluble recombinant ACE2 protein improves the
symptoms [4,96,184]. In addition, among three coronaviruses causing
SARS-like pathologies in humans, MERS-CoV uses dipeptidyl peptidase
4 (DPP4), but not ACE2 [106], indicating that, although ACE2 is needed
for viral entry, it is not a prerequisite for SARS pathogenesis. Conversely,
as mentioned earlier, HCoV-NL63 utilizes ACE2 for cellular entry [111]
and downregulates ACE2 expression [179], but is usually not associated
with SARS in humans.

11.3. Angiotensin-II

Increased Ang-II levels due to down-regulation of pulmonary ACE2
expression induced by SARS-CoV-2 has been proposed to play a central
role in the pathogenesis of ARDS observed in COVID-19 [265]. However,
in line with the findings of low ACE2 expression, the enzymatic activity
of ACE2 in lungs is considerably low, and most of Ang-II conversion to
Ang-(1-7) in pulmonary tissue is carried out by peptidases other than
ACE2, e.g., prolyloligopeptidase, whereas Ang-(1-7) formation in the
kidneys is mainly ACE2-dependent [266]. It is conceivable that ACE2
also influences ARDS pathogenesis through its impact upon Ang-IL.
Although it is not clear how the low levels of ACE2 expression in the
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lungs can counteract Ang-II-dependent pathologies and play an impor-
tant role in SARS-CoV pathogenesis, the production of Ang-II has been
shown to be up-regulated in certain pathological conditions. Increased
plasma Ang-II levels, due to downregulation of ACE2, were associated
with disease severity and predicted a fatal outcome in H7N9 patients
[267]. Similar findings were reported for patients with ARDS of
miscellaneous causes [268] or with sepsis [269], and for children
infected with respiratory syncytial virus [261]. In a recent study, plasma
Ang-I and Ang-(1-7) levels were found to be decreased in COVID-19
patients [270], suggesting a decreased ACE2 activity. In addition,
small cohorts of COVID-19 patients showed increased levels of circu-
lating Ang-II, correlating with viral load and pulmonary function [271],
with disease severity [272,273] and with endothelial dysfunction [274].
In small cohorts of COVID-19 patients with acute kidney injury [275] or
severe clinical conditions [276], increased plasma renin and aldosterone
levels have also been reported. However, another study found no change
in plasma Ang-II levels in COVID-19 patients [277], and plasma con-
centrations of Ang-II, and aldosterone did not differ between the
SARS-CoV-2 positive and the control group [278]. In addition, in post-
mortem lung examinations of two severe and critically ill COVID-19
patients, the ACE2 protein levels were up-regulated, compared to the
adjacent normal lung tissue [279]. In other recent studies, neither down-
nor upregulation of ACE2 was observed in human cell lines infected with
SARS-CoV-2 [228,229,280]. In COVID-19 patients, plasma levels and
enzymatic activity of ACE2 were found increased [281,282] or not
altered [278,283,284]. On the other hand, plasma levels of DPP4, the
entry receptor for MERS-CoV, were reported to be decreased in
COVID-19 patients [285] and in patients infected with MERS-CoV [286].
Interestingly, in small cohorts of COVID-19 patients, Ang-II has been
used to treat COVID-19-induced vasodilatory shock [287-289].

Importantly, genetic deletion of ACE2 does not cause a significant
change in circulating and tissue Ang-II levels and does not alter blood
pressure [290-293]. Similarly, administrations of Ang-(1-7) and ACE2,
even at high concentrations, did not affect blood pressure or heart rate in
mice [294] or humans [295]. In line with these findings, increased
serum ACE2 levels were not associated with changes in Ang-II levels in
heart failure patients [296]. However, in a pilot study examining a small
cohort of ARDS patients, plasma Ang-II levels were decreased after
treatment with recombinant human ACE2, but no improvement in lung
oxygenation and organ failure index was observed [297]. In addition, in
a recent case study, human recombinant ACE2 markedly decreased
plasma Ang-II and proinflammatory cytokines, increased Ang-(1-7)
levels, and profoundly decreased viral load in plasma and nasopharyn-
geal swabs [298]. Thus, the role of pulmonary ACE2 downregulation in
the case of increased Ang-II levels warrants further in vivo and in vitro
studies.

11.4. Hypoxia and ACE

Lung disorders, such as ARDS and COPD, are known to be associated
with hypoxia. Elevation of hypoxia-inducible factor-1o (HIF-1a) during
hypoxic lung pathologies has been shown to increase ACE expression,
but to decrease ACE2 levels [299] via expression of the microRNA let-7b
[3001, which potentially leads to elevated pulmonary Ang-II levels. As
mentioned earlier, ACE and ACE2 are the two key regulators of the
Ang-1I level in the circulation. The interaction between ACE and ACE2
appears to be reciprocal, with one being downregulated, while the other
one is upregulated [29]. Consequently, disease conditions associated
with excessive Ang-II levels are usually linked to increased tissue or
plasma ACE activity and decreased ACE2 expression.

ACE gene polymorphism, characterized by an insertion (I) or dele-
tion (D) of a 287-bp Alu repeat DNA sequence in intron 16 of the ACE
gene, influences circulating and tissue ACE levels. It determines nearly
half of the serum ACE level variability in the general population [301],
and the D allele is associated with markedly higher ACE activity than the
I genotype. The majority of evidence supports a relationship of ACE I/D
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polymorphism and clinical outcome of ARDS [302-304]. ACE I/D
polymorphism appears to be also associated with the severity of ARDS in
patients infected with SARS-CoV or SARS-CoV-2 [135,302,303,
305-307]. Analysis of patient cohorts infected with SARS-CoV and
SARS-CoV-2 suggests that polymorphism in ACE2 is not associated with
the clinical outcome of ARDS [305,308,309].

11.5. Species aspect

Most of the experimental data suggesting that ACE2 plays a role in
SARS pathogenesis originate from rodent experiments. However,
neither SARS-CoV nor SARS-CoV-2 does replicate efficiently in rodents,
and exposures to these viruses does not cause SARS-like fatal pulmonary
pathologies in these animals [115,310-312]. Thus, it is difficult to
extrapolate mechanisms of SARS-CoV S protein-induced lung pathol-
ogies observed in earlier studies using ACE2 knockout mice [4,96,165].
Transgenic mouse models expressing human ACE2 have been developed
[239,311]. Although severe disease pathology and lethality were
demonstrated in some of these models [313-315], in other transgenic
models, animals did not develop a clinical disease that is reproducible
and equivalent in severity to that observed in COVID-19 patients [241,
311,316].

12. Pharmacology of ACE2 and ACE2 related antiviral
treatments

Regulation of ACE2 activity has important implications in several
disease pathologies, mainly because it degrades the vasoconstrictive,
oxidative, and proinflammatory Ang-II, and produces the oppositely
acting Ang-(1-7). Genetic deletion or pharmacological inhibition of
ACE2 potentiates hypertension induced by exogenous Ang-II and ac-
celerates cardiovascular pathologies, renal injury and vascular compli-
cations in diabetes mellitus [25,27,317]. Conversely, ACE2
overexpression increases the antihypertensive components of the RAS
(Ang-(1-7), MasR, and AT2-R), decreases plasma Ang-II levels and re-
duces blood pressure. It also improves cardiac function and alleviates
diabetic complications [27,317,318].

Several synthetic ACE2 inhibitors, such as DX600 [319], MLN-4760
(GL1001) [320,321], and N-(2-aminoethyl)-1 aziridine-ethanamine
[154] have been identified. DX600 is a 26-amino acid peptide with
nM range affinity for ACE2 [319]. It was reported that rodent ACE2 (ICs5p
=7 uM) has a lower sensitivity to inhibition by DX600 than human (ICsq
= 90 nM) ACE2 [322]. In another study, MLN-4760 inhibited both
human and mouse ACE2, whereas DX600 only blocked human ACE2
activity [323], indicating species and cell type dependent effects of these
drugs [324].

Due to the central role of ACE2 in the RAS, upregulation, rather than
downregulation of ACE2 activity constitutes an important treatment
option. Strategies to increase ACE2 activity include viral ACE2 over-
expression, human recombinant ACE2 (hrACE2), and ACE2 activators
[317]. Soluble hrACE2 lowers Ang-II-induced blood pressure, increases
cardioprotection [325], decreases inflammatory response and lung
injury, and attenuates the progression of diabetic nephropathy in animal
models without significant side effects [317,318]. Importantly, the
administration of soluble recombinant ACE2 does not affect ACE2 ac-
tivities at the tissue level [294]. Thus, it is likely that the beneficial ef-
fects of soluble ACE2 reported in in vivo models are possibly due to an
increased ACE2 activity in the circulation rather than in the tissue.

Interest in ACE2 as a therapeutic target has led to the synthesis of
small molecule ACE2 activators, including xanthenone (XNT), resor-
cinolnaphthalein [326], the anti-trypanosomal drug diminazene acetu-
rate (DIZE), hydroxyzine, and chlorprothixene [327]. Interestingly, the
antihypertensive effects of XNT and DIZE persist in ACE2 knockout mice
and, notably, it has been reported that Ang-II degradation in vitro and ex
vivo was unaffected by XNT and DIZE, suggesting that these compounds
may have ACE2-independent actions [328]. However, it should also be
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noted that XNT and DIZE have been reported to cause a significant in-
crease in ACE2 mRNA expression [329-331]. Currently, there is no
clinically used ACE2-based therapeutic agent; however, preclinical
studies and clinical trials are continuing [25,317,332]. Several natural
products, including flavonoids, e.g., apigenin, quercetin, baicalin and
epigallocatechin, and anthraquinones, e.g., emodin (for a review [333]),
and geranium and lemon essential oils [334] were reported to inhibit
ACE2 activity in in vitro assays. Nicotianamine, isolated from soybean,
was described to be a potent inhibitor of human ACE2 with an ICs( of 84
nM [335]. Recently, it was found that organosulfur compounds, such as
allyl disulfide and allyl trisulfide found in garlic, interact strongly with
human ACE2 and the main protease PDB6LU7 of SARS-CoV [336].

Prevention of SARS-CoV-2 S protein-ACE2 interaction and subse-
quent viral infectivity is an important treatment strategy [337]. In
earlier studies, soluble ACE2 was able to block the replication of
SARS-CoV in HEK-293T cells [112]. Recombinant soluble human ACE2
alone [338] or fused to the Fc region of the human immunoglobulin
IgG1 to increase the short half-life of soluble ACE2 [339-341] have been
shown to inhibit SARS-CoV-2 infection and enhance efficacy of other
antiviral drugs [342] in cell lines, engineered human blood vessels and
kidney organoids. Recently, peptides mimicking the N-terminal helix
of the human ACE2 protein, which contains most of the residues con-
tacting with the S protein-binding site, were shown to block SARS-CoV-2
infection of human pulmonary cells with ICsg values in the range of
60-800 nM [343]. Similarly, trimeric ACE2 proteins [344], decoy ACE2
based proteins [345] or ACE2 peptides optimized to SARS-CoV-2 S
protein-binding regions using protein-engineering methods [346]
potently bound to S protein and inhibited SARS-CoV-2 infection at low
nM concentrations in cell lines and in in vivo experiments [346]. In other
studies, fusion proteins consisting of immunoglobulin Fc protein and
ACE2 effectively blocked SARS-CoV-2 infection at nM concentrations in
HEK-293T cells [347,348].

In earlier studies, immunoglobulin G from the sera of infected pa-
tients inhibited ACE2 binding of the S protein and SARS-CoV replication
[349]. Monoclonal antibodies from recovered COVID-19 patients
[350-354] or raised in immunized mice [355] specifically bind to
SARS-CoV-2, block the interaction between the SARS-CoV-2 S protein
and the ACE2 receptor and neutralize SARS-CoV-2 infection. Chloro-
quine and hydroxychloroquine, in addition to their pH elevating effects
in endosomes, bind to ACE2 [356], impair the terminal glycosylation of
ACE2 [357] and inhibit SARS-CoV [358,359] and SARS-CoV-2 replica-
tions [360], and the entrance of SARS-CoV-2 spike protein into ACE2
expressing cell lines [356]. Emodin, an anthraquinone compound found
in various Chinese herbs, has been shown to inhibit the interaction of the
SARS-CoV S protein with its receptor ACE2 in a dose-dependent manner
[361]. TAPI-2, an inhibitor of TNF-a converting enzyme (ADAM17),
blocks SARS-CoV S protein-induced shedding of ACE2 and inhibits
SARS-CoV cell entry [362].

13. Conclusions

In summary, ACE2 is a multifunctional protein with enzymatic as
well as nonenzymatic functions. Within the RAS, ACE2 has an important
regulatory role in counteracting the deleterious effects of the Ang-II/
ACE/AT1 receptor axis on cardiovascular and metabolic events. Be-
sides the RAS, the enzymatic functions of ACE2 extend to the apelin and
kinin-kallikrein systems, as well as amyloid-f peptides. Hence, new
strategies to enhance the enzymatic activities of ACE2 through its
transcriptional regulation, pharmacological activation of its catalytic
function, or administration of the recombinant protein could provide
new treatment options for cardiovascular diseases, diabetes and acute
lung injury, as well as CNS disorders, such as AD or neurogenic
hypertension.

The nonenzymatic functions of ACE2 include its role as chaperone
protein for the amino acid transporter B°AT1 in the enteric system and
its participation as entry receptor in coronavirus infections. While tissue
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expression levels of ACE2, together with host cell proteases, are critical
in determining coronavirus tropism and resulting pathological outcome,
its enzymatic role in the pathogenesis of ARDS observed in COVID-19
require further in vivo and in vitro investigations. Soluble ACE2 may
act as a competitive interceptor of SARS-CoV-2 by preventing binding of
the viral particle to surface-bound, full-length ACE2. Recently, nasal
spray application [363] or systemic administration [330] of soluble
ACE2 has been suggested for the treatment of COVID-19. Since plasma
Ang-(1-7) levels were found to be reduced in a small cohort of COVID-19
patients [270], administration of soluble recombinant human ACE2
proteins may be beneficial as a novel biological therapeutic to limit or
even combat the progression of an infection caused by coronaviruses
that utilize ACE2 as a receptor. Interestingly, although three of the four
known protein receptors for coronaviruses are peptidases (ACE2, APN,
and DPP4), the enzymatic activities of these receptors are not a pre-
requisite for coronavirus entry. Considering the crucial role of ACE2 in
coronavirus infections, much still remains to be explored in terms of the
basic aspects of ACE2 cellular function and its regulation in health and
disease conditions.
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