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Abstract: The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) causes Coronavirus Disease 2019
(COVID-19), one of the deadliest medical difficulties to affect people in more than a century. The virus has now
spread to many countries worldwide, posing a big challenge to the health status of people in affected populations.
Gaining more knowledge about the different aspects of this virus will lead us to better control and treatment meth-
ods. In this paper, we discuss the SARS-CoV-2 structure and the mechanism of this virus’s entry into host cells
through angiotensin-converting enzyme 2 (ACE2), the main receptor for the SARS-CoV-2 virus. The main connec-
tion between SARS-CoV-2 and ACE2 is Spike protein. Other topics are also included, like ACE2 structure, functions,
and physiology. For instance, ACE2 is involved in the renin-angiotensin-aldosterone system, Angiotensin A/ACE2/
Alamandine/MAS-Related GPCR D (MrgD) Axis, the Kinin-Kallikrein System. It also acts as Chaperone Protein for
the Amino Acid Transporter, BOAT1, and has a connection with Apelin Peptides. Since ACE2 plays a primary role in
COVID-19 pathogenesis, scientists have discovered some SARS-CoV-2 therapy methods based on ACE2 targeting.
Tissue expression in different genders and ages, polymorphisms, and host epigenetics, the role of ACE2 in hyperten-
sion, and cytokine storm are explained separately.

Keywords: Angiotensin-converting enzyme 2, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), coro-
navirus disease 2019 (COVID-19), pathophysiology, renin-angiotensin-aldosterone system (RAAS), treatment

Introduction have the necessary conditions to become a
pandemic [4]. This novel coronavirus infection
in general mentioned as COVID-19, has been
distributed quickly over the globe because of
its high transmissibility [5, 6]. On March 11,
2020, the World Health Organization confirmed

Covid-19 as a pandemic [7]. According to the

Coronaviruses are a wide range of viruses that
can pass on a disease to a variety of animals
while causing respiratory illnesses in humans
with different levels of severity. Two highly
pathogenic coronaviruses with a zoonotic ori-

gin, inclusive of SARS-CoV and MERS-CoV
(Middle East respiratory syndrome coronavi-
rus), separately appeared in humans and cre-
ated lethal respiratory disease in 2002 and
2012, bringing coronaviruses to the center of
attention of public health in the 215t century [1].
A new coronavirus was discovered in the respi-
ratory epithelium of patients with unknown
pneumonia in December 2019 [2, 3]. Resear-
chers have recently come to the conclusion
that SARS-CoV was seen weeks or even mon-
ths before Wuhan in different areas, including
Europe. However, for months before Wuhan,
this new virus was dormant because it did not

PubMed database, more than 200,000 articles
have been written on the issue of COVID-19
until now. Based on WHO reports, the overall
number of confirmed cases and mortality till
now-March 30, 2022-is about 480 M and 6.1
M, respectively. As the number of verified infec-
tions and deaths continues to rise daily, we
must learn more about virus transmission
mechanisms and epidemiology [8].

After an incubation period of about 5.2 days,
COVID-19 infection symptoms arise. Fever, cou-
gh, and exhaustion are among the symptoms,
while sputum production, headache, haemopty-
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sis, diarrhea, dyspnea, and lymphopenia are
also present [9-13]. Viral infections rely on the
virus entering the cell and using the host cells’
replication machinery to produce numerous
viral copies, which are then excreted by the cell
[14]. SARS-CoV consists of 4 structural prote-
ins including nucleocapsid (N), membrane (M),
envelope (E) and spike (S) proteins together
with 16 nonstructural proteins and 5-8 acces-
sory proteins. Attachment to the host cell mem-
brane and fusion - carried out by glycoprotein
S. The N protein is packaged into the viral
genomic RNA within the virion, and the struc-
tural proteins S, E, and M are incorporated into
the virion membrane. E and M proteins assist
virus gathering and budding by interacting with
other viral proteins [15, 16]. Cell entrance
receptors are unquestionably important in
determining virus tropism and altering the
severity of infection [17]. Various host cell
receptors are used by SARS-CoV proteins to
enter host cells including Integrins, angioten-
sin-converting enzyme 2 (ACE2), sialic acid
receptor, dipeptidyl peptidase 4 (DPP4), and
glucose-regulated protein 78 (GRP78) [18]. The
researchers also reported that SARS-CoV-2
could infect cells expressing ACE2, but it does
not have an effect on ACE2 lacking or cells
expressing other SARS-CoV-2 receptors, such
as aminopeptidase N and dipeptidyl peptidase
4 (DPP4) [19]. Based on these results, the pri-
mary cell entrance receptor for SARS-CoV-2
has been recognized as angiotensin-converting
enzyme 2 (ACE2) or angiotensin-converting
enzyme homolog (ACEH) [20, 21]. The viral
attachment action is continued by priming the
spike protein S2 subunit by the host transmem-
brane serine protease 2 (TMPRSS2). This helps
cell entrance and subsequent viral replication
endocytosis with the assembly of virions. It was
discovered for the first time in 2003 as the
SARS-CoV receptor [22]. The structure, physiol-
ogy, interactions with the COVID-19 virus, and
treatments based on the metallocarboxyl pepti-
dase angiotensin receptor ACE2 will be dis-
cussed in this paper. Understanding the involve-
ment of ACE2 in various paths will be crucial in
determining the effect of SARS-CoV-2/ACE2
binding on organismal physiology and in
developing better therapeutics and diagnostic
techniques.

Material and methods

We conducted a review of studies that have
investigated the characteristics of ACE2 and its
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function in the pathogenesis of the SARS-
CoV-2 virus. Databases such as PubMed,
Google Scholar, Scopus, Ovid-Medline and Web
of Science were searched up to June 2022.
There were no restrictions on the course, lan-
guage or type of paper. This was done through
analysis of cases, clinical studies and original
research. We used free text as well as Medical
Subject Heading (MeSH) terms “angiotensin-
converting enzyme 2 (ACE2)”, “severe acute
respiratory syndrome coronavirus 2 (SARS-
CoV-2)", “coronavirus disease (COVID-19)”,
“ACE2 structure”, “ACE2 functions and physiol-
ogy”, “ACE2 expression”, “host epigenetics and
SARS-CoV-2 infection”, “ACE2 targeting”. Some
studies based on inclusion and exclusion crite-
ria were excluded from our review. All studies
written in English and indexed in PubMed,
Scopus, Web of Science (ISI), MEDLINE, and
EMBASE journals were included in the study.
Studies in non-English language and studies
published before 2000 were excluded.

Epidemiological studies reporting ACE2 charac-
teristics and its role in SARS-CoV-2 pathogene-
sis were included. Reviews, in vivo studies, let-
ters to the editor, case series, case reports,
and epidemiological studies without data on
ACE2 characteristics and its role in SARS-CoV-2
virus pathogenesis were excluded.

SARS-CoV-2 structure

The classification of human coronaviruses
is as follows: The kingdom Riboviria, order
Nidovirales, family Coronaviridae, and subfami-
ly Orthocoronavirinae [23]. Alphacoronavirus
(x-CoV), Betacoronavirus (B-CoV), Gammacor-
onavirus (y-CoV), and Deltacoronavirus (6-CoV)
are four members of the Coronaviridae family
[24]. Alphacoronaviruses include human coro-
naviruses 229E (HCoV-229E) and human coro-
naviruses NL63 (HCoV-NL63), while Betaco-
ronaviruses include, Coronavirus human 0C43
(HCOV-0C43), human coronavirus HKU1 (HCoV-
HKU1), Severe acute respiratory syndrome
coronavirus 1 (SARS-CoV-1), Middle East res-
piratory syndrome coronavirus (MERS Corona-
viruses, both Alpha and Beta, can communi-
cate a disease to types of mammals, including
humans) [25]. Coronaviruses are single-strand-
ed, enveloped RNA viruses. Some coronavirus-
es of the genus betacoronavirus, such as
SARS-CoV, MERS-CoV and SARS-CoV-2, have
caused human infections in recent years.
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Figure 1. The structure of SARS-CoV-2 virus. Coronavirus contains a single-stranded RNA genome. There are different
proteins on the surfuce of each particle including envelope protein, membrane protein, and spike protein. The spike
protein is divided into two subunits: S1 and S2. S1: subunit S1, CTD: carboxy-terminal (C-terminal) domains, RBD:
receptor-binding domain (RBD), HR: heptad repeat (HR), FP: fusion peptide (FP) domain.

SARS-CoV-2 contains a 30 kb single-stranded
positive-sense RNA genome with 80% se-
quence identity to SARS-CoV. In its genomic
RNA (gRNA), SARS-CoV-2 contains 14 open
reading frames (ORFs). Two-thirds of the
genome is covered by ORFla and ORF1b, whi-
ch overlap with a ribosomal frame shift and
are translated into the polyproteins ppla and
pplab, respectively [26]. The translation prod-
uct of ORFlab is cleaved by proteases encoded
by SARS-CoV into 16 non-structural proteins
(nsps). These include key enzymes such as
papain-like protease(s) (PLpro), chymotrypsin-
like protease (3CLpro), RNA-dependent RNA
polymerase (RdRp) and helicase (Hel) [27].
Coronaviruses have four structural proteins:
the nucleocapsid protein (N) forms a helical
capsid to accommodate the viral genome. A
lipid envelope, consisting of S (spike), E (enve-
lope) and M (membrane) proteins, surrounds
the entire structure (Figure 1). The membrane
and envelope proteins are required for virus
assembly, while the S protein is essential for
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virus entry and recognition by the host cell [28,
29]. Almost all coronaviruses have two primary
subunits, S1 and S2, and the spike protein has
both N- and C-terminal domains [30].

SARS-CoV-2 entry

First, the receptor binding domain (RBD) region
of the S protein binds specifically to the pepti-
dase domain of ACE2 [28, 29, 31-33]. The coro-
navirus entry mechanism usually requires two
S-protein cleavages. The first is near the S1-
S2 boundary, while the second is near the S2’
position in the S2 subunit, performed by furin
and TMPRSS2, respectively (Figure 1) [34].
Although TMPRSS2 tends to activate SARS-
CoV-2, cathepsins, particularly cathepsin L, can
also cleave the S2’ site [22]. If the target cells
do not produce enough TMPRSS2 or if a virus-
ACE2 complex does not contact TMPRSS2, the
ACE2-bound virus is internalized into the late
endolysosome via clathrin-mediated endocyto-
sis, where cathepsins cleave the S2’ site [35,
36].
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Figure 2. The replication cycle of SARS-CoV-2 virus. All stages of virus replication depend on its entry through ACE2
receptor. TMPRSS2: transmembrane serine protease 2, ACE2: angiotensin-converting enzyme 2.

The RBD alternates between a standing and
lying state. This allows it to bind to receptors
and evade the immune system [37, 38]. The
FPPR (fusion-peptide proximal region), 630
loops and CTD2 (carboxy-terminal (C-terminal)
domains) are essential elements of the S fusion
machinery that, according to recent structural
analyses, appear to control the fusogenic struc-
tural rearrangements of the S protein. The
FPPR shift exposes the S2’ site near the fusion
peptide to proteolytic cleavage when ACE2 cap-
tures the RBD-up configuration, removing both
the 630 loop and the FPPR from their positions
in the closed S trimer structure. Due to the
cleavage of the S1-S2 boundary of the SARS-
CoV-2 S protein by furin, detachment of the 630
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loop from the hydrophobic surface of CTD2 may
destabilise this domain and release the N-ter-
minal region of S2 from S1, probably releasing
S1 altogether. Following S1 dissociation, a se-
ries of refolding events would occur in the me-
tastable pre-fusion S2, allowing the fusogenic
transition to a stable post-fusion structure [22].
In parallel with these transitions, the thrust of
HR1 unfolding forces the fusion peptide into
the target cell membrane [39, 40]. The fusion
peptide and transmembrane regions of HR2
are folded back to the similar end of the mole-
cule, causing the membranes with which they
act together to bend towards each other, result-
ing in membrane fusion [22]. Several steps ha-
ppen after virus entry into host cell (Figure 2).

Am J Clin Exp Immunol 2023;12(3):24-44
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ACE2
ACE2 structure

ACE2 is a type | integral membrane protein con-
sisting of 805 amino acids and two functional
domains. The firstis a 17-amino-acid N-terminal
signal peptide containing a peptidase domain
(PD) (residues 19-615) with its HEXXH zinc-
binding metalloprotease motif, and the second
is a C-terminal collectrin-like domain (CLD) (res-
idues 616-768) including a ferredoxin-like fold-
ed neck domain (615-726) terminating in a
hydrophobic transmembrane hydrophobic helix
region of 22 amino acid residues followed by
an intracellular segment of 43 amino acid resi-
dues. Collectrin is a regulator of renal amino
acid transport and insulin. The consensus zinc-
binding motif sequence HEXXH is found in zinc
metalloproteinases, where two histidine resi-
dues chelate a catalytic zinc ion. The HEXXH
histidine motif, which is known to be a major
component of a large number of zinc-depen-
dent metalloproteases, consists of five resi-
dues, a histidine at the beginning followed by a
conserved glutamic acid, the two variable
amino acids and a histidine at the end [41-43].

The ACE2 protein has two domains in its extra-
cellular part: the zinc metallopeptidase domain
and the C-terminal domain. The metallopepti-
dase domain of ACE2 is divided into two subdo-
mains (I and Il) that form the two sides of a long
and deep canyon. The bottom of the active site
cleft, consisting of a prominent a-helix (helix
17, residues 511-531), is the only place whe-
re these two catalytic subdomains meet. The
deeply recessed and protected proteolytic
active site of ACE2 exists to prevent hydrolysis
of properly folded and functional proteins. The
zinc-binding site is approximately half the leng-
th of the large active site cleft (subdomain |
side). In the native structure, His374, His378,
Glu402 and a water molecule coordinate the
zinc. These residues form the HEXXH + E motif
conserved in the zinc metallopeptidase clan
MA in the zinc-binding site of ACE2. Clan MA
(glutenin family) and clan MB (several families
of zinc metallopeptidases with the HEXXH + E
and HEXXH + H zinc-binding motifs) are the two
most prominent metallopeptidase clans. ACE2
binds to a chloride (Cl-) ion coordinated by
Argl69, Trp477 and Lys481 in subdomain Il
[42, 44-47].
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There is a single carboxypeptidase active site
in ACE2 [42], omiting only one amino acid from
the peptide C-terminus [48]. The catalytic site
is located in a deep channel on the top of the
molecule, which is an important feature of the
ACE2 structure. Crystal structure analysis has
suggested the presence of multiple hinge re-
gions and N-glycosylations. Ridges consist of
loops, helices, and a part of a B-sheet sur-
rounding the channel. The RBD acts like a sur-
face with a cavity(s) that connects a ridge(s)
near the catalytic site in a deep channel [49].

There are essentially two types of ACE2. In
full-length ACE2, a structural transmembrane
domain links the extracellular domain to the
plasma membrane. This version of ACE2 has
a PD at the N-terminus and a CLD at the
C-terminus, terminating in a single transmem-
brane helix and an intracellular fragment of
about 40 residues. The extracellular domain
been shown to be the receptor for the SARS-
CoV S protein, and lately, for the SARS-CoV-2.
The membrane anchor is absent in the soluble
form of ACE2 (sACE2), which circulates in low
concentrations in the bloodstream. It is thought
that this soluble version may act as a competi-
tive interceptor for SARS-CoV and other corona-
viruses by blocking the binding of viral particles
to full-length ACE2 on the cell surface [50, 51].

ACE2 functions and physiology

ACE2 and the renin-angiotensin-aldosterone-
system (RAAS): Renin-angiotensin-aldosterone
system is the most important mainstream in
maintaining blood pressure homeostasis be-
sides fluid and salt balance. The cardiovascular
system, electrolyte and water balance are also
regulated by this system. The primary enzymat-
ic component of this system is ACE2. Ang 1-9
and Ang 1-7 are being created by this enzyme
and through the process of cleaving a single
residue from angiotensin | (Ang |) and angioten-
sin 1l (Ang ll), respectively. Ang 1-7 antagonizes
the effects of vasopressor ANG Il By inactivat-
ing Ang Il, ACE2 acts as a negative regulator of
the renin-angiotensin system [14, 52, 53].

As recently explained by Zheng et al., ACE2 is
not an aminopeptidase (48). It is classified as
carboxypeptidase because it is responsible for
catalysing the removal of the COOH-terminus
phenylalanine residue from ANG I, resulting in
the reduction of ANG Il by this single catalytic

Am J Clin Exp Immunol 2023;12(3):24-44
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Figure 3. Renin-angiotensin aldosterone system. ACE2 plays a key role in
RAAS system by converting angiotensin | and Il to angiotensin 1-9 and 1-7

respectively. ATR1R: angiotensin Il type | receptor.

event. Ang Il is considered a key effector of the
RAAS, contributing to hypertension (HTN) by
reducing baroreceptor sensitivity (BRS) to con-
trol heart rate and promoting vasoconstriction,
sodium retention, reactive oxygen species
(ROS), inflammation and fibrotic scarring, as
well as increasing the bioactive peptide Ang
1-7, which opposes the ANG I[I-ANG Il type 1
(AT1) receptor axis through its anti-inflammato-
ry and antifibrotic actions, as well as increasing
BRS. As a result, the ACE2 peptidase pathway
is a critical inflexion point in the RAAS process-
ing pathway. An overall higher Ang Il and lower
Ang 1-7 tone may be the result of ACE2 reduc-
tion [14]. Moreover, in response to ANG I, the
angiotensin receptor subtype AT1 induces
apoptosis in the alveolar epithelium (Figure 3)
[54].

Angiotensin A/ACE2/Alamandine/MAS-related
GPCR D (MrgD) axis: It is classified as carboxy-
peptidase because it is responsible for catalys-
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tensin-(1-7), such as vasodila-
tion, antifibrosis, antihyperten-
sive and critical outcomes. In
addition to being a Mas ago-
nist, Ang-(1-7) is a weak ago-
nist of the Mas-related recep-
tor, MrgD. As a result, it has been proposed that
alamandine may be an endogenous ligand for
MrgD. However, according to the findings of
Vera et al., Mas does not appear to be a poten-
tial alamandine receptor. In conclusion, ala-
mandine is not a Mas agonist, although its vas-
cular properties are identical to those of
Ang-(1-7) [53, 55].

ACE2 and the kinin-kallikrein system (KKS):
The precursor kininogen, proteolytic kallikrein
enzymes, and effector peptides bradykinin (BK-
1-9 or BK) and its active metabolite [des-Arg9]-
BK (BK-1-8 or DABK) make up the kinin-kalli-
krein system (KKS). These peptides bind to
two G protein-coupled receptors: B1 receptor
(BKB1R) which has DABK as its main agonist,
while the B2 receptor (BKB2R) has BK as its
ligand. BKBAR is a heptahelical protein that dif-
fers from BKB2R in that its expression is highly
sensitive to inflammatory mediators including
LPS and interleukins. LPS-induced hypotension

Am J Clin Exp Immunol 2023;12(3):24-44
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is attenuated in BKB1R-deficient mice, and the
amount of polymorphonuclear leukocytes that
concentrate in inflamed tissues is unusually
low. Indeed, the BKB1R may be a beneficial
pharmaceutical target for the treatment of pul-
monary inflammatory diseases. In the human
airway epithelia, DABK is a substrate of ACE2.
Cleaving a single amino acid residue of the car-
boxyl terminus of the DABK, which is then inac-
tivated, ACE2 blocks BKB1R/DABK activation.
ACE2 activity is reduced in response to infec-
tious or inflammatory stimuli like COVID-19 dis-
ease, making the DABK/BKB1R axis more
active. This encourages airway epithelial cells
to produce and release chemokines like C-X-C
motif chemokine 5 (CXCL5), which bind to
receptors on neutrophils such as the C-X-C
motif chemokine receptor 2 (CXCR2). As a
result, these chemokines attract neutrophils
from the BM (bone marrow) or other peripheral
reservoirs to the lung. The development of
acute lung inflammation is aided by increased
neutrophil infiltration of the lungs [56-63].

ACE2 and apelin peptides: Apelin is a peptide
hormone that may be found in various tissues
and fluids. It is an endogenous peptide that
binds to the apelin receptor, originally identifi-
ed as an orphan G-protein-coupled receptor
(GPCR), APJ, or AR [64]. In the process of apelin
production, a preproprotein of 77 residues is
the first molecule, which is then truncated to
proapelin of 55 residues and then to apelin-13
to -36, which act as the bioactive isoforms.
Spontaneous cyclization of the N-terminal GIn
leads to the pyroglutamate-modified form (Pyr-
apelin-13) of apelin-13. Although all apelin iso-
forms bind to the apelin receptor and have
identical physiological effects, their potency,
efficacy and receptor recycling rates differ. In
addition, research has shown that the produc-
tion of apelin isoforms is tissue specific [65].

Apelin has Several functions, including being a
strong cardiac inotrope, modulating blood pres-
sure, having great therapeutic ability to treat
obesity and cardiovascular diseases, hypotha-
lamic regulation of water intake and the endo-
crine axis, regulating vascular homeostasis,
angiogenesis and fluid balance, therefore per-
forming an important function in vascular dis-
eases [65-67].

Similarities in sequence and mMRNA expression
distribution were discovered between apelin
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and angiotensin I, indicating that they have
comparable physiological functions [68]. ACE2
can also metabolize apelin-13, in addition to
the molecules mentioned previously [69, 70].
According to Wang et al., ACE2 is a basic
enzyme that controls the amplitude and dura-
tion of native apelin peptide activity in the car-
diovascular system. Although the half-lives of
the apelin peptides were prolonged in an ACE2-
deficient condition, they were still degraded at
a relatively high pace, indicating that additional
proteases play a crucial role. In total, these
findings suggest that ACE2 has a proclivity for
cleaving the peptide amide bond, which is de-
fined by proline-phenylalanine as the penulti-
mate and C-terminal residues, respectively
[67].

Apelin increased ACE2 promoter function in
vitro and increased ACE2 expression in failing
hearts in vivo via activation of its receptor, APJ.
These findings demonstrate that ACE2 links the
RAS to the apelin system, providing a theoreti-
cal basis for the apelin-ACE2-angiotensin 1-7
axis as a therapeutic target for cardiovascular
disease [71].

ACE2 as a chaperone protein for the amino
acid transporter, BOAT1 (SLC6A19): Hartnup
amino acid transporter BOAT1 (SLC6A19) is the
main luminal sodium-dependent neutral amino
acid transporter of small intestine and kidney
proximal tubule [72]. The ACE2-BOAT1 complex
is formed as a dimer of heterodimers, with
homodimerization mediated by the collectrin-
like domain of ACE2 [51]. Independently of the
RAS system, ACE2 regulates intestinal amino
acid homeostasis, expression of antimicrobial
peptides, and the ecology of the gut microbi-
ome [73]. The association of BOAT1 with collec-
trin (Tmem27), a protein homologous to the
membrane-anchoring domain of ACE2, has la-
tely been demonstrated to regulate its expres-
sion in the kidney. Different analyses employing
wild-type and ACE2-null mice revealed that
ACE2 is required for BOAT1 expression and
activity in the small intestine. The transport
rate and cell surface expression of the trans-
porter were boosted when the two accessory
proteins, ACE2 and collectrin, were coexpre-
ssed. Camargo et al. thus show that ACE2 is
required for the expression of the Hartnup
transporter in the intestine [72]. Another coro-
navirus receptor, aminopeptidase N, has also

Am J Clin Exp Immunol 2023;12(3):24-44
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been shown to interact with BOAT1 (APN or
CD13). Yan et al. thus show that BOAT1 may be
involved in the regulation of some enteric infec-
tions of some coronaviruses [51].

ACE2 expression
Tissue distribution of ACE2

The tropism of virus contamination is specified
by the tissue expression of the receptor, which
has fundamental implications for the compre-
hension of its pathogenesis and the creation of
therapeutic approaches [74]. While the central
symptoms of COVID-19 disease are appeared
in the respiratory tract [75, 76], ACE2 is ex-
pressed in a variety of human organs besides
the lungs, suggesting that SARS-CoV-2 might
infect other tissues as well [77]. Furthermore,
some studies have shown that human trans-
mission of SARS-CoV-2 can take place by routes
outside of the respiratory tract [78].

The research compared the ACE2 expression
rates across across 31 normal human tissues
[77]. They found that ACE2 expression was
highest in the small intestine, testes, kidneys,
heart, thyroid and adipose tissue, and lowest in
the blood, spleen, BM, brain, blood vessels and
muscle. In the lung, colon, liver, bladder and
adrenal gland, ACE2 expression was moderate
[77, 79]. Two studies have shown that in the
normal human lung, ACE2 is mainly expressed
by alveolar type Il (AT2) and alveolar type | (AT1)
epithelial cells [80-82]. The cytoplasm of bron-
chial epithelial cells also showed weak positive
ACE2 staining. Tissues of the upper respiratory
tract, such as oral and nasal mucosa and naso-
pharynx, did not show ACE2 expression on the
surface of epithelial cells, which may indicate
that these tissues are not the primary site of
entry for SARS-CoV. The prominent presence of
ACE2 in the epithelia of the human lung and
small intestine suggests that SARS-CoV may
enter by these routes. The abundance of ACE2
expression on endothelial and smooth muscle
cells in virtually all organs shows that once in
circulation, SARS-CoV can easily move through-
out the body. Another study suggests that
although ACE2 is expressed in the lung, liver,
stomach, ileum, kidney and colon, its expres-
sion rates are quite low, particularly in the lung
[82].

Hamming et al. found that ACE2 was widely
expressed in enterocytes from all areas of the
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small intestine, including the duodenum, jeju-
num and ileum, but not in enterocytes from the
colon and stomach. In enterocytes, staining
was restricted to the brush border [82]. In addi-
tion, Liu et al. discovered ACE2 expression in
the pancreas of normal people. SARS-CoV-2
may bind to ACE2 in the pancreas and create
pancreatic damage, as the pancreas had a lit-
tle higher expression than the lungs [83].

Based on Immunohistochemistry techniques,
ACE2 protein is found in Clara cells, type Il cells,
and endothelium and smooth muscle of small
and medium vessels in the mouse lung [84].
Skin-derived epithelial cells have been found to
express ACE2 [85]. ACE2 was present in the
epidermal basal cell layer extending to the hair
follicle basal cell layer. ACE2 was also present
in the smooth muscle cells surrounding the
sebaceous glands. Sebaceous gland cells sh-
owed weak cytoplasmic staining. In eccrine
gland cells, there was a clear granular staining
pattern for ACE2 [80].

Immune cells such as B and T lymphocytes
and macrophages were consistently negative
for ACE2 in the spleen, thymus, lymph nodes
and BM. Because ACE2 is consistently absent
from immune cells in all haematolymphoid or-
gans, direct viral infection is unlikely to be the
cause of these symptoms [80]. Nonetheless,
SARS-CoV-2, like MERS-CoV and SARS-CoV,
can infect immune cells [86].

Similar to observations in other organs, only
endothelium and smooth muscle cells were
stained in the brain [80]. A study used immuno-
histochemistry to identify ACE2 expression lev-
els in 12 brain areas and found ACE2 in both
endothelial and non-vascular cells [87]. The
brain has been shown to have ACE2 receptors
in glial cells and neurons, making it a potential
target for COVID-19. Diffusion of COVID-19 into
the systemic circulation or across the cribriform
plate of the ethmoid bone during early or late
stages of infection may lead to brain involve-
ment, as previously documented in SARS-CoV
patients [88].

ACE2 expression in different genders

Comparing the ACE2 expression levels in males
and females has led to different and some-
times contradictory results. Although ACE2 is
positioned on the X chromosome and has been
shown to evade X inactivation, it is believed to
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have a sex- and tissue-specific bias, with re-
duced expression in female lungs versus male
lungs [89, 90]. In 99 cases of SARS-CoV-2
infection, researchers discovered that there
were more men than women [76], Like MERS-
CoV and SARS-CoV, in which males were infect-
ed at a higher rate than females [91, 92].
According to a recent study, Asian males had
more ACE2-expressing lung cells [74], which
explains the more vulnerability of males to
SARS-CoV-2 infection comparing to females.

Contrary to the above findings, another study
examined ACE2 expression in 31 normal human
tissues and found that men and women had
similar levels of ACE2 [77]. This conclusion is
confirmed by Li et al. as well [93]. In both ma-
les and females, ACE2 expression levels were
favorably associated with immune signatures
in the skin, digestive system, brain and blood
vessels. In the lungs, the relationships between
ACE2 expression and immune signatures var-
ied between sexes and between ages, demon-
strating that different host immune responses
to COVID-19 disease may explain why males
and females, and young and old people infect-
ed with this virus, have significantly different
levels of disease severity [77].

Chen et al. discovered that ACE2 expression is
high in Asian females and young individuals,
who are considered to be less prone to severe
or fatal consequences. Meanwhile, it is low in
males and reduces even more with age and
type Il diabetes (T2D), people who are most
vulnerable to negative consequences, demon-
strating an inverse relationship between ACE2
expression and COVID-19 severity. These re-
sults show that estrogen may play a role in
Asian females having higher ACE2 expression
than Asian males. Applying estrogen/androgen
therapy for transgender males for one year had
caused a considerable increase in ACE2 ex-
pression levels and ACE2 expressing cells in
their testis Sertoli cells [94].

ACE2 expression during aging

One study found that ACE2 expression de-
creased significantly or slightly with age in all
ethnic groups and in both sexes. The statis-
tics showed a substantial association between
ages, sex, ethnic group, body mass index (BMI)
and ACE2 expression in different tissues when
the other four variables were controlled, with
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the strongest association being with age [94].
Consistent with this, ACE2 levels were found to
be significantly reduced in old rats of both
sexes. Although rats of all sexes and ages had
similar levels of ACE2, male rats appeared to
have a greater age-related decline in lung ACE2
expression than female rats [95]. It has also
been stated that in humans, ACE2 activity does
not change with age in men, but significant
changes occur in women with age [96, 971].

In contrast to the above findings, one study
showed that ACE2 expression rates did not
change significantly between younger and older
individuals. This indicates that the susceptibili-
ty to SARS-CoV-2 and SARS-CoV may not be
significantly associated with sex, age or race.
In fact, like SARS-CoV, SARS-CoV-2 can affect
both sexes and infect different age groups
equally. However, the risk of death from SARS-
CoV-2 and SARS-CoV infection appears to be
remarkably associated with sex and age, with
older people more likely to be infected [77].

ACE2 and SARS-CoV-2

After SARS-CoV-2 enters the lungs and airways
via respiratory droplets, the viral life cycle
begins. RBD domain of SARS-CoV-2 has a
strong tendency to bind to the ACE2 receptor
[9]. This high binding affinity of the SARS-CoV-2
RBD domain to bind to ACE2 receptors may be
responsible for the virus transmission between
different species [98]. In the process of mem-
brane fusion, some transmembrane enzymes
such as disintegrin metallopeptidase domain
17 [ADAM17], TMPRSS2, and TNF-a converting
enzyme (TACE) and some effective proteins
such as vimentin and clathrin are needed [99].
After binding to a specific region within the
SARS-CoV spike protein to ACE2 receptors in
host cells, membrane fusion is activated and
this leads to the release of viral RNA in the cyto-
plasm and causes infection [100]. The interac-
tion of ACE2 with SARS-CoV-1 and with SARS-
CoV-2 and subsequent downstream effects are
very similar to each other [31]. Downregulation
of ACE2 by SARS-CoV-2 can impair Ang Il clear-
ance and lead to exacerbated tissue damage.
Moreover, we can consider that the downre-
gulation of ACE2 by SARS-CoV-2 reduces the
chance for further invasion of the virus, which
leads to slow down the spread of the virus
[104]. In their study on Ace2-knockout mice,
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Kuba and his colleagues showed the important
role of this receptor in the pathogenesis of
COVID-19 [102]. Therefore, it is very important
to understand the exact way of communication
between ACE2 receptors and SARS-CoV in
order to control the spread of the disease and
find possible treatment methods. Also, more
studies are needed to understand more pre-
cisely the downstream pathways of communi-
cation between these receptors and the virus.

COVID-19 therapy methods based on ACE2
targeting

Currently, there are no specific antiviral drugs
for the treatment of COVID-19 disease, making
it difficult to control and contain the virus. There
are two different therapeutic approaches to
COVID-19 treatment, clinical and pharmacolog-
ical strategies. Symptomatic management and
oxygen therapy are the mainstay of clinical
treatment, including mechanical ventilation for
patients with respiratory failure. Remdesivir is
one of several antiviral drugs under investiga-
tion, although none has been specifically
approved for COVID-19. In addition, vaccine
development and approaches that directly tar-
get the virus or block viral entry, as well as
treatments that address the immunopathology
of infection, have become a major focus [103].
Vaccines, monoclonal antibodies, oligonucle-
otide-based therapies, peptides, interferon
therapies, small-molecule pharmaceuticals, or
natural remedies (e.g. traditional Chinese medi-
cine [TCM]) are all possible pharmacological
COVID-19 treatments [104].

ACE2 receptors of alveolar type 2 (AT2) cells in
the lung are one of the important targets for
SARS-CoV-2. Because the viral entrance is con-
trolled by receptor-mediated endocytosis, AP2
(activator protein 2)-associated protein kinase
1 (AAK1), a recognized regulator of endocyto-
sis, could be a viable target to stop the virus
from entering the cell. The Janus kinase in-
hibitor baricitinib, which binds to the cyclin
G-associated kinase (endocytosis regulator), is
sufficient to block AAK1. Two cancer drugs
Sunitinib and Erlotinib, have been demonstrat-
ed to decrease viral infection of cells by inhibit-
ing AAK1. These chemicals, on the other hand,
have substantial adverse effects and cannot
be called a safe therapeutic drug [30].

By reducing the expression of TMPRSS2, SARS-
CoV enters cells via an endosomal pathway.
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Cathepsin L, which activates the fusogenicity of
the spike proteins, may play a key role in this
pathway. In HelLa cells, an immortal cell line
used in scientific research, a commercial ser-
ine protease inhibitor (camostat) has been
shown to moderately limit infection by SARS-
CoV and human coronavirus NL63 (HCoV-
NL63). It expresses the ACE2 and TMPRSS2
receptors. In human Calu-3 airway epithelial
cells, co-treatment with Camostat and EST
[trans-epoxysuccinyl-L-leucylamindo-3-methyl-
butane ethyl ester], a cathepsin inhibitor, effec-
tively blocked both cell entry and multi-step
development of SARS-CoV. The dual blocking
of entry from the cell surface and through the
endosomal pathway may be responsible for
this effective suppression. These findings point
to camostat as a potential antiviral medication
for preventing or suppressing SARS-CoV infec-
tion caused by TMPRSS2 [105]. In cell lines,
SARS-CoV can use the endosomal cysteine pro-
teases cathepsin B and L (CatB/L) and the ser-
ine protease TMPRSS2 for S protein priming,
and both proteases must be inhibited for
strong viral entry blocking. In the infected host,
though, only TMPRSS2 action is required for
viral transmission and pathogenicity, whereas
CatB/L activity is not required [31].

ACE2 polymorphism and susceptibility to
COVID-19

The ACE2 gene was detected on chromosome
Xp22 and spans 39.98 kbp of genomic DNA,
with 20 introns and 18 exons. Genetic polymor-
phism is frequent in the ACE2 gene [106]. There
is growing evidence that the ACE2 gene poly-
morphism can affect the interaction between
ACE2 and the S protein of SARS-CoV-2, impact-
ing viral entrance into the host cell thus inhibit-
ing COVID-19 lung and systemic damage [107].

A study evaluated over 290,000 samples from
public genetic datasets covering over 400 pop-
ulation groups and discovered numerous ACE2
protein-altering variations. They detected natu-
ral ACE2 variations that may change virus-host
interaction and therefore host vulnerability.
S19P, 121V, E23K, K26R, T27A, N64K, T92I,
Q102P, and H378R are among the variations
anticipated to increase vulnerability. K31R,
N33l, H34R, E35K, E37K, D38V, Y50F, N51S,
M62V, K68E, F72V, Y83H, G326E, G352V,
D355N, Q388L, and D509Y were expected to
be defensive variants with reduced S-protein
binding. When compared to wildtype ACE2, bio-
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chemical studies revealed that K31R and E37K
variants had decreased affinity for S-protein,
while K26R and T92| variants had enhanced
affinity. Soluble ACE2 K26R and T92l were
more efficient in inhibiting the entry of S-protein
pseudotyped virus, implying that ACE2 varia-
tions can affect SARS-CoV-2 susceptibility
[108].

Another study designed in silico molecular
docking to identify the impact of ACE2 mis-
sense mutations on SARS-CoV-2 spike protein
interaction. Six ACE2 missense variants (121T,
A25T, K26R, E37K, T55A, E75G) were discov-
ered in HDOCK and FireDock simulations as
having a greater affinity for RBD than wild type
ACE2 plus 11 variations with decreased affinity
(121v, E23K, K26E, T27A, E35K, S43R, Y50F,
N51D, N58H, K68E, M82Il). This finding sup-
ports the theory that the ACE2 genetic back-
ground is the initial “genetic gateway” through-
out disease development [107].

In a separate paper, they planned to perform
an in silico study of the widely studied ACE2
gene variations and identify the effects of the
variants on mRNA secondary structure and cel-
lular factor binding affinity. A total of 14 ACE2
SNPs (single nucleotide polymorphisms) were
selected and studied. The RNAsnp database
was used to test all the variations and the
results showed that three of them, rs233574,
rs2074192 and rs4646188, had a significant
effect. According to their assessments, these
three SNPs can cause significant changes in
the secondary structure of RNA. Based on the
spliceAid2 database, only the wild-type variant
of the ACE2 gene can bind to proteins. The
database (spliceAid2) predicted that 5 out of
14 SNPs cause a change in the ACE2 gene so
that only the wild-type form can bind to pro-
teins. In two of the fourteen, only the mutant
form can bind to proteins. The remaining two
SNPs result in a dual form in which certain pro-
teins bind to either the wild type or the mutat-
ed sequence. In its wild-type form, rs233574
showed splicing sequence formation and sec-
ondary RNA modification upon nucleotide
change (Table 1) [109].

ACE2 and cytokine storm
The production of vast amounts of pro-inflam-

matory cytokines and chemokines by immune
effector cells leads to a lethal, uncontrolled
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systemic inflammatory response [110]. In peo-
ple infected with COVID-19, cytokine storm syn-
drome (CSS) is reported at a shockingly high
frequency (10-20%) and can lead to significant
morbidity, including multi-organ failure and
mortality [111].

When the cytolytic activity of lymphocytes is
impaired, whether due to genetic problems or
acquired conditions, NK (natural killer) and
cytolytic CD8 T cells may be unable to function.
As a result, these cells are unable to lyse in-
fected and activated antigen-presenting cells
(APCs), leading to prolonged and amplified
interactions between innate and adaptive
immune cells. In this situation, many pro-in-
flammatory cytokines such as TNF, interferon,
IL-1, IL-6, 1L-18 and IL-33 are produced in an
uncontrolled manner, resulting in a cytokine
storm [112].

Coronavirus infection decreases ACE2 expres-
sion by activating enzymes that degrade ACE2
[102], which includes a disintegrase and metal-
loprotease 17 (ADAM17) [113, 114]. The extra-
cellular domain of ACE2 is cleaved from the
surface of lung epithelial cells by ADAM17,
reducing the protective ACE2-dependent sig-
naling, resulting in a negative feedback loop
of increased lung inflammation. In addition,
ADAM17 is required for the release of pro-
inflammatory cytokines and generates the
active form of TNF-a. As a result, the cytokine
storm, another symptom of severe COVID-19
that causes excessive neutrophil recruitment,
is exacerbated [115-117]. The contribution of
ADAM17 in the progression of severe COVID-19
has not been investigated experimentally [118].

The important point is, ACE2 is endocytosed
with SARS-CoV, causing a reduction in ACE2 on
cells and a rise of serum Ang Il [119].

The transcription of inflammatory genes is reg-
ulated by NF-kappa B (NF-kB). This transcrip-
tion factor plays an important role in lympho-
cyte responses to antigens and in cyto-
kine-induced gene expression. | kappa B, the
inhibitor of NF-kappa B, keeps NF-kappa B
inactive in resting cells. Phosphorylation of |
kappa B causes it to be degraded by proteases,
freeing NF-kappa B for nuclear translocation
[120, 121]. Ang Il is a vasoconstrictor that also
works as a pro-inflammatory cytokine through
the ATAR receptor. NF-kB and ADAM17 are also
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Table 1. ACE2 variants and their effect on ACE2-S protein binding affinity

Variants in ACE2 protein Position E;i?icntitc; n Ref.
rs775181355 chrX: 15573391 (GRCh38.p13) decrease Benetti et al., 2020a
rs41303171 chrX: 15564175 (GRCh38.p13) decrease Gibson et al., 2020
rs4646116 chrX: 15600835 (GRCh38.p13) decrease Gibson et al., 2020
increase  Procko, 2020; Stawiski et al., 2020b
rs146676783 chrX: 15600803 (GRCh38.p13) decrease MacGowan and Barton, 2020
Procko, 2020; Stawiski et al., 2020b
increase  Gibson et al., 2020
rs781255386 chrX: 15600833 (GRCh38.p13) increase  Gibson et al., 2020
Procko, 2020; Stawiski et al., 2020b
rs143936283 chrX: 15581305 (GRCh38.p13) increase  Gibson et al., 2020
rs1299103394 chrX: 15600836 (GRCh38.p13) increase
rs1447927937 chrX: 15600783 (GRCh38.p13) decrease
rs759579097 chrX: 15581314 (GRCh38.p13) decrease Gibson et al., 2020
Procko, 2020; Stawiski et al., 2020b
increase  MacGowan and Barton, 2020
rs766996587 chrX: 15594944 (GRCh38.p13) decrease Gibson et al., 2020
rs370610075 chrX: 15581236 (GRCh38.p13) decrease MacGowan and Barton, 2020
Procko, 2020; Stawiski et al., 2020b
rs961360700 chrX: 15581228 (GRCh38.p13) decrease MacGowan and Barton, 2020
Procko, 2020; Stawiski et al., 2020b
rs73635825 chrX: 15600857 (GRCh38.p13) increase  Procko, 2020; Stawiski et al., 2020b
rs778030746 chrX: 15600851 (GRCh38.p13) increase
rs756231991 chrX: 15600845 (GRCh38.p13) increase
rs781255386 chrX: 15600833 (GRCh38.p13) increase  Gibson et al., 2020
Procko, 2020; Stawiski et al., 2020b
rs1199100713 chrX: 15594998 (GRCh38.p13) increase  Procko, 2020; Stawiski et al., 2020b
rs763395248 chrX: 15594915 (GRCh38.p13) increase  Procko, 2020; Stawiski et al., 2020b
rs1395878099 chrX: 15594885 (GRCh38.p13) increase
rs142984500 chrX: 15578253 (GRCh38.p13) increase
rs758278442 chrX: 15600819 (GRCh38.p13) decrease
rs1348114695 chrX: 15600809 (GRCh38.p13) decrease
rs1192192618 chrX: 15600763 (GRCh38.p13) decrease
rs1569243690 chrX: 15600760 (GRCh38.p13) decrease
rs1325542104 chrX: 15600728 (GRCh38.p13) decrease
rs755691167 chrX: 15594988 (GRCh38.p13) decrease
rs1256007252 chrX: 15594976 (GRCh38.p13) decrease
rs759134032 chrX: 15594940 (GRCh38.p13) decrease
rs751572714 chrX: 15578223 (GRCh38.p13) decrease
rs142443432 chrX: 15589423 (GRCh38.p13) increase Chen et al.,, 2021
rs372272603 chrX: 15589385 (GRCh38.p13) increase
rs762890235 chrX: 15578220 (GRCh38.p13) decrease
rs776328956 chrX: 15575706 (GRCh38.p13) increase
rs191860450 chrX: 15575706 (GRCh38.p13) increase
rs140473595 chrX: 15573407 (GRCh38.p13) increase

activated by the Ang II-AT1R axis, resulting in
the maturation of epidermal growth factor
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receptor (EGFR) ligands and TNF«, which are
two NF-kB stimulators [119].
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In several IL-6R-negative non-immune cells,
including fibroblasts, endothelial cells and epi-
thelial cells, ADAM17 activation also converts
the membrane version of IL-6R to the soluble
version (sIL-6R), followed by activation of STAT3
by the sIL-6R-IL.-6 complex [119]. Many cyto-
kines, including IL-6, initiate intracellular signal-
ing via members of the signal transducers and
activators of the transcription (STAT) family of
proteins [122]. The major activator of STAT3 in
vivo, particularly during inflammation, is IL-6,
while there are nine other components of the
IL-6 family of cytokines that can activate STAT3,
at least in vitro. As a result, SARS-CoV-2 con-
tamination of the respiratory tract can stimu-
late both NF-kB and STAT3, which can then acti-
vate the IL-6 amplifier (IL-6 Amp), a mechanism
for hyperactivation of NF-kB by STAT3, leading
to a variety of inflammatory and autoimmune
diseases [123]. In a positive feedback loop, the
IL-6 Amp generates different pro-inflammatory
cytokines and chemokines, which include IL-6,
and recruits lymphoid and myeloid cells in the
lesion, including activated T cells and macro-
phages, to enhance the IL-6 Amp. Because IL-6
is a prominent practical indicator of cellular
senescence, the age-dependent augmentation
of the IL-6 Amp could be linked to a rise in
COVID-19 mortality [119].

ACE2 and hypertension

The RAS has been implicated in the modula-
tion of hypertension and severe lung damage
induced by viruses such as SARS [102, 124].
RAS inhibition is an effective antihypertensive
treatment approach [125].

There are two axes in the RAS. These include
the ACE/Ang II/ATAR and ACE2/Ang (1-7)/Mas
receptor pathways [126]. ACE2 expression is
decreased by SARS-CoV infections, leading to
an imbalance between the two pathways [102].
A new treatment method for hypertension is
to target the ACE/Ang II/ATAR axis [125]. The
ACE/Ang lI/ATAR system is inhibited by angio-
tensin-converting enzyme inhibitors (ACEIs)
and angiotensin Il type 1 receptor blockers
(ARBs), which are commonly used in patients
with high blood pressure [125]. New research
reveals that COVID-19 individuals with hyper-
tension are more likely to grow acute cases
[127]. As a result, it is important to discover
how RAS inhibitors affect COVID-19 patients
suffering hypertension [125].
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Host epigenetics and SARS-CoV-2 infection

Post-translational chemical modifications in
chromatin, RNA and DNA, such as primary
methylation, acetylation, phosphorylation, ubi-
quitination and sumoylation, are all involved in
the epigenetic regulation of gene expression.
By altering the function of the gene locus with-
out altering the underlying DNA sequence, this
type of regulation links genotype and pheno-
type [128].

ACE2 transcript levels are regulated at the post-
transcriptional level by microRNAs (hsa-miR-
125a-5p, miR-200 family) that target the 3’
untranslated region of the RNA [129]. H5N1
and H7N9 viruses cause downregulation of
ACE2 protein by increasing the miR-200c¢-3p
expression [130]. The expression of microRNAs
is controlled by epigenetic mechanisms. Lysine
demethylase 5B (KDMfB) demethylates H3K4-
me3 and inhibits the expression of miR-125a
and miR-200 family members [129]. As a result,
KDM5B regulates ACE2 transcript levels indi-
rectly [131].

The ACE2 gene has two upstream regulatory
areas, proximal and distal [132]. The propor-
tional usage of the two promoters differs within
tissues [132]. In pancreatic -cells and embry-
onic kidney cells, HNF1A controls the produc-
tion of ACE2 [132, 133]. One study found that
the three putative HNF1 binding regions in the
proximal promoter region are responsible for
the responsiveness of ACE2 expression to
HNF1B [132]. However, chromatin immunopre-
cipitation sequencing (ChlP-Seq) experiments
in the liver cancer cell line HepG2 demonstrate
that HNF1A binds to the ACE2 proximal and dis-
tal upstream promoter regions [134]. MYBL2,
USF1, TAED4, EP300, SP1, HNF4A, CEBP, MAFF
and GATA3 were also found to bind to the ACE2
distal upstream promoter region by ChlP-Seq
analysis [131].

The promoters of transcribed genes are areas
free of nucleosomes, which can be detected
using a number of different approaches [135,
136]. According to single-cell ATAC-Seq results,
type 2 pneumocytes possessed functional pro-
moters. The nucleosome-free regions at the
ACE2 locus in alveolar type 1 and 2, secretory,
multi-ciliated, ionocytes, and neuroendocrine
cells had transcription factor motifs for IRF1,
STAT1/2, FOXA1, and FOXD2 [131].
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ACE2 expression can be induced by a variety of
factors. In human cardiac fibroblasts, angioten-
sin Il stimulates the production of ACE2 [137].
In various human airway tissues, including tra-
cheal cells, bronchial epithelial cells, small air-
way cells, large airway epithelial cells and pri-
mary human nasal epithelial goblet cells, ACE2
expression was induced by IFN-a/3 [90, 138-
140]. ChIP-Seq data demonstrate that STAT1,
STAT3, IRF8, and IRF1 bind to a region -1500 to
500 bp from the ACE2 transcription start site,
indicating that ACE2 is an interferon-induced
gene [138]. As the SARS-CoV-2 virus load rises,
the expression of interferon-responsive genes,
including ACE2, increases [141].

A typical hallmark of malignancy is hypoxia
[142]. Many epigenetic modifying enzymes,
namely the ten-eleven translocation enzyme
involved in DNA demethylation and the Jumoniji
C domain-containing histone demethylases,
require oxygen as a substrate cofactor. Epi-
genetic dysfunction is the result of reduced
function of these enzymes. In human hepato-
cellular carcinoma Huh7 cells, ACE2 expression
is increased by hypoxia [143].

Conclusion

ACE2 plays a significant role in numerous
physiological and pathophysiological fields,
including Renin-Angiotensin-Aldosterone-Syst-
em, MAS-Related GPCR D (MrgD) Axis, Kinin-
Kallikrein System, and Covid 19 pathogenesis.
Coronavirus uses the ACE2 receptor to enter
host cells. Therefore, accurate identification of
the structure, mechanism, and function of
these receptors can play an important role in
Covid management. For example, AP2 (activa-
tor protein 2)-associated protein kinase 1
(AAK1) can prevent the virus from entering the
cell. Various studies have also shown that poly-
morphisms in the ACE2 gene interfere with the
pathogenesis of SARS-CoV-2 and result in mul-
tiple systemic damages. In this study, we re-
viewed the structural and functional character-
istics of ACE2. Further studies should be per-
formed to more accurately identify the mecha-
nism by which the virus enters the cell, to target
these receptors to prevent the virus from enter-
ing, to examine the genetic variation of ACE2,
and its physiological effects. Understanding
the exact mechanism of the mutual effects of
ACE2 and SARS-CoV may lead to finding new
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possible treatment methods based on prevent-
ing the virus from entering the host cell and
thus preventing its spread and controlling the
infection. Also, more studies should be done in
relation to the new strains of this virus and how
it interacts with cell receptors such as ACE2.

Disclosure of conflict of interest
None.

Address correspondence to: Sajjad Chamani, Me-
dical Toxicology and Drug Abuse Research Center
(MTDRC), Birjand University of Medical Sciences
(BUMS), No. 154 Mahalati Street, Next to The 13
Aban 1 Alley, Birjand 9718773958, Iran. Tel:
+989351614683; E-mail: sajadchamani@gmail.
com; Azam Rezaei, Department of Rheumatology,
Rasool-e Akram Hospital, School of Medicine, Iran
University of Medical Sciences, Tehran, Iran. Tel:
+989151946123; E-mail: Rezaei2013md@gmail.
com

References

[1] Hu B, Guo H, Zhou P and Shi ZL. Characteris-
tics of SARS-CoV-2 and COVID-19. Nat Rev Mi-
crobiol 2021; 19: 141-154.

[2] Perico L, Benigni A, Casiraghi F, Ng LFP, Renia
L and Remuzzi G. Immunity, endothelial injury
and complement-induced coagulopathy in CO-
VID-19. Nat Rev Nephrol 2021; 17: 46-64.

[3] Muralidar S, Ambi SV, Sekaran S and Krishnan
UM. The emergence of COVID-19 as a global
pandemic: understanding the epidemiology,
immune response and potential therapeutic
targets of SARS-CoV-2. Biochimie 2020; 179:
85-100.

[4] Deslandes A, Berti V, Tandjaoui-Lambotte Y, Al-
loui C, Carbonnelle E, Zahar JR, Brichler S and
Cohen Y. SARS-CoV-2 was already spreading in
France in late December 2019. Int J Antimi-
crob Agents 2020; 55: 106006.

[5]  Wu JT, Leung K and Leung GM. Nowcasting
and forecasting the potential domestic and in-
ternational spread of the 2019-nCoV outbreak
originating in Wuhan, China: a modelling study.
Lancet 2020; 395: 689-697.

[6] HuiDS, | Azhar E, Madani TA, Ntoumi F, Kock R,
Dar O, Ippolito G, McHugh TD, Memish ZA, Dro-
sten C, Zumla A and Petersen E. The continu-
ing 2019-nCoV epidemic threat of novel coro-
naviruses to global health - The latest 2019
novel coronavirus outbreak in Wuhan, China.
Int J Infect Dis 2020; 91: 264-266.

[7]1 Pollard CA, Morran MP and Nestor-Kalinoski
AL. The COVID-19 pandemic: a global health
crisis. Physiol Genomics 2020; 52: 549-557.

Am J Clin Exp Immunol 2023;12(3):24-44


mailto:sajadchamani@gmail.com
mailto:sajadchamani@gmail.com
mailto:Rezaei2013md@gmail.com
mailto:Rezaei2013md@gmail.com

(8]

(9]

(10]

[11]

[12]

[13]

(14]

[15]

[16]

[17]

(18]

[19]

38

Characterization of the ACE2

uddin M, Mustafa F, Rizvi TA, Loney T, Suwaidi
HA, Al-Marzouqi AHH, Eldin AK, Alsabeeha N,
Adrian TE, Stefanini C, Nowotny N, Alsheikh-Ali
A and Senok AC. SARS-CoV-2/COVID-19: viral
genomics, epidemiology, vaccines, and thera-
peutic interventions. Viruses 2020; 12: 526.
Rothan HA and Byrareddy SN. The epidemiol-
ogy and pathogenesis of coronavirus disease
(COVID-19) outbreak. J Autoimmun 2020; 109:
102433.

Ren LL, Wang YM, Wu ZQ, Xiang ZC, Guo L, Xu
T, Jiang YZ, Xiong Y, Li YJ, Li XW, Li H, Fan GH,
Gu XY, Xiao Y, Gao H, Xu JY, Yang F, Wang XM,
Wu C, Chen L, Liu YW, Liu B, Yang J, Wang XR,
Dong J, Li L, Huang CL, Zhao JP, Hu Y, Cheng
ZS, Liu LL, Qian ZH, Qin C, Jin Q, Cao B and
Wang JW. Identification of a novel coronavirus
causing severe pneumonia in human: a de-
scriptive study. Chin Med J (Engl) 2020; 133:
1015-1024.

Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y,
ZhangL, Fan G, Xu J, Gu X, Cheng Z, Yu T, Xia J,
Wei Y, Wu W, Xie X, Yin W, Li H, Liu M, Xiao Y,
Gao H, Guo L, Xie J, Wang G, Jiang R, Gao Z, Jin
Q, Wang J and Cao B. Clinical features of pa-
tients infected with 2019 novel coronavirus in
Wuhan, China. Lancet 2020; 395: 497-506.
Wang W, Tang J and Wei F. Updated under-
standing of the outbreak of 2019 novel coro-
navirus (2019-nCoV) in Wuhan, China. J Med
Virol 2020; 92: 441-447.

Carlos WG, Dela Cruz CS, Cao B, Pasnick S and
Jamil S. Novel Wuhan (2019-nCoV) coronavi-
rus. Am J Respir Crit Care Med 2020; 201: P7-
P8.

South AM, Diz DI and Chappell MC. COVID-19,
ACE2, and the cardiovascular consequences.
Am J Physiol Heart Circ Physiol 2020; 318:
H1084-H1090.

Wang MY, Zhao R, Gao LJ, Gao XF, Wang DP
and Cao JM. SARS-CoV-2: structure, biology,
and structure-based therapeutics develop-
ment. Front Cell Infect Microbiol 2020; 10:
587269.

Gorkhali R, Koirala P, Rijal S, Mainali A,
Baral A and Bhattarai HK. Structure and
function of major SARS-CoV-2 and SARS-CoV
proteins. Bioinform Biol Insights 2021; 15:
11779322211025876.

Scialo F, Daniele A, Amato F, Pastore L, Matera
MG, Cazzola M, Castaldo G and Bianco A.
ACE2: the major cell entry receptor for SARS-
CoV-2. Lung 2020; 198: 867-877.

Raghav PK, Kalyanaraman K and Kumar D.
Human cell receptors: potential drug targets to
combat COVID-19. Amino Acids 2021; 53:
813-842.

Zhou P, Yang XL, Wang XG, Hu B, Zhang L,
Zhang W, Si HR, Zhu Y, Li B, Huang CL, Chen

[20]

(21]

[22]

(23]

(24]

(25]

[26]

[27]

(28]

[29]

[30]

(31]

HD, Chen J, Luo Y, Guo H, Jiang RD, Liu MQ,
Chen Y, Shen XR, Wang X, Zheng XS, Zhao K,
Chen QJ, Deng F, Liu LL, Yan B, Zhan FX, Wang
YY, Xiao GF and Shi ZL. A pneumonia outbreak
associated with a new coronavirus of probable
bat origin. Nature 2020; 579: 270-273.

Yao Y, Wang H and Liu Z. Expression of ACE2 in
airways: implication for COVID-19 risk and dis-
ease management in patients with chronic in-
flammatory respiratory diseases. Clin Exp Al-
lergy 2020; 50: 1313-1324.

Tipnis SR, Hooper NM, Hyde R, Karran E, Chris-
tie G and Turner AJ. A human homolog of
angiotensin-converting enzyme. Cloning and
functional expression as a captopril-insensi-
tive carboxypeptidase. J Biol Chem 2000; 275:
33238-33243.

Jackson CB, Farzan M, Chen B and Choe H.
Mechanisms of SARS-CoV-2 entry into cells.
Nat Rev Mol Cell Biol 2022; 23: 3-20.

Zeidler A and Karpinski TM. SARS-CoV, MERS-
CoV, SARS-CoV-2 comparison of three emerg-
ing coronaviruses. Jundishapur J Microbiol
2020; 13: e103744.

Kadam SB, Sukhramani GS, Bishnoi P, Pable
AA and Barvkar VT. SARS-CoV-2, the pandemic
coronavirus: molecular and structural insights.
J Basic Microbiol 2021; 61: 180-202.

Paim FC, Bowman AS, Miller L, Feehan BJ,
Marthaler D, Saif LJ and Vlasova AN. Epidemi-
ology of deltacoronaviruses (8-CoV) and gam-
macoronaviruses (y-CoV) in wild birds in the
United States. Viruses 2019; 11: 897.

Arya R, Kumari S, Pandey B, Mistry H, Bihani
SC, Das A, Prashar V, Gupta GD, Panicker L
and Kumar M. Structural insights into SARS-
CoV-2 proteins. J Mol Biol 2021; 433: 166725.
Luk HKH, Li X, Fung J, Lau SKP and Woo PCY.
Molecular epidemiology, evolution and phylog-
eny of SARS coronavirus. Infect Genet Evol
2019; 71: 21-30.

Wrapp D, Wang N, Corbett KS, Goldsmith JA,
Hsieh CL, Abiona O, Graham BS and McLellan
JS. Cryo-EM structure of the 2019-nCoV spike
in the prefusion conformation. Science 2020;
367: 1260-1263.

Li W, Moore MJ, Vasilieva N, Sui J, Wong SK,
Berne MA, Somasundaran M, Sullivan JL, Lu-
zuriaga K, Greenough TC, Choe H and Farzan
M. Angiotensin-converting enzyme 2 is a func-
tional receptor for the SARS coronavirus. Na-
ture 2003; 426: 450-454.

Yesudhas D, Srivastava A and Gromiha MM.
COVID-19 outbreak: history, mechanism, tr-
ansmission, structural studies and therapeu-
tics. Infection 2021; 49: 199-213.

Hoffmann M, Kleine-Weber H, Schroeder S,
Kruger N, Herrler T, Erichsen S, Schiergens TS,
Herrler G, Wu NH, Nitsche A, Muller MA, Dro-

Am J Clin Exp Immunol 2023;12(3):24-44



[32]

[33]

[34]

[35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

39

Characterization of the ACE2

sten C and Péhimann S. SARS-CoV-2 cell entry
depends on ACE2 and TMPRSS2 and is
blocked by a clinically proven protease inhibi-
tor. Cell 2020; 181: 271-280, €278.

Li F. Receptor recognition mechanisms of coro-
naviruses: a decade of structural studies. J Vi-
rol 2015; 89: 1954-1964.

Li F, Li W, Farzan M and Harrison SC. Structure
of SARS coronavirus spike receptor-binding do-
main complexed with receptor. Science 2005;
309: 1864-1868.

Bestle D, Heindl MR, Limburg H, Van Lam van
T, Pilgram O, Moulton H, Stein DA, Hardes K,
Eickmann M, Dolnik O, Rohde C, Klenk HD,
Garten W, Steinmetzer T and Bottcher-Friebert-
shauser E. TMPRSS2 and furin are both essen-
tial for proteolytic activation of SARS-CoV-2 in
human airway cells. Life Sci Alliance 2020; 3:
€202000786.

Bayati A, Kumar R, Francis V and McPherson
PS. SARS-CoV-2 infects cells after viral entry
via clathrin-mediated endocytosis. J Biol Chem
2021; 296: 100306.

Inoue Y, Tanaka N, Tanaka Y, Inoue S, Morita K,
Zhuang M, Hattori T and Sugamura K. Clathrin-
dependent entry of severe acute respiratory
syndrome coronavirus into target cells express-
ing ACE2 with the cytoplasmic tail deleted. J
Virol 2007; 81: 8722-8729.

Yuan Y, Cao D, Zhang Y, Ma J, Qi J, Wang Q, Lu
G, WuY, Yan J, ShiY, Zhang X and Gao GF. Cryo-
EM structures of MERS-CoV and SARS-CoV
spike glycoproteins reveal the dynamic recep-
tor binding domains. Nat Commun 2017; 8:
15092.

Gui M, Song W, Zhou H, Xu J, Chen S, Xiang Y
and Wang X. Cryo-electron microscopy struc-
tures of the SARS-CoV spike glycoprotein re-
veal a prerequisite conformational state for
receptor binding. Cell Res 2017; 27: 119-129.
Walls AC, Tortorici MA, Snijder J, Xiong X, Bosch
BJ, Rey FA and Veesler D. Tectonic conforma-
tional changes of a coronavirus spike glycopro-
tein promote membrane fusion. Proc Natl Acad
SciUS A2017;114: 11157-11162.

Fan X, Cao D, Kong L and Zhang X. Cryo-EM
analysis of the post-fusion structure of the
SARS-CoV spike glycoprotein. Nat Commun
2020; 11: 3618.

Donoghue M, Hsieh F, Baronas E, Godbout K,
Gosselin M, Stagliano N, Donovan M, Woolf B,
Robison K and Jeyaseelan R. A novel angjo-
tensin-converting enzyme-related carboxypep-
tidase (ACE2) converts angiotensin | to angio-
tensin 1-9. Circ Res 2000; 87: E1-E9.

Zhang H, Wada J, Hida K, Tsuchiyama Y, Hira-
gushi K, Shikata K, Wang H, Lin S, Kanwar YS
and Makino H. Collectrin, a collecting duct-
specific transmembrane glycoprotein, is a nov-
el homolog of ACE2 and is developmentally

[43]

[44]

[45]

[46]

[49]

(50]

(51]

[52]

(53]

regulated in embryonic kidneys. J Biol Chem
2001; 276: 17132-17139.

Menach E, Hashida Y, Yasukawa K and Inouye
K. Effects of conversion of the zinc-binding mo-
tif sequence of thermolysin, HEXXH, to that of
dipeptidyl peptidase lll, HEXXXH, on the activi-
ty and stability of thermolysin. Biosci Biotech-
nol Biochem 2013; 77: 1901-1906.

Towler P, Staker B, Prasad SG, Menon S, Tang
J, Parsons T, Ryan D, Fisher M, Williams D,
Dales NA, Patane MA and Pantoliano MW.
ACE2 X-ray structures reveal a large hinge-
bending motion important for inhibitor binding
and catalysis. J Biol Chem 2004; 279: 17996-
18007.

Flép V, Bocskei Z and Polgar L. Prolyl oligo-
peptidase: an unusual beta-propeller domain
regulates proteolysis. Cell 1998; 94: 161-170.
Rockel B, Peters J, Kihimorgen B, Glaeser RM
and Baumeister W. A giant protease with a
twist: the TPP Il complex from Drosophila stud-
ied by electron microscopy. EMBO J 2002; 21:
5979-5984.

Rawlings ND and Barrett AJ. Evolutionary fami-
lies of metallopeptidases. Methods Enzymol
1995; 248: 183-228.

Lubbe L, Cozier GE, Oosthuizen D, Acharya KR
and Sturrock ED. ACE2 and ACE: structure-
based insights into mechanism, regulation
and receptor recognition by SARS-CoV. Clin Sci
(Lond) 2020; 134: 2851-2871.

Prabakaran P, Xiao X and Dimitrov DS. A model
of the ACE2 structure and function as a SARS-
CoV receptor. Biochem Biophys Res Commun
2004; 314: 235-241.

Batlle D, Wysocki J and Satchell K. Soluble
angiotensin-converting enzyme 2: a potential
approach for coronavirus infection therapy?
Clin Sci (Lond) 2020; 134: 543-545.

Yan R, Zhang Y, Li Y, Xia L, Guo Y and Zhou Q.
Structural basis for the recognition of SARS-
CoV-2 by full-length human ACE2. Science
2020; 367: 1444-1448.

Imai Y, Kuba K, Rao S, Huan Y, Guo F, Guan B,
Yang P, Sarao R, Wada T, Leong-Poi H, Crack-
ower MA, Fukamizu A, Hui CC, Hein L, Uhlig S,
Slutsky AS, Jiang C and Penninger JM. Angio-
tensin-converting enzyme 2 protects from se-
vere acute lung failure. Nature 2005; 436:
112-116.

Lautner RQ, Villela DC, Fraga-Silva RA, Silva N,
Verano-Braga T, Costa-Fraga F, Jankowski J,
Jankowski V, Sousa F, Alzamora A, Soares E,
Barbosa C, Kjeldsen F, Oliveira A, Braga J,
Savergnini S, Maia G, Peluso AB, Passos-Silva
D, Ferreira A, Alves F, Martins A, Raizada M,
Paula R, Motta-Santos D, Klempin F, Pimenta
A, Alenina N, Sinisterra R, Bader M, Campag-
nole-Santos MJ and Santos RA. Discovery and
characterization of alamandine: a novel com-

Am J Clin Exp Immunol 2023;12(3):24-44



[54]

[55]

[56]

[57]

(58]

[59]

[60]

[61]

[62]

[63]

[64]

40

Characterization of the ACE2

ponent of the renin-angiotensin system. Circ
Res 2013; 112: 1104-1111.

Adu-Amankwaah J, Mprah R, Adekunle AO,
Ndzie Noah ML, Adzika GK, Machuki JO and
Sun H. The cardiovascular aspect of COVID-19.
Ann Med 2021; 53: 227-236.

Jankowski V, Vanholder R, van der Giet M, Tolle
M, Karadogan S, Gobom J, Furkert J, Oksche A,
Krause E, Tran TN, Tepel M, Schuchardt M,
Schllter H, Wiedon A, Beyermann M, Bader M,
Todiras M, Zidek W and Jankowski J. Mass-
spectrometric identification of a novel angio-
tensin peptide in human plasma. Arterioscler
Thromb Vasc Biol 2007; 27: 297-302.

Sodhi CP, Wohlford-Lenane C, Yamaguchi Y,
Prindle T, Fulton WB, Wang S, McCray PB Jr,
Chappell M, Hackam DJ and Jia H. Attenuation
of pulmonary ACE2 activity impairs inactiva-
tion of des-Arg(9) bradykinin/BKB1R axis and
facilitates LPS-induced neutrophil infiltration.
Am J Physiol Lung Cell Mol Physiol 2018; 314:
L17-L31.

Bélichard P, Loillier B, Paquet JL, Luccarini JM
and Pruneau D. Haemodynamic and cardiac
effects of kinin B1 and B2 receptor stimulation
in conscious instrumented dogs. Br J Pharma-
col 1996; 117: 1565-1571.

Marceau F, Barabé J, St-Pierre S and Regoli D.
Kinin receptors in experimental inflammation.
Can J Physiol Pharmacol 1980; 58: 536-542.
Manning DC and Snyder SH. Bradykinin recep-
tors localized by quantitative autoradiography
in kidney, ureter, and bladder. Am J Physiol
1989; 256: F909-915.

Mantione CR and Rodriguez R. A bradykinin
(BK)1 receptor antagonist blocks capsaicin-in-
duced ear inflammation in mice. Br J Pharma-
col 1990; 99: 516-518.

Albert-Weissenberger C, Stetter C, Meuth SG,
Gobel K, Bader M, Sirén AL and Kleinschnitz C.
Blocking of bradykinin receptor B1 protects
from focal closed head injury in mice by reduc-
ing axonal damage and astroglia activation. J
Cereb Blood Flow Metab 2012; 32: 1747-
1756.

Marceau F, Lussier A and St-Pierre S. Selective
induction of cardiovascular responses to des-
Arg9-bradykinin by bacterial endotoxin. Phar-
macology 1984; 29: 70-74.

Pan ZK, Zuraw BL, Lung CC, Prossnitz ER,
Browning DD and Ye RD. Bradykinin stimulates
NF-kappaB activation and interleukin 1beta
gene expression in cultured human fibroblasts.
J Clin Invest 1996; 98: 2042-2049.

Tatemoto K, Hosoya M, Habata Y, Fujii R, Ka-
kegawa T, Zou MX, Kawamata Y, Fukusumi S,
Hinuma S, Kitada C, Kurokawa T, Onda H and
Fujino M. lIsolation and characterization of a
novel endogenous peptide ligand for the hu-

[65]

[66]

[67]

(68]

[69]

[70]

[71]

[72]

[73]

[74]

man APJ receptor. Biochem Biophys Res Com-
mun 1998; 251: 471-476.

Shin K, Pandey A, Liu XQ, Anini Y and Rainey
JK. Preferential apelin-13 production by the
proprotein convertase PCSK3 is implicated in
obesity. FEBS Open Bio 2013; 3: 328-333.
Fan X, Zhou N, Zhang X, Mukhtar M, Lu Z, Fang
J, DuBois GC and Pomerantz RJ. Structural and
functional study of the apelin-13 peptide, an
endogenous ligand of the HIV-1 coreceptor,
APJ. Biochemistry 2003; 42: 10163-10168.
Wang W, McKinnie SM, Farhan M, Paul M, Mc-
Donald T, McLean B, Llorens-Cortes C, Hazra
S, Murray AG, Vederas JC and Oudit GY. Angio-
tensin-converting enzyme 2 metabolizes and
partially inactivates Pyr-Apelin-13 and Ape-
lin-17: physiological effects in the cardiovascu-
lar system. Hypertension 2016; 68: 365-377.
Lee DK, Cheng R, Nguyen T, Fan T, Kariya-
wasam AP, Liu Y, Osmond DH, George SR and
O’Dowd BF. Characterization of apelin, the li-
gand for the APJ receptor. J Neurochem 2000;
74: 34-41.

Zhong J, Basu R, Guo D, Chow FL, Byrns S,
Schuster M, Loibner H, Wang XH, Penninger
JM, Kassiri Z and Oudit GY. Angjotensin-con-
verting enzyme 2 suppresses pathological hy-
pertrophy, myocardial fibrosis, and cardiac dys-
function. Circulation 2010; 122: 717-728, 718
p following 728.

Vickers C, Hales P, Kaushik V, Dick L, Gavin J,
Tang J, Godbout K, Parsons T, Baronas E, Hsieh
F, Acton S, Patane M, Nichols A and Tummino
P. Hydrolysis of biological peptides by human
angiotensin-converting enzyme-related car-
boxypeptidase. J Biol Chem 2002; 277: 14838-
14843.

Sato T, Suzuki T, Watanabe H, Kadowaki A, Fu-
kamizu A, Liu PP, Kimura A, Ito H, Penninger
JM, Imai Y and Kuba K. Apelin is a positive
regulator of ACE2 in failing hearts. J Clin Invest
2013; 123: 5203-5211.

Camargo SM, Singer D, Makrides V, Huggel K,
Pos KM, Wagner CA, Kuba K, Danilczyk U,
Skovby F, Kleta R, Penninger JM and Verrey F.
Tissue-specific amino acid transporter part-
ners ACE2 and collectrin differentially interact
with hartnup mutations. Gastroenterology
2009; 136: 872-882.

Hashimoto T, Perlot T, Rehman A, Trichereau J,
Ishiguro H, Paolino M, Sigl V, Hanada T, Hana-
da R, Lipinski S, Wild B, Camargo SM, Singer D,
Richter A, Kuba K, Fukamizu A, Schreiber S,
Clevers H, Verrey F, Rosenstiel P and Penninger
JM. ACE2 links amino acid malnutrition to mi-
crobial ecology and intestinal inflammation.
Nature 2012; 487: 477-481.

ZhaoY, Zhao Z, Wang Y, Zhou Y, Ma Y and Zuo
W. Single-cell RNA expression profiling of ACE2,

Am J Clin Exp Immunol 2023;12(3):24-44



[75]

[76]

[77]

[78]

[79]

[80]

(81]

[82]

[83]

(84]

[85]

41

Characterization of the ACE2

the receptor of SARS-CoV-2. Am J Respir Crit
Care Med 2020; 202: 756-759.

Li J, Gong X, Wang Z, Chen R, Li T, Zeng D and
Li M. Clinical features of familial clustering in
patients infected with 2019 novel coronavirus
in  Wuhan, China. Virus Res 2020; 286:
198043.

Chen N, Zhou M, Dong X, Qu J, Gong F, Han Y,
Qiu Y, Wang J, Liu Y, Wei Y, Xia J, Yu T, Zhang X
and Zhang L. Epidemiological and clinical
characteristics of 99 cases of 2019 novel coro-
navirus pneumonia in Wuhan, China: a de-
scriptive study. Lancet 2020; 395: 507-513.
Li MY, Li L, Zhang Y and Wang XS. Expression
of the SARS-CoV-2 cell receptor gene ACE2 in a
wide variety of human tissues. Infect Dis Pov-
erty 2020; 9: 45.

Holshue ML, DeBolt C, Lindquist S, Lofy KH,
Wiesman J, Bruce H, Spitters C, Ericson K,
Wilkerson S, Tural A, Diaz G, Cohn A, Fox L, Pa-
tel A, Gerber SI, Kim L, Tong S, Lu X, Lindstrom
S, Pallansch MA, Weldon WC, Biggs HM, Uyeki
TM and Pillai SK; Washington State 2019-nCoV
Case Investigation Team. First case of 2019
novel coronavirus in the United States. N Eng| J
Med 2020; 382: 929-936.

Harmer D, Gilbert M, Borman R and Clark KL.
Quantitative mRNA expression profiling of ACE
2, a novel homologue of angiotensin convert-
ing enzyme. FEBS Lett 2002; 532: 107-110.
Hamming I, Timens W, Bulthuis ML, Lely AT,
Navis G and van Goor H. Tissue distribution of
ACE2 protein, the functional receptor for SARS
coronavirus. A first step in understanding SARS
pathogenesis. J Pathol 2004; 203: 631-637.
Yang JK, Lin SS, Ji XJ and Guo LM. Binding of
SARS coronavirus to its receptor damages is-
lets and causes acute diabetes. Acta Diabetol
2010; 47: 193-199.

Qi F, Qian S, Zhang S and Zhang Z. Single cell
RNA sequencing of 13 human tissues identify
cell types and receptors of human coronavi-
ruses. Biochem Biophys Res Commun 2020;
526: 135-140.

Liu F, Long X, Zhang B, Zhang W, Chen X and
Zhang Z. ACE2 expression in pancreas may
cause pancreatic damage after SARS-CoV-2
infection. Clin Gastroenterol Hepatol 2020;
18:2128-2130, €2122.

Wiener RS, Cao YX, Hinds A, Ramirez MI and
Williams MC. Angiotensin converting enzyme 2
is primarily epithelial and is developmentally
regulated in the mouse lung. J Cell Biochem
2007; 101: 1278-1291.

Aguilar-Lemarroy A, Lépez-Uribe A, Sanchez-
Corona J and Jave-Suarez LF. Severe acute re-
spiratory syndrome coronavirus 2 ORF3a in-
duces the expression of ACE2 in oral and
pulmonary epithelial cells and the food supple-

(86]

(88]

(89]

[90]

[92]

(93]

[94]

[95]

[96]

ment Vita Deyun(®) diminishes this effect. Exp
Ther Med 2021; 21: 485.

Radzikowska U, Ding M, Tan G, Zhakparov D,
Peng Y, Wawrzyniak P, Wang M, Li S, Morita H,
Altunbulakli C, Reiger M, Neumann AU, Lunjani
N, Traidl-Hoffmann C, Nadeau KC, O’Mahony L,
Akdis C and Sokolowska M. Distribution of
ACE2, CD147, CD26, and other SARS-CoV-2
associated molecules in tissues and immune
cells in health and in asthma, COPD, obesity,
hypertension, and COVID-19 risk factors. Aller-
gy 2020; 75: 2829-2845.

CuiH,SusS, CaoY, Ma Cand Qiu W. The altered
anatomical distribution of ACE2 in the brain
with Alzheimer’s disease pathology. Front Cell
Dev Biol 2021; 9: 684874.

Baig AM, Khaleeq A, Ali U and Syeda H. Evi-
dence of the COVID-19 virus targeting the CNS:
tissue distribution, host-virus interaction, and
proposed neurotropic mechanisms. ACS Chem
Neurosci 2020; 11: 995-998.

Zhang H, Rostami MR, Leopold PL, Mezey JG,
O’Beirne SL, Strulovici-Barel Y and Crystal RG.
Expression of the SARS-CoV-2 ACE2 receptor
in the human airway epithelium. Am J Respir
Crit Care Med 2020; 202: 219-229.

Gkogkou E, Barnasas G, Vougas K and Trouga-
kos IP. Expression profiling meta-analysis of
ACE2 and TMPRSS2, the putative anti-inflam-
matory receptor and priming protease of SARS-
CoV-2 in human cells, and identification of pu-
tative modulators. Redox Biol 2020; 36:
101615.

Badawi A and Ryoo SG. Prevalence of comor-
bidities in the Middle East respiratory syn-
drome coronavirus (MERS-CoV): a systematic
review and meta-analysis. Int J Infect Dis 2016;
49: 129-133.

Channappanavar R, Fett C, Mack M, Ten Eyck
PP, Meyerholz DK and Perlman S. Sex-based
differences in susceptibility to severe acute re-
spiratory syndrome coronavirus infection. J Im-
munol 2017; 198: 4046-4053.

Li Y, Li H and Zhou L. EZH2-mediated H3K-
27me3 inhibits ACE2 expression. Biochem Bio-
phys Res Commun 2020; 526: 947-952.
Chen J, Jiang Q, Xia X, Liu K, Yu Z, Tao W, Gong
W and Han JJ. Individual variation of the SARS-
CoV-2 receptor ACE2 gene expression and
regulation. Aging Cell 2020; 19: e13168.

Xie X, Chen J, Wang X, Zhang F and Liu Y. Age-
and gender-related difference of ACE2 expres-
sion in rat lung. Life Sci 2006; 78: 2166-2171.
Fernandez-Atucha A, Izagirre A, Fraile-Bermu-
dez AB, Kortajarena M, Larrinaga G, Martinez-
Lage P, Echevarria E and Gil J. Sex differences
in the aging pattern of renin-angiotensin sys-
tem serum peptidases. Biol Sex Differ 2017; 8:
5.

Am J Clin Exp Immunol 2023;12(3):24-44



Characterization of the ACE2

[97] HuY, Li X, Wu N, Wang N, Qiu C and Li J. Study
on the correlation among sex, age and the ac-
tivity of ACE, ACE2 and the ratio of ACE/ACE2.
J Qigihar Med Coll 2018; 39: 884-887.

[98] QiuY, Zhao YB, Wang Q, Li JY, Zhou ZJ, Liao CH
and Ge XY. Predicting the angiotensin convert-
ing enzyme 2 (ACE2) utilizing capability as the
receptor of SARS-CoV-2. Microbes Infect 2020;
22:221-225.

[99] Xu J, Xu X, Jiang L, Dua K, Hansbro PM and Liu
G. SARS-CoV-2 induces transcriptional signa-
tures in human lung epithelial cells that pro-
mote lung fibrosis. Respir Res 2020; 21: 182.

[100] Ye R and Liu Z. ACE2 exhibits protective effects
against LPS-induced acute lung injury in mice
by inhibiting the LPS-TLR4 pathway. Exp Mol
Pathol 2020; 113: 104350.

[101] Zheng M. ACE2 and COVID-19 susceptibility
and severity. Aging Dis 2022; 13: 360-372.

[102] Kuba K, Imai Y, Rao S, Gao H, Guo F, Guan B,
Huan, Yang P, Zhang Y, Deng W, Bao L, Zhang
B, Liu G, Wang Z, Chappell M, Liu Y, Zheng D,
Leibbrandt A, Wada T, Slutsky AS, Liu D, Qin C,
Jiang C and Penninger JM. A crucial role of an-
giotensin converting enzyme 2 (ACE2) in SARS
coronavirus-induced lung injury. Nat Med
2005; 11: 875-879.

[103] Cao X. COVID-19: immunopathology and its im-
plications for therapy. Nat Rev Immunol 2020;
20: 269-270.

[104] Démling A and Gao L. Chemistry and biology of
SARS-CoV-2. Chem 2020; 6: 1283-1295.
[105] Kawase M, Shirato K, van der Hoek L, Taguchi

F and Matsuyama S. Simultaneous treatment
of human bronchial epithelial cells with serine
and cysteine protease inhibitors prevents se-
vere acute respiratory syndrome coronavirus

entry. J Virol 2012; 86: 6537-6545.

[106] Bahadoram M, Keikhaei B, Saeedi-Boroujeni A
and Mahmoudian-Sani MR. Chloroquine/hy-
droxychloroquine: an inflammasome inhibitor
in severe COVID-19? Naunyn Schmiedebergs
Arch Pharmacol 2021; 394: 997-1001.

[107] Calcagnile M, Forgez P, lannelli A, Bucci C, Ali-
fano M and Alifano P. Molecular docking simu-
lation reveals ACE2 polymorphisms that may
increase the affinity of ACE2 with the SARS-
CoV-2 Spike protein. Biochimie 2021; 180:
143-148.

[108] Suryamohan K, Diwanji D, Stawiski EW, Gupta
R, Miersch S, Liu J, Chen C, Jiang YP, Fellouse
FA, Sathirapongsasuti JF, Albers PK, Deepak T,
Saberianfar R, Ratan A, Washburn G, Mis M,
Santhosh D, Somasekar S, Hiranjith GH, Var-
gas D, Mohan S, Phalke S, Kuriakose B, Antony
A, Ustav M Jr, Schuster SC, Sidhu S, Junutula
JR, Jura N and Seshagiri S. Human ACE2 re-
ceptor polymorphisms and altered susceptibil-
ity to SARS-CoV-2. Commun Biol 2021; 4: 475.

42

[109] Pouladi N and Abdolahi S. Investigating the
ACE2 polymorphisms in COVID-19 susceptibili-
ty: an in silico analysis. Mol Genet Genomic
Med 2021; 9: e1l672.

[110] Lee YY, Park HH, Park W, Kim H, Jang JG, Hong
KS, Lee JY, Seo HS, Na DH, Kim TH, Choy YB,
Ahn JH, Lee W and Park CG. Long-acting
nanoparticulate DNase-1 for effective sup-
pression of SARS-CoV-2-mediated neutrophil
activities and cytokine storm. Biomaterials
2021; 267: 120389.

[111] Ramiro S, Mostard RLM, Magro-Checa C, van
Dongen CMP, Dormans T, Buijs J, Gronenschild
M, de Kruif MD, van Haren EHJ, van Kraaij T,
Leers MPG, Peeters R, Wong DR and Landewé
RBM. Historically controlled comparison of glu-
cocorticoids with or without tocilizumab versus
supportive care only in patients with COVID-
19-associated cytokine storm syndrome: re-
sults of the CHIC study. Ann Rheum Dis 2020;
79: 1143-1151.

[112]Soy M, Keser G, Atagundiz P, Tabak F,
Ataglnduz | and Kayhan S. Cytokine storm in
COVID-19: pathogenesis and overview of anti-
inflammatory agents used in treatment. Clin
Rheumatol 2020; 39: 2085-2094.

[113] Zunke F and Rose-John S. The shedding prote-
ase ADAM17: physiology and pathophysiology.
Biochim Biophys Acta Mol Cell Res 2017;
1864: 2059-2070.

[114] Patel VB, Clarke N, Wang Z, Fan D, Parajuli N,
Basu R, Putko B, Kassiri Z, Turner AJ and Oudit
GY. Angiotensin Il induced proteolytic cleavage
of myocardial ACE2 is mediated by TACE/
ADAM-17: a positive feedback mechanism in
the RAS. J Mol Cell Cardiol 2014; 66: 167-176.

[115] Cui SN, Tan HY and Fan GC. Immunopathologi-
cal roles of neutrophils in virus infection and
COVID-19. Shock 2021; 56: 345-351.

[116] Borges L, Pithon-Curi TC, Curi R and Hatanaka
E. COVID-19 and neutrophils: the relationship
between hyperinflammation and neutrophil ex-
tracellular traps. Mediators Inflamm 2020;
2020: 8829674.

[117] Mishra HK, Ma J and Walcheck B. Ectodomain
shedding by ADAM17: its role in neutrophil re-
cruitment and the impairment of this process
during sepsis. Front Cell Infect Microbiol 2017;
7:138.

[118] Lartey NL, Valle-Reyes S, Vargas-Robles H, Ji-
ménez-Camacho KE, Guerrero-Fonseca M,
Castellanos-Martinez R, Montoya-Garcia A,
Garcia-Cordero J, Cedillo-Barron L, Nava P,
Filisola-Villasenor JG, Roa-Velazquez D, Zavala-
Vargas DI, Morales-Rios E, Salinas-Lara C, Va-
dillo E and Schnoor M. ADAM17/MMP inhibi-
tion prevents neutrophilia and lung injury in a
mouse model of COVID-19. J Leukoc Biol
2022; 111: 1147-1158.

Am J Clin Exp Immunol 2023;12(3):24-44



Characterization of the ACE2

[119] Hirano T and Murakami M. COVID-19: a new
virus, but a familiar receptor and cytokine re-
lease syndrome. Immunity 2020; 52: 731-
733.

[120] Aupperle KR, Bennett BL, Boyle DL, Tak PP,
Manning AM and Firestein GS. NF-kappa B
regulation by | kappa B kinase in primary fibro-
blast-like synoviocytes. J Immunol 1999; 163:
427-433.

[121] Beg AA and Baltimore D. An essential role for
NF-kappaB in preventing TNF-alpha-induced
cell death. Science 1996; 274: 782-784.

[122] Catlett-Falcone R, Landowski TH, Oshiro MM,
Turkson J, Levitzki A, Savino R, Ciliberto G,
Moscinski L, Fernandez-Luna JL, Nufiez G, Dal-
ton WS and Jove R. Constitutive activation of
Stat3 signaling confers resistance to apoptosis
in human U266 myeloma cells. Immunity
1999; 10: 105-115.

[123] Murakami M, Kamimura D and Hirano T. Plei-
otropy and specificity: insights from the inter-
leukin 6 family of cytokines. Immunity 2019;
50: 812-831.

[124] Yang P, Gu H, Zhao Z, Wang W, Cao B, Lai C,
Yang X, Zhang L, Duan Y, Zhang S, Chen W,
Zhen W, Cai M, Penninger JM, Jiang C and
Wang X. Angiotensin-converting enzyme 2
(ACE2) mediates influenza H7N9 virus-induced
acute lung injury. Sci Rep 2014; 4: 7027.

[125] Meng J, Xiao G, Zhang J, He X, Ou M, Bi J, Yang
R, Di W, Wang Z, Li Z, Gao H, Liu L and Zhang
G. Renin-angiotensin system inhibitors im-
prove the clinical outcomes of COVID-19 pa-
tients with hypertension. Emerg Microbes In-
fect 2020; 9: 757-760.

[126] Hampl V, Herget J, Bibova J, Banasova A, Hus-
kova Z, Vanourkova Z, Jichova S, Kujal P,
Vernerova Z, Sadowski J and Cervenka L. Intra-
pulmonary activation of the angiotensin-con-
verting enzyme type 2/angiotensin 1-7/G-pro-
tein-coupled Mas receptor axis attenuates
pulmonary hypertension in Ren-2 transgenic
rats exposed to chronic hypoxia. Physiol Res
2015; 64: 25-38.

[127]Wu Z and McGoogan JM. Characteristics of
and important lessons from the coronavirus
disease 2019 (COVID-19) outbreak in China:
summary of a report of 72314 cases from the
chinese center for disease control and preven-
tion. JAMA 2020; 323: 1239-1242.

[128] Chlamydas S, Papavassiliou AG and Piperi C.
Epigenetic mechanisms regulating COVID-19
infection. Epigenetics 2021; 16: 263-270.

[129] Nersisyan S, Shkurnikov M, Turchinovich A,
Knyazev E and Tonevitsky A. Integrative analy-
sis of miRNA and mRNA sequencing data re-
veals potential regulatory mechanisms of
ACE2 and TMPRSS2. PLoS One 2020; 15:
e0235987.

43

[130] Liu Q, Du J, Yu X, Xu J, Huang F, Li X, Zhang C,
Li X, Chang J, Shang D, Zhao Y, Tian M, Lu H, Xu
J, Li C, Zhu H, Jin N and Jiang C. miRNA-200c-
3p is crucial in acute respiratory distress syn-
drome. Cell Discov 2017; 3: 17021.

[131] Beacon TH, Delcuve GP and Davie JR. Epigen-
etic regulation of ACE2, the receptor of the
SARS-CoV-2 virus(1). Genome 2021; 64: 386-
399.

[132] Pedersen KB, Chhabra KH, Nguyen VK, Xia H
and Lazartigues E. The transcription factor
HNF1a induces expression of angiotensin-con-
verting enzyme 2 (ACE2) in pancreatic islets
from evolutionarily conserved promoter motifs.
Biochim Biophys Acta 2013; 1829: 1225-
1235.

[133] Senkel S, Lucas B, Klein-Hitpass L and Ryffel
GU. Identification of target genes of the tran-
scription factor HNF1beta and HNFlalpha in a
human embryonic kidney cell line. Biochim
Biophys Acta 2005; 1731: 179-190.

[134] Davis CA, Hitz BC, Sloan CA, Chan ET, Davidson
JM, Gabdank I, Hilton JA, Jain K, Baymuradov
UK, Narayanan AK, Onate KC, Graham K, Mi-
yasato SR, Dreszer TR, Strattan JS, Jolanki O,
Tanaka FY and Cherry JM. The encyclopedia of
DNA elements (ENCODE): data portal update.
Nucleic Acids Res 2018; 46: D794-D801.

[135] Tsompana M and Buck MJ. Chromatin acces-
sibility: a window into the genome. Epigenetics
Chromatin 2014; 7: 33.

[136] Rao SS, Huntley MH, Durand NC, Stamenova
EK, Bochkov ID, Robinson JT, Sanborn AL, Ma-
chol I, Omer AD, Lander ES and Aiden EL. A 3D
map of the human genome at kilobase resolu-
tion reveals principles of chromatin looping.
Cell 2014; 159: 1665-1680.

[137] Kuan TC, Yang TH, Wen CH, Chen MY, Lee IL
and Lin CS. Identifying the regulatory element
for human angiotensin-converting enzyme 2
(ACE2) expression in human cardiofibroblasts.
Peptides 2011; 32: 1832-1839.

[138] Ziegler CGK, Allon SJ, Nyquist SK, Mbano IM,
Miao VN, Tzouanas CN, Cao Y, Yousif AS, Bals
J, Hauser BM, Feldman J, Muus C, Wadsworth
MH 2nd, Kazer SW, Hughes TK, Doran B, Gat-
ter GJ, Vukovic M, Taliaferro F, Mead BE, Guo Z,
Wang JP, Gras D, Plaisant M, Ansari M, Angeli-
dis |, Adler H, Sucre JMS, Taylor CJ, Lin B,
Waghray A, Mitsialis V, Dwyer DF, Buchheit KM,
Boyce JA, Barrett NA, Laidlaw TM, Carroll SL,
Colonna L, Tkachev V, Peterson CW, Yu A,
Zheng HB, Gideon HP, Winchell CG, Lin PL,
Bingle CD, Snapper SB, Kropski JA, Theis FJ,
Schiller HB, Zaragosi LE, Barbry P, Leslie A,
Kiem HP, Flynn JL, Fortune SM, Berger B, Fin-
berg RW, Kean LS, Garber M, Schmidt AG, Ling-
wood D, Shalek AK and Ordovas-Montanes J;
HCA Lung Biological Network. Electronic ad-

Am J Clin Exp Immunol 2023;12(3):24-44



Characterization of the ACE2

dress: lung-network@humancellatlas.org; HCA
Lung Biological Network. SARS-CoV-2 receptor
ACE2 is an interferon-stimulated gene in hu-
man airway epithelial cells and is detected in
specific cell subsets across tissues. Cell 2020;
181: 1016-1035, €1019.

[139] Smith JC, Sausville EL, Girish V, Yuan ML, Va-

sudevan A, John KM and Sheltzer JM. Ciga-
rette smoke exposure and inflammatory sig-
naling increase the expression of the SARS-
CoV-2 receptor ACE2 in the respiratory tract.
Dev Cell 2020; 53: 514-529, e513.

[140] Hou YJ, Okuda K, Edwards CE, Martinez DR,

44

Asakura T, Dinnon KH 3rd, Kato T, Lee RE,
Yount BL, Mascenik TM, Chen G, Olivier KN,
Ghio A, Tse LV, Leist SR, Gralinski LE, Schafer
A, Dang H, Gilmore R, Nakano S, Sun L, Fulcher
ML, Livraghi-Butrico A, Nicely NI, Cameron M,
Cameron C, Kelvin DJ, de Silva A, Margolis DM,
Markmann A, Bartelt L, Zumwalt R, Martinez
FJ, Salvatore SP, Borczuk A, Tata PR, Sontake
V, Kimple A, Jaspers |, O'Neal WK, Randell SH,
Boucher RC and Baric RS. SARS-CoV-2 reverse
genetics reveals a variable infection gradient
in the respiratory tract. Cell 2020; 182: 429-
446, e414.

[141] Lieberman NAP, Peddu V, Xie H, Shrestha L,

Huang ML, Mears MC, Cajimat MN, Bente DA,
Shi PY, Bovier F, Roychoudhury P, Jerome KR,
Moscona A, Porotto M and Greninger AL. In
vivo antiviral host transcriptional response to
SARS-CoV-2 by viral load, sex, and age. PLoS
Biol 2020; 18: e3000849.

[142] Camuzi D, de Amorim ISS, Ribeiro Pinto LF,

Oliveira Trivilin L, Mencalha AL and Soares
Lima SC. Regulation is in the air: the relation-
ship between hypoxia and epigenetics in can-
cer. Cells 2019; 8: 300.

[143] Clarke NE, Belyaev ND, Lambert DW and Turn-

er AJ. Epigenetic regulation of angiotensin-con-
verting enzyme 2 (ACE2) by SIRT1 under condi-
tions of cell energy stress. Clin Sci (Lond)
2014; 126: 507-516.

Am J Clin Exp Immunol 2023;12(3):24-44



