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Summary

Angiotensin-converting enzyme 2 (ACE2) was identified as
amolecule that mediates the cellular entry of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2). Several
membrane molecules of the host cell must cooperate in this
process. While ACE2 serves in a membrane receptor-mediating
interaction with the surface spike (S) glycoprotein of SARS-CoV-2
located on the virus envelope, enzyme A disintegrin and
metalloproteinase 17 (ADAM17) regulates ACE2 availability on the
membrane and transmembrane protease serine 2 (TMPRSS2)
facilitates virus-cell membrane fusion. Interestingly, ACE2, ADAM17
and TMPRSS2 show a daily rhythm of expression in at least some
mammalian tissue. The circadian system can also modulate
COVID-19 progression via circadian control of the immune system
(direct, as well as melatonin-mediated) and blood coagulation.
Virus/ACE2 interaction causes ACE2 internalization into the cell,
which is associated with suppressed activity of ACE2. As a major
role of ACE2 is to form vasodilatory angiotensin 1-7 from
angiotensin II (Ang II), suppressed ACE2 levels in the lung can
contribute to secondary COVID-19 complications caused by
up-regulated, pro-inflammatory vasoconstrictor Ang II. This is
supported by the positive association of hypertension and negative
COVID-19 prognosis although this relationship is dependent on
numerous comorbidities. Hypertension treatment with inhibitors of
renin-angiotensin system does not negatively influence prognosis
of COVID-19 patients. It seems that tissue susceptibility to
SARS-CoV-2 shows negative correlation to ACE2 expression.
However, in lungs of infected patient, a high ACE2 expression is
associated with better outcome, compared to low ACE2 expression.
Manipulation of soluble ACE2 levels is a promising COVID-19
therapeutic strategy.
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Introduction

Coronavirus disease 2019 (COVID-19) is caused
by the coronavirus-2 (SARS-CoV-2) and represents
a challenge for the health system and societies all over
the world. The COVID-19 dashboard of the Center for
Systems Science and Engineering at Johns Hopkins
University features daily updated global information
about COVID-19 cases and deaths from 192 countries
(Dong et al. 2020). There were more than 202 million
COVID-19 cases worldwide, with more than 4.29 million
deaths as of 9 August 2021. The unexpected quick
progression of SARS-CoV-2 resulted from its rapid
spread via respiratory droplets from an infected person
and by direct contact with contaminated surfaces
(Vardoulakis et al. 2020).

Extensive research has been conducted on the
characteristics of virus and the mechanisms of its
penetration into cells. As a result of the enormous effort
of the scientific community, major accomplishments were
reported in an extremely short time. During one year, we
learned more about risk factors for mortality, but also
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which
successfully survive COVID-19. Despite this, additional

about positive factors, can help patients
knowledge on the pathogenesis of the disease is needed
for effective treatment and to minimize its negative
consequences; this must be the additional approach of
massive vaccination programs.

Dorjee et al. (2020) revealed that the case fatality
risks of the prevalence of death in risk groups were:
(52 %), obstructive
pulmonary disease (51 %), chronic kidney disease (48 %),
chronic liver disease (39 %), age >60 years (35 %),
hypertension (28 %), smoking history (27 %), male gender
(26 %) and diabetes (24 %). The major cause of mortality

from COVID-19 is represented by respiratory failure, but

cardiovascular  disease chronic

in addition to the lungs, the cardiovascular system is also
of critical importance, as outlined by extensive
epidemiological evidence. Large epidemiological studies
implicate hypertension as an important risk factor of the
complicated form of COVID-19 disease. A strong
association has been found between COVID-19-related
deaths and high blood pressure in the OpenSAFELY
platform study. The hypertension is associated with
a higher risk of COVID-19 mortality in patients up to the
age of 70 years. The adjusted HR for COVID-19 death for
the age group of 18-39 years old patients with hypertension
is 3.10 (1.69-5.70), 40-49 olds have HR 2.73 (1.96-3.81),
patients in age between 50-59 years have HR 2.07
(1.73-2.47) and in age group between 60-69 years the
adjusted HR is 1.32 (1.17-1.50) of COVID-19 death. The
risk in patients above the age of 70 years is lower (adjusted
HR 0.94 (0.86-1.02) and adjusted HR 0.73 (0.69-0.78) for
age groups 70-79 olds and over 80 years old patients,
respectively). The hypertension hazard ratio adjusted not
only for age and sex, but also for diabetes and obesity
decreased from 1.09 (1.05-1.14) to HR 0.97 (0.92-1.01)
(Williamson et al. 2020). The severity of COVID-19 was
higher in hypertensive patients, showing a hazard ratio
(HR) of 2.27 (95 % confidence interval [CI]: 1.8-2.86),
compared to non-hypertensive patients. In addition,
hypertensive patients exhibited a HR of 3.48 (95 % CI:
1.72-7.08) of dying from COVID-19, compared to

non-hypertensive patients (Zhang et al. 2020).

The role of ACE2, as a part of renin-
angiotensin system, in COVID-19 progression

Hypertension is frequently associated with
an up-regulated renin-angiotensin system (RAS), which
is a critical regulator of the cardiovascular system with

strong impacts on blood pressure, water balance and
vascular function. RAS functioning is based on multistep
enzymatic processing, leading to the conversion of
precursors to effectors in a way that allows negative
feedback to eliminate aberrations within the RAS.
Among enzymes involved in the RAS is a zinc-dependent
metalloprotease (ACE2) discovered in 2000 that shows
a strong influence on the levels of major RAS effector
molecules angiotensin II (Ang II) and angiotensin 1-7
(Angl-7) (Hooper et al. 2020).

The precursor of Ang II, angiotensin I (Ang I), is
formed from angiotensinogen, originating in the liver, by
renal peptidase renin released by the juxtaglomerular
cells in the kidney in response to blood pressure decrease
(Herichova and Szantoova 2013, for a
to Angll is
angiotensin-converting enzyme (ACE), which strongly

review).
Conversion of Angl executed by
resembles ACE2 by its structure. This step is followed by
arise in Ang II levels, which causes an increase in blood
pressure and shows a strong pro-inflammatory influence,
mediated mostly via angiotensin receptor type 1 (ATRI).
Unlikely ACE, ACE2 converts both, Ang I and Ang II, to
angiotensin 1-9 (Angl-9) and Angl-7, respectively.
Angl-7 is the primary vasodilatory ACE2 product and is
known to counterbalance the effects of Ang II. It binds to
the MAS receptor, exerts anti-inflammatory and anti-
fibrotic actions and reduces blood pressure (Fig. 1)
(Schmieder et al. 2007). Therefore, ACE2 activity is
considered to be a preventive factor of cardiovascular
pathologies associated with up-regulated Ang II levels.
Ang Il can be metabolized to angiotensin IV, which
together with Angll, plays a significant role in
thrombosis development (Mogielnicki et al. 2005). In
addition to the systemic RAS, most of its components,
including ACE2, are also locally formed in different
organs, such as the heart, brain, kidney and
gastrointestinal tract, creating a so-called peripheral RAS
(Paul et al. 2007).

Unfortunately, despite ACE2 function as an Ang
II-counterbalancing the RAS component, ACE2 is also
related to COVID-19 progression. This feature of ACE2
was discovered due to the similarity of SARS-CoV-2 to
SARS-CoV, its close relative. The SARS-CoV virus was
responsible for an epidemic of severe acute respiratory
syndrome (SARS) in 2002 in China. It penetrates the cell
membrane by binding to ACE2 via the receptor binding
domain (RBD), which is a part of the transmembrane
spike (S) glycoprotein. The S protein of SARS-CoV-2

shares approximately 75 % of the identity of SARS-CoV.
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Fig. 1. Renin-angiotensin system cascade. Angiotensinogen is converted to the decapeptide angiotensin I by renin. This step is followed
by the generation of angiotensin II (Ang II) from angiotensin I by angiotensin-converting enzyme (ACE). Ang II binds to
transmembrane angiotensin type 1 (ATR1) or type 2 (ATR2) receptors, which are associated with different physiological responses.
Effects of Ang II can be terminated by its conversion to angiotensin 1-7 with use of the angiotensin-converting enzyme 2 (ACE2). ACE2
can also convert angiotensin I to form angiotensin 1-9, which can be modified by ACE to generate angiotensin 1-7. Angiotensin 1-7 can
exert its anti-inflammatory and other beneficial counterbalancing effects of Ang II after binding to MAS receptor.

High-affinity interaction between SARS-CoV-2 and
ACE2 was confirmed under in vitro conditions. Binding
frequency between SARS-CoV-2 and ACE2 increased
exponentially with prolonged contact time (Yang et al.
2020). The RBD of the SARS-CoV-2 S protein has
similar or lower binding capacity compared to SARS-
CoV (Shang et al. 2020) but SARS-CoV-2 shows 10- to
20-fold higher affinity to ACE2, possibly explaining the
faster spread of COVID-19 worldwide (Wrapp et al
2020). Therefore, not surprisingly, ACE2 was quickly
recognized as a functional receptor for SARS-CoV-2 and
ACE2 role in facilitation of SARS-CoV infection was
confirmed (Saponaro ef al. 2020).

low ACE2
expression should be beneficial and inhibit spread of
SARS-CoV-2. As virus/ACE2 interaction causes ACE2
internalization into the cell, SARS-CoV-2 infection is

Based on previous finding a

associated with suppressed expression and activity of
ACE2 (Saponaro et al. 2020, Xu et al. 2021). However,
experimental data do not support the hypothesis that low
ACE2 during COVID-19 disease is beneficial for
patients. A lack of ACE2 was associated with increased

lung injury after viral infection and this detrimental effect
was markedly ameliorated in mice genetically lacking
lung epithelial ATR1a (Xu et al. 2021). The protective
role of ACE2 in acute lung injury was also evidenced by
experiments using animal Ace2” knockout models, in
which ACE2 deficiency was associated with worse lung
pathology (Gagliardi et al. 2020). As ACE2 deficiency
can boost the vasoconstrictor and pro-inflammatory arm
of the RAS (Hooper ef al. 2020) several authors attribute
the organ damage accompanying the difficult form of
COVID-19 to up-regulated Ang 11 (Gagliardi ez al. 2020,
Hanff er al. 2020), implicating the beneficial role of
ACE?2 in lung tissue.

So decrease in ACE2 expression may attenuate
the SARS-CoV-2 infection, however, it can slow-down
Ang 1II conversion and cause an increased activation of
ATRI and subsequent tissue damage. On the other hand,
abundant ACE2 expression mediates increased virus
penetration, but less tissue damage (Zores and Rebeaud
2020).
antihypertensive drugs, e.g. ACE inhibitors or ATRI

ACE2 expression can be up-regulated by

blockers that are both recommended as first-line
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medications for hypertension treatment. However, it was
confirmed that treatment with an ACE inhibitor or ATR1
blockers is not associated with greater susceptibility to
SARS-CoV-2 infection or worse disease course (Lee
et al. 2020, Zores and Rebeaud 2020, Xu et al. 2021).

To summarize, ACE2 expression influences
COVID-19 progression in two ways. There is a negative
effect, as ACE2 mediates virus internalization into the
cell and beneficial effect, as ACE2 counterbalances
Ang II
Beneficial effect of ACE2 seems to be prevailing as

induced hypertension and inflammation.
increased ACE?2 expression in nasopharyngeal epithelium
was associated with reduced respiratory distress in
COVID-19 patients (Rossi et al. 2021).

Molecular mechanism of ACE2 receptor role
in COVID-19 infection and alternative
pathways

The molecular mechanism of SARS-CoV-2
penetration into the human body is well understood. Host
cell receptor recognition, cell attachment and membrane
fusion are executed after binding of surface S glyco-
proteins located on the virus envelope to host cell
membrane. The trimeric S protein consists of an
extracellular N-terminal domain, transmembrane (TM)
domain, and intracellular C-terminal domain. Each
monomer of the S protein contains two functional
subunits, the receptor-binding spike S1 subunit and
membrane-fusing spike S2 subunit. The S1 subunit
includes a N-terminal domain and RBD. The S2 subunit
includes a fusion peptide (FP), heptapeptide repeat
sequence 1 (HR1), heptapeptide repeat sequence 2 (HR2),
TM domain and cytoplasm domain (Shang et al. 2020).
The distal S1 subunit of the S protein is responsible for
receptor binding, while the TM S2 subunit mediates
fusion between the viral envelope and target cell
membrane (Hoffmann et al. 2020).

The S protein requires proteolytic activation,
which allows the fusion of the wviral and cellular
membranes. Host proteases, including the transmembrane
serine protease-2 (TMPRSS2) and cathepsin, are required
for dissociation of S1 subunit and structural changes of
subunit S2. During the viral infection, binding of RBD to
a target membrane receptor allows an insertion of a FP
into the cell membrane and fusion of virus/cell
membranes, which is followed by the release of the viral
genome into the host cell cytoplasm (Li et al. 2005, Ou
et al. 2020). Subsequently, the open reading frames

(ORFla and ORFlab) are translated and polyproteins
PP1A and PPI1AB, respectively, are produced. These
polyproteins are post-translationally modified into the
non-structural proteins that form the RNA replicase-
transcriptase complex. Translated proteins are inserted
into the endoplasmic reticulum (ER) and move from the
ER to the Golgi intermediate compartment (ERGIC),
where the viral genome interacts with the N protein and is
incorporated into the ERGIC membrane. Here, the mature
virions are formed and released from the infected cell by
exocytosis (V kovski et al. 2021) (Fig. 2).

of TMPRSS2 was
demonstrated in the entry of influenza virus, SARS-CoV
and MERS-CoV virus. Recently, the role of TMPRSS2
was also described in SARS-CoV-2 infection (Dai et al.
2020, Hoffmann et al. 2020). In general, ACE2 and
TMPRSS?2 are co-expressed at the cell surface and act as
a point for coronavirus infection (Fig. 2). The TMPRSS2
protease is essential in S protein priming, which is

Previously, the role

required for viral entry into the host cells and subsequent
spreading in target cells (Hooper et al. 2020). Camostat
mesylate, a TMPRSS?2 inhibitor, is able to block SARS-
CoV-2 virus entry into the Caco-2 and Vero-TMPRSS2
cells, indicating protease-dependent virus entry. Its
combination with cathepsin B and L inhibitor amplifies
the effect of camostat mesylate, which indicates that not
only TMPRSS2, but also other proteases, are important in
S protein priming during virus entry (Hoffmann et al.
2020).

The entry of SARS-CoV-2 into the host cells can
be regulated by interferon-inducible transmembrane
protein 3 (IFITM3) (Dai et al. 2020), which can inhibit
virus replication and invasion. Generally, interferon-
induced transmembrane proteins play an important role in
the immune system by regulating virus fusion with
endocytic vesicles; thereby, controlling the spread of the
virus (Spence et al. 2019). The expression level of
IFITM3 mRNA and protein vary in human tissues and
organs. Abundant mRNA expression of IFITM3 was
confirmed in all organs, however, mainly in lung, liver
and blood cells. Interestingly, at protein level, IFITM3
was expressed more in gastrointestinal tract and
endocrine tissues, and expression was reduced in lung,
liver and blood cells (Dai ef al. 2020). These results may
explain the severity of lung disease observed in
COVID-19 patients. The antiviral effect of IFITM3 may
be amplified by valproic acid, which was found to
enhance its expression in human bronchial epithelium at
the transcription level (Hachim et al. 2020).
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Fig. 2. SARS-CoV-2 replication in the host cells. Firstly, SARS-CoV-2 virus detects ACE2 receptors and binds to the host cell by its
transmembrane spike (S) protein (1). Both ACE2 and TMPRSS2 are co-expressed at the cell surface and act as a point for coronavirus
infection. Subsequently, the viral genome is released into the host cell (2). Viral genome replication involves several host and viral
proteins that control RNA polymerization, proofreading and final virus assembly (3). Translated proteins (nucleocapsid N, spike S,
membrane M, and envelope E) are inserted into the endoplasmic reticulum (ER) (4) and move from the ER to the Golgi intermediate
compartment (ERGIC). Here, the viral genome interacts with the N protein and is incorporated into the ERGIC membrane (5). Finally,
the mature virions are formed (6) and released from the infected cell by exocytosis (7). Abbreviations: SARS-CoV-2, severe acute
respiratory syndrome coronavirus 2; ACE, angiotensin-converting enzyme; ACE2, angiotensin-converting enzyme 2; TMPRSS2,
transmembrane serine protease-2; E, envelope; M, membrane; N, nucleocapsid; S, spike.

Several studies have confirmed that coronavirus
infection can be enhanced by the cell surface neuropilin
receptors, NRP1 (known as the vascular endothelial cell
growth factor 165 receptor [VEGF165R]) and NRP2
vascular endothelial cell growth factor 165 receptor 2
(VEGF165R2) (Mayi et al. 2021). In general, NRP
receptors participate in the regulation of angiogenesis,
neurogenesis, and tumor progression (Pellet-Many et al.
2008). NRP1 expression was found in various tissues of
the body, including abundant expression in endothelial
and vascular smooth muscle cells, as well as neurons,
retinal vasculature, and adipose tissue macrophages
(Niland and Eble 2019). Interaction with neuropilin
receptors requires the presence of a unique amino acid
sequence at the carboxy terminus of the protein or
peptide, named C-end rule (CendR motif). In SARS-
CoV-2 infection, proteolytic cleavage of the S1 protein
by the host cell protease furin is responsible for the
generation of the CendR motif that interacts with NRP1
2020). NRPI
HeLa cells expressing ACE2 caused a reduction in

receptors (Daly et al knockout in

SARS-CoV-2 infection, compared to wild-type cells

expressing ACE2 (Daly ef al. 2020).

NRP1 receptors are abundantly expressed in the
olfactory epithelium, suggesting that these receptors can
represent ACE2-independent pathways of SARS-CoV-2
infection (Ramani er al 2020) and may potentiate
infection into the neurons and olfactory cells resulting in
olfactory sense disruption. NRP1 and NRP2 show higher
expressions in human lung tissue and human olfactory
compared to ACE2. Therefore, it is
SARS-CoV-2-related anosmia in
humans is potentiated by the NRP1 receptors in olfactory

epithelium,
hypothesized that

cells and neurons (Mayi et al. 2021).
Additionally,
up-regulated expression of NRP1. This observation can

diabetes is associated with
explain the increased risk of SARS-CoV-2 infection in
patients with diabetes (Cantuti-Castelvetri et al. 2020).
Heparan sulphate proteoglycans (HSPGs) are
afamily of cell-surface or extracellular matrix
glycoproteins containing one or more heparan sulphate
(HS) chains. The function of HSPGs depends on the
location in the cell (e.g. basement membranes, secretory

vesicles, or extracellular matrix). In general, HSPGs can
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facilitate cell-cell interactions and motility, act as
co-receptors for various growth factor receptors, and
regulate the distribution and activity of proteases
(Sarrazin et al. 2011).

The interaction of SARS-CoV-2 S protein and
cell surface HS is mediated by the RBD in the S1 subunit.
In virus-cell attachment, both cellular HS and ACE2 are
required, indicating that HS acts as a co-receptor in
coronavirus infection. Secondly, HS increases virus
recruitment to the cell surface; thus, potentiating its entry
into cells. Consistent with this view, the HS-S protein
complex represents a therapeutic target in COVID-19
prevention. In human adenocarcinoma cell lines, A549
and H1299, hepatoma Hep3B cells and melanoma A375
cells, enzymatic degradation of HS significantly reduced
virus  binding. Interestingly, the intensity of
HS expression in cell lines did not correlate with the
binding of S protein (Clausen et al. 2020), which can
reflect differences in HS structure and expression levels
of ACE2.

Sialic acid was also described as an attachment
factor for different viruses, including alpha- and beta-
coronaviruses. Coronaviruses interact with sialic acids,
which are terminal residues of glycoconjugates located on
the cell surface, before binding to receptors (Cuervo and

Grandvaux 2020).

Regulation of ACE2 expression in tissues and
involved control factors

Comparative ACE?2 expression

The structure of ACE2 differs among species
and this also affects its capacity to serve as a SARS-CoV-
2 receptor for entry into host cells. Among species with
an ACE2 structure allowing SARS-CoV-2 infection are
those of the bat (Rhinolophus sinicus), pangolin (Manis
Jjavanica), cat (Felis catus), dog (Canis lupus), pig (Sus
scrofa), human (Homo sapiens), monkey (Macaca
mulatta), rabbit (Oryctolagus cuniculus) and goat (Capra
hircus). On the other hand, differences in ACE2 structure
causes the hen (Gallus gallus), mouse (Mus musculus)
and rat (Rattus norvegicus) to have lower susceptibilities
to SARS-CoV-2 entry. Unlikely other authors, Cao et al.
(2020) suspected rat (Rattus norvegicus) to be a potential
host of SARS-CoV-2. It was assumed that the species’
specific differences in vulnerability to SARS-CoV-2
infection were based on the short sequence in the RBD
region that influenced the ability of ACE2 to facilitate
viral entry (Zhang et al. 2021a). However, the newly

identified Y217 residue with a strong impact on virus
entry via ACE2 does not interact with the RBD; it rather
influences ACE2 transport into the cell (Zhang et al.
2021a). Therefore, it is likely there is more than one way
in which structure of ACE2 receptor influences its
capacity to deliver SARS-CoV-2 into the cell.

In spite of species-dependent differences in
capacity to convey SARS-CoV-2 propagation, ACE2
shows high homology in its DNA sequence among
wildlife and laboratory species and is highly conserved.
The human ACE2 protein sequence shows 98.1 %
identity with orangutan (Pongo abeli), 85.2 % with cat
(Felis catus), 83.5% with civet (Paguma larvata),
81.1 % with cattle (Bos taurus), 82.5 % with rat (Rattus
norvegicus) and 82.1 % with mouse (Mus musculus) (Cao
et al. 2020).

In humans, the ACE2 gene is located on
chromosome Xp22 and contains 18 exons and 20 introns.
Recently, six ACE?2 transcript variants and several ACE2
isoforms were identified. The best-known isoforms are
full-length ACE2 (isoform 1) and soluble ACE2
generated by the enzymatic shedding of the full-length
ACE2 from the membrane (Hooper et al. 2020). There
are three additional isoforms that differ in the presence of
the N-terminal signal peptide domain (SP) and length of
ectodomain with peptidase activity (ED) and/or collectrin
homology domain (CHD). The ACE2 isoform 2 has
a shorter CHD than isoform 1, and the ACE2 isoform 3
contains shorter ED and CHD than isoform 1. The ACE2
isoform 4 (delta ACE2) lacks SP and the first
357 residues of ED and this structural change disables
SARS-CoV-2 entry into cells and carboxypeptidase
activity (Badawi and Ali 2021, Onabajo et al. 2020).

Transcription factors

There are several transcription factors known to
influence ACE2 expression and it is believed that ACE2
belongs to the group of interferon-stimulated genes
(Cuervo and Grandvaux 2020). A
element binding protein responsive element was also
(Clarke et al. 2014).
of available human data

cAMP-response
described in its promoter
Bioinformatic research
implicated the roles of signal transducer and activator of
transcription 1 and 3, interferon regulatory factor 1 and 8,
interferon (INF)-gamma and -delta in the regulation of
ACE?2 expression (Salka et al. 2021). Pro-inflammatory
(TNF), INF-beta,

interleukin (IL)-6 and -4 cause down-regulation of 4CE2

cytokines tumor necrosis factor

expression (Oz and Lorke 2021); however, IL-lbeta
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up-regulates ACE2 expression (Clarke et al 2014).
Recently, the regulation of ACE2 expression by
interferons has been challenged by the discovery of
an interferon-responsive delta ACE2 isoform that cannot
facilitate SARS-CoV-2 entry into cells (Onabajo et al.
2020).

A functional p53 binding site was discovered in
an ACE2 gene promoter and validated by luciferase
assay. Knockout of TP53 caused an increase in ACE2
mRNA expression in porcine primary kidney fibroblast
cells. On the other hand, a tissue- and sex-specific
influence of p53 deficiency on ACE2 mRNA expression
was described in the kidney and small intestine of pigs of
both sexes (Zhang et al. 2021b).

It was also suggested that ACE2 expression can
be influenced by sirtuin 1 (SIRT1), as ChIP-sequencing
has demonstrated SIRT1 binding to the ACE2 promoter.
Therefore, it was hypothesized that under energy stress
conditions in cooperation with specific co-factors, SIRT1
initiates ACE?2 transcription (Clarke et al. 2014).

In addition to above-mentioned ways ACE?2
expression can also be regulated by methylation,
glycosylation and phosphorylation (for review see
Saponaro et al. 2020).

Shedding from the membrane

ACE2 can serve as a SARS-CoV-2 receptor,
only while it is bound to the cell membrane. However,
ACE2 can be detached from the membrane by the activity
of several enzymes that contribute to a generation of
soluble forms of ACE2 (Hooper et al. 2020) that possess
biological activity (Jia et al. 2009) but cannot facilitate
SARS-CoV-2 infection. Shedding of ACE2 from the
membrane is catalyzed mainly via ADAM17. ADAM17
belongs to a group of modular transmembrane proteases
that are involved in many signaling pathways by
shedding membrane-anchored proteins. ADAM17 is also
known as a tumor necrosis factor-alpha converting
enzyme (TACE), as it was first identified as a sheddase
that cleaves and activates membrane-bound tumor
necrosis factor o (TNF-a) (Lorenzen et al. 2016). It is
ADAM17 than
80 substrates, and among them are epidermal growth
factor receptor (EGFR) and ACE2 (Lorenzen et al. 2016,
Zipeto et al. 2020).

ADAMI17 cleaves ACE2 in the juxtamembrane
region of the ectodomain and in this way increases the
level of soluble ACE2 and inhibits binding of SARS-
CoV-2 S1 protein to its receptor (Lambert ef al. 2005).

now known that cleaves more

The regulation of ADAMI17 availability is
facilitated by the RAS, as Ang II induces ADAMI17
expression and its membrane translocation via ATRI
receptors. A higher availability of ADAMI17 results in
ACE2 shedding from the cytoplasmatic membrane and as
a result, higher levels of ACE2 in the plasma (Patel et al.
2014).

ACE?2 expression in tissues

The expression of ACE2 mRNA in human
tissues was investigated soon after its discovery (Harmer
et al. 2002) and this analysis confirmed its ubiquitous
expression, with highest levels in the testis, following by
the gastrointestinal tract, lungs, kidney and heart. The
lowest ACE2 mRNA expression was observed in the
spleen, brain, ovary and myometrium. These results were
partially confirmed by RNA sequencing in the study of
Fu et al. (2020), demonstrating high levels of ACE2
mRNA expression in the human small intestine, kidney
and heart. In mice, ACE2 showed the highest mRNA
levels in the lung, breast, retina and kidney (Fu et al.
2020). The highest expression of ACE2 in pigs was
observed in the kidney and small intestine (Zhang et al.
2021a). One of the latest GTEx (The Genotype-Tissue
Expression) database searches confirmed high human
ACE?2 expression in the testis, small intestine, kidney,
heart, breast and colon and low expression in the brain
and spleen. According to a search of this study, ACE2
mRNA expression in the liver and lung was similar
(Hu et al. 2021), which differs from above mentioned
studies.

Taken together, available results implicate that
ACE?2 expression in the gastrointestinal tract and the
kidney is high and similar in humans, mice and pigs.

Expression of mRNA and protein levels of
ACE2 differ in some cases. The highest expression of
ACE2 protein was demonstrated in the cardiovascular
system, kidney and intestine (Saponaro et al. 2020). The
expression of ACE2 was detected by immunohisto-
chemistry in the endothelial cells of arteries and veins in
all investigated tissues, including the lung, skin,
gastrointestinal tract, kidney, brain, and spleen, among
others. Similarly, ACE2 expression has been detected in
smooth muscle cells tract
(Hamming et al. 2004).

Ubiquitous ACE2 expression in human tissues

of the gastrointestinal

explains the wide range of COVID-19 symptoms, such as
nausea, vomiting, diarrhea, and myocarditis, among
others (Hanff et al. 2020).
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The expression of ACE2 in specific cell types,
such as type II alveolar cells, endothelial, myocardial
cells, proximal tubule cells of the kidney, ileum and
esophagus epithelial cells, and bladder urothelial cells,
seems to parallel the vulnerability of organs to
COVID-19 infection (Zou et al. 2020).

ACE?2 expression in the respiratory tract

ACE2 protein expression was also demonstrated
in the lungs including lung epithelium, which is
suspected to serve as a site of SARS-CoV-2 entry.
However, a detailed investigation of respiratory system,
in respect to ACE2 expression, reshaped this view. In
humans, there is a gradient in ACE2 expression, with the
highest levels of expression detected in the upper
respiratory tract and lower expression in the lungs.
Abundant ACE2 protein expression was detected in
Therefore, the
sinonasal epithelium has recently been considered
a major entry route for SARS-CoV-2 (Soni et al. 2021).

Single-cell analysis of non-diseased human lung

human paranasal sinus specimens.

by detecting promoter inactivity/inactivity state by open
chromatin regions sequencing revealed the highest ACE2
gene accessibility in alveolar type 2 cells (AT2)
compared to other cell types, although gene body
chromatin accessibility was also prominent in other
epithelial cell types of the Iung. In spite of that, ACE2
expression in AT2 cells was not high. The highest
expression of ACE2 was detected in goblet cells,
followed by AT2/club-like, AT1/AT2-like and AT2 cells.
Generally, cells

lung epithelial showed a higher

expression of ACE2, compared to mesenchymal,
endothelial and hematopoietic cell types (Wang et al.
2020). After infection spreads in the body, ciliated and
AT2 cells are the most infected cell types in the human
lung (Hou et al. 2020). In the human nasal epithelium,
ACE?2 expression exerted the highest level in goblet and
ciliated cells (Sungnak et al. 2020).

A high expression of ACE2 protein has been
detected in rat nasal mucosa, as well as in lung (Soni
et al. 2021). In particular, ACE2 immunoreactivity was
detected predominantly in the alveolar epithelium,
bronchiolar epithelium, endothelium and smooth muscle
cells of the pulmonary vessels (Xie et al. 2006). On the
other hand, in mice, basal ACE2 protein expression in the
lung was undetectable, but expression was inducible by

hyperoxia or bacterial infection (Soni et al. 2021).

Ontogenesis
risk of
COVID-19 mortality. Epidemiological data implicate

Age is strongly associated with
a much lower incidence and severity of SARS-CoV-2 in
children, compared to adult and older persons (Stokes
et al. 2020), indicating that with increasing age, the risk
of COVID-19 mortality is higher. People aged
60-69 years have a HR of 2.4 (95 % CI: 2.16-2.66) for
COVID-19-related death compared to those 50-59 years
old. People aged 70-79 years have more than a six-fold
risk of COVID-19 mortality than
50-59-years old. People aged >80 years have a HR of
20.60 (95% CI: 18.70-22.68) for COVID-19 death
compared to 50-59-year-olds (Williamson et al. 2020).
A comprehensive systematic review and meta-analysis of
77 studies (n=38906 hospitalized patients) revealed
an overall prevalence of all COVID-19-hospitalized

higher those

deaths of 20 % and severe disease of 28 % of patients.
Nearly 50 % of the hospitalized patients were older than
60 years (Dorjee et al. 2020).

The significance of the

COVID-19 progression is also age dependent, however,

comorbidities in

in some cases, it shows an opposite pattern, as expected
(e.g. hypertension is more relevant comorbidity for young
people than for older patients). A meta-analysis of
18 studies found that COVID-19 patients with
hypertension who were younger than 50 years had a HR
of 6.43 (95 % CI: 3.40-12.17) of death due to COVID-19
in comparison with the normotensive COVID-19 patients
of the same age. Interestingly, hypertensive patients older
than 50 years of age were at risk of death with a HR of
2.66 (95% CI:. 1.27-5.57) compared to age matched
COVID-19 control (Zhang et al. 2020). This inverse
relationship was confirmed when hypertension in
younger patients (18-39 years of age) was associated with
higher COVID-19 mortality, compared to older
hypertensive patients with HR of 3.10 (95% CI:
1.69-5.70) (Williamson et al. 2020).

As there are obvious age-dependent factors
influencing COVID-19 disease
research groups focused on the ontogenetic aspects of

in patients, several
ACE2 expression in the respiratory tract. Bunyavanich
et al. (2020) investigated ACE2 gene expression in four
groups of probands in different age categories: aged
<10 years, 10-17 years, 18-24 years and >24 years. The
in ACE2 gene
expression correlating with age, with slightly lower

authors reported increasing trend

expression in children <10 years of age. This finding is in
accordance with age depend changes of ACE2 levels in
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serum exerting higher levels in older probands compared
to children (Swiérd et al. 2020, Pavel et al. 2021). Single-
cell screening revealed a higher ACE2 expression in AT2
cells in 30-year-old adults, compared to 3-year-old
children. Quantitative analysis of ACE2 expression
did not
dependent changes (Wang et al. 2020). Similarly, in

within ACE2-expressing cells show age-
cohort of patients from 18 to 70 years a positive
correlation between ACE2 expression in lung and age
was revealed (Bao ef al. 2021). A positive correlation
between ACE2 expression in nasopharyngeal epithelium
and age was observed also in patients diagnosed with
COVID-19 (Rossi et al. 2021). On the contrary, lower
ACE2 mRNA expression in nasal epithelia of young
patients (0-17 years) compared to adults (18-39 years)
and older adults (40-66) was reported by Plaas et al.
(2021). Changes in ACE2 expression dependent on
COVID-19 progression were also reported. According
Baker et al. (2020) ACE2 expression is responsive to
duration of terminal phase before death in COVID-19
patients. Change in ACE2 expression was positively
associated with age as old patients (60-69 years) showed
highest expression of ACE2 that exerted decrease by
14 % in each preceding decade. So there are several
factors that can influence ACE2 expression which may
explain differences in results of experimental studies.
Considering the receptor role of ACE2 in
COVID-19 infection, prevailing evidence implicating the
in ACE2
respiratory tract and circulation are consistent with the
observation that the course of COVID-19 disease is
milder in children. However, ACE2 levels are not likely

age-dependent difference levels in the

to be the most important factor causing an age-dependent
susceptibility to COVID-19. It seems that other factors
showing age-dependent changes, such as endothelial
damage, susceptibility to coagulation, differences in
immune system response to SARS-CoV-2 and incidence
of comorbidities, should be considered (Zimmerman and
Curtis 2020).

Effect of the circadian system on ACE2
facilitated @ SARS-CoV-2  spread and
associated factors

The circadian system generates and regulates the

genetically  determined endogenous rhythms in
physiology and behavior, with periods close to 24 h and
to be

environmental cycles. The dominant synchronizing factor

allows humans synchronized to external

in this process is external light (L):dark (D) cycle, but

other factors can influence the circadian system
functioning as well. In this way, organisms can prepare in
advance for known challenges (Gibbs ef al. 2014).

The circadian system is composed from central
and peripheral oscillators. While the central oscillator is
located in the bilateral hypothalamic nuclei called
suprachiasmatic nuclei (because of their position above
optic chiasm), peripheral oscillators are localized in all
other tissues and cells of the human body. Central and
peripheral oscillators are connected via network of neural
and humoral pathways that allow efficient coordination of
endogenous rhythms inside the organism. A key
molecular mechanism involved in generation of circadian
oscillations is based on expression of so called “clock
genes” that are able to regulate their own expression.
A regulatory region playing crucial role in this process is
E-box (CACGTG) that is present in promoter region of
clock genes PER and CRY. Expression of per and cry
genes is via E-box induced by heterodimer
BMALI:CLOCK and inhibited by clock gene protein
products PER and CRY. Coordinated expression of
transcription factors BMAL1 and CLOCK and clock
genes PER and CRY creates transcription-translation
feedback loop (TTFL) whose one complete cycle lasts
circa 24 h. As E-box is frequently employed regulatory
region in transcriptome TTFL can impose circadian
rhythmicity on many genes. In this way the circadian
system influences all body organ systems and most of
regulatory pathways, including the RAS (Honma 2018).
Daily rhythm in ACE2, ADAMI17 and TMPRSS?2
expression

All three main members of molecular machinery
involved in SARS-CoV-2 entry into cells (ACE2,
ADAM17 and TMPRSS2) are, to some extent, controlled
by the circadian system. Firstly, a low amplitude daily
rhythm of ACE2 mRNA expression with the highest
levels at the transition from the active to passive phase of
the L:D cycle was detected in the hearts of rats. The
rhythm of the expression of ACE mRNA was not
detected, but the ACE/ACE? ratio showed a clear daily
rhythm with maximum levels in the active phase of the
L:D cycle. ACE/ACE2 rhythmicity was significantly
attenuated in hypertensive rats (Herichova et al. 2013).
study demonstrated the rhythmic

expression of 4ACE2 mRNA in rat aorta, with higher

The subsequent

levels during the passive phase of the L:D cycle
(Herichova et al. 2014).
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Actually, several other components of the RAS
show circadian rhythmicity as well. Aldosterone levels
shows a clear-cut rhythm with maximum before
beginning of active phase of LD cycle in serum of rats
while ACE exerts a daily rhythm with peak at the
beginning of light phase (Lemmer et a/. 2000). In human
a daily rhythm of ACE activity with peak at the end of
light phase was detected in plasma (Veglio et al. 1987).
Similarly, a daily rhythm of aldosterone and plasma renin
activity show a daily rhythm in human plasma with
maximal levels before beginning of active phase of 24 h
cycle (Cugini et al. 1992). Plasma levels of Angl and
Ang II display a daily rhythm with highest concentrations
closely before beginning of active phase of 24 h cycle in
rat (Schiffer et al. 2001). Expression ATRI mRNA exerts
a daily rhythm with the peak at the active phase of 24 h
2013).

Unfortunately, there are no data on the -circadian

cycle in the rat heart (Herichova et al
rhythmicity of ACE2 expression in the respiratory system

in humans. However, above mentioned findings
substantiate a chronopharmacological approach to the
treatment of hypertension.

According to the Circadian Expression Profiles
DataBase (Pizarro et al. 2013), mRNA of ADAMI7
shows a significant daily rhythm in the lung, kidney and
liver in mice. Maximum of rhythmic ADAM17 expression
in the lung and kidney was observed at the transition
from the active to passive phase of the L:D cycle, while
its expression in the liver peaked in the middle of the
active phase. In humans, ADAM17 exerted a rhythmic
pattern in the visceral fat tissue at the transition from
active to passive phase of 24 h cycle. The existence of
in ADAMI7 expression
accordance with the presence of a regulatory site for
CLOCK and Aryl hydrocarbon receptor nuclear
translocator-like protein 1 (ARNTL, BMALIL) in its
sequence (Dreos et al. 2017).

TMPRSS?2 also shows a rhythmic profile in
with
maximal levels at the beginning of the active phase of the
L:D cycle (Pizarro et al. 2013).

Therefore, a rthythmic expression of the factors
regulating ACE2 availability for SARS-CoV-2 entry
should be also taken into consideration when the role of

ACE2 in COVID-19 progression is evaluated.

aclear-cut rhythm is in

mouse pituitary and suprachiasmatic nuclei,

Rhythms in immunity
The host circadian system also influences the
pathogenicity of viral infections via the direct regulation

of viral replication within the target cells, and indirectly
via circadian rhythms in innate and adaptive immune
responses (Meira et al. 2020). When mice were infected
with herpes virus at various time-points of the day,
significant differences in the severity of the effects were
found and ascribed to the circadian clock (Matsuzawa
et al. 2018). The time of infection may predict survival,
as shown after influenza infection, because mice infected
at the beginning of their active phase showed higher
mortality than those infected at the onset of the rest
phase. These temporal differences were abolished in mice
with knockout of clock gene Bmall (Gibbs et al. 2014).

It is well known that the immune system exhibits
a distinct circadian rhythmicity (Scheiermann et al.
2013), which may affect vulnerability to pathogens. For
example, it has been shown that an endogenous circadian
clock within lung epithelial cells modulates neutrophil
recruitment through the chemokine ligand CXCL5 (Pick
et al. 2019). Therefore, it is possible that a weakened
circadian organization may increase the severity of
COVID-19 disease. This might be important because
lighting conditions in intensive care units, required for
continued observation of patients, suppress the
L:D signal, which entrains the circadian system. As
aresult, the damped circadian rhythmicity may interfere
with the protective role of the immune system.

Recent research shows that patients infected
with SARS-CoV-2 exhibited endothelial dysfunction due
to endothelial inflammation (Paces et al. 2020, Varga
et al. 2020). The damaged endothelium facilitates
coagulation and thrombus formation in large vessels, but
also in small arterioles and capillaries. This process is
also influenced by the circadian system. The most studied
rhythmically
plasminogen activator inhibitor 1 (PAI-1). Gene coding

expressed coagulation regulator s
PAI-1 is under control of transcription factors nuclear
receptor subfamily 1 group D member 1 and RAR-related
orphan receptor alpha that are regulated by basic feed-
back loop of the circadian oscillator. Consequently PAI-1
levels in plasma exert a distinct daily rhythm with highest
levels at the beginning of active phase and nadir at the
beginning of passive phase in humans (Carmona et al.
2020). In addition to PAI-1 the circadian system
influences much more factors involved in regulation of
coagulation cascade and clotting function that are
reviewed elsewhere (Haspel et al. 2021).

Melatonin
Another link between the circadian system and
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COVID-19 could be hormone melatonin (Cardinali et al.
2020). Melatonin biosynthesis follows distinct circadian
rhythms, with high levels during the night and low during
the day in both diurnal and nocturnal species. In this way,
plasma concentrations of melatonin represent a reliable
biomarker of circadian clock function, and its suppressed
levels indicate a disturbed circadian organization.
Moreover, melatonin was repeatedly reported to have
anti-inflammatory and  immune-protective  effects
(da Cunha Pedrosa et al. 2010). Because of its low
toxicity, melatonin has been recommended as an adjuvant
for COVID-19 treatment (Tan and Hardeland 2020,
Cardinali et al. 2020).
Gender-dependent differences in ACE2-
COVID-19 interactions

In addition to hypertension and age, it was shown
that gender is an important risk factor for the severe
COVID-19 form and mortality (Gagliardi et al. 2020).
COVID-19
disaggregated data tracker, at the global level, more
females are COVID-19 tested (57 % of tested persons).
The COVID-19 diagnosis equally affects both genders
(50 % of cases), but females are less likely to be
hospitalized (48 % of hospitalizations). Only 31 % of
intensive care unit COVID-19 admissions and 43 % of

According to  the gender-

COVID-19 deaths were females, compared to males
(Hawkes et al. 2021). The data from the OpenSAFELY
platform support the gender-based differences in
COVID-19 mortality. Men exhibited a higher risk of
COVID-19 mortality, fully adjusted on comorbidities and
another risk factors, in comparison to women (HR, 1.59
[95% CI: 1.53-1.65] (Williamson et al. 2020). Males
have a significantly higher COVID-19 fatality rate than
females >30 years of age (Scully et al 2020) and
comprise nearly 59 % of the hospitalized patients with
COVID-19 (Dorjee et al. 2020).

Gender-dependent differences in COVID-19
incidence and severity are not completely elucidated.
Concerning the association of gender-dependent
susceptibility to COVID-19 and ACE2, no conclusive
evidence proving that higher male mortality issues from
the differences in ACE2 expression in the respiratory
tract or ACE2 levels in the circulation exist, although
these ideas were proposed and there are indications that
support them.
located on the

Firstly, ACE2 gene is

X chromosome region that is not subjected to

X chromosome inactivation, and ACE2 transcription
lead to ACE2
overexpression (Tukiainen et al. 2017). Unfortunately,

from both X chromosomes can

data regarding gender-dependent expression of ACE2 do
not support this prediction (Liu et al. 2010).

ACE2 expression is influenced by male, as well
as female, sex hormones. ACE2 expression has been
shown to be inducible by androgens (Deng et al. 2021)
and this was proposed as a reason for higher
susceptibility to COVID-19 in males. However, estradiol
(E2) was also reported to induce ACE2 expression (Chen
et al. 2020). On the other hand, it was shown that
E2 inhibits ACE2 expression in mice kidneys (Liu et al.
2010).

Available experimental results indicate that
males have higher levels of circulating ACE2 compared
to females (Sama et al. 2020, Swiard et al. 2020, Pavel
et al. 2021). Similarly, ACE2 expression in lungs is
higher in males compared to females (Bao ef al. 2021). In
mice a higher expression of ACE2 was observed in the
kidney, but not in the heart or lung of males compared to
females (Liu et al. 2010). Unlikely above mentioned
studies Rossi ef al. (2021) did not observe sex-dependent
difference in ACE2 expression in nasopharyngeal
epithelium of COVID-19 patients. Therefore, in spite of
some diversity in results, there is prevailing evidence that

ACE2 shows higher levels in men compared to females.
ACE2 as a therapeutic target

Several strategies to reduce SARS-CoV-2 binding
to ACE2 are being intensively investigated. Firstly, small
molecules (Huentelman et al. 2004) or peptides (Huang
et al. 2003) interacting with ACE2 are being tested.
Efficiency of N-(2-aminoethyl)-1 aziridine-ethanamine
(NAAE) in the protection against SARS-CoV infection
based on the inhibition of S protein interactions with
ACE2 has been reported (Huentelman et al. 2004).
Another approach is based on the use of monoclonal
antibodies isolated from B-cells of SARS-CoV-2 infected
persons, which can compete with ACE2 for binding to
the RBD. In general, neutralizing monoclonal antibodies
recognize some parts of the S protein (e.g. RBD and
N-terminal domain), which interact with ACE2. Of many
RBD-specific monoclonal antibodies, three (P2C-1F11,
P2C-1A3 and P2B-2F6) were identified as the most
promising in the neutralization of SARS-CoV-2 activity
through ACE2 receptor mimicry. The most potent is the
P2C-1F11 which highest

antibody, shares the
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RBD-ACE2 homology (Ge et al. 2021).

Exogenous administration of ACE2 includes
soluble recombinant human ACE2 (thACE2), which has
already been tested in the first and second phase of
clinical trials (Khan et al. 2017). Recombinant human
ACE2 successfully inhibits virus attachment to the host
cells, preventing the entry of SARS-CoV-2, as well as
reducing SARS-CoV-2
conditions (Monteil ef al. 2020). Interestingly, the use of

infections under in vitro
mouse recombinant-soluble ACE2 did not successfully
inhibit SARS-CoV-2 infection.

The efficiency of SARS-CoV-2 entry into host
cells may also be influenced by ACE2 shedding.
Therefore, various molecules enhancing ACE2 shedding
have been developed, including
12-myristate 13-acetate (PMA) and

chemokines and cytokines (Jia et al. 2021).

agonist phorbol

ionomycin, or

Conclusions

The role of ACE2 in COVID-19 progression is
ambiguous. ACE2 facilitates SARS-CoV-2 entry into
the cell and it seems that tissue susceptibility to
SARS-CoV-2 shows a negative correlation to ACE2
expression before infection. However, when an organism
is infected, a high ACE2 expression is more beneficial,
compared to low expression, as ACE2 counterbalances
the pro-inflammatory effect of Ang II by its cleaving and
via the independent mechanism mediated by MAS
receptors. Therefore, new therapeutic strategies are
focused mainly on membrane bound ACE2, in order to
preserve circulating ACE2 that continues to possess some
enzymatic activity. Hypertension treatment by ACE
ATRI1 blockers that ACE2
expression does not cause worsening of COVID-19
data
sex-dependent difference in COVID-19 susceptibility are

inhibitors or induce

course.  Epidemiological referring  about
in line with evidence implicating higher ACE2 expression
in males compared to females. Age dependent changes in
COVID-19 incidence are most probably not related to
ACE2 expression. ACE2, ADAM17 and TMPRSS2 show
a daily rhythm of expression in at least some mammalian
tissue. The circadian system can also modulate
COVID-19 progression via its effect on the immune
system. Because of the fundamental role of ACE2,

ADAM17 and TMPRSS2 in the COVID-19 course,

pathogenesis of the circadian regulation of membrane-
bound ACE2 can be important for the evaluation of the
risk of infection by SARS-CoV-2.
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ACE2 — angiotensin-converting enzyme 2, ADAMI17 —
enzyme A disintegrin and metalloproteinase 17, Ang 1-7
— angiotensin 1-7, Ang 1-9 — angiotensin 1-9, Ang I —
angiotensin I, Ang II — angiotensin II, ARNTL — aryl
Hydrocarbon Receptor Nuclear Translocator-Like, ATR1
— angiotensin receptor type 1, ATRla — angiotensin
receptor type la, AT2 — alveolar type 2 cells, ATR2 —
angiotensin receptor type 2, CendR motif — C-end rule
motif, CHD - collectrin homology domain, CI -
confidence interval, COVID-19 — coronavirus disease
2019, ED — ectodomain, EGFR — epidermal growth factor
receptor, ER — endoplasmatic reticulum, ERGIC -
endoplasmic reticulum Golgi intermediate compartment,
FP — fusion peptide, gRNA — guide RNA, sgRNA —
RNA, GTEx -
expression, HR — hazard ratio, HR1 — heptapeptide repeat

single guide the genotype-tissue

sequence 1, HR2 — heptapeptide repeat sequence 2, HS —

heparan sulphate, HSPGs — heparan sulphate
proteoglycans, IFITM3 - interferon-induced
transmembrane protein 3, IL - interleukin, INF -

interferon, L:D cycle — light:dark cycle, MAS — MAS
receptor, MERS — Middle East Respiratory Syndrome
Coronavirus, NRP1 — neuropilin receptor 1, NRP2 —
neuropilin receptor 2, ORFla — open reading frame la,
ORFlab — open reading frame lab, PMA — phorbol 12-
myristate 13-acetate, PP1A — polyprotein 1A, PP1AB —
polyprotein 1AB, RAS — renin-angiotensin system, RBD
— receptor binding domain, S — spike glycoproteins,
SARS — severe acute respiratory syndrome, SARS-CoV-
2 — severe acute respiratory syndrome coronavirus 2,
SIRT1 - SP — signal peptide, TM -
transmembrane domain, TMPRSS2 - transmembrane

sirtuin 1,

protease serine 2, TNF — tumor necrosis factor,
VEGF165R — vascular endothelial cell growth factor 165
receptor 2.
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