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ABSTRACT

Angiotensin-converting enzyme-2, or ACE2, is primarily a zinc-dependent peptidase and ectoenzyme expressed
in numerous cell types and functioning as a counterbalance to ACE in the renin-angiotensin system. It was
discovered 21 years ago more than 40 years after the discovery of ACE itself. Its primary physiological activity is
believed to be in the conversion of angiotensin II to the vasodilatory angiotensin-(1—7) acting through the Mas
receptor. As such it has been implicated in numerous pathological conditions, largely in a protective mode which
has led to the search for ACE2 activatory mechanisms. ACE2 has a diverse substrate specificity allowing its
participation in multiple peptide pathways. It also regulates aspects of amino acid transport through its ho-
mology with a membrane protein, collectrin. It also serves as a viral receptor for the SARS virus, and subse-
quently SARS-CoV2, driving the current COVID-19 pandemic. ACE2 therefore provides a therapeutic target for
the treatment of COVID and understanding the biological events following viral binding can provide insight into
the multiple pathologies caused by the virus, particularly inflammatory and vascular. In part this may relate to
the ability of ACE2, like ACE, to be shed from the cell membrane. The shed form of ACE2 (sACE2) may be a factor
in determining susceptibility to certain COVID pathologies. Hence, for just over 20 years, ACE2 has provided
numerous surprises in the field of vasoactive peptides with, no doubt, more to come but it is its central role in
COVID pathology that is producing the current intense interest in its biology.

1. Introduction

It is remarkable that ACE2 remained unknown and unpredicted for
almost 50 years following the discovery of ACE. The unearthing of ACE2

As a prelude to the celebration of 30 years of vasoactive peptides
symposia, this review highlights, in particular, the discovery and diverse
biology of angiotensin-converting enzyme 2 (ACE2) over two decades
[1,2] in which it has emerged as a key vasopeptidase providing a missing
link in the renin-angiotensin system (RAS) cascade, a regulator of amino
acid transport and a key target in our understanding of the underlying
pathologies arising from infection by the human coronoavirus
SARS-CoV2 [3,4]. This has led to ACE2 being one of the most
published-on proteins in 2020 following the emergence of COVID-19,
with the annual number of publications increasing from single figures
in the early 2000s up to several thousand in 2020-2021 [4,5].

in 2000, however, was built on studies over decades of the families of
membrane vasopeptidases that regulate the RAS and metabolism of
other circulating regulatory peptides. These include the neprilysin (NEP)
family and the evolutionary-related endothelin-converting enzymes
(ECE-1 and ECE-2) [6]. In addition to the RAS, NEP plays a key role in
metabolism of atrial natriuretic peptide (ANP) and the Alzheimer
disease-related amyloid p-peptide (Af) [7,8]. That these key vaso-
peptidases occurred as members of a related family left ACE as some-
thing of an anomaly and stimulated us to search for additional ACE-like
genes in the emerging human genome sequence in the 1990s, particu-
larly since, in other species, ACE homologues were already known to

List of abbreviations: Af, amyloid p-peptide; ACE, angiotensin-converting enzyme; AD, Alzheimer disease; ADAM, a disintegrin and metalloproteinase; AICD, APP
intracellular domain; Ang, angiotensin; APP, amyloid precursor protein; CoV, coronavirus; COVID, coronavirus disease; DIZE, diminazene aceturate; ECE, endothelin-
converting enzyme; ICD, intracellular domain; NEP, neprilysin; RAS, renin-angiotensin system; RBD, receptor-binding domain; sACE2, soluble or “shed” ACE2; SARS,

severe acute respiratory syndrome; SIRT1, silent information regulator T1.
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occur. In particular, in Drosophila melanogaster, six ACE genes are found
of which two, Ance and Acer, produce functional zinc metallopeptidases,
both essential for normal development, although with major differences
in peptide substrate specificity [9,10]. The mosquito genome, Anopheles
gambiae, contains 9 ACE-like genes.

Two independent genomic screens led to the discovery, expression
and characterization of human ACE2 [1,2]. The predicted ACE2 protein
sequence revealed characteristic features of a plasma membrane-bound
zinc metallopeptidase with close resemblance to ACE, particularly in the
catalytic region. Like ACE, ACE2 is a single-span transmembrane protein
with an extracellular facing N-terminal catalytic site available to
hydrolyse circulating vasoactive and other regulatory peptides (Fig. 1).

Somatic ACE
N1

HEMGH
ACE2 _
Testicular
N 1 ACE
30-41 N1
HEMGH [

321-330
353-356
HEMGH

HEMGH

Collectrin

C 222

C 805 Cc732 C1306

Fig. 1. Schematic representation of the ACE/ACE2 protein family. The active
sites (containing the zinc-binding amino acid motif HEMGH) of the N domains
in ACE and ACE2 are shown in blue and of the C domains in the somatic and
testicular ACE are shown in red. The numbers in the ACE2 extracellular domain
correspond to the SARS-CoV-2 binding sites [99]. The ACE2 C-terminal region
resembles that of the protein collectrin (shown in pink in both proteins). Col-
lectrin shares no similarity with testicular or somatic ACE. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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However, unlike the vascular or somatic form of ACE, which exists as a
membrane protein with duplicated extracellular catalytic site regions
(N- and C-domains), ACE2, like the Drosophila ACE proteins, is a single
active site protein with its catalytic site resembling the N domain of ACE.
An alternative truncated human ACE transcript that is expressed in testis
also occurs as a single active site protein resembling the C-domain of
ACE and is essential for male fertility. The C-terminal region of ACE2,
comprising its short cytoplasmic region, transmembrane anchor and a
part of the extracellular domain, resembles a quite distinct protein,
collectrin, involved in amino acid transport. Hence ACE2 was revealed
as more than just an enzyme being a fusion of two distinct physiological
activities. Expression of the ACE2 gene was shown to be high in heart, as
expected, kidney and testis [1] with presence also in lung, liver and the
gut but many subsequent studies have shown a much broader distribu-
tion consistent with the known routes of infection and widespread tissue
damage and inflammation seen in severe cases of COVID-19 [3,11].

The crystal structure for the catalytic domain of ACE2 in complex
with an inhibitor, MLN-4760 [12], followed relatively soon after that for
ACE [13] and comparisons with ACE revealed the structural basis for the
distinct catalytic differences between the two enzymes and also aided in
the screening for novel ACE2 inhibitors (e.g. [14]). A major functional
catalytic difference between ACE and ACE2 is in their substrate speci-
ficities and hence in their respective physiological roles [15]. In essence,
ACE2 is a zinc monocarboxypeptidase removing a single C-terminal
amino acid from a susceptible peptide whereas ACE removes a C-ter-
minal dipeptide from its various substrates (peptidyl dipeptidase activ-
ity). Hence, the two enzymes play quite distinct roles in their principal
metabolic pathway, the RAS, and in metabolism of other regulatory
peptides. ACE2 is unique among mammalian carboxypeptidases in
containing the zinc motif, HEXXH, but in this respect it resembles the
bacterial M32 family Taq carboxypeptidase [16]. Bacterial (M32) car-
boxypeptidases, like ACE2, are also able to catalyse conversion of Ang II
to Ang-(1-7) [17,18] and could possibly be engineered to treat hyper-
tension and cardiac dysfunction [18].

2. ACE2 and the RAS

The concept of the RAS as a simple linear pathway in which the
decapeptide angiotensin I is cleaved from the precursor protein angio-
tensinogen and is, in turn, hydrolysed by ACE to the vasoconstrictor
octapeptide, Ang II, had to be modified in the light of the discovery in
the 1980 s of Ang-(1-7), which counterbalances the actions of Ang II via
a receptor distinct from the AT1 and AT2 receptors that mediate the
actions of Ang II (reviewed in [19]). Two major questions in the field
remained unanswered through the 1990s but were subsequently
resolved with the discovery of ACE2 as the Ang-(1—7) generating ac-
tivity [1,2] and the identification of the Mas oncogene, first reported in
1986 [20], as the endogenous Ang-(1—7) receptor [21].

Rather than reinforcing each other in their actions, ACE2 counter-
balances the vasoconstrictor role of ACE in the RAS through its pro-
duction of the vasodilator Ang-(1-7) from Ang II and, as such, is
cardioprotective (Fig. 2). It also converts Ang I to Ang-(1—9) although
two orders of magnitude less efficiently [15,22]. NEP is also able to form
Ang-(1-7) directly from Ang I [23]. A key role for ACE2 in cardiovas-
cular regulation was confirmed following generation of ACE2-null mice,
which showed major cardiac defects [24].

Apart from involvement in the RAS, ACE2 hydrolyses a number of
other regulatory peptides, in particular apelins, des-Arg’-bradykinin
(but not bradykinin itself), neurotensin metabolites, dynorphin and
ghrelin [4]. Apelin is also a positive regulator of ACE2 and can stimulate
ACE2 transcription and enzyme activity [25], reviewed in [26]. In all
cases ACE2 functions as a strict carboxypeptidase and the enzyme is not
inhibited by classical anti-hypertensive ACE inhibitors such as captopril
[1]. The physiological significance of ACE2 in metabolism of peptides
other than in the RAS is much less explored although involvement in the
kallikrein-kinin system has been reviewed elsewhere [27]. The



A.J. Turner and N.N. Nalivaeva

0.3

Angiotensin | Angiotensin (1-9)

1.8 ACE l (6 NEP

- Angiotensin (1-7)

3.7

ACE 0.7

Angiotensin ||

ACE2
AT, receptor AT, receptor Masreceptor
- _J
Y~
Vasoconstriction Vasodilation

Cell proliferation
Hypertrophy
Fibrosis

Anti-proliferation
Anti-inflammatory
Anti-fibrotic

Fig. 2. Major components of the RAS pathway. ACE and ACE2 play counter-
balancing roles in metabolism of the angiotensin family peptides. The major
role of ACE2 is to convert the vasoconstrictor peptide Ang II to a protective
peptide Ang-(1-7). NEP can also produce Ang-(1-7) from Ang I as such
contributing to its protective role. The binding of SARS-CoV-2 to ACE2 will
reduce its ability to produce Ang-(1—7) leading to the pathology of COVID-19.
In this condition NEP will play a compensatory role in partially maintaining the
RAS balance. The numbers in the figures represent the relative efficiency of
hydrolysis of the peptides by the respective enzymes (kcar/Ki) [15].

physiological actions of ACE2 do not just impact on the cardiovascular
system but are more widespread influencing, for example, liver, gut and
skeletal muscle function [28-30].

3. ACE2, collectrin and amino acid transport

The cloning and sequencing of ACE2 confirmed its identity as the
main enzyme in the RAS involved in the biosynthesis of Ang-(1—7) but
also revealed that it plays another key physiological function. The C-
terminal domain of ACE2, including the cytoplasmic, transmembrane
and part of its extracellular regions, bears no similarity with ACE but
shares 48% identity with a kidney protein, collectrin (also known as
Tmem?27), whose gene is located next to ACE2 on chromosome Xp22
whereas ACE is present on human chromosome 17. Collectrin functions
in renal amino acid transport acting as an essential chaperone of neutral
amino acid transporters such as B’AT1 and B®AT3 to the cell surface
controlling their protein expression [31]. Similarly, for the transport of
BYAT1 to the intestinal plasma membrane, ACE2 plays an analogous role
[32]. Hence, ACE2 is important for maintaining intestinal amino acid
homeostasis and the gut microbiome [33,34]. Furthermore, defects in
ACE2 lead to deficiencies in tryptophan transport and hence serotonin
biosynthesis and neurogenesis [35].

4. ACE2 as coronaviral receptor

A third key action of ACE2 is its ability to interact with some coro-
naviruses. The first evidence that ACE2 may serve as a cell surface re-
ceptor for the SARS virus, mediating viral RNA entry, was published
soon after the outbreak of the epidemic of severe acute respiratory
syndrome (hence, SARS) in 2003 [36] and confirmed functionally as a
genuine SARS-CoV receptor [37]. Later, it was shown that ACE2 also
binds another prevalent human respiratory coronavirus, CoV-NL63
[38]. ACE2 also binds the most recent COVID-19 pandemic causative
virus SARS-CoV-2 with higher affinity than it binds the SARS-CoV [39].
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Interaction between ACE2 and the virus occurs via a viral spike (S)
protein which has a receptor-binding domain (RBD) interacting with
ACE2. Mutations in the spike protein of SARS-CoV-2 can result in
appearance of new variants of the virus [40,41]. The structure and
amino acid specificity in the binding site of the spike protein determines
receptor tropism and also cell entry via membrane fusion followed by
cleavage of the S protein into S1 and S2 subunits by a serine protease,
TMPRSS2 [42]. The S2 subunit is required for fusion of the virus with the
host cell followed by the cell entry of viral RNA. Apart from proteolytic
cleavage of the viral S protein by TMPRSS2 along with another serine
protease, HAT, it can also cleave ACE2 between arginine and lysine
residues within the ACE2 amino acid sequence 697-716, which is
essential for viral entry, as shown for the SARS virus [43]. Binding of
SARS viruses downregulates presentation of ACE2 on the cell surface
and this loss through endocytosis results in significant changes in
cellular functions leading to a cascade of pathological reactions typical
of the viral pathology such as the prevalent cardiovascular, lung and
general inflammatory responses [44]. Disease severity in COVID-19
cases shows a sex bias with aged males tending to suffer worse disease
progression. This correlates with the elevated ACE2 levels seen in aged
males in various organs and with the diversity of tissues affected in the
disease [45].

The ACE2-null mouse serves as an excellent animal model for
studying the cytokine storm-causing inflammation in severe lung injury
as seen in SARS-CoV-2 infection [46,47]. Reduced ACE2 levels in the
tissues caused by SARS-CoV-2 virus binding also result in deficit of
Ang-(1-7) synthesis, shifting the balance towards NEP-driven
Ang-(1-7) production. This allows us to consider NEP as a possible
protective player in COVID-19 pathology [48]. However, as a conse-
quence, caution may be needed in the treatment of heart failure with the
combined NEP inhibitor/angiotensin receptor blocker, Entresto (sacu-
bitril/valsartan), in COVID situations. However, it has been argued that
there may be benefits to administration of Entresto in severe COVID
cases during disease treatment [49].

5. ACE2 in the brain

ACE2 was shown to be expressed at mRNA levels in a variety of brain
structures [11] with detectable amounts at the protein level originally
observed mainly in brain endothelial and smooth muscle cells [50] as
well as in glia [51] and subsequently in neurons [52]. The role of ACE2
in the brain RAS system has been reviewed in [53]. Apart from its role in
regulation of blood pressure via acting on the sympathetic nervous
system, ACE2 is also involved in regulation of various cerebral functions,
including neuro-inflammation, reaction to stress and anxiety-like
behaviour, neuronal plasticity, learning and memory [54,55]. ACE2
overexpression was shown to reduce anxiety-like behaviour in mice via
activation of Mas receptors and facilitating GABA release in the
basal-lateral amygdala [56]. ACE2 expression was also found in noci-
ceptors suggesting that it can participate in pain perception [57].

Importantly, in humans significant ACE2 expression was reported in
the neuroepithelium of olfactory bulbs which was higher than in the
cells of the upper airway epithelial cells [58]. This might explain the loss
of olfaction upon binding of the SARS-CoV-2 virus in COVID-19 patients
[59]. In mouse, single cell sequencing demonstrated that ACE2 is mainly
expressed in support cells, stem cells, and perivascular cells rather than
in neurons suggesting that binding of the virus to these cells might also
impair olfaction [60]. Although it is still not certain how SARS-Co-V2
can enter the brain [61] its binding to ACE2 in the nervous system
will have a significant impact on numerous physiological systems.

Apart from the central role in the brain RAS which is considered a
possible therapeutic target in neurodegeneration and AD [62], another
important aspect of ACE2 enzymology derives from its participation in
Ap catabolism. ACE2, as a carboxypeptidase, can convert a longer form
of amyloid peptide AB43 to the more toxic Ap42 which, in turn, can be
shortened by ACE to even less toxic Ap40 [63] which is further cleaved
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by a major brain amyloid-degrading enzyme NEP (for review see [8]).
ACE2 activity was shown to be reduced in human AD brain inversely
correlating with accumulation of Ap [64] which suggests that AD pa-
thology not only affects the brain RAS system but also amyloid meta-
bolism. Activation of ACE2 by ip. administration of a reported ACE2
activator, diminazene aceturate (DIZE) [65] to aged Tg2576 mice
modelling AD demonstrated a significant reduction in Af levels, espe-
cially in the hippocampus, and reversion of cognitive deficit of the an-
imals [66]. ACE2 and Ang-(1—-7), may also be protective in Parkinson’s
disease by reducing o-synuclein aggregation through alleviating
dysfunctional autophagy [67]. Again, ACE2 activation may provide a
therapeutic approach.

With regard to AB metabolism, it is important to note here that ACE2
works again in cohort with NEP resulting in more efficient removal of
toxic amyloid species. NEP expression in neuronal cells is regulated by a
feed-back mechanism whereby amyloidogenic processing of the amyloid
precursor protein (APP) by the consecutive action of f-secretase (BACE)
and y-secretase, which produces Ap, also releases the APP intracellular
domain (AICD) (Fig. 3). AICD, together with a stabilising protein Fe65,
translocates to the nucleus and binds to the NEP promoter activating
gene expression [68,69]. AICD can also regulate expression of numerous
other genes including the A transporter protein transthyretin [70].
Whether ACE2 can be regulated by this mechanism, is still unknown but
merits further investigation. However, in astrocytes ACE2 can be tran-
scriptionally regulated by Ang II and Ang-(1—7) [51] suggesting exis-
tence of a feedback mechanism.

Amyloid
plaques e

%g AcERK 1@

NEP mRNA . T

| lA'l:l' gene
Othergenes (ACE2?)
< 7/

Fig. 3. Possible mechanisms of involvement of the RAS system in angiotensin
and amyloid metabolism in the brain upon SARS-CoV-2 virus infection. ACE2 in
neuronal cells is involved in conversion of Ang II to Ang-(1—7) and degradation
of AB43 peptide to AB4, which is further degraded by NEP. NEP also produces
Ang-(1-7) from Ang I. Upon virus binding to ACE2, production of the pro-
tective Ang-(1—7) or cleavage of AB,3 is diminished. ACE2 can be shed from the
cell surface by ADAM-17. ADAM-17 also initiates non-amyloidogenic process-
ing of APP preventing Ap formation. The amyloidogenic pathway of APP pro-
cessing, involving f-secretase (BACE) and y-secretase, produces Ap which can
aggregate into amyloid plaques. It also releases the APP C-terminal fragment
AICD, which is stabilized by Fe65 and translocated to the nucleus where it
regulates gene expression, in particular of the amyloid-degrading enzyme NEP
[56-58]. An ACE2 intracellular domain (ACE2-ICD) formed by y-secretase
might act similarly [110,111].
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6. Regulation of ACE2 expression, localisation and activity in
relation to COVID-19

In polarized cells such as in kidney, ACE2 is primarily localized to the
apical surface whereas ACE is equally distributed between apical and
basolateral domains [71]. As an ectoenzyme ACE2 is susceptible to
post-translational proteolytic cleavage from the cell-surface releasing a
soluble and catalytically active form of the protein (SACE2) into the
extracellular space, a process known as “shedding” catalysed by a
membrane protein secretase or “sheddase”. ACE, in particular, has been
known to exist as a soluble form in plasma since its original discovery
and characterization in 1956 in horse plasma [72] and hence plasma
ACE activity can be used to monitor the efficacy of ACE inhibitor
anti-hypertensive therapy. Other cell-surface vasopeptidases can also be
regulated by shedding, for example ECE-1 [73] and NEP [74]. In the case
of ACE2, its principal sheddase has been identified as a zinc metal-
loprotease, a disintegrin and metalloproteinase-17 (ADAM-17) (also
known as a-secretase (Fig. 3)) by using overexpression, siRNA and se-
lective ADAM inhibitor treatments [75]. The corresponding sheddase
for ACE has still not been unequivocally determined. The ACE2 shedding
process is regulated by calmodulin which binds to the cytoplasmic
domain of the enzyme inhibiting shedding; this interaction is reduced by
calmodulin inhibitors, hence stimulating shedding [76]. Ang II also in-
duces ADAM-17-mediated shedding of ACE2 providing a positive
feed-back mechanism in the RAS [77]. The normal plasma level of
SACE2 is extremely low with a mean value in human subjects of 33pM
compared with sACE levels of around 7 nM and sNEP levels of 0.3 nM
[22]. A trend to increasing sACE2 levels seen in COVID-19 disease
progression appears to be associated with increased acute cardiac injury
and risk of death suggesting that reduction of ADAM-17 activity may be
therapeutically useful [78]. Coronavirus binding to its receptor, ACE2,
can also trigger ACE2 internalisation as first shown in the case of the
original SARS-CoV virus [37,79] and confirmed also with SARS-Co-V-2
[80] contributing to the cardiovascular consequences. As with ACE2
shedding, internalisation, as induced for example through virus-induced
endocytosis, provides an alternative and important process removing
ACE2 from the cell-surface which will, in turn, trigger dysbalance in
vasoactive peptide metabolism.

SARS-CoV-2 stimulation of ACE2 shedding in the lung may be a
contributory factor to the COVID-induced acute respiratory distress
syndrome. The shed, or soluble, form of ACE2 likely plays a role in
response to COVID infection (see below). sACE2, through its RGD motif,
also binds integrins and hence may influence cell-cell interactions [81].
Likewise, SARS-CoV-2 spike protein possesses an RGD motif and acti-
vates integrins, which is an essential part of the infection process [82].
The integrin-binding motif is present at the surface of the spike protein,
close to the ACE2 receptor-binding region [83]. This motif is absent from
other known coronaviruses.

Epigenetics may play an important role in COVID-19 pathogenic
mechanisms [84]. In particular, expression of the ACE2 transcript is
controlled by the activity of cytokines via SIRT1 (silent information
regulator T1) under conditions of cell energy stress such as hypoxia
when ACE2 is upregulated [85]. The epigenetic regulation of ACE2 is
recently reviewed in [86]. ACE2 has also been reported to be regulated
post-transcriptionally by microRNAs, being down-regulated, for
example, by miR-421 in human cardiac myofibroblasts [87] and in pa-
tients with chronic kidney disease [88]. Importantly, elevated levels of
miRNA-200c-3p down-regulating ACE2 have been shown to be crucial
in acute respiratory distress syndrome [89]. Hence, miRNA species may
represent potential biomarkers and therapeutic targets for severe res-
piratory infections such as COVID-19 [90]. Analysing the
ACE2-SARS-CoV-2 interactome in human induced pluripotent stem
cell-derived cardiomyocytes, Wicik and colleagues have identified
several miRNAs which are common regulators in ACE2 and virus-related
protein networks [91]. This suggests that SARS-CoV-2 infection can
affect epigenetically expression of a number of proteins. Among the
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most affected genes were EGFR, HSP90AA1, fibronectin 1, TP53, and
APP suggesting a link not only to heart failure, cancer and diabetes but
also to AD pathology.

With regard to hypoxia which accompanies COVID-19 pathology it is
important to note that ACE2 in addition to NEP plays an important role
in sensing low oxygen levels in the carotid body which is the main
oxygen-sensing organ [92]. Any decrease in ACE2 activity in this organ
following viral infection can switch the Angll/Ang-(1—7) balance
affecting the process of remodelling in this organ in response to hypoxia
and impair respiratory regulation and hypoxia sensing. This disturbance
in carotid body function might provide an alternative explanation why
COVID-19 patients experience so called “happy” or “silent“ hypoxia and
do not develop ventilatory response to very low oxygen levels in the
body [93].

7. An evolutionary puzzle: ACE3

The occurrence of multiple ACE genes and protein products in
various insect species led us to search for further ACE-like genes in the
human genome which allowed us to identify a third gene (ACE3) which
is located on chromosome 17 (17q23) just 30 kb downstream from the
ACE gene itself [94]. However, although the gene encodes a predicted
zinc-binding sequence, there are numerous gene deletions or insertions
compared with the ACE gene, and there has been no report of an
expressed ACE3 protein leading to the conclusion it is likely a pseudo-
gene in humans. In contrast, in some other species (mouse, rat, dog,
cow) the gene is expressed although key catalytic residues in the protein
are changed, in particular the catalytic Glu residue is changed to Gln,
and there is no evidence that any expressed protein has catalytic activ-
ity. It is possible, however, that the expressed protein could act as a
peptide receptor. In the mouse genome, the ACE3 gene is located just
9 kb downstream from the ACE gene on chromosome 11 (11E1). Func-
tional activity has been ascribed to the mouse ACE3 protein providing
protection against pressure overload-induced cardiac hypertrophy by
blocking the MEK-ERK1/2 signalling pathway [95] and as a partner to
the sperm protein IZUMO1 at the acrosomal cap area and hence
contributing to sperm-egg fusion [96].

8. Advances and unanswered questions

While vaccine development has provided the first line of anti-
microbial defence against SARS-CoV-2 infection, more targeted in-
terventions would provide alternative options. With the discovery that
the receptor for both the SARS and SARS-CoV-2 viruses was ACE2, the
acute lung injury seen in COVID could be attributed to the dysregulation
of the RAS due to loss of ACE2 activity and consequent enhancement of
the pro-inflammatory arm of the pathway. Rebalancing the arms of the
RAS could hence mediate a protective strategy [97]. In this regard two
approaches have emerged: the use of recombinant human, soluble ACE2
as a “decoy” receptor for the virus [98] or the design and application of
inhibitors of ACE2-spike protein binding based on the known structural
biology of virus-ACE2 interactions [99]. In particular, clinical trials of
SACE2 show promise and even the possibility of developing an
aerosol-administered form of the recombinant protein is currently in
progress. Such an approach appears to have promise in protecting
against a range of viral variants in the future [41, 100, 101]. While the
application of ACE2 inhibitors may have limited use in cardiovascular
therapeutics because of diminishing the cardioprotective role of ACE2,
there may be scope for further development of reported ACE2 activators
such as DIZE. Indeed, several small molecule activators have been pro-
posed which have a beneficial effect on blood pressure and myocardial
function [102] and might well pave the path to designing potent drugs to
combat COVID-19. However, the precise mechanism of action of some of
the reported ACE2 activators has been questioned [103].

Recent reports have highlighted the possibility of coronaviral
infection triggering an autoimmunity reaction to soluble ACE2 [104,
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105] whose plasma levels increase with age [22] and are particularly
elevated in critically ill COVID-19 patients [106]. Such an autoimmune
reaction could, at least in part, explain the severity of the infection and
tissue inflammatory response in some individuals. Such a hypothesis
merits further investigation.

Another new development in ACE2 biology has been the detection of
an isoform of ACE2 which is a truncated variant whose expression is
upregulated in response to interferon treatment [107,108]. This
so-called delta isoform lacks a functional catalytic site and coronavirus
spike protein binding site. The variant is particularly localised to lung
airway epithelia and liver bile duct epithelia [109]. The physiological
role of this isoform and whether its expression has any direct relevance
to COVID infection or protection against disease remains to be
elucidated.

Another aspect of ACE2 biology requiring further investigation is the
relevance, if any, of a cleaved intracellular domain of ACE2 which might
act as a transcriptional regulator analogous to the intracellular domain
of APP (AICD) or the notch receptor following ectodomain cleavage by a
“sheddase” such as ADAM-17. Such a metabolic path could be a
contributor to COVID-19 pathogenesis. A recent report [110] has
demonstrated that, following ectodomain cleavage, ACE2 is cleaved by a
y-secretase-like activity releasing a soluble C-terminal fragment (endo-
domain) of the protein. Whether this intracellular fragment (ACE2-ICD)
translocates to the nucleus possibly regulating transcription like AICD
(Fig. 3) or is just subject to proteasomal degradation requires elucidation
but adds to the ever-increasing complex biology of ACE2. A The possible
relevance of such a regulatory pathway is summarized in [111]. The
possibility of epigenetic regulation of ACE2 transcription by AICD or
related ICDs, analogous to the regulation of the vasopeptidase NEP [68,
70], also merits investigation.

9. Conclusions

Thirty years ago, at the time of the first of the vasoactive peptide
symposia, the occurrence and physiological relevance of Ang-(1-7) to
the RAS was well established but the two key unknowns were the
pathway to its biosynthesis and the cell receptor through which it acted.
It was more than a decade before these two issues were unequivocally
resolved with the identification and characterization of both ACE2 [1,2]
and the involvement of the Mas receptor [21]. Both have produced
significant biological challenges and advances: in the case of ACE2 in
particular, its multiple biological roles as enzyme, amino acid trans-
porter, and serendipitously as viral receptor. Most importantly, in the
vasoactive peptide field, ACE2 functions as a cardioprotective agent
counterbalancing the actions of ACE in the RAS. Furthermore, it plays
key roles in the metabolism of other biologically active peptides, notably
apelin. The advances in our understanding of the structural and cell
biology of ACE2 have been enormous but no doubt there will be more
surprises in store with regard to the functions of this protein and its roles
in health and disease, particularly in relation to COVID-19 and its
treatment.
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