
Clinical Science (2020) 134 3137–3158
https://doi.org/10.1042/CS20201268

Received: 09 October 2020
Revised: 19 November 2020
Accepted: 23 November 2020

Version of Record published:
07 December 2020

Review Article

ACE2: from protection of liver disease to propagation
of COVID-19
Fiona J. Warner1, Harinda Rajapaksha2, Nicholas Shackel3 and Chandana B. Herath4,5

1Department of Pharmacy, Royal Prince Alfred Hospital, Sydney, Australia; 2School of Molecular Science, College of Science, La Trobe University, Melbourne, Australia; 3ANZAC
Research Institute, Sydney, Australia; 4South Western Sydney Clinical School, University of New South Wales, Ingham Institute for Applied Medical Research, Sydney, Australia;
5Department of Medicine, Melbourne Medical School, University of Melbourne, Melbourne, Australia

Correspondence: Chandana B. Herath (C.Herath@unsw.edu.au)

Twenty years ago, the discovery of angiotensin-converting enzyme 2 (ACE2) was an im-
portant breakthrough dramatically enhancing our understanding of the renin–angiotensin
system (RAS). The classical RAS is driven by its key enzyme ACE and is pivotal in the reg-
ulation of blood pressure and fluid homeostasis. More recently, it has been recognised that
the protective RAS regulated by ACE2 counterbalances many of the deleterious effects of
the classical RAS. Studies in murine models demonstrated that manipulating the protective
RAS can dramatically alter many diseases including liver disease. Liver-specific overex-
pression of ACE2 in mice with liver fibrosis has proved to be highly effective in antagonising
liver injury and fibrosis progression. Importantly, despite its highly protective role in disease
pathogenesis, ACE2 is hijacked by SARS-CoV-2 as a cellular receptor to gain entry to alve-
olar epithelial cells, causing COVID-19, a severe respiratory disease in humans. COVID-19
is frequently life-threatening especially in elderly or people with other medical conditions. As
an unprecedented number of COVID-19 patients have been affected globally, there is an ur-
gent need to discover novel therapeutics targeting the interaction between the SARS-CoV-2
spike protein and ACE2. Understanding the role of ACE2 in physiology, pathobiology and as
a cellular receptor for SARS-CoV-2 infection provides insight into potential new therapeutic
strategies aiming to prevent SARS-CoV-2 infection related tissue injury. This review outlines
the role of the RAS with a strong focus on ACE2-driven protective RAS in liver disease and
provides therapeutic approaches to develop strategies to prevent SARS-CoV-2 infection in
humans.

Introduction
The renin–angiotensin system (RAS) is a well characterised essential hormone system with pivotal roles
in vascular biology, blood pressure regulation, the nervous system, electrolyte homeostasis, tissue injury,
neoplasia and lipid homeostasis [1,2]. The RAS has both classical and protective arms with the balance
between them deciding the net effect on organ homeostasis and role in tissue injury [3]. Over decades
widespread interest in the RAS has resulted from the development and availability of effective pharma-
cotherapies that target hypertension and cardiovascular disease. Therapeutics that act on the RAS includ-
ing the angiotensin-converting enzyme (ACE) inhibitors and angiotensin receptor blockers (ARBs) are
commonly used in current medical practice. Additional interest in the RAS has been driven by the recog-
nition of the essential roles of this hormone system in tissue injury including pathologies as diverse as
the remodelling of cardiac tissue after myocardial infarction, the development of the vasculature in ma-
lignancy and progression of tissue fibrosis such as liver fibrosis that can result in cirrhosis [4]. It is now
recognised that the carboxypeptidase angiotensin-converting enzyme 2 (ACE2) determines the balance
between the classical and protective RAS [4,5].
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Traditionally, the classical RAS has been viewed as a fundamental circulating hormonal cascade in which the
profibrotic and potent vasoconstrictor peptide angiotensin II (Ang II) is the central physiological effector. It is es-
tablished that the classical RAS mediates Ang II effects through the Ang II type 1 receptor (AT1R). However, the last
two decades has seen the widespread recognition of the protective RAS (alternate counter-regulatory pathway) and
consists of ACE2, angiotensin-(1-7) (Ang-(1-7)), the proto-oncogene Mas receptor (MasR) and the Mas related G
protein-coupled receptor type D (MrgD) [6–8]. ACE2 has an essential role in determining the balance between the
classical and protective RAS. It has been demonstrated that the components of the protective RAS, ACE2, Ang-(1-7)
and MasR, are expressed and are active in the liver in which they mediate vascular tone and the development of
progressive fibrosis and eventual cirrhosis [2,9–11].

Cirrhosis is the hallmark of end-stage chronic liver disease which affects >600 million people [12] and is respon-
sible for over 2 million deaths annually. Current therapeutic options to treat chronic liver disease are limited [13–15],
frequently ineffective and often chronic injury persists driving fibrosis. Recent studies, which in agreement with previ-
ous reports [16], have shown that liver fibrosis involves a coordinated response to chronic liver injury in which hepatic
stellate cells (HSCs) and other cells of the myofibroblast lineage play a central role [2,11,17]. The pathways that lead
to activation of these cells and perpetuation of the fibrogenic response in the liver are incompletely understood. It is
clear that a range of cytokines, growth factors and vasoactive peptides are involved that may be potential targets for
therapeutic intervention. Ang II, the main effector peptide of the classical RAS, has been shown to be a key mediator
of tissue fibrosis in a number of diseases, including chronic heart and kidney diseases and diabetes. Although its role
in liver disease is less well-established, we demonstrated that Ang II plays a central role in the pathogenesis of chronic
liver disease and that the RAS is a promising potential target for antifibrotic therapies [2,10].

Moreover, ACE2 has received a great deal of interest as it has been hijacked by coronaviruses to gain entry to lung
epithelial cells, causing severe acute respiratory syndrome (SARS) in humans [18,19] and now the highly infectious
and lethal coronavirus disease 2019 (COVID-19) [20]. Apart from immediate and direct targets of SARS-CoV-2
such as the epithelial cells of the respiratory tract and lung alveolar epithelial cells, emerging evidence suggests that
other organs that express high levels of ACE2 are potentially vulnerable for deadly infection by SARS-CoV-2 [21–28].
Despite its devastating global impact on human health and socioeconomic endpoints, a cure for this highly lethal
virus has not been established. Therefore, there is a major need to develop novel therapeutics for the prevention and
treatment of COVID-19.

In this review, we aim to provide an overview of the RAS with a strong focus on the hepatic RAS and how ma-
nipulation of the ACE2-driven protective RAS provides greater benefits over that of the ACE-driven classical RAS in
liver disease. Moreover, we attempt to provide potential new therapeutic strategies aiming to prevent SARS-CoV-2
binding to ACE2 and host cell membrane fusion in COVID-19 patients. It is expected that this strategy helps prevent
multiorgan failure caused by secondary viral invasion in such patients.

Overview of the renin–angiotensin system
The major components of the RAS are shown in Figure 1. The classical RAS cascade (Figure 1) is initiated with the
hydrolysis of the precursor angiotensinogen, synthesised in hepatocytes, to angiotensin 1 (Ang I) by the aspartic pro-
tease, renin. Ang I is, in turn, converted to Ang II by the zinc metallopeptidase, ACE, which is present in abundance
in the liver [9]. The actions of Ang II are mediated via specific G protein-coupled receptors (GPCRs), the AT1R and
AT2R, which bind Ang II with differing affinities; although the AT1R is plentiful in the liver, AT2R gene expression
is not detectable in normal or diseased liver. The discovery of other novel RAS components such as the carboxypepti-
dase ACE2 [29,30], a homologue of ACE, capable of degrading Ang II and forming Ang-(1-7), and MasR, the receptor
for Ang-(1-7) [31], has emphasised the increasing complexity and multiplicity of biochemical pathways comprising
the RAS. Recently, another vasodilator peptide named alamandine, formed from Ang-(1-7) or Ang A, and a vasodila-
tory GPCR, MrgD, have been identified [7,32]. Together these components form a novel protective arm of the RAS,
a pathway that is important in counteracting the proliferative and profibrotic actions of Ang II [33–37]. ACE2 is piv-
otal in the regulation of the balance between the protective and classical arms but the inter-relationship is now clearly
more complex. Ang I can be directly converted to Ang-(1-7) through the activity of neutral endopeptidase (NEP) [3].
Further, Ang-(1-9) is a precursor to Ang-(1-7) formed by ACE2 from Ang I. ACE is responsible for Ang-(1-9) con-
version to Ang-(1-7). Ang-(1-7) is the major endogenous ligand for the MasR. Importantly, there are novel agonists
CGEN-865S and AVE0091 which bind MasR such that this is now a potential new therapeutic approach [38].

Apart from its profibrotic and proliferative role, experimental studies have demonstrated that Ang II is also involved
in key events of the inflammatory process [39]. RAS activity on leukocytes (T- and B-lymphocytes and macrophages)
has been shown to contribute to end-organ injury in the heart [40], vasculature [41] and kidney [42,43]. Ang II acts via
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Figure 1. Overview of the renin–angiotensin system

The effects of the renin–angiotensin system (RAS) are determined by the balance between its classical arm and the protective

counter-regulatory arm. Classical arm (classical RAS) consists angiotensin-converting enzyme (ACE), angiotensin II (Ang II), an-

giotensin II type 1 receptor (AT1R), which mediate vasoconstriction and blood pressure regulation, salt retention, cell proliferation

and proinflammatory and profibrogenic pathways. The protective counter-regulatory arm (protective RAS) consists angiotensin–

converting enzyme 2 (ACE2), angiotensin (1-7) (Ang-(1-7)) and the Mas receptor (MasR), directly opposing the deleterious effects of

the classical RAS. Alamandine formed from angiotensin A (Ang A) or Ang-(1-7) mediates its vasodilatory action via the Mas-related

G protein-coupled receptor type D (MrgD).

the AT1R to mediate recruitment of inflammatory cells into the tissue through the regulation of adhesion molecules
[44] and chemokines by resident cells [45–47]. Moreover, Ang II directly activates infiltrating inflammatory cells and
their many functions, including chemotaxis, proliferation and production of inflammatory mediators [43,48–50].
Most recently, studies have shown circulating leukocytes possess all the components of the RAS and can produce
Ang II endogenously [43,48,51,52].

The hepatic renin–angiotensin system
Progressive liver injury is typically characterised by inflammatory cell infiltrate, progressive fibrosis and resultant
regenerative/repair responses. The tissue repair response that ensues following liver injury involves inflammatory
cells, that are integral to initiating the repair process and for secreting proinflammatory cytokines (e.g. interleukin-6
(IL-6), tumour necrosis factor-α (TNFα) and monocyte chemoattractant protein-1 (MCP-1)); and mesenchymal
cells, phenotypically transformed interstitial fibroblasts (activated HSCs or myofibroblasts), which are responsible
for collagen turnover and fibrous tissue formation. Each of these cellular actions in the microenvironment of repair
is associated with molecular events that lead to the de novo generation of Ang II. It is well established that Ang II
is pivotal to the progression of hepatic fibrosis, stimulating HSC production of pro-fibrotic cytokines, transforming
growth factor-β1 (TGF-β1) and connective tissue growth factor (CTGF), and increasing matrix formation [34,53,54].

While it has long been considered that the circulating RAS is important in disease pathogenesis, work reported
from the beginning of this century has made the realisation that the local RAS or intra-organ RAS plays a key role in
liver disease [9,54–56] and has now been described in a number of organs including the heart, kidney and pancreas
[1,57–59]. We have provided strong evidence that both the classical and protective RAS pathways are integral to the
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function of the liver [4]. Upon liver injury, caused by experimental cholestasis in rats or hepatitis C viral infection
in humans, these pathways are up-regulated contributing to the pathogenesis of hepatic fibrosis [4]. In a bile duct
ligation (BDL) rat model of experimental cholestasis and hepatic fibrosis, there is a greater than 10-fold and 4-fold
increase in ACE and ACE2 activity, respectively, and an up-regulation of the AT1R and MasR [9,56]. Further, we have
shown that the protective RAS is functionally active in the liver and that ACE2, MasR and Ang-(1-7) peptide levels
are altered in a concerted manner upon liver injury [4,9,56].

Development of liver fibrosis can be initiated from numerous insults to the liver. Of which, non-alcoholic fatty
liver disease (NAFLD) is the most common liver disease characterised by accumulation of fats within hepatocytes
[60]. Further NAFLD is the hepatic manifestation of the metabolic syndrome and is strongly linked to metabolic dis-
eases such as diabetes and obesity [61–63]. It is increasingly clear however that the classical RAS is a central player
in the development of NAFLD and hepatic insulin resistance [64] and that blockade of the classical RAS pathway
with angiotensin receptor blockers is expected to shift the balance between the two RAS arms towards the protec-
tive RAS, leading to improvement in hepatic insulin sensitivity and steatosis in NAFLD [65–67]. It has also been
shown that increased endogenous production of Ang-(1-7) in transgenic rats or administration of Ang-(1-7) to rats
or mice improves insulin sensitivity, glucose and lipid metabolism and prevents hepatic steatosis [68–70]. Conversely,
mice lacking ACE2, the main enzyme responsible for endogenous Ang-(1-7) production [3], had aggravated high fat
diet-induced insulin resistance [71]. Collectively, these findings suggest that ACE2-driven protective RAS is a po-
tential target in NAFLD, and provide an insight into novel therapeutic interventional strategies that can be adapted
before it progresses to its severe inflammatory phenotype, non-alcoholic steatohepatitis (NASH), and to liver fibro-
sis. Indeed, unpublished observations from the author’s laboratory suggest that liver-specific ACE2 gene therapy in
diabetic NAFLD mice markedly inhibit NAFLD progression to liver fibrosis.

ACE inhibitors and angiotensin receptor blockers in the
treatment of liver fibrosis
In liver disease, overactivation of the classical RAS leads to potent vasoconstriction, cell proliferation, proinflamma-
tory and profibrotic cytokine secretion, tissue remodelling and liver fibrosis [9–11,34,54,55,72]. While circulating
levels of Ang II is elevated in the systemic circulation of cirrhotic patients [73], both circulating and hepatic levels of
the peptide is elevated in preclinical animal models [9–11]. The important role of the classical RAS and therapies tar-
geting this system including ACE inhibitors and ARBs in cardiovascular disorders such as hypertension, heart failure
and coronary artery disease, and chronic kidney disease has been well established [74,75] and reviewed recently in
corroboration with ACE2 and COVID-19 [1,76,77].

Despite the large number of studies providing convincing evidence in preclinical models of liver injury [2,78], ran-
domised large clinical trials supporting the use of these drugs in human liver disease is relatively scarce. We and other
investigators have demonstrated that RAS blockade using ACE inhibitors [79,80] or AT1R antagonists [55,81–83]
significantly attenuate hepatic fibrosis. Majority of the studies using ACE inhibitors and ARBs has been conducted in
patients with hepatitis C infection, showing an antifibrotic effect [84–89]. Small studies that have been conducted in
patients with NASH also provided evidence that these treatment regimens improved liver fibrosis [90–92]. However,
these trials were small prospective studies and lacked the consistency across the studies in the assessment of liver
fibrosis. On the other hand, despite the positive outcome of small aforementioned trials on liver fibrosis where ACE
inhibitors or ARBs were administered for a short period of time, a cohort of patients of the multicentre randomised
controlled trial of antiviral treatment for chronic hepatitis C (HALT-C) receiving ACE inhibitors or ARBs for three
and half years did not show any improvement in liver fibrosis [93]. These conflicting evidence for the use of ACE in-
hibitors or ARBs as an antifibrotic therapy may partly be attributable to a higher proportion of patients who also had
diabetes, a well-recognised predictor that drives hepatitis C progression. It is also not known whether long-term ACE
inhibition may activate alternative enzymatic pathways such as chymases that can contribute to the pool of Ang II by
catalysing Ang I breakdown [94]. On the other hand, ACE inhibition may lead to the accumulation of bradykinin, a
potent vasodilator in the circulation, causing systemic hypotension in cirrhotic patients [95]. It is also accepted that
a major obstacle in using ACE inhibitors and/or ARBs is that these drugs, which are not specific to the liver, lower
peripheral resistance, causing systemic hypotension and renal dysfunction [96]. Moreover, they are poorly tolerated
in cirrhosis and apparently less effective in advanced cirrhosis such as in patients with Child Pugh B and C [96].
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ACE2 as a potential target in the treatment of liver fibrosis
ACE2-driven protective RAS in liver disease
In comparison with the classical RAS driven by its key enzyme ACE, discovered in 1956 [97], the discovery of ACE2
in the year 2000 [29,30] has fulfilled the missing component of the protective RAS, which is now well recognised
for its pivotal role in counter-balancing the deleterious effects of the classical RAS [2,4]. Recent studies provide a
number of lines of evidence that the ACE2-driven protective RAS offers an alternate and potentially more effective
treatment target in liver fibrosis [2,4]. This is based on the fact that ACE2 can be targeted to produce dual effects;
breakdown of the profibrotic peptide Ang II and the production of the antifibrotic peptide Ang-(1-7) [3]. Thus, ACE2
activation is expected to reduce the deleterious activity of the classical RAS comprising ACE/Ang II/AT1R while at
the same time, to increase the beneficial activity of the protective RAS comprising ACE2/Ang-(1-7)/MasR [10,73].
Work from our laboratory and others demonstrated that circulating level of Ang-(1-7) peptide is elevated in cirrhotic
patients and in preclinical animal models [9,73,98]. In line with this, we and others further demonstrated that oral
(in a vehicle of cyclodextrin) as well as parenteral administration of Ang-(1-7) peptide inhibited liver inflammation,
and fibrosis of the liver, heart and lungs, formation of atherosclerotic lesions, and improved glycaemic indices and
Type 2 diabetes [11,68,69,73,99–105]. In support of these findings, it has been shown that non-peptide MasR agonist
AVE0991 has renoprotective and cardiac protective actions [106,107]. Conversely, pharmacological blockade of MasR
by A779 aggravated liver fibrosis induced by cholestatic liver injury in rats [37]. This supports the findings that mice
lacking the MasR have impaired heart functions [108].

Compelling evidence that supports for an antifibrotic role of Ang-(1-7) has provided the impetus for developing
novel therapeutic strategies for liver fibrosis by targeting the protective RAS [109]. Further, since ACE2 is the driving
force in this pathway, therapeutic administration of recombinant human ACE2 (rhACE2) to rats with liver fibrosis
induced by cholestatic or toxic injury reduces liver fibrosis, as reflected by reduced activation of HSCs [110]. In
support of this, further studies in preclinical animal models have demonstrated that rhACE2 is beneficial for the
prevention of myocardial fibrosis, cardiac dysfunction and hypertension [111,112], acute lung injury, pulmonary
hypertension and lung fibrosis [113] and the improvement of kidney function in diabetic nephropathy as well as in
Ang II-induced renal fibrosis [114,115]. These findings in preclinical models provided much needed evidence that
ACE2 of the protective RAS is a potential target to improve vascular and tissue anomalies including fibrosis.

The successful outcomes from preclinical models of diseases of the liver, kidney, heart and lungs laid a solid foun-
dation for human studies. A direct translatability of rhACE2 is highlighted by the finding that this form of ACE2 ad-
ministered intravenously to healthy volunteers produced no adverse cardiovascular effects and well tolerated [116].
In an open label pilot study and a randomised, double-blind, placebo-controlled phase II trial in patients with pul-
monary arterial hypertension (PAH), a single intravenous infusion of rhACE2 caused a significant improvement in
cardiac output and pulmonary vascular resistance, reduced circulating inflammatory markers, and increased the ratio
of circulating Ang-(1-7) to Ang II concentration without producing unwanted systemic side effects [117,118]. How-
ever, rhACE2 therapy in adequately powered randomised clinical trials in patients with lung, heart, kidney or liver
disease is yet to be undertaken.

It could be argued that rhACE2 may be a better choice for diseases such as hypertension and PAH because the
treatment should be directed to circulating Ang II and the breakdown of Ang II to Ang-(1-7) rescues hypertensive
phenotype. However, the tolerability of parenterally delivered rhACE2 for liver, renal or cardiac fibrosis is yet to be
seen in an adequately powered randomised, double-blind, placebo-controlled trial. Nevertheless, parenteral rhACE2
therapy is expected to alter circulating RAS but not the local or tissue RAS which appears to play a central role,
as suggested by findings of preclinical animal models [2]. In this context, there can be several disadvantages with
parenteral administration of rhACE2, including daily injection regimes, a procedure that is invasive in a clinical setting
and an expensive approach [109]. Moreover, a treatment strategy utilising bioactive peptides such as Ang-(1-7) is an
option; however, parenterally or orally administered peptide is not expected to deliver the peptide only to the target
organ and therefore, it is highly likely to produce off-target effects, including an effect on blood pressure.

ACE2 gene therapy for liver fibrosis
To circumvent the potential off-target effects and to directly target the organ, an ideal approach would be to in-
crease ACE2 expression/activity in a tissue- or organ-specific manner. Thus, the enhanced expression and activity of
tissue-specific ACE2 would be expected to provide several benefits; decrease the local levels of Ang II, increase the
local levels of Ang-(1-7) and absence or minimum off-target effects (Figure 2). This can be achieved by tissue-specific
overexpression of ACE2 using a suitable and efficient gene delivery system [119]. The adeno-associated viral (AAV)
vector has been demonstrated to be efficient in the delivery of a transgene, and provides many advantages over other

© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

3141

D
ow

nloaded from
 http://portlandpress.com

/clinsci/article-pdf/134/23/3137/898829/cs-2020-1268c.pdf by guest on 06 M
ay 2021



Clinical Science (2020) 134 3137–3158
https://doi.org/10.1042/CS20201268

Figure 2. Improvement of liver fibrosis by ACE2 gene therapy

Angiotensin-converting enzyme 2 (ACE2) gene therapy for liver fibrosis using recombinant adeno-associated viral (AAV) vector

pseudotyped with AAV-2 genome and liver-specific capsid-8 and carrying murine ACE2 (mACE2-rAAV2/8). Liver-specific overex-

pression of murine ACE2 in mice with liver disease shifts the increased ratio of hepatic angiotensin II (Ang II) to angiotensin-(1-7)

(Ang-(1-7)) to a decreased hepatic ratio of Ang II to Ang-(1-7) by breaking down Ang II to Ang-(1-7). Thus, ACE2 gene ther-

apy approach provides dual benefits; reduced hepatic Ang II levels resulting in a reduced liver fibrosis and increased hepatic

Ang-(1-7) levels resulting in an increased anti-fibrotic activity. Abbreviations: mRNA, messenger RNA; Ang I, angiotensin I; ACE,

angiotensin-converting enzyme; activated HSC, Activated hepatic stellate cells; ROS, reactive oxygen species; IL, interleukin;

TNF-α, tumour necrosis factor-α; MCP-1, monocyte chemoattractant protein-1; IFNγ, interferon-γ; TGF-β1, transforming growth

factor-β1; Smad2/3, Smad family members 2/3. Reproduced with permission [11].
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Figure 3. ACE2 gene therapy inhibits biliary fibrosis

A single intraperitoneal injection of mACE2-rAAV2/8 vector or the control HSA-rAAV2/8 vector was given to 3-month-old Mdr2

knockout mice with biliary disease. At 3 months post-treatment, animals were euthanised to collect liver samples to measure ACE2

gene and protein expression, and ACE2 protein activity, hepatic levels of Ang II and Ang-(1-7) peptides, and biliary fibrosis by

quantification of picrosirius red staining. Reproduced with permission [11].

candidate viral vectors and display key features such as replicative defectiveness, non-pathogenicity, minimal im-
munogenicity and broad tissue tropism in both preclinical animal models and humans, and widely used in clinical
trials targeting inherited metabolic diseases [119,120].

Prospects for gene therapy for a wide range of disorders have become a reality with the U.S. Food and Drug Ad-
ministration (FDA), for the first time, approving a gene therapy protocol using an AAV vector in 2017, following a
similar first-time approval by the European Commission in 2012 [121]. In line with this, we developed a safe and
effective therapeutic approach using a pseudotyped AAV vector, which uses the recombinant AAV2 genome and
liver-specific AAV8 capsid (rAAV2/8) to deliver murine ACE2 (mACE2-rAAV2/8). The specificity of ACE2 gene
transcription was further enhanced by using strong liver-specific double promoters, ApoE/human α1-antitrypsin.
We demonstrated that a single intraperitoneal injection of mACE2-rAAV2/8 produced sustained elevation of liver
ACE2 expression for up to 6 months without affecting other major organs such as heart, lungs, brain, intestines and
kidneys [10].

Treatment with mACE2-rAAV2/8 administered to short-term mouse models, representing human liver disease
associated with biliary fibrosis, alcoholic liver fibrosis and non-alcoholic fatty liver disease (NAFLD) markedly re-
duced hepatic fibrosis in all three models (Figure 2). As expected, increased liver ACE2 expression and activity was
accompanied by increased hepatic Ang-(1-7) levels with a concomitant decrease in hepatic Ang II levels [10]. ACE2
gene therapy thus provided a therapeutic strategy to shift the balance between the two arms of the RAS towards the
protective pathway whereby the ratio of Ang II to Ang-(1-7) was decreased in ACE2-treated animals (Figure 2). Fur-
thermore, work from our laboratory has confirmed the effectiveness of this therapeutic strategy in mice with genetic
deletion of multidrug resistance protein-2 (Mdr2 knockout) [11], a long-term animal model with biliary lesions of
progressive hepatobiliary fibrosis that resemble those of human primary sclerosing cholangitis [122–124]. Figure 3
shows ACE2 gene and protein expression, and ACE2 protein activity, hepatic levels of Ang II and Ang-(1-7), and bil-
iary fibrosis as measured by picrosirius red staining, in 6-month-old Mdr2 knockout mice at 3 months post-treatment
with a single intraperitoneal injection of mACE2-rAAV2/8 vector or the control HSA-rAAV2/8 vector. Thus, by ex-
tending our gene therapy application from 8-week short-term models of liver disease [10] up to a 9-month long-term
model of biliary disease, we were able to confirm that liver-specific ACE2 gene delivery is a potential therapy for
patients with liver disease. Work is currently in progress in the author’s laboratory to show that this therapy can be
translated into human trials by demonstrating the therapeutic effect of human ACE2 delivered to humanised mice
with liver disease using human liver-specific AAV vectors.

© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

3143

D
ow

nloaded from
 http://portlandpress.com

/clinsci/article-pdf/134/23/3137/898829/cs-2020-1268c.pdf by guest on 06 M
ay 2021



Clinical Science (2020) 134 3137–3158
https://doi.org/10.1042/CS20201268

Pathogenesis of COVID-19
Coronavirus pandemics in the twenty-first century
Emerging in December in 2019, in Wuhan, China, the novel coronavirus ‘severe acute respiratory
syndrome-coronavirus-2′ (SARS-CoV-2) has rapidly spread across 191 countries with over 56 million positive
cases, and 1.3 million and 48,600 deaths, as of 18 November 2020 [125]. This novel disease was recognised earlier this
year as a pandemic by the World Health Organisation (WHO), and continues to cause an enormous global health,
social and economic impacts. Coronavirus is common and it makes up to 30% of common colds [126]. However, this
is the third member of the coronavirus family to have caused a pandemic since the turn of this century [127]. The
first coronavirus that crossed this barrier and infected humans in the year 2002 was SARS-CoV that was identified
in Guangdong province of Southern China, spreading across 26 countries with more than 8000 infections and 774
deaths [128]. The second coronavirus, MERS-CoV (Middle East respiratory syndrome coronavirus), which emerged
in 2012 in Saudi Arabia has spread across 27 countries with 2494 infections and 858 deaths [129]. It is thought that
all these coronaviruses are closely related and came from a common origin in bats [130]. However, in contrast with
the two other members of the family to have crossed the species barrier and caused a pandemic, SARS-CoV-2, which
causes coronavirus disease-2019 (COVID-19), is highly virulent and contagious [131].

Role of ACE2 in COVID-19
SARS-CoV-2
SARS-CoV-2 is a single-stranded RNA virus containing ∼30 kb genome that consists of up to 14 open reading frames
(ORFs) flanked by 5′- and 3′-untranslated regions (UTRs) [132,133]. The vital structural proteins of the viral envelope
are mainly composed of highly glycosylated spike (S) protein, membrane/matrix protein (M) and envelope protein (E)
that are embedded in a lipid bilayer [132]. While these structural proteins together with nucleocapsid (N) protein are
important for virus assembly during viral replication, the subunit proteins of the spike protein which exit as a trimeric
prefusion state play the leading role in receptor recognition, binding and entry into host cell. Thus, receptor-binding
domain (RBD) of the subunit 1 (S1) protein binds to the receptor, ACE2, leading to destabilisation of the prefusion
trimer which results in the cleavage of S1 subunit by host proteases including transmembrane protease serine 2 (TM-
PRSS2) [20]. This exposes the S2 subunit containing fusion peptide (FP) sequences that undergo a conformational
change to acquire a fusion-able state, leading to host cell membrane fusion and viral entry [134,135].

ACE2 binding of SARS-CoV-2
Since viral S protein of both SARS-CoV-2 and SARS-CoV dictates the host cell infection by binding to cell sur-
face receptor, ACE2, which is expressed at relatively high level in lung alveolar epithelial cells [136], the amino acid
sequence of the S protein is key to develop drugs and vaccine. While the S subunits from both SARS-CoV-2 and
SARS-CoV share a high degree of structural similarity, the binding affinity of the S1 subunit of SARS-CoV-2 to ACE2
is ∼6- to 22-fold higher compared to that of SARS-CoV S1 subunit [135,137]. The difference between the affinities
of the two related viruses may be explained by the observation that although the N-terminal amino acid residues
(SARS-CoV-2331-429 / SARS-CoV318-416) of the RBD is relatively well conserved, the C-terminal amino acid residues
(SARS-CoV-2430-527 / SARS-CoV417-513) containing the residues of the RBD that interact with ACE2 is more variable
[138]. In support of the sequence differences at the C-terminal residues of the RBD of S1 subunit that probably influ-
ences the binding affinities, atomic details of binding interface studies provide evidence that natural substitution of
key amino acid residues of SARS-CoV-2 receptor binding motif (RBM) led to higher affinity for ACE2 binding with
relatively higher van der Waals bonds than SARS-CoV [139]. A stronger interaction between ACE2 and the RBM of
SARS-CoV-2 as compared with SARS-CoV is further reflected by the findings of structure-guided sequence align-
ment studies that showed that glutamine residue at 493 (Gln493) of the SARS-CoV-2 RBM not only interacts with
3 amino acid residues of ACE2 (Lys31, His34 and Glu35) which are considered as virus binding hotspots [140,141],
but also forms a hydrogen bond with Glu35 whereas the comparable residue of the SARS-CoV (Asn479) interacts
only with His34 of ACE2 [137]. This concept was further strengthened by studies in which the crystal structure of the
RBD of SARS-CoV-2 in complex with ACE2 showed the formation of a hydrogen bond not only between Gln493 of
SARS-CoV-2 RBM and Glu35 of ACE2 but also with Lys31 of ACE2 [142]. A detailed characterisation of the struc-
ture of the interface between the S1 RBM of SARS-CoV-2 and ACE2 residues provides numerous avenues to develop
promising therapeutic strategies that may include in silico-screening of small molecule drugs targeting the interface
between the viral spike protein and the receptor.
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Host–cell membrane fusion of SARS-CoV-2
While the observed differences between the SARS-CoV and SARS-CoV-2 in binding to ACE2 receptor is relatively
well characterised, host cell membrane fusion of S2 subunit shows some striking similarities between the SARS-CoV
and SARS-CoV-2 [143,144]. Proteolytic cleavages at the S1/S2 subunits and S2’ site upstream of fusion peptide (FP)
domains by host proteases such as TMPRSS2 expose two FP sequences immediately downstream of S2′ site, allowing
the insertion of the fusion sequences into the host cell membrane [20,145–147].

In this membrane fusion process, it has been proposed that Ca2+ ions play a dominant role in the ordering of FP
domains of most enveloped viruses, thus facilitating the merge of FP domains with host cell membrane [144,148–150].
As in host cell membrane fusion of Rubella virus, a strong Ca2+ dependency of SARS-CoV FPs has been suggested
to be prerequisite events for membrane-ordering effects of the two FP domains with lipid bilayer [144,148,149,151].
The requirement for two Ca2+ ions to make salt bridges by binding to conserved negatively charged hydrophobic
residues in the FPs such as aspartic and glutamic acid residues, has been suggested to promote greater membrane
ordering and host cell membrane fusion [143,144]. Straus and colleagues in their studies using mutant FP residues
and electron spin resonance spectroscopy demonstrated that negatively charged E891 (Glu891) of MERS-CoV FP
domain 1 is a critical residue for Ca2+ binding, membrane ordering and fusion [143]. They further provided evidence
using pseudo viral particles decorated with MERS-CoV S subunit protein that the infectivity of Huh-7 cells by pseudo
particles was attenuated by depletion of intracellular or extracellular Ca2+ concentration whereas intracellular Ca2+

depletion completely abrogated SARS-CoV infectivity [149]. This difference in the ability of membrane fusion and
infectivity of the two SARS viruses is supported by isothermal titration calorimetry studies, which in agreement with
previous reports [149], suggested that unlike MERS-CoV FP that requires one Ca2+ ion for membrane ordering,
SARS-CoV binds two Ca2+ ions, forming a salt bridge with each of the two FP domains [143,149]. These findings
reinforce the importance of targeting Ca2+ channels for the design and development of new drugs to treat patients
with COVID-19 or repurposing drugs currently in clinical practice for other medical conditions such as ion channel
blockers. Nevertheless, these drugs help prevent the virus from attacking other vital organs in those patients who are
in early stages of disease progression.

Role of basigin in COVID-19
Like ACE2 a widely expressed protein, basigin, with multiple physiological and pathobiological functions is also
implicated as a SARS-CoV-2 binding partner. Basigin, also known as CD147 or EMMPRIN and encoded by the BSG
gene, is a highly multifunctional abundant 269aa type 1 integral glycosylated membrane protein. Basigin has now
been implicated in the binding of SARS-CoV-2 spike protein and virus entry into host cells. However, the role of
basigin in SARS-CoV-2 entry is contested. Irrespective of a direct role for basigin in SARS-CoV-2 cell entry, it may
be of importance in COVID-19 disease pathogenesis through virus dependent functional activation of associated
pathways.

Basigin is a highly multifunctional protein [152] with distinct binding partners and structural domains determin-
ing its functions at specific locations. Other than its widely accepted role as a regulator of matrix metalloproteinase
(MMP) induction [153], basigin has multiple roles in inflammation including leukocyte recruitment and adhesion
[154,155]. Cyclophilins (CyP)-A and B are the two basigin ligands known to mediate chemotaxis [156]. Basigin has
been shown to be important for leukocyte recruitment in rheumatoid arthritis, multiple sclerosis and inflammatory
lung disease, with mAb α-basigin interventions leading to reduced neutrophil, T-cell and monocytes/macrophage
infiltration [154,155,157]. At sites of tissue injury basigin mediates leukocyte aggregation which appears responsible
for the amplification of inflammatory responses [158].

Basigin complexes on the surface of erythrocytes bind with the Rh5-CyRPA-Ripr complex of malaria P. falciparum
[159]. The basigin Rh5-CyRPA-Ripr interaction occurs through a complex multiprotein complex with the insertion
of pathogen proteins into the host cell membrane. In this context, there are multiple interactions between the host and
pathogen proteins to which basigin is a necessary and essential component [159]. Basigin has also been implicated in
measles virus (MeV) entry to epithelial cells [160]. Functionally this appears to have importance as the basigin ligand
CyPB incorporates in the MeV virion and the degree of cellular incorporation of the MeV viral particle directly affects
cell entry [160].

Basigin’s role as SARS-CoV-2 receptor for viral entry is being debated (Figure 4). However, in silco and molecu-
lar dynamic simulation studies provide evidence that T lymphocytes, which do not appear to express ACE2 [136],
strongly interact through C-terminal domain of basigin with Arg403, Asn481 and Gly502 of the SARS-CoV-2 spike
protein [161]. However, the tropism of SARS-CoV-2 to lung alveolar epithelium does not match the tissue expression
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Figure 4. Role of ACE2 in SARS-CoV-2 infection and therapies targeting receptor binding and membrane fusion

Left: Spike (S) protein of SARS-CoV-2 (S1 subunit) binds to cellular ACE2 receptor (top), followed by host cell membrane fusion aided

by fusion peptides (FPs) of S2 subunit (bottom), leading to endocytosis of the virus and loss of cell surface ACE2. Right: Treatment

with recombinant human angiotensin-converting enzyme 2 (rhACE2) is expected to mop up SARS-CoV-2 in the circulation by

competing with cellular ACE2 for binding to S1 protein (top). Drugs that can be used to target the interface between the ACE2 and

the receptor-binding domain (RBD) of S1 protein to prevent viral entry to host cell (top). Ion channel blockers can be adopted to

deplete intracellular and extracellular Ca2+ concentration to prevent the host cell membrane fusion with FP of S2 protein (bottom).

Abbreviations: sACE2, soluble ACE2 - cellular ACE2 is shed into the circulation by the activity of metalloproteinase ADAM17;

TMPRSS2, transmembrane protease serine 2 cleaves S1 subunit, leaving S2 subunit for host cell membrane fusion.

of basigin [162]. Further the recombinant full ectodomains and the S1 domain of the viral spike protein do not in-
teract with the basigin expressed on HEK293 cell lines. Importantly, a basigin ligand CyPA is needed for SARS-CoV
replication raising a functional interaction and suggests that CyPA may also participate in SARS-CoV-2 infection
[163]. Can these apparent disparate results be explained? At a minimum, current data indicate that SARS-CoV-2
spike proteins bind to basigin. Variation in binding can be explained by the binding partners of basigin which deter-
mine the cellular actions as well as highly variable basigin glycosylation that favours binding with highly glycosylated
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proteins such as the spike protein of SARS-CoV-2 [162,164]. Moreover, even in the absence of basigin directly me-
diating SAR-CoV-2 entry it is likely that in the respiratory and alveolar epithelium, the functional consequence of
the basigin and SAR-CoV-2 interaction may be explained by some of the devastating inflammatory manifestations of
COVID-19, such as the ‘cytokine storm’, through phenotypes such as leukocyte aggregation [158].

Novel therapeutics for COVID-19
Patients with COVID-19
Among diverse physiological roles of ACE2 in many tissues and vascular beds, the protective role of ACE2 against
lung injury is paramount since this multifunctional protein lies in the interface between exterior air and alveolar cells
[165,166]. Intriguingly, despite its protective role in the lung, ACE2 has been hijacked by SARS-CoV and SARS-CoV-2
to gain entry to alveolar epithelia cells, causing severe respiratory disease in humans [20,137,167–169]. What is re-
markable in this process is that not only the virus gain entry into alveolar epithelial cells, but at the same, it destroys
the protective machinery driven by ACE2, thus causing dual negative impact in the lungs.

It is likely that the driving force in many gravely ill patients’ secondary complications following the appearance
of respiratory symptoms is a disastrous overreaction of the immune system known as a ‘cytokine storm’ where im-
mune cells start to attack healthy tissues [170]. This phenomenon may lead to blood vessels leak, dropping blood
pressure, clot formation, possibly leading to catastrophic multiorgan failure such as stroke, heart and kidney failure
[28,171–173]. While the lung is the primary battle zone disrupting healthy oxygen transfer with subsequent damage to
lung vasculature triggered by cytokine storm, it is highly likely that lung alveolar epithelial cells release a large fraction
of the virus into the circulation, leading to viral-mediated direct effects on other major organs such as the kidneys,
heart, brain and intestines [174]. Indeed, autopsy of dead patients showed viral inclusion bodies and particles in the
kidneys, and inflammatory cells and apoptotic bodies in the heart and small intestine, implying that the virus could
directly invade other organs [21,23,26–28]. This is not surprising given that along with vascular endothelium across
the body, these are the organs that highly express ACE2 receptor in both humans and rodents and thus potentially
vulnerable to infection [28,136,175]. Moreover, the possibility that the virus can directly infect nerve cells, particularly
neurons in the medulla oblongata of the brain stem that controls the functioning of the heart and the lungs, and the
reported loss of sense of smell and taste in COVID-19 patients, suggests neurological damage and rapid deterioration
of patients’ condition [22,24,25,28].

A study found that 318 of 417 (over 50%) patients admitted to the hospital with confirmed COVID-19 had abnor-
mal liver test results [176,177] with over 20% of patients showing ALT levels more than three times the upper limit
of normal values [178]. Additionally, over 20% of patients who had liver injury with abnormal liver function test had
a higher risk of progressing to severe disease [178,179]. It is yet to be seen whether liver abnormalities in COVID-19
patients are a direct consequence of SARS-CoV-2 infection and replication in hepatocytes [180]. It should be noted
however that abundant ACE2 expression that occurs in the normal liver [136] is further elevated in cirrhotic patients
and in preclinical animal models with liver disease [9,56]. Given the high ACE2 expression, it could be argued that the
liver is a potential target for direct viral invasion in patients with respiratory symptoms, with or without liver disease
[180].

Moreover, a significant percentage of COVID-19 patients are transferred to the intensive care unit (ICU) around
median day 8 (day 5–14) from first admission to the hospital [171,181] and the median duration from admission to
the ICU to death is 7 days [182]. It could be argued that the latency period between hospitalisation and ICU admission
may be enough for the virus to enter and destroy other vital organs including the kidney, heart, liver, gut and neuronal
system. Therefore, it appears that secondary invasion of the virus targeting other major organs may be expected to
cause catastrophic multiorgan failure [28,172,173].

Therapeutic strategies for COVID-19
Despite many clinical trials undertaken in COVID-19 patients worldwide, an effective treatment for this highly con-
tagious disease is yet to be identified. In addition, there is no accepted in vitro model or animal model to screen
approved drugs that could be repurposed to treat COVID-19 patients. In our search for novel drugs for COVID-19,
it is imperative that potential drug candidates need to be selected by screening large databases of small molecules
that will be expected to undergo a rigorous in vitro and/or in vivo testing for their effectiveness against SARS-CoV-2
infection. The in vitro model adopted by Monteil and colleagues used native SARS-CoV-2 on Vero-E6 cells, and
organoids derived from human embryonic stem cells (kidney organoid) and induced pluripotent stem cells (capillary
organoid) to investigate the effectiveness of recombinant ACE2 proteins on infectivity of SARS-CoV-2 [183]. While
this model provides an ideal flatform to investigate the therapeutic potential of drug candidates, the use of native
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SARS-CoV-2 is apparently not possible in many laboratory settings. Therefore, a simple and robust in vitro-based
platform utilising SARS-CoV-2 viral like particles (VLPs) will enable fast, reliable and rapid screening of existing as
well as potential new therapeutics in a physical containment 2 (PC2) laboratory setting [184]. In addition, the re-
current spill over of coronaviruses into humans from their reservoir in bats strongly suggests that future zoonotic
transmission events are inevitable and supports the need for ongoing and robust methods of antiviral drug screening
and development.

Repurposed drugs or novel drug candidates can be tested to block entry of SARS-CoV-2 to host cells, particularly
in those patients who are in the early stage of disease progression such as those patients who only show respiratory
illness. It is now clear that therapies targeting the SARS-CoV-2 infection can be implemented at three levels. This
includes an early stage of prevention of the virus binding to cellular ACE2 receptor and host cell membrane fusion,
and late stage of virus replication within the cell. However, as discussed above, strategies that target the prevention of
ACE2 binding and host cell membrane fusion is of paramount importance since these approaches essentially eliminate
the viral invasion of vital organs other than the lungs in infected patients. In fact, a combined treatment targeting both
receptor binding and membrane fusion is expected to block a higher proportion of the virus from entering target cells.
Combined treatments have been successfully adopted for viral diseases; for example, the hepatitis C virus is now being
treated using a combined treatment with two antiviral drugs directed at viral replication [185].

Impact of loss of cellular ACE2
While circulating RAS plays a pivotal role in blood pressure regulation and fluid homeostasis in normal physiology
and as discussed above [186,187], it is now well recognised that the local tissue RAS plays a predominant role in
disease pathogenesis in many organs including liver disease [10,11,188,189]. It has been argued that loss of cellular
ACE2 due to the endocytosis associated with SARS-CoV-2 infection poses a great risk to patients with COVID-19
as the loss of ACE2 is expected to shift the balance between the two arms of the RAS towards the classical RAS,
thus exacerbating the condition in which Ang II-driven cytokine release can be enhanced [2,10,11]. Moreover, the
loss of ACE2 also expected have adverse effects on RAS-independent functions of ACE2 such as the regulation of
neutral amino acid transport in the gut epithelial cells [190]. The possible impact of tissue ACE2 loses in patients
with COVID-19 including the impact on those COVID-19 patients who have secondary complications such as Type
2 diabetes, heart and kidney diseases, and gut dysbiosis has been reviewed recently [1].

Recombinant ACE2
The first approach to inhibit the interaction between the host cell membrane ACE2 and the S1-RBM of SARS-CoV-2
can be accomplished by utilising recombinant human soluble ACE2 (rhsACE2). Thus, the approach adopted by Mon-
teil and colleagues using parenterally administered rhsACE2 that competes with SARS-CoV-2 for binding to cellular
ACE2 (Figure 4) has a therapeutic potential in patients with COVID-19 [183]. Direct translatability of rhsACE2 is
highlighted by the finding that this form of ACE2 administered intravenously to healthy volunteers produced no
adverse effects and well tolerated [116] Supporting this, work from our laboratory reported that up to 6000-fold
overexpression of cellular ACE2 in the liver of healthy mice had no adverse effect [10]. Although rhsACE2 has been
reported to reduce the cellular uptake of the SARS-CoV-2 by up to 5000-fold [183], this has not been tested in in vivo
model due to a lack of an appropriate in vivo model.

Approaches that utilise exogenously administered rhsACE2 may compromise blood pressure since circulating
rhsACE2 is expected to breakdown potent vasoconstrictor peptide Ang II, likely causing systemic hypotension and
renal failure [191]. The effect on blood pressure can be further impacted by the production of vasodilator peptide,
Ang-(1-7), the product of Ang II breakdown [2,10,11]. This potential problem on blood pressure can be circumvented
by introducing mutations into the catalytic domain of rhsACE2 (Figure 4) [192,193]. The canonical function of ACE2
is to function as a carboxypeptidase [194]. On the basis of the ability of ACE2 to cleave biological peptides, a consensus
sequence of Pro-X-Pro-hydrophobic has been derived as the target for the ACE2 catalytic activity [194]. Furthermore,
this catalytic activity has been narrowed down to a number of residues located within the catalytic domain of ACE2
[192]. Particularly, Arg273 has been identified as a critical residue for substrate binding [192]. Site-directed mutage-
nesis to replace the arginine with a glutamine residue (R273Q) that represents a positive to neutral change in the side
chain while maintaining most of the hydrophobic surface area has demonstrated that the loss of positive charge on the
side chain at residue 273 has a profound effect on the substrate binding [192]. Furthermore, mutations on H345A/L
and H505A/L also results in enzyme activity being dramatically reduced. Further investigations have revealed that
His345 as the hydrogen bond donor/acceptor during the formation of the tetrahedral peptide intermediate [192].
Thus, these residues of ACE2 are highly critical for the catalytic activity. Therefore, if the choice is to use rhsACE2 as
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Figure 5. ACE2 interaction with the RBD of the SARS-CoV-2 spike protein

The SARS-CoV-2 S1-receptor binding domain (RBD) interaction with the ACE2 is shown as a ribbon diagram using the crystal struc-

ture PDB: 6m17 [196]. The right panel shows the residues on ACE2 (Q24(Glu), H34(His), Y41(Tyr), Q42(Glu), M82(Met), K353(Lys),

R357(Arg)) interacting with the residues on S1-RBM (K417(Lys), Y453(Tyr), Q474(Glu), F486(Phe), Q498(Glu), T500(Thr), N501(Asp))

[196].

a therapy in COVID-19 patients, it is important that these critical residues will need to be mutated to make rhsACE2
catalytically inactive to prevent an increased breakdown of circulating Ang II and subsequent effect on blood pressure
[191]. Catalytically inactive rhsACE2 could compete with the host ACE2 for binding to the S1-RBM of SARS-CoV-2,
thus preventing or reducing the ‘effective viral load’ in the circulation that is available for host receptor engagement.
Because rhsACE2 administration should be performed as an intravenous treatment, this therapy could only be ap-
plicable to those patients who are currently admitted to a hospital. Furthermore, since the treatment is a short-term
treatment, the risk of developing anti-rhsACE2 antibodies is also minimum.

Targeting ACE2 binding interface
Coronaviruses have been known to use membrane bound ACE2 as a point of entry to the host cell [195]. The arch
shaped -1 helix on the ACE2 peptidase domain (PD) mainly interacts with the RBM of the S1 protein while -2 helix
and the β3-4 loop of the ACE2 make limited contacts [196]. The crystal structure of this interaction [196] provides
an excellent opportunity to inhibit the viral entry by inhibiting the ACE2-S1 interaction. Binding of the S1 RBM on
ACE2 is mainly hinged on the arch shaped -1 helix of the ACE2 [196]. Therefore, the surface of the RBM interacts
over a significant surface area on the ACE2. This provides two options for the inhibition of SARS-CoV-2 binding to
the ACE2: (a) designing small molecule inhibitors that bind to the S1-RBM and inhibit the interaction with the ACE2
[197,198], and (b) use the ACE2 residues that interact with the S1-RBM as the target for the drug binding and inhibit
the interaction with the SARS-CoV-2 (Figure 4).

While repurposing the approved drugs provides fairly rapid solutions, in silico drug screening with molecular
dynamics simulations could also be employed to screen and identify novel drug candidates that can be used to inhibit
the receptor binding and/or the host cell membrane fusion of not only SARS-CoV-2 [199] but also coronaviruses of
future pandemics. Based on the co-crystal structure of the RBD and the ACE2, the S1-RBD forms a pocket around
the residues R403(Arg), D405(Asp), Q409(Glu), K417(Lys), I418(Ile), L455(Leu), Y453(Tyr), Y495(Tyr), F497(Phe),
N501(Asp) and Y505(Tyr). This pocket is ∼17 Å long and ∼9 Å in width and lined with hydrophobic residues. This
could be utilised as a drug binding pocket and screen for molecules that bind to this region at a high affinity (Figure
5). Binding a molecule to this pocket could significantly reduce the interactions between the S1-RBD and the ACE2

© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

3149

D
ow

nloaded from
 http://portlandpress.com

/clinsci/article-pdf/134/23/3137/898829/cs-2020-1268c.pdf by guest on 06 M
ay 2021

https://www.rcsb.org/structure/6m17


Clinical Science (2020) 134 3137–3158
https://doi.org/10.1042/CS20201268

resulting in lowering the affinity between the virus and the receptor.
Similarly, the same approach can be undertaken to screen for molecules binding to the ACE2 surface and prevent

the RBD interaction with the host receptor. However, the RBD interacting surface of ACE2 does not appear to possess
any druggable pockets. Therefore, screening for small molecules that could bind to the ACE2 surface to inhibit the
interaction with RBD could be far-fetched. However, if a peptide can be derived from ACE2 and S1-RBD interacting
surface, this peptide could be used to inhibit the interaction between the ACE2 and S1-RBD. In situations where
the protein surfaces do not facilitate small molecule inhibitors, peptide-based inhibitors have become an emerging
technique. A recent review has provided a comprehensive review of peptide inhibitors and their application and draw
backs [200]. Given the ACE2 surface characteristics, developing a peptide inhibitor to mimic the RBD-binding surface
on ACE2 could be equally valuable as developing small molecule inhibitors that bind to the S1-RBD. Furthermore,
a similar approach could be adopted by using a peptide that binds to the RBD and interfere with the ACE2 binding.
One of the disadvantages of using peptide-based inhibitors is their susceptibility to host proteases.

Targeting host cell membrane fusion
As described above, Ca2+ has been shown to play an important role in the process of fusing SARS-CoV-2 with the
host membrane. Viral membrane fusion is the process by which the virus envelop merge with the host cell membrane
to deliver the viral genetic materials. SARS-CoV-2 virus membrane fusion occurs after ACE2 binding and once both
viral membrane and the host membrane are proximal to each other. During the process of membrane fusion Ca2+

ions are believed to be used by the fusion peptides for orienting themselves on the host cell membrane. This provides
a unique opportunity for inhibiting the process of virus genetic material delivery to the host cell by inhibiting the
peptide orienting process. If a small molecule can be used to compete with the residues that binds Ca2+, it would be
possible to inhibit the fusion peptide orientation. However, given the small size of the binding site it would be unwise
to take such approach. Therefore, as an alternative if the amount of available Ca2+ for the virus can be depleted one
should be able to achieve a similar effect.

Calcium transporters located on the cell surface act as regulators of Ca2+ concentration in the extracellular space.
Therefore, if an inhibitor could be used to inhibit Ca2+ channels then the amount of Ca2+ available can be effectively
regulated. Consequently, this would provide a control over the membrane fusion step. Currently there are a number
of Ca2+ channel blockers available that are used to treat patients with hypertension and heart arrhythmia. Thus, it
would probably be the right time to revisit those drugs and repurpose them as a potential treatment for SARS-CoV-2
(Figures 4 and 5).

While repurposing the approved drugs such as ion channel blockers provides fairly rapid solutions as in the identi-
fication of drug candidates to inhibit receptor binding, in silico drug screening can be effectively employed to identify
such drugs that have the potential to inhibit host cell membrane fusion of the virus by depleting extracellular Ca2+

concentration. A number of open source and proprietary molecular docking software packages are available to be
used in the process but Autodock [201] and Autodock Vina [202] have shown to be the most popular with most of
the drug screening campaigns. This software is relying on the availability of docking ready compound databases. One
of the most commonly used such database is the ZINC database [203] that contains over 230 million purchasable small
molecule compounds in ready-to-dock, 3D formats. Docking algorithms can provide an estimation of the binding
affinity and based on the calculated value, top hits can be selected, and further validation could be performed with
molecular dynamics simulations. Finally, those promising compounds can be tested in in vitro and in vivo studies.

Conclusion
Since its discovery two decades ago, ACE2 has been the central focus of a large number of studies that investigated
the protective role of the alternate RAS in many pathological conditions including cardiovascular, renal, lung and
liver disease. The fact that ACE2 breaks down potent profibrotic peptide Ang II to antifibrotic peptide Ang-(1-7) and
that Ang-(1-7) administration to preclinical animal models with liver disease dramatically improves liver fibrosis
provided a great opportunity to use ACE2 as a potential therapy for liver fibrosis. Thus, we have reported a successful
application of ACE2 gene therapy to improve liver fibrosis in an organ-specific manner in mice with acute as well
as chronic liver disease. Our findings provided much needed impetus to translate experimental ACE2 gene therapy
work into future clinical trials in patients with liver disease. Incidentally, of the three coronavirus pandemics of this
century, both SARS-CoV and SARS-CoV-2 have hijacked ACE2 to gain entry into alveolar epithelial cells of the
lungs. However, compared with SARS-CoV infection, COVID-19 caused by SARS-CoV-2 is a devastating respiratory
illness in humans and frequently life-threatening especially in elderly or people with other medical conditions. A
massive amount of data that were generated in response to SARS-CoV-2 pandemic as well as the findings from studies
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conducted in response to SARS-CoV pandemic, have provided avenues to develop novel therapeutics or to repurpose
approved drugs to treat COVID-19. This effort of developing drugs to target virus binding and cellular entry, and
replication is important for treating COVID-19 patients until such time an effective vaccine becomes available for
this disease and for similar coronavirus infections in the future.
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protein-coupled receptor type D; NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis; NEP, neutral
endopeptidase; ORF, open reading frame; PAH, pulmonary arterial hypertension; PD, peptidase domain; RAS, renin–angiotensin
system; RBD, receptor-binding domain; RBM, receptor-binding motif; rhACE2, recombinant human ACE2; rhsACE2, recombi-
nant human soluble ACE2; S protein, spike protein; SARS-CoV, severe acute respiratory syndrome coronavirus; SARS-CoV-2,
severe acute respiratory syndrome coronavirus 2; TGF-β1, transforming growth factor-β1; TMPRSS2, transmembrane protease
serine 2; TNFα, tumour necrosis factor-α; VLP, virus-like particle.
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