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Chapter 1. 

Development of novel therapeutics for COVID-19
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Rajapaksha H.K.7, Seneweera S.3 

1  South Western Sydney Clinical School, Faculty of Medicine and Health, University of New South Wales, Ingham Institute 
for Applied Medical Research, Sydney, Australia
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3  National Institute of Fundamental Studies, Kandy, Sri Lanka
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ABSTRACT

Angiotensin converting enzyme 2 (ACE2) is the driving force of the protective arm of the renin 
angiotensin system (RAS). ACE2 plays an unequivocal role in counter-balancing the deleterious 
effects of the classical RAS comprising ACE. A protective role for ACE2 in antagonising tissue 
injury and fibrosis has been well characterised in mouse models of cardiac, pulmonary and liver 
diseases. Despite its highly protective role in disease pathogenesis including in lung epithelial 
injury, ACE2 has been hijacked by severe acute respiratory syndrome-coronavirus (SARS-CoV) 
and SARS-CoV-2 to gain entry to alveolar epithelial cells, causing severe respiratory disease in 
humans. Often SARS-CoV-2 infection causing COVID-19 becomes life-threatening in elderly or 
people with other medical conditions due to highly virulent and contagious nature of SARS-CoV-2 
compared with SARS-CoV. Given an unprecedented number of COVID-19 patients that have 
been affected globally, there is an urgent need to discover therapeutics targeting the interaction 
between the receptor binding domain (RBD) of the viral spike protein and the receptor, ACE2. 
Development and/or identification of already existing drugs used for other medical conditions to 
treat COVID-19 patients is vital at this stage since long-term efficacy of the vaccines that have been 
developed for COVID-19 are not yet known. Thus, this paper discusses about the role of ACE2 in 
recognising and binding of SARS-CoV-2 and provides novel therapeutic interventional strategies 
to prevent SARS-CoV-2 infection.

Key words: COVID-19, SARS-CoV-2, ACE2, Viraemia, Lung infection, Novel therapeutics, Spike 
protein

1. INTRODUCTION
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 108 million positive 
cases and 2 million and 399,793 deaths by 15th 
February 2021 (Johns Hopkins CR Centre, 
2020). This novel disease was recognized as a 
pandemic by the World Health Organization 
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(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 (Mesel-Lemoine et 
al., 2012). However, this is the third member 
of the coronavirus family to have caused a 
pandemic since the turn of this century (Pitlik, 
2020). The first coronavirus that crossed 
this barrier and infected humans in the year 
2002 was SARS-CoV which was identified 
in Guangdong province of Southern China, 
spreading across 26 countries with more than 
8000 infections and 774 deaths (WHO, 2004). 
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 (WHO, 2019). It is thought that 
all these coronaviruses are closely related and 
came from a common origin in bats (Andersen 
et al., 2020). 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 
(Zhu et al., 2020). 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.

2. PATHOGENESIS OF COVID-19
2.1. 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) (F. Wu 
et al., 2020). 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) 
which are embedded in a lipid bilayer (Wu et al., 
2020). Whilst these structural proteins together 
with nucleocapsid (N) protein are important 
for virus assembly during viral replication, the 
subunit proteins of the S 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 destabilization of the 
prefusion trimer which results in the cleavage 
of S1 subunit by host proteases including 
transmembrane protease serine 2 (TMPRSS2) 
(Hoffmann et al., 2020). This exposes the S2 
subunit containing a fusion peptide sequence 
which undergoes a conformational change 
to acquire a stable fusion-able state, leading 
to host cell membrane fusion and viral entry 
(Walls et al., 2017; Wrapp et al., 2020).

2.2. SARS-COV-2 cellular receptors
It has been reported that there are 

multiple receptors involved in recognising 
SARS-CoV-2. This includes cell membrane 
proteins angiotensin converting enzyme 2 
(ACE2), basigin (CD147) and neurophilin-1. 
It is possible that basigin may serve as either 
a co-receptor or it may be of importance in 
COVID-19 disease pathogenesis through virus 
dependent functional activation of associated 
pathways (Faghihi, 2020; Hamming et al., 2004; 
Helal et al., 2020; Liu et al., 2020). On the other 
hand, neurophilin-1 which has been shown 
to bind SARS-CoV-2 in the neuronal system 
may be important in neuron-specific infection 
by the virus (Daly et al., 2020). However, in 
comparison with basigin and neurophilin-1, 
there is strong evidence to suggest that ACE2 
is the leading candidate molecule that directly 
binds to the SARS-CoV-2 (Li et al., 2003; 
Turner et al., 2004).

Angiotensin converting enzyme 2 which 
was discovered in the year 2000 (Donoghue et 
al., 2000; Tipnis et al., 2000) is a crucial enzyme 
in the protective arm of the renin angiotensin 
system (RAS). The 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 
(Afsar et al., 2020; Grace et al., 2012; Herath et 
al., 2007; Putnam et al., 2012). It is now well 
accepted that the protective RAS has been 
evolved to counter-regulate the deleterious 
effects of the classical RAS which consists of 
the profibrotic and vasoconstrictor peptide 
angiotensin II working through its G protein-
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coupled receptor (GPCR) angiotensin II type 1 
receptor (AT1R) (Figure 1). Whilst the effects of 
the classical RAS are elicited via the activation 
of the AT1R, ACE2 of the protective RAS elicits 
its effects by activating distinct GPCRs, Mas 
receptor and Mas-related G protein-coupled 
receptor type D (MrgD) (Gunarathne et al., 
2019; Paz Ocaranza et al., 2020; Santos et al., 
2003; Tetzner et al., 2016).

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 consists 
angiotensin converting enzyme (ACE), 
angiotensin II, angiotensin II type 1 receptor 
(AT1R), which mediate vasoconstriction, 
cell proliferation and proinflammatory and 
profibrogenic pathways.  The protective 
counter-regulatory arm consists angiotensin 
converting enzyme 2 (ACE2), angiotensin (1-
7) and the Mas receptor, directly opposing the 
deleterious effects of the classical RAS. 

Over decades of widespread interest in 
the RAS has resulted in the development and 
availability of effective pharmacotherapies 
which target hypertension, cardiovascular and 
liver disease (Gheblawi et al., 2020; Grace et al., 
2012; Mak et al., 2015; Rajapaksha et al., 2019). 

Therapeutics that act on the RAS including 
the angiotensin converting enzyme inhibitors 
and angiotensin receptor blockers (ARBs) are 
commonly used in current medial practice. 
Additional interest in the RAS has been driven 
by a recognition 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 malignancy 
and progression of tissue fibrosis such as liver 
fibrosis which can result in cirrhosis (Gheblawi 
et al., 2020; Warner et al., 2007). With discovery 
of ACE2, it is now recognised that this enzyme 
determines the balance between the classical 
and protective RAS (Santos et al., 2018; Warner 
et al., 2007). Nevertheless, liver-specific over-
expression of ACE2 in mice with liver fibrosis 
has proved to be highly effective in antagonising 
liver injury and fibrosis progression and has 
been suggested to be a potential therapy for 
liver disease (Mak et al., 2015; Rajapaksha et 
al., 2019). However, ACE2 has received a great 
deal of interest as it is the viral entry receptor 
for the coronaviruses that cause severe acute 
respiratory syndrome (SARS) (Li et al., 2003; 
Turner et al., 2004). Thus, despite its highly 
protective role in disease pathogenesis, ACE2 
by serving as a cellular receptor for highly 
infectious and lethal SARS-CoV-2 contributes 
to COVID-19, a severe respiratory disease in 
humans (Hoffmann et al., 2020).

2.3. 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 surface receptor, ACE2, 
which is expressed at relatively high level in 
lung alveolar epithelial cells (Hamming et al., 
2004), the amino acid sequence of the S protein 
is key to develop drugs and vaccine. Whilst 
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 (Lan et al., 2020; Wrapp et al., 2020). 
The difference between the affinities of the 
two related viruses may be explained by the 
observation that although the N-terminal Figure 1. Overview of the renin angiotensin system
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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 receptor binding 
motif (RBM) that interact with ACE2 is more 
variable (Jaimes et al., 2020). In support of the 
sequence differences at the C-terminal residues 
of the RBD of S1 subunit that likely influences 
the binding affinities, atomic details of binding 
interface studies provide evidence that natural 
substitution of key amino acid residues of 
SARS-CoV-2 RBM led to higher affinity for 
ACE2 binding with relatively higher Van der 
Waals bonds than SARS-CoV (Wang et al., 
2020). A stronger interaction between ACE2 
and the RBM of SARS-CoV-2 as compared 
with SARS-CoV is further reflected by findings 

of structure-guided sequence alignment studies 
which 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 (Li, 2008; Wu et al., 
2012) but it also forms a hydrogen bond with 
Glu35 whereas the comparable residue of the 
SARS-CoV (Asn479) interacts only with His34 
of ACE2 (Lan et al., 2020). 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 (Shang et al., 2020). A 
detailed characterization of the structure of the 
interface between the S1 RBM of SARS-CoV-2 

Figure 2. Role of ACE2 in SARS-CoV-2 infection and therapies targeting receptor binding and membrane fusion 
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and ACE2 residues provides numerous avenues 
to develop promising therapeutic strategies 
which may include insilico-screening of small 
molecule drugs targeting the interface between 
the virus and the receptor.

Left: Spike (S) protein of SARS-CoV-2 (S1 
subunit) binds to cellular ACE2 receptor (top), 
followed by host cell membrane fusion using 
fusion peptide (FP) 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 
inhibitors can be adopted to deplete intracellular 
and extracellular Ca2+ concentration to 
prevent the host cell membrane fusion of FP 
of S2 protein (bottom). Abbreviations: sACE2, 
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.    

2.4. Host-cell membrane fusion of SARS-
COV-2 
Whilst the observed differences between 

the SARS-CoV and SARS-CoV-2 in binding to 
ACE2 receptor is relatively well characterized, 
host cell membrane fusion of S2 subunit shows 
some striking similarities between the SARS-
CoV and SARS-CoV-2 (Millet & Whittaker, 
2018; Straus et al., 2020). Proteolytic cleavages 
at the S1/S2 subunits and S2’ site upstream 
of fusion peptide domains by host proteases 
such as TMPRSS2 expose two fusion peptide 
sequences immediately downstream of S2` site, 
allowing the insertion of the fusion sequences 
into the host cell membrane (Cannalire et al., 
2020; Gierer et al., 2013; Hoffmann et al., 2020; 
Shirato et al., 2013).

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 
(Dube et al., 2014; Lai et al., 2017; Millet & 
Whittaker, 2018; Nathan et al., 2020). 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 (Dube et al., 2016; 
Dube et al., 2014; Lai et al., 2017; Millet & 
Whittaker, 2018). 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 (Millet & Whittaker, 
2018; Nathan et al., 2020). 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 (Nathan et al., 2020). 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 abrogates SARS-CoV infectivity 
(Lai et al., 2017). This difference in the ability 
of membrane fusion and infectivity of the two 
viruses is supported by isothermal titration 
calorimetry studies, which in agreement with 
previous reports (Lai et al., 2017), suggested 
that unlike MERS-CoV FP which requires one 
Ca2+ ion for membrane ordering, SARS-CoV 
binds two Ca2+ ions, forming a salt bridge with 
each of the two FP domains (Lai et al., 2017; 
Nathan et al., 2020). These findings reinforce 
the importance of targeting Ca2+ channels for 
the design and development of new drugs or 
repurposing drugs currently in clinical practice 
to treat patients with COVID-19. Nevertheless, 
these drugs help prevent the virus from 
attacking other vital organs in those patients 
who are in early stages of disease progression.
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3. NOVEL THERAPEUTICS FOR 
COVID-19

3.1. 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 (Imai et al., 2005; Samavati & 
Uhal, 2020). 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 (Hoffmann et 
al., 2020; Kuba et al., 2005; Lan et al., 2020; Li et 
al., 2005; Li et al., 2003). What is remarkable 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 immune cells start to attack healthy 
tissues (Moore & June, 2020). 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 (Huang et al., 
2020; Klok et al., 2020; Shi et al., 2020; Zou 
et al., 2020). Whist 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 (Farcas et al., 2005). 
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 
(Farkash et al., 2020; Lamers et al., 2020; 
Puelles et al., 2020; Varga et al., 2020; Zou et al., 

2020). 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 (Gembardt 
et al., 2005; Hamming et al., 2004; Zou et al., 
2020). 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 (Iadecola et al., 2020; 
Lechien et al., 2020; Liu et al., 2020; Zou et al., 
2020). 

The strong body of evidence suggests that 
a significant percentage of COVID-19 patients 
are transferred to the intensive care unit (ICU) 
around median day 8 (day 5 to 14) from first 
admission to the hospital (Huang et al., 2020; 
Xu et al., 2020) and the median duration from 
admission to the ICU to death is 7 days (Yang 
et al., 2020). 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 (Klok et al., 2020; Shi et al., 2020; Zou 
et al., 2020). 

3.2. COVID-19 in Sri Lanka
On the other hand, a close look at 

global spread of the SARS-CoV-2 reveals an 
interesting phenomenon (JHCR Centre, 2020). 
As of 15th February 2021, India and USA are 
countries that ranked in the top with ~8% and 
8.3% positive cases relative to its population 
compared to the UK (~6%). Despite its high 
prevalence in India, death rate of positive cases 
is low (~1.4%) compared to the USA (1.8%) 
and the UK (2.9%). What is phenomenal 
is however that in Sri Lanka positive cases 
(~0.4%) and death rate (~0.5%) are surprisingly 
low. This raises an interesting question as to 
how infection and death rate are reduced in 
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Sri Lanka? Likely explanations are that in 
Asian population (1) genetic make-up that 
triggers an effective surveillance on pathogens 
including SARS-CoV-2 appears superior; (2) 
the frequency of occurrence of mutated SARS-
CoV-2 variants is low compared to Europe and 
USA where the variants can escape immune 
surveillance, resulting in increased number 
of positive cases and mortality rate, (3) BCG 
vaccination that triggers a trained immunity 
may provide a protection against non-specific 
pathogens such as SARS-CoV-2, and (4) high 
temperatures and humidity may restrict viral 
infection.

The genetic background in Asian 
population may be considered as a possible 
factor that determines a strong immune 
surveillance to reduce the lethality of the SARS-
CoV-2 infection. Although the infectivity or 
the spread of the virus in Asian population 
and in particular in Sri Lanka is considerable, 
but relatively low compared to the Western 
world, what matters is the pathogenicity of 
such infection which determines the severity 
of illness and mortality in infected patients 
which is comparatively very low in Sri Lanka. 
Another possible factor for a low lethality of 
the virus may be the absence of the occurrence 
of mutated SARS-CoV-2 variants in Sri Lanka 
and this includes newer variants found in the 
UK, Italy and Brazil (Caccuri et al., 2020; Kirby, 
2021; Paiva et al., 2020; Tang et al., 2020). Whilst 
it is yet to be confirmed, it is also possible 
that BCG vaccination which is performed in 
most Asian countries including Sri Lanka for 
tuberculosis may provide some protection 
against non-specific pathogens such as SARS-
CoV-2 (Covian et al., 2020). This phenomenon 
is known as ‘trained immunity’ which is defined 
as an enhanced non-specific immune response 
to a secondary infection mediated by trained 
innate immune cells such as monocytes, 
macrophages and natural killer cells which is 
characterised as being independent of T and 
B cell responses (Kleinnijenhuis et al., 2015; 
Netea et al., 2011). 

3.3. Therapeutic strategies for COVID-19 
It is imperative that the development of an 

effective vaccine is key to combat COVID-19. 
There are many institutions and pharmaceutical 
companies that are racing to develop and 
deploy safe and effective vaccines for this 
highly contagious disease. At present, there 
are more than 50 COVID-19 vaccine trials 
around the world. Of which, Pfizer which uses 
nucleoside modified mRNA and AstraZeneca 
(Oxford) which uses a recombinant replication 
defective chimpanzee adenovirus expressing 
the SARS-CoV2 S surface glycoprotein were 
the first to make effective vaccines. These 
vaccines have proved to be effective in clinical 
trials and several countries have already begun 
the vaccination. However, it will require a 
close follow-up in vaccinated individuals for 
an extended period of time to re-evaluate 
the long-term effectiveness and safety of 
the particular vaccine. The crucial question 
however is that how long a specified vaccine 
will provide an effective immune protection. 
This is not surprising as newer variants of the 
SARS-CoV-2 are being discovered and it is 
unknown whether these mutated variants can 
escape the immune surveillance and antibodies 
produced following vaccination. However, a 
mutation(s) in the genomic region of the SARS-
CoV-2 that contains non-structural genes 
responsible for virus replication and assembly 
within host cells such as those occurring in the 
ORF1ab region may not be expected to confer 
an advantage for the virus to escape antibodies 
in vaccinated individuals (Rouchka et al., 
2020; Sun, 2020). However, if a mutation(s) 
occurs in the genomic region that encodes 
for amino acid residues of the S protein could 
pose a threat as the current vaccines are being 
developed to target viral S proteins. This raises 
a question of whether individuals may require 
seasonal vaccination against COVID-19 as new 
variants are found from time to time, a much 
more similar scenario to that of annual FLU 
vaccination program. The development of a 
universal vaccine against COVID-19, which 
could potentially change the face of a possible 
seasonal pandemic COVID-19 prevention, is 
a huge technical challenge. In the backdrop 
of this scenario as well as future inevitable 
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coronavirus pandemics due to the recurrent 
spill over of the virus into humans from their 
reservoir in bats, it is therefore paramount 
importance of developing novel therapeutics to 
treat COVID-19 patients. 

Despite many clinical trials undertaken 
in COVID-19 patients worldwide, an effective 
treatment for this highly contagious 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 which 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 proteins on 
infectivity of SARS-CoV-2 (Monteil et al., 
2020). Whilst this model provides an ideal 
flatform to investigate the therapeutic potential 
of drug candidates, the use of native 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 (Xu 
et al., 2020). In addition, the recurrent 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 (Falade-Nwulia et al., 2017). 

3.4. Impact of loss of cellular ACE2
Whilst circulating RAS plays a pivotal 

role in blood pressure regulation and fluid 
homeostasis in normal physiology (Ferrario 
et al., 2005; Wu et al., 2018), it is now well 
recognized that the local tissue RAS plays a 
predominant role in disease pathogenesis in 
many organs including liver disease (Crackower 
et al., 2002; Mak et al., 2015; Rajapaksha et al., 
2019; Yang & Xu, 2017). 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, exacerbating the condition in 
which Ang II-driven cytokine release can be 
enhanced (Grace et al., 2012; Mak et al., 2015; 
Rajapaksha et al., 2019). 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 (Hashimoto et al., 
2012). 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 
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dysbiosis has been reviewed recently (Gheblawi 
et al., 2020). 

3.5. 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 
Monteil and colleagues using parenterally 
administered rhsACE2 which competes with 
SARS-CoV-2 for binding to cellular ACE2 
(Figure 2) has a therapeutic potential in patients 
with COVID-19 (Monteil et al., 2020). 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 (Haschke 
et al., 2013) Supporting this, work from our 
laboratory reported that up to 6000-fold over-
expression of cellular ACE2 in the liver of 
healthy mice had no adverse effect (Mak et al., 
2015). Although rhsACE2 has been reported to 
reduce the cellular uptake of the SARS-CoV-2 
by up to 5000 folds (Monteil et al., 2020), 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 (Ferreira & Raizada, 2008). 
The effect on blood pressure can be further 
impacted by the production of vasodilator 
peptide, Ang-(1-7), the product of Ang II 
breakdown (Grace et al., 2012; Mak et al., 2015; 
Rajapaksha et al., 2019). This potential problem 
on blood pressure can be circumvented by 
introducing mutations into the catalytic 
domain of rhsACE2 (Figure 2) (Guy et al., 2005; 
Turner et al., 2002). The canonical function 
of ACE2 is to function as a carboxypeptidase 
(Guy et al., 2003). 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 (Guy et al., 2003). Furthermore, this 
catalytic activity has been narrowed down 

to a number of residues located within the 
catalytic domain of ACE2 (Guy et al., 2005). 
Particularly, Arg273 has been identified as a 
critical residue for substrate binding (Guy et 
al., 2005). Site-directed mutagenesis 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 (Guy et al., 2005). 
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 (Guy 
et al., 2005). Thus, these residues of ACE2 
are highly critical for the catalytic activity. 
Therefore, if the choice is to use rhsACE2 
as 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 (Ferreira & Raizada, 2008). 
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 applicable 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.

4. TARGETING ACE2 BINDING 
INTERFACE 
Coronaviruses have been known to use 

membrane bound ACE2 as a point of entry 
to the host cell (Bourgonje et al., 2020). The 
arch shaped α-1 helix on the ACE2 peptidase 
domain (PD) mainly interacts with the RBM of 
the S1 protein while α-2 helix and the β3-4 loop 
of the ACE2 make limited contacts (Huang 
et al., 2020). The crystal structure of this 
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interaction (Huang et al., 2020) 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 α-1 helix of the ACE2 (Huang 
et al., 2020). 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 (Benítez-Cardoza & 
Vique-Sánchez, 2020; Hanson et al., 2020), 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 3). 

The SARS-CoV-2 S1 receptor binding 
domain (RBD) interaction with the ACE2 is 
shown as a ribbon diagram using the crystal 
structure PDB:6m17 (Yan et al., 2020). 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)) (Yan et al., 2020). 

Whilst repurposing the approved drugs 
provides fairly rapid solutions, insilico 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 
(Huang et al., 2020) but also of 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 about 17Å long and about 9Å 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 3). Binding 
a molecule to this pocket could significantly 
reduce the interactions between the S1-RBD 
and the ACE2 resulting in lowering the affinity 
between the virus and the receptor. 

Similarly, the same approach can be taken 
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 

Figure 3. ACE2 interaction with the RBD of the SARS-CoV-2 spike protein 
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a peptide can be derived from ACE2 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 (Wójcik & Berlicki, 2016). 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 
result could be obtained 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.

4.1. 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 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 the amount of Ca2+ 

available 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 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 treatment for SARS-CoV-2 (Figure 
2, Figure 3). 

Whilst repurposing the approved drugs 
such as ion channel inhibitors provides fairly 
rapid solutions as in the identification of drug 
candidates to inhibit receptor binding, insilico 
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 
(Morris et al., 2008) and Autodock Vina (Trott & 
Olson, 2010) has 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 (Irwin & Shoichet, 2005) 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. 

5. CONCUSIONS
Since its discovery two decades ago, ACE2 

has been the central focus of a large number 
of studies that investigated the protective role 
of this protein in many pathological conditions 
including cardiovascular, renal, lung and liver 
disease. Intriguingly, two of the coronavirus 
pandemics of this century, caused by SARS-
CoV and SARS-CoV-2, has hijacked ACE2 to 
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gain entry into alveolar epithelial cells of the 
lungs, causing a devastating respiratory illness 
in humans. However, together with findings 
from early studies conducted since SARS-CoV 
pandemic in 2003, massive amount of data that 
generated in response to SARS-CoV-2 in 2020 
made it possible to develop vaccines targeting 
the infection of SARS-CoV-2. Importantly, this 
knowledge can now be used to develop novel 
therapeutics that prevent either virus entry or 
its cellular replication machinery. This effort of 
developing drugs to target virus entry and/or 
replication is important for treating COVID-19 
patients until such time a universal vaccine that 
is safe and effective becomes available for this 
disease and similar coronavirus pandemics in 
the future. However, it is likely that because 
of the technical challenges for developing a 
universal vaccine, the likelihood of ongoing 
SARS-CoV-2 pandemic with seasonal variants 
of the virus may require annual vaccination for 
COVID-19 and thus, there is a need for novel 
therapeutics to treat COVID-19 patients.
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