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Abstract—Since the onset of the coronavirus pandemic in
December 2019, the SARS-CoV-2 virus has accounted for
over 6.3 million lives resulting in the demand to develop
novel therapeutic approaches to target and treat SARS-CoV-
2. Improved understanding of viral entry and infection
mechanisms has led to identifying different target receptors
to mitigate infection in the host. Researchers have been
working on identifying and targeting potential therapeutic
target receptors utilizing different candidate drugs. Angio-
tensin-converting enzyme-2 (ACE2) has been known to
perform critical functions in maintaining healthy cardiores-
piratory function. However, ACE2 also functions as the
binding site for the spike protein of SARS-CoV-2, allowing
the virus to enter the cells and ensue infection. Therefore,
drugs targeting ACE2 receptors can be considered as
therapeutic candidates. Strategies targeting the level of
ACE2 expression have been investigated and compared to
other potential therapeutic targets, such as TMPRSS2,
RdRp, and DPP4. This mini review discusses the key
therapeutic approaches that target the ACE2 receptor, which
is critical to the cellular entry and propagation of the novel
SARS-CoV-2. In addition, we summarize the main advan-
tages of ACE2 targeting against alternative approaches for
the treatment of COVID-19.
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ABBREVIATIONS
ACE2 Angiotensin-converting enzyme 2
ANGI/II Angiotensin I/II

CNS Central Nervous system

TMPRSS2  Transmembrane protease, serine2

RdRp RNA-dependent RNA polymerase

DPP4 Dipeptidyl peptidase-4

PAI-1 Plasminogen activator inhibitor-1

ARB Angiotensin II receptor blockers

ACEI Angiotensin-converting enzyme

inhibitors

RBD Receptor binding domain

INTRODUCTION

The COVID-19 (CO-corona, VI-virus, D-disease,
19-of 2019) outbreak occurred in 2019, in Wuhan,
Hubie, China.*?’ Following the outbreak, the World
Health Organization (WHO) declared a global pan-
demic on March 11, 2020.°” The virus strain was
identified to be from the family of coronaviruses
known as severe acute respiratory syndrome coron-
avirus (SARS-CoV).”' As of May 2022, there have
been approximately 6.3 million deaths caused globally
on account of COVID-19 infections.® According to the
Centers for Disease Control and Prevention (CDC),
SARS-CoV-2 transmits through aerosols and respira-
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tory droplets of the infected individuals.”” Due to
COVID-19’s rapid disecase transmission and high
fatality rate, an immediate therapeutic intervention is
essential to help save lives and prevent further propa-
gation of the virus.*' Current therapeutic strategies
seek potential targets to prevent viral entry, survival,
and infection.

The etiology of COVID-19 is known to be severe
acute respiratory syndrome-related coronavirus 2
(SARS-CoV-2). Coronavirus is an enveloped non-
segmented positive-sense single-stranded ribonucleic
acid (ssRNA) virus with a diameter of 80-120 nm.'®¢!
There are four genera of the coronavirus genus of the
Coronaviridae family named alpha-, beta-, gamma-,
and delta-coronavirus (¢-CoV, p-CoV, y-CoV, and J-
CoV).®' Among these genera, similar to the known
coronaviruses such as MERS-CoV and SARS-CoV,
SARS-CoV-2 also belongs to the f-CoV genus.”°
The genomic size of SARS-CoV-2 is about
29.9 kb.*>3 It has also been found through genomic
analysis that despite belonging to the same family and
genus as both SARS-CoV and MERS-CoV, SARS -
CoV-2 is genetically more similar to SARS-CoV than
MERS-CoV.? However, despite the striking genetic
similarities to SARS-CoV, SARS-CoV-2 shares 96%
similarity to the horseshoe bat RaTG13 virus found in
the bat.”® Understanding the origin, and infection and
transmission mechanisms of the SARS-CoV-2 are
crucial components in the research and development of
potential antiviral therapeutic approaches. Addition-
ally, identifying key therapeutic targets can help in the
development of targeted .smart therapies to prevent
infection and combat this virus simultaneously.

Understanding the viral entry mechanism is essen-
tial to the development of targeted therapies. With this
objective, researchers investigated the viral entry
mechanism of SARS-CoV-2. It is now known that,
SARS-CoV-2 depends on cellular proteases to prime
the spike protein.>’® The SARS-CoV-2 virus enters
the cell via its spike protein binding to the surface
receptors initiating the formation of endosomes and
ultimately the fusion of the viral and lysosomal mem-
branes (Fig. 1).”> Once primed, conformational chan-
ges occur after the receptor binding and elicit the
events leading to integration of the virus with the cell
membrane which is subsequently followed by the dis-
semination of the viral ribonucleoprotein complex
within the cytoplasm.®>® Upon entering the cyto-
plasm of the host cell, the virus unleashes its RNA
which is then translated and cleaved into smaller units
by the action of the virus-encoded proteases. The viral
polymerase then transcribes the subgenomic mRNAs,
which then get translated to form the structural pro-
teins of the virus. These proteins form complexes with
the host cell components and form newly assembled
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viral particles. These particles subsequently get re-
leased from the infected cells through the process of
exocytosis.®>*3

The process of identifying therapeutic target recep-
tors has led researchers to explore commonly expressed
enzymes and their receptors and their possible roles in
viral entry and infection. In humans, transmembrane
protease serine 2 (TMPRSS2) is an enzyme secreted by
the epithelial cells in the gastrointestinal tract and the
respiratory system.” Recent research has revealed that
TMPRSS?2 also plays a role in the priming of the spike
protein of the SARS-CoV-2 S (spike) upon binding to
the ACE2 receptors. The TMPRSS2 thus supports the
fusion of the virus and the host cell membrane which
causes infection.”® This enzyme typically is present on
the extracellular surface of the cells.” To enter the host
cell, the spike protein of the SARS-CoV-2 virus first
binds to the host cell receptor, driving TMPRSS2 to
facilitate S protein priming by cleavage of the S protein
sequence proteolytically.’” This cleavage enables a
conformational change favorable for the virus to enter
the host cell via cell—cell and virus—cell fusion.”” The
gastrointestinal tract, urogenital epithelium, and res-
piratory epithelium express TMPRSS2.** In particular,
type II pneumocytes, nasal goblet secretory cells, and
ileal absorptive enterocytes co-express TMPRSS2 and
ACE2, making them highly susceptible to viral infec-
tion. In comparison to TMPRSS2, dipeptidyl pepti-
dase-4 (DPP4), a serine exopeptidase, is expressed in
most human cells including lung, kidney, liver, gut,
and immune cells.” DPP4 has been recognized as a
potential binding site for the receptor-binding S pro-
tein in SARS-CoV and MERS-CoV viruses but not in
SARS-CoV-2.%* With detailed investigation, DPP4
inhibition has thus been ruled out as a potential target
for developing COVID-19 therapeutics.®*

Recent studies have shown that similar to SARS-
CoV, SARS-CoV-2 is able to bind to human Angio-
tensin Converting Enzyme (hACE2).”'#%% Angio-
tensin Converting Enzyme-2 (ACE2) is also a
functional receptor on the surface of the cells and is
found to be highly prevalent in the kidney, lung and
cardiac cells. The Renin—angiotensin—aldosterone sys-
tem (RAAS) relies on ACE2 as a key regulator.’
Analysis of the crystal structure of SARS-CoV-2
receptor binding domain (RBD) with hACE2 exhibited
significant functional differences that allow SARS-
CoV-2 RBD to have a higher binding affinity to
hACE2 than SARS-CoV RBD.”? In the human body,
ACE?2 performs the essential function of conversion of
angiotensin I and II into angiotensin (1-9) and an-
giotensin (1-7), respectively. This function is integral
to the renin—angiotensin—aldosterone system (RAAS)
pathway to regulate healthy cardiorespiratory func-
tions.>” Because of this high binding affinity and crit-
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ical physiological and functional role, despite other
receptors being identified as potential therapeutic tar-
gets, research has shown that targeting the ACE2
receptors is one of the most potent, smart, and effec-
tive ways of targeting and treating the SARS-CoV-2
viral infection. Therefore, significant efforts focus on
developing therapeutic approaches that specifically
target ACE2 receptors and expression. In this paper,
we summarize different ACE-2 targeting strategies for
developing smart COVID-19 therapeutics.

THERAPEUTIC TARGETS FOR TREATMENT
OF SARS-COV-2

The viral enzymes that contribute to the process of
viral replication can serve as potential targets for smart
therapeutic drugs to treat the viral infection.’® To
target the novel SARS-CoV-2, various antiviral treat-
ments have been developed for inhibition of the action
of the RNA-dependent RNA-polymerase enzyme
(RARP) and two viral proteases PLP™ and MP™, which
play a significant role in the infection process.’® The
RNA polymerase enzyme of the virus assists RNA
replication by catalyzing the formation of phosphodi-
ester bonds which is dependent on the RNA tem-
plate.®> In viruses, the protease enzymes play an
important role in the maturation of the viral protein. It
does so by clearing out the protein precursors (pro-
proteins) after the translation process into the cytosol
of the host cell.> Therefore, these viral proteases are
frequently looked at as potential drug targets in vari-
ous therapeutic approaches. Inhibiting the viral pro-
teases can limit the turnout of mature viral particles. In
SARS-CoV-2, particularly the MP*® is an essential viral
protease for the proteolytic release of the enzymes that
induce viral replication which include nonstructural
protein 13 (nsp 13) that control the NTPase and RNA
helicase activity.>?

Despite the fact that this therapeutic approach of
targeting viral enzymes has many advantages, target-
ing the proteins of the host cell has shown to be more
practical since the proteins of the host cell are more
immune to mutations.’® The drug therapies for chronic
viruses, such as the human immunodeficiency virus
(HIV), are distinctive from therapies for acute viruses
such as the SARS-CoV-2. In chronic viral infection,
the immune system cannot completely remove the
virus whereas in the acute viral infection the immune
system can eventually clear the virus completely.”® The
rate of viral replication within the host cell is directly
correlated with disease severity; therefore, therapeutic
strategies typically aim to decrease the viral replication
rate.”’ Over the course of the pandemic, the use of
kinase inhibitors to ameliorate the symptoms of

COVID-19 has been studied. However, utilizing
antiviral agents, such as inhibitors targeting viral
RNA-dependent RNA polymerase (RdRp), does not
suppress the replication rate, leading to development
of resistance over time.”” Moreover, the RdRp in-
hibitors have a very narrow time window during which
they can be effective, limiting their usage to the early
stages of disease.”® While the therapeutic approaches
that target the host cell kinases have some advantages
over the conventional direct-acting antiviral drugs, the
disadvantage associated with this approach is the lack
of specificity to infected cells, which results in unde-
sired toxicity to healthy cells. This limits the scope of
using kinase inhibitors as a therapeutic approach for
mitigating infection due to SARS-CoV-2.°® Therefore,
there is an unmet need to identify more effective
treatment targets for the novel coronavirus.

To identify the most potent and effective therapeutic
target and approach, researchers have turned to al-
ready characterized viral binding targets or drugs that
successfully alleviate the COVID-19 symptoms. DPP4
is found in many human tissues and is involved in
different physiological processes and immune system
ailments. For instance, the DPP4/CD26 receptors are
expressed on epithelial and endothelial cells which
constitute the vasculature, kidney, lung, small intes-
tine, and cardiac function. Specifically the DPP4 dis-
tribution in the human respiratory tract facilitates viral
entry in the airway tract and contributes to the devel-
opment of the cytokine storm immunopathology trig-
gering fatal COVID-19 induced pneumonia.””*® The
spike protein on the SARS-CoV-2 has two domains,
S1 and S2, which interact with the ACE2 receptor in
human cells. The S1 domain acts as a receptor-binding
domain and actively interacts with the DPP4 of the
host cell, while the S2 domain is involved in membrane
fusion.” The phylogenetic analysis has shown that
MERS-CoV is related to Bat-CoV-HKU4, which tar-
gets seven DPP4 residues and is predicted to interact
with the SARS-CoV-2.*¥ In addition, DPP4 inhibitors
play a role in decreasing the inflammation associated
with severe COVID-19.” DPP4 can also help to block
pathways leading to cytokine storms and help alleviate
the severity of the disease during COVID-19 infection.

However, it has been established that DPP4 does
not directly function as a receptor in SARS-CoV-2
infection resulting in COVID-19 but it helps alleviate
the symptoms of the infection.”” Recent studies suggest
that SARS-CoV-2 can bind to ACE2 but not to DPP4
expressing cells.”®

An alternative therapeutic target is TMPRSS2,
which is expressed in human lung cells.”” SARS-CoV-2
utilizes cathepsin, a protease that plays a vital role in
protein degradation and processing for S protein
priming in TMPRSS2 expressing cells.”” There are 11
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<«FIGURE 1. The mechanism of SARS-CoV-2 viral entry and
progression. (a) The SARS-CoV-2 virus utilizes cell surface
receptors and proteases to bind to the receptors on the cells.
Subsequently the virus enters the cell and replicates and
infects the other cells. (b) A close-up representation of the
SARS-CoV-2 S protein and ACE2 interface (PDB: 6LZG). The
sticks represent the key residues that interact with the ACE2.
Dashed lines signify hydrogen bonding and salt bridges. The
S-binding footprint for SARS-CoV-2 (c; PDB: 6LZG) and
SARS-CoV on ACE2 is shown in (c, d) (D; PDB: 2AJF). More
atomic connections are made between SARS-CoV-2 (green)
and ACE2 than SARS-CoV (magenta). (e) Maintenance of the
S-binding interface of ACE2. ACE2 orthologs from various
animal taxa show a significant degree of diversity in the
interface for SARS-CoV-2 S binding. (f) A list of examined
animals in which ACE2 can bind to the RBD of the SARS-CoV-
2 S protein (yellow) or cannot bind to the RBD of the SARS-
CoV-2 S protein (grey). (Adapted and modified with
permission from Murgolo et al.,>* Shang et al.,>*"? and Peng
et al.?%).

classes of cathepsins.®> Among them, cathepsin B and
L (CatB/L) have gained interest as a target for devel-
oping new therapeutic agents.** In addition, the
expression of TMPRSS2 is partially dependent on
CatB/L activities, making CatB/L an essential protein
required to drive transmission of the SARS-CoV-2
virus.?® Therefore, blocking both proteases is necessary
f02r9 effectively inhibiting the entry of the SARS-CoV-
2.

ACE2 directly affects cardiovascular health and
functions of various organs such as the heart, kidney,
and lungs via counter-regulation of the renin-an-
giotensin system (RAS).'"** ACE2 is a crucial receptor
for SARS-CoV-2 entry to the human cells.*® Hence,
the majority of the therapeutic approaches are focused
on targeting the ACE2 receptor in an attempt to block
the viral entry and prevent or significantly reduce the
risk of infection.®¢

ACE2-TARGETED THERAPEUTIC
APPROACHES

MicroRNA Based Therapeutics Targeting ACE2

The microRNA (miRNA) is a small noncoding
double-stranded RNA molecule that regulates post-
transcriptional gene expression and guides molecules
in RNA silencing.>>>" An ample number of miRNAs
are present in human cells, and their biogenesis is
linked to various diseases (Fig. 2)."*’® The miRNA
can target the binding sites of ACE2 transcripts in the
three prime untranslated regions (3’-UTR), thereby
inhibiting ACE2 expression.*® Recent studies revealed
the regulation of the ACE2 expression and the RAS
system by miRNAs as they can act as autocrine,
paracrine and endocrine regulators.”’ This finding
indicates the important role that miRNA plays in

regulating the renin—angiotensin—aldosterone system
(RAAS) pathway.'® RAAS is an endocrine system that
plays an important role in regulation of blood pressure
or hypertension development.'® A study by Dongchao
et al. demonstrated the use of miRNA to regulate
ACE2 expression in cardiac cells, thus influencing the
rate of infection of SARS-CoV-2.*® In this study,
human induced pluripotent stem cells (hiPSC)-derived
cardiomyocytes were transfected with three therapeutic
miRNAs: miR-429, -200b, and -200c. A quantitative
PCR was performed utilizing miRNA-specific Taqg-
Man to evaluate the ACE2 mRNA expression levels.*®
These miRNAs were selected because they displayed
highest 3’UTR binding site conservation among in
silico candidates. Western blotting techniques were
used to evaluate the ACE2 protein levels in the trans-
fected cells. Of the three therapeutic miRNAs, miR-
200c has displayed the most promising results by
strongly diminishing the expression of the ACE2.*®
This study successfully demonstrated the use of miR-
200c to regulate ACE2 expression in cardiomyocytes.
However, researchers must acknowledge that the
patients with severe cardiovascular diseases (CVD)
could be more susceptible to the severe symptoms of
COVID-19 infection due to the suppression of the
ACE2 expression. An increase in the ACE2 expression
could mitigate the CVD symptoms but increase the
risk of virus infection. This therapeutic approach for
treating COVID-19 should be employed in the patients
with cardiovascular diseases cautiously while meticu-
lously monitoring the link between RAAS, ACE2, and
miRNA. Angiotensin-converting enzyme inhibitors
and angiotensin receptor blockers are typically
administered to cardiac patients, reducing cardiac
stress and increasing ACE2 expression and activity.
The increased levels of ACE2 can make cells more
susceptible to infection by SARS-CoV-2. Studying the
correlation between ACE2 expression and miRNA-
based therapy has garnered much interest in the sci-
entific community and could be an intermediate ther-
apeutic intervention until effective vaccines are
available that can keep up immunity against newer
emerging variants of SARS-CoV-2.%%

Antiviral Drugs Targeting ACE2

ACE2 targeted clinical therapeutic drugs are
increasingly utilized to treat COVID-19 patients.® Two
main concerns arise for clinical targeting of ACE2
receptors as treatment for viral infection.® Many clin-
ically approved medications routinely used for the
treatment of COVID-19 symptoms and underlying
comorbidities have evidently been known to raise the
mRNA expression of ACE2.° During the early stages
of the pandemic, the increase in mRNA expression of
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<«FIGURE 2. miRNAs play a crucial role in the replication of
viruses and can be used by infected cells to regulate viral
replication and have therefore been investigated for their
potential to control and mitigate viral infection due to SARS-
CoV-2. (a) It has been documented in the literature that human
miRNAs can indirectly bind to the viral genome in both the
coding and noncoding 3’UTR regions, suppressin%
translation and having an antiviral effect as a result.*
Evidence from the literature has suggested that host-
miRNAs bind to viral-RNA, controlling its translation and
altering viral pathogenesis.*® Micro-RNA Response Elements
(MREs), which are often present in the 5’UTR, coding region
(CDS), and 3'UTR of the virus genetic material, assist the
underlying mechanism for host miRNA-viral RNA interactions.
Viral replication directly affects the following outcomes,
which have been used to pinpoint these interactions: (i)
Viral mRNA is suppressed when host miRNA attaches to its 3’-
NTR. (ii) When host miRNA attaches to the viral mRNA’s
coding area, the viral genes’ ability to translate is suppressed,
which stops the virus from replicating. (iii) Viral RNA is
stabilized as a result of host miRNA binding to the 5-NTR of
the viral mRNA, which improves viral replication (Fig. 2). (b)
mi-R200c show the lowest ACE2 expression and lower the
susceptibility of cardiomyocytes to viral infection. (c) A
summary of mi-RNA that target ACE2 receptors. (Adapted
and modified with permission from Paul et al.,®® Widiasta
et al.,”' Abu-lzneid et al.* and Dongchao et al.*?).

ACE?2 has raised uneasiness about the harmful impli-
cations of ACE2-targeted-drugs on the health of the
infected patients with comorbid conditions. Regard-
less, researchers have confirmed that such medication
can help alleviate the symptoms of the disease with no
significant increased risk or compounded danger of
viral infection. This has led to a speculation that ACE
inhibitors (ACEIs) and Angiotensin receptor blockers
(ARBs) may not be detrimental to COVID-19 patients
and can be explored as a therapeutic alternative to
manage the symptoms of the disease.® Previous studies
have exhibited clinically approved drugs targeting
ACEI, e.g., Enalapril and Lisinopril and ARB, e.g.,
Arbidol, Losartan, Olmesartan, and Irbesartan, can
increase ACE2 expression in plasma and heart tis-
sues. '

Experimental studies have suggested increased
expression of ACE2 mRNA with the use of clinical
drugs. ARB drugs such as Losartan was studied in
plasma, heart, and kidney of Lewis rats and transgenic
Ren2 rats. Olmesartan was analyzed in the aorta,
plasma, and urine of spontancously hypertensive rats
(SHR), Lewis rats, and hypertensive human patients.
Irbesartan was examined in the heart and aorta of
C57BL/6 mice.”*>*?° Likewise, ACEI drugs such as
Enalapril were studied in the heart and plasma of
Sprague Dawley rats. Lisinopril was analyzed in the
heart, kidney, and plasma of transgenic ren2 and Lewis
rats.??3136 ARBs have displayed increased expres-
sion of ACE2 mRNA in animal models in the heart,
plasma, kidney, and aorta. The quantification of
mRNA and protein was performed utilizing RT-PCR.

Although cardiac ACE2 mRNA expression did not
alter in myocardial infarction (MI) in vehicle-treated
rats, Losartan and Olmesartan both increased the
ACE2 mRNA by 97 and 42 percent, respectively.**
Similarly, a significant increase in ACE2 expression
was displayed in cardiac and kidney transgenic Ren2
rats.** In a separate study, TagMan real-time PCR
analysis and western blotting demonstrated that uti-
lizing Irbesartan increased the ACE2 mRNA in the
heart and aorta of C57BL/6 mice.** Particularly,
studies concerning the Olmesartan drug in aorta sug-
gested a fivefold increase in ACE2 mRNA expression
in RT-PCR analysis and an increase in ACE2 anti-
bodies in immunostaining assay in SHR rats.°® ACEIs
have also displayed increased ACE2 mRNA expres-
sion in animal plasma, the heart, and the kidney; RT-
PCR suggested an increase in ACE2 activity was
caused by utilizing Enalapril in the heart of Sprague
Dawley rats.*! Furthermore, studies utilizing the
Lisinopril drug also suggested the similar correspond-
ing increase in ACE2 activity in heart and kidney of
the animal models.*> Therefore, the use of ACE2 tar-
geting drugs have opened up a new domain of thera-
peutics which could help alleviate symptoms of the
COVID-19 infection effectively.

Monoclonal Antibody Therapy Targeting ACE2

Another alternative therapeutic approach is utiliz-
ing passive immunotherapy to treat and prevent viral
infection.”” The humoral immune response actively
contributes to viral infection recovery.** Of the two
innate and adaptive immune system response mecha-
nisms, the humoral immune response is a part of the
adaptive immune defense mechanisms mediated by
antibodies. Apart from antibody production, many
other processes could concurrently occur in response
to antigen or virulent particle exposure. The initial step
to the humoral immune response is neutralizing the
toxin, which slows down the replication of viruses.
Simultaneously the complement system which com-
prises of an assembly of proteins found in the blood
and other fluids in the body and surfaces of the cells
also gets activated, in response to the antigen.’® The
soluble parts of the complement system initiate a
proteolytic cascade which in turn triggers the comple-
ment effectors that can target the cells to elicit an im-
mune response.’’ The activation of these complement
effectors enhances the antibody activity to remove
damaged cells and assist inflammation.** Lastly, op-
sonins, which are extracellular proteins that can bind
to antigens can induce phagocytosis by acting as a
tag.*> Neutralizing antibodies targeting RBD, induced
by SARS-CoV-2, positively correlate with disease
outcomes.'>*> There is a multitude of antibody-neu-
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tralization mechanisms to block viral entry and pre-
vent infection.**>° Antibodies can cluster viruses to
block their entry and prevent binding to cell surface
receptors. Moreover, antibodies can bind to the host
receptor further stopping the entry of the virus into the
cell. Antibodies can also hinder conformational chan-
ges required for cell membrane fusion. Other antibody-
neutralization mechanisms include the antibody
impairing the virus, preventing the removal of the viral
capsid, and inhibiting viral replication and release.** >’

Monoclonal antibodies (mAbs) constitute a crucial
class of biotherapeutics (Fig. 3). The mAbs are hy-
bridoma white blood cells produced from spleen and
myeloma cells.*” Studies investigating the role of mAbs
to neutralize SARS-CoV and MERS-CoV viruses have
shown promising results in preventing viral
escape.®08387 The majority of SARS-CoV treatments
consist of antibodies that target the N and C terminals
of the RBD. For neutralizing SARS-CoV-2 via mon-
oclonal antibody studies, anti-ACE2 monoclonal
antibodies (mAb) were utilized.”> Analysis revealed
two neutralization epitopes, 201, which binds to the
receptor binding domain, and 68, which binds to the
outer surface of the domain. Immunoprecipitation and
western blotting were performed to detect the mem-
brane-bound S protein using the monoclonal antibody
(mAb).%° Previous research has revealed that the cat-
alytic site and the RBD-binding site of ACE2 do not
overlap.'? It was therefore hypothesized that the RBD
binding site on ACE2 with antibodies can effectively
block the entry of all ACE2 dependent viruses while
preserving the physiological functions of the ACE2."
This approach that uses monoclonal antibodies to
target ACE2 can be a promising therapeutic avenue to
mitigate the SARS-CoV-2 infection.

On November 12, 2020, the FDA issued an Emer-
gency Use Authorization (EUA) for imdevimab, and
casirivimab, humanized monoclonal antibodies (IgG1)
to be administered intravenously for the treatment of
mild to moderate COVID-19 in adults and pediatric
patients with positive results of direct SARS-CoV-2
viral testing.! The pediatric patients were stipulated to
be 12 years of age or older and weighing at least 40 kg,
to be eligible for the intravenous treatment. Those at
high risk for progressing to severe COVID-19 were
also eligible for treatment which included those who
were 65 years of age or older or who had certain
chronic medical conditions. In the clinical trial of
patients with severe COVID-19, casirivimab and
imdevimab were administered. They showed a decrease
in COVID-19-related hospitalization and emergency
room visits in high-risk patients within 4 weeks after
treatment compared to the placebo. The safety and
effectiveness of this experimental therapy for the
treatment of COVID-19 continues to be evaluated.' It
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was found in a study by Chen ef a/ that the monoclonal
antibody 3E8 binds to human ACE2 with moderate
affinity. The results of this study also reflected 3E8 was
able to successfully block the SARS-CoV-2 infection
both in vitro and in vivo within a prophylactic COVID-
19 infected mouse model." For clinical development,
full evaluation must be performed in non-human pri-
mates before this approach could advance into clinical
trials. The results provided a potential broad spectrum
and potent strategy to combat all coronaviruses that
can bind to ACE2 for entry and is revealed as an anti-
coronavirus epitope on human ACE2."

Cell-Based Therapies Targeting ACE2

There has been an increase in cell therapy based
clinical investigations utilized to treat the coron-
aviruses.® Cell therapies use cell replacement to repair
the pathways that initiate the illness and promote its
progression.'> Mesenchymal (stromal) stem cells
(MSCs) have been widely used for cell-based therapy for
the treatment of respiratory ailments caused by COVID-
19 infection.”** The majority of the MSCs are present
in the blood vessels through capillary endothelial cell
interactions.*® Many anti-inflammatory mediators such
as anti-inflammatory cytokines, antimicrobial peptides,
angiogenic growth factors, and extracellular vesicles are
released during virus-induced lung damage and regula-
tion of immune inflammation is mediated through
receptors expressed in MSCs, 30384043

Currently, there are two types of therapeutic
approaches in which the MSCs are utilized in the
treatment of COVID-19. The first therapeutic strategy
constitutively increases the interferon (IFN)-stimulat-
ing gene (ISGs), acts as a mediator and secondary
response to IFN, triggering ISG which generates
resistance against the respiratory virus, including the
coronavirus.®® The alternative approach is comprised
of both the intrinsic and inducible innate defense
against viruses.>® Studies suggest that the activation of
various receptors such as Toll-like receptors (TLRs) 3
and 4, interleukin (IL)-6, IL-8, and CXCL10, mediates
the release of anti-inflammatory mediators, specific to
the cellular environment.***" Furthermore, the
angiopoietin-1 secreted by MSCs helps repair the dis-
rupted alveolar-capillary barriers.*> ACE2 receptors
are widely distributed in human cells and are primarily
present in the capillary endothelium and the alveolar
type II cells (AT2).?” In the recent studies, ACE2 has
also been suggested to be an ISG in nasal epithelial
cells.'” SARS-CoV-2 may utilize the overexpression of
ACE2 to increase viral infection. Therefore, ACE2
must be monitored as the increase in expression of the
anti-inflammatory mediators directly correlates with
the expression of the ACE2.
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(a)

Spike protein

Neutralizing monoclonal antibodies

SARS_CoV-2

Membrane
fusion

(b)

Monoclonal antibody Mechanism

80R Blocks interaction of S1 subunit to ACE2 using 6 complementary determining region (CDR) both
in vitro and in vivo

CR3014 Blocks interaction of S$1 subunit to ACE2 both in vitro and in vivo
CR3022 Blocks interaction of S1 subunit to ACE2 in vitro
F26G18 Blocks interaction of S1 subunit to ACE2 in vitro
F26G19 Blocks interaction of S1 subunit to ACE2 in vitro
m396 Uses CDR loops H1,H2,H3, and L3 with some ACE2 in vitro
1A9 Blocks interaction between S2 subunit proteins (amino acid residues 1111-1130) with cellular

receptors in vitro

201 Blocks interaction of S1 subunit to ACE2 both in vitro and in vivo

S230 Blocks interaction of S1 subunit to ACE2 in vitro

FIGURE 3. The use of monoclonal antibody therapy for preventing binding of SARS-CoV-2 to the ACE2 receptor as potential
treatment of SARS-CoV-2. (a) Schematic representation for the neutralization mechanism of SARS-CoV-2. The SARS-CoV-2 spike
protein-targeting monoclonal antibodies may limit the ability of the virus to attach to its cellular receptor, thereby preventing the
virus from entering the cell. (b) SARS-CoV-targeting neutralizing monoclonal antibodies and their mode of action. These spike
protein-targeting monoclonal antibodies showed promising results both in vitro and in vivo and could be potentially effective in
combating SARS-CoV-2. (Adapted and modified with permission from Shanmugaraj et al.”®).

In a separate study, Leng et al. investigated patients clinical trial.** Seven patients with confirmed COVID-
infected with coronavirus after the bone mar- 19 diagnosis, including one critically severe type (pa-
row-derived MSCs (BM-MSCs) transplantation in a tient 1), four severe types (patients 2, 3, 6, 7), and two
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common types (patients 4, 6) were candidates for
MSCs transplantation. Simultaneously, three severe
infected types were listed to receive the placebo con-
trol. Prior to the MSC transplantation, it was reported
that patients had symptoms of very high fever, weak-
ness, shortness of breath, and low oxygen saturation
levels.

Results demonstrated that just within 2-4 days
post-transplantation, these symptoms were alleviated
entirely in all of the patients. Additionally, there was
no acute allergic reaction or infusion-related or allergic
reactions post transplantation. Moreover, no delayed
secondary infections or hypersensitivity was observed
after the treatment.** These findings show a strong
therapeutic promise to treat patients in severe stages of
the disease.

ACE2-RBD Blockers

ACE2 proteins are present on the cell surfaces of
many organs such as the kidney, placenta, lung, duo-
denum, small intestine, and pancreas.*” In SARS-CoV-
2, the spike protein is present on the outer surface of
the virus.'” The spike domain of the SARS-CoV-2 is
comprised of two domains, SI and S2.'°" The SI do-
main contains the ACE2 receptor binding protein
(RBD), responsible for the virus-receptor interac-
tion.'” In contrast to the S1 domain, the S2 domain
comprises the heptad repeat (HR) domain, responsible
for viral fusion.'” Earlier sequencing studies reported
that in the SARS-CoV-2 genome, the residue 394
(glutamine) in the RBD domain was recognized by the
lysine 31 on the human ACE2 receptor, thus estab-
lishing binding affinity towards ACE2.** This interac-
tion is necessary for virus entry and replication.
Currently, there are four major categories of targeted
therapies for cell entry mechanisms. The four cate-
gories for cell entry mechanism is comprised of tar-
geting the virus receptors, the spike protein, the
membrane fusion, and the endosomal and non-endo-
somal virus entry.®” Studies also demonstrate that
targeting the viral entry by neutralizing the spike
protein could be the most efficient treatment.'%!7:4%:74

The cell lines used for the in vitro studies of SARS-
CoV-2 entry are HEK 293T, BHK-21, Caco-2, Vero,
Vero E6, and Calu-3 cells. The majority of these
in vitro cell entry mechanism studies target either cell
receptors that allow viral attachments, the SARS-CoV-
2 spike protein, or enzymes enabling viral fusion. For
inhibiting viral attachment, the target can be the spike
glycoprotein by neutralization.?” The neutralization of
the SARS-CoV-2 spike protein is achieved by various
means such as neutralizing antibodies, utilizing
recombinant or soluble ACE2, utilizing small peptides
and molecules, or by using sera.”’ Viral fusion inhibi-
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tion is accomplished by targeting fusion between the
virus and the host cell. Similarly, this could also be
achieved by inhibiting the endosome or non-endo-
some-dependent pathways.”” Mechanisms that target
ACE2 receptors on host cells are proving to be an
effective way to neutralize the inhibition of viral
entry.” To effectively neutralize the inhibition of viral
entry, a polyclonal anti-ACE2 antibody, AF933,
against human ACE2 was utilized and successfully
inhibited SARS-CoV-2 entry.”> Alternative strategies
utilize the recombinant SARS-CoV-2 RBD protein,
constructed using the C-terminal Fc of human IgG1.%!
Furthermore, this strategy has shown to effectively
inhibit the viral attachment onto hACE2-expressing
293T cells in a dose-dependent manner.®' Western
blotting and SDS-PAGE analysis of the purified
SARS-CoV-2 RBD protein and antisera, had con-
tained SARS-CoV RBD-specific antibodies.”® A flow
cytometry analysis was carried out to detect the RBD
protein binding to hACE2 in 293T cells. In addition,
immunofluorescence staining was performed to detect
the binding between RBD and the hACE2 receptor.?®
ELISA assays were conducted to detect the binding of
SARS-CoV RBD to the sACE2 receptor and binding
of SARS-CoV-2 to soluble hDPP4. Subsequently, a
cross-titration assay was performed in which two
proteins overlap for achieving a higher sensitivity to
target the ACE2-RBD interaction. Specifically, the
ACE2-His-Avi and RBD-Fc was used as the two
proteins in this study. This study utilized a cross-ti-
tration assay to determine the concentration of the
RBD-Fc and ACE2 and AlphaLLISA assay to measure
the binding of RBD to ACE2.%® They also performed a
qRT-PCR, qPCR for ACE2 mRNA, and ELISA assay
for quantifying the corresponding ACE2 expression.
Collectively, these analyses presented a simple and
rapid approach for therapeutic development by tar-
geting the ACE2-RBD. The results can be used for
designing further structure—activity studies and its
connection in SARS-CoV-2 infection. Targeting the
ACE2-RBD serves as a promising platform for
potential drug screening that can inhibit viral infec-
tion.”®

Inhalable GapmeR and Recombinant ACE2

The messenger RNA (mRNA) is a single-stranded
RNA molecule complementary to the gene’s DNA
strand.®® Gene silencing is a mechanism which prevents
the of expression of a specific gene in a cell.®® This
process can be executed by removing the gene of
interest, regulating transcriptional gene expression le-
vel, or inhibiting gene expression at the translational
level.*” Gene silencing can be conducted by utilizing
antisense RNA technology. Alternatively, RNA inter-
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TABLE 1. Summary of the in vitro therapeutic approaches for treatment COVID-19 by targeting ACE2 expression.

Treatment ACE2 le-
approach Mechanism vel In vitro techniques
microRNA Inhibit viral translation Decreased RT-PCR
Antiviral drugs Inhibit viral entry Increased  RT-PCR, immunostaining assay
Monoclonal anti-  Neutralize antibody Decreased Microtiter assay, virus titration assay, immunoprecipitation, and

body western blotting
MSCs Mesenchymal stromal cell-based Decreased RNA sequencing

therapy

ACE2-RBDs Inhibit viral entry Decreased qRT-PCR, qPCR for ACE2 mRNA, and ELISA
Inhalable Gap- Antisense RNA Decreased In vitro models and organoids

meR

ference (RNAi) can also be used.®® The RNAI is a
biological mechanism that uses the DNA sequence of a
gene to suppress its own expression, known as silenc-
ing.®® The designed antisense RNA is complementary
to the targeted mRNA strand. With the help of
Riboneuclease H (RNase H) enzyme that catalyzes the
process of RNA cleavage, the antisense RNA degrades
the targeted mRINA. GapmeR is a chimeric antisense
oligonucleotide containing monomers of deoxynu-
cleotide. Studies have shown that using GapmeR, as an
antisense oligonucleotide, increased the efficacy of this
technology. These single-stranded, antisense oligonu-
cleotides can be easily taken up by the targeted cells
indicating that transfection is not needed.”” GapmeR
can be used in an aerosol or powdered form, therefore,
can be inhalable.*’

Studies have shown that when the patient is suffer-
ing from severe acute lung failure, the human recom-
binant soluble ACE2 (hrACE2) prevents the entry of
the SARS-CoV-2 virus particles inside healthy cells
and thus helps in reducing viral replication.” SARS-
CoV-2 actively targets cells expressing ACE2 such as
the alveolar epithelial cells of the lung, cardiac muscle
cells, esophagus epithelial cells, urothelial cells, kidney
tubules, ocular cells, colon, and epithelial cells of the
oral mucosa.”®*?>? This indicates that hrsACE2 can
reduce viral replication, but it cannot completely
eliminate it. Therefore, it was hypothesized that
simultaneous action of the hrsACE2 by blocking the
entry of the SARS-CoV-2 and GapmeR, and silencing
the genome of the virus particles will synergistically
eliminate the viral replication in the host cells.”® This
result can be achieved by using novel strategies that
employ screening and selection of GapmeR designs,
and deliver the potential candidates to the lung using
in vitro models and organoids. Subsequently the opti-
mal dosage and seclection of the optimal cytotoxicity
profile can be performed based on the experimental
findings.

A summary for ACE2 targeting COVID-19 thera-
pies is provided in Table 1.

DISCUSSION AND FUTURE PERSPECTIVES

The coronavirus has emerged as a global pandemic
and claimed millions of lives. The unmet clinical need
for therapeutic approaches to combat this deadly virus
are critical to preserve and improve the health of the
infected population. There are currently various ther-
apeutic targets in research for COVID-19 treatment.
With the advent of vaccines and boosters, gaining
control of the severity of the infected patients is ex-
pected to improve over time. However, the ever-
growing number of variants pose a significant threat to
invoking an imminent rise in the cases. Discovering a
safe target for therapeutic development is crucial to
prevent further viral transmission. Although the high
mutation rate of RNA viruses allows them to adapt
swiftly to changing environmental conditions, it also
renders them vulnerable because there are a limited
number of mutations in the essential genes that can
accumulate. The Delta variation of the SARS-CoV-2
virus, that caused COVID-19, had a higher infectious
transmission rate than earlier variants of the virus.’
The enhanced ACE2 activity would imbalance of
RAAS and ACE2-Ang-(1-7) pathways. The more re-
cent growing cases of the Omicron variant still pose an
active threat and contribute to the rise in cases all over
the globe.>® It is essential and strongly recommended
that public health and safety guidelines are strictly
obeyed, and vaccines and boosters are encouraged, to
help mitigate another crisis wave. Studies have vali-
dated that, therapeutic approaches targeting ACE2
displayed promising results in the development of
long-term clinical treatments targeting COVID-19.
Recent investigations have also ventured into novel
ways of targeting ACE2 as a potential therapeutic
target such as using decoy ACE2 molecules to trap the
virus particles, using pseudoligands to dominate the
binding site for SARS-CoV-2, blocking antibodies
against ACE2 viral docking sites, using ACE2 in-
hibitors against the docking sites which have all shown
promising results.>® Similarly several approaches to
enhance ACE2 shedding and using reagents to pro-
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mote and inhibit ACE2 internalization have also
shown to ease the symptomatic side effects of SARS-
CoV-2 infection while limiting the possibility of infec-
tion.’® While devising ACE2 targeting strategies, the
two basic characteristics of ACE2 must be accounted
for: (1) the ACE2 enzymatic activity and S-protein
binding both influence viral entry but are independent
and (2) both soluble and membrane bound ACE2
share the same viral binding and enzymatic functional
properties. Another point of consideration is the stage
of the disease and any associated comorbidities, since
they would play a critical role in developing an effec-
tive therapeutic strategy. For instance, approaches that
reduce viral infectivity should be prioritized during the
early stage of the infection and strategies to increase
ACE2 activity should be considered to treat disease
induced inflammation and damage in the advanced
stages of disease progression.*® There is a high demand
for utilizing ACE2-modulating medications to obtain
favorable results in COVID-19 infected patients. The
promising potential of ACE2 in controlling viral entry
has led to the development of various versatile thera-
peutic approaches. Future therapies must incorporate
efforts to understand how ACE2 expression can be
modulated effectively to minimize any side effects of
the therapies that elevate or diminish ACE2 levels
essential for healthy physiological function.
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