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Summary

In December 2019, a new coronavirus arose in Wuhan, China, which quickly spread across the
globe. The virus is called SARS-CoV-2, and can cause a disease named COVID-19. As of October
29, the worldwide number of confirmed cases of COVID-19 is over 44 million, with over 1,1
million confirmed deaths. COVID-19 symptoms can range from fever, cough and muscle pain to
acute respiratory distress syndrome, organ failure and shock.

SARS-CoV-2 enters the human host cell via ACE2. ACE2 is a membrane bound enzyme, which
can counterbalance the activity of ACE. ACE2 hydrolyses angiotensin Il into angiotensin (1-7),
which binds to the MAS receptor, leading to vasodilation. Furthermore, this has anti-
inflammatory and anti-fibrotic effects. It appears that higher expression levels of ACE2 are
correlated with higher diseases susceptibility. SARS-CoV-2 downregulates the expression of
ACE2, leading to the imbalance between ACE and ACE2, which causes inflammation, oxidative
stress, hypertension and severe tissue damage. Soluble ACE2, produced by the cleavage by
ADAM17, still cleaves angiotensin Il and can inhibit viral infection partly.

ACE2 is an interesting potential target for treating COVID-19. It is complicated because of the
dual role of ACE2. The use of stem cells, stimulation of ACE2 shedding, ACE2 stimulation and
ACE2 inhibition are all considered strategies. The most promising appears to be the use of
recombinant soluble ACE2, which can inhibit SARS-CoV-2 cellular entry while still protecting
against the detrimental effects of the virus.



Introduction

In December 2019, several cases of pneumonia with an unknown cause were reported in
Wuhan, China. It was soon found out that these cases were caused by a newly discovered virus,
named SARS-CoV-2, with the lower respiratory tract as primary target. The disease caused by
the virus was named COVID-19, and only two months later, it had spread over the whole world.
In March 2020, the World Health Organization (WHO) stated that this outbreak was a global
pandemic (1).

As of October 29, the worldwide number of confirmed cases of COVID-19 is over 44 million, with
over 1,1 million confirmed deaths (1). Although these increasing numbers are worrying on their
own, there are many more impacts that COVID-19 has had on the world. First of all, it has led to
a worldwide reduction in hospital visits for other health problems like heart attacks, strokes and
cancer (2). Furthermore, the pandemic has a negative impact on mental health around the
world, causing stress, anxiety, depressive symptoms, insomnia and fear (3). Besides health
problems, the COVID-19 pandemic also caused the largest global recession in history. Signs of
this recession are the stock market crash and rapid increases in unemployment (4). To
summarize, the pandemic has a large effect on many aspects of the world.

Right from the beginning of this pandemic, scientists all over the world are researching this
virus. They have been researching the virus itself, how it is transmitted and its pathophysiology.
As of today, there are no proven vaccines or other antiviral treatments that can cure COVID-19.
However, this is a highly researched topic, and many possibilities for treatment have been
proposed.

In this essay, | will be discussing one of the treatment possibilities for COVID-19, which is
targeting angiotensin-converting enzyme 2 (ACE2). The new coronavirus and COVID-19 will be
discussed in more detail, as well as ACE2 and its role in COVID-19. Finally, | will discuss the
possibilities of using ACE2 as a target in the treatment of COVID-19.



COVID-19

Pandemic

As briefly described in the introduction, coronavirus disease 2019 (COVID-19) rapidly spread
around the globe. On December 31, 2019, the first cases of pneumonia with an unknown cause
in Wuhan, China, were reported to the World Health Organization (WHO), by the Chinese
authorities. On January 7, 2020, a new coronavirus was identified as the cause of this new
outbreak. Only two days later, the first death linked to COVID-19 was reported in China. On
January 30, the WHO declared the outbreak a public health emergency of international concern.
By then, the virus had already spread to several countries around the world, including the U.S,,
Australia and Germany. By March 8, over 100 countries had reported cases of COVID-19, and 3
days later the WHO declared the global COVID-19 outbreak a pandemic. Many countries
respond with travel restrictions and close their borders. The number of infected people
continues to grow exponentially. As of October 29, the worldwide number of confirmed cases of
COVID-19 is over 44 million, with over 1,1 million confirmed deaths (1).

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the virus strain that causes
COVID-19. It is not clear how SARS-CoV-2 originated, but it is highly suspected it comes from an
animal source. The reason for this is the fact that the first COVID-19 patients had almost all
visited the Seafood Wholesale Market in Wuhan, where different types of wild and
domesticated animals were sold illegally (5). The specific source of SARS-CoV-2 is not known yet.
The virus that is most similar to SARS-CoV-2 (approximately 97%), RaTG13, is a bat virus (6).
Sequence analyses show that it is probable that the reservoir host was a bat, and an
intermediate host was the source of the outbreak (7). A suspected intermediate host is the
Malayan pangolin, as viruses similar to SARS-CoV-2 have been identified in these animals (8).

Although the original source of the virus is probably zoonotic, the large pandemic is caused by
human-to-human transmission. It is transmitted mainly from the respiratory tract via droplets
and aerosols, that spread when an infected person coughs, sneezes or even talks (9). An
alternative route of transmission that has been proposed is faecal-oral spread, as coronaviruses
can also infect the gastrointestinal tract (10).It is thought that especially asymptomatic
infections are a key contributor in COVID-19 spread (11). The reproductive ratio (RO) is the rate
of transmission of diseases, which is generally thought to be between 2,0 and 2,8 for COVID-19
(7). This means a COVID-19 patient spreads the virus to 2,0 to 2,8 other people, who will spread
it to more people. This means the number of infected people grows at an exponential rate,
quickly causing the large pandemic.

More information on SARS-CoV-2 will be discussed in the next chapter.



Virus

SARS-CoV-2 is a positive-sense single-stranded RNA virus (+ssRNA), with an RNA sequence of
29.903 bases in length (12). It belongs to the large family of coronaviruses, which are divided in
4 genera. These are a-, B-, y-, and &-coronaviruses. Both a- and B-coronaviruses are known to
infect mammals, and SARS-CoV-2 belongs to the B-coronaviruses (13).

The virus particles range from 50 to 200nm in diameter (14). SARS-CoV-2 consists of 4 structural
proteins, which are spike (S), membrane (M), envelope (E) and nucleoprotein (N). The structure
can be seenin Figure 1. The S, E and M proteins create the viral envelope, and the N protein
holds the RNA genome. Coronaviruses enter cells with help of their S proteins. The surface unit
of the S protein, S1, can bind to a cellular receptor, allowing the virus to attach to the target cell.
Furthermore, before entry, the S protein must be primed by cellular proteases, which allows the
fusion of viral and cellular membranes (15). In addition to these structural proteins, there are
also non-structural proteins (NSPs) encoded in the RNA genome of the virus. These NSPs have
various functions, like transcription regulation, immunomodulation, gene transactivation and
countering the antiviral response (16).

Spike Protein (S)

Membrane Protein (M)

Envelope Protein (E)

Nucleoprotein (N)

D Ribonucleic Acid (RNA)

Figure 1. SARS-CoV-2 structure. Adapted from Naqvi et al, 2020 (13).

Once SARS-CoV-2 has entered the cell, its RNA will act as mRNA, which is translated by the host
cell ribosomes. This leads to the production of replicative enzymes, which generate new RNA
genomes and mRNA for the synthesis of new viral particles (17). How the virus can induce
COVID-19 symptoms will be discussed in the next chapter.



Disease

The SARS-CoV-2 virus previously discussed, causes coronavirus disease 2019 (COVID-19). The
main symptoms are fever, cough, fatigue, muscle pain, breathing difficulties, and loss of smell
and taste (18). Less common are gastrointestinal symptoms, like loss of appetite, diarrhea and
nausea (19). About 40% to 45% of the infected people are asymptomatic, and most of the other
infected people only experience mild symptoms (20). However, some people can develop acute
respiratory distress syndrome (ARDS). This is a form of fluid accumulation in the lungs, impairing
the lungs capacity to exchange oxygen and carbon dioxide. This leads to low oxygen levels in the
blood. ARDS has a death rate between 35% and 50% (21). Severe COVID-19 can lead to acute
cardiac, kidney and liver failure, digestive tract and nervous system injury, as well as shock (22).

The average time between the exposure to the virus and the onset of symptoms is 5 days, it
may range from two to fourteen days (23). Usually, loss of smell and taste appear early on in the
illness, followed by a fever, and then a cough and muscle pain (24). In patients younger than 50
years, the mortality risk is less than 1%, and it increases exponentially after this age. The highest
mortality rate is in people aged 80 years or older, at almost 30% (25).There is a slight
predominance in men testing positive for COVID-19 (58,1%) compared with women (41,9%)
(26). Patients with obesity have a higher risk of ICU admission and death, compared to patients
with a normal weight (27).

The virus enters the body through the respiratory tract, and in the lungs it infects alveolar
epithelial type 2 (AT2) cells. The AT2 cells secrete pulmonary surfactant, a group of
phospholipids that can decrease the tension in the alveoli. The surfactant prevents the alveoli
from collapsing. The infection of AT2 cells leads to their death by apoptosis and pyroptosis. The
decrease in AT2 cells will ultimately lead to alveolar collapse and impaired gaseous exchange
(28). The infection of the AT2 cells also leads to macrophage activation. Activated macrophages
produce several proinflammatory cytokines, such as IL-1, IL-6 and TNFa. This causes vasodilation
and increased permeability of the capillaries. Plasma and inflammatory cells will leak into the
interstitial spaces of the alveoli, and it will accumulate, leading to the compression of the
alveoli. This also contributes to the impaired gaseous exchange (28).

The infiltration of inflammatory cells in the lung tissue results in a cytokine storm, an excessive
release of pro-inflammatory cytokines. The cytokine storm is responsible for the multi-organ
failure in COVID-19, and is associated with COVID-19 severity (29). The released
proinflammatory cytokines do not only affect the lungs locally, but also have systemic effects. In
the hypothalamus, it will cause an increase in body temperature, resulting in a fever (30).



ACE2

General information

Angiotensin-converting enzyme 2 (ACE2) is an enzyme, which is attached to different cells in the
lungs, arteries, heart, kidney and intestines. It is present mainly on AT2 cells, enterocytes in the
small intestine, endothelial cells of the blood vessels and arterial smooth muscle cells in most
organs (31). In humans, its gene is located on the X chromosome at position Xp22 (32)

The enzyme is a dimeric metallopeptidase containing zinc. ACE2 consists of 805 amino acids and
has a molecular mass of 120 kDa (33). It is a type | bitopic transmembrane protein. Bitopic
means it crosses the cell membrane only once. Type | bitopic proteins have their N-terminus on
the extracellular side of the membrane, with their signal peptide removed (31). ACE2 has two
domains. One is the N-terminus enzymatically active domain, which is exposed on the
extracellular side of the membrane. The other is the C-terminus, which is on the intracellular
side (33).

Its extracellular domain can be cleaved from the transmembrane domain in a process called
shedding. Shedding is mediated by members of the ADAM family (a disintegrin and
metalloproteinase), and this is also the case for ACE2. For ACE2, ADAM17 is responsible for the
shedding of ACE2. After cleavage, soluble ACE2 (sACE2) is released into the blood and will
eventually be excreted in the urine (34).

Function

ACE2 was first discovered in 2000 as a homologue of angiotensin-converting enzyme (ACE); both
are part of the renin-angiotensin system (RAS) (33). This system is a cascade of enzymatic
reactions, which results in the production of angiotensin Il. The RAS is a system which regulates
blood pressure, fluid and electrolyte balance and systemic vascular resistance (35).

In the kidney, juxtaglomerular (JG) cells secrete the inactive molecule prorenin, and activation
of JG cells leads to the cleavage of prorenin to renin. Renin can cleave angiotensinogen from the
liver into angiotensin |, which is biologically inactive. Angiotensin | is cleaved to angiotensin Il by
ACE. Angiotensin Il can cause an increase in blood pressure, total body sodium and total body
water, by binding to angiotensin Il receptor type | (AT1R) (35). Binding to AT1R can also activate
several molecular signalling pathways related to tissue injury, inflammation and fibrosis (36).

The main function of ACE2 is to counterbalance the activity of ACE. ACE2 can cleave the
phenylalanine amino acid from the C-terminus of angiotensin Il, and hydrolyses it into
angiotensin (1-7) (37). ACE2 can also cleave angiotensin |, the inactive precursor of angiotensin



I, into angiotensin (1-9), which in turn can be converted to angiotensin (1-7) by ACE (33).
Angiotensin (1-7) is a vasodilator, causing opposite effects of those of angiotensin Il. It binds to
the Mas receptor, which has anti-inflammatory and anti-fibrogenic effects (36).

A schematic overview of this process is displayed in Figure 2.
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Figure 2. ACE2 function (38).

Furthermore, ACE2 can also cleave several other peptides, including bradykinin, apelin,
neurotensin, kinetensin, dynorphin A, casomorphin, and ghrelin (33, 37). ACE2 is also essential
for the expression of amino acid transporters (38). To conclude, ACE2 is a multi-functional
enzyme with an important role in regulating blood pressure and a protective effect on the

whole body.



ACE2 and COVID-19

As mentioned before, coronaviruses enter cells with help of their S proteins. To enter the cell,
coronaviruses need S1 (surface unit of S protein) to bind to a cellular receptor, and the S protein
must be cleaved by cellular proteases (15).

It is known that the first identified severe acute respiratory syndrome coronavirus (SARS-CoV-1),
which caused an outbreak in 2002-2004, used ACE2 as the entry receptor (39). The cellular
proteases it uses for S protein priming are the transmembrane serine protease TMPRSS2 (40)
and the endosomal cysteine proteases cathepsin B and L (CatB/L) (41). The same was tested for
SARS-CoV-2. The receptor binding motif in the S protein that makes contact with ACE2 in SARS-
CoV-1, was conserved in SARS-CoV-2, indicating that the new coronavirus uses ACE2 as an entry
receptor (15).

Like SARS-CoV-1, SARS-CoV-2 also depends on cellular proteases for S protein priming
(15).Cleavage of the S protein happens at two sites; S1/2 and S2’. This cleaving leads to the
formation of the subunits S1 and S2, which remain non-covalently bound. The exact of these
cleavage sites are at the junction of the amino acids Arg685/Ser686 and Arg815/Ser816 on the S
protein (42). The S1 subunit contains the receptor binding domain, the S2 subunit is membrane
bound and aids in the membrane fusion (Figure 3). It is thought that the cleavage at the S1/S2
occurs first, and subsequently, the S2’ site is exposed and cleaved (43).

S1/52 §2'
\ A /
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S1

Figure 3. Schematic representation of SARS-CoV-2 spike protein, with S1 and S2 subunits. Black arrows indicate
cleavage site. FP = fusion peptide, TM = transmembrane domain (43).

The first event, cleavage of S1/S2, is done by the proprotein convertase furin. This happens
when the virus binds to ACE2. By this first reaction, the S protein is pre-activated. Furin pre-
activation enhances pseudovirus entry into different human cell lines expressing ACE2 (44). The
pre-activation by furin makes SARS-CoV-2 less dependent on other host cell proteases. This is of
particular interest in cells with low expression of TMPRSS2 and cathepsins (44).A furin inhibitor
could inhibit SARS-CoV-2 S protein processing (45).
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After the virus has bound to ACE2 and the spike protein is pre-activated by furin, the S2’ site is
cleaved by TMPRSS2. Thereby, the S protein is fully activated. SARS-CoV-2 depends on TMPRSS2
for protein priming and cell entry, and entry can be inhibited by a TMPRSS2 inhibitor (15).
TMPRSS2 co-expresses, co-localizes and interacts with ACE2 (46). An overview of the entry
process can be seen in Figure 4.

Cellular :Z
ACE2 Viral RNA

TMPRSS2 Duplication

Figure 4. SARS-CoV-2 cell entry, using ACE2 and TMPRSS2. Adapted from Xiao et al, 2020 (47).

As mentioned, SARS-CoV-1 can also use CatB/L for priming the S protein (41). This is also the
case for SARS-CoV-2 (15). This appears to be of particular importance in cardiomyocytes, since
they do not express TMPRSS2, but do express CatB/L. Indeed, using a cathepsin inhibitor
reduced the viral S protein expression (48).

Importantly, ACE2 expression is not limited to the lung, but is also present in the heart, brain,
kidney, intestine, esophagus, stomach, nose, testis, pancreas, breast, prostate and thyroid (49).
This could mean that SARS-CoV-2 could also directly infect these other organs, directly causing
damage and organ failure. SARS-CoV-2 RNA has already been found in cardiac tissue, parts of
the gastrointestinal tract, cerebrospinal fluid and urine, and N proteins from the virus have been
found in kidney tissue, urine, liver tissue and parts of the gastrointestinal tract (49). These
findings suggest that indeed, SARS-CoV-2 can directly infect other tissues where ACE2 is
expressed.

11



Higher ACE2 concentrations in plasma have been found in men, compared to women (50). This
might explain the higher incidence of COVID-19 in men, mentioned earlier. It was also
mentioned earlier that obese patients have a higher risk of ICU admission and death, which
might be explained by the fact that adipose tissue has a higher ACE2 gene expression than
human lung tissue (51). Furthermore, patients with certain cancers and chronic diseases have
higher ACE2 expression compared to healthy individuals, which might lead to their higher
susceptibility to multi-organ injury after infection (52). All these findings suggest that higher
ACE2 expression is correlated with higher COVID-19 susceptibility and disease severity. It is
important to note that these risk factors such as obesity, cancer and chronic diseases could also
be independent of pathogenesis. At this time there is no evidence to prove that elevated ACE2
levels directly cause an increased risk of infection or a worse prognosis for COVID-19 patients.

However, the findings on higher ACE2 expression correlated with higher disease severity are
contradicted by another mechanism. SARS-CoV-2 not only uses ACE2 for its entry to the host
cell, it also downregulates ACE2 expression and competes with angiotensin Il for binding (53,
54). As a result, the balance between the effects of ACE and ACE2 is lost. This means that
angiotensin | and Il are no longer broken down, so there is more activation of the AT1 receptor.
This dysregulation can lead to more inflammation, oxidative stress, hypertension and severe
tissue damage (55).This process can be seen in Figure 5.
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Figure 5. In the basal state, ACE2 converts angiotensin Il to angiotensin (1-7), which will send a protective signal through the
MAS receptor. When SARS-CoV-2 binds, this interferes with ACE2, leading to angiotensin Il accumulation, and
proinflammatory signals (54).
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Correspondingly, it has indeed been found that angiotensin levels are significantly increased in
COVID-19 patients (56). Furthermore, earlier findings show that ACE2 can protect mice from
severe acute lung injury. ACE knockout mice show less severe lung injury, while ACE2 knockout
mice have worse symptoms compared to wild-type mice (57). These findings suggest that ACE2
has a protective effect.

The interaction between ACE2 and SARS-CoV-2 increases the activity of ADAM17, which can
lead to shedding ACE2. Shedding of ACE2 by ADAM17 at first does not appear to be beneficial
for COVID-19 patients. This is because ACE2 can protect against severe lung injury (57). The role
of ADAM17 and ACE2 shedding is not clear yet in the infection of SARS-CoV2. Inhibiting
shedding by mutations in the ACE2 cytoplasmic tail or ADAM17 silencing blocked viral infection
(58). This suggests that ADAM17 might actually facilitate viral entry. However, soluble ACE2
(sACE2) that has been shed by ADAM17 still contains the virus binding site, so it can still bind to
the virus. Since there is no intracellular environment attached to sACE2, the virus cannot
duplicate. By binding to SARS-CoV-2, sACE2 keeps the virus from binding to membrane-bound
ACE2, which has a small inhibitory effect on viral infection efficiency (59). Furthermore, sACE2
released by ADAM17 still has enzymatic activity, so it can still cleave angiotensin Il to
angiotensin (1-7), increasing the protective effects of the Mas receptor (59). This also suggests a
protective role for SACE2 in acute lung injury. So, there is evidence suggesting both negative and
positive effects of ADAM17 in COVID-19.

To summarize, SARS-CoV-2 uses ACE2 as an entry receptor, with the help of endogenous cellular
proteases. Higher levels of ACE2 are associated with higher susceptibility of COVID-19. When
SARS-CoV-2 binds to ACE2, it downregulates ACE2 expression. This might be the underlying
mechanism for the severe COVID-19 symptoms like organ damage, as ACE2 has a protective and
anti-inflammatory effect.
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Treatment

Based on the information discussed above, ACE2 is an interesting potential therapeutic target,
as it is the point of viral entry and it has a protective effect. Several therapeutic strategies
targeting ACE2 have been proposed. In this chapter, these strategies will be discussed.

ACE?2 inhibitors

ACE2 is the entry point for SARS-CoV-2 and various investigations have found a positive
relationship between ACE2 expression and susceptibility towards COVID-19. This insight led to
the idea to inhibit ACE2 expression, and thereby inhibit SARS-CoV-2 from entering the host cell.
However, there are no known ACE2 inhibitors, and ACE2 is insensitive to conventional ACE
inhibitors (60).

But even if there were any ACE2 inhibitors, it would not be wise to use them to prevent SARS-
CoV-2 infection. By doing this, all protective effects of ACE2 would be lost, leading to
hypertension, organ damage, cardiovascular remodelling and inflammation (54). This effect is
shown in ACE2 knockout mice, which show lung injury and cardiac dysfunction (57, 61).

ACE2 activators

Since ACE2 has many protective effects that can protect from the damaging effects of COVID-19,
it might be wise to actually use ACE2 activators as a therapy. Direct activators could have two
positive effects. First of all, they can prevent SARS-CoV-2 from binding to ACE2, because the
activator is already bound. Secondly, it could also promote the protective effects of ACE2 on
different organs. As is the case for ACE2 inhibitors, there are also no pharmacologic ACE2
activators for humans available to date. However, there are several activators that are used in
experimental settings and veterinary use, like diminazene acuturate (DIZE), xanthenone (XNT),
and resorcinolnaphthalein (RES) (62).
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DIZE is an anti-parasitic drug, which is usually used in cattle to treat trypanosomiasis. There are
drugs available containing DIZE, like Veriben or Berenil, that are used to treat trypanosomiasis in
humans. In rats, chronic administration of DIZE leads to the increase in enzymatic activity of
ACE2, and this prevents pulmonary hypertension and lung injury. Furthermore, cardiac
remodeling is attenuated after DIZE treatment (Figure 6) (63). This suggests that DIZE could also
protect against tissue damage in COVID-19 patients. However, there are very limited data of the
use and side effects of DIZE in humans, so much more research is needed (64).

XNT is a chemical compound that can also enhance ACE2 activity. Like DIZE, it reduces
hypertension, and can even reverse fibrosis in multiple organs in hypertensive rats (Figure 7)
(65). Like with DIZE, very little is known about the use of XNT in humans, so this also requires

more research.

RES is another chemical compound, also able to enhance the enzymatic activity of ACE2 (65).
RES has been shown to significantly reduce inflammatory cell infiltration and damage in the
lungs of mice (Figure 8) (66). Moreover, it attenuates pulmonary vascular remodeling, prevents
hypertension and decreases pro-inflammatory cytokines in rats (67, 68). Once again, RES has
never been tested in humans before, so this needs a lot of further research.
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hypertensive rats (65)

A widely used drug in humans, ibuprofen, has also been investigated as a potential therapy for
COVID-19. Ibuprofen has been shown to increase ACE2 levels in rats with diabetes, and in those
rats it can decrease heart damage (69). However, ibuprofen can also inhibit cytokine production
and may weaken the immune system, which can be dangerous in case of a SARS-CoV-2 infection
(70). Furthermore, as ibuprofen can mask COVID-19 symptoms like fever, it might delay the
diagnosis, causing a further spread of the disease. Ibuprofen has been shown to not prevent the
development of ARDS, an important cause of death in COVID-19 (71). At the time, there is no
evidence that ibuprofen is either harmful or helpful in COVID-19 patients.
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Angiotensin receptor 1 blockers (ARBs) and ACE inhibitors are also widely used in humans,
primarily in high blood pressure and heart failure. In a rat study, increased levels or ACE2 mRNA
has been found in the heart after ARB treatment (72). The same was also found for the
administration of ACE inhibitors, they caused an increase in cardiac ACE2 mRNA and ACE2
activity (73). However, this has not been confirmed in human studies (74). There is no evidence
that ARBs and ACE inhibitors can upregulate ACE2 expression in human lungs, and there is no
evidence that these drugs have any influence on the susceptibility to COVID-19 or the disease
outcome (75).

To summarize, there are some compounds and drugs known to elevate ACE2 expression and
thereby have protective effects on the lungs and other organs. However, there is not enough
known about their use in humans and about their capacity to actually have protective effects in
COVID-19.

Recombinant ACE2

As mentioned in the previous chapter, sACE2 can bind to SARS-CoV-2, preventing it from
binding to membrane bound ACE2 and thus preventing viral entry. Moreover, sACE2 can still
convert angiotensin Il to angiotensin (1-7), thus having protective effects. This makes it an
interesting subject for possible treatment. Currently, recombinant human soluble ACE2
(rhACE2) is considered as a therapeutic approach.

Indeed, it has been found that rhACE2 can inhibit SARS-CoV-2 infection in cells and human
kidney and capillary organoids, reducing its viral load by a factor of 1000-5000 (76).
Furthermore, it has already been shown that administration of rhACE2 can decrease acute lung
injury in acid-treated mice (57).

Treatment with rhACE2 appears to be safe, as phase | and Il clinical studies with a recombinant
version of the catalytic domain of human ACE2 (GSK2586881) have been completed, and they
show that it was safe and effective in the treatment of ARDS. The rhACE2 did not significantly
change any hemodynamic factors and no adverse reactions were reported (77).
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It appears that rhACE2 does not only reduce lung injury, but also blocks SARS-CoV-2 entry in
host cells (Figure 9). It seems very interesting as a potential COVID-19 treatment, considering its
dual effect. More research is desired to study how effective it is to battle COVID-19 in humans.

Treatment
SARS-CoV-2 Spike
protein
ol
P

Infection

Figure 9. rhACE2 coating SARS-CoV-2, preventing entry into the cell (78).

Shedding

As discussed above, higher levels of soluble ACE2 can prevent SARS-CoV-2 cell entry and reduce
organ damage. This indicates that higher levels of shed ACE2 could also inhibit the infectivity of
SARS-CoV-2, a hypothesis already stated by Lambert et al, who found that ADAM17 was
responsible for ACE2 shedding (34).

On the contrary, it was also found that the S protein of SARS-CoV-1 could induce ADAM17 to
shed ACE2, and this also leads to TNF-a production. TNF-a facilitates tissue damage through
inflammation. The same study also found that inhibiting shedding reduced viral load and
ADAM17 silencing blocked viral infection (58). This suggests that inhibiting ADAM17 and
thereby decreasing ACE2 shedding might protect against SARS-CoV-2 infection. However, this
study stated that ADAM17 facilitates viral entry for SARS-CoV-1, while for SARS-CoV-2, TMPRSS2
facilitates viral entry (15).

Taken together, ACE2 shedding by ADAM17 increases sACE2, which can reduce SARS-CoV-2
infection and symptoms. However, ADAM17 can also shed other proteins, including IL-6 and
TNF-a, which has a negative effect on the pathogenesis of COVID-19. More research is needed
to determine the role of ADAM17 and ACE2 shedding in SARS-CoV-2 infection.
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Protease inhibitors

There are several host proteases that can prime the S protein of SARS-CoV-2 to allow viral entry
to the host cell. By inhibiting the cleaving activity of these proteases and thereby inhibit
priming, viral entry can be stopped.

The most important of these proteases is TMPRSS2, which SARS-CoV-2 depends on for cellular
entry. It has been shown that a clinically approved inhibitor of TMPRSS2, camostat mesylate,
can partially block viral entry (15). Many more TMPRSS2 inhibitors are clinically approved, like
bromohexine, aprotinin and nafamostat. Aprotinin has already been shown to inhibit viral entry
of SARS-CoV-2 in a dose dependent matter (Figure 10) (43). So, these inhibitors may reduce
transmission of COVID-19.

CatB/L can also cleave SARS-CoV-2 S protein. While the TMPRSS2 inhibitor camostat mesylate
could only partially inhibit viral entry, adding a cathepsin inhibitor (E64d) led to full inhibition
(15). The same inhibitor can decrease the entry of pseudovirions by 92,5% (Figure 11) (79). E64d
can decrease the amount of SARS-CoV-2 RNA in cell culture supernatants, with minimal
cytotoxicity (80).Multiple cathepsin L inhibitors can also inhibit entry of pseudovirions (79).

As furin pre-activates SARS-CoV-2 by cleaving its S protein, this may be another interesting
therapeutic target. S protein processing was inhibited by a furin inhibitor, decanoyl-RVKR-CMK
(45).Furthermore, another systemic furin inhibitor, MI-1851 strongly inhibited SARS-CoV-2
replication in human airway cells (Figure 12) (43). Although this seems promising, it must be
taken into account that furin is required for normal development (81).Therefore, inhibiting furin
might lead to unwanted toxic effects.
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Stem cells

As SARS-CoV-2 reduces ACE2 expression, and ACE2 has protective effects, a target for therapy
might be to increase ACE2 expression, using gene therapy. Mesenchymal stem cells (MSCs) from
the bone marrow can serve as a vehicle for gene therapy. In mice, MSCs alone already show to
attenuate lung injury and reduce mortality (82). MSCs overexpressing ACE2 were able to
recover ACE2 levels in the lung after injury, decrease angiotensin Il levels and increase
angiotensin (1-7) levels. Most importantly, MSCs overexpressing ACE2 were able to decrease
lung injury and the inflammatory response, and worked better than normal MSCs (83).

A small study with MSCs has been conducted on seven COVID-19 patients. These stem cells did
not express ACE2. Injection of MSCs to these patients led to a decrease in pro-inflammatory
cytokines and an increase of anti-inflammatory cytokines. Furthermore, it reversed the
lymphopenia (low level of lymphocytes in the blood) and CRP levels (84). This information,
combined with the information from animal studies discussed above, indicates that MSCs
overexpressing ACE2 might be an interesting therapeutic strategy for COVID-19 in humans.
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Discussion

In this essay, various options of treatments for COVID-19, targeting ACE2 were discussed.
COVID-19 is caused by SARS-CoV-2, a novel coronavirus that is currently causing a pandemic.
The virus enters the host cell via ACE2, an enzyme from the RAS. ACE2 converts angiotensin Il to
angiotensin (1-7), which has protective effects against lung injury, other organ damage,
hypertension and inflammation. As ACE2 is the viral entry point and can have protective effects
on COVID-19 symptoms, it is an interesting target for treatment.

It can be concluded that targeting ACE2 is a complicated matter, given the dual effect of ACE2. It
has detrimental effects by serving as an entry point for SARS-CoV-2, but it also provides
protection against tissue damage and inflammation.

When it was found that ACE2 was the cellular entry point for SARS-CoV-2, some studies
concluded that downregulating or blocking ACE2 would be protective against COVID-19. This
was supported by many studies that found that higher expression levels of ACE2 are present in
patients with other diseases, and in men versus women, was correlated with higher disease
susceptibility and severity. However, blocking ACE2 will most likely have a counterproductive
effect, as the protective properties of will be lost, only worsening the symptoms of COVID-19.

Therefore, it might be a more sensible idea to actually stimulate and enhance ACE2 expression.
There are several compounds known to have this effect. All show protection against fibrosis,
lung injury, heart damage, hypertension or inflammation, to some extent. However, none of
these compounds have any proven effects in humans yet, and little is known about their
toxicity. Besides that fact that too little is known about these compounds, it seems only logical
that upregulating membrane bound ACE2 will also increase viral entry, making it more
infectious.

Alternatively, soluble ACE2 could be a target. sSACE2 can still perform its protective effects by
converting angiotensin Il to angiotensin (1-7), but as it is not membrane bound, it does not
facilitate viral entry. On the contrary, recombinant sACE2 can partly inhibit viral entry and
thereby reduce the viral load. Treatment with rhACE2 also decreases lung injury.

Inhibiting the priming of SARS-CoV-2 S protein is another interesting therapeutic strategy. It is
relatively safe and effective to treat viral infections. For TMPRSS2, there are already many
clinically approved inhibitors, and some already show an inhibiting effect on viral entry in vitro.
Inhibiting cathepsins and furin also appears to be effective against SARS-CoV-2, but furin might
be the least favorable due to its role in development.
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Taken together, it appears that treatment with rhACE2 is most favorable at the moment, as it
can inhibit viral entry but still help attenuate COVID-19 symptoms. As phase | and Il clinical trials
with rhACE2 have already been successfully completed, it looks like the best and safest option.
Along with rhACE2, inhibiting one or more cellular proteases can help in decreasing SARS-CoV-2
infection and replication.

It is important to put the treatment of COVID-19 in a bigger perspective, and to not only focus
on targeting ACE2. Even though it seems like a very promising target, there are many other
factors involved in the infection and pathogenesis. Most importantly, the main goal is still to
find an antiviral treatment and to develop a vaccine, to directly target the virus. Using ACE2 as a
second target, for example by using rhACE2 and protease inhibitors, can be a very effective
measure to further prevent infections and to prevent complications caused by the infections.

To conclude, ACE2 can be an important target in treating COVID-19, and especially the use of
rhACE2 is very promising. It would probably be most effective when combined with antiviral
treatment. A lot of work still remains to be done to find the best possible way to prevent and
treat the infection, so this enormous pandemic can be put to a stop.
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