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With the emergence of the third infectious and virulent coronavirus within the past two decades, it has become
increasingly important to understand how the virus causes infection. This will inform therapeutic strategies that
target vulnerabilities in the vital processes through which the virus enters cells. This review identifies enzymes
responsible for SARS-CoV-2 viral entry into cells (ACE2, Furin, TMPRSS2) and discuss compounds proposed to
inhibit viral entry with the end goal of treating COVID-19 infection. We argue that TMPRSS2 inhibitors show the
most promise in potentially treating COVID-19, in addition to being a pre-existing medication with fewer pre-

1. Introduction

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is a
positive, single-stranded ribonucleic acid (+ssRNA) virus of the family
Coronaviridae, more commonly known as ‘coronavirus’.["* An outbreak
in Wuhan China reported in December 2019 spread quickly worldwide
and the World Health Organisation (WHO) declared the associated
coronavirus disease 2019 (COVID-19) a global pandemic on 11th March
2020.1'°1 As of 27th May 2021, 168,040,871 people are confirmed to
have been infected with the virus worldwide, with 3,494,758 deaths,[4]
affecting all but a handful of isolated countries with these numbers ex-
pected to increase for the foreseeable future. In the last two decades, two
other members of the family Coronaviridae viruses have emerged that
can cause severe, sometimes fatal, illness in humans. In 2002, SARS-
CoV-1 caused an epidemic that lasted two years with 8,069 infections
and 774 deaths before it died out.!>°! Middle East Respiratory Syndrome
Coronavirus (MERS-CoV) emerged in 2012, and has caused sporadic
outbreaks which have caused 2,562 infections and 881 deaths.[’] Given
the significance of SARS-CoV-2 as a human pathogen that causes sig-
nificant mortality and morbidity, there is great interest in the discovery
of drugs that prevent or treat COVID-19. In particular, targeting the viral
entry mechanism to impede SARS-CoV-2 from entering cells may better
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enable the body to combat an infective process, as the severity of
infection correlates with intracellular viral load.!

The structure of both SARS-CoV-2 and SARS-CoV-1, include a ‘spike
protein’ that binds to angiotensin-converting enzyme 2 (ACE2).[>*1 Both
viruses use ACE2 as their host receptor, in order to facilitate entry into
cells. The SARS-CoV-2 spike has been shown to use both a very similar
receptor binding domain (RBD) and receptor binding motif (RBM) as
SARS-CoV-1, with the similarity of the whole protein being 76-78%,
73-76% for the RBD and 50-53% for the RBM, the ranges being due to
differences between species.!”] This provides a good starting point to
investigate the enzymes responsible for allowing viral entry, and the
potential for inhibition to reduce the severity or prevent COVID-19
infection.

2. SARS-CoV-2
2.1. Structure of the virus

Here, we now consider the mechanism of viral entry to identify
additional targets of relevance for drug development. SARS-CoV-1,

MERS-CoV and SARS-CoV-2 are all + ssRNA viruses (meaning that the
coding genetic material can be directly translated by ribosomes into
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proteins).!'%! There are 4 different proteins that make up the structure
and function of the viral particle: spike (S), envelope (E), membrane (M)
and nucleocapsid (N) proteins.[''! The N protein surrounds the strand of
RNA, whilst the S, E and M proteins together form the viral envelope that
contains the genetic material. Of these structural aspects, the most
relevant is the spike protein, as this is the ‘key’ to infecting a cell,
interacting with the necessary receptors to gain entry. As such, it will
subsequently be looked at in more detail.

The spike protein is a trimeric structure, with each protomer being a
single, Y-shaped peptide chain that are joined together to give the whole
structure.l'"*°1 This structure can then be divided into two further
functional components, or subunits: S; and Sy. S; is responsible for
binding to ACE2, whilst Sy interacts with the transmembrane serine
protease type II (TMPRSS2) enzyme, which causes the membranes of the
virus and cell to fuse.['>'¥ As the Sy subunit is responsible for binding
to receptors, there is a great deal of variability between Coronaviridae
viruses, as there are numerous different receptors used by the different
members of the family. Even between viruses that utilise the same re-
ceptor, i.e., SARS-CoV and SARS-CoV-2, which use ACE2 as a route of
entry, there is slight variability. The S, subunit, however, is more
conserved across viral variants, suggestive of a critical role in the fusion
of the viral and cellular membranes.['>!]

This structure, however, is not fixed, which has multiple implications
as to how effective the virus is at binding to cells and also in evading the
immune system.['] First, it is helpful to note that each protomer S;
subunit can be further divided into $* and S, with the former being the
externally facing part of each S; subunit, whilst the latter is the inter-
nally facing part. SB is the critical RBD for interaction with ACE2. The S;
subunit can also exist as different conformations, which affect its ability
to bind to ACE2. The S® domain is typically in a ’closed’ position, where
each of the three domains are folded down, pointing inwards towards
each other. In this conformation, the spike cannot bind to ACE2. But as
the RBD is not being displayed to the immune system (antibodies, leu-
kocytes, dendritic cells, etc.), it improves the ability of the virus to evade
an immune response. When the S® domain is in the open position it is
able to bind to ACE2, it can begin the process of viral entry.['*'%]

2.2. Mechanism of viral entry

In order for SARS-CoV-2 to infect a cell, it first must bind to ACE2 and
then merge its own membrane with the membrane of the cell so as to
allow the contents of the virus to enter. ACE2 is a dimer of two com-
plexes, each complex being made up of an ACE2 and a protein called
BOAT1. It is apt to note that each ACE2-B°AT1 complex can bind to one
spike protein as there are two ACE2 domains, meaning each complete
enzyme can bind with two S proteins.!*®! Analysis of the crystal structure
of the viral RBD and ACE2 complex suggests that once the virus has
bound to ACE2, the virus is in an optimal position to fuse the viral en-
velope with the cell membrane.l'® Further understanding of the
mechanism of viral entry relies on existing research into SARS-CoV-1,
which has been comparatively better studied. For membrane fusion to
occur, a series of cleavages and conformational changes have to take
place.l'” 1) This is believed to begin with a ‘pre-activation’ or ‘priming’
process of the spike protein by an enzyme called furin. Furin is a pro-
protein convertase, which is a type of enzyme that converts inactive
proteins to their biologically active counterpart and is able to cleave at a
dibasic motif comprising any combination of Arg and Lys (KK|, KR/,
RK|, RR|), but is able to recognise this even with up to two to three other
amino acids in between these residues.””) This motif is found in the
SARS-CoV-2 spike protein at Arg682 to Arg685 (R682'R683'A684'R685
i).[17’19‘21‘22] This multibasic cleavage site is known as S1/S», indicating
that this cleavage causes the separation of the two subunits. They do,
however, remain non-covalently bound.!'”! Subsequently, another

cleavage occurs, this time at a site within the S, subunit denoted as S'Z.
Unlike the S1/Sy, S, is not necessarily denoted by a motif, instead relying
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on a single residue which can be either arginine or lysine as a so-called
monobasic cleavage site. In SARS-CoV and SARS-CoV-2, this site consists
of a dibasic Lys-Arg residue (Lysgi4-Argsis 1).['7'%?*) This cleavage,
however, is not mediated by furin, but instead by TMPRSS2 (trans-
membrane protease, serine 2). This is an enzyme of which little is known
regarding its exact biological function, despite being present in
numerous tissues. It is implicated in prostate cancer and performs a
similar role in multiple viruses including influenza, cleaving hemag-
glutinin to facilitate viral entry.!'®?*2%1 Both of these two cleavages are
vital for cell entry and thus provide another target for potential thera-
peutics through their inhibition.

At this point, the S; subunit dissociates, and the fusion protein (FP),
located at the top of the S, subunit, becomes exposed to the membrane
of the cell, into which it inserts itself. Through a cascade of conforma-
tional changes in the Sy subunit, the membranes come in to ever closer
proximity and begin to merge, with the outer layers combining first
(hemi-fusion) before both combine to result in a fusion pore, which
gradually enlarges as the membranes continue to merge. The viral ge-
netic material can now enter the cell.[??%%!

2.3. Downregulation of ACE2 in COVID-19 infection

An important point to note around the discussion of the infection of
the cell is the effect the infection itself has on ACE2. This is highlighted
because, as reported by Kuba et al. (2005), ACE2 is in fact down-
regulated due to coronavirus infection.*] As determined from these
results, the quantity of ACE2 present in cells after infection is severely
decreased. The authors suggest that the enzyme sheddase plays an
important role in the loss of ACE2 expression. To examine this further,
Glowacka et. al. (2009) used the phorbol ester, phorbol myristate acetate
(PMA), which induces shedding of ACE2, before comparing it to the
effects of inactive viral-like particles (VLPS), SARS-CoV VLPs and NL63-
CoV VLPs.°] The PMA (shedding positive control) and the coronavi-
ruses all caused ACE2 to be removed from the cell to become the free-
floating soluble form, which was partitioned into the supernatant, sup-
porting the shedding theory.

3. ACE2
3.1. Introduction to ACE2

ACE2 is a zinc metalloprotease that plays an important part in the
renin-angiotensin-aldosterone system (RAAS),[g] which is responsible
for the management of blood pressure within the human body. It is a
homologue of the related angiotensin-converting enzyme (ACE), which
is also an important constituent of the RAAS system, with a 42% iden-
tical catalytic domain purposes, and 33% similarity between the two
enzymes.*%] Despite their relation, they have somewhat opposing with
ACE responsible for increasing blood pressure, whilst ACE2 generally
lowers it by countering the action of ACE.

3.2. Function of ACE2

ACE2's related homologue, ACE, cleaves angiotensin-I (Ang-I) to
form angiotensin-II (Ang-II), a powerful vasoconstrictor and mitogen
that mediates high blood pressure. ACE2 acts as a counterbalance to this;
it converts Ang-I to angiotensin-(1-9) [Ang-(1-9)] by cleaving only the
His amino acid on the C-terminus, thus preventing ACE from converting
Ang-I to Ang-II.[S(’] It also converts Ang-II to angiotensin-(1-7) [Ang-
(1-7)] by cleaving the Phe amino acid from the C-terminus, which
prevents the potent vasoconstrictive effects of Ang-Il from
occurring.[‘% 39 Ang-(1-7) is also a vasodilator, increasing the effec-
tiveness of ACE2 in decreasing blood pressure.
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3.3. Structure of ACE2 and its active site

ACE2 has a high similarity in its structure to the closely related ACE
but has some important distinctions that cause the difference in the
exhibited enzymatic activity. It is a transmembrane protein with a single
extracellular catalytic domain (amino acids 147—555).[36] The most
critical residues have been determined to be Argy;3, which binds to a
known ACE2 inhibitor, MLN-4760.["! Hissos and especially Hisggs have
also been shown to be important in substrate binding; Hissgs assists in
the hydrogen bonding of the nearby Tyrs; s, which itself hydrogen bonds
to the substrate in order to stabilise the carbonyl tetrahedral interme-
diate that forms at the catalytic site. Hiss4s is closer to the substrate and
thus is able to directly hydrogen bond to the substrate, providing sta-
bility."*"! ACE2 uses a motif known as HEXXH in which two histidine
residues (Hissgy4 and Hissyg) and one glutamate residue (Gluggz) chelate
the catalytic zinc jon.[*>#%!

3.4. RAAS and its function and mechanism of action

Further discussion of the physiological role of the RAAS is necessary
to illustrate the potential impact of ACE2 drug targets in modulating
SARS-CoV-2 viral entry in to cells. The RAAS begins in the in the macula
densa of the juxtaglomerular (JG) apparatus, found in the glomerulus of
the kidneys, from which the aspartyl protease renin, is released, initi-
ating the beginning of the RAAS hormone cascade.'*>**! Renin cleaves
angiotensinogen (AGT), a protein belonging to the serpin superfam-
ily.[*34047) The first 10 residues in the N-terminal region of AGT are
cleaved off in this process between the leucine and valine residues, to
form the decapeptide known as angiotensin-I (Ang-I). Ang-I, also known
as proangiotensin, has little to no biological activity and acts solely as a
precursor to angiotensin-II (Ang-II) in the beginning of a complex,
interconnecting sequence of cleavages.[*>*) From Ang-I, two enzymes
can act on it to form two different products: ACE will convert Ang-I into
Ang-II by cleaving off two residues, whilst ACE2 will convert it into Ang-
(1-9) by cleaving just one residue, both from the C-terminus. Ang-(1-9)
can then be converted into Ang-(1-7) by ACE by cleaving two C-terminal
residues, but it can also be formed from Ang-II by ACE2, which cleaves
one residue, again from the C-terminus. ACE can then cleave Ang-(1-7)
to form angiotensin-(1-5) [Ang[1-5]) by removing the two residues.
Ang-II can also be converted by another enzyme, aminopeptidase A
(AMPA) to angiotensin-III (Ang-III) through cleavage of an N-terminal
residue, before being converted to angiotensin-IV by aminopeptidase M
(AMPM) by cleavage of another N-terminal residue.[*849]

Ang-1II is a potent vasoconstrictor that acts on the AT R and AT5R G
protein-coupled receptors. AT;R activation is responsible for the vaso-
constrictive effects of Ang-II. It causes the constriction of blood vessels,
anti-natriuresis, hypertrophy, cell proliferation, aldosterone secretion
and oxidative stress. These actions allow RAAS to increase blood pres-
sure within the cardiovascular system. Conversely, AT;R activation
causes the dilation of blood vessels, natriuresis, and has anti-
hypertrophic and anti-proliferative effects.[****78] There are a few po-
tential reasons as to why Ang-II has a hypertensive effect despite acting
on both, though the most likely explanation is the different amounts and
locations of each receptor. ATiR, for example, is found in high con-
centrations within the kidneys and smooth muscles cells (i.e., blood
vessels), whilst AT9R is found more concentrated in heart cells. In gen-
eral, however, there are much fewer of the latter relative to the former,
with AT9R being much more prevalent in foetuses, before diminishing
rapidly after birth.[*] This, along with differences in the structures of
the receptors affecting how well each angiotensin peptide binds to them,
likely accounts for the prohypertensive nature of Ang-II.

From Ang-lI, two other angiotensin molecules can be produced:
angiotensin-III and -IV (Ang-III and -IV). Ang-III is reported to have
similar effects to Ang-II, in that it has the same aldosterone stimulating
ability, but only 40% the vasopressor efficacy of Ang-IL.°°! Ang-III also
targets the AT; and AT, receptors like Ang-II, but as shown by its
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different activity, performs differently. This could be explained by the
ability of Ang-III to induce natriuresis mediated by ATy, whilst Ang-II
does not cause this.[*®>") Ang-IV is formed from Ang-III, and has a
fairly distinct mode of action, acting on the receptor AT4, which is an
insulin-regulated aminopeptidase receptor (giving its other acronym,
IRAP), as opposed to the G protein-coupled receptors AT; and AT,.1*55?]

Activation of AT4R causes vasodilation through increased nitric
oxide synthesis, particularly in the brain and kidneys where there are
higher concentrations of this receptor. AT4R activation also moderates
cell proliferation and cardiac contractility and modulates cellular
glucose uptake (important for learning and memory processing).l°%>°!
The ACE2 axis is a more recent discovery to RAAS.!*] There is the
conversion of Ang-I into Ang-(1-9) and subsequently Ang-(1-7), as well
as the direct conversion of Ang-II into Ang-(1-7). This has a twofold
effect: firstly, it prevents the vasoconstrictive effect of Ang-II itself by
removing it or preventing it from being synthesised in the first place.
Secondly, the molecules formed as a result of the actions of ACE2, more
specifically Ang-(1-7), in fact have vasodilative and cardioprotective
effects through acting on the MAS1 receptor (MasR).[*>#748:541 Acti-
vation of MasR stimulates the synthesis of nitric oxide, cyclic guanosine
monophosphate (cGMP) and endothelium-derived relaxation factor,
among other agents that have a vasodilative effect. In addition, activa-
tion also has anti-hypertrophic and anti-proliferative effects, which in
general are favourable for the body.[**°]

4. Potential medications against SARS-CoV-2

In appreciating their critical role in facilitating viral entry, the
cleavage proteins ACE2, furin and TMPRSS2 will now be explored as
potential targets for drug development.

4.1. Inhibitors of ACE2

Molecules that inhibit ACE2 may also block the interaction of SARS-
CoV-2 with ACE and prevent viral entry. Here, we evaluate the drug-
likeness of two compounds; MLN-4760 and the polypeptide DX600.!°%]

4.1.1. Analysis of Drug-likeness and experimental data of MLN-4760

To determine the drug-likeness of MLN-4760, structural analysis
using SwissADME can be performed.'®”) As MLN-4760 is stereoactive,
each isomer should be looked at individually to consider any differences.
Both isomers are predicted to have good to moderate solubility in water
and acceptable lipophilicity (Log Po,w: S: 2.06, R: 1.88), meaning they
would not have much issue travelling in the bloodstream or entering
cells. Both also have good absorption within the gastrointestinal tract
(GI). The drug-likeness section of SwissADME uses five rule-based filters
to determine whether a compound has features and properties similar or
conducive to being suitable as a medication.””>®! The bioavailability
score, a combination of these predictions, is also acceptable (at 55/55%)
for both compounds. No significant issues are found with the MLN-4760
structure in terms of potentially problematic fragments that are known
or predicted to be toxic/reactive/unstable/etc., through the Structural
Alert feature of SwissADME.!”! The results from this analysis suggest
that MLN-4760 shows good potential as a lead compound for further
pharmaceutical development. Further experimental testing would have
to be performed to determine its pharmacokinetic and pharmacody-
namic profile.

Another aspect that must be looked at is how well MLN-4760 binds to
ACE2 and how selective it is, especially concerning the closely related
ACE. Joshi et. al. (2016) reported a great deal of data on this (note: the
stereoisomers A and B of MLN-4760 as described within the paper refer
to the R- and S-isomers respectively, as described within this article).[%]
They looked at both the activity and selectivity of both stereoisomers of
MLN-4760, as well as the racemic mixture for both ACE and ACE2.0°0

It can be said that MLN-4790, regardless of stereoisomerism, is an
inhibitor for recombinant-human ACE2 (rhACE2), as the hydrolysis of
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the substrate was completely prevented by this compound. However, the
compound also shows some activity in inhibiting recombinant-human
ACE (rhACE), which also indicates that it is not a selective inhibitor of
just thACE2. Table 1 displays the maximum inhibition (Ihax) results of
both rhACE and rhACE2 by different concentrations of the -S, -R and
racemic mixture of MLN-4760, which also shows that the compound
inhibits rhACE, in addition to rhACE2.

In addition, Table 2 shows the results of the inhibitory concentra-
tions (ICso) of each enzyme and compound. The results suggest a
600-10,000-fold selectivity towards ACE2.°?) These results show that
the racemate and the R-isomer are roughly equivalent in activity and
selective in regard to rhACE2, whilst the S-isomer is about 20% less
efficacious and also less selective. However, these data arise through the
use of recombinant-human versions of both ACE and ACE2, which are
produced artificially using bacteria or yeast. The authors also describe
results using human bone marrow cells, specifically mononuclear
(MNCs) and CD34 + cells. Interestingly, there seems to be a reversal in
the efficacy and selectivity of the stereoisomers.

As can be seen from Table 3, there has been a stark reversal in the
efficacies and selectivity of the stereoisomers, with the S-isomer now
being much more efficacious and more selective, having a 20-fold
selectivity for ACE2 over ACE compared to only a 3-fold selectivity for
the R-isomer and racemate.l°® The S-isomer was also tested in CD34 +
cells, which also displays this reversal with an Ipax of 19 & 2% in ACE
and 38 + 4% in ACE2, with a 63-fold selectivity of ACE2 over ACE. This
suggests that under physiological conditions, the isomers behave
differently, which would need further investigation to elucidate further
details.l'”]

The results, along with the analysis using SwissADME, with good
pharmacodynamics and few predicted issues related to toxicity or
negative interactions, suggest that there is promising potential for
further development of this compound. Improvements to increase its
potency and selectivity towards ACE2, as well as assessing the need for
the molecule to be able to cross the BBB would be ideal places to start.

4.1.2. Analysis of drug-likeness and experimental data of DX600

DX600 was discovered as part of a search through peptide libraries,
and as such, has very different characteristics compared to MLN-4760. It
has been shown to strongly inhibit ACE2, in addition to good selectivity
for it versus ACE.[®!

To date, DX600 has not been profiled for its potential therapeutic
usage. DX600 is a relatively large polypeptide which causes a number of
concerns, such as a high price or difficulty of the manufacture of the
molecule, as well as limited routes for administration (e.g., subcutane-
ous or intravenous routes). This is because peptides are susceptible to
hydrolysis in the stomach, as well as having limited absorption due to
their bulkiness. Whilst peptides have valuable potential due to their
excellent selectivity and binding affinity towards the target enzyme,
strategies such as enhancing the stability of the peptide, preventing
hydrolysis, and improving their absorption are necessary to enable their
use.

4.1.3. Pre-existing drugs with inhibitory activity towards ACE2

An alternative strategy to find potential therapeutics is through
substrate-based searches and computational design. Early research
shortly after the discovery of ACE2, and the revelation that it was
responsible for allowing SARS-CoV to enter cells, as well as more recent

Table 1
The results from Fig. 5e-g displaying the I;,,,x as percentages of each enzyme for
the isomer and the mixture.!'”!

Enzyme Compound

MLN-4760-S MLN-4760-R MLN-4760-S/R
rhACE 46 + 1% 49 + 5% 48 + 4%
rhACE2 80 + 3% 93+ 1% 94 + 2%
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Table 2
The results from Fig. 5 displaying the pICsy of each enzyme for the different
isomers and the mixture in mol/L.!*"!

Enzyme Compound
MLN-4760-S MLN-4760-R MLN-4760-S/R
rhACE 5.0+0.1 4.4+0.3 4.4+0.2
rhACE2 8.01 £0.1 89+0.1 85+0.1
Table 3

The results from Fig. 18 displaying the In,.x as percentages of each enzyme for
the isomer and the mixture.t®!

Enzyme Compound

MLN-4760-S MLN-4760-R MLN-4760-S/R
ACE 34+ 1% 20 £+ 3% 22+ 2%
ACE2 63 + 2% 354+ 1% 34 + 2%

exploration due to the coronavirus pandemic has provided details into
small molecule compounds and peptide-based ones that have an inhib-
itory effect against the enzyme.””°°! Huentelman et. al. (2004) searched
pre-existing databases (NCI/DTP)' during the SARS epidemic using
structure-based virtual screening (SBVS) and found a lead compound, N-
(2-aminoethyl)-1-aziridineethanamine, which displayed micromolar
levels of activity (57 + 7 pM).[(’l] Terali et. al. also used SBVS to find
eight compounds that were determined to have activity towards ACE2 in
silico.[°”) None of these drugs have yet been used in clinical trials to treat
COVID-19.

4.2. Potential inhibitors of furin

Research by Becker et. al discussed compounds that mimic the
arginine that furin uses as its substrate.!®>°*! Also important to note is
that there are already furin inhibitors that are in use for research, one of
the most reported being decanoyl-Arg-Val-Lys-Arg-CMK (dec-RVKR-
CMK).!°*! However, many are unsuitable for further use in drug design
due to the vulnerability of the P1 ketone. As such, Becker et. al. looked at
a variety of groups to replace the P1 Arg of dec-RVKR-CMK and assesses
their activity, using the general formula R-Arg-Val-P2-P1 (with P2
almost always being Arg) being used.

Importantly, all of these compounds were measured to be reversible
competitive inhibitors, which is typically a desirable trait when per-
manent inhibition is unwanted. Worthy to note is the K; value of each
inhibitor; a lower value means a more potent inhibition of furin. This
highlights compounds 15-18, all of which exhibit good potency values,
especially 15 and 17. Becker et. al. then moved on to determine the
selectivity of these molecules towards other proprotein convertases
(PCs), as well as serine proteases. Some activity was exhibited towards
some of the PCs tested, but not all, whilst practically no activity was
shown to occur towards the serine proteases. The study moved on to test
molecule 15, the most potent found, against an avian influenza virus (H7
subtype). However, despite the excellent in vitro activity of the com-
pound, the in vivo activity was found to be diminished.[®*%°!

Becker et. al. (2012) in a later study went on to improve upon their
previous work.[°®! They took the most potent inhibitor, denoted previ-
ously as compound 15, now compound 1, and instead looked at the P5
residue, having established the effectiveness of 4-amidinobenzylamide
at P1. The aims were to improve the lipophilicity of the compound in
order to allow it to better permeate the membrane of cells by incorpo-
rating fatty acid residues into the structure. They also tested the effects
of substituting the P5 position with hydrophobic cyclic groups, as well as
a broader variety of groups, though these proved less successful.[*!

! National Cancer Institute/Development Therapeutics Program.
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Becker et. al. then evaluated substituents that primarily consisted of
amines and their guanylated analogues (20—28).[66] These compounds
immediately showed much-improved inhibition constant values, with
20-26 being in the picomolar range of K; values. Selectivity showed a
similar pattern, with high selectivity for some of the PCs, less so for
others, and poor inhibition of other enzymes such as serine proteases.
After performing similar testing of 22 and 24, compound 24 especially
was found to be very effective against the H7N1 virus, which, due to
both requiring furin for cleavage, would indicate that this compound
would likely function against SARS-CoV-2. It requires further in vivo
trials and preclinical evaluation to determine whether it has any ther-
apeutic potential.!*®’

In an attempt to identify pre-existing drugs able to interact with
furin, Wu et. al. screened multiple databases and found several com-
pounds with good affinity for furin.!**! Many of these drugs are available
already as medications, including aminopterin, silybin, diminazene and
methotrexate, among others. The most important part of this is that
these drugs are already approved, on the market and have a well-studied
side effect profile in humans, meaning their theoretical application in
the treatment of COVID-19 is possible should there be clinical trial ev-
idence of a satisfactory risk/benefit profile.[°!

4.3. Potential inhibitors of TMPRSS2

TMPRSS2 has also been the target of research, particularly for
influenza and coronaviruses such as SARS-CoV AND MERS-CoV.[*7-¢%]
The field of TMPRSS2-specific inhibitors is quite nascent, with the
earliest article describing the first synthetic compounds being published
by Meyer et al. in 2013.7°! Here, they discuss previously found in-
hibitors, including ovomucoid trypsin inhibitor and 4-(2-aminoethyl)-
benzenesulfonylfluoride,’’ ) but note that they have limited potential as
lead compounds. Another issue was the lack of understanding sur-
rounding the substrate specificity of the enzyme. Therefore, the authors
screened a number of substrates of serine proteases against TMPRSS2,
and determined the importance of a glycine-like residue in the P2 po-
sition and a hydrophobic P3 position. From the screened substrates,
methylsulfonyl/methoxycarbonyl groups were found to be well toler-
ated at P4.

Once the basic characteristics of the enzyme’s substrate specificity
were established, Meyer et. al. began the process of developing the in-
hibitor. Previous publications have made light on the ability of 4-amidi-
nobenzylamide in the P1 position as being important to inhibiting other
serine proteases,’>”* and as such was selected as the base for testing.
For P3, b-Arg and p-Asp(OtBu) were found to have the highest K; values.
For P2, proline was initially chosen as the main option, as it is the
preferred P2 residue for a number of different serine proteases. This,
however, could therefore negatively affect the selectivity of the final
compound. Testing other residues indicated that either alanine or argi-
nine were suitable replacements for this position. For P4, benzylsulfonyl
was used due to it also being preferred by many other serine pro-
teases.!”>! Though removing the group in most cases was detrimental to
the inhibitory activity, some compounds still showed acceptable K;
values. Further experimentation whereby the side chain t-butyl ester
group of p-glutamic acid or p-aspartic acid (at P3) was replaced with
various different groups did not yield any improvements.

Throughout, the P1 position was occupied by 4-amidinobenzyla-
mide, but other groups, specifically 3-amidinophenylalanine,!’%””]
have also been reported as having potential to improve the character-
istics of the compound due to their activity on other enzymes. Using
previously described inhibitors of the enzymes matriptase and
thrombin,’*7%1 they showed that the matriptase inhibitor displayed
even lower K; values (8 nM) than found in the previous series of com-
pounds (~19 nM). Meyer et. al. discussed, however, that the high hy-
drophilic character of the compound could limit its bioavailability, and
subsequently made modifications to the P1 group (corresponding to the
C-terminal region). A number of these analogues had as good or only
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slightly worsened K; values (generally < 20 nM). After this, the N-ter-
minal was also amended, using two different piperidide residues at the
C-terminus. The resulting analogues generally showed excellent activity
(<10 nM), with an N-terminal 1,3-dichlorobenzyl group (compound 92)
giving a K; value of 0.9 nM, and 1,3-dimethyoxybenzyl (compound 94)
giving 1.0 nM. Final alterations to the N-terminal region gave com-
pounds 111-114 which also exhibited highly promising K; values (3-5
nM).

Testing of four of the most potent inhibitors (92, 93, 113, 114) for
their effect on cell viability resulted in two (93 and 113) causing a
decrease of ~ 20% in viability, whilst the other two had little to no ef-
fect. Meyer et. al. decided to further investigate compound 92, and thus
studied the effect it had on the propagation of influenza viruses (H1N1
and H3N2). The results showed that there was a dose-dependent sup-
pression of the virus titres compared to the control, with a 10 pM con-
centration causing a 10- and 100-fold decrease in virus titres at 24 h for
HIN1 and H3N2 respectively, and a 50 uM concentration causing a
100-1000-fold decrease at 24 h. This demonstrated both the fact that the
influenza viruses utilise TMPRSS2 to enter cells and thus replicate, as
well as showing the efficacy of inhibiting the enzyme as a method of
preventing viral entry into cells. Whilst the authors focussed on the
influenza virus, the inhibitor should also be able to prevent entry into
cells by TMPRSS2-dependent coronaviruses, including SARS-CoV-2.

As with ACE2 and furin, it is always worthwhile looking at pre-
exisiting drugs to determine whether any exist that are able to inhibit
the enzyme in question. As TMPRSS2 is a serine protease, it is most
pertinent to look at serine protease inhibitors, a field of medications that
is significantly more developed than furin inhibitors and encompasses
many different drug types, including antivirals, anti-inflammatories,
anticancer, to name just a few. This is highly beneficial, as it gives a
much larger basis to screen for a compound that will inhibit TMPRSS2
specifically. It will also likely enable the ability to select one that has a
known dosage/side effect profile, as well as affording the opportunity to
be able to co-administer multiple medications in order to increase their
combined effect. Numerous sources have initially indicated that camo-
stat mesylate, a drug used in the treatment of chronic pancreatitis, is an
inhibitor of TMPRSS2 and is able to partially block SARS-CoV (by 65%),
another coronavirus (NL63) and tested influenza viruses (H1N1, H3N2)
from entering cells.[®°°! The compound is rapidly hydrolysed at the
side chain ester when absorbed, with a half-life of < 1 min, to form
GBPA. Whilst GBPA is not as effective as camostat at TMPRSS2 inhibi-
tion, it is still potent enough to give a therapeutic effect. As such, further
research into improving camostat to make it more resistant to hydrolysis
could prove beneficial to the pharmacokinetics of the compound.”®5"!
Such is the evidence that camostat has good potential in treating COVID-
19 that numerous clinical trials are currently underway, though results
are not yet available.[*]

Another potentially viable medication already available that could
treat COVID-19 infections is bromhexine, a drug mainly used as a
mucolytic for productive coughs.!®! It has been demonstrated to have
good activity towards TMPRSS2, and as such it provides another pro-
spective compound that would be effective for this purpose. A closely
related analogue of bromhexine, ambroxol, also appears to have po-
tential therapeutic benefit in treating COVID-19, but functions through a
different mechanism.®>**] The structure-activity relationship of these
compounds could be analysed to potentially establish more effective
inhibitors in the future.

5. Discussion

A focus on pre-existing compound libraries and drug development
targets has the potential to save time and money and may be the fastest
route towards minimising COVID-19 associated morbidity and mortal-
ity. This paper has identified three therapeutic targets with better po-
tential; ACE2, Furin and TMPRSS2.

ACE2 (Section 4.1) inhibition would prevent the virus from being
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able to bind and subsequently enter cells, preventing infection. There
exists a selection of potential and proven inhibitors, though currently no
compound has been tested in vivo for antagonistic activity towards the
enzyme. Another important question is the physiological consequences
of ACE2 inhibition. ACE2 may have benefits in preventing excess hy-
pertension, in addition to having anti-hypertrophic, anti-proliferative
and antithrombotic properties. It should also be taken into consideration
that ACE2 will be downregulated in an active COVID-19 infection, as
detailed in Section 2.3, which would compound the effects of inhibiting
the enzyme. Such a substantial disruption of the RAAS would therefore
likely be undesirable in a patient already at an elevated risk of severe
hypertension and thromboembolic complications.

Another option is the inhibition of furin (Section 4.2), the enzyme
responsible for ‘priming’ the SARS-CoV-2 spike protein prior to mem-
brane fusion. Inhibition would prevent this, making it substantially
more difficult or perhaps impossible for the virus to infect the cell. Like
ACE2, there are a number of purposely designed molecules and potential
medications that can be repurposed in order to fulfil the role desired.
However, the physiological consequences of furin inhibition are poorly
understood. Furin is a proprotein convertase that is responsible for
activating through cleavage a wide variety of proteins. Whilst per-
forming modelling will help provide a clearer picture, it is only with
clinical trials that the activity of a furin inhibitor could be established.

TMPRSS2 (Section 4.3) inhibition could provide a better potential to
the previous two options. Research has implicated TMPRSS2 in prostate
cancer (Lucas et. al. 2014), with significant upregulation found in tu-
mours contributing to metastasis. Bromhexine, a widely available
medication that inhibits TMPRSS2 was found to have little to no cyto-
toxicity. This provides a very promising lead in a potential method for
treating COVID-19.

From what has been discussed, we argue the best option to explore
further would be TMPRSS2 inhibitors. Inhibition of the TMPRSS2
enzyme, based on the research that has thus far been performed, appears
to have the least theoretical drawbacks when compared to inhibiting
ACE2 or furin, whilst still offering the potential ability to prevent SARS-
CoV-2 from entering cells and thus treating a COVID-19 infection.
Another benefit is that inhibitors of this enzyme have already been
established, with the most promising being already approved medica-
tions, namely bromhexine and camostat. Clinical trials are being per-
formed to monitorthe efficacy of camostat in preventing or treating
infections.

Also of interest, though not discussed within this paper, is the area of
peptidomimetics, specifically ones that mimic ACE2. These would have
the same advantages of an ACE2 inhibitor, by causing SARS-CoV-2 vi-
ruses to bind to it as opposed to the actual enzyme, whilst also benefiting
from not interfering with ACE2 and the RAAS.[845°!

6. Conclusion

There are a number of potential therapeutic targets for the treatment
of COVID-19 infection through the inhibition of the enzymes related to
the infection process. This review has described the important aspects of
each of the potential targets and their physiological relevance and has
discussed the advantages and disadvantages of potential candidates for
further development. Critically, some of these candidates have been
identified through computational approaches and from pre-existing
drug libraries, in an effect to reduce valuable time for further preclini-
cal assessment. Pre-existing medications able to inhibit TMPRSS2
appear to be the best candidates for profiling to determine their efficacy
in treating COVID-19 infected individuals, whilst also providing lead
compounds to further develop as TMPRSS2 inhibitors.
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