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Abstract: Coronaviruses, including SARS-CoV-2, SARS-CoV, MERS-CoV and influenza A virus,
require the host proteases to mediate viral entry into cells. Rather than targeting the continuously
mutating viral proteins, targeting the conserved host-based entry mechanism could offer advantages.
Nafamostat and camostat were discovered as covalent inhibitors of TMPRSS2 protease involved in
viral entry. To circumvent their limitations, a reversible inhibitor might be required. Considering
nafamostat structure and using pentamidine as a starting point, a small set of structurally diverse
rigid analogues were designed and evaluated in silico to guide selection of compounds to be prepared
for biological evaluation. Based on the results of in silico study, six compounds were prepared and
evaluated in vitro. At the enzyme level, compounds 10–12 triggered potential TMPRSS2 inhibition
with low micromolar IC50 concentrations, but they were less effective in cellular assays. Meanwhile,
compound 14 did not trigger potential TMPRSS2 inhibition at the enzyme level, but it showed
potential cellular activity regarding inhibition of membrane fusion with a low micromolar IC50 value
of 10.87 µM, suggesting its action could be mediated by another molecular target. Furthermore,
in vitro evaluation showed that compound 14 inhibited pseudovirus entry as well as thrombin and
factor Xa. Together, this study presents compound 14 as a hit compound that might serve as a starting
point for developing potential viral entry inhibitors with possible application against coronaviruses.

Keywords: antiviral agents; coronaviruses; viral entry

1. Introduction

Coronaviruses (CoVs) are a family of viruses known to cause respiratory, enteric, and
neurogenic diseases. To date, seven human coronaviruses (hCoVs) are known. The out-
breaks of severe acute respiratory syndrome (SARS-CoV) in 2002, Middle East respiratory
syndrome (MERS-CoV) in 2012, and COVID-19 (SARS-CoV-2) by the end of 2019 highlight
the serious threats of coronaviruses infections. Health emergencies were declared as a

Viruses 2023, 15, 1171. https://doi.org/10.3390/v15051171 https://www.mdpi.com/journal/viruses

https://doi.org/10.3390/v15051171
https://doi.org/10.3390/v15051171
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/viruses
https://www.mdpi.com
https://orcid.org/0000-0002-1048-6281
https://orcid.org/0000-0003-3962-6409
https://orcid.org/0000-0003-3731-1702
https://doi.org/10.3390/v15051171
https://www.mdpi.com/journal/viruses
https://www.mdpi.com/article/10.3390/v15051171?type=check_update&version=1


Viruses 2023, 15, 1171 2 of 19

result of epidemics and/or pandemics caused by these viruses. SARS-CoV emerged in
China and spread to 29 countries, while MERS-CoV was identified in Jordan and spread
in 27 countries with 80% of the reported cases in Saudi Arabia [1,2]. In addition, the new
SARS-CoV-2 that emerged in China and causes COVID-19 has spread globally. As of March
2020, the World Health Organization (WHO) declared COVID-19 as a global pandemic.
It resulted in more than 660 million reported COVID-19 cases and more than six million
reported deaths. The real number is estimated to be much higher as many cases were
not documented. Despite devising vaccines against SARS-CoV-2, they do not provide
enough protection but reduce the risk of developing severe symptoms. Furthermore, such
vaccines become less effective against the emerging variants as SARS-CoV-2 continuously
mutates. Therefore, even vaccinated people are still prone to catch infections especially
when exposed to the emerging viral mutant variants such as omicron, delta and other
variants harboring diverse mutations particularly within spike (s) proteins [3–5]. Unfor-
tunately, at least 65 million people suffer long COVID which is a post-COVID syndrome
characterized by the persistence of SARS-CoV-2 symptoms for weeks or even months after
catching infection [6–8]. Despite some therapeutic agents targeting viral proteins having
been developed, such as those targeting main protease, resistant strains of the continuously
mutating virus might evolve [9,10]. To circumvent these insufficiencies of the currently
available therapeutics targeting the viral proteins that are subjected to mutations, it might
be beneficial to address novel agents relying instead on host-based processes required or
exploited for viral infection [11–13].

In principle, infection by coronaviruses including SARS-CoV, MERS-CoV, SARS-CoV-2,
and influenza A viruses involves a common initial process of viral entry into the cell that
starts with the binding of the viral S protein to the angiotensin-converting enzyme-2 (ACE2)
receptor on the host cells. Subsequently, proteolysis of the S protein by the action of host
proteases leads to viral fusion with the cell and entry of the viral RNA-encoded genome. In
this process, transmembrane protease serine-2 (TMPRSS2) plays a crucial role [14]. Only
subsequent to entry, can the virus recruit normal cellular functions for production of its
proteins and genome to replicate. Accordingly, developing inhibitors of the fusion and
entry steps would protect against new cell infections and would stall the propagation and
replication of the virus. Intercepting such a conserved host-dependent process could offer
more advantages than targeting the continuously mutating viral proteins. In lieu, inhibitors
of the proteolytic activity of TMPRSS2 could be promising inhibitors of viral fusion and
entry, and could be promising host-based targeted therapy against coronaviruses including
SARS-CoV, MERS-CoV, SARS-CoV-2, and influenza A viruses. Such agents would be
expected to circumvent limitation of viral resistance because of viral mutations [15–18].

2. Materials and Methods
2.1. In Silico Docking Study

A molecular docking study was performed using the crystal structure of TMPRSS2
deposited in Protein Data Bank (PDB: 7MEQ) employing standard computational protocols
as described in Supplementary Materials [19–27].

2.2. Chemistry

Compounds 5, 11, and 12 were reported previously [28,29]. Compounds 8–10 were
prepared following well-established chemical reactions as detailed in the Supplemen-
tary Materials.

2.3. Cells and Materials

A pair of previously described 293FT-based reporter cell lines that constitutively ex-
press individual split reporters (DSP1-7 and DSP8-11 proteins, Supplementary Figure S1a)
were maintained in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal
bovine serum (FBS) and 1 µg/mL puromycin. TMPRSS2 expressing VeroE6 cells (VeroE6-
TMPRSS2) were maintained in Eagle’s minimum essential medium (EMEM) containing



Viruses 2023, 15, 1171 3 of 19

15% fetal bovine serum (FBS) as described previously [30]. See Supplementary Figure S2
for recombinant enzymes and substrates used in enzyme assays.

2.4. Cell Fusion Assay Using Dual Split Proteins (DSP)

As shown in Supplementary Figure S1b, a DSP-assay was employed to perform
a SARS-CoV-2 S protein/TMPRSS2/ACE2 assay for a quantitative investigation of
ACE2/TMPRSS2-dependant SARS-CoV-2 S protein-mediated membrane fusion (S2TA
assay). Co-transfection assay (CoTF assay) was also applied to investigate TMPRSS2-
independent inhibition of membrane fusion (Supplementary Figure S1c). All tests were
performed according to the reported protocol [31]. Briefly, for the S2TA assay, effector cells
expressing S protein with DSP8-11 and target cells expressing ACE2 and TMPRSS2 with
DSP1-7 were seeded in 10 cm plates and incubated overnight. Cells were treated with
6 µM EnduRen (Promega, WI, USA), a substrate for Renilla luciferase (RL), for 2 h. To
test the effect of the inhibitor, 1 µL of the compound dissolved in DMSO was added to
the 384-well plates (Greiner Bioscience, Frickenhausen, Germany). Next, 50 µL of each
single cell suspension (effector and target cells) was added to the 384-well plates using a
Multidrop dispenser (Thermo Fisher Scientific, MA, USA). After incubation at 37 ◦C in 5%
CO2 for 4 h, RL activity was measured using a Centro xS960 luminometer (Berthold, Bad
Wildbad, Germany). For the CoTF assay, cells expressing DSP1-7 and DSP8-11 were used
to evaluate the effect of compounds on TMPRSS2-independent inhibition of cell fusion
or reduction in measured luminescence and fluorescence that might arise from effect on
DSP reassociation.

2.5. Enzyme Assays

In these assays, TMPRSS2 and thrombin were used at final concentrations of 0.3 and
3 nM, respectively. Factor Xa was used at a final concentration of 3 or 12 nM. Peptides with a
fluorescence quenching pair (Dabcyl and Edans) at both ends were used as substrates for each
enzyme (see Supplemental Figure S2). To test the effect of compounds on enzyme activity,
enzyme and compound were mixed in 90 µL of assay buffer (20 mM Tris-HCl (pH 8.0), 150 mM
NaCl) at 1.25 times the final concentration in a 96-well plate. After incubation for 30 min
at room temperature, 80 µL of the mixture was added to 20 µL of 50 µM substrate solution
prepared from the assay buffer. Fluorescence was read every 5 min at room temperature
using CLARIOstar Plus (BMG LABTECH, Ortenberg, Germany) at an excitation wavelength
of 340 nm and an emission wavelength of 490 nm. The IC50 values of the compound were
calculated using Prism version 9.0 (GraphPad Software, CA, USA).

2.6. Pseudovirus Assay

To produce replication-deficient vesicular stomatitis virus (VSV), BHK cells expressing
T7 RNA polymerase were transfected with T7 promoter-driven expression plasmids for VSV
proteins (pBS-N/pBS-P/pBS-L/pBS-G) and p∆G-Luci (a plasmid encoding VSV genomic
RNA lacking the G gene and encoding firefly luciferase) as described previously [32,33].
At 48 h post-transfection, the supernatants were harvested. The 293T cells were then
transfected with an expression plasmid for S protein or VSV G using calcium phosphate
precipitation. At 16 h post-transfection, cells were infected with replication-deficient VSV
at a multiplicity of infection (MOI) of 1. At 2 h post-infection, cells were washed and
incubated for another 16 h before supernatants containing pseudovirus were harvested. For
the infection assay, VeroE6-TMPRSS2 cells were seeded in 96-well plates (2 × 104 cells/well)
and incubated overnight. Cells were pretreated with inhibitors for 1 h prior to pseudovirus
infection. Luciferase activity was measured 16 h after infection using the Bright-Glo
Luciferase Assay System or ONE-Glo Luciferase Assay System (Promega) and the Centro
xS960 luminometer (Berthold, Bad Wildbad, Germany).
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2.7. Cell Toxicity Assay

To test the toxicity of the compounds, VeroE6-TMPRSS2 cells were treated with the
compounds and cell viability was analyzed using the Celltiter-Glo luminescent cell viability
assay (G7570, Promega) 24 h after treatment according to the manufacturer’s protocol.

3. Results
3.1. Design Rational

Hit discovery and confirmation is an indispensable first step in early drug discov-
ery [34–38]. While a hit compound would show the desired type of activity, its activity
might be of low potential and/or it can possess undesirable effects. Later on, in the
drug discovery and development pipeline, hits might be developed into lead compounds
that are subjected to optimization steps before achieving a preclinical agent. Unless a
hit compound is discovered, it is hard to proceed in this drug discovery pipeline. Such
a hit compound might be discovered through a variety of strategies that might utilize
high-throughput screening, fragment-based methods, focused libraries, or repurposing
molecules, as well as others. In lieu, it might be desirable to identify some hit TMPRSS2
inhibitor compounds to be advanced later in the drug discovery pipeline of new antiviral
agents against coronaviruses.

Repurposing is one the drug discovery strategies that has been successfully ap-
plied [39–42]. Briefly, in such a strategy, compounds or drugs that have been studied
for a certain therapeutic use would be re-investigated for a different therapeutic purpose.
Adopting this method, repurposing of the anticoagulant drug nafamostat (1, Figure 1)
and the anti-acute pancreatitis camostat (2, Figure 1) showed that they can potentially
inhibit TMPRSS2-dependent viral entry, and they underwent clinical trials as possible
COVID-19 treatments [15,17,43–45]. Nevertheless, they suffered drawbacks and limitations
that stalled further advancement. Both nafamostat (1) and camostat (2) are irreversible
covalent TMPRSS2 inhibitors where the ester moiety undergoes nucleophilic attack by
Ser441 amino acid after the initial binding step of the drug within the binding site. While
the ester moiety enables this second step of establishing a covalent bond with the TMPRSS2,
it is also responsible for metabolic liability of nafamostat (1) and camostat (2) proved by
their short plasma half-life of less than 1 and 23.1 min, respectively [15,46,47]. In addition,
covalent inhibitors are notorious for high risk and toxicities because of off-target interac-
tions [48]. Accordingly, rapid metabolic deactivation and off-target inhibition consequences
could be major obstacles for development of covalent TMPRSS2 inhibitors despite their
potent activity. Despite less potency, it might be desirable to identify reversible TMPRSS2
inhibitor hit compounds that would possibly open a gateway for development of a common
treatment for SARS-CoV-2, SARS-CoV, MERS-CoV, and influenza A viruses.

Analysis of structural features of nafamostat (1) and camostat (2) shows that, in
addition to the common central ester group, they contain a common left 4-guanidinophenyl
moiety that might play a critical role in binding to the target protein [43,49,50]. Referring to
X-ray crystal structure (PDB ID: 7MEQ), this 4-guanidinophenyl moiety is found covalently
bound as a result of nucleophilic attack on ester moiety by the Ser441 amino acid of
TMPRSS2. While nafamostat (1) possesses an amidinonaphthyl fragment on the right
of the central ester moiety, camostat (2) has a phenyl moiety bearing a longer aliphatic
substituent. Despite this right moiety being a leaving moiety that is absent in the X-ray
crustal structure, it might affect the first step of ligand binding prior to the subsequent
step of establishing the covalent binding. This might be supported by the found higher
potency of nafamostat relative to camostat [51]. Guanidine and amidine are two closely
related functional groups that differ by only one nitrogen atom. In literature, several amide-
based peptidomimetics incorporating amidine or guanidine functionalities were reported
as TMPRSS2 inhibitors, such as 3-amidinophenylalanyl-derived inhibitor 3 [52,53] and
ketobenzothiazole-containing diguanidine inhibitor 4 [54,55]. However, it is known that
amide-based peptidomimetics, despite being potent inhibitors, have disappointing activity
because of their metabolic liabilities and poor pharmacokinetics [56,57]. In this regard, the
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small molecule non-peptidomimetic inhibitors (AKA class C and D mimetics) offer more
advantages [58–62]. Interestingly, it was found that the small molecules pentamidine (5)
and propamidine (6), in which the right amidinoaryl feature was conserved in the form of
4-amidinophenyl moiety and the left 4-guanidinophenyl moiety was converted also into
4-amidinophenyl moiety while the covalent binding-responsible and metabolically labile
central ester moiety was replaced by flexible alkyl chains of variable lengths, were found to
possess TMPRSS2 inhibitory activity [50,51].
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eight investigated compounds as TMPRSS2 inhibitors (7–14).
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Deployment of in silico methods for drug discovery and design prior to synthesis
and biological evaluation enables efficient utilization of limited resources as it helps to
eliminate the likely-to-fail ligands and directs synthetic and biological evaluation efforts
towards possibly promising compounds. In this regard, it might be helpful to establish a
small focused library of compounds based on available data for in silico investigation prior
to synthesis and in vitro testing [37]. Considering the structural features of nafamostat (1),
camostat (2), amidinophenylalanyl-derived inhibitor 3, and ketobenzothiazole-containing
diguanidine inhibitor 4, coupled with those of pentamidine (5) and propamidine (6), a
small, focused library of eight compounds (7–14, Figure 1) was designed for in silico study
prior to synthesis and evaluation. While the covalent binding-responsible and metabolically
labile central ester moiety no longer exists in pentamidine (5) and propamidine (6), the
flexibility of their central alkyl chain translates into probability of multiple conformers. In
fact, the desired biological activity might be associated with some conformers while other
conformers do not contribute to the desired bioactivity and, even worse, might trigger
undesirable effects and/or toxicity. Therefore, rigidification of flexible moieties might
be helpful if the new structure is conformationally locked in a configuration that mimics
the conformer mediating the desired activity. Accordingly, the six-membered phenyl or
pyridinyl as well as the five-membered furanyl aromatic moieties were introduced as rigid
central moieties replacing the flexible alkyl chains of pentamidine (5) and propamidine
(6). As biological evaluation showed that the size of the central moiety impacts the activity
of pentamidine (5) and propamidine (6) where pentamidine turned out to be more active
than propamidine [51], compounds incorporating the larger three rings-based rigid system
2,6-bisphenylpyridine, were considered as a central moiety to investigate the size impact.
In addition to unsubstituted amidines, the effect of substituent introduction as well as
incorporation of the amidine moiety into a cyclic moiety such as tetrahydropyrimidine
were also considered. Furthermore, the aromatic ring bearing the amidine group in the
terminal right and left moieties varied between the monocyclic phenyl moiety and the
heterobicyclic benzimidazolyl moiety. A literature search showed that most of these
postulated structurally diverse compounds were previously synthesized and explored as
antiparasitic agents [28,29,63,64]. Accordingly, their re-investigation as TMPRSS2 inhibitors
might be considered as a repurposing effort. The established small library was subjected
to in silico study followed by in vitro evaluations to confirm their activity as possible hit
compounds for development of therapeutics against coronaviruses diseases.

3.2. In Silico Evaluation

Prior to preparation and evaluation of members of the established small library, com-
pounds were subjected to in silico evaluation to advance only the structures predicted
to possess the desired bioactivity, and eliminate those likely not active. Accordingly, a
molecular docking study was conducted using the reported crystal structure of TMPRSS2
(PDB ID: 7MEQ) and the docked poses and binding interactions of these compounds within
the substrate binding site of TMPRSS2 were examined. The reported crystal structure of
TMPRSS2 showed that the left 4-guanidinobenzoyl fragment of nafamostat was covalently
bound through the hydrolyzed ester moiety to Ser441, which is one of the TMPRSS2 cat-
alytic triad residues (Asp435, Ser441, and His296). This fragment of nafamostat establishes
a network of favorable interactions that involve the hydrogen bond between its carbonyl
and Gln438 and Gly439 residues in addition to hydrogen bonding interactions between
the guanidine functionality with Asp435, Ser436, Gly464 and Gly472 residues. In fact, the
presence of a guanidinium moiety in a structure of proposed inhibitor was found to be
crucial to the binding with TMPRSS2 [17,65].

While the investigated eight compounds could dock into the substrate binding site
(Figure 2), binding scores of compounds 7–9 possessing the five-membered furan ring as
central moiety coupled with phenyl moiety as the aromatic ring bearing the amidine group
in the terminal right and left moieties were, in general, relatively lower than compounds
10–14 possessing the six-membered phenyl or pyridine containing central moieties coupled
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with benzimidazole as the aromatic ring bearing the amidine group in the terminal right
and left moieties (Table 1). Amongst furan-based compounds 7–9, only compound 7 having
unsubstituted amidines could establish an interaction with one of the catalytic triad amino
acid residues (Asp435). Meanwhile, compounds 8 and 9, in which the amidine is substituted
or incorporated within a cycle, despite a higher binding score relative to compound 7, could
not establish any interaction with the catalytic triad. Interestingly, in silico results showed
that compounds 10–14, possessing the six-membered phenyl or pyridine containing central
moieties and moieties coupled with benzimidazole as the aromatic ring bearing the amidine
groups, could establish one or more favorable interactions with the catalytic triad amino
acid residues (Table 1). Binding scores of compounds 11 and 14, possessing isopropyl-
substituted amidine moieties, were higher than corresponding compounds 10 and 13
possessing unsubstituted amidine moieties. Furthermore, compounds 13 and 14 with
the larger three rings-based system 2,6-bisphenylpyridine central moiety showed higher
binding scores relative to corresponding compounds 10 and 11 having the smaller pyridine
ring as central moiety. As the catalytic triad residues (Asp435, Ser441, and His296) are
crucial for activity of TMPRSS2, a predicted interaction with at least one of these residues
would translate into a significant inhibitory activity, and the established interactions by
compounds 7 and 10–14 with triad residues and other amino acids were further scrutinized.
The catalytic Asp435 was the most frequent triad residue involved in favorable interactions
with compounds 7 and 10–14; specifically, with the amidine moieties. It is noteworthy to
mention that such interaction with Asp435 was amongst the potential interactions detected
in the X-ray crystal structure of TMPRSS2 with the nafamostat fragment (PDB ID: 7MEQ).
However, interaction with Asp435 was not predicted for compound 14, having the highest
docking score, but instead interactions with the other two catalytic triad residues Ser441
and His296 were predicted. Favorable interactions with Ser441 were also predicted for
compounds 12 and 13 while favorable interaction with His296 was the only triad interaction
predicted for compound 11. Meanwhile, Asp435 was the sole triad residue involved in two
favorable interactions with compounds 10 and one favorable interaction with compound 7.
In addition to interactions with triad residues, favorable interactions of the amidine moiety
with Ser436 (for compounds 7, 12, 13, and 14) and Gly464 (for compounds 7 and 10) were
predicted. Such interactions with Ser436 and Gly464 were amongst the potential detected
interactions for the guanidine moiety of nafamostat fragment in the X-ray crystal structure
(PDB ID: 7MEQ).

Based on these results, compounds 8 and 9, which missed all interactions with the
catalytic triad residue were excluded from further biological evaluation. As compounds
7 and 10–14 were predicted to establish a more or less diverse interaction pattern with
one or more catalytic triad residues (one Asp435 interaction for compound 7, two Asp435
interaction for compound 10, Asp435 and Ser441 interactions for compounds 12 and 13,
Ser441 and His296 interactions for compound 14, and one His296 interaction for compound
11) coupled with calculated favorable binding scores, they were advanced to biological
evaluation to assess their inhibitory activity on TMPRSS2.
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Figure 2. Predicted binding modes and interactions of compounds (7–14) within the binding site
of TMPRSS2 (PDB ID: 7MEQ): (A) predicted pose of compound 7 (left) and schematic represen-
tation (right) of established interactions within the active site of TMPRSS2; (B) predicted pose of
compound 8 (left) and schematic representation (right) of established interactions within the active
site of TMPRSS2; (C) predicted pose of compound 9 (left) and schematic representation (right) of
established interactions within the active site of TMPRSS2; (D) predicted pose of compound 10 (left)
and schematic representation (right) of established interactions within the active site of TMPRSS2;
(E) predicted pose of compound 11 (left) and schematic representation (right) of established inter-
actions within the active site of TMPRSS2; (F) predicted pose of compound 12 (left) and schematic
representation (right) of established interactions within the active site of TMPRSS2; (G) predicted
pose of compound 13 (left) and schematic representation (right) of established interactions within
the active site of TMPRSS2; (H) predicted pose of compound 14 (left) and schematic representation
(right) of established interactions within the active site of TMPRSS2.
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Table 1. The docking scores and type of binding interactions of the target compounds (7–14) with the
crystal structure of TMPRSS2 (PDB ID: 7MEQ).

Compound Binding Score 1 Established Interactions

7 −5.7172

Three hydrogen bonds between (Gly464, Cys465, and Ser436) and the protons of one
amidine group.
Hydrogen bond between His279 with a proton of the other amidine group.
Attractive charge between Asp435 and one amidine group.
π-sulfur interaction between Cys465 and the phenyl (linker) group.

8 −6.5412

Hydrogen bond between His279 with protons of one amidine group.
π-σ interaction between Val280 and the phenyl (linker) group.
π-alkyl interaction between Val280 and the furan central ring.
Alkyl interaction between Cys465 and isopropyl substitution on one amidine group.

9 −6.0349

C-H bond between Ser436 and protons of the tetrahydropyrimidine ring.
C-H bond between Gly464 and protons of the tetrahydropyrimidine ring.
π-alkyl interaction between Val280 and the phenyl (linker) group.
Alkyl interaction between Cys465 and the tetrahydropyrimidine ring.

10 −6.2871

Salt bridge between Asp435 and one amidine group.
Three hydrogen bonds between (Asp435, Gly464, and Trp461) and the protons of one
amidine group.
Two hydrogen bonds between His279 and the other amidine group.
Two amide-π stacked interactions between Cys437 and the benzimidazole ring.
Amide-π stacked interactions between Trp461 and the benzimidazole ring.

11 −7.4058

Hydrogen bond between Cys465 with protons of one amidine group.
Hydrogen bond between Gly391 with protons of the other amidine group.
Alkyl interaction between Cys465 and isopropyl substitution on one amidine group.
π-π T-shaped interaction between His296 and the benzimidazole ring.
π -alkyl interaction between Val280 and the benzimidazole ring.

12 −6.4987

Salt bridge between Asp435 and one amidine group.
Two hydrogen bonds between Ser436 and (the same) amidine group.
Hydrogen bond between Ser441 with a proton of the benzimidazole ring.
π-alkyl interaction between Val280 and the benzimidazole ring.

13 −7.6965

Salt bridge between Asp435 and one amidine group.
Hydrogen bond between Ser436 and (the same) amidine group.
Hydrogen bond between Ser441 with a proton of the benzimidazole ring.
Hydrogen bond between His279 with a proton of the other benzimidazole ring.
π-donor hydrogen bond between Thr393 with a proton of the benzimidazole ring.
π-alkyl interaction between Val278 with the (same) benzimidazole ring.
π-σ interaction between Val278 with the (same) benzimidazole ring.
π-alkyl interaction between Val280 and the phenyl (linker) group.
π-alkyl interaction between Val280 and the pyridine central ring.
Amide-π stacked interaction between Cys437 and the benzimidazole ring.

14 −8.4438

Two hydrogen bonds between Ser441 and Ser436 with a proton of one amidine group.
Hydrogen bond between His279 with a proton of the benzimidazole ring.
Two π-alkyl interaction between Val278 with the (same) benzimidazole ring.
π-π interaction between His296 with the (other) benzimidazole ring.
π-alkyl interaction between Val278 with the phenyl (linker) group.
π-alkyl interaction between Val280 with the phenyl (linker) group.
π-alkyl interaction between Val280 with the pyridine central ring.
π-donor hydrogen bond between Thr393 with a proton of the benzimidazole ring.
π-sulfur interaction between Cys281 with the phenyl (linker) group.

1 Binding score was calculated in kcal/mol.

3.3. Chemistry

Synthesis of compounds 7, 13, and 14 was reported previously [28,29]. Synthesis
of compounds 10–12 is outlined in Scheme 1. 4-Amidino-1,2-phenylenediamine deriva-
tives 16 were prepared from commercially available 3,4-diaminobenzonitrile by apply-
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ing Pinner reaction conditions [66]. Bis-Aldehydes 15 were reacted with 4-amidino-1,2-
phenylenediamine derivatives 16 in ethanol in the presence of sodium metabisulphite to
furnish the crude final compounds [67]. After sodium hydroxide treatment, crude com-
pounds were converted to the hydrochloride salt by stirring with ethanolic HCl to furnish
the desired compounds 10–12 as HCl salts.
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3.4. In Vitro Evaluations
3.4.1. TMPRSS2 Inhibition Assay

Based on in silico calculations, compounds 7 and 10–14 that could establish interactions
with one or more of the catalytic triad residues were advanced for in vitro evaluation to
assess their inhibitory activity on TMPRSS2. For comparison, pentamidine and nafamostat
were used as reference standard compounds. While nafamostat, the covalent irreversible
inhibitor showed less than 1 nM IC50 value, pentamidine exhibited nearly 40 µM IC50.
Interestingly, the low micromolar IC50 values of compounds 12 and 10 were comparable to
the reference pentamidine (Table 2), suggesting their potential inhibitory activity against
TMPRSS2. Structurally, both compounds 12 and 10 have 6-amidinobenzimidazol-2-yl
moieties bearing no substituents on the amidine fragment, but compound 12 has the six-
membered phenyl moiety as the molecule’s central moiety instead of the six-membered
pyridine moiety of compound 10. In comparison, compound 11 having the same structure
as compound 10 but having N-isopropyl substituents at the amidine moieties, possessed a
considerably lower potency relative to compound 10. The results showed that increasing
the size of the central moiety of compounds 10 and 11 from the one ring-based pyridine
ring to the three rings-based 2,6-bisphenylpyridine system in compounds 13 and 14 re-
sulted in a high decrease in TMPRSS2 inhibitory activity. Thus, compounds 13 and 14
showed high micromolar IC50 values (Table 2). Comparing results of compounds 13 and 14
considering their structures, it can be inferred that introduction of N-isopropyl substituents
at the amidine moieties (compound 14) resulted in lowering the potency relative to the
N-unsubstituted structure (compound 13). Similarly, compound 7 having the smaller
4-amidinophenyl moiety as left and right moieties coupled with the five-membered furan
ting as a central moiety possessed a low potency reflected by the found high micromolar
IC50 value (Table 2).



Viruses 2023, 15, 1171 11 of 19

Table 2. Results of in vitro TMPRSS2 enzymatic assay, the two DSP-assays (S2TA and CoTF), and cellular
viability for the selected set of compounds 7, 10–14 and the reference nafamostat and pentamidine.

Compound TMPRSS2
IC50 (µM)

S2TA Assay CoTF Assay
IC50 (µM)% Inhibition 1 IC50 (µM)

7 82.7 39.91 >100 >100
10 5.57 89.53 16.93 37.84
11 >10 2 44.17 >100 >100
12 4.89 55.42 >100 >100
13 72.4 93.98 13.70 37.00
14 >100 97.33 10.87 30.97

Pentamidine 3.98 71.30 32.27 >100
Nafamostat <0.001 89.32 0.007115 >100

1 % Inhibition at 100 µM concentration. 2 Exact IC50 value could not be determined because of the compound’s
fluorescence interference at higher concentrations.

3.4.2. Cell Fusion Assays

To assess the inhibitory effect of compounds 7 and 10–14, the previously developed
SARS-CoV-2 S protein/TMPRSS2/ACE2 assay (S2TA assay) for quantitation of the impact
on ACE2/TMPRSS2-dependant SARS-CoV-2 S protein-mediated membrane fusion utiliz-
ing “Dual Split Protein (DSP)” reporter complex [31] was used (Supplementary Figure S1).
As used target cells encompass DSP1-7 while effector cells encompass DSP8-11, fusion
of effector cells with target cells will bring DSP together, resulting in reassociation to
form functional Renilla luciferase (RL) and green fluorescent protein (GFP), which can be
detected by luminescence or fluorescence. As tested compounds might elicit TMPRSS2-
independent effects on membrane fusion, or affects reassociation of DSP proteins and, thus,
the measured luminescence or fluorescence signals, an assay employing cells co-transfected
with DSP1-7 and DSP8-11 was employed (CoTF assay) to account for the inhibition of
membrane fusion mediated by targets other than TMPRSS2. In addition to compounds
7 and 10–14, pentamidine and nafamostat were used as reference standard compounds.
As compounds 7, 10–14 and pentamidine exhibited micromolar IC50 values, their percent
inhibition values were first assessed at 100 µM concentration. The results are summarized
in Table 2.

The reference compounds pentamidine and nafamostat triggered an inhibition percent
of 71.30 and 89.32%, respectively, at 100 µM concentration, and an IC50 value of 32.27 µM
and 7.1 nM, respectively, in S2TA assay. It was interesting to find that compounds 10,
13 and 14 triggered high inhibition percentages of 89.53, 93.98, and 97.33%, respectively,
which were relatively higher than pentamidine, Table 2. However, the TMPRSS2 enzymatic
assay showed that compound 10 exhibited a comparable IC50 value to that of pentamidine,
while compounds 13 and 14 were impotent TMPRSS2 inhibitors. Since the employed DSP
assay evaluated the inhibitory effect not only on TMPRSS2 but also on various mechanisms
required for membrane fusion of SARS-CoV-2 in cells, it might be possible that compounds
13 and 14 inhibited membrane fusion through other mechanisms. Noteworthy, it was
reported that multiple membrane serine proteases can replace TMPRSS2 for membrane
fusion [68]. Nevertheless, DSP assay can be used to evaluate the effects of compounds
in cellular assay with high throughput and without the use of infectious viral particles,
and various SARS-CoV-2 inhibitors have been found using this assay [30,31,69]. Although
compound 10 has the one ring-based central moiety while compounds 13 and 14 have the
larger three rings-based central moiety, all of them share the presence of a pyridine ring in
the central moiety. Despite predicted close in silico binding scores and the measured close
IC50 value for TMPRSS2 inhibition, compound 12 possessing phenyl-based central moiety
showed modest inhibition percent in DSP assay compared with the corresponding com-
pound 10 possessing pyridine-based central moiety that showed potential activity (Table 2).
This result reinforces the inferred contribution of mechanisms other than TMPRSS2 to
the outcome of the DSP assay. In the case of compound 7 possessing the five-membered
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furan ring as the central moiety which was an impotent TMPRSS2 inhibitor (Table 2), it
showed a low inhibition percent of 39.91%. Meanwhile, compound 11 which differed
from compound 10 only by having isopropyl-substituted amidine moieties and possessed
lower TMPRSS2 potency relative to compound 10, was revealed to elicit a low inhibitory
activity of 44.17% (Table 2). While IC50 values of low ineffective compounds 7, 11 and 12
were above 100 µM, compounds 10, 13 and 14 which triggered high inhibition percentages
elicited better IC50 values than the 32.27 µM IC50 value of the reference reversible TMPRSS2
inhibitor pentamidine. Thus, compounds 10, 13 and 14 possessed the more potent IC50
values of 10.87, 13.70, and 16.93, respectively. Next, evaluation of compounds 7 and 10–14,
pentamidine and nafamostat in CoTF assay, revealed that all of them had more than 100 µM
IC50 values except for compounds 14, 13 and 10 that showed IC50 values of 30.97, 37.00 and
37.84 µM, respectively.

3.4.3. Pseudovirus Entry and Cell Viability Assays

To evaluate the capability of the tested compounds to inhibit viral entry into cells,
SARS-CoV-2 pseudovirus infection was assessed in the presence of compounds 7 and 10–14,
pentamidine and nafamostat. Initially, their percent inhibition values were first assessed at
100 µM concentration before assessing their IC50 values. Cellular viability was assessed to
confirm that inhibition results were not because of cell death. The results are summarized
in Table 3.

Table 3. Results of SARS-CoV-2 pseudovirus entry assays and cell viability of compounds 7, 10–14
and the reference nafamostat and pentamidine.

Compound
SARS-CoV-2 Pseudovirus Cell Viability Inhibition

IC50 (µM)% Inhibition 1 IC50 (µM)

7 2.66 >100 >100
10 19.57 >100 >100
11 27.02 >100 >100
12 17.07 >100 >100
13 20.53 >100 >100
14 77.44 83.66 >100

Pentamidine 69.48 45 >100
Nafamostat 87.34 0.06 >100

1 % Inhibition at 100 µM concentration.

As shown in Table 3, neither the tested compounds, pentamidine or nafamostat
showed potential cytotoxic activity, as IC50 values for inhibition of cellular viabilities
were more than 100 µM. While the standard pentamidine showed 69.48% inhibition of
pseudovirus infection at 100 µM concentration and an IC50 value of 45 µM, only compound
14 showed a considerable 77.44% inhibition at 100 µM concentration and IC50 value of
83.66 µM. All other tested compounds possessed low percentage inhibition values of less
than 21% at the 100 µM concentration. As compound 14 had a disappointing >100 IC50
value for TMPRSS2 in enzymatic assay but considerable activities in cellular DSP and
pseudovirus entry assays, it might be inferred that its inhibitory activity could be mediated
through molecular targets other than TMPRSS2. Meanwhile, the low micromolar TMPRSS2
inhibitory activity found for compounds 10–12 at the enzymatic level is not sufficient to
trigger considerable activity at the cellular level. However, these compounds might serve
as hit starting point compounds for development of more potential inhibitors.

3.4.4. Thrombin and Factor Xa Enzyme Inhibition Assays

Coagulopathy is a serious complication of coronavirus infections including SARS-CoV-2,
SARS-CoV-1, MERS-CoV and others [70,71]. Formation of blood clots might result in
thromboembolism that could be life-threatening. In this regard, a compound that inhibits
thrombin or factor Xa might be double-edged. It might minimize the risk of thromboem-
bolism, yet it might also be associated with a bleeding risk. As for the overlap of TMPRSS2,
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thrombin and factor Xa substrates [72], compounds 7 and 10–14, pentamidine and nafamo-
stat were subjected to enzymatic assays for the inhibition of thrombin and factor Xa to
assess their possible inhibitory effects. The outcome is summarized in Table 4.

Table 4. Results of thrombin and factor Xa enzyme inhibition assays by compounds 7, 10–14 and the
reference nafamostat and pentamidine.

Compound
IC50 (µM)

Thrombin Factor Xa

7 79.1 30.9
10 0.921 5.93
11 >1 1 >1 1

12 0.862 34.1
13 0.929 4.89
14 2.25 >10 1

Pentamidine 1.51 6.22
Nafamostat 0.0341 1.74

1 Exact IC50 value could not be determined because of the compound’s fluorescence interference at higher
concentrations.

While nafamostat inhibited thrombin with a nanomolar IC50 value of 34.1 nM, it
also inhibited factor Xa but with a low micromolar IC50 value of 1.74 µM. Meanwhile,
pentamidine might be relatively less capable of triggering bleeding while still inhibiting
thrombin and factor Xa with a low micromolar IC50 value of 1.51 and 6.22 µM, respectively.
Amongst evaluated compounds, compound 14, which was the most effective inhibitor of
viral infection despite it not being a potential TMPRSS2 inhibitor, possessed comparable
IC50 values to those of pentamidine for the inhibition of thrombin and factor Xa (Table 4).
Compound 13 had greater potential to inhibit thrombin and factor Xa relative to compound
14 but was still comparable to pentamidine. Structurally, compound 13 was relevant to
compound 14 but had unsubstituted amidine moieties. Meanwhile, compounds 10, 11 and
12, which had the most potential amongst tested compounds to inhibit TMPRSS2, showed
submicromolar to low micromolar IC50 values for thrombin inhibition which were still
comparable to pentamidine. However, compounds 10 and 11, having pyridine ring as a
central moiety, were greater potential inhibitors of factor Xa relative to compound 13 having
the central phenyl ring instead of the pyridine. In comparison with compounds 10–14,
compound 7, having the furan ring as a central moiety with the smaller 4-amidinophenyl
moiety as left and right moieties, lacked potential thrombin inhibitory activity and also had
5-fold less potential factor Xa inhibitor relative to pentamidine (Table 4).

4. Discussion

Coronaviruses are notorious for triggering outbreaks of epidemic viral infections
which are characterized by being contagious and morbid such as MERS-CoV, SARS-CoV,
and SARS-CoV-2. Despite the attempted development of vaccines and therapeutics tar-
geting viral proteins, continuous viral mutation raises major issues that challenge such
efforts. As coronaviruses require a conserved host-based mechanism for viral entry, target-
ing this mechanism rather than other viral-dependent mechanisms might offer common
and effective tools against coronaviruses. TMPRSS2 is involved in this process of host-
dependent mechanism of viral entry into the lung epithelial cell in vitro [73] and in vivo [74].
While nafamostat and camostat were discovered as potential TMPRSS2 inhibitors, they are
metabolically labile, covalent inhibitors and, furthermore, failed clinical studies [75–77].
To circumvent limitations of covalent inhibitors and metabolic liability of nafamostat and
camostat, development of a reversible TMPRSS2 inhibitor lacking the central ester group
responsible for metabolic instability and irreversible covalent inhibition might be a promis-
ing strategy despite the anticipated lower potency. Considering similarity of the structural
features of pentamidine with nafamostat, camostat, ketobenzothiazole-containing and
amidinophenylalanine-derived peptidomimetic inhibitors, pentamidine might offer a suit-
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able starting point to develop potential TMPRSS2 inhibitors. However, the central alkyl
chain of pentamidine renders it a flexible molecule with multiple conformers. Structure
rigidification via replacement of the flexible moieties by cyclic fragments would result
in a beneficial conformational lock. To identify new hit molecules, a small set of eight
compounds (7–14) were designed with diverse structural features considering size of the
introduced cyclic central moiety and the terminal aryl moiety bearing the amidine moiety
in addition to the absence/presence of substituents at the amidine moiety or incorporation
into a ring. Considering that the utility of conducting in silico studies in initial steps to
guide the selection of structures more likely to possess desired activity and to reduce the
workload and discovery costs, in silico study was conducted for compounds (7–14) using
the reported crystal structure of TMPRSS2 (PDB ID: 7MEQ). In silico results predicted
that compounds 7–9 incorporating the five-membered furan ring as the central moiety
were less able to establish interactions with residues of the catalytic triad than compounds
10–14 possessing central moieties incorporating a six-membered ring. Meanwhile, com-
pounds 14 and 13 were also able to establish interactions with catalytic triad residues
with calculated good binding scores. Based on interactions and binding scores, in silico
study enabled the filtering-out of compounds 8 and 9 from further consideration. Conse-
quently, compounds 7 and 10–14 were advanced for preparation and in vitro evaluation.
The found in vitro low TMPRSS2 inhibitory activity for TMPRSS2 inhibition by compound
7 possessing the five-membered furan ring-based central moiety was in agreement with
its predicted in silico low binding score. In vitro assay for TMPRSS2 inhibition confirmed
the influential role for the size of the central moiety as compounds 10–12, possessing one
six-membered-based central moieties, had potential low micromolar activity comparable to
pentamidine, while compounds 14 and 13, possessing the larger three rings-based rigid
system 2,6-bisphenylpyridine as central moiety, showed low TMPRSS2 inhibitory activity.
Meanwhile, the presence of N-isopropyl substituents at the amidine moieties had a negative
influence on TMPRSS2 inhibitory activity. As cellular activity is very important, a known
experimental model from the literature for quantification of the inhibitory activity of a
compound on membrane fusion and cell entry employed using DSP was addressed [31].
Surprisingly, compounds 14, 13, despite not being potential TMPRSS2 inhibitors, were the
most active compounds triggering high inhibition percentages and low micromolar IC50
values in the conducted cell-based assay. Meanwhile, compound 10, possessing potentially
low micromolar IC50 for TMPRSS2 inhibition in enzymatic assay was less active, and
compounds 11 and 12, possessing also potential TMPRSS2 inhibitory activity were of low
cellular activity. Considering that this assay evaluated the inhibitory effect not only on
TMPRSS2 but also on various mechanisms involved for membrane fusion of SARS-CoV-2
in cells, coupled with the reported finding that multiple membrane serine proteases can
replace TMPRSS2 for membrane fusion [68], it might be inferred that compounds 14 and
13 might act by mechanisms other than TMPRSS2 inhibition. These findings emphasize
the importance of evaluating the effects of compounds in cellular assay as it can help to
identify potential compounds with different molecular targets. Structure analysis con-
sidering these results revealed that compounds 14, 13, and 11, sharing the presence of
the six-membered pyridine ring in their central moiety, and 14 and 13, having the larger
2,6-bis(phenyl)pyridine moiety, were the most active. Meanwhile, phenyl-based central
moiety afforded the less potent compound 12. To check for activity that might arise from
inhibition of molecular targets other than TMPRSS2, as well as checking for reduction in
measured luminescence and fluorescence that might arise from the effect on DSP reasso-
ciation, a CoTF assay was performed. Compounds 14, 13 and 10 showed IC50 values of
30.97, 37.00 and 37.84 µM in the CoTF assay, respectively. IC50 values for the CoTF assay
were higher than the IC50 values for the TMPRSS2-dependent membrane fusion assay
(S2TA assay), indicating that these compounds have inhibitory effects on membrane fusion,
but their inhibitory activity is possibly accompanied by TMPRSS2-independent inhibition
of membrane fusion or effects on reassociation of reporter DSP proteins. Therefore, the
compounds’ effects on pseudovirus entry and cell viability assays were assessed. All
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tested compounds showed no potential cytotoxic activity. The results showed again that
compound 14, lacking potential TMPRSS2 inhibition, was the most active inhibitor for
pseudovirus entry amongst the tested compounds, while other compounds including the
most effective TMPRSS2 inhibitors 10–12 exhibited low inhibitory activity for pseudovirus
entry. This reinforces the conclusion that compound 14 has an inhibitory activity on viral
entry not associated with TMPRSS2 inhibition. As coagulopathy and formation of blood
clots is a serious complication of coronaviruses infections, inhibition of thrombin and factor
Xa might have some benefits. However, inhibition of thrombin and factor Xa also bears
bleeding risks. Consequently, thrombin and factor Xa inhibition by tested compounds
was checked. Except for compound 7 that did not show potential inhibition of thrombin
and factor Xa, all other tested compounds triggered thrombin and factor Xa inhibition
comparable to the drug pentamidine. Similar to the systemically-used drug pentamidine,
monitoring bleeding risks should be considered upon the use of this class of compounds.
In conclusion, compound 14 might serve as a hit compound that might require further
development into lead compounds against cellular entry of coronaviruses.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/v15051171/s1, new compounds synthesis procedures. Figure S1: Cell-based
membrane fusion assay for SARS-Cov-2 S protein using the DSP reporter; Figure S2: Enzymes and
substrates for enzyme assays.

Author Contributions: Conceptualization, A.H.E.H. and A.A.F.; methodology, A.H.E.H. and A.A.F.;
validation, S.M.E.-S., R.M.A.M. and A.A.; formal analysis, M.Y., J.G., T.M., M.S., J.-i.I. and Y.K.;
investigation, A.H.E.H., S.M.E.-S., R.M.A.M. and A.A.; resources, A.H.E.H. and A.A.F.; data curation,
S.M.E.-S., R.M.A.M. and A.A.; writing—original draft preparation, A.H.E.H. and S.M.E.-S.; writing
—review and editing, M.Y., J.G., J.-i.I. and Y.K.; visualization, A.H.E.H. and S.M.E.-S.; supervision,
A.A.F.; project administration, A.H.E.H. and A.A.F. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported, in part, by the Japanese Society for the Promotion of Science
(18K15235, 20K07610 and 23K06571 to M.Y.) and from the Japan Agency for Medical Research and
Development (AMED) [Program of Japan Initiative for Global Research Network on Infectious
Diseases (JGRID) JP22wm0125002 to Y.K., Japan Program for Infectious Diseases Research and
Infrastructure JP22wm0325052 to M.Y., Research Program on Emerging and Re-emerging Infectious
Diseases JP21fk0108562 to M.Y. and Research on Development of New Drugs JP22ak0101165 to M.Y.].

Data Availability Statement: No data were used in this study.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Chang, L.; Yan, Y.; Wang, L. Coronavirus Disease 2019: Coronaviruses and Blood Safety. Transfus. Med. Rev. 2020, 34, 75–80.

[CrossRef] [PubMed]
2. Zhu, Z.; Lian, X.; Su, X.; Wu, W.; Marraro, G.A.; Zeng, Y. From SARS and MERS to COVID-19: A brief summary and comparison

of severe acute respiratory infections caused by three highly pathogenic human coronaviruses. Respir. Res. 2020, 21, 224.
[CrossRef] [PubMed]

3. Notarte, K.I.; Catahay, J.A.; Velasco, J.V.; Pastrana, A.; Ver, A.T.; Pangilinan, F.C.; Peligro, P.J.; Casimiro, M.; Guerrero, J.J.; Gellaco,
M.M.L.; et al. Impact of COVID-19 vaccination on the risk of developing long-COVID and on existing long-COVID symptoms: A
systematic review. EClinicalMedicine 2022, 53, 101624. [CrossRef] [PubMed]

4. Zheng, C.; Shao, W.; Chen, X.; Zhang, B.; Wang, G.; Zhang, W. Real-world effectiveness of COVID-19 vaccines: A literature review
and meta-analysis. Int. J. Infect. Dis. 2022, 114, 252–260. [CrossRef]

5. Iacopetta, D.; Ceramella, J.; Catalano, A.; Saturnino, C.; Pellegrino, M.; Mariconda, A.; Longo, P.; Sinicropi, M.S.; Aquaro, S.
COVID-19 at a Glance: An Up-to-Date Overview on Variants, Drug Design and Therapies. Viruses 2022, 14, 573. [CrossRef]

6. Davis, H.E.; McCorkell, L.; Vogel, J.M.; Topol, E.J. Long COVID: Major findings, mechanisms and recommendations. Nat. Rev.
Microbiol. 2023, 21, 133–146. [CrossRef]

7. Fernández-de-las-Peñas, C. Long COVID: Current definition. Infection 2022, 50, 285–286. [CrossRef]
8. Raveendran, A.V.; Jayadevan, R.; Sashidharan, S. Long COVID: An overview. Diabetes Metab. Syndr. Clin. Res. Rev. 2021, 15,

869–875. [CrossRef]

https://www.mdpi.com/article/10.3390/v15051171/s1
https://www.mdpi.com/article/10.3390/v15051171/s1
https://doi.org/10.1016/j.tmrv.2020.02.003
https://www.ncbi.nlm.nih.gov/pubmed/32107119
https://doi.org/10.1186/s12931-020-01479-w
https://www.ncbi.nlm.nih.gov/pubmed/32854739
https://doi.org/10.1016/j.eclinm.2022.101624
https://www.ncbi.nlm.nih.gov/pubmed/36051247
https://doi.org/10.1016/j.ijid.2021.11.009
https://doi.org/10.3390/v14030573
https://doi.org/10.1038/s41579-022-00846-2
https://doi.org/10.1007/s15010-021-01696-5
https://doi.org/10.1016/j.dsx.2021.04.007


Viruses 2023, 15, 1171 16 of 19

9. Parigger, L.; Krassnigg, A.; Schopper, T.; Singh, A.; Tappler, K.; Köchl, K.; Hetmann, M.; Gruber, K.; Steinkellner, G.; Gruber, C.C.
Recent changes in the mutational dynamics of the SARS-CoV-2 main protease substantiate the danger of emerging resistance to
antiviral drugs. Front. Med. 2022, 9, 1061142. [CrossRef]

10. Jiao, Z.; Yan, Y.; Chen, Y.; Wang, G.; Wang, X.; Li, L.; Yang, M.; Hu, X.; Guo, Y.; Shi, Y.; et al. Adaptive Mutation in the Main
Protease Cleavage Site of Feline Coronavirus Renders the Virus More Resistant to Main Protease Inhibitors. J. Virol. 2022, 96,
e00907–e00922. [CrossRef]

11. Kumari, M.; Lu, R.-M.; Li, M.-C.; Huang, J.-L.; Hsu, F.-F.; Ko, S.-H.; Ke, F.-Y.; Su, S.-C.; Liang, K.-H.; Yuan, J.P.-Y.; et al. A critical
overview of current progress for COVID-19: Development of vaccines, antiviral drugs, and therapeutic antibodies. J. Biomed. Sci.
2022, 29, 68. [CrossRef] [PubMed]

12. Lei, S.; Chen, X.; Wu, J.; Duan, X.; Men, K. Small molecules in the treatment of COVID-19. Signal Transduct. Target. Ther. 2022, 7,
387. [CrossRef] [PubMed]

13. Mei, M.; Tan, X. Current Strategies of Antiviral Drug Discovery for COVID-19. Front. Mol. Biosci. 2021, 8, 671263. [CrossRef]
14. Mahoney, M.; Damalanka, V.C.; Tartell, M.A.; Chung, D.h.; Lourenço, A.L.; Pwee, D.; Mayer Bridwell, A.E.; Hoffmann, M.; Voss,

J.; Karmakar, P.; et al. A novel class of TMPRSS2 inhibitors potently block SARS-CoV-2 and MERS-CoV viral entry and protect
human epithelial lung cells. Proc. Natl. Acad. Sci. USA 2021, 118, e2108728118. [CrossRef] [PubMed]

15. Zhu, H.; Du, W.; Song, M.; Liu, Q.; Herrmann, A.; Huang, Q. Spontaneous binding of potential COVID-19 drugs (Camostat and
Nafamostat) to human serine protease TMPRSS2. Comput. Struct. Biotechnol. J. 2021, 19, 467–476. [CrossRef] [PubMed]

16. Gil, C.; Ginex, T.; Maestro, I.; Nozal, V.; Barrado-Gil, L.; Cuesta-Geijo, M.Á.; Urquiza, J.; Ramírez, D.; Alonso, C.; Campillo, N.E.;
et al. COVID-19: Drug Targets and Potential Treatments. J. Med. Chem. 2020, 63, 12359–12386. [CrossRef]

17. Fraser, B.J.; Beldar, S.; Seitova, A.; Hutchinson, A.; Mannar, D.; Li, Y.; Kwon, D.; Tan, R.; Wilson, R.P.; Leopold, K.; et al. Structure
and activity of human TMPRSS2 protease implicated in SARS-CoV-2 activation. Nat. Chem. Biol. 2022, 18, 963–971. [CrossRef]

18. Wettstein, L.; Kirchhoff, F.; Münch, J. The Transmembrane Protease TMPRSS2 as a Therapeutic Target for COVID-19 Treatment.
Int. J. Mol. Sci. 2022, 23, 1351. [CrossRef]

19. Hassan, A.H.E.; Kim, H.J.; Park, K.; Choi, Y.; Moon, S.; Lee, C.H.; Kim, Y.J.; Cho, S.B.; Gee, M.S.; Lee, D.; et al. Synthesis
and Biological Evaluation of O6-Aminoalkyl-Hispidol Analogs as Multifunctional Monoamine Oxidase-B Inhibitors towards
Management of Neurodegenerative Diseases. Antioxidants 2023, 12, 1033. [CrossRef]

20. Hassan, A.H.E.; Wang, C.Y.; Lee, H.J.; Jung, S.J.; Kim, Y.J.; Cho, S.B.; Lee, C.H.; Ham, G.; Oh, T.; Lee, S.K.; et al. Scaffold hopping
of N-benzyl-3,4,5-trimethoxyaniline: 5,6,7-Trimethoxyflavan derivatives as novel potential anticancer agents modulating hippo
signaling pathway. Eur. J. Med. Chem. 2023, 256, 115421. [CrossRef]

21. Gulia, K.; Hassan, A.H.E.; Lenhard, J.R.; Farahat, A.A. Escaping ESKAPE resistance: In vitro and in silico studies of multifunctional
carbamimidoyl-tethered indoles against antibiotic-resistant bacteria. R. Soc. Open Sci. 2023, 10, 230020. [CrossRef] [PubMed]

22. Elkamhawy, A.; Paik, S.; Ali, E.M.H.; Hassan, A.H.E.; Kang, S.J.; Lee, K.; Roh, E.J. Identification of Novel Aryl Carboxamide
Derivatives as Death-Associated Protein Kinase 1 (DAPK1) Inhibitors with Anti-Proliferative Activities: Design, Synthesis, In
Vitro, and In Silico Biological Studies. Pharmaceuticals 2022, 15, 1050. [CrossRef] [PubMed]

23. Hassan, A.H.E.; Kim, H.J.; Gee, M.S.; Park, J.-H.; Jeon, H.R.; Lee, C.J.; Choi, Y.; Moon, S.; Lee, D.; Lee, J.K.; et al. Positional
scanning of natural product hispidol’s ring-B: Discovery of highly selective human monoamine oxidase-B inhibitor analogues
downregulating neuroinflammation for management of neurodegenerative diseases. J. Enzyme Inhib. Med. Chem. 2022, 37,
768–780. [CrossRef] [PubMed]

24. Lee, H.-H.; Shin, J.-S.; Chung, K.-S.; Kim, J.-M.; Jung, S.-H.; Yoo, H.-S.; Hassan, A.H.E.; Lee, J.K.; Inn, K.-S.; Lee, S.; et al.
3′,4′-Dihydroxyflavone mitigates inflammatory responses by inhibiting LPS and TLR4/MD2 interaction. Phytomedicine 2023, 109,
154553. [CrossRef] [PubMed]

25. Hassan, A.H.E.; Park, K.T.; Kim, H.J.; Lee, H.J.; Kwon, Y.H.; Hwang, J.Y.; Jang, C.-G.; Chung, J.H.; Park, K.D.; Lee, S.J.; et al.
Fluorinated CRA13 analogues: Synthesis, in vitro evaluation, radiosynthesis, in silico and in vivo PET study. Bioorg. Chem. 2020,
99, 103834. [CrossRef]

26. El-Demerdash, A.; Al-Karmalawy, A.A.; Abdel-Aziz, T.M.; Elhady, S.S.; Darwish, K.M.; Hassan, A.H.E. Investigating the
structure–activity relationship of marine natural polyketides as promising SARS-CoV-2 main protease inhibitors. RSC Adv. 2021,
11, 31339–31363. [CrossRef]

27. Hassan, A.H.E.; Lee, K.-T.; Lee, Y.S. Flavone-based arylamides as potential anticancers: Design, synthesis and in vitro cell-
based/cell-free evaluations. Eur. J. Med. Chem. 2020, 187, 111965. [CrossRef]

28. Paul, A.; Nanjunda, R.; Kumar, A.; Laughlin, S.; Nhili, R.; Depauw, S.; Deuser, S.S.; Chai, Y.; Chaudhary, A.S.; David-Cordonnier,
M.-H.; et al. Mixed up minor groove binders: Convincing A·T specific compounds to recognize a G·C base pair. Bioorg. Med.
Chem. Lett. 2015, 25, 4927–4932. [CrossRef]

29. Anbazhagan, M.; Boykin, D.W.; Stephens, C.E. Direct Conversion of Amidoximes to Amidines via Transfer Hydrogenation.
Synthesis 2003, 2003, 2467–2469. [CrossRef]

30. Yamamoto, M.; Gohda, J.; Kobayashi, A.; Tomita, K.; Hirayama, Y.; Koshikawa, N.; Seiki, M.; Semba, K.; Akiyama, T.; Kawaguchi,
Y.; et al. Metalloproteinase-Dependent and TMPRSS2-Independent Cell Surface Entry Pathway of SARS-CoV-2 Requires the
Furin Cleavage Site and the S2 Domain of Spike Protein. mBio 2022, 13, e00519–e00522. [CrossRef]

https://doi.org/10.3389/fmed.2022.1061142
https://doi.org/10.1128/jvi.00907-22
https://doi.org/10.1186/s12929-022-00852-9
https://www.ncbi.nlm.nih.gov/pubmed/36096815
https://doi.org/10.1038/s41392-022-01249-8
https://www.ncbi.nlm.nih.gov/pubmed/36464706
https://doi.org/10.3389/fmolb.2021.671263
https://doi.org/10.1073/pnas.2108728118
https://www.ncbi.nlm.nih.gov/pubmed/34635581
https://doi.org/10.1016/j.csbj.2020.12.035
https://www.ncbi.nlm.nih.gov/pubmed/33505639
https://doi.org/10.1021/acs.jmedchem.0c00606
https://doi.org/10.1038/s41589-022-01059-7
https://doi.org/10.3390/ijms23031351
https://doi.org/10.3390/antiox12051033
https://doi.org/10.1016/j.ejmech.2023.115421
https://doi.org/10.1098/rsos.230020
https://www.ncbi.nlm.nih.gov/pubmed/37090961
https://doi.org/10.3390/ph15091050
https://www.ncbi.nlm.nih.gov/pubmed/36145271
https://doi.org/10.1080/14756366.2022.2036737
https://www.ncbi.nlm.nih.gov/pubmed/35196956
https://doi.org/10.1016/j.phymed.2022.154553
https://www.ncbi.nlm.nih.gov/pubmed/36610153
https://doi.org/10.1016/j.bioorg.2020.103834
https://doi.org/10.1039/D1RA05817G
https://doi.org/10.1016/j.ejmech.2019.111965
https://doi.org/10.1016/j.bmcl.2015.05.005
https://doi.org/10.1002/chin.200410092
https://doi.org/10.1128/mbio.00519-22


Viruses 2023, 15, 1171 17 of 19

31. Yamamoto, M.; Kiso, M.; Sakai-Tagawa, Y.; Iwatsuki-Horimoto, K.; Imai, M.; Takeda, M.; Kinoshita, N.; Ohmagari, N.; Gohda, J.;
Semba, K.; et al. The Anticoagulant Nafamostat Potently Inhibits SARS-CoV-2 S Protein-Mediated Fusion in a Cell Fusion Assay
System and Viral Infection In Vitro in a Cell-Type-Dependent Manner. Viruses 2020, 12, 629. [CrossRef] [PubMed]

32. Tani, H.; Komoda, Y.; Matsuo, E.; Suzuki, K.; Hamamoto, I.; Yamashita, T.; Moriishi, K.; Fujiyama, K.; Kanto, T.; Hayashi, N.; et al.
Replication-Competent Recombinant Vesicular Stomatitis Virus Encoding Hepatitis C Virus Envelope Proteins. J. Virol. 2007, 81,
8601–8612. [CrossRef] [PubMed]

33. Tani, H.; Shiokawa, M.; Kaname, Y.; Kambara, H.; Mori, Y.; Abe, T.; Moriishi, K.; Matsuura, Y. Involvement of Ceramide in the
Propagation of Japanese Encephalitis Virus. J. Virol. 2010, 84, 2798–2807. [CrossRef] [PubMed]

34. Hassan, A.H.E.; Mahmoud, K.; Phan, T.-N.; Shaldam, M.A.; Lee, C.H.; Kim, Y.J.; Cho, S.B.; Bayoumi, W.A.; El-Sayed, S.M.; Choi,
Y.; et al. Bestatin analogs-4-quinolinone hybrids as antileishmanial hits: Design, repurposing rational, synthesis, in vitro and in
silico studies. Eur. J. Med. Chem. 2023, 250, 115211. [CrossRef]

35. Hassan, A.H.E.; Phan, T.-N.; Choi, Y.; Moon, S.; No, J.H.; Lee, Y.S. Design, Rational Repurposing, Synthesis, In Vitro Evaluation,
Homology Modeling and In Silico Study of Sulfuretin Analogs as Potential Antileishmanial Hit Compounds. Pharmaceuticals
2022, 15, 1058. [CrossRef]

36. Hassan, A.H.E.; Phan, T.-N.; Yoon, S.; Lee, C.J.; Jeon, H.R.; Kim, S.-H.; No, J.H.; Lee, Y.S. Pyrrolidine-based 3-
deoxysphingosylphosphorylcholine analogs as possible candidates against neglected tropical diseases (NTDs): Identification
of hit compounds towards development of potential treatment of Leishmania donovani. J. Enzyme Inhib. Med. Chem. 2021, 36,
1922–1930. [CrossRef]

37. Elkamhawy, A.; Paik, S.; Hassan, A.H.E.; Lee, Y.S.; Roh, E.J. Hit discovery of 4-amino-N-(4-(3-(trifluoromethyl)phenoxy)pyrimidin-
5-yl)benzamide: A novel EGFR inhibitor from a designed small library. Bioorg. Chem. 2017, 75, 393–405. [CrossRef]

38. Hassan, A.H.E.; Phan, T.-N.; Moon, S.; Lee, C.H.; Kim, Y.J.; Cho, S.B.; El-Sayed, S.M.; Choi, Y.; No, J.H.; Lee, Y.S. Design, synthesis,
and repurposing of O6-aminoalkyl-sulfuretin analogs towards discovery of potential lead compounds as antileishmanial agents.
Eur. J. Med. Chem. 2023, 251, 115256. [CrossRef]

39. Farag, A.K.; Hassan, A.H.E.; Ahn, B.S.; Park, K.D.; Roh, E.J. Reprofiling of pyrimidine-based DAPK1/CSF1R dual inhibitors:
Identification of 2,5-diamino-4-pyrimidinol derivatives as novel potential anticancer lead compounds. J. Enzyme Inhib. Med. Chem.
2020, 35, 311–324. [CrossRef]

40. Elkamhawy, A.; Hassan, A.H.E.; Paik, S.; Sup Lee, Y.; Lee, H.-H.; Shin, J.-S.; Lee, K.-T.; Roh, E.J. EGFR inhibitors from cancer to
inflammation: Discovery of 4-fluoro-N-(4-(3-(trifluoromethyl)phenoxy)pyrimidin-5-yl)benzamide as a novel anti-inflammatory
EGFR inhibitor. Bioorg. Chem. 2019, 86, 112–118. [CrossRef]

41. Kang, S.; Lee, J.M.; Jeon, B.; Elkamhawy, A.; Paik, S.; Hong, J.; Oh, S.-J.; Paek, S.H.; Lee, C.J.; Hassan, A.H.E.; et al. Repositioning
of the antipsychotic trifluoperazine: Synthesis, biological evaluation and in silico study of trifluoperazine analogs as anti-
glioblastoma agents. Eur. J. Med. Chem. 2018, 151, 186–198. [CrossRef] [PubMed]

42. Hassan, A.H.E.; Yoo, S.Y.; Lee, K.W.; Yoon, Y.M.; Ryu, H.W.; Jeong, Y.; Shin, J.-S.; Kang, S.-Y.; Kim, S.-Y.; Lee, H.-H.; et al.
Repurposing mosloflavone/5,6,7-trimethoxyflavone-resveratrol hybrids: Discovery of novel p38-α MAPK inhibitors as potent
interceptors of macrophage-dependent production of proinflammatory mediators. Eur. J. Med. Chem. 2019, 180, 253–267.
[CrossRef] [PubMed]

43. Fujimoto, K.J.; Hobbs, D.C.F.; Umeda, M.; Nagata, A.; Yamaguchi, R.; Sato, Y.; Sato, A.; Ohmatsu, K.; Ooi, T.; Yanai, T.; et al. In
Silico Analysis and Synthesis of Nafamostat Derivatives and Evaluation of Their Anti-SARS-CoV-2 Activity. Viruses 2022, 14, 389.
[CrossRef] [PubMed]

44. Vardhan, S.; Sahoo, S.K. Virtual screening by targeting proteolytic sites of furin and TMPRSS2 to propose potential compounds
obstructing the entry of SARS-CoV-2 virus into human host cells. J. Tradit. Complement. Med. 2022, 12, 6–15. [CrossRef] [PubMed]

45. Yan, Y.; Yang, J.; Xiao, D.; Yin, J.; Song, M.; Xu, Y.; Zhao, L.; Dai, Q.; Li, Y.; Wang, C.; et al. Nafamostat mesylate as a broad-spectrum
candidate for the treatment of flavivirus infections by targeting envelope proteins. Antivir. Res. 2022, 202, 105325. [CrossRef]

46. Midgley, I.; Hood, A.J.; Proctor, P.; Chasseaud, L.F.; Irons, S.R.; Cheng, K.N.; Brindley, C.J.; Bonn, R. Metabolic fate of 14C-camostat
mesylate in man, rat and dog after intravenous administration. Xenobiotica 1994, 24, 79–92. [CrossRef]

47. Tsukagoshi, S. Pharmacokinetics studies of nafamostat mesilate (FUT), a synthetic protease inhibitor, which has been used for
the treatments of DIC and acute pancreatitis, and as an anticoagulant in extracorporeal circulation. Gan Kagaku Ryoho 2000,
27, 767–774.

48. González-Bello, C. Designing Irreversible Inhibitors—Worth the Effort? ChemMedChem 2016, 11, 22–30. [CrossRef]
49. Hempel, T.; Raich, L.; Olsson, S.; Azouz, N.P.; Klingler, A.M.; Hoffmann, M.; Pöhlmann, S.; Rothenberg, M.E.; Noé, F. Molecular

mechanism of inhibiting the SARS-CoV-2 cell entry facilitator TMPRSS2 with camostat and nafamostat. Chem. Sci. 2021, 12,
983–992. [CrossRef]

50. Huang, X.; Pearce, R.; Omenn, G.S.; Zhang, Y. Identification of 13 Guanidinobenzoyl- or Aminidinobenzoyl-Containing Drugs to
Potentially Inhibit TMPRSS2 for COVID-19 Treatment. Int. J. Mol. Sci. 2021, 22, 7060. [CrossRef]

51. Peiffer, A.L.; Garlick, J.M.; Wu, Y.; Soellner, M.B.; Brooks, C.L.; Mapp, A.K. TMPRSS2 inhibitor discovery facilitated through an in
silico and biochemical screening platform. bioRxiv 2021. [CrossRef]

52. Meyer, D.; Sielaff, F.; Hammami, M.; Böttcher-Friebertshäuser, E.; Garten, W.; Steinmetzer, T. Identification of the first synthetic
inhibitors of the type II transmembrane serine protease TMPRSS2 suitable for inhibition of influenza virus activation. Biochem. J.
2013, 452, 331–343. [CrossRef] [PubMed]

https://doi.org/10.3390/v12060629
https://www.ncbi.nlm.nih.gov/pubmed/32532094
https://doi.org/10.1128/JVI.00608-07
https://www.ncbi.nlm.nih.gov/pubmed/17553880
https://doi.org/10.1128/JVI.02499-09
https://www.ncbi.nlm.nih.gov/pubmed/20053738
https://doi.org/10.1016/j.ejmech.2023.115211
https://doi.org/10.3390/ph15091058
https://doi.org/10.1080/14756366.2021.1969385
https://doi.org/10.1016/j.bioorg.2017.10.009
https://doi.org/10.1016/j.ejmech.2023.115256
https://doi.org/10.1080/14756366.2019.1699554
https://doi.org/10.1016/j.bioorg.2019.01.017
https://doi.org/10.1016/j.ejmech.2018.03.055
https://www.ncbi.nlm.nih.gov/pubmed/29614416
https://doi.org/10.1016/j.ejmech.2019.07.030
https://www.ncbi.nlm.nih.gov/pubmed/31310917
https://doi.org/10.3390/v14020389
https://www.ncbi.nlm.nih.gov/pubmed/35215982
https://doi.org/10.1016/j.jtcme.2021.04.001
https://www.ncbi.nlm.nih.gov/pubmed/33868970
https://doi.org/10.1016/j.antiviral.2022.105325
https://doi.org/10.3109/00498259409043223
https://doi.org/10.1002/cmdc.201500469
https://doi.org/10.1039/D0SC05064D
https://doi.org/10.3390/ijms22137060
https://doi.org/10.1101/2021.03.22.436465
https://doi.org/10.1042/BJ20130101
https://www.ncbi.nlm.nih.gov/pubmed/23527573


Viruses 2023, 15, 1171 18 of 19

53. Pilgram, O.; Keils, A.; Benary, G.E.; Müller, J.; Merkl, S.; Ngaha, S.; Huber, S.; Chevillard, F.; Harbig, A.; Magdolen, V.; et al.
Improving the selectivity of 3-amidinophenylalanine-derived matriptase inhibitors. Eur. J. Med. Chem. 2022, 238, 114437.
[CrossRef] [PubMed]

54. Colombo, É.; Désilets, A.; Duchêne, D.; Chagnon, F.; Najmanovich, R.; Leduc, R.; Marsault, E. Design and Synthesis of Potent,
Selective Inhibitors of Matriptase. ACS Med. Chem. Lett. 2012, 3, 530–534. [CrossRef]

55. Beaulieu, A.; Gravel, É.; Cloutier, A.; Marois, I.; Colombo, É.; Désilets, A.; Verreault, C.; Leduc, R.; Marsault, É.; Richter, M.V.
Matriptase Proteolytically Activates Influenza Virus and Promotes Multicycle Replication in the Human Airway Epithelium. J.
Virol. 2013, 87, 4237–4251. [CrossRef]

56. Patrick, G.L. Plasmepsins as targets for antimalarial agents. In Antimalarial Agents; Patrick, G.L., Ed.; Elsevier: Amsterdam, The
Netherlands, 2020; pp. 217–270.

57. Nanjappan, S.K.; Surendran, S.; Paul, D. Pharmacokinetics and pharmacodynamics of peptidomimetics. In Peptide and Pep-
tidomimetic Therapeutics; Qvit, N., Rubin, S.J.S., Eds.; Academic Press: Cambridge, MA, USA, 2022; pp. 195–211.

58. Trabocchi, A. Principles and applications of small molecule peptidomimetics. In Small Molecule Drug Discovery; Trabocchi, A.,
Lenci, E., Eds.; Elsevier: Amsterdam, The Netherlands, 2020; pp. 163–195.

59. Pelay-Gimeno, M.; Glas, A.; Koch, O.; Grossmann, T.N. Structure-Based Design of Inhibitors of Protein–Protein Interactions:
Mimicking Peptide Binding Epitopes. Angew. Chem. Int. Ed. 2015, 54, 8896–8927. [CrossRef]

60. Li Petri, G.; Di Martino, S.; De Rosa, M. Peptidomimetics: An Overview of Recent Medicinal Chemistry Efforts toward the
Discovery of Novel Small Molecule Inhibitors. J. Med. Chem. 2022, 65, 7438–7475. [CrossRef]

61. Tamanini, E.; Buck, I.M.; Chessari, G.; Chiarparin, E.; Day, J.E.H.; Frederickson, M.; Griffiths-Jones, C.M.; Hearn, K.; Heightman,
T.D.; Iqbal, A.; et al. Discovery of a Potent Nonpeptidomimetic, Small-Molecule Antagonist of Cellular Inhibitor of Apoptosis
Protein 1 (cIAP1) and X-Linked Inhibitor of Apoptosis Protein (XIAP). J. Med. Chem. 2017, 60, 4611–4625. [CrossRef]

62. Kumar, R.; Bavi, R.; Jo, M.G.; Arulalapperumal, V.; Baek, A.; Rampogu, S.; Kim, M.O.; Lee, K.W. New compounds identified
through in silico approaches reduce the α-synuclein expression by inhibiting prolyl oligopeptidase in vitro. Sci. Rep. 2017,
7, 10827. [CrossRef]

63. Trent, J.O.; Clark, G.R.; Kumar, A.; Wilson, W.D.; Boykin, D.W.; Hall, J.E.; Tidwell, R.R.; Blagburn, B.L.; Neidle, S. Targeting the
Minor Groove of DNA: Crystal Structures of Two Complexes between Furan Derivatives of Berenil and the DNA Dodecamer
d(CGCGAATTCGCG)2. J. Med. Chem. 1996, 39, 4554–4562. [CrossRef]

64. Das, B.P.; Boykin, D.W. Synthesis and antiprotozoal activity of 2,5-bis(4-guanylphenyl)furans. J. Med. Chem. 1977, 20, 531–536.
[CrossRef] [PubMed]

65. Moumbock, A.F.; Tran, H.T.; Lamy, E.; Günther, S. BC-11 is a covalent TMPRSS2 fragment inhibitor that impedes SARS-CoV-2
host cell entry. Arch. Pharm. 2022, 356, e2200371. [CrossRef] [PubMed]

66. Paul, A.; Kumar, A.; Nanjunda, R.; Farahat, A.A.; Boykin, D.W.; Wilson, W.D. Systematic synthetic and biophysical development
of mixed sequence DNA binding agents. Org. Biomol. Chem. 2017, 15, 827–835. [CrossRef] [PubMed]

67. Depauw, S.; Lambert, M.; Jambon, S.; Paul, A.; Peixoto, P.; Nhili, R.; Marongiu, L.; Figeac, M.; Dassi, C.; Paul-Constant, C.; et al.
Heterocyclic Diamidine DNA Ligands as HOXA9 Transcription Factor Inhibitors: Design, Molecular Evaluation, and Cellular
Consequences in a HOXA9-Dependant Leukemia Cell Model. J. Med. Chem. 2019, 62, 1306–1329. [CrossRef]

68. Fuentes-Prior, P. Priming of SARS-CoV-2 S protein by several membrane-bound serine proteinases could explain enhanced viral
infectivity and systemic COVID-19 infection. J. Biol. Chem. 2021, 296, 100135. [CrossRef]

69. Kandeel, M.; Yamamoto, M.; Tani, H.; Kobayashi, A.; Gohda, J.; Kawaguchi, Y.; Park, B.K.; Kwon, H.-J.; Inoue, J.-i.; Alkattan,
A. Discovery of New Fusion Inhibitor Peptides against SARS-CoV-2 by Targeting the Spike S2 Subunit. Biomol. Ther. 2021, 29,
282–289. [CrossRef]

70. Giannis, D.; Ziogas, I.A.; Gianni, P. Coagulation disorders in coronavirus infected patients: COVID-19, SARS-CoV-1, MERS-CoV
and lessons from the past. J. Clin. Virol. 2020, 127, 104362. [CrossRef]

71. Mackman, N.; Antoniak, S.; Wolberg, A.S.; Kasthuri, R.; Key, N.S. Coagulation Abnormalities and Thrombosis in Patients Infected
with SARS-CoV-2 and Other Pandemic Viruses. Arterioscler. Thromb. Vasc. Biol. 2020, 40, 2033–2044. [CrossRef]

72. Kastenhuber, E.R.; Mercadante, M.; Nilsson-Payant, B.; Johnson, J.L.; Jaimes, J.A.; Muecksch, F.; Weisblum, Y.; Bram, Y.; Chandar, V.;
Whittaker, G.R.; et al. Coagulation factors directly cleave SARS-CoV-2 spike and enhance viral entry. eLife 2022, 11, e77444. [CrossRef]

73. Hoffmann, M.; Kleine-Weber, H.; Schroeder, S.; Krüger, N.; Herrler, T.; Erichsen, S.; Schiergens, T.S.; Herrler, G.; Wu, N.-H.;
Nitsche, A.; et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven Protease
Inhibitor. Cell 2020, 181, 271–280.e278. [CrossRef]

74. Iwata-Yoshikawa, N.; Kakizaki, M.; Shiwa-Sudo, N.; Okura, T.; Tahara, M.; Fukushi, S.; Maeda, K.; Kawase, M.; Asanuma, H.; Tomita,
Y.; et al. Essential role of TMPRSS2 in SARS-CoV-2 infection in murine airways. Nat. Commun. 2022, 13, 6100. [CrossRef] [PubMed]

75. Quinn, T.M.; Gaughan, E.E.; Bruce, A.; Antonelli, J.; O’Connor, R.; Li, F.; McNamara, S.; Koch, O.; MacKintosh, C.; Dockrell, D.;
et al. Randomised controlled trial of intravenous nafamostat mesylate in COVID pneumonitis: Phase 1b/2a experimental study
to investigate safety, Pharmacokinetics and Pharmacodynamics. eBioMedicine 2022, 76, 103856. [CrossRef]

https://doi.org/10.1016/j.ejmech.2022.114437
https://www.ncbi.nlm.nih.gov/pubmed/35635944
https://doi.org/10.1021/ml3000534
https://doi.org/10.1128/JVI.03005-12
https://doi.org/10.1002/anie.201412070
https://doi.org/10.1021/acs.jmedchem.2c00123
https://doi.org/10.1021/acs.jmedchem.6b01877
https://doi.org/10.1038/s41598-017-11302-0
https://doi.org/10.1021/jm9604484
https://doi.org/10.1021/jm00214a014
https://www.ncbi.nlm.nih.gov/pubmed/321783
https://doi.org/10.1002/ardp.202200371
https://www.ncbi.nlm.nih.gov/pubmed/36316225
https://doi.org/10.1039/C6OB02390H
https://www.ncbi.nlm.nih.gov/pubmed/27995240
https://doi.org/10.1021/acs.jmedchem.8b01448
https://doi.org/10.1074/jbc.REV120.015980
https://doi.org/10.4062/biomolther.2020.201
https://doi.org/10.1016/j.jcv.2020.104362
https://doi.org/10.1161/ATVBAHA.120.314514
https://doi.org/10.7554/eLife.77444
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1038/s41467-022-33911-8
https://www.ncbi.nlm.nih.gov/pubmed/36243815
https://doi.org/10.1016/j.ebiom.2022.103856


Viruses 2023, 15, 1171 19 of 19

76. Kinoshita, T.; Shinoda, M.; Nishizaki, Y.; Shiraki, K.; Hirai, Y.; Kichikawa, Y.; Tsushima, K.; Shinkai, M.; Komura, N.; Yoshida, K.;
et al. A multicenter, double-blind, randomized, parallel-group, placebo-controlled study to evaluate the efficacy and safety of
camostat mesilate in patients with COVID-19 (CANDLE study). BMC Med. 2022, 20, 342. [CrossRef]

77. Gunst, J.D.; Staerke, N.B.; Pahus, M.H.; Kristensen, L.H.; Bodilsen, J.; Lohse, N.; Dalgaard, L.S.; Brønnum, D.; Fröbert, O.; Hønge,
B.; et al. Efficacy of the TMPRSS2 inhibitor camostat mesilate in patients hospitalized with COVID-19-a double-blind randomized
controlled trial. eClinicalMedicine 2021, 35, 100849. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1186/s12916-022-02518-7
https://doi.org/10.1016/j.eclinm.2021.100849
https://www.ncbi.nlm.nih.gov/pubmed/33903855

	Introduction 
	Materials and Methods 
	In Silico Docking Study 
	Chemistry 
	Cells and Materials 
	Cell Fusion Assay Using Dual Split Proteins (DSP) 
	Enzyme Assays 
	Pseudovirus Assay 
	Cell Toxicity Assay 

	Results 
	Design Rational 
	In Silico Evaluation 
	Chemistry 
	In Vitro Evaluations 
	TMPRSS2 Inhibition Assay 
	Cell Fusion Assays 
	Pseudovirus Entry and Cell Viability Assays 
	Thrombin and Factor Xa Enzyme Inhibition Assays 


	Discussion 
	References

