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The global pandemic of COVID-19 disease is caused by the pathogenic factor called SARS-CoV-2. Mean-
while, a series of vaccines and small-molecule drugs, including the mRNA vaccines and Paxlovid®, have been
approved, but their efficacy is decreased significantly due to the constant emergence of mutant viral strains. The
R&D of host-directed therapeutics has great potential to overcome such limitations and provide new prevention
and therapy options for patients with COVID-19 or high-risk group for SARS-CoV-2 infections. Transmembrane
serine protease 2 (TMPRSS2) is belonging to a protein family with highly conserved serine protease domain
whose crucial role in viral entry is to activate the spike protein of viruses to induce the fusion between host
cells and viruses. In this review, we sketch the critical position of TMPRSS2 in the SARS-CoV-2 viral entry and
summarize the advanced research and development of TMPRSS2 inhibitors, including repurposed drugs, as a

new way to fight COVID-19.

1. Introduction

At the end of 2019, a group of patients with unexplained acute
respiratory disease emerged in Wuhan, China, caused by an orig-
inal betacoronavirus named 2019-nCoV (Huang et al. 2020; Zhu
et al. 2020). The present outbreak of pandemic acute pneumonia
associated with 2019-nCoV is called COVID-19, and the causative
virus has been classified as Severe Acute Respiratory Syndrome
Coronavirus 2, renamed SARS-CoV-2 by reason of this virus
being the sister clade of human and bat Severe Acute Respiratory
Syndrome Coronavirus (SARS-CoV) (Gorbalenya et al. 2020).
The COVID-19 pandemic has caused catastrophic effects for
individuals and the health care system and has placed a heavy
burden on the economy worldwide. Due to the urgency of this
pandemic, the scientists dedicate themselves to research and devel-
opment of antivirus vaccines and drug repurposing to diminish
SARS-CoV-2-associated severe infections (Tian et al. 2021). Anti-
viral drugs and vaccines are our most effective weapons against
emerging viruses, but there are less than 15 marketed antiviral
drugs currently available, and there are considerable challenges to
develop a high response rate and safe enough vaccine in such a
short period of time when we face health emergencies (Adamson
et al. 2021). Clinical trials of a vaccine against SARS-CoV-2 have
been recruited and conducted around the world in the past few
years of pandemic, but the duration of effectiveness of vaccines
is hard to exceed six months due to the SARS-CoV-2 variant
emerging frequently (Feikin et al. 2022; Sacco et al. 2022).

Due to the limitations of virus-based therapy, another attractive
host-based target, namely TMPRSS2 against SARS-CoV-2, has
received considerable attention (Adamson et al. 2021). TMPRSS2
plays an essential role in the process of SARS-CoV-2 invades human
cells, and it also has been associated with cell entry of SARS-CoV,
MERS-CoV, and influenza viruses (Hornich et al. 2021; Kawase
et al. 2012; Tomita et al. 2021). Hoffmann and co-workers demon-
strated that SARS-CoV-2 cell entry relies on the binding to ACE2
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and then priming by TMPRSS2, which led to particular attention
on the small molecule drugs targeting TMPRSS?2 as great potential
candidates for therapeutic and prophylactic of COVID-19 (Bestle
et al. 2020; Hoffmann et al. 2020). Currently, the repurposing
drugs Camostat and Nafamostat have been the subject of numerous
clinical trials worldwide (Wettstein et al. 2022a). Meanwhile,
various novel small molecule inhibitors targeting TMPRSS2
have been redesigned and synthesized, Using high-throughput
screening and virtual molecular docking studies (Manandhar et al.
2022; Rahman et al. 2020; Vardhan and Sahoo 2022; Wang et al.
2022). In this mini-review, we emphasise the discovery and repur-
posing of TMPRSS?2 inhibitors as SARS-CoV-2 prophylactics and
therapeutics.

2. The structure of TMPRSS2 and its role in the viral
entry

2.1. Type II transmembrane serine proteases

In 1997, Paoloni-Giacobino and co-workers first discovered that
the important member of the Type II subgroup of serine proteases
called TMPRSS2, which is composed of 492 amino acids, is
distributed to many tissues and organs. It is mainly expressed in
the prostate, with a lower level of expression in the colon, liver,
kidneys, small intestine, pancreas, salivary gland, stomach, and
lung, and the gene that codes for TMPRSS?2 is located on human
chromosome 21 (Bugge et al. 2009; Lin et al. 1999; Paoloni-
Giacobino et al. 1997).

TMPRSS2 is a trypsin-like serine protease that catalyzes the
hydrolysis of specific peptide sites and has unique effects in
physiological and pathological processes. TMPRSS2 has three
main parts (Fig. 1), which are an intracellular domain, a sing-track
transmembrane domain, and a proteolytically active ectodomain
that is composed of a low-density lipoprotein receptor type-A
(LDLR-A), a Class A Scavenger Receptor Cysteine-Rich (SRCR)
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domain, and a C-terminal trypsin-like serine peptide (SP) domain
with a classical Ser441-His296-Asp345 catalytic complex (Chen
et al. 2010). The noncatalytic domain (LDLR-A+SRCR) and
catalytic domain (SP) are tethered by a covalent disulfide bond
(Cys244-Cys365), and the catalytic domain needs to be activated
by autocleavage at the Arg255-11e256 peptide bond before it exerts
catalytic proteolytic function at the specific site (Fraser B. J. et al.
2022). But so far, the normal physiological function of TMPRSS2
has not been fully elaborated, the special function of pathological
state of TMPRSS2 was mainly investigated in the current research
(Kim et al. 20006).
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Fig. 1: Structure of TMPRSS2. TM: transmembrane domain; LDLRA: low density
lipoprotein receptor class A domain; SRCR: scavenger receptor cysteine-rich
domain; SP: C-terminal trypsin-like S1 peptidase domain.

2.2. The role of TMPRSS?2 in viral entry

After more than a decade of research with corona and influenza
viruses, the mechanism by which viruses invade host cells has been
elucidated. The enveloped viruses such as influenza viruses, Middle
East Respiratory Syndrome coronavirus (MERS-CoV), and Severe
Acute Respiratory Syndrome coronavirus (SARS-CoV) manage
to entry by way of a similar pathway in which the glycoproteins
of viruses need to be recognized by the host receptors and then
catalytically proteolyzed at the specific site of the glycoprotein by
a series of proteases including TMPRSS2, furin, and cathepsin L
(Bottcher-Friebertshduser et al. 2011; Gierer et al. 2013; Liu et al.
2020; Yang and Rao 2021).

Shirato et al. (2013) reported that the TMPRSS2 inhibitor Camo-
stat could effectively inhibit MERS-CoV cell entry in the human
lung adenocarcinoma cell line Calu-3 but only partially inhibit
viral cell entry in Vero-TMPRSS?2 cells because it only blocks the
TMPRSS2-mediated pathway rather than completely blocking
two distinct pathways. Meyer et al (2013) identified that the first
synthetic inhibitors of TMPRSS2 potently inhibit influenza virus
activation in Calu-3 cells (Meyer et al. 2013). Shen et al. (2020)
discovered that influenza A virus propagation can be inhibited by
downregulating TMPRSS2 expression by stabilizing the G-qua-
druplex of TMPRSS2 gene (Shen et al. 2020). Hoffmann et al.
(2020) first reported that the SARS-CoV-2 employs the identical
cell surface receptor ACE2 as the SARS-CoV for host viral entry,
and the TMPRSS?2 hydrolyzes the spike protein of SARS-CoV-2
for viral entry (Fig. 2). More importantly, the FDA-approved serine
protease inhibitor Camostat mesilate has been proven to block
SARS-CoV-2 entry into lung cell lines by inhibiting TMPRSS2
activity (Hoffmann et al. 2020). Matsuyama et al. (2020) identified
that the TMPRSS2-expression cells are effortlessly infected by
SARS-CoV-2, making the VeroE6/TMPRSS2 cell lines a useful
tool for further investigation of the mechanism of viral entry. Mean-
while, Zang et al. (2020) reported that TMPRSS2 and TMPRSS4
facilitate SARS-CoV-2 entry into small human intestinal enteroids.
Qiao et al. (2020) demonstrated that androgens could regulate the
expression of ACE2 and TMPRSS2, which are strongly correlated
with COVID-19 infections. The above finding indicated that
TMPRSS?2 plays a particular role in viral entry and can promote
SARS-CoV-2 infections. Iwata-Yoshikawa et al. (2022) confirmed
that TMPRSS?2 plays an key role in SARS-CoV-2 invasion because
of the Omicron variant infection is significantly reduced in the
airway epidermal cells of TMPRSS2-knockout mice model and
discovered that SARS-CoV and SARS-CoV-2, including the

218

Omicron variant, enter host cells via a furin/TMPRSS2-mediated
signaling pathway in the airways instead of endocytosis.

Based on these knowledge about the important role of TMPRSS2
in the invasion of SARS-CoV-2 into human body, research focused
on TMPRSS2, a brand-new target based on the body itself. It is
expected that this prophylactic and therapeutic method based on
the host itself can be used to meet the unmet needs of patients with
SARS-CoV-2 infection.
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Fig. 2: SARS-CoV-2 viral entry is mediated by ACE2 and TMPRSS2.

3. Repurposing of compounds as TMPRSS2 inhibitors

Drug repurposing is an important field of drug research especially
in view of infectious diseases. Older drugs with new indications
tend to have higher security, therefore, development for clinical
use Is more promising. In this section, we are discussing some
older drugs with potential for treatment of COVID-19, which are
currently under clinical or preclinical investigation.

3.1. Camostat mesilate and Nafamostat mesilate

Camostat mesylate (Fig. 3) is a phenyl 4-guanidinobenzoate deriv-
ative that could inhibit various of proteases including TMPRSS2.
Currently, it is marketed in Japan for treating chronic pancreatitis
(Mantzourani et al. 2022). In 2015, Zhou et al. identified that
SARS-CoV is actuated by the serine protease TMPRSS?2 and can
be effectively blocked by Camostat in various animal models.
Hoffmann et al. (2020) provided an overall assessment of the
potential ability of Camostat for blocking of SARS-CoV-2 inva-
sion and the results show that Camostat can potently decrease the
Calu-3 cells infection with SARS-CoV-2. It was also discovered
that the recently emerged SARS-CoV-2 variants B.1.1.7 and P.1
had escaped neutralizing antibodies, but the TMPRSS2 inhibitor
Camostat can robustly inhibit the variant viruses’ viral entry
(Hoffmann et al. 2021a; Hoffmann et al. 2021b). Esaalmani
et al. (2022) reported that combining the furin inhibitor BOS
with the TMPRSS2 inhibitor Camostat can completely prevent
SARS-CoV-2 infection in Calu-3 cell lines. However, Gunst et
al. (2021) reported the results of a COVID-19 clinical trial where
200 mg t.i.d. Camostat mesilate did not show enough efficacy for
treating hospitalized patients with SARS-CoV-2 infection. There
are still possibilities that Camostat treatment and prophylaxis
of SARS-CoV-2 infections are possible in the early stage of the
disease (Gunst et al. 2021).

Through rapid hydrolysis of the ester bond, GBPA is emerging as a
bioactive metabolite of Camostat. GBPA can also inhibit the inva-
sion of SARS-CoV-2 by blocking TMPRSS2 with less efficiency
than Camostat in Calu-3 cells (Beckh et al. 1991; Hoffmann et al.
2021c; Hu et al. 2021; Midgley et al. 1994).

Nafamostat mesylate (Fig. 3) is a potent serine protease inhib-
itor with naphthalenyl 4-guanidinobenzoate structure initially
designed and synthesized by Fujii and co-workers in 1981
(Fujii and Hitomi 1981). It was used for the treatment of acute
pancreatitis and cryoglobulimemia by inhibiting a series of serine
proteases, including TMPRSS2 (Ueda et al. 2000). In addition,
Lu et al. (2016) demonstrated that Nafamostat could inhibit cell
proliferation, invasion, and migration by inhibition of the NF-xB
and Erk signaling transduction pathways in human colorectal
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cancer (CRC) cells; more importantly, a significant antitumor
efficacy was observed by the combination of Nafamostat and
Oxaliplatin in CRC cells (Lu et al. 2016). Nafamostat has been
characterized for its antivirus properties. Yamamoto et al. (2016)
first reported that Nafamostat could effectively block MERS-CoV
viral entry by inhibiting the membrane fusion of TMPRSS2-me-
diate employing the protein-based cell membrane fusion assay in
the human embryonic kidney cell line 293FT. A series of drugs that
can inhibit TMPRSS2, represented by Camostat and Nafamostat,
have received constant attention since the outbreak of COVID-19
(Mantzourani et al. 2022; McKee et al. 2020; Wettstein et al.
2022a). Yamamoto et al. (2020) found that the anticoagulant Nafa-
mostat could significantly block SARS-CoV-2 to invade to Calu-3
cell lines with an EC, of 10 nM but inhibit VeroE6/TMPRSS2
cell infection in higher concentrations (EC, around 30 uM), which
suggested a cell-type-dependent manner in the SARS-CoV-2
S-protein-mediated cell fusion assay (Yamamoto et al. 2020). A
double-blind clinical trial named the RACONA study has been set
up to evaluate the practical efficacy of Nafamostat in hospitalized
patients with serious COVID-19 (NCT04352400). McFadyen et al.
(2020) published a review that elucidated the intrinsic connection
between SARS-CoV-2 and thromboembolic complications that are
major causes of the high mortality rate in COVID-19. Nafamostat
also has antiplatelet effects in addition to blocking TMPRSS2 that
have great potential for the treatment of thrombotic complications
caused by SARS-CoV-2 infections (Asakura and Ogawa 2020).
Si and co-workers developed a microfluidic composite chip that
comprises highly differentiated lung endothelial cells, which can
simulate viral entry infection and encapsulate human physiology
state at a level close to the actual physiological environment of the
body, and the group found that the treatment-time window could be
doubled by the synergistic effect of Nafamostat with Oseltamivir
in an influenza A infection experiment that exhibited prophylactic
and therapeutic effects (Si et al. 2021). Ellinger et al. (2021)
described a SARS-CoV-2 cytopathicity dataset, which showed that
258 hits, including Nafamostat, can block SARS-CoV-2 cytopathi-
city by more than 75% when tested in the human colonic adenocar-
cinoma cell line Caco-2. Krasemann et al. found that SARS-CoV-2
could attack nerve cell lines and engage in active replication across
the blood-brain barrier (BBB), resulting in increased interferon
signaling in human induced pluripotent stem cells (hiPSC)-derived
brain capillary endothelial-like cells (BCECs), and investigated
whether the SARS-CoV-2 viral entry nerve cell could be effec-
tively blocked by the TMPRSS2 inhibitor Nafamostat (Krasemann
et al. 2022).

3.2. Bromhexine hydrochloride and Gabexate mesilate

Bromhexine hydrochloride is a non-peptide protease inhibitor with
the pharmacophore 2,4-dibromo aniline that can potently inhibit
TMPRSS2 activity with an IC, of 0.75 uM. It is used as a mucol-
ytic agent in patients with chronic bronchitis, asthma or bronchiec-
tasis, but has also the potential for the prevention of SARS-CoV-2
infection (Chang et al. 2014; Lucas et al. 2014; Maggio and
Corsini 2020; Shen et al. 2017). Ambroxol is a metabolite of
Bromhexine formed by demethylation and hydroxylation on the
cyclohexyl ring, which has the potential to reduce Oxaliplatin-in-
duced neuropathic pain (Furgala-Wojas et al. 2020). Depfenhart et
al. (2020) propose using Bromhexine as a repurposing candidate
for prophylactic and treatment of COVID-19 in the early stages of
the COVID-19 infection. Ansarin et al. (2020) reported the results
of an open-label clinical trial study showing that that Bromhexine
hydrochloride could significantly decrease the rate of severe acute
COVID-19 symptoms, mechanical ventilation, and mortality.
However, there were no statistically significant findings in another
randomized clinical trial aimed at testing the feasibility of Brom-
hexine hydrochloride for the treatment of COVID-19 (Li et al.
2020). At the same time, Tolouian and co-workers reported results
of another randomized clinical trial where Bromhexine hydrochlo-
ride failed to demonstrate sufficient effectiveness for treatment of
SARS-CoV-2 infection in a total of 111 hospitalized patients; in
particular, the duration of hospitalization could not be reduced by
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Bromhexine, and the need for mechanical ventilation could not be
reduced compared to the standard group (Tolouian et al. 2021).
Vila Méndez et al. (2022) disclosed the results of a 28-day multi-
ple-center clinical trial, which showed that Bromhexine could not
effectively reduce viral load compared to the group receiving stan-
dard of care (SOC). All in all, although Bromhexine hydrochloride
can decrease SARS-CoV-2 viral entry in vivo experiments, no
significant clinical benefit was observed in clinical trials.
Gabexate mesylate is a marketed drug for the treatment of pancre-
atitis by targeting trypsin-like serine proteases (Cavallini et al.
1996). It has been demonstrated that Gabexate can reduce the viral
titers of influenza viruses in cellular level by blocking TMPRSS2
in the host cells (Yamaya et al. 2015). In recent studies, Gabexate
mesylate was identified as a TMPRSS?2 inhibitor with an IC_
of 130 nM but did not reduce SARS-CoV-2 viral entry through
S-protein-mediated in lung cell lines (Hu et al. 2021; Shrimp et
al. 2020).
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Fig. 3: Structures of Camostat mesilate, GBPA, Nafamostat mesilate, Bromhexine
hydrochloride, Ambroxol hydrochloride, and Gabexate mesilate.

3.3. Otamixaban, PCI-27483, and Avoralstat

Otamixaban (Fig. 4) is a specific f-aminoester inhibitor of factor
Xa (fXa) that potently inhibits both free and prothrombinase-bound
fXa (Guertin et al. 2002), and therefore has considerable poten-
tial for the treatment of the acute coronary syndrome. It entered
phase 3 clinical trials for the treatment of patients with non-ST
segment elevation acute coronary syndrome between April 2010
and February 2013, but the results showed that it did not decrease
the ratio of ischemic events compared to a control group but did
increase bleeding events (Steg et al. 2013). Rensi et al. (2020) first
reported Otamixaban as having great potential for development as
an anti-SARS-CoV-2 drug by inhibiting the TMPRSS?2 of the host
cell in virtual screening. Hu et al. (2021) also reported that Otamix-
aban is a potent TMPRSS2 inhibitor that can effectively block
SARS-CoV-2 viral entry in Calu-3 cell lines by S-Protein particles
of SARS-CoV-2 entry assays. Hemple et al. (2021) discovered that
Otamixaban has dramatic cooperative effects with Camostat or
Nafamostat in Calu-3 cell lines but has lower potency compared
with Camostat or Nafamostat when single drug administration is
used. The authors consider that the primary target fXa of Otamix-
aban may have played a special role in the difference between a
single dose and a drug combination (Hempel et al. 2021a).

Shrimp et al. (2022) reported and demonstrated a suite assay
for the discovery of novel inhibitors of TMPRSS2 for blocking
SARS-CoV-2 cell entry, in which initially the specific library
compounds were screened by fluorogenic high-throughput
screening assay for the evaluation of biochemical activity, then an
orthogonal biochemical assay was carried out by mass spectrom-
etry. Finally, the hit compounds from the previous screening were
evaluated by a cell-based S-Protein particles of SARS-CoV-2 entry
assays. In the above study, PCI-27483 was distinguished between
the TMPRSS2 inhibitor and other protease inhibitor (Shrimp et al.
2022). PCI-27483 was primarily synthesized as a powerful and
selective serine protease Factor VIIa (FVIla) inhibitor, constituting
a complex with TF (tissue factor) that as an indispensable part in
the blood clotting cascade (Morrissey et al. 1997). The relationship
between FVIIa/TF and tumor growth and angiogenesis was found
in the follow-up study (Hembrough et al. 2003). In 2019, Ramana-
than et al. reported the results of a Phase 2 study of PCI-27483,
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which showed the PCI-27483-gemcitabine combination did not
display better clinical efficacy in pancreatic cancer (Ramanathan
et al. 2019). In 2021, Sun and co-workers first characterized
PCI-27483 as having the potential to be a candidate for repur-
posing for the therapy of SARS-CoV-2 viral entry on the strength
of a computational tool named 3DPhyloFold and demonstrated
that PCI-27483 could effectively block SARS-CoV-2 infection in
vitro and in vivo (Sun et al. 2021).

Cornpropstetal. (2016) reported from a Phase 1 study that Avoralstat
(Fig. 4) was tolerated and could be sufficiently inhibit plasma
kallikrein, whose overexpression can cause hereditary angioedema
(HAE). In another clinical trial, Avoralstat was demonstrated to
have enough efficiency for prophylaxis of hereditary angioedema
as a first-line oral prophylaxis drug with the mechanism of
action on prekallikrein to plasma kallikrein (Aygoren-Pursun et
al. 2016). In 2018, Phase 3 hereditary angioedema prophylaxis
data was reported that showed Avoralstat did not provide enough
protection for angioedema attacks, which was inconsistent with an
earlier Phase 2 study that may have been associated with the PK
of Avoralstat (Riedl et al. 2018). Sun and co-workers first identi-
fied that Avoralstat could not only block SARS-CoV-2 viral entry
but reduce viral replication in human airway epithelial cells. In a
further in vivo experiment for proof of concept, Avoralstat success-
fully inhibited SARS-CoV-2 infection in a mice model, compared
with the similar efficacy of Camostat, which may be a result of its
longer plasma half-life (Sun et al. 2021).

3.4. Enzalutamide, Homoharringtonine and Halofuginone

In 2021, Leach et al. identified that the antiandrogen Enzalutamide
(Fig. 4) could downregulate TMPRSS2 and reduce the cell entry of
SARS-CoV-2 by disturbing the expression of androgen receptors
(AR). The group identified that the expression of TMPRSS2 is
reduced by Enzalutamide in the human non-small cell lung cancer
cell line A549 and mouse lungs, respectively, in addition to proving
antiandrogens can reduce SARS-CoV-2 infection successfully
(Leach et al. 2021). Otherwise, Deng et al. (2021) reported that
the level of ACE2 and TMPRSS?2 can be regulated by androgen
in mouse and human cells, while Samuel et al. (2020) found
that an antiandrogenic drug can reduce ACE2 and SARS-CoV-2
infection by regulating androgen signaling in hESC-derived lung
organoids. But contrary to the finding here, Li et al. (2021) found
that Enzalutamide significantly reduced SARS-CoV-2 invasion to
human prostate cell lines while showing no antiviral activity in
mouse epithelial cells and human lung cells. All in all, there are
promising applications that interfere with the expression of ACE2
and TMPRSS?2 to prevent viral entry through androgen depriva-
tion therapy (ATD), even though the mechanisms that regulate
TMPRSS2 and ACE2 expression levels have not been elucidated
so far.

In 2021, Chen and colleagues identified drugs that can limit
SARS-CoV-2 cellular entry by changing the stability of the
TMPRSS2 protein. Homoharringtonine and Halofuginone (Fig.
4) are the two most active lead compounds among the 2560 post-
market or current clinical trial compounds. Both drugs were able to
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Fig. 4: Structure of Otamixaban, PCI-27483, Avoralstat, Enzalutamide, Halofugi-
none, and Homoharringtonine.
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markedly increase the tolerance of calu-3 cells to SARS-CoV-2 at
a sub-micromolar level. The group further demonstrated that Halo-
fuginone modulates the expression level of TMPRSS2 through the
ubiquitin-proteasome system, which includes E3 ubiquitin ligase
DDBI1- and CUL4-associated 1 (DCAF1) (Chen et al. 2021).

Although the repurposing drugs described above have exhibited
superior ability of anti-SARS-CoV-2 invasion in the preclinical
studies, the performance of these drugs has been unsatisfactory
in clinical trials, to be specific, Bromhexine hydrochloride did
not show a significant therapeutic effect on COVID-19 compared
with the standard care group. Given the limitations of repurposing
drugs, it is crucial to design and synthesize novel inhibitors of
TMPRSS?2 to block SARS-CoV-2 infecting the human body.

4. Discovery and identification of novel agents as
TMPRSS2 inhibitors

Repurposing marketed drugs clearly does not meet the current
need of people for disease treatment, so to acquire more potent
therapeutic drugs it is necessary to obtain lead compounds with
novel chemical structures for example through high-throughput
screening and structure-based design strategies. In this section,
novel lead compounds or drugs targeting TMPRSS2 to prophy-
laxis and treatment SARS-CoV-2 invade humans are summarized.

4.1. NCGC00386945 and BC-11

NCGC00386945 (Fig. 5) was first synthesized as a selective and
potent 5-HT  antagonist by Liao et al (Liao et al. 2000). Hu et
al. (2021) reported a new inhibitor named NCGC00386945 that
exhibited potent suppression against TMPRSS2 with an IC, of
1.24 uM while also showing 50% inhibition in S-Protein particles
of SARS-CoV-2 entry assay in Calu-3 cell lines. NCGC00386945
represents a potentially novel pharmacophore structure that is
excellently targeting TMPRSS2.

BC-11 (Fig. 5) is a guanyl-substituted phenylboronic acid
derivative originally synthesized as a serine protease inhibitor
(Greenidge et al. 2003). Longo et al. (2015) identified BC-11’s
cytotoxic activity against triple-negative MDA-MB-231 cell lines
with an ED, of 117 uM. Moumbock et al. (2023) reported that
BC-11 could be used as a viral entry inhibitor by directly binding
to and inhibiting the activity of TMPRSS2 with an EC, of 66 uM.
Due to its simple chemical structure, it has considerable potential
for further structure optimization and modification to obtain more
active lead compounds that can specifically target TMPRSS2.

4.2. MM3122, N-0385, Cpd. 5 and Omicsynin B4

In 2021, Mahoney and co-workers discovered a new class of
covalent inhibitors that can significantly inhibit SARS-CoV-2 and
MERS-CoV cell entry with the ketobenzothiazole (kbt) skeleton,
and the most active candidate compound, MM3122 (Fig. 95),
inhibiting the enzyme catalytic activity of TMPRSS2 protein with
an IC, of 340 pM and blocking viral entry into Calu-3 cell lines
with an EC, of 430 pM. Further, MM3122 could also block the
cellular entry of MERS-CoV with an EC, of 870 pM (Mahoney
et al. 2021).

In 2022, Shapira et al. identified that a new potent peptidomimetic
inhibitor, N-0385 (Fig. 5), displayed robust anti-virus efficacy both
in vitro and in vivo by inhibiting the activity of host cell protease
TMPRSS2, which can inhibit the viral entry of SARS-CoV-2
mutant strains, for instance B.1.1.7 and B.1.617.2, at low nano-
molar concentrations in Calu-3 cell lines. More importantly,
N-0385 showed powerful prophylactic and therapeutic effects
against SARS-CoV-2 in a newly constructed transgenic mouse
model of severe COVID-19 (Shapira et al. 2022). Recently, Cao
and co-workers have focused on the mechanism of action of
N-0385 inhibiting SARS-CoV-2 to treat COVID-19 through the
analysis of virtual molecular dynamics and molecular docking.
Preliminary results indicated that N-0385 might act on multiple
targets, including TMPRSS2, ACE2, DDP4, and TLR7, to disturb
the process of immune recognition and inflammatory-related
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response (Cao et al. 2022). Because of this robust research
evidence, a class of novel small molecules targeting the protease
TMPRSS2 has become a promising strategy to block viral infec-
tion in the early stages of COVID-19. Thus, Keller et al. (2022)
point out that N-0385 has the potential to be beneficial for people
without vaccination or with poor vaccine responses by causing
host-directed inhibition of TMPRSS2.

In recent studies, Wettstein et al. developed and identified peptido-
mimetics inhibitors of TMPRRSS2, and the active compound Cpd.
5 can inhibit SARS-CoV-2 entry with similar efficacy to Camostat
mesylate, while the inhibitor Cpd. 5 displayed favorable stability
in blood serum and plasma for at least one week (Wettstein et
al. 2022b). Li et al. (2023) reported that the natural secondary
metabolites of Streptomyces sp. 1647, Omicsynin B4 (Fig. 5) , has
potent anti-SARS-CoV-2 activity through inhibition of activity of
TMPRSS2 and cathepsin L, and can significantly block mutant
strains of SARS-CoV-2 invading into host cells in various cell
lines (Li et al. 2023). These peptide inhibitors targeting TMPRSS2
represent a series of novel chemical structure candidates for
prophylactic and therapeutic antiviral options, and are expected
to act as an important emergency tool in potential coronavirus
outbreaks in the future.
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Fig. 5: Structure of NCGC00386945, BC-11, MM3122, N-0385, Cpd. 5 and Om-
icsynin B4.

5. Virtual molecular docking studies based on the crys-
tal structure of TMPRSS2-Nafamostat complex

Fraser et al. (2021) first reported the crystal structure of the
TMPRSS2-Nafamostat complex in Biorxiv and later determined
the X-ray crystal structure of the TMPRSS2-Nafamostat complex
when it was modified with a catalytic Ser441 residue (Fig. 6). In
addition to these findings, they made a great effort to characterize
the chemical structural foundation of the mechanism of SARS
CoV-2 viral entry and the action of TMPRSS?2 inhibitors (Fraser
et al. 2022).

Fig. 6: Crystal structure of TMPRSS2-Nafamostat complex (PDB ID: 7TMEQ).

Since the outbreak of COVID-19 worldwide, the broad-spec-
trum TMPRSS?2 inhibitors Camostat and Nafamostat have been
receiving continuous attention from the pharmaceutical industry
(Hoffmann et al. 2021c; Hoffmann et al. 2020; Sivaraman et al.
2021; Sun et al. 2021; Zhou et al. 2020). Hempel et al. characterized
the molecular mechanism of action of the marketed drugs Camo-
stat mesylate and Nafamostat mesylate by combining cell-based
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biochemical assays with significant molecular docking simulations
and Markov modeling (Fig. 7); these data effectively explained
that Nafamostat has higher potency towards TMPRSS2 than
Camostat (Hempel et al. 2021b). The mechanism of four potential
drugs (Camostat, Gabexate, Nafamostat, and Bromhexine) binding
with TMPRSS2 was determined by analysis of conformational
and energy transduction. The results showed that the guanidinium
group of Camostat and Nafamostat is the key motif that undergoes
robust interactions with adjacent strong electronegative atoms
through the formation of hydrogen bond interaction forces in the
molecular docking mode of the drug-TMPRSS2 complex (Zhao
et al. 2021). Vankadari et al. (2022) identified the pivotal region
of the SARS-CoV-2 S-protein that interacted with the domain of
catalytic hydrolysis of TMPRSS2 in the process of TMPRSS2-me-
diated viral entry by computational and biochemical approaches
(Vankadari et al. 2022).

In the current research field of medicinal chemistry, comput-
er-aided drug design and artificial intelligence drug design play
a vital role, which can shorten the cycle of new drug research and
development and reduce economic costs to a considerable extent.
The disclosure of the crystal structure of TMPRSS2-Nafamostat
provides a crucial structure basis for rational drug design and
development by the above technical means in the future.
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Fig. 7:  General mechanism of action by which the pharmacophore groups of Camo-
stat and Nafamostat inhibit TMPRSS2 (Hempel et al. 2021b).

6. Conclusions and perspectives

The COVID-19 outbreak has already infected over 700 million people worldwide,
and more than 6 million people died in the last 3 years. Vaccines have been shown
to be the most effective weapon against different viruses, including SARS-CoV-2,
but not everyone is suitable for vaccination. The current treatment for COVID-19 is
divided into two main categories: patient-based symptomatic treatment and SARS-
CoV-2-based antivirus therapy. Unfortunately, the above strategies for treatment
and prophylactic are limited by the emerging variants of concern. TMPRSS2 is a
serine protease that has been demonstrated to play a key role in the SARS-CoV-2
viral entry by activating the spike protein-mediated cell membrane fusion. Camostat
and Nafamostat are broad-spectrum serine protease inhibitors that potently inhibit
S-protein-mediated viral entry, and they are already in Phase 2/3 clinical trials for
COVID-19. Recently, novel TMPRSS2 inhibitors, including MM3122 and N-0385
were synthesized as potential candidate drugs for treatment or prophylaxis of
COVID-19. At the same time, the repurposed drugs Otamixaban and Avoralstat that
act as TMPRSS2 inhibitors showed potent activity to inhibit SARS-CoV-2 viral entry
in vivo and in vitro. Taken together, it is obvious that TMPRSS2 has a significant
capacity as a host-based therapeutic and prophylactic target against SARS-CoV-2 and
even other coronavirus infections in the future.

CRediT authorship contribution statement: The work was done through the contribu-
tions of all the authors. All authors have approved the final version of the manuscript.

Declaration of competing interest: The authors declare that they have no conflicts of
interest or personal relationships that could have appeared to have influenced the work
they report in this paper.

Acknowledgments: This research was supported by the National Natural Science
Foundation of China (NSFC, grant numbers 22177105), the Zhejiang Leading Inno-
vation and Entrepreneurship Team (grant number 2018R01015) and the Zhejiang
Provincial Key Discipline of Chemical Biology.

References

Adamson CS, Chibale K, Goss RIM, Jaspars M, Newman DJ, Dorrington RA (2021)
Antiviral drug discovery: preparing for the next pandemic. Chem Soc Rev 50:
3647-3655.

Ansarin K, Tolouian R, Ardalan M, Taghizadieh A, Varshochi M, Teimouri S, Vaezi
T, Valizadeh H, Saleh P, Safiri S, Chapman KR (2020) Effect of bromhexine on
clinical outcomes and mortality in COVID-19 patients: A randomized clinical trial.
Bioimpacts 10: 209-215.

Asakura H, Ogawa H (2020) Potential of heparin and nafamostat combination therapy
for COVID-19. J Thromb Haemost 18: 1521-1522.

221



REVIEW

Aygoren-Pursun E, Magerl M, Graff J, Martinez-Saguer I, Kreuz W, Longhurst H,
Nasr I, Bas M, Strassen U, Fang L, Cornpropst M, Dobo S, Collis P, Sheridan WP,
Maurer M (2016) Prophylaxis of hereditary angioedema attacks: A randomized
trial of oral plasma kallikrein inhibition with avoralstat. J Allergy Clin Immunol
138: 934-936.

Beckh K, Weidenbach H, Weidenbach F, Muller R, Adler G (1991) Hepatic and
pancreatic metabolism and biliary-excretion of the protease inhibitor camsotat
mesilate. Int J Pancreatol 10: 197-205.

Bestle D, Heindl MR, Limburg H, Van Lam van T, Pilgram O, Moulton H, Stein DA,
Hardes K, Eickmann M, Dolnik O, Rohde C, Klenk HD, Garten W, Steinmetzer
T, Bottcher-Friebertshauser E (2020) TMPRSS2 and furin are both essential for
proteolytic activation of SARS-CoV-2 in human airway cells. Life Sci Alliance
3:€202000786.

Bottcher-Friebertshduser E, Stein DA, Klenk H-D, Garten W (2011) Inhibi-
tion of influenza virus infection in human airway cell cultures by an antisense
peptide-conjugated morpholino oligomer targeting the hemagglutinin-activating
protease TMPRSS2. J Virol 85: 1554-1562.

Bugge TH, Antalis TM, Wu Q (2009) Type II transmembrane serine proteases. J Biol
Chem 284: 23177-23181.

Cao JF, Yang X, Xiong L, Wu M, Chen S, Xiong C, He P, Zong Y, Zhang L, Fu
H, Qi Y, Ying X, Liu D, Hu X, Zhang X (2022) Mechanism of N-0385 blocking
SARS-CoV-2 to treat COVID-19 based on molecular docking and molecular
dynamics. Front Microbiol 13: 1013911.

Cavallini G, Tittobello A, Frulloni L, Masci E, Mariani A, DiFrancesco V, Angelini
GP, Casarini MB, Bedogni G, Conigliaro R, Bonardi L, Khajekini MTA, Cipol-
letta L, Bianco MA, Costamagna G, Perri V, Dobrilla G, DePretis G, Familiari
L, Giacobbe G, Fratton A, Carone N, Loriga P, Muscas A, Mazzeo F, Gaeta L,
Miglioli M, Pezzilli R, Morelli A, Santucci L, Naccarato R, DelFavero G, Orlandi
F, Macarri GP, Russo A, Virgilio C, Uomo G, Manes G (1996) Gabexate for the
prevention of pancreatic damage related to endoscopic retrograde cholangiopan-
creatography. N Engl J Med 335: 919-923.

Chang CC, Cheng AC, Chang AB (2014) Over-the-counter (OTC) medications to
reduce cough as an adjunct to antibiotics for acute pneumonia in children and
adults. Cochrane Database Syst Rev. CD006088

ChenY, Lear TB, Evankovich JW, Larsen MB, Lin B, Alfaras I, Kennerdell JR, Salm-
inen L, Camarco DP, Lockwood KC, Tuncer F, Liu J, Myerburg MM, McDyer JF,
Liu'Y, Finkel T, Chen BB (2021) A high-throughput screen for TMPRSS2 expres-
sion identifies FDA-approved compounds that can limit SARS-CoV-2 entry. Nat
Commun 12: 3907.

Chen YW, Lee MS, Lucht A, Chou FP, Huang W, Havighurst TC, Kim K, Wang JK,
Antalis TM, Johnson MD, Lin CY (2010) TMPRSS?2, a serine protease expressed in
the prostate on the apical surface of luminal epithelial cells and released into semen
in prostasomes, is misregulated in prostate cancer cells. Am J Pathol 176: 2986-2996.

Cornpropst M, Collis P, Collier J, Babu YS, Wilson R, Zhang J, Fang L, Zong J, Sher-
idan WP (2016) Safety, pharmacokinetics, and pharmacodynamics of avoralstat,
an oral plasma kallikrein inhibitor: phase 1 study. Allergy 71: 1676-1683.

Deng Q, Rasool RU, Russell RM, Natesan R, Asangani IA (2021) Targeting androgen
regulation of TMPRSS2 and ACE2 as a therapeutic strategy to combat COVID-19.
iScience 24: 102254.

Depfenhart M, de Villiers D, Lemperle G, Meyer M, Di Somma S (2020) Potential
new treatment strategies for COVID-19: is there a role for bromhexine as add-on
therapy? Intern Emerg Med 15: 801-812.

Ellinger B, Bojkova D, Zaliani A, Cinatl J, Claussen C, Westhaus S, Keminer O,
Reinshagen J, Kuzikov M, Wolf M, Geisslinger G, Gribbon P, Ciesek S (2021) A
SARS-CoV-2 cytopathicity dataset generated by high-content screening of a large
drug repurposing collection. Sci Data 8: 70.

Essalmani R, Jain J, Susan-Resiga D, Andréo U, Evagelidis A, Derbali RM, Huynh
DN, Dallaire F, Laporte M, Delpal A, Sutto-Ortiz P, Coutard B, Mapa C, Wilcoxen
K, Decroly E, Pham TNC, Eric A, Seidaha NG (2022) Distinctive roles of furin and
TMPRSS2 in SARS-CoV-2 infectivity. J Virol 96: e0012822.

Feikin DR, Higdon MM, Abu-Raddad LJ, Andrews N, Araos R, Goldberg Y, Groome
MIJ, Huppert A, O’Brien KL, Smith PG, Wilder-Smith A, Zeger S, Deloria Knoll
M, Patel MK (2022) Duration of effectiveness of vaccines against SARS-CoV-2
infection and COVID-19 disease: results of a systematic review and meta-regres-
sion. Lancet 399: 924-944.

Fraser BJ, Beldar S, Seitova A, Hutchinson A, Mannar D, Li Y, Kwon D, Tan R,
Wilson RP, Leopold K, Subramaniam S, Halabelian L, Arrowsmith CH, Bénard
F (2021) Structure, activity and inhibition of human TMPRSS2, a protease impli-
cated in SARS- CoV-2 activation. Biorxiv

Fraser BJ, Beldar S, Seitova A, Hutchinson A, Mannar D, Li Y, Kwon D, Tan R,
Wilson RP, Leopold K, Subramaniam S, Halabelian L, Arrowsmith CH, Benard
F (2022) Structure and activity of human TMPRSS2 protease implicated in
SARS-CoV-2 activation. Nat Chem Biol 18: 963-971.

Fujii S, Hitomi Y (1981) New synthetic inhibitors of Clr, C1 esterase, thrombin,
plasmin, kallikrein and trypsin. Biochim Biophysi Acta 661: 342-345.

Furgala-Wojas A, Kowalska M, Nowaczyk A, Fijalkowski L, Salat K (2020) Compar-
ison of bromhexine and its active metabolite — ambroxol as potential analgesics
reducing oxaliplatin-induced neuropathic pain — pharmacodynamic and molecular
docking studies. Current Drug Metabolism 21: 548-561.

Gierer S, Bertram S, Kaup F, Wrensch F, Heurich A, Kramer-Kuhl A, Welsch K,
Winkler M, Meyer B, Drosten C, Dittmer U, von Hahn T, Simmons G, Hofmann
H, Pohlmann S (2013) The spike protein of the emerging betacoronavirus EMC
uses a novel coronavirus receptor for entry, can be activated by TMPRSS?2, and is
targeted by neutralizing antibodies. J Virol 87: 5502-5511.

Gorbalenya AE, Baker SC, Baric RS, de Groot RID, Drosten C, Gulyaeva AA, Haag-
mans BLL, Lauber C, Leontovich AM, Neuman BW, Penzar D, Perlman S, Poon
LLM, Samborskiy DV, Sidorov IA, Sola I, Ziebuhr J (2020) The species severe
acute respiratory syndrome-related coronavirus: classifying 2019-nCoV and
naming it SARS-CoV-2. Nat Microbiol 5: 536-544.

222

Greenidge PA, Merette SAM, Beck R, Dodson G, Goodwin CA, Scully MF, Spencer
J, Weiser J, Deadman JJ (2003) Generation of ligand conformations in continuum
solvent consistent with protein active site topology: Application to thrombin. J
Med Chem 46: 1293-1305.

Guertin KR, Gardner CJ, Klein SI, Zulli AL, Czekaj M, Gong Y, Spada AP, Cheney
DL, Maignan S, Guilloteau JP, Brown KD, Colussi DJ, Chu V, Heran CL, Morgan
SR, Bentley RG, Dunwiddie CT, Leadley RJ, Pauls HW (2002) Optimization of
the B-aminoester class of factor Xa inhibitors. Part 2: Identification of FXV673 as
a potent and selective inhibitor with excellent in vivo anticoagulant activity. Bioorg
Med Chem Lett 12: 1671-1674.

Gunst JD, Staerke NB, Pahus MH, Kristensen LH, Bodilsen J, Lohse N, Dalgaard LS,
Bronnum D, Frobert O, Honge B, Johansen IS, Monrad I, Erikstrup C, Rosendal R,
Vilstrup E, Mariager T, Bove DG, Offersen R, Shakar S, Cajander S, Jorgensen NP,
Sritharan SS, Breining P, Jespersen S, Mortensen KL, Jensen ML, Kolte L, Frattari
GS, Larsen CS, Storgaard M, Nielsen LP, Tolstrup M, Saedder EA, Ostergaard LJ,
Ngo HTT, Jensen MH, Hojen JF, Kjolby M, Sogaard OS (2021) Efficacy of the
TMPRSS2 inhibitor camostat mesilate in patients hospitalized with Covid-19-a
double-blind randomized controlled trial. EClinicalMedicine 35: 100849.

Hembrough TA, Swartz GM, Papathanassiu A, Vlasuk GP, Rote WE, Green SJ,
Pribluda VS (2003) Tissue factor/factor VIla inhibitors block angiogenesis and
tumor growth through a nonhemostatic mechanism. Cancer Res 63: 2997-3000.

Hempel T, Elez K, Kruger N, Raich L, Shrimp JH, Danov O, Jonigk D, Braun A,
Shen M, Hall MD, Pohlmann S, Hoffmann M, Noe F (2021a) Synergistic inhibi-
tion of SARS-CoV-2 cell entry by otamixaban and covalent protease inhibitors:
pre-clinical assessment of pharmacological and molecular properties. Chem Sci
12: 12600-12609.

Hempel T, Raich L, Olsson S, Azouz NP, Klingler AM, Hoffmann M, Pohlmann
S, Rothenberg ME, Noé F (2021b) Molecular mechanism of inhibiting the
SARS-CoV-2 cell entry facilitator TMPRSS2 with camostat and nafamostat. Chem
Sci 12: 983-992.

Hoffmann M, Arora P, Gross R, Seidel A, Hornich BF, Hahn AS, Kruger N, Graichen
L, Hofmann-Winkler H, Kempf A, Winkler MS, Schulz S, Jack HM, Jahrsdorfer B,
Schrezenmeier H, Muller M, Kleger A, Munch J, Pohlmann S (2021a) SARS-CoV-2
variants B.1.351 and P.1 escape from neutralizing antibodies. Cell 184: 2384-2393.

Hoffmann M, Hofmann-Winkler H, Kruger N, Kempf A, Nehlmeier I, Graichen
L, Arora P, Sidarovich A, Moldenhauer AS, Winkler MS, Schulz S, Jack HM,
Stankov MV, Behrens GMN, Pohlmann S (2021b) SARS-CoV-2 variant B.1.617
is resistant to bamlanivimab and evades antibodies induced by infection and vacci-
nation. Cell Rep 36: 109415.

Hoffmann M, Hofmann-Winkler H, Smith JC, Kruger N, Arora P, Sorensen LK,
Sogaard OS, Hasselstrom JB, Winkler M, Hempel T, Raich L, Olsson S, Danov O,
Jonigk D, Yamazoe T, Yamatsuta K, Mizuno H, Ludwig S, Noe F, Kjolby M, Braun
A, Sheltzer JM, Pohlmann S (2021c) Camostat mesylate inhibits SARS-CoV-2
activation by TMPRSS2-related proteases and its metabolite GBPA exerts antiviral
activity. EBioMedicine 65: 103255.

Hoffmann M, Kleine-Weber H, Schroeder S, Kruger N, Herrler T, Erichsen S, Schi-
ergens TS, Herrler G, Wu NH, Nitsche A, Muller MA, Drosten C, Pohlmann S
(2020) SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is blocked
by a clinically proven protease inhibitor. Cell 181: 271-280.

Hornich BF, Grosskopf AK, Schlagowski S, Tenbusch M, Kleine-Weber H, Neipel F,
Stahl-Hennig C, Hahn AS (2021) SARS-CoV-2 and SARS-CoV spike-mediated
cell-cell fusion differ in their requirements for receptor expression and proteolytic
activation. J Virol 95: e00002-21.

Hu X, Shrimp JH, Guo H, Xu M, Chen CZ, Zhu W, Zakharov AV, Jain S, Shinn P,
Simeonov A, Hall MD, Shen M (2021) Discovery of TMPRSS2 inhibitors from
virtual screening as a potential treatment of COVID-19. ACS Pharmacol Transl
Sci 4: 1124-1135.

Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y, Zhang L, Fan G, Xu J, Gu X, Cheng Z,
Yu T, XiaJ, Wei Y, Wu W, Xie X, Yin W, Li H, Liu M, Xiao Y, Gao H, Guo L, Xie J,
Wang G, Jiang R, Gao Z, Jin Q, Wang J, Cao B (2020) Clinical features of patients
infected with 2019 novel coronavirus in Wuhan, China. Lancet 395: 497-506.

Iwata-Yoshikawa N, Kakizaki M, Shiwa-Sudo N, Okura T, Tahara M, Fukushi S,
Maeda K, Kawase M, Asanuma H, Tomita Y, Takayama I, Matsuyama S, Shirato K,
Suzuki T, Nagata N, Takeda M (2022) Essential role of TMPRSS2 in SARS-CoV-2
infection in murine airways. Nat Commun 13: 6100.

Kawase M, Shirato K, van der Hoek L, Taguchi F, Matsuyama S (2012) Simultaneous
treatment of human bronchial epithelial cells with serine and cysteine protease inhibitors
prevents severe acute respiratory syndrome coronavirus entry. J Virol 86: 6537-6545.

Keller C, Bottcher-Friebertshauser E, Lohoff M (2022) TMPRSS2, a novel host-di-
rected drug target against SARS-CoV-2. Signal Transduct Target Ther 7: 251.

Kim TS, Heinlein C, Hackman RC, Nelson PS (2006) Phenotypic analysis of mice
lacking the Tmprss2-encoded protease. Mol Cell Biol 26: 965-975.

Krasemann S, Haferkamp U, Pfefferle S, Woo MS, Heinrich F, Schweizer M, Appelt-
Menzel A, Cubukova A, Barenberg J, Leu J, Hartmann K, Thies E, Littau JL,
Sepulveda-Falla D, Zhang L, Ton K, Liang Y, Matschke J, Ricklefs F, Sauvigny
T, Sperhake J, Fitzek A, Gerhartl A, Brachner A, Geiger N, Konig EM, Bodem J,
Franzenburg S, Franke A, Moese S, Muller FJ, Geisslinger G, Claussen C, Kannt
A, Zaliani A, Gribbon P, Ondruschka B, Neuhaus W, Friese MA, Glatzel M, Pless
O (2022) The blood-brain barrier is dysregulated in COVID-19 and serves as a
CNS entry route for SARS-CoV-2. Stem Cell Reports 17: 307-320.

Leach DA, Mohr A, Giotis ES, Cil E, Isac AM, Yates LL, Barclay WS, Zwacka RM,
Bevan CL, Brooke GN (2021) The antiandrogen enzalutamide downregulates
TMPRSS?2 and reduces cellular entry of SARS-CoV-2 in human lung cells. Nat
Commun 12: 4068.

Li F, Han M, Dai P, Xu W, He J, Tao X, Wu Y, Tong X, Xia X, Guo W, Zhou Y, Li Y,
Zhu'Y, Zhang X, Liu Z, Aji R, Cai X, LiY, Qu D, Chen Y, Jiang S, Wang Q, Ji H,
Xie Y, SunY, Lu L, Gao D (2021) Distinct mechanisms for TMPRSS2 expression
explain organ-specific inhibition of SARS-CoV-2 infection by enzalutamide. Nat
Commun 12: 866.

Pharmazie 78 (2023)



REVIEW

Li T, Sun L, Zhang W, Zheng C, Jiang C, Chen M, Chen D, Dai Z, Bao S, Shen X
(2020) Bromhexine hydrochloride tablets for the treatment of moderate COVID-
19: an open-label randomized controlled pilot study. Clin Transl Sci 13: 1096-
1102.

LiY, Wang K, Sun H, Wu S, Wang H, Shi Y, Li X, Yan H, Yang G, Wu M, Li Y, Ding
X, Si S, Jiang J, DuY, Li'Y, Hong B (2023) Omicsynin B4 potently blocks corona-
virus infection by inhibiting host proteases cathepsin L and TMPRSS2. Antiviral
Res 214: 105606.

Liao Y, Bottcher H, J. H, Greiner H, Amsterdam C, Cremers T, Sundell S, Marz J,
Rautenberg WW, H. (2000) New selective and potent 5-HT1B/1D antagonists:
chemistry and pharmacological evaluation of N-piperazinylphenyl biphenylcar-
boxamides and biphenylsulfonamides. ] Med Chem 43: 517-525.

Lin BY, Ferguson C, White JT, Wang SY, Vessella R, True LD, Hood L, Nelson PS
(1999) Prostate-localized and androgen-regulated expression of the membrane-
bound serine protease TMPRSS2. Cancer Res 59: 4180-4184.

Liu T, Luo S, Libby P, Shi GP (2020) Cathepsin L-selective inhibitors: A potentially
promising treatment for COVID-19 patients. Pharmacol Ther 213: 107587.

Longo A, Librizzi M, Chuckowree IS, Baltus CB, Spencer J, Luparello C (2015)
Cytotoxicity of the urokinase-plasminogen activator inhibitor carbamimidothioic
acid (4-boronophenyl) methyl ester hydrobromide (BC-11) on triple-negative
MDA-MB231 Breast Cancer Cells. Molecules 20: 9879-9889.

Lu YX, Ju HQ, Wang F, Chen LZ, Wu QN, Sheng H, Mo HY, Pan ZZ, Xie D, Kang
TB, Chen G, Yun JP, Zeng ZL, Xu RH (2016) Inhibition of the NF-kappa B
pathway by nafamostat mesilate suppresses colorectal cancer growth and metas-
tasis. Cancer Lett 380: 87-97.

Lucas JM, Heinlein C, Kim T, Hernandez SA, Malik MS, True LD, Morrissey C,
Corey E, Montgomery B, Mostaghel E, Clegg N, Coleman I, Brown CM, Schneider
EL, Craik C, Simon JA, Bedalov A, Nelson PS (2014) The androgen-regulated
protease TMPRSS2 activates a proteolytic cascade involving components of the
tumor microenvironment and promotes prostate cancer metastasis. Cancer Discov
4:1310-1325.

Maggio R, Corsini GU (2020) Repurposing the mucolytic cough suppressant and
TMPRSS2 protease inhibitor bromhexine for the prevention and management of
SARS-CoV-2 infection. Pharmacol Res 157: 104837.

Mahoney M, Damalanka VC, Tartell MA, Chung DH, Lourenco AL, Pwee D, Mayer
Bridwell AE, Hoffmann M, Voss J, Karmakar P, Azouz NP, Klingler AM, Rothlauf
PW, Thompson CE, Lee M, Klampfer L, Stallings CL, Rothenberg ME, Pohlmann
S, Whelan SPJ, O’Donoghue AJ, Craik CS, Janetka JW (2021) 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 118: €2108728118.

Manandhar S, Pai KSR, Krishnamurthy PT, Kiran A, Kumari GK (2022) Identifi-
cation, virtual screening and molecular dynamic analysis of novel TMPRSS2
inhibitors from natural compound database as potential entry-blocking agents in
SARS-CoV-2 therapy. Struct Chem 33: 1609-1617.

Mantzourani C, Vasilakaki S, Gerogianni VE, Kokotos G (2022) The discovery and
development of transmembrane serine protease 2 (TMPRSS2) inhibitors as candi-
date drugs for the treatment of COVID-19. Expert Opin Drug Discov 17: 231-246.

Matsuyama S, Nao N, Shirato K, Kawase M, Saito S, Takayama I, Nagata N, Sekizuka
T, Katoh H, Kato F, Sakata M, Tahara M, Kutsuna S, Ohmagari N, Kuroda M,
Suzuki T, Kageyama T, Takeda M (2020) Enhanced isolation of SARS-CoV-2 by
TMPRSS2-expressing cells. Proc Natl Acad Sci USA 117: 7001-7003.

McFadyen JD, Stevens H, Peter K (2020) The emerging threat of (micro)thrombosis
in COVID-19 and its therapeutic implications. Circ Res 127: 571-587.

McKee DL, Sternberg A, Stange U, Laufer S, Naujokat C (2020) Candidate drugs
against SARS-CoV-2 and COVID-19. Pharmacol Res 157: 104859.

Meyer D, Sielaff F, Hammami M, Bottcher-Friebertshauser E, Garten W, Steinmetzer
T (2013) Identification of the first synthetic inhibitors of the type II transmembrane
serine protease TMPRSS2 suitable for inhibition of influenza virus activation.
Biochem J 452: 331-343.

Midgley I, Hood AJ, Proctor P, Chasseaud LF, Irons SR, Cheng KN, Brindley CJ,
Bonn R (1994) Metabloic fate of C-14 camostat mesylate in man, rat, and dog aftre
intravenous administration. Xenobiotica 24: 79-92.

Morrissey JH, Neuenschwander PF, Huang QL, McCallum CD, Su BX, Johnson
AE (1997) Factor VlIa tissue factor: Functional importance of protein-membrane
interactions. Thrombosis and Haemostasis 78: 112-116.

Moumbock AFA, Tran HTT, Lamy E, Gunther S (2023) BC-11 is a covalent
TMPRSS2 fragment inhibitor that impedes SARS-CoV-2 host cell entry. Arch
Pharm 356: ¢2200371.

PaoloniGiacobino A, Chen HM, Peitsch MC, Rossier C, Antonarakis SE (1997)
Cloning of the TMPRSS2 gene, which encodes a novel serine protease with trans-
membrane, LDLRA, and SRCR domains and maps to 21q22.3. Genomics 44:
309-320.

Qiao Y, Wang XM, Mannan R, Pitchiaya S, Zhang Y, Wotring JW, Xiao L, Robinson
DR, Wu YM, Tien JC, Cao X, Simko SA, Apel 1J, Bawa P, Kregel S, Narayanan
SP, Raskind G, Ellison SJ, Parolia A, Zelenka-Wang S, McMurry L, Su F, Wang R,
Cheng Y, Delekta AD, Mei Z, Pretto CD, Wang S, Mehra R, Sexton JZ, Chinnaiyan
AM (2020) Targeting transcriptional regulation of SARS-CoV-2 entry factors
ACE2 and TMPRSS2. Proc Natl Acad Sci USA 118: ¢2021450118.

Rahman N, Basharat Z, Yousuf M, Castaldo G, Rastrelli L, Khan H (2020) Virtual
screening of natural products against type Il transmembrane serine protease
(TMPRSS2), the priming agent of coronavirus 2 (SARS-CoV-2). Molecules 25:
2271.

Ramanathan RK, Thomas GW, Khorana AA, Shah S, Zhou C, Wong S, Cole G, Jr.,
James D, Gabrail NY (2019) A phase 2 study of PCI-27483, a factor VIIa inhibitor
in combination with gemcitabine for advanced pancreatic cancer. Oncology 96:
217-222.

Rensi S, Keys A, Lo Y-C, Derry A, Mclnnes G, Liu T, Altman R (2020) Homology
modeling of TMPRSS2 yields candidate drugs that may inhibit entry of
SARS-CoV-2 into human cells. ChemRxiv

Pharmazie 78 (2023)

Riedl MA, Aygoren-Pursun E, Baker J, Farkas H, Anderson J, Bernstein JA, Bouillet
L, Busse P, Manning M, Magerl M, Gompels M, Huissoon AP, Longhurst H,
Lumry W, Ritchie B, Shapiro R, Soteres D, Banerji A, Cancian M, Johnston DT,
Craig TJ, Launay D, Li HH, Liebhaber M, Nickel T, Offenberger J, Rae W, Schri-
jvers R, Triggiani M, Wedner HJ, Dobo S, Cornpropst M, Clemons D, Fang L,
Collis P, Sheridan WP, Maurer M (2018) Evaluation of avoralstat, an oral kallikrein
inhibitor, in a Phase 3 hereditary angioedema prophylaxis trial: The OPuS-2 study.
Allergy 73: 1871-1880.

Sacco C, Del Manso M, Mateo-Urdiales A, Rota MC, Petrone D, Riccardo F, Bella
A, Siddu A, Battilomo S, Proietti V, Popoli P, Menniti Ippolito F, Palamara AT,
Brusaferro S, Rezza G, Pezzotti P, Fabiani M, Italian National C-ISS, the Italian
C-vr (2022) Effectiveness of BNT162b2 vaccine against SARS-CoV-2 infection
and severe COVID-19 in children aged 5-11 years in Italy: a retrospective analysis
of January-April, 2022. Lancet 400: 97-103.

Samuel RM, Majd H, Richter MN, Ghazizadeh Z, Zekavat SM, Navickas A, Ramirez
JT, Asgharian H, Simoneau CR, Bonser LR, Koh KD, Garcia-Knight M, Tassetto
M, Sunshine S, Farahvashi S, Kalantari A, Liu W, Andino R, Zhao H, Natarajan
P, Erle DJ, Ott M, Goodarzi H, Fattahi F (2020) Androgen signaling regulates
SARS-CoV-2 receptor levels and is associated with severe COVID-19 symptoms
in men. Cell Stem Cell 27: 876-889.

Shapira T, Monreal IA, Dion SP, Buchholz DW, Imbiakha B, Olmstead AD, Jager
M, Desilets A, Gao G, Martins M, Vandal T, Thompson CAH, Chin A, Rees WD,
Steiner T, Nabi IR, Marsault E, Sahler J, Diel DG, Van de Walle GR, August A,
Whittaker GR, Boudreault PL, Leduc R, Aguilar HC, Jean F (2022) A TMPRSS2
inhibitor acts as a pan-SARS-CoV-2 prophylactic and therapeutic. Nature 605:
340-348.

Shen LW, Mao HJ, Wu YL, Tanaka Y, Zhang W (2017) TMPRSS2: A potential target
for treatment of influenza virus and coronavirus infections. Biochimie 142: 1-10.

Shen LW, Qian MQ, Yu K, Narva S, Yu F, Wu YL, Zhang W (2020) Inhibition of
Influenza A virus propagation by benzoselenoxanthenes stabilizing TMPRSS2
Gene G-quadruplex and hence down-regulating TMPRSS2 expression. Sci Rep
10: 7635.

Shirato K, Kawase M, Matsuyama S (2013) Middle East respiratory syndrome coro-
navirus infection mediated by the transmembrane serine protease TMPRSS2. J
Virol 87: 12552-12561.

Shrimp JH, Janiszewski J, Chen CZ, Xu M, Wilson KM, Kales SC, Sanderson PE,
Shinn P, Schneider R, Itkin Z, Guo H, Shen M, Klumpp-Thomas C, Michael SG,
Zheng W, Simeonov A, Hall MD (2022) Suite of TMPRSS2 assays for screening
drug repurposing candidates as potential treatments of COVID-19. ACS Infect Dis
8: 1191-1203.

Shrimp JH, Kales SC, Sanderson PE, Simeonov A, Shen M, Hall MD (2020) An
enzymatic TMPRSS2 assay for assessment of clinical candidates and discovery
of inhibitors as potential treatment of COVID-19. ACS Pharmacol Transl Sci 3:
997-1007.

Si L, Bai H, Rodas M, Cao W, Oh CY, Jiang A, Moller R, Hoagland D, Oishi K, Hori-
uchi S, Uhl S, Blanco-Melo D, Albrecht RA, Liu WC, Jordan T, Nilsson-Payant
BE, Golynker I, Frere J, Logue J, Haupt R, McGrath M, Weston S, Zhang T,
Plebani R, Soong M, Nurani A, Kim SM, Zhu DY, Benam KH, Goyal G, Gilpin
SE, Prantil-Baun R, Gygi SP, Powers RK, Carlson KE, Frieman M, tenOever BR,
Ingber DE (2021) A human-airway-on-a-chip for the rapid identification of candi-
date antiviral therapeutics and prophylactics. Nat Biomed Eng 5: 815-829.

Sivaraman H, Er SY, Choong YK, Gavor E, Sivaraman J (2021) Structural basis of
SARS-CoV-2- and SARS-CoV-receptor binding and small-molecule blockers as
potential therapeutics. Annu Rev Pharmacol Toxicol 61: 465-493.

Steg PG, Mehta SR, Pollack CV, Jr., Bode C, Cohen M, French WJ, Hoekstra J,
Rao SV, Ruzyllo W, Ruiz-Nodar JM, Sabate M, Widimsky P, Kiss RG, Navarro
Estrada JL, Hod H, Kerkar P, Guneri S, Sezer M, Ruda M, Nicolau JC, Caval-
lini C, Ebrahim I, Petrov I, Kim JH, Jeong MH, Ramos Lopez GA, Laanmets P,
Kovar F, Gaudin C, Fanouillere KC, Minini P, Hoffman EB, Moryusef A, Wiviott
SD, Sabatine MS, Investigators TAO (2013) Anticoagulation with otamixaban and
ischemic events in non-ST-segment elevation acute coronary syndromes: the TAO
randomized clinical trial. JAMA 310: 1145-1155.

Sun G, Sui Y, Zhou Y, Ya J, Yuan C, Jiang L, Huang M (2021) Structural basis of
covalent inhibitory mechanism of TMPRSS2-related serine proteases by camostat.
J Virol 95: e0086121.

Sun YJ, Velez G, Parsons DE, Li K, Ortiz ME, Sharma S, McCray PB, Jr., Bassuk
AG, Mahajan VB (2021) Structure-based phylogeny identifies avoralstat as a
TMPRSS?2 inhibitor that prevents SARS-CoV-2 infection in mice. J Clin Invest
131: e147973.

Tian D, Liu Y, Liang C, Xin L, Xie X, Zhang D, Wan M, Li H, Fu X, Liu H, Cao
W (2021) An update review of emerging small-molecule therapeutic options for
COVID-19. Biomed Pharmacother 137: 111313.

Tolouian R, Mulla ZD, Jamaati H, Babamahmoodi A, Marjani M, Eskandari R,
Dastan F (2021) Effect of bromhexine in hospitalized patients with COVID-19. J
Investig Med 15: jim-2020-001747.

Tomita Y, Matsuyama S, Fukuhara H, Maenaka K, Kataoka H, Hashiguchi T, Takeda
M (2021) The physiological TMPRSS2 inhibitor HAI-2 alleviates SARS-CoV-2
infection. J Virol 95: e00434-21.

Ueda N, Midorikawa A, Ino Y, Oda M, Nakamura K, Suzuki S, Kurumi M (2000)
Inhibitory effects of newly synthesized active center-directed trypsin-like serine
protease inhibitors on the complement system. Inflamm Res 49: 42-46.

Vankadari N, Ketavarapu V, Mitnala S, Vishnubotla R, Reddy DN, Ghosal D (2022)
Structure of human TMPRSS?2 in complex with SARS-CoV-2 spike glycoprotein
and implications for potential therapeutics. J Phys Chem Lett 13: 5324-5333.

Vardhan S, Sahoo SK (2022) 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 12: 6-15.

Vila Mendez ML, Anton Sanz C, Cardenas Garcia ADR, Bravo Malo A, Torres
Martinez FJ, Martin Moros JM, Real Torrijos M, Vendrell Covisa JFJ, Guzman

223



REVIEW

Sierra O, Molina Barcena V, Viejo Pinero N, Fernandez Diaz C, Arroyo Burguillo
P, Blanco Gallego AM, Guirao Sanchez C, Montilla Bernabe A, Villanueva Moran
MDP, Juarez Anton S, Fernandez Rodriguez A, Somoza Calvo MA, Cerrada
EC, Perez Manas G, Sanchez Calso A, Vallejo Somohano F, Cauqui Diaz C,
Vinas Fernandez G, Molina Paris J, Gonzalez Godoy M, Lumbreras Garcia G,
Rosado Martin J, Rodriguez Hernandez A, Lopez Antunez S, Vazquez Perfecto G,
Marcello Andres MC, Puente Garcia NM, Gil C, Martinez A, Soler Lopez B (2022)
Efficacy of bromhexine versus standard of care in reducing viral load in patients
with mild-to-moderate COVID-19 disease attended in primary care: a randomized
open-label trial. J Clin Med 12: 142.

Wang S, Fang X, Wang Y (2022) In silico screening of novel TMPRSS2 inhibitors for
treatment of COVID-19. Molecules 27: 4210.

Wettstein L, Kirchhoff F, Munch J (2022a) The transmembrane protease TMPRSS?2 as
a therapeutic target for COVID-19 treatment. Int J Mol Sci 23: 1351.

Wettstein L, Knaff PM, Kersten C, Muller P, Weil T, Conzelmann C, Muller JA,
Bruckner M, Hoffmann M, Pohlmann S, Schirmeister T, Landfester K, Munch J,
Mailander V (2022b) Peptidomimetic inhibitors of TMPRSS2 block SARS-CoV-2
infection in cell culture. Commun Biol 5: 681.

Yamamoto M, Kiso M, Sakai-Tagawa Y, Iwatsuki-Horimoto K, Imai M, Takeda M,
Kinoshita N, Ohmagari N, Gohda J, Semba K, Matsuda Z, Kawaguchi Y, Kawaoka
Y, Inoue JI (2020) 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 12: 629.

Yamamoto M, Matsuyama S, Li X, Takeda M, Kawaguchi Y, Inoue JI, Matsuda Z
(2016) Identification of nafamostat as a potent inhibitor of Middle East Respiratory
Syndrome Coronavirus S protein-mediated membrane fusion using the split-pro-
tein-based cell-cell fusion assay. Antimicrob Agents Chemother 60: 6532-6539.

224

Yamaya M, Shimotai Y, Hatachi Y, Lusamba Kalonji N, Tando Y, Kitajima Y, Matsuo
K, Kubo H, Nagatomi R, Hongo S, Homma M, Nishimura H (2015) The serine
protease inhibitor camostat inhibits influenza virus replication and cytokine
production in primary cultures of human tracheal epithelial cells. Pulm Pharmacol
Ther 33: 66-74.

Yang H, Rao Z (2021) Structural biology of SARS-CoV-2 and implications for thera-
peutic development. Nat Rev Microbiol 19: 685-700.

Zang RC, Castro MFG, McCune BT, Zeng QR, Rothlauf PW, Sonnek NM, Liu ZM,
Brulois KF, Wang X, Greenberg HB, Diamond MS, Ciorba MA, Whelan SPJ, Ding
SY (2020) TMPRSS2 and TMPRSS4 promote SARS-CoV-2 infection of human
small intestinal enterocytes. Sci Immunol 5: eabc3582.

Zhao X, Luo S, Huang K, Xiong D, Zhang JZH, Duan L (2021) Targeting mechanism
for SARS-CoV-2 in silico: interaction and key groups of TMPRSS2 toward four
potential drugs. Nanoscale 13: 19218-19237.

Zhou H, Fang Y, Xu T, Ni WJ, Shen AZ, Meng XM (2020) Potential therapeutic
targets and promising drugs for combating SARS-CoV-2. Brit J Pharmacol 177:
3147-3161.

Zhou YC, Vedantham P, Lu K, Agudelo J, Carrion Jr R, Nunneley JW, Barnard D,
Pohlmann S, McKerrow JH, Renslo AR, Simmons G (2015) Protease inhibitors
targeting coronavirus and filovirus entry. Antiviral Res 116: 76-84.

Zhu N, Zhang D, Wang W, Li X, Yang B, Song J, Zhao X, Huang B, Shi W, Lu R, Niu
P, Zhan F, Ma X, Wang D, Xu W, Wu G, Gao GF, Tan W, China Novel Coronavirus
I, Research T (2020) A novel coronavirus from patients with pneumonia in China,
2019. N Engl J Med 382: 727-733.

Pharmazie 78 (2023)





