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REVIEW

The discovery and development of transmembrane serine protease 2 (TMPRSS2) 
inhibitors as candidate drugs for the treatment of COVID-19
Christiana Mantzourani a,b, Sofia Vasilakaki a,b, Velisaria-Eleni Gerogiannia,b and George Kokotos a,b

aDepartment of Chemistry, National and Kapodistrian University of Athens, Panepistimiopolis, Athens, Greece; bCenter of Excellence for Drug 
Design and Discovery, National and Kapodistrian University of Athens, Athens, Greece

ABSTRACT
Introduction: Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) has caused the devas-
tating pandemic named coronavirus disease 2019 (COVID-19). Unfortunately, the discovery of antiviral 
agents to combat COVID-19 is still an unmet need. Transmembrane serine protease 2 (TMPRSS2) is an 
important mediator in viral infection and thus, TMPRRS2 inhibitors may be attractive agents for COVID- 
19 treatment.
Areas covered: This review article discusses the role of TMPRSS2 in SARS-CoV-2 cell entry and 
summarizes the inhibitors of TMPRSS2 and their potential anti-SARS activity. Two known TMPRSS2 
inhibitors, namely camostat and nafamostat, approved drugs for the treatment of pancreatitis, are 
under clinical trials as potential drugs against COVID-19.
Expert opinion: Due to the lack of the crystal structure of TMPRSS2, homology models have been 
developed to study the interactions of known inhibitors, including repurposed drugs, with the enzyme. 
However, novel TMPRSS2 inhibitors have been identified through high-throughput screening, and 
appropriate assays studying their in vitro activity have been set up. The discovery of TMPRSS2ʹs crystal 
structure will facilitate the rational design of novel inhibitors and in vivo studies and clinical trials will 
give a clear answer if TMPRSS2 inhibitors could be a new weapon against COVID-19.
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1. Introduction

In late 2019, a new highly infectious respiratory disease, named 
coronavirus disease 2019 (COVID-19), emerged in Wuhan, China 
[1,2]. The causative virus is a member of the Betacoronavirus 
genus within the Coronaviridae family and has been classified 
as Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV 
-2), due to its resemblance to SARS-CoV [3]. COVID-19 causes 
symptoms ranging from mild respiratory illness to pneumonia 
with acute respiratory distress syndrome that can be fatal [4]. As 
of 5 December 2021 nearly 265 million confirmed cases have 
been reported globally, with over 5.2 million confirmed deaths 
[5]. As the number of SARS-CoV-2 cases has risen critically, new 
variants of the virus have been identified and some of them have 
been associated with higher viral load and increased transmissi-
bility [6]. For instance, the latest variant of concern, omicron, 
which was reported to the World Health Organization (WHO) in 
November, has a large number of mutations and is characterized 
by high contagiousness and an increased risk of reinfection [7].

Due to the emergence and severity of this pandemic, there 
has been a worldwide focus on developing vaccines and repur-
posing already approved drugs in order to attenuate the infec-
tion [8,9]. As of 20 October 2021 at least seven different vaccines 
have been distributed in numerous countries, with vulnerable 
populations being prioritized for vaccination [10]. At the same 
time, various key proteins that mediate SARS-CoV-2 infection and 
replication have become attractive targets for drug repurposing. 

Some of these targets are RNA-dependent RNA polymerase 
(RdRp), SARS-CoV-2 main protease (Mpro) and angiotensin- 
converting enzyme 2 (ACE2). A number of drugs that displayed 
promising preliminary results against the disease have been 
tested in patients with COVID-19, namely remdesivir targeting 
RdRp [11], hydroxychloroquine [12] and lopinavir [13]. However, 
recent results from an ongoing clinical trial revealed that these 
drugs had little or no effect on hospitalized patients with the 
disease, as indicated by overall mortality, initiation of ventilation, 
and duration of hospital stay [14]. In particular, Remdesivir exhib-
ited no clinical benefit in hospitalized patients for COVID-19 [15].

The present review focuses on inhibitors of another attrac-
tive target against SARS-CoV-2, namely, transmembrane serine 
protease 2 (TMPRSS2). TMPRSS2 is an important mediator in 
viral infection and cell entry and it has been associated with 
influenza viruses and other coronaviruses [16,17]. The finding 
that SARS-CoV-2 cell entry depends on both ACE2 and 
TMPRSS2 [16] gave rise to a special attention on TMPRSS2 
inhibitors as potential agents to treat COVID-19. Currently, 
the main drugs targeting TMPRSS2, which are tested against 
COVID-19, are camostat mesilate and nafamostat mesilate. 
These inhibitors are approved drugs for the treatment of 
pancreatitis in Japan and preliminary experiments performed 
in vitro, confirm their efficacy against SARS-CoV-2 [17]. In the 
meantime, novel inhibitors of TMPRSS2 have been designed 
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and synthesized, specifically targeting TMPRSS2, employing 
homology models for modeling and docking studies. The 
aim of this review article is to summarize the discovery and 
properties of new compounds and already approved drugs as 
TMPRSS2 inhibitors and the clinical trials, which are ongoing 
for testing these drugs as a monotherapy or in combination 
with other drugs against COVID-19. In addition, computational 
studies, which have been executed to elucidate the mechan-
ism of TMPRSS2 inhibition by the existing drugs, will be dis-
cussed. Due to the lack of TMPRSS2ʹs crystal structure, use of 
homology models based on other well-known serine protease 
structures may facilitate target-based drug discovery and 
design of potential agents to treat COVID-19.

2. TMPRSS2 protein and its role in the proteolytic 
activation of SARS-CoV-2

2.1. Type II Serine proteases

Trypsin-like serine proteases are proteolytic enzymes of the 
serine protease family that catalyze the cleavage of peptide 
bonds, showing specificity for basic amino acids. They have 
been found to be crucial in physiological processes, such as 
blood coagulation, immunity, and digestion. The study of serine 
proteases has led to the identification of a group of enzymes 
that are anchored to the membrane either by C-terminal (Type I) 
or N-terminal (Type II) transmembrane domains [18]. The TTSP 
or Type II subgroup of serine proteases consists of 17 members 
in humans. The hepsin/TMPRSS (transmembrane protease/ser-
ine) subfamily includes 7 members, namely, hepsin, TMPRSS2, 
TMPRSS3, TMPRSS4, TMPRSS5, MSPL (mosaic serine protease 
large-form), and enteropeptidase [19].

2.2. Structure and function of TMPRSS2

One important member of the TTSP subgroup is TMPRSS2, 
which was first discovered in 1997 by Paoloni-Giacobino 
et al. using exon-trapping [20]. The TMPRSS2 gene maps to 

human chromosome 21q22.3 (HC21) and is homologous to 
the human enteropeptidase gene [21], which also maps to 
HC21. The TMPRSS2 protein consists of 492 amino acids and 
it is mainly expressed in the epithelial cells of the prostate, 
breast, bile duct, kidney, colon, small intestine, pancreas, 
ovary, salivary gland, stomach, and lung [22]. The structure 
of this protein is characterized by a 70 amino acid N-terminal 
cytoplasmic domain, a 36 amino acid transmembrane domain, 
a class A LDL receptor (LDLRA) domain, a scavenger receptor 
cysteine-rich (SRCR) domain, and an activation domain linked 
to a serine protease domain via a disulfide bond (Figure 1 
(a)) [20].

TMPRSS2 protein, similar to other TTSPs, is first synthesized 
as a zymogen, which is activated upon proteolytic cleavage. 
The in vitro-translated TMPRSS2 zymogen has a molecular 
mass of 54 kDa, whereas N-linked glycosylation leads to 
human TMPRSS2 proteins having a molecular mass between 
60 and 70 kDa. In cells derived from prostate cancer tissue, 
a 32-kDa TMPRSS2 fragment has been detected, most likely 
the protease domain, which may indicate the partial activation 
of the protease [23]. Afar et al. have studied the proteolytic 
cleavage and secretion of a fraction (mainly the protease 
domain) of the TMPRSS2 protein. The LDLRA and the SRCR 
domains might remain attached to the membrane and poten-
tially function as receptors, independently [24].

In 1999, Lin et al. showed that the mRNA expression of 
TMPRSS2 could be upregulated in prostate cancer LNCaP cells 
upon androgen-stimulation [25]. Moreover, it is known that 
the TMPRSS2 gene is located close to the ERG gene in HC21. 
There is evidence that TMPRSS2-ERG gene fusions disrupt the 
normal androgen receptor signaling, thus promoting prostate 
cancer invasion and progression, and could be found in nearly 
50% of prostate cancer samples studied [26]. On the other 
hand, it has been established that TMPRSS2 is overexpressed 
in prostate hyperplasia, neoplasia, and metastases in a mouse 
model of prostate adenocarcinoma (TRAMP), regardless of 
TMPRSS2-ERG fusion. In particular, it has been proven that 
TMPRSS2 activity regulates cancer cell invasion and metastasis 
to other organs, such as the liver and lung. It is evident that 
TMPRSS2 is a key protease in prostate cancer; however, not 
many physiological functions for this protein have been dis-
covered. In fact, a study using TMPRSS2 knockout mice 
showed that they were viable and fertile displaying no appar-
ent abnormalities [27]. Another study suggested that TMPRSS2 
could regulate epithelial sodium channels (ENaC), which are 
expressed in human airways [28].

2.3. Involvement in the proteolytic activation of viruses

Throughout the years, influenza A viruses have been the cause 
of numerous human epidemics. The infectivity of these viruses 
has been attributed to the cleavage activation of the influenza 
virus hemagglutinin (HA) by host cell proteases, which prime 
the viral protein for low-pH-induced membrane fusion. In 
2006, a study showed that in TMPRSS2 transfected MDCK 
cells, which have been infected with influenza A viruses, multi-
cycle replication of the viruses took place [29]. On the con-
trary, in cells that were transfected with enzymatically inactive 
TMPRSS2, multicycle replication of the viruses did not occur. 

Article highlights

• Transmembrane serine protease 2 (TMPRSS2) is an enzyme that 
plays an important role in cell entry and viral infection by SARS- 
CoV-2, and thus, it is an attractive target for the development of 
inhibitors as new antiviral agents.

• Adopting high-throughput strategies and homology model stu-
dies, novel agents able to inhibit TMPRRS2 have been already 
identified.

• Camostat and nafamostat, known TMPRRS2 inhibitors and 
approved drugs for the treatment of pancreatitis, are under clinical 
trials against COVID-19.

• The determination of TMPRSS2 crystal structure may facilitate the 
rational design of novel inhibitors.

• Inhibitors of TMPRRS2 may be new therapeutic agents for the 
treatment of COVID-19.

This box summarizes key points contained in the article.
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These data led to the suggestion that TMPRSS2 could be 
connected to the proteolytic activation of influenza A viruses 
[28]. This suggestion was further supported by the fact that 
TMPRSS2 was found to be expressed in target cells in the 
human alveolar epithelium [30]. Finally, two studies confirmed 
the role of TMPRSS2 in the activation and spread of H1N1, 
H3N2, and H7N9 influenza A viruses in mice. Specifically, 
TMPRSS2 knockout mice were able to survive infection with 
influenza A viruses, which was fatal to wild-type mice [31,32].

TMPRSS2 protein has also been associated with corona-
viruses, such as severe acute respiratory syndrome-related 
coronavirus (SARS-CoV) and Middle East respiratory syndrome- 
related coronavirus (MERS-CoV), which are highly pathogenic 
to humans. As a class I viral fusion protein, Coronavirus spike 
glycoprotein (S) bears a structural and mechanistic resem-
blance to influenza virus HA. This glucoprotein contains cell 
receptor-binding domains and virus-cell membrane fusion 
domains and it requires proteolytic priming in order to be 
activated [33]. Studies published in 2010 and 2011, indicated 
that TMPRSS2 protein could activate the S protein, inducing 
virus-cell membrane fusion at the cell surface in vitro, in Vero 
E6 and 293 T cells expressing TMPRSS2 [16,34,35]. Eventually, 
MERS-CoV spike protein was also found to be activated by 
TMPRSS2, as Vero-TMPRSS2 cells were 100-fold times more 
susceptible to the virus than parental cells [36]. Finally, animal 
models were used to confirm the role of TMPRSS2 in corona-
virus infections in vivo. In a recent study, Th1-prone C57BL/6 
mice were used for SARS-CoV infection, hDPP4-Tg mice were 
used for MERS-CoV infection and TMPRSS2-knockout mice for 

each experiment. When infected, the TMPRSS2-knockout mice 
demonstrated limited body weight loss and milder symptoms 
in comparison [37].

2.4. Involvement in the proteolytic activation of 
SARS-CoV-2

As the emerging coronavirus SARS-CoV-2 has caused a pan-
demic, elucidation of the viral entry mechanism is essential. In 
two individual studies, it was indicated that the novel virus, 
which is quite similar to SARS-CoV, enters the host cells 
through binding of its spike protein to the ACE2 receptor, 
followed by proteolytic activation by TMPRSS2. SARS-CoV 
and SARS-CoV-2 spike proteins are almost 76% identical 
[17,38].

The SARS-CoV-2 spike protein contains two functional 
domains, S1 and S2 (Figure 1(b)), analogous to other corona-
viruses. The S1 domain is responsible for receptor binding and 
contains an N-terminal domain and a C-terminal domain to 
serve that purpose. The S2 domain is involved in membrane 
fusion and contains a transmembrane domain. In most coro-
naviruses, proteolytic cleavage takes place at the S1/S2 
boundary or within the S2 domain. Following cleavage, the 
S1 and S2 domains remain associated non-covalently [39]. In 
a recent study, it was found that this proteolytic process takes 
place in the plasma membrane, where the virus can then 
easily penetrate the cells in a pH-independent manner. In 
the absence of TMPRSS2, the virus can be endocytosed and 

Figure 1. A. Domain organization of TMPRSS2. B. ACE-2 and TMPRSS2 mediated cell entry of SARS-CoV-2.
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then slowly get activated in a pH-dependent manner via 
cathepsin L, finally entering the cytosol [40].

3. TMPRSS2 inhibitors – Discovery of novel agents 
able to inhibit TMPRSS2

In the midst of the pandemic, scientists have focused on 
finding novel small-molecules able to interact with either 
SARS-CoV-2 proteins or the host cell proteins. In the case of 
TMPRSS2, new inhibitors have emerged through virtual 
screening and molecular docking. Hu et al. reported two 
new inhibitors after virtual screening and docking of nearly 
200,000 compounds and subsequent testing in an enzyme 
assay [41]. The first, NCGC00378763 (Figure 2), also known 
as otamixaban, exhibited an IC50 of 0.62 µM against TMPRSS2 
and efficient activity in a SARS-Cov-2 pseudotyped particle 
viral entry assay (IC50 = 15.84 μΜ), while NCGC00386945 
(Figure 2) had an IC50 of 1.24 µM, as well as 50% activity in 
the viral entry assay (IC50 = 0.35 μM) [41]. Otamixaban has also 
inhibited SARS-Cov-2 infection of precision cut lung slices with 
a potency comparable to camostat mesilate, a known 
TMPRSS2 inhibitor. Hempel et al. suggest that though otamix-
aban exhibited lower potency compared to camostat and 
nafamostat mesilate in SARS-CoV-2 viral entry in Calu-3 cells, 
supplementation with camostat or nafamostat in subnanomo-
lar quantities, can enhance its potency drastically in 
a synergistic manner [42].

Recently, Shapira et al. reported the design and synthesis of 
ketobenzothiazole-based small-molecule peptidomimetics as 
TMPRSS2 inhibitors. The most potent compound N-0385 
(Figure 2) inhibited TMPRSS2 with an IC50 of 1.9 nM and SARS- 
CoV-2 infection in Calu-3 cells, with an ED50 of 2.8 nM. 
Furthermore, a complete inhibition of infection was observed 
at a concentration of 100 nM in colonoids derived from 
human donors [43].

Another drug that has shown potential against SARS- 
CoV-2 is an eight-branched peptide, 8P9R (sequence: 
NGAICWGPCPTAFRQIGNCGRFRVRCCRIR), with an IC50 of 
0.3 μg/mL in Vero-E6 cells. This peptide can cross-link 
SARS-CoV-2, forming viral clusters that can no longer infect 
cells through the TMPRSS2-mediated pathway and can also 
inhibit endosomal acidification to block the endocytic 
pathway of viral infection. In vivo, 8P9R inhibited SARS- 
CoV-2 replication in mouse and hamster lungs at a single 
dose of 0.5 mg/kg the first day and a double dose 
the second day [44].

Finally, α1-antitrypsin (α1ΑΤ) as indicated by Wettstein et al. 
inhibited SARS-CoV-2 spike pseudoparticle entry (IC50 ~ 38.5 
μΜ) and suppressed viral infection and replication of two 
SARS-CoV-2 isolates in TMPRSS2-Vero-E6 cells with IC50s of 
17.3 and 21.2 μM. Additionally, α1ΑΤ inhibited the replication 
of SARS-CoV-2 in primary human airway epithelial cells, and it 
was established that the underlying mechanism of action was 
the inhibition of TMPRSS2 activity, at first, through computa-
tional studies and subsequently, through an enzymatic assay 

Figure 2. Novel agents that inhibit TMPRSS2 and exhibit anti-SARS-CoV-2 activity and structures of nafamostat and camostat with its metabolites.
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where α1ΑΤ inhibited recombinant TMPRSS2 activity in a dose- 
dependent manner at concentrations of 5–50 μM [45].

4. Repurposing of TMPRSS2 inhibitors – Camostat 
and Nafamostat mesilate

TMPRSS2 has emerged as an attractive target for the potential 
treatment of COVID-19. Therefore, two known TMPRSS2 inhi-
bitors, namely camostat mesilate (4) and nafamostat mesilate 
(5) (Figure 2), have attracted special interest. These com-
pounds and their derivatives also act as serine protease inhi-
bitors of trypsin, prostasin, matriptase, plasmin, kallikrein, 
thrombin, and C1 esterases, enzymes connected to the main-
tenance of normal homeostasis, in particular, digestion, blood 
circulation, and coagulation [46].

4.1. Camostat mesilate

Camostat mesilate (4) was first synthesized by Ono 
Pharmaceutical 45 years ago [47,48]. It is currently an approved 
drug in Japan for the treatment of chronic pancreatitis and 
postoperative reflux esophagitis, under the trade name 
FOIPAN® [49]. Supporting this application, it has been demon-
strated that camostat mesilate administration prevented the 
progression of pancreatic fibrosis in rats [50]. Furthermore, 
when given to hypertensive rats, camostat mesilate causes 
reduction of blood pressure, and overall improvement of kidney 
function, potentially by inhibiting prostasin, a protein implicated 
in epithelial sodium channel regulation [51]. When applied to 
airway mucous membranes, camostat inhibits the airway epithe-
lial sodium channel (ENaC) function in Guinea pig trachea and 
enhances the mucociliary clearance in sheep bronchi [52]. In 
addition, it reduces sodium transport in the airway of humans 
with cystic fibrosis [53]. Intriguingly, an association between the 
use of camostat mesilate and reduction of hematuria and/or 
proteinuria in children has been observed [54]. Finally, in 
a study using genetically obese and diabetic rats, administration 
of camostat mesilate was able to reverse hyperglycemia and 
obesity and improve insulin resistance [55].

As an inhibitor of TMPRSS2, camostat mesilate has exhib-
ited promising antiviral activity. Starting with influenza 
viruses, camostat mesilate administration ameliorated influ-
enza A/Taiwan/1/86 virus pathology in mice and was effec-
tive against both influenza type A and B virus infections 
in vitro, in MDCK cells [56] and human tracheal surface 
epithelial cells [57]. Concerning coronaviruses, camostat 
mesilate mediated inhibition of TMPRSS2 led to a 10-fold 
reduction in SARS-CoV virus titer in vitro [36] and increased 
the survival rate of infected mice to 60% [58]. Additionally, 
it has been shown that camostat can partially block infec-
tion by SARS-CoV and human coronavirus NL63 in HeLa 
cells expressing TMPRSS2 and can prevent viral entry and 
growth in human Calu-3 airway epithelial cells, when paired 
with a cathepsin inhibitor [59]. Its action against MERS-CoV 
has been also demonstrated. In fact, when camostat mesi-
late was used at a concentration of 10 μM, it impaired viral 
entry in Vero-TMPRSS2 cells by 15-fold, while the viral RNA 
present in culture supernatant of Calu3 cells was reduced 
270-fold after addition of 100 mM camostat on the 

third day post MERS-CoV infection [38]. These results led 
to the suggestion of camostat mesilate as a possible treat-
ment for SARS-CoV-2. Hoffman et al. reported that camostat 
mesilate partially blocked SARS-2-S-driven entry into Caco-2 
and Vero-TMPRSS2 cells [17], and thus, clinical trials with 
camostat mesilate for the treatment of COVID-19 have been 
initiated. To specify, 22 clinical trials have been registered to 
test camostat mesylate against COVID-19 (Table 1). The 
majority of the trials are randomized, double, triple, or 
quadruple, blinded studies with outcome measures includ-
ing viral load, disease progression, and survival rate. 
Thirteen trials are testing camostat mesilate as a single 
therapy on hospitalized patients or outpatients and nine 
trials are using camostat mesilate in combination with 
other drugs. These clinical trials are underway in various 
countries and are either recruiting or not yet recruiting 
patients with no results announced at this stage. It is 
worth mentioning that in a small retrospective observa-
tional case series with eleven patients with COVID-19, treat-
ment with camostat mesilate resulted in a decreased 
severity of the disease. In comparison to the patients that 
were treated with hydroxychloroquine, patients in the 
camostat group exhibited a decline in inflammatory markers 
and improvement of oxygenation, as well as a decreased 
Sepsis-related Organ Failure Assessment score [60]. In fact, 
a recent study has shown that the inhibitory effect of 
hydroxychloroquine on SARS-CoV-2 entry is attenuated by 
TMPRSS2, which explains its inefficacy in clinical trials. It is 
also stated that SARS-CoV-2 is more dependent on TMPRSS2 
than SARS-CoV-1 [61].

Camostat mesilate acts as a prodrug with a short plasma 
half-life. The acetamide side-chain ester group is easily hydro-
lyzed to produce GBPA (4-(4-guanidino-benzoyloxy)phenyla-
cetic acid, Figure 2) in vivo, in the gut or after systemic 
administration. GPBA, also known as FOY-251, potently inhi-
bits TMPRSS2 with an estimated half-life of 1 hour after intra-
venous infusion of camostat mesilate. This compound is 
further metabolized to GBA (Figure 2), which is inactive 
against TMPRSS2 [62]. Hoffman et al. demonstrated that 
GBPA was able to inhibit SARS-CoV-2 infection of Calu-3 cells 
in vitro and human precision-cut-lung slices (PCLS) ex vivo, 
with an efficiency that was similar to that of camostat mesilate 
[63]. On the other hand, its ability to inhibit the enzymatic 
activity of recombinant TMPRSS2 was reduced compared to 
camostat mesilate.

4.2. Nafamostat mesilate

Another serine protease inhibitor that could potentially be 
repurposed against SARS-CoV-2 is nafamostat mesilate (5), 
also known as FUT-175. It was synthesized by Fujii et al. in 
1981 [64]. This drug is used for the treatment of pancreatitis, 
intravascular coagulation, and systemic inflammatory 
response syndrome by suppressing enzymes like thrombin, 
plasmin, kallikrein, trypsin, and Cl esterase in the complement 
system [65], as well as factors VIIa, Xa, and XIIa in the coagula-
tion cascade [66]. In addition, it has been shown that nafamo-
stat mesilate can inhibit proliferation, migration, and invasion 
of colorectal cancer cells, by disrupting NF-κB signaling in vitro 
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[67]. It is also effective against other types of cancer, namely 
pancreatic cancer [68], lung cancer [69], gallbladder cancer 
[70], gastric cancer [71] and breast cancer [72]. The fat mass 
and obesity-associated protein (FTO), a demethylase that plays 
an important role in physiological processes, is associated with 
various disease processes, such as type II diabetes, Alzheimer’s 
disease, cardiovascular diseases, acute myeloid leukemia, and 
lung cancer and seems to be inhibited by nafamostat [73]. 
Furthermore, it has been proven that nafamostat and its deri-
vative sepimostat exhibit potent neuroprotective effects 
in vitro and in vivo. They act as neuroprotective agents antag-
onizing the NMDA receptors through binding to the NR2B 
subunit [74].

Nafamostat has been recognized for its antimicrobial 
and antiviral properties. Specifically, nafamostat mesilate 
exhibited in vitro inhibition of Chlamydia proliferation and 
proved to be effective against Chlamydia-induced arthritis 
[75]. In the case of viruses, nafamostat mesilate has been 
effective against influenza virus type A and B in MDCK 
cells, with EC50s of 0.44 and 1.5 μg/mL, respectively. Also, 
the inhibitor caused a reduction of viral hemagglutinin titer 
in influenza viruses A and B and parainfluenza virus type 1 
in ovo [76]. Additionally, nafamostat mesilate potently 
inhibited the membrane fusion of MERS-CoV spike protein 
in 293 FT cells with an IC50 value of 0.1 μM and Calu-3 cells 
with an IC50 value of 1 nM [77]. Moreover, a study testing 
the effect of nafamostat mesilate in the activation of dif-
ferent coronaviruses, namely SARS-CoV, MERS-CoV, and 
SARS-CoV-2, indicated that nafamostat inhibited the infec-
tion of lung cells (Calu-3), with EC50 values of 1.4 nM 
(SARS-CoV), 5.9 nM (MERS-CoV) and 5 nM (SARS-CoV-2), 
respectively, compared to camostat mesilate with 198 nM 
(SARS-CoV), 444 nM (MERS-CoV), and 87 nM (SARS-CoV-2), 
respectively [78]. Furthermore, a different study testing the 
inhibition of the novel coronavirus in infected Vero E6 cells 
showed that nafamostat inhibited the infection (EC50 

22.50 μM) [79]. Finally, nafamostat and camostat were 
able to inhibit SARS-CoV-2 pseudovirus entry in human 
induced pluripotent stem cell (iPSC)-derived lung 

organoids (LORGs) [80]. These findings were further sup-
ported by Inoue and coworkers, showing that nafamostat 
mesilate blocked the infection of Calu-3 cells with an 
effective concentration of 10 nM, as well as VeroE6/ 
TMPRSS2 with an effective concentration of 30 μΜ, high-
lighting a cell-type-dependence [81]. Importantly, both 
camostat and nafamostat have also been tested against 
three different variants of SARS-CoV-2 in Calu-3 cells and 
have exhibited the same effectiveness against all variants, 
ranging from 0.102 to 0.170 μΜ for camostat and 0.016 to 
0.024 μΜ for nafamostat, respectively [82]. In vivo, it has 
been reported that nafamostat potently inhibited SARS- 
CoV-2 infection in a mouse model of COVID-19 when 
administered intranasally at a dose of 3 mg/kg. In detail, 
K18-hACE2 mice that were pretreated with nafamostat for 2 
h and then infected with SARS-CoV-2 exhibited reduced 
weight loss, mortality, and viral loads [83]. Currently, 
there are seven different clinical trials, recruiting or not 
yet recruiting patients that will test the efficacy of nafamo-
stat mesilate for COVID-19 and one completed trial with no 
results announced to date. Most of these trials will be 
randomized, open-label, phase II or III trials, while one of 
them will be double blind and placebo controlled. These 
trials are running in various countries and are summarized 
in Table 2.

Nafamostat mesilate is administered by IV infusion and has 
a plasma half-life of approximately 23 minutes. This com-
pound is mainly metabolized to 6-amidino-2-naphthol and 
4-guanidinobenzoic acid, which do not inhibit the trypsin- 
like serine protease, prostasin, contrary to nafamostat [84]. 
The activity of these metabolites against TMPRSS2 has not 
been investigated.

5. Other small-molecule TMPRSS2 inhibitors

Bromhexine hydrochloride (6, Figure 3) is an orally bioavail-
able drug, which is used as a mucolytic cough suppressant, 
with few to no adverse effects [85]. This drug is further meta-
bolized to ambroxol (7, Figure 3) by removal of a methyl 

Table 2. Clinical trials testing the efficacy of nafamostat mesilate for the treatment of COVID-19.

NCT number 
(clinicaltrials.gov) Title Status Interventions Phase Location

NCT04390594 Efficacy and Safety Evaluation of Treatment Regimens 
in Adult COVID-19 Patients in Senegal

Recruiting Drug: Nafamostat Mesilate Phase 3 Senegal

NCT04418128 Clinical Efficacy of Nafamostat Mesylate for COVID-19 
Pneumonia

Not yet recruiting Drug: Nafamostat Mesilate Phase 2 Phase 3 South Korea

NCT04352400 Efficacy of Nafamostat in Covid-19 Patients (RACONA 
Study)

Not yet recruiting Drug: Nafamostat Mesilate  
Placebo controlled

Phase 2 Phase 3 Italy

NCT04628143 A Study Evaluating the Efficacy and Safety of CKD-314 
in Hospitalized Adult Patients Diagnosed With 
COVID-19 Pneumonia

Not yet recruiting Drug: Nafamostat Mesilate Phase 2 South Korea

NCT04623021 A Study Evaluating the Efficacy and Safety of CKD-314 
(Nafabelltan) in Hospitalized Adult Patients 
Diagnosed With COVID-19 Pneumonia

Completed Drug: Nafamostat Mesilate Phase 2 Russia

NCT04473053 Rapid Experimental Medicine for COVID-19 Recruiting Drug: Nafamostat Mesilate 
Drug: TD139

Phase 2 Phase 3 UK

NCT04483960 Australasian COVID-19 Trial (ASCOT) ADAptive 
Platform Trial

Recruiting Drug: Nafamostat Mesilate 
Biological: Convalescent  
plasma Drug: Enoxaparin 
Drug: Dalteparin 
Drug: Tinzaparin 
Drug: Aspirin

Phase 3 Australia
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group and hydroxylation on the cyclohexyl ring. Ambroxol is 
also a mucoactive agent, which is in use in cough syrup [86]. 
Bromhexine hydrochloride selectively inhibits TMPRSS2 activ-
ity with an IC50 value of 0.75 μM, while it is less active against 
hepsin, matriptase, trypsin and thrombin [87]. Furthermore, 
the efficacy of bromhexine against the cytopathic effect 
(CPE) of SARS-CoV-2 infection has been demonstrated by the 
National Institutes of Health (NIH), with an AC50 of 8.9 μΜ [88].

Currently, bromhexine hydrochloride is one of the already 
approved drugs that are being tested in clinical trials for 
COVID-19. There are six clinical trials testing this drug 
(Table 3), two of them are completed and three are recruiting 
patients. Preliminary results in one of these trials, conducted 
in China, suggest that bromhexine hydrochloride might be 
helpful in alleviating hepatic or lung injury caused by SARS- 
CoV-2 [89]. In another trial conducted in Iran in a group of 78 
patients, it was reported that early treatment with bromhex-
ine at doses of 8 mg three times a day alleviated respiratory 
symptoms and led to a reduced rate of intensive care unit 
admissions, mechanical ventilation, and mortality. While 
these results are encouraging, subsequent large-scale clinical 
trials for validation should ensue [90].

Gabexate mesilate (8, Figure 3) is a TMPRSS2 inhibitor, 
which has been approved for use in Italy and Japan for the 
treatment of pancreatitis and disseminated intravascular 
coagulation [91]. It has been established that gabexate 
mesilate can inhibit influenza virus A and B in vitro in 
MDCK and human tracheal epithelial cells [57,76], and 
in vivo in a murine model [92]. This inhibitor is similar to 
camostat and nafamostat in structure, but less effective in 
most cases. Recently, in an enzymatic TMPRSS2 assay, 

Shrimp et al. reported that gabexate mesilate inhibited 
TMPRSS2 with an IC50 value of 130 nM and was the least 
potent compound compared to nafamostat mesilate (IC50 

0.27 nM), camostat mesilate (IC50 6.2 nM) and FOY-251 (IC50 

33.3 nM), while bromhexine hydrochloride showed no inhi-
bition of TMPRSS2 [93].

In addition, in an effort to find new potent inhibitors of 
TMPRSS2 for the treatment of influenza virus, a series of 
3-amidinophenylalanyl-derived inhibitors was synthesized 
and the new compounds were tested against TMPRSS2. The 
most potent compound 9 inhibited TMPRSS2 with a Ki value 
of 0.9 nM and efficiently blocked influenza virus propagation 
in human airway epithelial cells [94].

On a final note, TMPRSS2 expression and enzymatic activity 
have been found to be arguably higher in male mice and male 
human oral tissue, which suggests that androgen regulation of 
TMPRSS2 may possibly affect protease activity [95]. Also, not 
only TMPRSS2 and ACE-2 seem to be co-expressed in oral 
tissues, their expression levels were particularly higher in the 
elderly group [96]. In a different study, treatment with enza-
lutamide (10), a nonsteroidal antiadrogen drug that has been 
used against prostate cancer, reportedly reduced TMPRSS2 
levels in human lung cells and in mouse lung, as well as SARS- 
CoV-2 entry and infection [97]. These findings seem to be 
contradicted in other recent studies, where no evidence for 
increased TMPRSS2 expression was found in male human or 
mouse lungs. Moreover, treatment with enzalutamide did not 
decrease pulmonary TMPRSS2 in male mice [98]. In another 
study, enzalutamide was able to inhibit SARS-CoV-2 infection 
in human prostate cells, but not in human lung cells and 
organoids [99].

Figure 3. Structure of bromhexine hydrochloride, ambroxol hydrochloride, gabexate mesylate, enzalutamide and compound 9.
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6. Molecular modeling studies

The crystal structure of TMPRSS2 has not been elucidated so 
far (October 2021) and thus homology modeling has been 
used for the construction of its 3D structure. Rahman et al. 
[100] used SWISS-MODEL to create the 3D model of TMPRSS2 
and TMPRSS1 was used as the template (PDB ID: 5CE1). 
Evaluation of the structure was accomplished, and MOE was 
used to identify the active site residues (Asn146, Arg147, 
Cys148, Val149, Arg150, Leu151, Asp187, Met188, Tyr190, 
Ile221, Tyr222, Lys223, Asn368, Pro369, Gly370, Met371, 
Lys449, Asn450, Ile452, and Trp454). The authors docked 
2,140 compounds in TMPRSS2, which resulted in 85 com-
pounds with a considerable better docking score than camo-
stat mesylate, employed as a reference compound. Docking 
pose of camostat revealed its interaction with Asn146, Cys148, 
Asn450, Asp187 and the formation of seven H-bonds. Some 
natural compounds, along with geniposide, demonstrated 
some promising docking results, which need further 
investigation.

To identify a protein template for building the homology 
model, Elmezayen et al. [101] used the BLAST tool to retrieve 
proteins with high similarity in sequence. According to their 

calculations, human transmembrane protease serine (DESC1) 
demonstrated 41% similarity and was used as the template to 
build the homology model of TMPRSS2 in MODELER. 
Minimization and validation of the model was carried out 
using online tools. Authors conducted virtual screening with 
AutoDock vina and among the top hits were the compounds 
Rubitecan, Loprazolam, ZINC000000702323 and 
ZINC000012481889 (ZINC15). The interactions formed by 
these molecules with the active site include residues His296, 
Lys300, Lys 342, Lys340, Lys390, Ser339, Tyr337, Asp435, 
Ser436, Gln438, Gly439, Ser460, Gly462, Ser441. Although 
Elmezayen et al. do not mention the key residues and the 
method they used for defining the active site, it seems that 
they differ from the active site that Rahman et al. established 
and therefore further investigation is required.

Kishk et al. identified proteins with known X-ray structure 
and high homology for TMPRSS2 using SWISS-MODEL and 
NCBI blastp [102]. These proteins included transmembrane 
protease serine 1 and 13 and a group of human plasma 
kallikrein. Homology models were built with SWISS-MODEL, 
evaluated, and subjected to molecular dynamics simulations 
to measure their energetic stability. Docking of nafamostat in 

Figure 4. A. Michaelis complex and covalent complex generated by the action of either camostat or nafamostat mesilate. B. Interaction of camostat mesilate with 
the active site of TMPRSS2. C. Interaction of otamixaban with the active site of TMPRSS2.

EXPERT OPINION ON DRUG DISCOVERY 239



the TMPRSS2 active site with MOE program revealed the 
position of the phenyl guanidine group in the S1 pocket and 
its hydrogen bond interactions with residues Asp435, Ser436, 
Ser463 and Gly462. The hydrophobic pocket, which consists of 
Thr459, Ser460, Trp461 and Val473, accommodates the phenyl 
ring. The active site was determined by site finder and posi-
tioned to contain the catalytic Ser441 and S1 pocket amino 
acids, including Glu389, Tyr416, Asp435, Ser436, Cys437, 
Gln438, Thr459, Ser460, Trp461, Gly462, Ser463, Gly464, 
Cys465, Ala466, Arg470, Pro471, Gly472 and Val473.

Their findings document the inhibitory activity of nafamo-
stat, in which the carbonyl oxygen of the ester moiety inter-
acts with the catalytic Ser441 via a water molecule. It is the 

guanidinobenzoate moiety of nafamostat, which mimics the 
natural substrate resulting in inhibitory activity. In addition, 
according to their docking results, camostat, and gabexate 
follow a similar binding mode, while sivelestat did not demon-
strate a strong binding, as it was moved away from the bind-
ing site during their molecular dynamics simulations.

Baby et al. used the human plasma kallikrein (PDB ID: 5TJX), 
identified with BLAST tool, as the template to build the homol-
ogy model of TMPRSS2 protein. Schrödinger Prime Module 
was employed for the construction of the model, which 
further modified with Refine Loops software and evaluated 
accordingly [103]. Schrödinger’s High Throughput Virtual 
Screening was employed to dock ~2800 FDA-acquiesced 

Table 3. Clinical trials testing the efficacy of bromhexine hydrochloride for the treatment of COVID-19.

NCT number 
(clinicaltrials.gov) Title Status Interventions Phase Location

NCT04355026 Use of Bromhexine and Hydroxychloroquine for 
Treatment of COVID-19 Pneumonia

Recruiting Drug: Bromhexine Oral Tablet and/or 
hydroxychloroquine tablet

Phase 4 Slovenia

NCT04273763 Evaluating the Efficacy and Safety of Bromhexine 
Hydrochloride Tablets Combined With Standard 
Treatment/ Standard Treatment in Patients With 
Suspected and Mild Novel Coronavirus Pneumonia 
(COVID-19)

Active, not 
recruiting

Drug: Bromhexine Hydrochloride 
Drug: Arbidol Hydrochloride 
Drug: Recombinant  
Human Interferon α2b

- China

NCT04405999 Prevention of Infection and Incidence of COVID-19 in 
Medical Personnel Assisting Patients With New 
Coronavirus Disease

Completed Drug: Bromhexine Hydrochloride Phase 4 Russia

NCT04424134 BromhexIne And Spironolactone For CoronаVirUs 
Infection Requiring HospiTalization

Recruiting Drug: Bromhexine and Spironolactone 
Drug: Base therapy

Phase 3 Russia

NCT04340349 Low-dose Hydroxychloroquine and Bromhexine: 
a Novel Regimen for COVID-19 Prophylaxis in 
Healthcare Professionals

Enrolling by 
invitation

Drug: Hydroxychloroquine Sulfate 
Drug: Bromhexine 
Placebo controlled

Early 
Phase 
1

Mexico

IRCT20200317046797N4 Effect of Bromhexine Hydrochloride on clinical 
improvement and outcome of COVID-19-induced 
pneumonia

Completed Drug: Bromhexine 
Drug: Base therapy

Phase 3 Iran

Table 4. Summary of reported compounds and approved drugs.

Compound/drug TMPRSS2 inhibition SARS-CoV-2 antiviral potency Clinical status Ref

NCGC00378763 
(Otamixaban)

IC50 = 0.62 μM EC50 = 15.84 μΜ 
(SARS-Cov-2 PP viral entry assay)

- [41]

NCGC00386945 IC50 = 1.24 μM EC50 = 0.35 μΜ 
(SARS-Cov-2 PP viral entry assay)

- [41]

N-0385 IC50 = 1.9 nM ED50 = 2.8 nM 
(Calu-3 cells)

- [43]

8P9R - IC50 = 0.3 μg/ml 
(Vero-E6 cells)

- [44]

α1ΑΤ Dose-dependent inhibition  
at 5–50 μM

IC50 = 17.3 μM 
IC50 = 21.2 μM 
(2 different SARS-CoV-2 isolates  
in Vero-E6 cells)

- [45]

Camostat mesilate IC50 = 6.2 nM EC50 = 87 nM 
(Calu-3 cells) 
EC50 = 0.102–0.170 μM 
(3 different variants in Calu-3 cells)

Multiple Phase 1, 2, 3  
clinical trials 
(see Table 1)

[78,82,93]

Nafamostat mesilate IC50 = 0.27 nM EC50 = 5 nM 
(Calu-3 cells) 
EC50 = 22.50 μΜ 
(Vero-E6 cells) 
EC50 = 0.016–0.024 μM 
(3 different variants in Calu-3 cells) 
EC50 = 10 nM 
(Calu-3 cells)

Multiple Phase 1, 2, 3  
clinical trials 
(see Table 2)

[78,79,81,82,93]

Bromhexine hydrochloride IC50 = 0.75 μM AC50 = 8.9 μM 
(CPE of SARS-CoV-2)

Phase 1, 3, 4 clinical trials 
(see Table 3)

[87,88]

Gabexate mesilate IC50 = 130 nM - - [93]
Compound 9 Ki = 0.9 nM - - [94]
Enzalutamide TMPRSS2 downregulation  

at 10 μM
50% inhibition at 10 μΜ 

(SARS-Cov-2 PP viral entry assay)
- [97]
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molecules in TMPRSS2 and ACE2, for which the receptor grid 
was created based on the co-crystalized ligand. Their calcula-
tions resulted in a number of drugs that demonstrated 
a promising binding mode, including valrubicin, lopinavir, 
fleroxacin, alvimopan, arbekacin, and dequalinium. For these 
compounds, molecular dynamics in Maestro Desmond was 
accomplished and suggested a superiority of valrubicin and 
lopinavir in their formation of a stable complex with the 
proteins. The main interactions formed in these complexes 
were hydrophobic and hydrophilic with residues such as 
Trp461, Trp461, Lys300.

Pooja et al. used the PSI-BLAST tool to search for high 
homology proteins in RCSB PDB. SWISS-MODEL server was 
used for building the model, which was further evaluated 
with a number of tools [104]. HADDOCK, CLUSPRO, and dog 
site server used to determine the binding site in order to 
dock seven marketed drugs and eighteen natural compounds 
with Autodock VINA in TMPRSS2. The S1 domain was identi-
fied to consist of the following amino acids: His296, Ser441, 
Asp345, Gly496, Gln438, Gln498, Gln506, Tyr505 and His296, 
Ser441, Asp345, Asn437 Gly404, Asp405, Gly496 and Gln498. 
For the evaluation of the docking results, camostat was used 
as the reference compound. Based on their docking results, 
camostat forms hydrogen bonds with His296, Cys281, Glu389, 
Lys390 and Gln438, while the formation of van der Waals 
interactions with Trp461, Gly462, Ser460, Gly385, His279, 
Thr393, Lys392 and Gly391 help to stabilize the complex. 
The authors also mention the carbon–hydrogen interactions 
with the catalytic Ser441 and Gly439, Cys297 and Leu302. 
Meloxicam, nafamostat, ganodermanontriol, columbin, myri-
cetin, proanthocyanidin A2, jatrorrhizine and baicalein were 
the compounds with the highest docking scores. For nafamo-
stat, the authors described its van der Waals interactions with 
the catalytic Ser441 and His296 and the formation of three 
hydrogen bonds with Ser436, Asp435 and Gly461. 
Interestingly, based on their docking results, meloxicam 
forms three hydrogen bonds with Gly462, Ser441, and 
Ser460, while several van der Waals interactions stabilize 
the complex.

A slightly different approach for identifying a template 
protein was described by Huggins [105]. He aligned the 
sequence of the human members of the TMPRSS2 family 
and found that TMPRSS15 was suitable as a template to 
build TMPRSS2 protein. After applying several modifications 
on TMPRSS15 sequence to build TMPRSS2, structural modifi-
cations of the protein followed in Schrödinger’s Prime and 
then energy minimization and molecular dynamics using the 
Desmond package applied in the system. Then, structural data 
for 250 compounds, which are targeting S1A proteases and 
they are approved, investigational, or experimental drugs, 
were aligned with the homology model and Embrace mini-
mization with GBSA solvation was used to produce MMGBSA 
energy scores for the complexes. This procedure led to the 
identification of several drugs (Drugbank ID: DB04442, 
DB03082, DB08697, DB07247, DB03782, DB02398, DB03865, 
DB01725), which could effectively bind to TMPRSS2. In addi-
tion, the main common characteristic of these structures is the 
positively charged warhead they contain, which is similar to 
nafamostat, camostat, and gabexate.

Escalante et al. used the plasma kallikrein A (PDB: 2ANY) 
as the template for building the homology model in Prime 
[106]. They studied the interactions of the residues close to 
the catalytic center and they documented a triad of His296, 
Ser441 and Asp345 residues, which forms a network of 
hydrogen bonds, contributing to the activation of the serine 
for a nucleophilic attack to the substrate. As soon as His296 
is positively charged, Asp45 can stabilize it via the formation 
of a hydrogen bond. The Glide algorithm and then the 
cdock algorithm were used to simulate the nucleophilic 
attack of Ser441 to the ligand, and based on the results, it 
is more likely that Ser441 attacks the carbonyl group from 
below and it is not a top side attack. The authors used 
quantum mechanics/molecular mechanics (QM/MM) mole-
cular dynamics simulations to study the apo structure as 
well as complexes of protein-camostat and protein-GBPA. 
QM was used to model the residues of the catalytic triad 
in the apo structure and included all atoms of the ligand in 
the complex protein-camostat. A strength of the Ser441 to 
His296 H-bonding interaction was measured upon insertion 
of the ligand. Hydrogen bonds between the ligand, espe-
cially the guanidino donor, and Asp435, Ser436, Ser463 and 
Gly464 in combination with polar interactions contribute to 
the stabilization of the complex. In the GBPA complex, the 
benzoyl guanidino moiety behaves similar to camostat, 
while a number of π-π interactions formed and could 
guide the design of new inhibitors toward an enhancement 
of their binding affinity against TMPRSS2.

Two additional studies on TMPRSS2 homology modeling 
are pre-prints on ChemRxiv until today. Although pre-prints 
should not be mentioned as established information, we 
include them in this review due to the limited information 
existing on TMPRSS2 related to SARS-CoV-2 and due to the 
emergency of the situation.

The first report describes the construction of seven homol-
ogy models of TMPRSS2 in Schrodinger Advanced Homology 
Modeling Interface, using human plasma kallikrein, Factor XIa 
and Hepsin as protein templates [107]. Rensi et al. chose these 
proteins using the BLAST tool for identifying high sequence 
similarity. They used SiteMap tool to define the active site and 
they validated the results by manually checking if the catalytic 
triad Ser-Asp-His was included. Finally, they used Glide to dock 
their ligands library. Their results for the known inhibitors 
(nafamostat, camostat) are in a good alignment with their 
experimental inhibitory activity, which adds positively to 
their predictions, including otamixaban, edoxaban, and arga-
troban. Otamixaban is predicted to have the best binding 
score and forms interactions with His 41, Asp180, and Ser186.

The second report describes the construction of the homol-
ogy model using human plasma kallikrein as template in 
PRIMO online tool [108]. The binding pocket was identified 
by CASTp and residues His296, Asp345 and Ser441 were 
marked as the catalytic triad. Three inhibitors, camostat mesy-
late, nafamostat, and bromhexine hydrochloride, were docked 
in the created model. Docking of camostat mesilate seems to 
form interactions with Ser441, His296, Glu299, Asp435, Val473 
as well as with Val28, Asp440, Thr459, Ser460, Trp461, and 
Tyr474. Nafamostat also maintains the formation of hydrogen 
bonds with Asp435, Gly464 and Ser441, while bromhexine 
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hydrochloride interacts with Gln438, His279, Val280, Cys281 
and His296.

In 2009, it has been shown that camostat mesilate or its 
metabolite GBPA bind in the active site of the enzyme pros-
tasin [109]. As demonstrated by X-ray crystallography (PDB 
3FVF), GBA formed a covalent bond with Ser238 after cleavage 
of camostat mesylate or GBPA by the triad His85-Asp134- 
Ser238, which corresponds to His296-Asp345-Ser441 in 
human TMPRSS2.

Most recently, Hempel et al. reported a detailed study on the 
molecular mechanism of TMPRSS2 inhibition by camostat and 
nafamostat mesilate [110]. First, they confirmed that camostat 
and nafamostat inhibited TMPRSS2 by employing a cell-based 
assay established by them [111]. The estimated IC50 values for 
camostat and nafamostat were 142 nM and 55 nM, respectively. 
For their simulations, they used homology models [107] of 
TMPRSS2 domain with either camostat or nafamostat docked 
to them. According to the general mechanism of hydrolysis by 
serine proteases, the non-covalent substrate-enzyme complex, 
initially formed, is cleaved and catalyzed by the conserved 
catalytic triad Asp345, His296, and Ser441, resulting in the 
formation of covalent acyl-enzyme intermediate between the 
inhibitor and Ser441. The ‘oxyanion hole,’ consisting of the 
backbone NH of Gly439 and Ser441, stabilizes the carbonyl of 
the scissile bond. The Michaelis complex initially formed, as well 
as the covalent complex generated by the action of either 
camostat or nafamostat, are shown in Figure 4A. Figure 4B 
shows the interaction of camostat with the active site of 
TMPRSS2 [112]. The studies of Hempel et al. showed that the 
non-covalent complexes of camostat and nafamostat are rela-
tively short-lived, while the main inhibitory effect has to be 
attributed to the formation of the long-lived covalent acyl– 
enzyme complex between Ser441 and the guanidinobenzoyl 
moiety of the drugs.

Finally, Hempel et al. suggested that when administration of 
otamixaban is combined with supplemental camostat or nafa-
mostat, otamixaban’s potency can be significantly enhanced 
against TMPRSS2 activity and SARS-CoV-2 infection of 
a human lung cell line [42]. The authors produced 109 ms of 
atomistic MD simulations to describe the interactions formed 
between TMPRSS2 and otamixaban. For the computational 
calculations, the TMPRSS2 structure from Hempel et al. was 
used [110]. Autodock Vina was employed for the docking cal-
culations and OpenMM 7.4.0 was used for the MD production. 
Figure 4C shows the interactions of otamixaban with TMPRSS2ʹs 
active site, as it was produced by MD simulations. The long, 
hydrophobic pyridine-N-oxide moiety of the molecule interacts 
with Glu299, Lys300 and His296 and the benzamidine moiety 
with Asp435. The authors suggest that otamixaban can act as 
a stable, non-covalent reversible inhibitor.

It is crucial that authors developing homology models 
should make them available to public providing the pdb files 
of their docking results, as Hempel et al. did. This will allow for 
a direct comparison between predicted binding modes and 
active sites from different research groups and will help to 
proceed with the development of novel inhibitors of TMPRSS2.

In conclusion, in the absence of crystallographic data for 
TMPRSS2, the 3D structure of the protein has been con-
structed based on homology models. At least eight studies 

have been reported on building the 3D structure of the 
enzyme. Literature and computational tools have been 
employed to identify proteins that could be used as models 
for the homology modeling and these proteins include 
TMPRSS1, TMPRSS13, TMPRSS15 and a group of human 
plasma kallikrein. A number of compounds have been docked 
resulting in some new candidates such as rubitecan, loprazo-
lam, valrubicin, and lopinavir. In addition, the mechanism of 
TMPRSS2 inhibition by camostat and nafamostat mesylate has 
been proposed. This includes the formation of a Michaelis 
complex, which includes the conserved catalytic triad 
Asp345, His296 and Ser441 and the backbone NH of Gly439.

7. Conclusion

Due to the COVID-19 pandemic, SARS-CoV-2 has become the 
subject of intense research, with a focus on the elucidation of 
the viral entry mechanism and the development of efficient 
antiviral drugs. The key role of certain enzymes in SARS-CoV-2 
infection has been elucidated and specific enzymes that facil-
itate viral entry have been targeted, such as TMPRSS2, a type II 
serine protease that is responsible for the proteolytic activa-
tion of the virus in the cell surface. With the use of virtual 
screening and molecular docking, new agents have been 
developed that could readily inhibit TMPRSS2 and SARS-CoV 
-2 infection in vitro, namely, otamixaban, ketobenzothiazole- 
based small-molecule peptidomimetics, 8P9R and α1- 
antitrypsin (Table 4). At the same time, a great effort for 
drug repurposing has been undertaken. Camostat mesilate 
and nafamostat mesilate potently attenuated SAR-CoV-2 infec-
tion in vitro and in vivo and a plethora of phase II and III 
clinical trials for COVID-19, employing these drugs, are under-
way (Table 4). Other repurposed drugs are bromhexine and 
ambroxol hydrochloride and gabexate mesilate that also act as 
TMPRSS2 inhibitors. In addition, treatment with enzalutamide, 
has been associated with reduced TMPRSS2 levels in human 
lung cells and SARS-CoV-2 infection but these findings are 
disputed in other studies. Finally, as the crystal structure of 
TMPRSS2 remains unknown, numerous homology models 
have been established that have provided essential insight 
into the development of TMPRSS2 inhibitors and their mode 
of action.

8. Expert opinion

The new beta-coronavirus SARS-CoV-2, which appeared first in 
China in December 2019, has caused the devastating COVID- 
19 pandemic, resulting in the loss of more than 5 million 
human lives so far and unmeasurable economic conse-
quences. Although several efficient vaccines have been devel-
oped and approved for use, a lot of people globally either do 
not have access to them or are not willing to be vaccinated. In 
addition, it seems that vaccination offers reduced protection 
for the very recently emerged omicron variant. Unfortunately, 
up to now no clinical effective small-molecule drug has been 
found for the treatment of COVID-19. Thus, there is an urgent 
need for the development of novel antiviral agents able to 
treat COVID-19.

242 C. MANTZOURANI ET AL.



The scientific community has directed its attention to var-
ious enzymes involved in the replication of SARS-Cov-2, such 
as the RNA-dependent RNA polymerase (RdRp) and the SARS- 
CoV-2 main protease (Mpro or 3CLpro), which are highly impor-
tant targets for the discovery of novel anti-SARS-Cov-2 agents. 
Equally important and attractive targets are the host cell 
proteins involved in the viral entry into human lung cells. In 
addition to ACE2, which has been recognized as a key target 
for the cell entry mechanism, TMPRSS2 is an important med-
iator in viral infection and cell entry. In view of the urgency 
caused by the pandemic and the emerging new variants, the 
development or repurposing of an array of drugs, targeting 
different enzymes affiliated with SARS-CoV-2, is of utmost 
importance. Furthermore, it is essential to develop treatments 
for different stages and symptoms of COVID-19 to encompass 
all aspects of the disease. In light of this, drug repurposing 
could lead to effective therapeutic solutions, potentially over-
coming high drug prices and the slow pace of drug discovery 
and development.

The discovery and development of TMPRSS2 inhibitors has 
emerged as a promising approach for the identification of new 
antiviral agents. Two TMPRSS2 inhibitors already approved 
drugs for the treatment of pancreatitis, camostat and nafamo-
stat, were the first agents that attracted the interest and 
entered clinical trials as candidate drugs against COVID-19. 
Various clinical trials have started; however, the outcome of 
such studies will prove or not their clinical usefulness. Up to 
now, there are no results of clinical trials, and the efforts of the 
scientific community in this field have to be intensified.

In addition to the efforts for repurposing camostat and 
nafamostat, the design, identification, and development of 
novel TMPRSS2 inhibitors is of paramount importance. 
Employment of high-throughput screening approaches may 
orient our studies, and already a few chemical entities have 
been identified as novel TMPRSS2 inhibitors by adopting such 
approaches. A major drawback for the rational design of 
TMPRSS2 inhibitors is the lack of the crystal structure of 
TMPRSS2. To overcome this lack, homology models have 
been already developed, and indeed have helped in identify-
ing novel chemical motifs able to inhibit TMPRSS2. 
Computational approaches play a predominant role in the 
identification of new agents inhibiting TMPRSS2, providing 
thus chemical motifs for the further development of drug 
candidates against COVID-19. Molecular docking and molecu-
lar dynamics simulations may lead to pharmacophore-based 
virtual screening. Most recently, Hu et al. successfully demon-
strated such a strategy [41]. In any case, the determination of 
the crystal structure of TMPRSS2 may greatly facilitate the 
rational design of novel TMPRRS2 inhibitors. We encourage 
researchers to develop homology models and to make them 
available to the public in order to facilitate drug development.

Another interesting topic of research that needs clarifica-
tion is the involvement of TMPRSS2 in gender and age differ-
ences related to the severity of COVID-19. A few reports have 
very recently appeared on this topic [95,96,98], however 
further research is required to shed light on the role of 
TMPRSS2 in age and sex differences, in order to understand 
how the regulation of this enzyme may influence the COVID- 
19 outcomes.

All in all, in our perspective, TMPRSS2 is a key target for 
drug development and repositioning for the treatment of 
COVID-19. Also, the repositioning of drugs, such as camostat 
and nafamostat mesilate, could substantially improve the 
chances of finding temporary cost-efficient therapeutic solu-
tions affording us time to develop new antiviral agents as 
potential weapons for therapy or prevention of any future 
epidemics or pandemics.
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