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Abstract: The pandemic evolution of SARS-CoV-2 infection is forcing the scientific community
to unprecedented efforts to explore all possible approaches against COVID-19. In this context,
targeting virus entry is a promising antiviral strategy for controlling viral infections. The main
strategies pursued to inhibit the viral entry are considering both the virus and the host factors involved
in the process. Primarily, direct-acting antivirals rely on inhibition of the interaction between ACE2
and the receptor binding domain (RBD) of the Spike (S) protein or targeting the more conserved
heptad repeats (HRs), involved in the membrane fusion process. The inhibition of host TMPRSS2 and
cathepsins B/L may represent a complementary strategy to be investigated. In this review, we discuss
the development entry inhibitors targeting the S protein, as well as the most promising host targeting
strategies involving TMPRSS2 and CatB/L, which have been exploited so far against CoVs and other
related viruses.
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1. Introduction

The World Health Organization (WHO) prioritized infectious diseases as a major health issue,
despite the enormous advance in the scientific knowledge of the biology and the treatment options of
infections. Nowadays, viruses infections represent a major cause of human diseases with additional
implications also in human cancers, neurological, and chronic disorders. The development of specific
inhibitors is the key point to obtain effective antiviral drugs. One the most relevant alert is related to the
RNA viruses, such as Middle East respiratory syndrome (MERS), severe acute respiratory syndrome
(SARS), Ebola, Zika, and Dengue [1], while advancing the theory of Disease X, a disease with an
epidemic or pandemic risk that is caused by a still unknown pathogen [2]. The recent outbreak at the
end of 2019 of severe pneumonia with an uncertain etiopathology in China was initially indicated
as the Disease X by WHO. Only after the identification of the pathogen as a new coronavirus (CoV),
this new disease has been renamed COVID-19 [3,4]. The new CoV is called SARS-CoV-2 due to its high
similarity to SARS-CoV (79.5% genome identity), as revealed by genomic sequencing. The infection
has rapidly spread worldwide causing the pandemic COVID-19 disease, as announced by WHO on
11 March 2020, which has currently caused more than seven million cases, many hospitalization,
and about 400,000 deaths [5]. The lack of vaccines or therapies against the virus led to globally consider
the social distancing the only option to slow down the spread of the infection, indeed it work very well
in some country [6–8].
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Nowadays, drug repurposing represents a valid strategy for redeveloping existing approved
or investigational drugs for new therapeutic purposes enabling the fast introduction into clinical
setting [9]. For instance, “Solidarity” is an international clinical trial to help finding effective COVID-19
treatments, launched by WHO [10]. Among the drugs in trials, Remdesivir is an intravenous
monophosphoramidate nucleoside prodrug, originally under investigation as Ebola polymerase
inhibitors. Remdesivir received emergency use authorization in US, Japan, and India for the treatment
of patients with severe manifestations of COVID-19. The authorization was granted on the basis of the
promising results from the National Institute of Allergy and Infectious Diseases (NIAID) and Gilead
clinical trials, and from the compassionate use programs [11,12].

However, the most effective antiviral regimens, such as those for the management of HIV or the
cure of HCV infections, are based on the combination of at least two drugs with different mode of
action, thus ensuring higher efficacy and resistance barrier with respect to a single agent also shortening
therapy to achieve the sustained virologic response (SVR). When considering the worldwide emergency
of COVID-19 disease, the entire scientific community cooperated to characterize the virus morphology
and replication steps in order to identify a vaccine and/or a cure [13]. Many efforts have been made in
molecular biology, biochemistry, and structural biology of SARS-CoV-2. The rapid sharing of these data
together with the pre-existing knowledge about parent CoVs, especially SARS-CoV and MERS-CoV,
are a valuable starting point for the discovery of broad-spectrum CoV inhibitors to potentially protect
from emerging infection that is caused by members of the same virus family [13].

CoVs belong to one of two subfamilies of Coronaviridae, namely Coronavirinae, which is, in turn,
subdivided into four genera (α, β, γ, and δ) based on the different phylogenetic clustering, and each
genus further comprises various subgroups [14]. Several CoVs were already known to be human
pathogens, such as α-CoVs, i.e., HCoV-229E and HCoV-NL63, and β-CoVs, such as SARS-CoV,
MERS-CoV, HCoV-OC43, HCoV-HKU1, and the new SARS-CoV-2 [14]. While β-CoVs HCoV-OC43
and HCoV-HKU1 are associated with causing common cold and minor symptoms, SARS-CoV
and MERS-CoV, as well as the most recent SARS-CoV-2, penetrate in the lower respiratory tract,
causing serious complications. The infection can spread towards other organs, thus making the
clinical picture worse, especially the heart, kidney, liver, intestine and central nervous system. α- and
β-CoVs are very common among bats and rodents [14]. Among human CoVs, SARS-CoV is the
closest to SARS-CoV-2 with 79% genetic similarity [15], but the highest genetic similarity is shared
with bat coronavirus RaTG13 (98%) [16], as a demonstration of possible interspecies spread, known as
spill-over [17]. Although a lower mortality rate has been estimated until now, the higher transmissibility
of SARS-CoV-2 over SARS-CoV is a determinant factor of its pathogenic danger [18]. CoVs share
morphological, structural, and functional features, making a relevant contribution in knowledge of
SARS-CoV-2 infection, pathogenesis, and treatment options [4,17]. CoVs are enveloped viruses with a
large diameter (50–200 nm) and contain a non-segmented, positive-sense single stranded (ss-(+))-RNA
genome of ~30 kb, which is the largest identified viral RNA genome to date [19]. Similar to other
CoVs, SARS-CoV-2 appears in a spherical shape by cryo-electron microscopy (cryo-EM), with Spike
(S) glycoproteins that emanate from virion surface and give the characteristic crown-like appearance
(Figure 1) [19]. The S protein constitutes the viral envelope together with other two structural proteins,
namely envelope (E) and membrane (M), while the nucleocapsid (N) protein, inside the envelope,
binds and protects the RNA genome.

The SARS-CoV-2 S glycoprotein drives tissue tropism and mediates attachment to the host cell
through the interaction between the receptor binding domain (RBD) within the S1 region and the
human angiotensin-converting enzyme 2 (ACE2) receptor, the same host receptor that mediates the
interaction of SARS-CoV [20,21]. The major degree of infectivity that characterizes SARS-CoV-2 over
SARS-CoV has been appointed to an estimated 20-fold higher binding affinity of the SARS-CoV-2 RBD
toward ACE2 [20]. Following receptor binding, the access to the host cellular cytosol is realized by
proteolytic cleavage of the S protein at the S1/S2 and S2’ sites, due to the transmembrane protease serine
2 (TMPRSS2) and/or a cathepsin B/L (CatB/L) [21]. The cleavage at site S2’ exhibits a fusion peptide
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that inserts into the host cell membrane and leads to the formation of an antiparallel six-helix bundle
(6-HB), allowing the fusion process and, therefore, the uncoating and release of the viral RNA into the
cytoplasm [22]. The next step in the CoV lifecycle is the translation of the replicase gene from the viral
RNA into polyproteins pp1a and pp1ab that afford non-structural proteins thanks to autocleavage
mediated by viral main protease and papain-like protease [23]. The non-structural proteins form the
replicase–transcriptase complex for the viral genome replication. The genome also encodes structural
proteins (S, E, M, and N), which assemble into new virions during the late stage of viral life cycle,
and accessory proteins [19], associated to viral pathogenesis and host immunity suppression [24].Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 3 of 28 
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Researchers all around the World are exploiting different strategies that target both viral and host
factors that are essential for viral replication, thus producing a great amount of data making COVID-19
drug discovery an emerging, rapidly evolving, and intriguing research field. Besides targeting
intracellular steps of viral replication, virus entry into host cells represent another way to prevent/treat
viral infections. Two drugs targeting HIV-1 entry are currently used in antiviral retro-therapy, the small
molecule chemokine receptor antagonist Maraviroc [25], which binds to CCR5 and prevents interaction
with HIV gp120, and Enfurtivide [26], a peptide fusion inhibitor that is able to bind to gp41 blocking
its fusion activity with host cell membrane. Moreover, many inhibitors of viral entry are in different
phases of development for different enveloped viruses, for instance, Fostemavir is a blocker of CD4
in clinical development [27]. Therefore, inhibiting the entry step is a validated strategy for the
prevention/treatment of viral infection [28]. The CoV S fusion protein and the S/ACE2 interaction are
viral targets to inhibit entry; indeed, a number of inhibitors have been described for SARS-CoV-2 and/or
parent CoVs. Moreover, the cellular TMPRSS2 and CatB/L proteases represent potential host factors
to identify other classes of entry inhibitors. In this review, small molecules and peptides targeting S
will be analysed, while biologicals are outside the scope of this contribution. Additionally, the most
promising host targeting strategies, involving TMPRSS2 and CatB/L exploited against CoVs and other
viruses, will be also reviewed.
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2. Targeting S Protein to Block Viral Entry

The attachment of virus particles to cell-surface receptors is the first common step between both
non-enveloped and enveloped viruses, which represent the earliest stage of infection allowing the
viruses to enter the cells through endocytic and non-endocytic pathway. In most cases, the process is
regulated by several glycosylated membrane proteins that allow for the recognition of host target cells,
acting as anchors. In the known human CoVs (i.e., 229E, NL63, OC43, HKU1, MERS-CoV, SARS-CoV,
SARS-CoV-2), the S glycoproteins mediate attachment to host cell surface and entry. The S protein
is a 1200 aa long homotrimeric class I fusion protein, synthesized in the secretory pathway of the
host cells, comprising three segments: a large ectodomain with a receptor-binding subunit S1 and a
membrane-fusion subunit S2, a single-pass transmembrane anchor, and a short intracellular tail [22].
The N-linked glycans protruding from the trimer surface are responsible for the S folding and also for
the recognition by neutralizing antibodies (Abs) [29].

Among CoVs, the S1 subunits show little sequence similarity having markedly different RBDs.
However, SARS-CoV-2 enters into cells, like SARS-CoV, through the binding of RBD to the host
ACE2 protein in cells from different species (human, bats, civets, pigs, and mice receptors) [16].
Conversely, the S2 domain is highly conserved and contains the fusion peptide (FP), heptad repeat 1
(HR1), heptad repeat 2 (HR2), transmembrane region (TM), and cytoplasmatic tail (CT). As a result,
the SARS-CoV-2 S protein shows about 76% amino acid sequence identity to SARS-CoV S, with RBD
less conserved (64% identity) than the S2 fusion domain (90% identity) [20]. Indeed, SARS-CoV
and SARS-CoV-2 have highly similar HR1 and HR2 regions with identity of 92.6% and 100%,
respectively [20].

Cryo–electron microscopy structures of SARS-CoV (PDB IDs: 3JCL [30], 5X58 [31]) and SARS-CoV-2
(PDB IDs: 6VXX [32], 6VSB [20]) S-trimer revealed a metastable prefusion conformation inaccessible to
host receptor (“down” conformation), which changes in a less stable receptor-accessible state (“up”
conformation), exposing the determinants for receptor binding (Figure 2).
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Figure 2. Receptor binding domain (RBD) “down” and “up” conformations of SARS-CoV-2. (A) Single
protomer of SARS-CoV-2 with the RBD in the down conformation, displayed as cartoon (PDB ID: 6VSB).
RBD is colored cyan, the N-terminal domain (NTD) is pale green, subdomains 1 and 2 (SD1 and SD2)
are yellow, the S2 domain is white, with HR1 colored salmon and FP hotpink. (B) Single protomer of
SARS-CoV-2 in the RBD up conformation next to (C) a protomer of SARS-CoV (colored gray) in the
RBD up conformation (PDB: 6CRZ).

The RBD undergoes a hinge-like movement to bind the peptidase (PD) domain of ACE2, resulting in
a shedding in S1 and a cleavage in S2’ site, with a refolding in S2 to adopt a stable post-fusion hairpin
conformation [33,34]. This six-helix bundle (6-HB) drives viral and cell membranes in close proximity
for the fusion event [20].
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The X-ray crystal structure of SARS-CoV RBD domain (residues 306–527) in complex with
ACE2 (residues 19 to 615) (PDB ID: 2AJF) provides structural basis for understanding features of
SARS-CoV S protein involved in receptor binding [35]. The S protein discloses a core structure that
formed by five-stranded antiparallel β-sheets and an RBD presenting a loop-dominated concave
surface with at the basis two-stranded antiparallel β-sheets and two ridges formed by loops
interactions [35]. The RBD needs Tyr442, Leu472, Asn479, Thr487, and Tyr491 to bind ACE2 and
shows a gently concave surface holding the N-terminal lobe of the peptidase domain of ACE2 [35].
The three-dimensional (3D)-structural model of SARS-CoV-2 S protein, constructed through homology
modelling with SARS-CoV S protein (PDB ID: 6ACD) [36], shows almost identical structure in
RBD domains [37]. Through structural superimposition and molecular rigid docking approaches,
a 3D model of SARS-CoV-2 RBD motif complexed with ACE2 has been described, showing similar Van
der Waals and electrostatic properties in the interaction interface with ACE2 [37]. Structural features
for the recognition of the SARS-CoV-2 by the full-length human ACE2 have been reported, pointing to
concurrent binding of two S protein trimers to dimeric ACE2. Essential amino acids for interactions
between SARS-CoV-2 RBD and ACE2 and differences of interfaces between SARS-CoV RBD and
SARS-CoV-2 RBD have been definitely elucidated through solving the X-ray crystal structure of the
SARS-CoV-2/ACE2 complex (PDB ID: 6M0J) [38]. In particular, α1-helix of protease domain of ACE2
shows the main polar interactions with RBD, whileα2-helix and the linker betweenβ3 andβ4 contribute
partially to interaction. RBD motif contains nine cysteines residues with eight of them forming four
disulfide bridges, in particular three in RBD core and one in distal loops. Eight identical amino
acids (Tyr449/Tyr436, Tyr453/Tyr440, Asn487/Asn473, Tyr489/Tyr475, Gly496/Gly482, Thr500/Thr486,
Gly502/Gly488, and Tyr505/Tyr491) have been found in SARS-CoV-2 and SARS-CoV RBDs, respectively.
On the other hand, key amino acids of SARS-CoV RDB Tyr442, Leu472, Asn479, and Thr487 are replaced
by Leu455, Phe486, Gln493, and Asn 501 in SARS-CoV-2 RDB, which establish more interactions with
the host receptor, along with unique salt bridge between S Lys417 and ACE2 Asp30. Altogether,
these differences may explain the approximately 20-fold higher affinity of SARS-CoV-2 S to ACE2
with respect to SARS-CoV and are likely at the base of higher transmissibility of COVID-19 infection
(Figures 3 and 4) [38,39].
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Figure 3. Structural details of the interface between SARS-CoV and SARS-CoV-2 RBDs and ACE2.
(A) Structural overlay of SARS-CoV-2 (cyan, PDB ID: 6M0J) and SARS-CoV (light pink, PDB ID: 2AJF)
RBDs bound to ACE2 (wheat), displayed as cartoon. The four disulfide bonds in SARS-CoV-2 RBD are
shown as sticks. The region enclosed by the black dashed lines, encompassing the interface between
RBD and ACE2 is illustrated in detail in panel (B). Overlay of the RBD interface residues of SARS-CoV-2
(cyan sticks) and SARS-CoV (light pink sticks). Q493 is shown in two alternate positions.
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RBDs and ACE2. Overall structure of (A) SARS-CoV (light pink, PDB ID: 2AJF) and (B) SARS-CoV-2
(cyan, PDB ID: 6M0J) RBDs bound to ACE2 (wheat). Key residues involved in SARS-CoV RBD/ACE2
(C) and SARS-CoV-2/ACE2 (D) complex formation are shown as sticks and labeled. ACE2 residues are
underlined for clarity. Hydrogen bonds and salt bridges are displayed as dashed red lines.

A focus on S1/S2 and S2’ cleavage sites confirm a strictly conserved S2’ site and fusion
peptide among SARS-CoV-2, SARS-CoV, and bat-CoV (SL-CoV-RaTG13), while S1/S2 site contains a
681PRRA684 sequence and a conserved Arg685 in fifteen SL-CoV-RaTG13 sequences analysed [40].
These three arginines are recognized and proteolytically processed by the transmembrane protease
TMPRSS2, which is highly expressed in the respiratory epithelium cells.

A comparison between the 6-HB fusion core structure of SARS-CoV-2 and SARS-CoV S proteins,
in order to investigate the structural basis for S-mediated membrane fusion process, has been carried
out analysing recombinant fusion proteins containing the major parts of HR1 (residues 910–988) and
HR2 (residues 1162–1206) merged with a linker (L6, SGGRGG). When comparing the X-ray crystal
structures of post fusion hairpin conformation of SARS-CoV S2 (PDB ID: 1WYY) [41] and the recently
solved post fusion core of SARS-CoV-2 S2 subunit (PDB ID: 6LXT) [42], the overall 6-HB structure of
SARS-CoV-2 appears to be highly conserved with respect to those of other HCoVs, including SARS- and
MERS-CoVs, presenting hydrophobic residues (Val1164, Leu1166, Ile1169, Ile1172, Ala1174, Val1176,
Val1177, Ile1179, Ile1183, Leu1186, Val1189, Leu1193, Leu1197, and Ile1198) in the central fusion core
region (Figure 5).
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Figure 5. Structure of 6-HB fusion core in SARS-CoV-2. (A) The HR1 domain of SARS-CoV-2 is depicted
as electrostatic surface, with hydrophobic residues in white, basic in blue, and acidic in red. The HR2
domain is shown in cartoon representation, with the hydrophobic residues in the central fusion core
region shown as sticks and labeled. (B) The superposition of 6-HB structures of SARS-CoV-2 (PDB
ID: 6LXT) and SARS-CoV (PDB ID: 1WYY), shown as ribbon. The HR1 and HR2 domains are colored
salmon and slate for SARS-CoV-2, raspberry, and deep teal for SARS-CoV, respectively.

The fusion core of the SARS-CoV-2 S2 reveals eight different aminoacids in HR1 domain
that provide stronger interactions between HR1 and HR2, whereas the HR2 domain results fully
identical; in particular, Ser929, Arg933, Asp936, Ser943, and Lys947 provide new strong H-bonds and
stronger salt-bridge interactions, explaining the higher fusion activity when compared to SARS-CoV
(Figure 6) [42].

Therefore, the considerable amount of structural data on SARS CoV-2-RBD/ACE2 interaction,
revealing key amino acid residues at the contact interface between the two proteins, provides useful
structural information for driving the development of disruptors of the SARS-CoV-2/ACE2 interaction.
Rather than small molecules, peptides represent accessible inhibitors that are able to efficiently cover
an extended surface of protein-protein interaction containing many key hot spots. Thus, peptides
targeting S protein offer strategies for the development of specific viral entry inhibitors.

Based on the 3D structure of SARS-CoV-2 RDB/ACE2 (PDB ID: 6M17), a computational campaign
that is based on molecular dynamic simulations of peptides extracted from the α1-helix of ACE2 led to
the identification of 23-mer peptide SBP1 (IEEQAKTFLDKFNHEAEDLFYQS), corresponding to the
N-terminal ACE2 α1 helix [43]. The 23-mer peptide SBP1 can likely stably bind to SARS-CoV-2 RBD
with a KD of 47 nM (as measured by biolayer interferometry), which is comparable to full length ACE2
binding affinity to SARS-CoV-2 RBD (14.7 nM) [20]. Differently, SPB2, a truncated analogue in the
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middle of SPB1 peptide, is not able to associate with the S-RBD. Authors assess that further chemical
modifications of SPB1 amino acids sequence are ongoing in order to increase the binding affinity to
SARS-CoV-2 RBD and produce peptide potentially proteolytically resistant.Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 8 of 28 
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Figure 6. Comparisons of 6-HB fusion core in SARS-CoV-2 and SARS-CoV. (A) Sequence alignment
between SARS-CoV-2 and SARS-CoV S proteins for the HR1 and HR2 regions, indicated with boxes
colored salmon and raspberry for HR1 and slate and deepteal for HR2, respectively. Top view of the
6-HB fusion core structure of (B) SARS-CoV-2 (PDB ID: 6LXT) and (C) SARS-CoV (PDB ID: 1WYY)
displayed as cartoon. The HR1 and HR2 domains are colored as in (A) and labeled. Side view of 6-HB
of (D) SARS-CoV-2 and (E) SARS-CoV. A zoomed view of the interactions between HR1 and HR2,
mediating fusion core formation, is shown on the right side. Key residues are displayed as sticks and
labeled; hydrogen bonds and salt bridges are displayed as dashed red lines.

However, when considering the high variability of RBD regions within S protein across different
CoVs, the RBD motif results not an ideal target for the design of broad-spectrum inhibitors. Otherwise,
HR1 and HR2 conserve their sequences among CoVs and play a key role in viral fusion by forming the
6-HB [44]. Thus, the identification of peptide fusion inhibitors may represent a more advantageous
strategy to fight CoVs infection. Based on X-ray crystal structures of MERS- and SARS-CoVs S protein
fusion cores, several peptides derived from HR1 and HR2 sequences have been developed [42,44].
Unfortunately, SARS- and MERS-CoVs HR1 peptides do not display antiviral activity likely due to their
tendency of aggregation in the absence of HR2 peptides and the inability of forming trimer structures.
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In contrast, several peptides derived from the HR2 region that could bind the HR1 sequences have
been previously reported for the inhibition of enveloped viruses [45–48]. For instance, Enfuvirtide is
the first 36-amino acids fusion inhibitor, derived from the HR2 domain of gp41, approved as drug for
the treatment of HIV [26], as well as various peptides are currently different phase of development for
the treatment of other viruses infections [49–51].

Peptides derived from HR2 regions of SARS-CoV [48] and MERS-CoV [47] have been previously
reported as able to inhibit HCoV S-mediated cell-cell fusion, using effector cells carrying S-GFP
fluorescent fusion protein. HR2P (SLTQINTTLLDLTYEMLSLQQVVKALNESYIDLKEL) of MERS-CoV
shows an IC50 = 0.6 µM in the cell fusion assays, while two HR2P mutants, HR2P-M1 and HR2P-M2,
with two and seven mutations, respectively, able to form intramolecular salt-bridges, have shown
higher stability and water-solubility than their precursor HR2P peptide retaining a similar potency [47].
Likewise, the CP-1 peptide (GINASVVNIQKEIDRLNEVAKNLNESLIDLQELGKYE) of SARS CoV
HR2 domain shows an IC50 = 19 µM in the cell fusion assay [48]. Unfortunately, these HR2 derived
peptides do not cross-inhibit MERS-CoV and SARS-CoV, lacking broad-spectrum antiviral activity
against heterologous HCoVs. The insertion of some charged amino acids like Glu and Lys, as
reported for HIV-1 fusion inhibitor peptides, increases the solubility and stability of these peptides
as well as the introduction of mutations at specific sites not involved in HR1 binding, enhances
the antiviral activity [52]. By applying the same strategy to the HR2P peptide derived from the
short 6-HB fusion core of OC43-CoV, EK1 has been obtained (Figure 7). EK1 peptide shows a
broad-spectrum inhibition with IC50 ranging from 0.19 to 0.62 µM in the cell fusion assays for MERS-,
SARS-, 229E-, NL63-, OC43-, Rs3367-, WIV1-, and SHC014-CoVs [46]. EK1 displayed inhibitory activity
in pseudovirus infection (PsV) assays against MERS-CoV (IC50 = 0.26 µM), SARS-CoV (IC50 = 2.23 µM,
229E (IC50 = 3.35 µM), NL63 (IC50 = 6.02 µM), and OC43 (IC50 = 1.81 µM), Rs3367 (IC50 = 2.25 µM)
and WIV1 (IC50 = 2.10 µM) [46]. Evaluation against live HCoV infections of MERS-, OC43-, 229E-,
and NL63-CoVs has shown that EK1 inhibits the infection and replication in a dose-dependent manner.
Moreover, the intranasal administration of EK1 protects mice infected with OC43 and MERS-CoV
infection, increasing the survival rate [46]. Preliminary data showed that the EK1 peptide is effective
against SARS-CoV-2 S protein mediated membrane fusion and PsV infection in a dose-dependent
manner [44].
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Figure 7. The interactions of the broad-spectrum peptide inhibitor EK1 with HR1 residues of different
HCoVs. EK1 and HR1 residues connected with dashed gray lines locate to the same layers on the
3HR1 triple helix. Burying EK1 residues are highlighted in yellow, and ridge-packing EK1 residues are
highlighted in green. HR1 residues that mediate assembly of the 3HR1 cores are highlighted in yellow,
while those involved in ridge packing are highlighted in green. HR1 residues forming conserved
side chain-to-side chain and side chain-to-main chain hydrophilic interactions with EK1 residues are
indicated with boxes colored blue and purple, respectively. Adapted from ref. [46].

The lipidation strategy has been reported for various fusion peptides inhibitors as an advantageous
modification to improve activity and in vivo properties (e.g., LP-19 peptide of HIV-1) [53,54]. Similarly,
the lipidation strategy was also undertaken for optimization of EK-1 peptide which was derivatized
with cholesterol and palmitic acid covalently bound to the C-terminus with a spacer of polyethylene
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glycol, yielding lipopeptides EK1C and EK1P with IC50 = 48.1 nM and 69.2 nM, respectively, in the cell
fusion assay using SARS-CoV-2 S [42]. Seven cholesterol-EK1 adducts having different linkers, based on
glycine/serine sequence (GSG) and/or a PEG- based spacer (Figure 8). In particular, by extending
the GSG linker to a longer GSGSG as in EK1C4 peptide increase potency with IC50 = 1.3 nM in
the cell-cell fusion assay, suggesting that the linker length could play a crucial role in lipopeptides.
Conversely, an increase in PEG-based linker length (e.g., EK1C5, EK1C6 and EK1C7) produces a slight
reduction of cell-cell fusion inhibition with IC50 = 3.1, 3,9, and 3.9 nM, respectively. Thermal shift
experiments confirmed the specific binding of EK1C4 to S-HR1s of SARS-CoV-2 and SARS- and
MERS-CoVs. Moreover, one possible model of interaction suggests that the portions of EK-1 and
cholesterol in EK1C4 could bind to two of the three hydrophobic grooves of HR1, but still the real
structural information need to be elucidated. Interestingly, EK1C4 possesses the most potent activity in
cell-based infection assays by live CoVs, such as SARS-CoV-2, MERS-CoV, HCoV-OC43, HCoV-229E,
and HCoV-NL63 (EC50s ≤ 180 nM), with low cell toxicity (CC50 > 5 µM, SIs > 136). In particular,
EK1C4 potently inhibits SARS-CoV-2 replication, with EC50 = 36.5 nM, resulting 67-fold more potent
than EK1 (EC50 = 2.47 µM) in the same assay. More importantly, EK1C4 tested in mice that were
infected with HCoV-OC43, by intranasal administration of the lipopeptide (0.5 mg/kg) at different time
point pre- (0.5, 2 h, 4 h, 12, and 24 h) and post- (0.5 and 2 h) infection. Pre-treatment from 0.5 to 4 h
resulted in the 100% survival rate, at lower dosage than parent EK1 (20 mg/kg), while the protecting
effect decreased to 83 and 0% at 12 and 24 h, respectively. Post-treatment at 0.5 h was highly effective
(100%) while after 2 h the effect was low (17%).
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Analogously, other HR2 sequence-based fusion inhibitors have been reported as C-term
cholesterol-linked IPB01 lipopeptides (Figure 9) [55]. IPB01-IPB04 peptides potently inhibit cell
fusion in a dual-split protein (DSP)-based cell fusion assay on SARS CoV-2, showing IC50 between
15 and 33 nM. However, only IPB02 maintained comparable activity in cell-based assays against
SARS-CoV-2 PV with EC50 = 0.08 µM, while truncation at the N-terminus as in IPB03 and IPB04 resulted
in 12- and three-fold reduction in activity, respectively. IPB01 lacking the cholesterol unit is instead only
weak active (EC50 = 33.7 µM) in cell-based assay, thus lipidation strategy is very important to improve
activity in the cell based assay. A further N-terminal truncation results in inactive peptides (IPB05,
IPB06) in both assays. On the other hand, N-truncated IPB07 having six amino acids of membrane
proximal external sequence at C-terminus partially restores its activity, showing a similar profile to
IPB03, while the only deletion of some aminoacids at the same C- terminus, as in IPB08, leads to weak
inhibitor with low µM potency in both assays. Finally, IPB09 shows that both N- and C-terminus
are crucial for the inhibitory activity, as this truncated peptide lost activity. These fusion peptides
inhibitors are specific for CoVs, as that they are inactive (IC50 > 50 µM) when tested against Vescicular
stomatitis virus pseudoviruses used as a control.
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Recently, Nelfinavir mesylate (Viracept), an anti-HIV protease inhibitor acting also as anticancer
agent inducing apoptosis and necrosis, and also able to inhibit SARS-CoV replication [56], has been
reported as an inhibitor of SARS-CoV-2 S-mediated cell-cell fusion, thus blocking the formation of
multinucleated cells [57]. Syncytia formation is an important cytopathic phenomenon because the
virus can spread from cell-to-cell avoiding extracellular spaces and exposure to neutralizing antibodies.
Moreover, virus-induced cell fusion within CoV infection can increase an inflammatory response
leading to adverse effects in the host. In immunofluorescence experiments, Nelfinavir has been shown
to act on both SARS-CoV-2 and SARS-CoV S glycoproteins-mediated cell-cell fusion with the complete
inhibition at 10 µM without affecting the S cell surface expression. Computational analysis suggests
that nelfinavir could bind to the trimeric S, close to the fusogenic domain, but there is no experimental
validation. Based on pleiotropic effect previously reported for nelfinavir on ER stress, the authors
speculate that the compound could interfere with post-translational processes, or probably could
block cellular proteases responsible for S-n or S-o fusion activation, but also these hypotheses are not
supported by experimental evidences.

3. Targeting Host Protease to Block Viral Entry

The proteolytic cleavage of S protein at the S1/S2 and S2′ sites by the serine protease TMPRRS2
and/or endosomal cysteine proteases CatB/L drives viral entry through the fusion peptide that inserts
into the host cell membrane. This insertion leads to the formation of an antiparallel six-helix bundle,
allowing the fusion process and, therefore, the uncoating and release of the viral RNA in the cytoplasm.
The S1/S2 and S2′ priming events by host proteases are necessary for SARS-CoV-2 to infect the host
and interfering with the virus entry may turn out to be an advantageous antiviral strategy, as it would
block the infection or virus propagation at an early stage, more importantly if considering its high
transmissibility. Targeting host factors has the advantage of reducing the possible development of
drug resistance and of likely providing broad-spectrum activity, by contrast interacting with the host
protein, the possibility to have more severe side effects are higher with respect the classical antiviral
approach. However, TMPRRS2 and CatB/L involvement in viral infection is still the object of study
and targeting these host proteases for CoV treatment is an emerging strategy. In addition, the available
data suggest that simultaneous inhibition of both proteases is required for robust block of antiviral
entry [58,59]. So far, there are no reports of medicinal chemistry programmes focusing of TMPRRS2
and cathepsin B/L within CoV drug discovery, thus available inhibitors often show limitations, in term
of potency, selectivity, drug-like properties. Nevertheless, some compounds have been shown to exert
a promising antiviral effect against SARS-CoV-2 and/or other related CoVs and are described below.

3.1. TMPRSS2 as Host Target and Its Inhibitors

Recently, TMPRSS2 has been shown to mediate SARS-CoV-2 S protein priming, as well as for
SARS-CoV and other CoVs [21,58,60–62]. TMPRSS2, also named Epitheliasin, is a 492 aa serine protease
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of type II transmembrane serine proteases (TTSPs) family, expressed on the cell surface, consistently
to their role in regulating cell-cell and cell-matrix interactions. The human TTSP family includes
17 members so far sharing the same structural features. The N-terminal intracellular domain preserves
the phosphorylation sites, followed by the transmembrane domain, and the stem region that is located
in the initial extracellular part with a binding site for low-density lipoprotein (LDL) and calcium in
a LDL Receptor A motif and a single scavenger receptor Cys-rich (SRCR domain). The C-terminal
extracellular endoprotease domain contains the catalytic triad composed by the residues His-Asp-Ser,
in which the Ser hydroxyl group promotes nucleophilic attack on the priming site (Figure 10) [63].
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TMPRSS2 is predominantly expressed in prostate, but it has also been found in lungs, colon,
liver, kidneys, and pancreas. The expression in the upper airways, bronchi and lungs, where its
physiological function remains unclear, gives thought to its important role for pneumotropism of
several highly pathogenic viruses, such as SARS-CoV-2, SARS-CoV, MERS-CoV, and HCoV-NL63.
Indeed, CoVs engage ACE2 to enter into host cells and although the ACE2 is a ubiquitous enzyme,
they show particular tropism for the lungs. In addition, while ACE2 is expressed in both type I
and type II pneumocytes, it has been verified that SARS-CoV readily infects the type I pneumocytes
at early stage [60,64]. In vivo experiments showed that TMPRSS2 is responsible of viral spread
and immunopathology of CoVs infection [59]. In TMPRSS2_ko mice, SARS-CoV and MERS-CoV
showed significantly reduced viral replication in the lungs, especially in the bronchioles, and the
inflammatory infiltration. Moreover, TMPRSS2 is not only involved with CoVs S protein activation,
but its role has also been recognized in the activation of glycoprotein on the surface of influenza
A virus, metapneumovirus, and porcine epidemic diarrhoea virus in different stages of viral life
cycles [65]. Therefore, targeting TMPRSS2 could be a broad-spectrum antiviral strategy; however,
neither drugs able to specifically inhibit this target have been identified, nor sufficient information about
the substrate specificity and no 3D structures of the protein are available. However, it was reported
that the fluorogenic trypsin substrates Cbz-Gly-Gly-Arg-AMC [66] and Boc-Leu-Gly-Arg-AMC [67]
were also substrates for TMPRSS2, indicating that P1 can be represented by Arg, which is consistent
with the recognition elements of some drugs able to inhibit human epithelia serine proteases; anyway
enzymatic kinetics analyses were not performed and values of Km or Kcat are not known [67]. On the
other hand, drugs that are able to inhibit a wide panel of human serine proteases, including TMPRSS2,
are currently approved to treat prostate cancers and several inflammatory pathologies [68].

Previous evidences showed that the clinically proven serine protease inhibitor camostat mesylate
was able, even at high concentration (up to 100 µM), to partially block SARS-CoV infection (65% of
inhibition) in cell expressing TMPRSS2 without causing toxicity; hence, the antiviral activity was
enhanced by adding a CatB/L inhibitor, namely E64d, thus indicating that the remaining 35% was
attributable to endosomal cathepsins [58]. Camostat is a pseudo irreversible inhibitor of different serine
protease, including TMPRSS2, being characterized by aromatic guanidine as P1 mimetic recognition
elements (Figure 11), less polar than Arg, and it is used in Japan for prostate cancer and other
applications, such as pancreatitis and liver fibrosis. Consistently, camostat produced a partial block



Int. J. Mol. Sci. 2020, 21, 5707 13 of 27

(50–60%) of SARS-CoV-2 entry in TMPRSS2+ cell lines, including Calu-3 lung cells, while no effect was
observed in TMPRSS2- cells, and full inhibition was obtained again adding E64d [21]. Interestingly,
animal model studies have found that the treatment of camostat mesylate not only produced a 10-fold
reduction SARS-CoV titers in Calu-3 airway epithelial cells [69], but also an increase of survival rate
of 60% in mice [70]. Camostat can inhibit in vivo infection by SARS-CoV and other pneumoviruses
known to utilize TMPRSS2; therefore, the drug could be a suitable antiviral candidate for drug
repurposing as component of a drug combination, to prevent infections in the lungs by SARS-CoV-2.
Indeed, camostat has recently been involved in an interventional study to evaluate the efficacy and
safety in humans of inhibiting SARS-CoV-2 infection, which provides a randomized treatment in
580 participants with camostat mesylate drug (Phase I) and in parallel with placebo oral tablet (Phase
IIa) (ClinicalTrials.gov Identifier: NCT04321096). In order to obtain the highest grade of evidence,
double-blinded, randomised, placebo controlled trials are carried out on 334 patients with moderate
COVID-19 infection. The clinical trial is in phase IV, but not yet recruiting (ClinicalTrials.gov Identifier:
NCT04338906).
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Nafamostat is a serine protease inhibitor that is structurally related to camostat, in use as
anticoagulant used for disseminated intravascular coagulation (DIC), that has proven particularly
potent activity in blocking CoV infection in vitro likely by inhibiting TMPRSS2 mediated entry
(Figure 11). A dual split protein (DSP) reporter assay was developed to quickly monitor membrane
fusion mediated by viral S protein and to screen a library of approved drugs, leading to the identification
of nafamostat as a potent inhibitor of fusion S activity of MERS. Tested in MERS infection assay the
compound blocked viral replication by 100-fold at a very low concentration of 1 nM, more efficiently
than camostat [71]. More recently, the same research group has exploited the DSP using SARS-CoV-2
S protein where nafamostat shows fusion inhibitory activity and more interesting the drug inhibits
with excellent potency SARS-CoV-2 replication in pulmonary Calu-3 cells with EC50 CPE of about
10 nM with pre-treatment [72]. The activity decreases of more than 300-fold if the inhibitor is added
during infection, thus suggesting that it inhibits viral entry. Moreover, nafamostat shows 30–240 nM
concentration by iv administration through continuous infusion in DIC patients [72] and PK study in
rats revealed the maximum concentration of intact nafamostat in the lung after infusion to be about
60-fold higher in comparison with the maximum blood concentration [73]; such an accumulation
may partially suppress SARS-CoV-2 infection. A randomized clinical trial has recently been launched
for adult COVID-19 patients to investigate the ability of nafamostat to slow down the lung disease
(ClinicalTrials.gov Identifier: NCT04352400). Indeed, the efficacy of nafamostat as mucolytic and
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anticoagulant agent and the potent inhibitory activity against TMPRSS2 are useful features to improve
the clinical conditions of hospitalized COVID-19 patients.

Through a HTS on FDA approved drugs and other commercial libraries (around 70 K cmpds)
against TMPRSS2 in order to find new potential anti-metastatic agents for prostate cancer, bromhexine
hydrochloride and other four hits (Figure 12) were identified as inhibitors of the enzyme at a
concentration below 5 µM [74]. In particular, bromhexine hydrochloride exhibited the most potent
inhibition with IC50 = 0.75µM, resulting specific for TMPRSS2 being significantly less active (50–80-folds)
against hepsin and matriptase and not active up to 100 µM against trypsin and thrombin. Moreover,
the new repurposed drug was evaluated in cells and in rodent animals without showing significant
toxicity. Bromhexine is structurally unrelated to guanidine derivatives camostat and nafamostat,
and no data are provided on kinetics of inhibition and putative binding site. However, bromhexine is an
orally bioavailable drug used as mucolytic cough suppressant and with no substantial adverse effects.
Indeed, in China an interventional clinical trial for COVID-19 has recently been approved in order
to evaluate the efficacy and safety of bromhexine hydrochloride in patients with suspected or novel
coronavirus pneumonia (ClinicalTrials.gov Identifier: NCT04273763). The treatment is randomized
open label, based on the administration of bromhexine hydrochloride tablets in combination with
standard treatment for COVID-19 (Arbidol hydrochloride granules/Recombinant Human Interferon
α2b spray). A larger clinical study on 140 participants, at early phase I, involves the treatment
with bromhexine alone or in combination with hydroxychloroquine sulphate, in order to evaluate
the effect of bromhexine in preventing the development of COVID-19 (ClinicalTrials.gov Identifier:
NCT04340349). In summary, the above-described clinical trials aim to counteract the SARS-CoV-2
infectivity and, in this regard, bromhexine is investigated as a promising inhibitor of TMPRSS2.Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 15 of 28 
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A peptidomimetic approach represents a possible alternative towards the development of serine
protease TMPRSS2 inhibitors. A series of 4-amidinobenzylamide derivatives, known as inhibitors of
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various trypsin-like serine protease, was screened against TMPRSS2 [75–77] in order to systematically
investigate its substrate specificity [78], since the catalytic domain of all trypsin-like serine proteases
share structural features and folding pattern. The screening revealed a preference for basic P3 residues
in D-configuration, such as D-arginine, proline or glycine residues in P2 position, and a particular
preference for 4-amidinophenylalanine amide as P1 residue. Upon SAR investigation, compound
92 (Figure 13), having the P1 m- amidinophenylalanine piperidine amide with a basic ethylamine
chain extending towards the S1’ and a bulky biphenyl sulfonamidic N-cap, turned out to be the most
potent inhibitor with a Ki value of 0.9 nM for TMPRSS2. In Calu-3 airway epithelial cells that were
infected with human pandemic influenza viruses, 92 caused dose-dependent reduction in viral titers
(10–100-fold at 10 µM and 100–1000-fold at 50 µM, after 24 h) without affecting cell viability. However,
the significant discrepancies between the nM Ki on the isolated TMPRSS2 and activity in cell-based
context observed at µM concentration are likely due to the high polarity of the compound that has two
protonable groups at physiological pH. Recently, compound 92 and its less polar analogue MI-1900
have been shown to reduce by 25-fold virus titer in SARS-CoV-2 Calu-3 infected cells at a concentration
of 10 µM, without showing toxicity up to 50 µM [79].Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 16 of 28 
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Figure 13. Substrate analogues containing 3-amidinophenylalanine as P1 residue as TMPRSS2 inhibitors
compound 92 and MI-1900 showing antiviral activity against SARS-CoV-2.

In recent times, it has been shown that a guanine-rich tract in the promoter region of human
TMPRSS2 gene is able to form G-quadruplex secondary structures in the presence of potassium
cations and adjust the gene transcription process [80]. Because the guanine-rich sequence has proven
relevant for TMPRSS2 promoter activity [80], the use of compounds that are capable of stabilizing
G-quadruplex structures and thus reducing/blocking transcription of the TMPRSS2 gene has been
proposed as a potential host targeting strategy. Seven benzoselenoxanthene analogues were designed
and synthesized for this purpose, and the compounds Se1, Se3, Se5, and Se7 (Figure 14) have shown to
increase the stability of the TMPRSS2 G-quadruplex in vitro, corresponding to an effective decrease of
TMPRSS2-gene expression in Calu-3 cells. At a later stage, Shen et al. evaluated the inhibition of viral
propagation in Calu-3 cells infected with Influenza A virus. Benzoselenoxanthene analogues led to a
near-complete reduction of virus titer at a concentration of 8 µM, with an antiviral activity comparable
with anti-influenza drug Oseltamivir, although definitely inferior to camostat inhibitor. Therefore,
no significant cytotoxic effects have been revealed at 10 µM. In summary, the down-regulation
of TMPRSS2 expression through G-quadruplex structure stabilization is affirmed as a promising
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strategy for the inhibition of viral infection and represents a pioneering starting point for novel drugs
against SARS-CoV-2.
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3.2. CatB/L as Host Targets and Its Inhibitors

As described above, SARS-CoV-2 enters cells also exploiting the endosomal pathway, mediated by
CatB/L and their inhibition for the treatment of SARS-CoV-2 infection may be a promising host
antiviral strategy, as supported by previous literature on SARS-CoV-2 and related CoVs [21,62,70,81,82].
The CatB/L are human lysosomal cysteine proteases belonging to clan CA1 of the papain structure,
which includes eleven subtypes of cathepsins (L (L1), B, C, F, H, K, O, V (L2), X, S, W). Whereas,
the lysosomes are the cell organelles used for the recycling and degradation of biological molecules,
as well as for the defense against external agents, the cathepsins participate in processes involving
cell death, protein degradation, autophagy, and immune signaling, also depending on cell and tissue
types [83]. The aberrant dysregulation of these functions is the basis of various pathologies, such as
cancer and metastasis, rheumatoid arthritis, diabetes, immunological responses, and inflammatory
respiratory disease, to cite a few, thus these proteins are important targets within several drug
discovery fields [84–87]. The most challenging aspect in targeting cathepsins is the achievement of
protein selectivity in order to avoid toxicity and side effect that could derive from broad inhibition
of many different cathepsins. Previous studies have demonstrated that various viruses, such as
SARS-CoV and other CoVs [62,88], Ebola virus, Hendra virus, and Nipah virus, require specifically
CatL for surface glycoprotein priming to activate the membrane fusion process [86,89]. Structural
and mechanistic information are available on CatB/L and many inhibitors have been reported for
different therapeutic areas [90]. CatB/L are cysteine endopeptidase characterized by a catalytic triad
made-up by Cys25-His159-Asn175 residues. It is noteworthy that CatB is the unique cathepsin able to
act also as exopeptidase (carboxypeptidases), due to a conformational change dependent on “occluding
loop” of 20 amino acid (Ile105-Thr125). The occluding loop blocks the portion of primed site of
substrates in the active site, in order to leave space for two amino acid residues of C-terminal and
favor the correct positioning of the substrate by two His residues (His110 and His111) that bind the
terminal carboxylate [91]. Although the active sites of CatB/L did not present substantial differences in
terms of volume and shape, they show different substrate specificity [92]. The substrate specificity
of carboxypeptidase CatB allows for diverse amino acids at P1 position, such as Leu, Ser, or Gly,
with a preference for basic amino acid as Arg; S2 is large enough to accommodate Val and Phe as
residues in P2 position; the P3 position prefers Ile residue then Lys, and Phe [92]. The presence of a
Gly residue in P3 is strongly required for CatB endopeptidase specificity, whereas it is well suited to
sterically small S3’ subsite due to occluding loop. It has been shown that CatL [93] prefers a small
aliphatic amino acid at P1 position, such as Gly, while requires an aromatic residue at P2 position for
specificity of substrate, and bulky flexible substituents at P3, with a preference for the amino acid
Leu. The differences in substrate specificity of CatB/L are useful for the design of selective and most
potent inhibitors towards each cysteine protease. Additionally, for cathepsins inhibitors, the design
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of reversible covalent inhibitors represents a preferential path by introducing electrophilic warheads
aside P1 position, which trap the nucleophilic Cys25 residue in the active site of the enzyme. To date,
numerous cathepsin inhibitors have been reported in publications and patents and can be classified
according to warheads and mechanism of action, as already reviewed [87,90].

As anticipated above, the cathepsin inhibitor E64d has been found to enhance camostat SARS-CoV-2
entry inhibition and antiviral activity in cell lines, thus providing evidence to consider CatB/L as
anti-CoV host targets [21]. However, single treatment with E64d only leads to partial inhibition,
likewise Camostat. E-64d is an unselective and covalent cathepsin inhibitor, containing an epoxide
ring as warhead that can undergo nucleophilic attack by Cys-SH and form the covalent bond at the
catalytic site [94] (Figure 15). Therefore, the epoxysuccinyl-derivate is highly reactive and it has not
the structural requirements to selectively target one protein, showing action against both cathepsin
B and L and a moderate 24-fold selectivity over cathepsin H, with low toxic effects [95]. CoVs seem
to preferentially engage CatL to entry into host cells [62,88], hence it may be more appropriate to
selectively target CatL, although further studies should be performed to prove whether selective
CatL inhibitors are more effective and safer than CatB/L inhibitors. However, the lack of selectivity
of E-64d is attributable to the fact that it only occupies the prime-site at the enzyme pocket while of
P2 site is determinant for selectivity towards the CatL [96]. For instance, the crystal structure of the
papain/CLIK-148 complex (PDB ID: 1CVZ) [97] revealed that N-terminal pyridine-ring engages a π- π
interaction with the Trp-177 in the prime site, while the rigidity and bulkiness of phenyl-ring fits well
in the S2 non-prime site (Figure 16). CLIK-148 showed a preferential inhibition of CatL than the other
cathepsins, achieved by fragments that extend into S2 non-prime site of the protease, thus representing
a potential template for design of selective CatL inhibitors.
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An attractive hit candidate for SARS, Ebola virus, and potentially for SARS-2 infection is the
vinylsulfone-derivate K11777 (Figure 16), capable of inhibiting cathepsin-mediated viral entry. K11777 is
known for inhibit cruzain, a CatL-like protease of the protozoan parasite Trypanosoma cruzi [98] and
several human cathepsins [99] that has been under advanced stages of preclinical development for
various parasitic diseases and has proven to be non-mutagenic with satisfactory safety and PK profiles
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in different animal models, such as rodents, dogs and primates [100–103]. K11777 is a covalent inhibitor
of cysteine protease, bearing the vinylsulfone moiety, which acts as a Michael acceptor and reacts with
Cys-SH in the catalytic pocket of the protease. In line with the proven efficacy against various cysteine
proteases (Figure 16) [98,104–106]. SAR studies around 3-aryl vinyl sulfone analogues as inhibitors of
CatB/L highlighted that a phenetyl group at the P1 is preferred for cathepsin L, while 2-napthyl group
for cathepsin B, an aliphatic as in Leu or a benzyl group as in Phe are accepted by CatL, while CatB only
tolerates aromatic residues [107]. In general, compounds with a 4-methylpiperazinyl group in position
3 were more active than compounds with a morpholinyl group. The basic piperazine ring at the P3
position was important likely to promoteen the accumulation into the lysosomal acidic environment,
where the inhibitor could find its molecular target. K11777 having these chemical requirements potently
inhibit CatB/L and has demonstrated activity against a variety of CoVs and filoviruses that engage host
cathepsins for cellular entry via endosomal pathway [70]. Interestingly, K11777 inhibited SARS-CoV
replication in cell based assays, with EC50 ranging from 0.05 to 0.52 µM, showing 90% reduction in
viral yields with EC90 ranging from 0.35–1.04 µM, with low toxicity (CC50s > 50 µM, SIs ranging from
150.6 to > 2112), depending of the viral strain, the method to evaluate antiviral effect and the cell type
(summarized in Table 1).Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 19 of 28 
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Table 1. Inhibitory activity of K11777 against SARS-CoV replication in Vero 76 cells.

Compound SARS-CoV
CPE Inhibition NR Assay Virus Yield

Reduction

EC50 (µM) CC50 (µM) SI EC50 (µM) CC50 (µM) SI EC90 (µM)

K11777
Urbani <0.05 >106.6 >2111 <0.52 >100 >193 0.35

Toronto-2 <0.05 85.2 >1704 <0.35 52.7 >151 1.04

K11777 is an attractive candidate for host antiviral strategy and a potential starting point for
the development of broad-spectrum therapy deserving evaluation against SARS-CoV-2. However,
few medicinal chemistry efforts have been made around K11777 within the CoV research field, a small
series of analogues synthesized in the same study only show modifications at the substituent on the
nitrogen of the N-piperazine cap. No data against the isolated target are available, but data from
cell-based assays indicate that compounds retaining basic piperazine moieties show potent activity
comparable to K11777, while derivatives lacking of protonable group at physiological pH have a drop
of 10–100-fold in activity. The basic piperazine ring at the P3 position is important for the efficient
accumulation of the inhibitor in lysosomal compartment rather than for the interaction with cathepsins.
Moreover, K11777 has a quite long story as preclinical candidate against protozoa, thus some DMPK
information are available. It has been evaluated by oral administration in monkeys (50 mg/kg) and
rodents (50 mg/kg) showing good metabolic stability (3–4 h), but moderate 15–20% of bioavailability,
consistently to its peptidic nature, plasma levels at 1h in rodents ranging from 0–3 to 1 µM [103].

In order to find compounds able to block SARS-CoV entry in host cells a biochemical screening
against CatL was carried out using a library of 1000 cysteine proteases inhibitors and MDL28170
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(Figure 17), a reversible covalent inhibitor with an aldehyde warhead (known also as calpain inhibitor
III or Z-Val–Phe [CHO]), resulted able to exert potent inhibition of CatL with IC50 = 2.5 nM and to
inhibit SARS-CoV replication, but in cell-based assay data (EC50 and CC50) are not available. Moreover,
the inhibitor is able to block S protein-mediated entry of pseudo virions HIV-luc SARS S into host cells
with IC50 < 100 nM [62]. In another study, Barnard DL et al. have reported the activity of MDL28170
in inhibiting cell culture infection of SARS-CoV showing less potent activity with EC50 ranging from
0.5 (CPE) to1 µM (neutral red) and slight toxicity with CC50 = 20 µM (CPE) and 10 µM (Neutral red).
Unfortunately, in viral tritation the compound did not show selective antiviral effect [108]. MDL28170
iv dosed (50 mg/kg) in rodents preclinical model of ischemia showed a half-life of 2h, but additional
DMPK data are not available [109,110]. However, it would also be interesting to evaluate its activity
on SARS-CoV-2 to serve as starting hit for optimization.Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 20 of 28 
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Ref. [108]).

Although, to date, no CatL inhibitors are in clinical trials, unlike cathepsin B inhibitors, several
compounds have shown selectivity of action towards CatL, sometimes with nM potency. For the
purpose of this review, it is noteworthy to report a study focusing on a small-molecule oxocarbazate
inhibitor CID23631927 that has shown a potent and selective antiviral activity against SARS-CoV in
cell context, targeting CatL (Figure 18). Indeed, the tetrahydroquinoline oxocarbazate (PubChem)
CID 23631927 was reported to potently inhibit CatL with a Ki = 0.29 nM, and IC50 = 0.4 nM (4 h
pre-incubation), with a considerably high CatL/B selectivity ratio of 735. It is noteworthy that
the oxocarbazate inhibitors are likely to act as covalent reversible inhibitors, because there is clear
time-dependent inhibition and replacement of this moiety resulting in loss of activity; the mechanism
of inhibition involves a tetrahedral intermediate by attack of the catalytic Cys25 on the oxocarbazate
carbonyl [111]. The small-molecule oxocarbazate binding mode has been investigated by molecular
modelling studies, suggesting that the tetrahydroquinoline fills the S1’ subsite, the tert-butoxycarbonyl
group establishing hydrophobic interactions on the S3 subsite, while the indole group in S configuration
binds to the S2 subsite, likely directing the specificity of the substrate [112]. Interestingly, derivative
CID 23631927 was able to potently inhibit SARS-CoV entry in cellular (human embryonic kidney
293T) pseudotype model of infection (EC50 = 0.27 µM) and no toxicity up to 100 µM was observed in
another cell type (human aortic endothelial cells). On the contrary, a close analogue (PubChem) CID
16726315 able to exert potent inhibition of CatL as well, did not have significant activity in cell lines,
which was likely due to unsuitable chemico-physical properties across cell membrane. On the basis,
of this promising background data, derivative CID 23631927 could be a promising candidate as tool
compound to block SARS-CoV-2 infection as selective and potent inhibitor of human CatL in cell.
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4. Conclusions

The identification of antiviral agents against SARS-CoV-2 to treat COVID-19, but also against
other CoVs to identify broad-spectrum inhibitors, is an urgent medical need. Researchers all around
the World are exploiting different strategies targeting both viral and host factors making COVID-19
drug discovery an emerging, rapidly evolving, and intriguing research field. Besides targeting
intracellular steps of viral replication, the inhibition of virus entry into host cells represents another
way to prevent/treat viral infections.

The inhibition of S/ACE2 interaction by targeting the S RBD region with peptides appears as a
fast route to block viral entry, and a 23-mer peptide SBP1 with low nM affinity has been identified,
but activity in cell-based assays is not known. However, the RBD region is the most variable among CoVs
and is more prone to mutate, thus it is difficult to develop broad-spectrum inhibitors. In this scenario,
fusion inhibitors targeting the more stable HRs are a more advantageous approach. In particular,
HR2 sequence-based peptides could pave the way for the development of new therapeutics with
broad-spectrum anti-CoVs activity. Additionally, the HR2 may likely have high resistance barrier to
the viral mutations. Among the peptides reported, the lipopeptide EK1C4 shows potent S-mediated
fusion inhibition coupled to selective broad antiviral activity in cell-based assays against SARS-CoV-2
and other relevant CoVs, such as MERS-CoV. Interestingly, the lipopeptide protect HCoV infected mice
when administered from 0.5 to 4 h pre- and 0.5 h post-infection, holding promise to be developed as
the first pan-CoV fusion inhibitor-based antiviral therapeutic to prevent/treat COVID-19 and other
CoV diseases.

To inhibit viral entry, targeting host TMPRSS2 and CatB/L could be a promising approach to
prevent/treat SARS-CoV-2 and parent CoVs infection. However, the identification of specific potent
inhibitors of TMPRSS2 with suitable chemico-physical and PK properties is an emerging field and
there is room for improvements. Of course, research efforts should also aim to better clarify substrate
specificity and structural features of this enzyme thus allowing for more focused rational design of
inhibitors. On the other hand, the availability of drugs already in use for other therapeutic areas
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that are able to exert potent and selective antiviral activity against SARS-CoV-2 and/or other CoVs
likely targeting TMPRSS2, such as nafamostat, can be a candidate for drug repurposing and used as
template for the design of new inhibitors. On the other hand, inhibition of cathepsins, especially CatL,
can offer a promising host target approach to inhibit SARS-CoV-2 replication. The inhibitors of CatL
already shown active against the related SARS-CoV also have the potential to inhibit SARS-CoV-2.
The cruzain inhibitor K11777 and the preferential CatL inhibitor CID23631927 can represent suitable
starting points to design selective and potent anti-CoV agents with optimized DMPK properties.
Moreover, many CatL inhibitors have been reported in literature and they are characterized for the
biological profiles; therefore, systematic analysis of the available information can be helpful within
COVID-19 drug discovery.
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SARS-CoV-2 Severe acute respiratory syndrome 2
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M Membrane
N Nucleocapsid
PDB Protein Data Bank

References

1. WHO. Ten Threats to Global Health in 2019; WHO: Geneva, Switzerland, 2019. Available online: https:
//www.who.int/emergencies/ten-threats-to-global-health-in-2019 (accessed on 8 June 2020).

2. WHO. Prioritizing Diseases for Research and Development in Emergency Contexts; WHO: Geneva, Switzerland,
2020. Available online: Https://www.who.int/activities/prioritizing-diseases-for-research-anddevelopment-
In-emergency-contexts (accessed on 8 June 2020).

3. Wu, F.; Zhao, S.; Yu, B.; Chen, Y.M.; Wang, W.; Song, Z.G.; Hu, Y.; Tao, Z.W.; Tian, J.H.; Pei, Y.Y.; et al. A new
coronavirus associated with human respiratory disease in China. Nature 2020, 579, 265–269. [CrossRef]
[PubMed]

4. Zhu, N.; Zhang, D.; Wang, W.; Li, X.; Yang, B.; Song, J.; Zhao, X.; Huang, B.; Shi, W.; Lu, R.; et al. A novel
coronavirus from patients with pneumonia in China, 2019. N. Engl. J. Med. 2020, 382, 727–733. [CrossRef]
[PubMed]

https://www.who.int/emergencies/ten-threats-to-global-health-in-2019
https://www.who.int/emergencies/ten-threats-to-global-health-in-2019
Https://www.who.int/activities/prioritizing-diseases-for-research-anddevelopment-In-emergency-contexts
Https://www.who.int/activities/prioritizing-diseases-for-research-anddevelopment-In-emergency-contexts
http://dx.doi.org/10.1038/s41586-020-2008-3
http://www.ncbi.nlm.nih.gov/pubmed/32015508
http://dx.doi.org/10.1056/NEJMoa2001017
http://www.ncbi.nlm.nih.gov/pubmed/31978945


Int. J. Mol. Sci. 2020, 21, 5707 22 of 27

5. Rolling Updates on Coronavirus Disease (COVID-19). Available online: Https://www.who.int/emergencies/
diseases/novel-coronavirus-2019/events-as-they-happen (accessed on 8 June 2020).

6. Riddle, M.S.; Connor, B.A.; Beeching, N.J.; DuPont, H.L.; Hamer, D.H.; Kozarsky, P.; Libman, M.; Steffen, R.;
Taylor, D.; Tribble, D.R.; et al. 2020 Hubei Lockdowns. J. Travel Med. 2020, 24, S63. [CrossRef] [PubMed]

7. Saglietto, A.; D’Ascenzo, F.; Zoccai, G.B.; De Ferrari, G.M. COVID-19 in Europe: The Italian lesson. Lancet
2020, 395, 1110–1111. [CrossRef]

8. Remuzzi, A.; Remuzzi, G. COVID-19 and Italy: What next? Lancet 2020, 395, 1225–1228. [CrossRef]
9. Pushpakom, S.; Iorio, F.; Eyers, P.A.; Escott, K.J.; Hopper, S.; Wells, A.; Doig, A.; Guilliams, T.; Latimer, J.;

McNamee, C.; et al. Drug repurposing: Progress, challenges and recommendations. Nat. Rev. Drug Discov.
2018, 18, 41–58. [CrossRef]

10. Alpern, J.D.; Gertner, E. Off-Label Therapies for COVID-19-Are We All In This Together? Clin. Pharmacol. Ther.
2020, 108, 182–184. [CrossRef]

11. Goldman, J.D.; Lye, D.C.B.; Hui, D.S.; Marks, K.M.; Bruno, R.; Montejano, R.; Spinner, C.D.; Galli, M.;
Ahn, M.-Y.; Nahass, R.G.; et al. Remdesivir for 5 or 10 Days in Patients with Severe Covid-19. N. Engl. J. Med.
2020. [CrossRef]

12. Beigel, J.H.; Tomashek, K.M.; Dodd, L.E.; Mehta, A.K.; Zingman, B.S.; Kalil, A.C.; Hohmann, E.; Chu, H.Y.;
Luetkemeyer, A.; Kline, S.; et al. Remdesivir for the Treatment of Covid-19—Preliminary Report. N. Engl.
J. Med. 2020. [CrossRef]

13. Liu, C.; Zhou, Q.; Li, Y.; Garner, L.V.; Watkins, S.P.; Carter, L.J.; Smoot, J.; Gregg, A.C.; Daniels, A.D.; Jervey, S.;
et al. Research and Development on Therapeutic Agents and Vaccines for COVID-19 and Related Human
Coronavirus Diseases. ACS Cent. Sci. 2020, 6, 315–331. [CrossRef]

14. Chan, J.F.W.; Kok, K.H.; Zhu, Z.; Chu, H.; To, K.K.W.; Yuan, S.; Yuen, K.Y. Genomic characterization of the
2019 novel human-pathogenic coronavirus isolated from a patient with atypical pneumonia after visiting
Wuhan. Emerg. Microbes Infect. 2020, 9, 221–236. [CrossRef] [PubMed]

15. Gorbalenya, A.E.; Baker, S.C.; Baric, R.S.; de Groot, R.J.; Drosten, C.; Gulyaeva, A.A.; Haagmans, B.L.;
Lauber, C.; Leontovich, A.M.; Neuman, B.W.; et al. The species Severe acute respiratory syndrome-related
coronavirus: Classifying 2019-nCoV and naming it SARS-CoV-2. Nat. Microbiol. 2020, 5, 536–544.

16. Zhou, P.; Yang, X.L.; Wang, X.G.; Hu, B.; Zhang, L.; Zhang, W.; Si, H.R.; Zhu, Y.; Li, B.; Huang, C.L.; et al.
A pneumonia outbreak associated with a new coronavirus of probable bat origin. Nature 2020, 579, 270–273.
[CrossRef] [PubMed]

17. Shereen, M.A.; Khan, S.; Kazmi, A.; Bashir, N.; Siddique, R. COVID-19 infection: Origin, transmission,
and characteristics of human coronaviruses. J. Adv. Res. 2020, 24, 91–98. [CrossRef]

18. Sanche, S.; Lin, Y.T.; Xu, C.; Romero-Severson, E.; Hengartner, N.; Ke, R. High Contagiousness and Rapid
Spread of Severe Acute Respiratory Syndrome Coronavirus 2. Emerg. Infect. Dis. 2020, 26, 1470–1477.
[CrossRef]

19. Fehr, A.R.; Perlman, S. Coronaviruses: An overview of their replication and pathogenesis. In Coronaviruses:
Methods and Protocols; Springer: New York, NY, USA, 2015; Volume 1282, pp. 1–23. ISBN 9781493924387.

20. Wrapp, D.; Wang, N.; Corbett, K.S.; Goldsmith, J.A.; Hsieh, C.L.; Abiona, O.; Graham, B.S.; McLellan, J.S.
Cryo-EM structure of the 2019-nCoV spike in the prefusion conformation. Science 2020, 367, 1260–1263.
[CrossRef]

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

22. Bosch, B.J.; van der Zee, R.; de Haan, C.A.M.; Rottier, P.J.M. The Coronavirus Spike Protein Is a Class I Virus
Fusion Protein: Structural and Functional Characterization of the Fusion Core Complex. J. Virol. 2003, 77,
8801–8811. [CrossRef]

23. Nakagawa, K.; Lokugamage, K.G.; Makino, S. Viral and Cellular mRNA Translation in Coronavirus-Infected
Cells. In Advances in Virus Research; Academic Press Inc.: Cambridge, MA, USA, 2016; Volume 96, pp. 165–192.

24. Zhao, L.; Jha, B.K.; Wu, A.; Elliott, R.; Ziebuhr, J.; Gorbalenya, A.E.; Silverman, R.H.; Weiss, S.R. Antagonism
of the interferon-induced OAS-RNase L pathway by murine coronavirus ns2 protein is required for virus
replication and liver pathology. Cell Host Microbe 2012, 11, 607–616. [CrossRef]

25. MacArthur, R.D.; Novak, R.M. Reviews Of Anti-infective Agents: Maraviroc: The First of a New Class of
Antiretroviral Agents. Clin. Infect. Dis. 2008, 47, 236–241. [CrossRef]

Https://www.who.int/emergencies/diseases/novel-coronavirus-2019/events-as-they-happen
Https://www.who.int/emergencies/diseases/novel-coronavirus-2019/events-as-they-happen
http://dx.doi.org/10.1093/jtm/tax026
http://www.ncbi.nlm.nih.gov/pubmed/28521004
http://dx.doi.org/10.1016/S0140-6736(20)30690-5
http://dx.doi.org/10.1016/S0140-6736(20)30627-9
http://dx.doi.org/10.1038/nrd.2018.168
http://dx.doi.org/10.1002/cpt.1862
http://dx.doi.org/10.1056/NEJMoa2015301
http://dx.doi.org/10.1056/NEJMoa2007764
http://dx.doi.org/10.1021/acscentsci.0c00272
http://dx.doi.org/10.1080/22221751.2020.1719902
http://www.ncbi.nlm.nih.gov/pubmed/31987001
http://dx.doi.org/10.1038/s41586-020-2012-7
http://www.ncbi.nlm.nih.gov/pubmed/32015507
http://dx.doi.org/10.1016/j.jare.2020.03.005
http://dx.doi.org/10.3201/eid2607.200282
http://dx.doi.org/10.1126/science.abb2507
http://dx.doi.org/10.1016/j.cell.2020.02.052
http://dx.doi.org/10.1128/JVI.77.16.8801-8811.2003
http://dx.doi.org/10.1016/j.chom.2012.04.011
http://dx.doi.org/10.1086/589289


Int. J. Mol. Sci. 2020, 21, 5707 23 of 27

26. Matthews, T.; Salgo, M.; Greenberg, M.; Chung, J.; DeMasi, R.; Bolognesi, D. Enfuvirtide: The first therapy to
inhibit the entry of HIV-1 into host CD4 lymphocytes. Nat. Rev. Drug Discov. 2004, 3, 215–225. [CrossRef]
[PubMed]

27. Meanwell, N.A.; Krystal, M.R.; Nowicka-Sans, B.; Langley, D.R.; Conlon, D.A.; Eastgate, M.D.; Grasela, D.M.;
Timmins, P.; Wang, T.; Kadow, J.F. Inhibitors of HIV-1 Attachment: The Discovery and Development of
Temsavir and its Prodrug Fostemsavir. J. Med. Chem. 2018, 61, 62–80. [PubMed]

28. Teissier, E.; Penin, F.; Pécheur, E.I. Targeting cell entry of enveloped viruses as an antiviral strategy. Molecules
2011, 16, 221–250. [CrossRef] [PubMed]

29. Walls, A.C.; Xiong, X.; Park, Y.J.; Tortorici, M.A.; Snijder, J.; Quispe, J.; Cameroni, E.; Gopal, R.; Dai, M.;
Lanzavecchia, A.; et al. Unexpected Receptor Functional Mimicry Elucidates Activation of Coronavirus
Fusion. Cell 2019, 176, 1026–1039. [CrossRef] [PubMed]

30. Walls, A.C.; Tortorici, M.A.; Bosch, B.J.; Frenz, B.; Rottier, P.J.M.; DiMaio, F.; Rey, F.A.; Veesler, D. Cryo-electron
microscopy structure of a coronavirus spike glycoprotein trimer. Nature 2016, 531, 114–117. [CrossRef]
[PubMed]

31. Yuan, Y.; Cao, D.; Zhang, Y.; Ma, J.; Qi, J.; Wang, Q.; Lu, G.; Wu, Y.; Yan, J.; Shi, Y.; et al. Cryo-EM structures of
MERS-CoV and SARS-CoV spike glycoproteins reveal the dynamic receptor binding domains. Nat. Commun.
2017, 8, 1–9. [CrossRef]

32. Walls, A.C.; Park, Y.J.; Tortorici, M.A.; Wall, A.; McGuire, A.T.; Veesler, D. Structure, Function, and Antigenicity
of the SARS-CoV-2 Spike Glycoprotein. Cell 2020, 181, 281–292. [CrossRef]

33. Walls, A.C.; Tortorici, M.A.; Snijder, J.; Xiong, X.; Bosch, B.J.; Rey, F.A.; Veesler, D. Tectonic conformational
changes of a coronavirus spike glycoprotein promote membrane fusion. Proc. Natl. Acad. Sci. USA 2017, 114,
11157–11162. [CrossRef]

34. Pallesen, J.; Wang, N.; Corbett, K.S.; Wrapp, D.; Kirchdoerfer, R.N.; Turner, H.L.; Cottrell, C.A.; Becker, M.M.;
Wang, L.; Shi, W.; et al. Immunogenicity and structures of a rationally designed prefusion MERS-CoV spike
antigen. Proc. Natl. Acad. Sci. USA 2017, 114, E7348–E7357. [CrossRef]

35. Li, F.; Li, W.; Farzan, M.; Harrison, S.C. Structural biology: Structure of SARS coronavirus spike
receptor-binding domain complexed with receptor. Science 2005, 309, 1864–1868. [CrossRef]

36. Song, W.; Gui, M.; Wang, X.; Xiang, Y. Cryo-EM structure of the SARS coronavirus spike glycoprotein in
complex with its host cell receptor ACE2. PLoS Pathog. 2018, 14, e1007236. [CrossRef] [PubMed]

37. Xu, X.; Chen, P.; Wang, J.; Feng, J.; Zhou, H.; Li, X.; Zhong, W.; Hao, P. Evolution of the novel coronavirus from
the ongoing Wuhan outbreak and modeling of its spike protein for risk of human transmission. Sci. China
Life Sci. 2020, 63, 457–460. [CrossRef] [PubMed]

38. Lan, J.; Ge, J.; Yu, J.; Shan, S.; Zhou, H.; Fan, S.; Zhang, Q.; Shi, X.; Wang, Q.; Zhang, L.; et al. Structure of
the SARS-CoV-2 spike receptor-binding domain bound to the ACE2 receptor. Nature 2020, 581, 215–220.
[CrossRef] [PubMed]

39. Yan, R.; Zhang, Y.; Li, Y.; Xia, L.; Guo, Y.; Zhou, Q. Structural basis for the recognition of SARS-CoV-2 by
full-length human ACE2. Science 2020, 367, 1444–1448. [CrossRef]

40. Jaimes, J.A.; André, N.M.; Chappie, J.S.; Millet, J.K.; Whittaker, G.R. Phylogenetic analysis and structural
modeling of SARS-CoV-2 Spike protein reveals an evolutionary distinct and proteolytically sensitive
activation loop. J. Mol. Biol. 2020, 432, 3309–3325. [CrossRef]

41. Duquerroy, S.; Vigouroux, A.; Rottier, P.J.M.; Rey, F.A.; Jan Bosch, B. Central ions and lateral
asparagine/glutamine zippers stabilize the post-fusion hairpin conformation of the SARS coronavirus
spike glycoprotein. Virology 2005, 335, 276–285. [CrossRef]

42. Xia, S.; Liu, M.; Wang, C.; Xu, W.; Lan, Q.; Feng, S.; Qi, F.; Bao, L.; Du, L.; Liu, S.; et al. Inhibition of
SARS-CoV-2 (previously 2019-nCoV) infection by a highly potent pan-coronavirus fusion inhibitor targeting
its spike protein that harbors a high capacity to mediate membrane fusion. Cell Res. 2020, 30, 343–355.
[CrossRef]

43. Zhang, G.; Pomplun, S.; Loftis, A.R.; Loas, A.; Pentelute, B.L. The first-in-class peptide binder to the
SARS-CoV-2 spike protein. bioRxiv 2020. [CrossRef]

44. Xia, S.; Zhu, Y.; Liu, M.; Lan, Q.; Xu, W.; Wu, Y.; Ying, T.; Liu, S.; Shi, Z.; Jiang, S.; et al. Fusion mechanism
of 2019-nCoV and fusion inhibitors targeting HR1 domain in spike protein. Cell. Mol. Immunol. 2020, 17,
765–767. [CrossRef]

http://dx.doi.org/10.1038/nrd1331
http://www.ncbi.nlm.nih.gov/pubmed/15031735
http://www.ncbi.nlm.nih.gov/pubmed/29271653
http://dx.doi.org/10.3390/molecules16010221
http://www.ncbi.nlm.nih.gov/pubmed/21193846
http://dx.doi.org/10.1016/j.cell.2018.12.028
http://www.ncbi.nlm.nih.gov/pubmed/30712865
http://dx.doi.org/10.1038/nature16988
http://www.ncbi.nlm.nih.gov/pubmed/26855426
http://dx.doi.org/10.1038/ncomms15092
http://dx.doi.org/10.1016/j.cell.2020.02.058
http://dx.doi.org/10.1073/pnas.1708727114
http://dx.doi.org/10.1073/pnas.1707304114
http://dx.doi.org/10.1126/science.1116480
http://dx.doi.org/10.1371/journal.ppat.1007236
http://www.ncbi.nlm.nih.gov/pubmed/30102747
http://dx.doi.org/10.1007/s11427-020-1637-5
http://www.ncbi.nlm.nih.gov/pubmed/32009228
http://dx.doi.org/10.1038/s41586-020-2180-5
http://www.ncbi.nlm.nih.gov/pubmed/32225176
http://dx.doi.org/10.1126/science.abb2762
http://dx.doi.org/10.1016/j.jmb.2020.04.009
http://dx.doi.org/10.1016/j.virol.2005.02.022
http://dx.doi.org/10.1038/s41422-020-0305-x
http://dx.doi.org/10.1101/2020.03.19.999318
http://dx.doi.org/10.1038/s41423-020-0374-2


Int. J. Mol. Sci. 2020, 21, 5707 24 of 27

45. Bosch, B.J.; Martina, B.E.E.; Van Der Zee, R.; Lepault, J.; Haijema, B.J.; Versluis, C.; Heck, A.J.R.; De Groot, R.;
Osterhaus, A.D.M.E.; Rottier, P.J.M. Severe acute respiratory syndrome coronavirus (SARS-CoV) infection
inhibition using spike protein heptad repeat-derived peptides. Proc. Natl. Acad. Sci. USA 2004, 101,
8455–8460. [CrossRef]

46. Xia, S.; Yan, L.; Xu, W.; Agrawal, A.S.; Algaissi, A.; Tseng, C.T.K.; Wang, Q.; Du, L.; Tan, W.; Wilson, I.A.; et al.
A pan-coronavirus fusion inhibitor targeting the HR1 domain of human coronavirus spike. Sci. Adv. 2019, 5,
eaav4580. [CrossRef] [PubMed]

47. Lu, L.; Liu, Q.; Zhu, Y.; Chan, K.H.; Qin, L.; Li, Y.; Wang, Q.; Chan, J.F.W.; Du, L.; Yu, F.; et al. Structure-based
discovery of Middle East respiratory syndrome coronavirus fusion inhibitor. Nat. Commun. 2014, 5, 1–12.
[CrossRef] [PubMed]

48. Liu, S.; Xiao, G.; Chen, Y.; He, Y.; Niu, J.; Escalante, C.R.; Xiong, H.; Farmar, J.; Debnath, A.K.; Tien, P.; et al.
Interaction between heptad repeat 1 and 2 regions in spike protein of SARS-associated coronavirus:
Implications for virus fusogenic mechanism and identification of fusion inhibitors. Lancet 2004, 363, 938–947.
[CrossRef]

49. Eckert, D.M.; Malashkevich, V.N.; Hong, L.H.; Carr, P.A.; Kim, P.S. Inhibiting HIV-1 entry: Discovery of
D-peptide inhibitors that target the gp41 coiled-coil pocket. Cell 1999, 99, 103–115. [CrossRef]

50. Lambert, D.M.; Barney, S.; Lambert, A.L.; Guthrie, K.; Medinas, R.; Davis, D.E.; Bucy, T.; Erickson, J.;
Merutka, G.; Petteway, S.R. Peptides from conserved regions of paramyxovirus fusion (F) proteins are potent
inhibitors of viral fusion. Proc. Natl. Acad. Sci. USA 1996, 93, 2186–2191. [CrossRef]

51. Zhang, D.; Li, W.; Jiang, S. Peptide fusion inhibitors targeting the HIV-1 gp41: A patent review (2009–2014).
Expert Opin. Ther. Pat. 2015, 25, 159–173. [CrossRef]

52. Pang, W.; Tam, S.-C.; Zheng, Y.-T. Current peptide HIV type-1 fusion inhibitors. Antivir. Chem. Chemother.
2009, 20, 1–18. [CrossRef]

53. Chong, H.; Xue, J.; Xiong, S.; Cong, Z.; Ding, X.; Zhu, Y.; Liu, Z.; Chen, T.; Feng, Y.; He, L.; et al. A Lipopeptide
HIV-1/2 Fusion Inhibitor with Highly Potent In Vitro, Ex Vivo, and In Vivo Antiviral Activity. J. Virol. 2017,
91, e00288-18. [CrossRef]

54. Wang, C.; Zhao, L.; Xia, S.; Zhang, T.; Cao, R.; Liang, G.; Li, Y.; Meng, G.; Wang, W.; Shi, W.; et al. De Novo
Design of α-Helical Lipopeptides Targeting Viral Fusion Proteins: A Promising Strategy for Relatively
Broad-Spectrum Antiviral Drug Discovery. J. Med. Chem. 2018, 61, 8734–8745.

55. Zhu, Y.; Yu, D.; Yan, H.; Chong, H.; He, Y. Design of potent membrane fusion inhibitors against SARS-CoV-2,
an emerging coronavirus with high fusogenic activity. J. Virol. 2020, 94, e00635-20. [CrossRef]

56. Yamamoto, N.; Yang, R.; Yoshinaka, Y.; Amari, S.; Nakano, T.; Cinatl, J.; Rabenau, H.; Doerr, H.W.;
Hunsmann, G.; Otaka, A.; et al. HIV protease inhibitor nelfinavir inhibits replication of SARS-associated
coronavirus. Biochem. Biophys. Res. Commun. 2004, 318, 719–725. [CrossRef] [PubMed]

57. Musarrat, F.; Chouljenko, V.; Dahal, A.; Nabi, R.; Chouljenko, T.; Jois, S.D.; Kousoulas, K.G. The anti-HIV
drug nelfinavir mesylate (Viracept) is a potent inhibitor of cell fusion caused by the SARSCoV-2 spike (S)
glycoprotein warranting further evaluation as an antiviral against COVID-19 infections. J. Med. Virol. 2020.
[CrossRef] [PubMed]

58. Kawase, M.; Shirato, K.; van der Hoek, L.; Taguchi, F.; Matsuyama, S. Simultaneous Treatment of Human
Bronchial Epithelial Cells with Serine and Cysteine Protease Inhibitors Prevents Severe Acute Respiratory
Syndrome Coronavirus Entry. J. Virol. 2012, 86, 6537–6545. [CrossRef] [PubMed]

59. Iwata-Yoshikawa, N.; Okamura, T.; Shimizu, Y.; Hasegawa, H.; Takeda, M.; Nagata, N. TMPRSS2 Contributes
to Virus Spread and Immunopathology in the Airways of Murine Models after Coronavirus Infection. J. Virol.
2019, 93, 1–15. [CrossRef] [PubMed]

60. Matsuyama, S.; Nagata, N.; Shirato, K.; Kawase, M.; Takeda, M.; Taguchi, F. Efficient Activation of the Severe
Acute Respiratory Syndrome Coronavirus Spike Protein by the Transmembrane Protease TMPRSS2. J. Virol.
2010, 84, 12658–12664. [CrossRef] [PubMed]

61. Glowacka, I.; Bertram, S.; Muller, M.A.; Allen, P.; Soilleux, E.; Pfefferle, S.; Steffen, I.; Tsegaye, T.S.; He, Y.;
Gnirss, K.; et al. Evidence that TMPRSS2 Activates the Severe Acute Respiratory Syndrome Coronavirus
Spike Protein for Membrane Fusion and Reduces Viral Control by the Humoral Immune Response. J. Virol.
2011, 85, 4122–4134. [CrossRef]

http://dx.doi.org/10.1073/pnas.0400576101
http://dx.doi.org/10.1126/sciadv.aav4580
http://www.ncbi.nlm.nih.gov/pubmed/30989115
http://dx.doi.org/10.1038/ncomms4067
http://www.ncbi.nlm.nih.gov/pubmed/24473083
http://dx.doi.org/10.1016/S0140-6736(04)15788-7
http://dx.doi.org/10.1016/S0092-8674(00)80066-5
http://dx.doi.org/10.1073/pnas.93.5.2186
http://dx.doi.org/10.1517/13543776.2014.987752
http://dx.doi.org/10.3851/IMP1369
http://dx.doi.org/10.1128/JVI.00288-17
http://dx.doi.org/10.1128/JVI.00635-20
http://dx.doi.org/10.1016/j.bbrc.2004.04.083
http://www.ncbi.nlm.nih.gov/pubmed/15144898
http://dx.doi.org/10.1002/jmv.25985
http://www.ncbi.nlm.nih.gov/pubmed/32374457
http://dx.doi.org/10.1128/JVI.00094-12
http://www.ncbi.nlm.nih.gov/pubmed/22496216
http://dx.doi.org/10.1128/JVI.01815-18
http://www.ncbi.nlm.nih.gov/pubmed/30626688
http://dx.doi.org/10.1128/JVI.01542-10
http://www.ncbi.nlm.nih.gov/pubmed/20926566
http://dx.doi.org/10.1128/JVI.02232-10


Int. J. Mol. Sci. 2020, 21, 5707 25 of 27

62. Simmons, G.; Gosalia, D.N.; Rennekamp, A.J.; Reeves, J.D.; Diamond, S.L.; Bates, P. Inhibitors of cathepsin
L prevent severe acute respiratory syndrome coronavirus entry. Proc. Natl. Acad. Sci. USA 2005, 102,
11876–11881. [CrossRef]

63. Szabo, R.; Bugge, T.H. Type II transmembrane serine proteases in development and disease. Int. J. Biochem.
Cell Biol. 2008, 40, 1297–1316. [CrossRef]

64. Fukushi, S.; Mizutani, T.; Saijo, M.; Matsuyama, S.; Miyajima, N.; Taguchi, F.; Itamura, S.; Kurane, I.;
Morikawa, S. Vesicular stomatitis virus pseudotyped with severe acute respiratory syndrome coronavirus
spike protein. J. Gen. Virol. 2005, 86, 2269–2274. [CrossRef]

65. Choi, S.Y.; Bertram, S.; Glowacka, I.; Park, Y.W.; Pöhlmann, S. Type II transmembrane serine proteases in
cancer and viral infections. Trends Mol. Med. 2009, 15, 303–312. [CrossRef]

66. Wilson, S.; Greer, B.; Hooper, J.; Zijlstra, A.; Walker, B.; Quigley, J.; Hawthorne, S. The membrane-anchored
serine protease, TMPRSS2, activates PAR-2 in prostate cancer cells. Biochem. J. 2005, 388, 967–972. [CrossRef]
[PubMed]

67. Bottcher-Friebertshauser, E.; Freuer, C.; Sielaff, F.; Schmidt, S.; Eickmann, M.; Uhlendorff, J.; Steinmetzer, T.;
Klenk, H.D.; Garten, W. Cleavage of Influenza Virus Hemagglutinin by Airway Proteases TMPRSS2 and
HAT Differs in Subcellular Localization and Susceptibility to Protease Inhibitors. J. Virol. 2010, 84, 5605–5614.
[CrossRef] [PubMed]

68. TMPRSS2—An Overview | ScienceDirect Topics. Available online: https://www.sciencedirect.com/topics/
biochemistry-genetics-and-molecular-biology/tmprss2 (accessed on 8 June 2020).

69. Shulla, A.; Heald-Sargent, T.; Subramanya, G.; Zhao, J.; Perlman, S.; Gallagher, T. A Transmembrane Serine
Protease Is Linked to the Severe Acute Respiratory Syndrome Coronavirus Receptor and Activates Virus
Entry. J. Virol. 2011, 85, 873–882. [CrossRef] [PubMed]

70. Zhou, Y.; Vedantham, P.; Lu, K.; Agudelo, J.; Carrion, R.; Nunneley, J.W.; Barnard, D.; Pöhlmann, S.;
McKerrow, J.H.; Renslo, A.R.; et al. Protease inhibitors targeting coronavirus and filovirus entry. Antiviral Res.
2015, 116, 76–84. [CrossRef] [PubMed]

71. Yamamoto, M.; Matsuyama, S.; Li, X.; Takeda, M.; Kawaguchi, Y.; Inoue, J.I.; Matsuda, Z. Identification
of nafamostat as a potent inhibitor of middle east respiratory syndrome Coronavirus s protein-mediated
membrane fusion using the split-protein-based cell-cell fusion assay. Antimicrob. Agents Chemother. 2016, 60,
6532–6539. [CrossRef] [PubMed]

72. Yamamoto, M.; Kiso, M.; Sakai-Tagawa, Y.; Iwatsuki-Horimoto, K.; Imai, M.; Takeda, M.; Kinoshita, N.;
Ohmagari, N.; Gohda, J.; Semba, K.; et al. The anticoagulant nafamostat potently inhibits SARS-CoV-2 S
protein-mediated fusion in a cell fusion assay system and viral infection in vitro in a cell-type-dependent
manner. Viruses 2020, 12, 629. [CrossRef] [PubMed]

73. Muto, S.; Imai, M.; Asano, Y. Mechanisms of hyperkalemia caused by nafamostat mesilate. Gen. Pharmacol.
1995, 26, 1627–1632. [CrossRef]

74. Lucas, J.M.; Heinlein, C.; Kim, T.; Hernandez, S.A.; Malik, M.S.; True, L.D.; Morrissey, C.; Corey, E.;
Montgomery, B.; Mostaghel, E.; et al. The androgen-regulated protease TMPRSS2 activates a proteolytic
cascade involving components of the tumor microenvironment and promotes prostate cancer metastasis.
Cancer Discov. 2014, 4, 1310–1325. [CrossRef]

75. Sisay, M.T.; Steinmetzer, T.; Stirnberg, M.; Maurer, E.; Hammami, M.; Bajorath, J.; Gütschow, M. Identification
of the first low-molecular-weight inhibitors of matriptase-2. J. Med. Chem. 2010, 53, 5523–5535. [CrossRef]

76. Stürzebecher, J.; Prasa, D.; Hauptmann, J.; Vieweg, H.; Wikström, P. Synthesis and structure-activity
relationships of potent thrombin inhibitors: Piperazides of 3-amidinophenylalanine. J. Med. Chem. 1997, 40,
3091–3099. [CrossRef]

77. Sielaff, F.; Böttcher-Friebertshäuser, E.; Meyer, D.; Saupe, S.M.; Volk, I.M.; Garten, W.; Steinmetzer, T.
Development of substrate analogue inhibitors for the human airway trypsin-like protease HAT. Bioorg. Med.
Chem. Lett. 2011, 21, 4860–4864. [CrossRef] [PubMed]

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

79. Bestle, D.; Heindl, M.R.; Limburg, H.; Van Lam van, T.; Pilgram, O.; Moulton, H.; Stein, D.A.; Hardes, K.;
Eickmann, M.; Dolnik, O.; et al. TMPRSS2 and furin are both essential for proteolytic activation of SARS-CoV-2
in human airway cells. Life Sci. Alliance 2020, 3, e202000786. [CrossRef] [PubMed]

http://dx.doi.org/10.1073/pnas.0505577102
http://dx.doi.org/10.1016/j.biocel.2007.11.013
http://dx.doi.org/10.1099/vir.0.80955-0
http://dx.doi.org/10.1016/j.molmed.2009.05.003
http://dx.doi.org/10.1042/BJ20041066
http://www.ncbi.nlm.nih.gov/pubmed/15537383
http://dx.doi.org/10.1128/JVI.00140-10
http://www.ncbi.nlm.nih.gov/pubmed/20237084
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/tmprss2
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/tmprss2
http://dx.doi.org/10.1128/JVI.02062-10
http://www.ncbi.nlm.nih.gov/pubmed/21068237
http://dx.doi.org/10.1016/j.antiviral.2015.01.011
http://www.ncbi.nlm.nih.gov/pubmed/25666761
http://dx.doi.org/10.1128/AAC.01043-16
http://www.ncbi.nlm.nih.gov/pubmed/27550352
http://dx.doi.org/10.3390/v12060629
http://www.ncbi.nlm.nih.gov/pubmed/32532094
http://dx.doi.org/10.1016/0306-3623(95)00072-0
http://dx.doi.org/10.1158/2159-8290.CD-13-1010
http://dx.doi.org/10.1021/jm100183e
http://dx.doi.org/10.1021/jm960668h
http://dx.doi.org/10.1016/j.bmcl.2011.06.033
http://www.ncbi.nlm.nih.gov/pubmed/21741839
http://dx.doi.org/10.1042/BJ20130101
http://www.ncbi.nlm.nih.gov/pubmed/23527573
http://dx.doi.org/10.26508/lsa.202000786
http://www.ncbi.nlm.nih.gov/pubmed/32703818


Int. J. Mol. Sci. 2020, 21, 5707 26 of 27

80. Shen, L.-W.; Qian, M.-Q.; Yu, K.; Narva, S.; Yu, F.; Wu, Y.-L.; Zhang, W. Inhibition of Influenza A virus
propagation by benzoselenoxanthenes stabilizing TMPRSS2 Gene G-quadruplex and hence down-regulating
TMPRSS2 expression. Sci. Rep. 2020, 10, 7635. [CrossRef] [PubMed]

81. Shirato, K.; Kawase, M.; Matsuyama, S. Wild-type human coronaviruses prefer cell-surface TMPRSS2 to
endosomal cathepsins for cell entry. Virology 2018, 517, 9–15. [CrossRef] [PubMed]

82. Shirato, K.; Kanou, K.; Kawase, M.; Matsuyama, S. Clinical Isolates of Human Coronavirus 229E Bypass the
Endosome for Cell Entry. J. Virol. 2017, 91, e01387-16. [CrossRef]

83. Reiser, J.; Adair, B.; Reinheckel, T. Specialized roles for cysteine cathepsins in health and disease.
J. Clin. Investig. 2010, 120, 3421–3431. [CrossRef]

84. Kang, K.; Kim, W. Recent developments of cathepsin inhibitors and their selectivity. Expert Opin. Ther. Pat.
2002, 12, 419–432. [CrossRef]

85. Lee-Dutra, A.; Wiener, D.K.; Sun, S. Cathepsin S inhibitors: 2004–2010. Expert Opin. Ther. Pat. 2011, 21,
311–337. [CrossRef]

86. Hernandez, A.A.; Roush, W.R. Recent advances in the synthesis, design and selection of cysteine protease
inhibitors. Curr. Opin. Chem. Biol. 2002, 6, 459–465. [CrossRef]

87. Dana, D.; Pathak, S.K. A review of small molecule inhibitors and functional probes of human cathepsin L.
Molecules 2020, 25, 698. [CrossRef] [PubMed]

88. Simmons, G.; Zmora, P.; Gierer, S.; Heurich, A.; Pöhlmann, S. Proteolytic activation of the SARS-coronavirus
spike protein: Cutting enzymes at the cutting edge of antiviral research. Antivir. Res. 2013, 100, 605–614.
[CrossRef] [PubMed]

89. Pager, C.T.; Craft, W.W.; Patch, J.; Dutch, R.E. A mature and fusogenic form of the Nipah virus fusion protein
requires proteolytic processing by cathepsin L. Virology 2006, 346, 251–257. [CrossRef] [PubMed]

90. Li, Y.Y.; Fang, J.; Ao, G.Z. Cathepsin B and L inhibitors: A patent review (2010 - present). Expert Opin.
Ther. Pat. 2017, 27, 643–656. [CrossRef]

91. Musil, D.; Zucic, D.; Turk, D.; Engh, R.A.; Mayr, I.; Huber, R.; Popovic, T.; Turk, V.; Towatari, T.; Katunuma, N.
The refined 2.15 A X-ray crystal structure of human liver cathepsin B: The structural basis for its specificity.
EMBO J. 1991, 10, 2321–2330. [CrossRef]

92. Cotrin, S.S.; Puzer, L.; De Souza Judice, W.A.; Juliano, L.; Carmona, A.K.; Juliano, M.A. Positional-scanning
combinatorial libraries of fluorescence resonance energy transfer peptides to define substrate specificity of
carboxydipeptidases: Assays with human cathepsin B. Anal. Biochem. 2004, 335, 244–252. [CrossRef]

93. Shenoy, R.T.; Sivaraman, J. Structural basis for reversible and irreversible inhibition of human cathepsin L
by their respective dipeptidyl glyoxal and diazomethylketone inhibitors. J. Struct. Biol. 2011, 173, 14–19.
[CrossRef]

94. Varughese, K.I.; Ahmed, F.R.; Carey, P.R.; Hasnain, S.; Huber, C.P.; Storer, A.C. Crystal Structure of a
Papain–E-64 Complex. Biochemistry 1989, 28, 1330–1332. [CrossRef]

95. Barrett, A.J.; Kembhavi, A.A.; Brown, M.A.; Kirschke, H.; Knight, C.G.; Tamai, M.; Hanada, K. L-trans-
Epoxysuccinyl-leucylamido(4-guanidino)butane (E-64) and its analogues as inhibitors of cysteine proteinases
including cathepsins, B, H and L. Biochem. J. 1982, 201, 189–198. [CrossRef]

96. Katunuma, N.; Murata, E.; Kakegawa, H.; Matsui, A.; Tsuzuki, H.; Tsuge, H.; Turk, D.; Turk, V.; Fukushima, M.;
Tada, Y.; et al. Structure based development of novel specific inhibitors for cathepsin L and cathepsin S
in vitro and in vivo. FEBS Lett. 1999, 458, 6–10. [CrossRef]

97. Tsuge, H.; Nishimura, T.; Tada, Y.; Asao, T.; Turk, D.; Turk, V.; Katunuma, N. Inhibition Mechanism of
Cathepsin L-Specific Inhibitors Based on the Crystal Structure of Papain–CLIK148 Complex. Biochem. Biophys.
Res. Commun. 1999, 266, 411–416. [CrossRef] [PubMed]

98. Engel, J.C.; Doyle, P.S.; Hsieh, I.; McKerrow, J.H. Cysteine protease inhibitors cure an experimental
Trypanosoma cruzi infection. J. Exp. Med. 1998, 188, 725–734. [CrossRef] [PubMed]

99. Choy, J.W.; Bryant, C.; Calvet, C.M.; Doyle, P.S.; Gunatilleke, S.S.; Leung, S.S.F.; Ang, K.K.H.; Chen, S.; Gut, J.;
Oses-Prieto, J.A.; et al. Chemical-biological characterization of a cruzain inhibitor reveals a second target
and a mammalian off-target. Beilstein J. Org. Chem. 2013, 9, 15–25. [CrossRef] [PubMed]

100. Barr, S.C.; Warner, K.L.; Kornreic, B.G.; Piscitelli, J.; Wolfe, A.; Benet, L.; McKerrow, J.H. A cysteine protease
inhibitor protects dogs from cardiac damage during infection by Trypanosoma cruzi. Antimicrob. Agents
Chemother. 2005, 49, 5160–5161. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/s41598-020-64368-8
http://www.ncbi.nlm.nih.gov/pubmed/32376987
http://dx.doi.org/10.1016/j.virol.2017.11.012
http://www.ncbi.nlm.nih.gov/pubmed/29217279
http://dx.doi.org/10.1128/JVI.01387-16
http://dx.doi.org/10.1172/JCI42918
http://dx.doi.org/10.1517/13543776.12.3.419
http://dx.doi.org/10.1517/13543776.2011.553800
http://dx.doi.org/10.1016/S1367-5931(02)00345-9
http://dx.doi.org/10.3390/molecules25030698
http://www.ncbi.nlm.nih.gov/pubmed/32041276
http://dx.doi.org/10.1016/j.antiviral.2013.09.028
http://www.ncbi.nlm.nih.gov/pubmed/24121034
http://dx.doi.org/10.1016/j.virol.2006.01.007
http://www.ncbi.nlm.nih.gov/pubmed/16460775
http://dx.doi.org/10.1080/13543776.2017.1272572
http://dx.doi.org/10.1002/j.1460-2075.1991.tb07771.x
http://dx.doi.org/10.1016/j.ab.2004.09.012
http://dx.doi.org/10.1016/j.jsb.2010.09.007
http://dx.doi.org/10.1021/bi00429a058
http://dx.doi.org/10.1042/bj2010189
http://dx.doi.org/10.1016/S0014-5793(99)01107-2
http://dx.doi.org/10.1006/bbrc.1999.1830
http://www.ncbi.nlm.nih.gov/pubmed/10600517
http://dx.doi.org/10.1084/jem.188.4.725
http://www.ncbi.nlm.nih.gov/pubmed/9705954
http://dx.doi.org/10.3762/bjoc.9.3
http://www.ncbi.nlm.nih.gov/pubmed/23400640
http://dx.doi.org/10.1128/AAC.49.12.5160-5161.2005
http://www.ncbi.nlm.nih.gov/pubmed/16304193


Int. J. Mol. Sci. 2020, 21, 5707 27 of 27

101. McKerrow, J.H. Designing drugs for parasitic diseases of the developing world. PLoS Med. 2005, 2, e210.
[CrossRef]

102. Jacobsen, W.; Christians, U.; Benet, L.Z. In vitro evaluation of the disposition of a novel cysteine protease
inhibitor. Drug Metab. Dispos. 2000, 28, 1343–1351.

103. Abdulla, M.H.; Lim, K.C.; Sajid, M.; McKerrow, J.H.; Caffrey, C.R. Schistosomiasis mansoni: Novel
chemotherapy using a cysteine protease inhibitor. PLoS Med. 2007, 4, e14. [CrossRef]

104. Pauly, T.A.; Sulea, T.; Ammirati, M.; Sivaraman, J.; Danley, D.E.; Griffor, M.C.; Kamath, A.V.; Wang, I.-K.;
Laird, E.R.; Seddon, A.P.; et al. Specificity Determinants of Human Cathepsin S Revealed by Crystal
Structures of Complexes. Biochemistry 2003, 42, 3203–3213. [CrossRef]

105. McGrath, M.E.; Klaus, J.L.; Barnes, M.G.; Bromme, D. Crystal structure of human cathepsin K complexed
with a potent inhibitor. Nat. Struct. Biol. 1997, 4, 105–109. [CrossRef]

106. Somoza, J.R.; Palmer, J.T.; Ho, J.D. The Crystal Structure of Human Cathepsin F and Its Implications for the
Development of Novel Immunomodulators. J. Mol. Biol. 2002, 322, 559–568. [CrossRef]

107. Mendieta, L.; Picó, A.; Tarragó, T.; Teixidó, M.; Castillo, M.; Rafecas, L.; Moyano, A.; Giralt, E. Novel peptidyl
aryl vinyl sulfones as highly potent and selective inhibitors of cathepsins L and B. Chem. Med. Chem. 2010, 5,
1556–1567. [CrossRef] [PubMed]

108. Barnard, D.L.; Hubbard, V.D.; Burton, J.; Smee, D.F.; Morrey, J.D.; Otto, M.J.; Sidwell, R.W. Inhibition
of severe acute respiratory syndrome-associated coronavirus (SARSCoV) by calpain inhibitors and
β-D-N4-hydroxycytidine. Antivir. Chem. Chemother. 2004, 15, 15–22. [CrossRef] [PubMed]

109. Li, P.-A.; Howlett, W.; He, Q.P.; Miyashita, H.; Siddiqui, M.; Shuaib, A. Postischemic treatment with calpain
inhibitor MDL 28170 ameliorates brain damage in a gerbil model of global ischemia. Neurosci. Lett. 1998,
247, 17–20. [CrossRef]

110. Kharatmal, S.B.; Singh, J.N.; Sharma, S.S. Calpain inhibitor, MDL 28170 confer electrophysiological,
nociceptive and biochemical improvement in diabetic neuropathy. Neuropharmacology 2015, 97, 113–121.
[CrossRef]

111. Myers, M.C.; Shah, P.P.; Beavers, M.P.; Napper, A.D.; Diamond, S.L.; Smith, A.B.; Huryn, D.M. Design,
synthesis, and evaluation of inhibitors of cathepsin L: Exploiting a unique thiocarbazate chemotype.
Bioorg. Med. Chem. Lett. 2008, 18, 3646–3651. [CrossRef]

112. Beavers, M.P.; Myers, M.C.; Shah, P.P.; Purvis, J.E.; Diamond, S.L.; Cooperman, B.S.; Huryn, D.M.; Smith, A.B.
Molecular Docking of Cathepsin L Inhibitors in the Binding Site of Papain. J. Chem. Inf. Model. 2010, 50, 2274.
[CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1371/journal.pmed.0020210
http://dx.doi.org/10.1371/journal.pmed.0040014
http://dx.doi.org/10.1021/bi027308i
http://dx.doi.org/10.1038/nsb0297-105
http://dx.doi.org/10.1016/S0022-2836(02)00780-5
http://dx.doi.org/10.1002/cmdc.201000109
http://www.ncbi.nlm.nih.gov/pubmed/20652927
http://dx.doi.org/10.1177/095632020401500102
http://www.ncbi.nlm.nih.gov/pubmed/15074711
http://dx.doi.org/10.1016/S0304-3940(98)00266-3
http://dx.doi.org/10.1016/j.neuropharm.2015.05.040
http://dx.doi.org/10.1016/j.bmcl.2008.04.065
http://dx.doi.org/10.1021/ci100114e
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Targeting S Protein to Block Viral Entry 
	Targeting Host Protease to Block Viral Entry 
	TMPRSS2 as Host Target and Its Inhibitors 
	CatB/L as Host Targets and Its Inhibitors 

	Conclusions 
	References

