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Characterization of the symmetrical 2
benzimidazole twin drug TL1228: the role as
viral entry inhibitor for fighting COVID-19
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Abstract

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is reliably one of the largest pandemics the
world has suffered in recent years. In the search for non-biological antivirals, special emphasis was placed on drug
repurposing to accelerate the clinical implementation of effective drugs.

The life cycle of the virus has been extensively investigated and many human targets have been identified, such
as the molecular chaperone GRP78, representing a host auxiliary factor for SARS-CoV-2 entry. Here we report the
inhibitor capacity of TL1228, a small molecule discovered through an in silico screening approach, which could
interfere with the interaction of SARS-CoV-2 and its target cells, blocking the recognition of the GRP78 cellular
receptor by the viral Spike protein. TL1228 showed in vitro the ability to reduce significantly both pseudoviral and
authentic viral activity even through the reduction of GRP78/ACE2 transcript levels. Importantly, TL1228 acts in
modulating expression levels of innate immunity and as inflammation markers.
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Background

The COVID-19 global pandemic determined by severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
has unquestionably raised a major public health emer-
gency all over the world [1]. The SARS-CoV-2 genome is
characterized by high genetic variability that allows rapid
viral growth due to higher chance of reinfection and a
decreased vaccination efficacy [2, 3]. This results in hard
viral eradication, changes in virulence and pathogenicity,
and cross-species transmissions. Furthermore, multiple
SARS-CoV-2 variants have spread globally over the last
three years [3, 4]. To date, newly emerging Omicron lin-
eages are emerging very quickly [5, 6]. These factors still
make it crucial to study and work towards the prevention
of COVID-19 infection (3, 4, 7-9].

There are still many uncertainties about the future of
this infection and what to expect in terms of new drugs
against COVID-19 [5, 10-13]. The deep understanding
of virus propagation is crucial to explain the successive
SARS-CoV-2 variants trasmission and virus evolution [4,
14], but also to find new targets for developing therapeu-
tic strategy that can also avoid bypassing vaccine protec-
tion [15-17].

The process of virus attachment to host cells and its
entry has been thoroughly studied, since blocking the
infection upstream could prevent the exponential growth
phase of the virus. In fact, the molecular mechanism
underlying the entry of SARS-CoV-2 into host cells has
demonstrated the interaction between the viral protein
SARS-CoV-2 Spike protein (SARS-2-S) and its angio-
tensin-converting enzyme 2 (ACE2) target, followed by
virus-cell membrane fusion [18].

However, a productive infection requires other fac-
tors, such as the cleavage of S protein, which allows it
to bind its target, processed by a cell surface transmem-
brane protease, that is serine 2 (TMPRSS2), a member
of the type II transmembrane serine protease family.
In cultured human lung epithelial cells, an increase of
TMPRSS2 expression enhances SARS-CoV-2 infection,
whereas the inhibition of TMPRSS2 expression or activ-
ity blocks the viral entry [19]. It has been demonstrated
that TMPRSS2 is crucial for SARS-CoV-2 diffusion and
disease development in vivo as its knockout reduced the
spreading and the intensity of lung pathology in a mouse
model. In view of this, targeting this protease could be an
effective strategy against Covid-19 disease [20]. Although
the ACE-Spike interaction has been recognized as the
primary mechanism for SARS-CoV-2 entry into the host
cell, other entry mechanisms have been investigated on
the involvement of additional targets existing in the host
cell, such as the GRP78, a 78 kilo-Dalton glucose-regu-
lated protein [15]. In fact, GRP78 could promote the
virus entrance through the interaction with the binding
domain of the RBD receptor expressed by SARS-CoV-2
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or could represent an alternative target in promoting
infection [21]. Moreover, it is equipped with a putative
site of interaction with the receptor binding domain of
SARS-CoV-2, increasing the chance of facilitating virus
entry or serve as an alternative target [15]. GRP78 is the
main HS70 family member, supporting important protein
folding functions. It holds a substrate binding domain
which results to be critical for the formation of the pro-
tein complex with SARS-2-S and ACE2 on the surface
and on the perinuclear region typical of the endoplas-
mic reticulum in VeroE6-ACE2 cells [15]. Interestingly,
Carlos and coll. [15] demonstrated that targeting GRP78
with monoclonal antibody reduced both the number of
cells expressing cell surface form of ACE2 (csACE2) and
the level of csACE2 [15].

After the S protein binding to its receptor, the fusion
of the viral envelope with host cell membrane allows the
release of the viral genome into the cytoplasm, resulting
in its translation into a large polypeptide (PP) chain. This
PP chain is auto-proteolytically cleaved by two viral pro-
teases such as papain like proteases (PLpro) and 3-chyo-
motrypsin like protease (3CLpro). Since the function of
3CLpro is crucial for viral replication, inhibiting its activ-
ity could be an effective strategy to block virus propaga-
tion, becoming an attractive drug target [22, 23].

Upon virus interaction with the host cells, the pattern
recognition receptors (PRRs), engage virus and activate
the innate immunity [24]. Blocking the virus propa-
gation would avoid the hyperinflammation typical of
COVID-19, due to high production of proinflammatory
cytokines, such as interferon (IFN), interleukin 6 (IL-6),
tumor necrosis factor o (TNF-«) and C-X-C motif che-
mobkine ligand 10 (CXCL10) [24].

Twin drugs are molecules made by linking two phar-
macophore groups through covalent bonds. In the case
of identical units, the design strategy involves duplica-
tion and, as for compounds made with different entities,
the aim is to have a drug with better characteristics than
those of the initial molecules in relation to pharmacoki-
netic and pharmacodynamic properties [25, 26].

Diamidines, and more specifically bis-benzamidines,
constitute a group of twin drugs exhibiting well-rec-
ognized antifungal and antiparasitic properties. Some
commercially developed examples include Berenil™ (dim-
inazene), Brolene™ (propamidine), and Pentacarinat™
(pentamidine).

Those drugs are known to achieve their objectives by
firmly binding the DNA minor groove of the nucleus or
mitochondria of microorganisms. The strongest affinity
was observed for AT-Rich sites, creating complexes that
inhibit DNA-dependent enzymes. Whereas that mode of
action has been widely exploited for decades [27], such
diamidines are now considered for their activity on other
biomolecular targets such as ion channels, enzymes, and
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specific RNA—protein, DNA-protein, and protein-pro-
tein interactions [28]. Despite those successes, the high
basicity of the amidine groups remains an unavoidable
drawback, pointed as responsible for poor oral bioavail-
ability and side effects, among which pancreatic compli-
cations, cardiotoxicity, and hypotension.

In previous studies, we reasoned that incorporating
the amidine functions into a conjugated cyclic skeleton
would emerge as a structural modification improving the
bioavailability and deserving attention. For that purpose,
we focused our attention on the benzimidazole system
and designed a small library of bis-benzimidazoles linked
by alkyl dioxo chains [29].

Although benzimidazoles are essentially commer-
cialized for their antimicrobial activities, there are sev-
eral promising results concerning their efficacy against
viruses affecting the respiratory system. Based on the
experimental evidence [29-33], we carried out docking
simulation on those bis-benzimidazoles as binding agents
to a viral protease (3CLpro) and host proteins (GRP78
and TMPRSS 2) and, based on those calculations, it
was selected 2'-[4,4'-(2-hydroxypropane-1,3-diyl)-bis-
(4-oxyphenylene)-bis-1H-benzimidazole-5-carboxylic
acid (TL1228), previously reported among the first selec-
tive inhibitors of the dihydrofolate reductase (DHFR)
type Bl [34], to evaluate its potential efficacy against
SARS-CoV-2 infection.

In this study we demonstrated the efficacy of TL1228
in counteracting the infective activity of both pseudotype
and authentic SARS-CoV-2.

Methods

Protein structures

The crystallographic structures of SARS-CoV-2 3CLpro,
with a resolution of 2.16 A (PDB ID: 6LU7) [35], and
human GRP78, with a resolution of 2.99 A (PDB ID:
5E84) [36] and human TMPRSS2, with a resolution of
1.95 A (PDB ID: 7MEQ), were obtained from the Protein
Data Bank (PDB; https://www.rcsb.org/pdb/) [37].

The protein preparation followed three steps: (1) the
removal of non-essential water molecules; (2) the addi-
tion of polar hydrogens to the enzyme; (3) the calculation
of partial changes using both Kollman and Gasteiger’s
approaches. [38, 39].

Molecular docking

Molecular docking simulations were performed with the
AutoDock Vina 1.1.2 program [40], using a hybrid scor-
ing function which allows to match the empirical and
knowledge-based functions. Grid maps representing the
binding site were generated with a 1.0 A spacing resolu-
tion. The grid boxes for each protein system were defined
as follows: (a) 3CLpro: with the center at x = -10.460 A,
y=4.104 A, and z=73.009 A, and the box dimensions
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were defined as x=30 A, y=40 A, and z=25 A; (b)
GRP78: with the center at x = -0.698 A, y=34.230 A, and
z = -28.666 A, and the box dimensions were defined as
x=32 A, y=26 A, and z=30 A; and (c) TMPRSS2: with
the center at x = -10.860 A, y = -3.373 A, and z=18.869
A; and the box dimensions were defined as x=14 A, y=16
A, and z=20 A.

Molecular dynamics simulations

Based on the best docking pose for TL1228 into the
bind site of each protein, molecular dynamics simula-
tions were done with the CHARMMS36 force field [41]
implemented in the GROMACS 2018.1 program [42].
CHARMM General Force field (CGenFF) program was
applied to conduct the parametrization of TL1228 [43]
and a dodecahedral simulation box, including solvent
inside (TIP3P water model) was used for running all
simulations. Counterions were added to the system, and
periodic boundary conditions were applied.

Each complex was submitted to energy minimization
using the steepest descent algorithm, involving 50,000
steps and convergence. Subsequently, two 100 ps molec-
ular dynamics simulations were performed, aiming to
balance the IDO1-flavonoid complexes. NVT and NPT
ensemble were used in the first and in the second simu-
lation respectively, always keeping constant the simula-
tion temperature at 300 K. When performing the NPT
ensemble, the pressure was maintained at 1 bar.

Then the determination of free energies of interaction
between TL1228 and each protein (production stage)
was performed by 200 ns molecular dynamics simula-
tions. The running conditions were the following: ensem-
ble NPT, where temperature was maintained, using the
V-rescale implementation of Berendsen’s thermostat
[44]. A molecular frame was sampled every 10 ps. To
keep the pressure constant, the Parrinello-Rahman pres-
sure coupling method was used [45]; for the long-range
treatment, the PME method was used [46].

After running the MDS, free energy calculations were
performed using the MM-PBSA method [47].

The time range for the analyses was chosen to be
regarding thermodynamics equilibrium based on the
RMSD analysis. It was also performed a cluster analysis
using the gmx-cluster module in GROMACS. GROMOS
method described by Daura et al. [48] was chosen for the
cluster sampling procedure. Since the method needs a
RMSD cutoft values to identify the similarities among the
structures, several runs using cutoff values between 0.5
A and 2.0 A in intervals 0.1 A was done. The final cut-
off values were chosen as the values where the number of
clusters achieved convergence. For 3CLpro, GRP78 and
TMPRSS2 the cutoffs selected were, respectively, 1.45,
1.25and 1.40 A.
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ADMET and drug-likeness evaluation

In silico study of physicochemical descriptors related to
absorption, distribution, metabolism, excretion, and tox-
icity (ADMET): molecular weight, cLogP, cLogS, num-
ber of hydrogen bond acceptor (HBA) and donor (HBD)
groups, and topological polar surface area (TPSA), as
well as drug-likeness calculation was performed by Data-
Warrior 5.5.0. [49]

Visualization tools and plots

Molecular Visualization Programs BIOVIA Discovery
Studio 2021 (BIOVIA, Dassault Systémes; 21.1.0; Discov-
ery Studio Visualizer; Dassault Systemes: San Diego, CA,
USA, 2021.), UCSF Chimera [50], and AutoDock Tools
[51] were used. Grace plotting tool was used for graphi-
cal analysis (Grace. Available online: https://plasma-gate.
weizmann.ac.il/Grace/ (accessed on 12 July 2023).

Cells

The African green monkey kidney Vero E6 cell line
(kindly gifted by Spallanzani Institute, Rome, Italy) and
lung epithelial cell lines Calu-3 (ATCC HTB-55) were
cultured in Minimum Essential Medium Eagle (SIGMA-
Aldrich, United Kingdom) supplemented with 10% fetal
bovine serum (FBS; Gibco, Thermo Fisher Scientific,
Waltham, MA, USA), 1% L-Glutamine (PAA, The Cell
Culture Company), 1% Penicillin/Streptomycin (PAA,
The Cell Culture Company). Molecular Visualization
Programs BIOVIA Discovery Studio 2021 (BIOVIA,
Dassault).

OH OH
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Synthesis of TL1228

TL1228 was synthesized under microwave irradiation
(Initiator Biotage oven) as previously described [28, 33,
52]. Briefly, it was prepared by an O-alkylation of the
opportune hydroxybenzaldehyde with 1,3-dibromopro-
pan-2-ol to form intermediate bis-aldehydes, followed by
the condensation with 3,4-diaminobenzoic acid (Fig. 1).

Cell proliferation assay

In order to perform the cell proliferation assay, the seed
density of Vero E6 cells was 20.000 cells/well in triplicate,
into 96-well plates and cultured with medium containing
TL1228 at three different concentrations (30, 40, 60 uM),
based on data obtained from IC50 determination analy-
sis. For three consecutive days, cells were collected and
hemocytometric counting was performed. The counting
has been evaluated for each triplicate by two different
operators.

MTS assay

The MTS assay was conducted with the same culture
conditions described for the cell proliferation assay
(2x10%cells/well into 96-well plates, in triplicate). The
growth medium was added with TL1228 30, 40, 60 uM
for 24 h. Culture medium was replaced every 24 h. Then,
for three consecutive days, the viability test was placed
using the CellTiter 9 Aqueous One Solution Cell Prolifer-
ation Assay kit (CTB169; Promega, Fitchburg, WI, USA)
following the manufacturer’s manual. Untreated cells
were used for values normalization.

2 0 + Br\)\/Br

0 OH 0
NaOH 2eq) I : OVK/O\CHLH
EtOH/H,0 (911)

MW irradiation

20 min/120 °C 85%
(0]
HO NH, o
2
NH, HO OH

Na»S,05 (1 eq) N OH N

- \ |

o N O\/‘\/O N
EtOH/H,0 (3/1) H H
MW irradiation
15 min/140 °C 94 %

Fig. 1 Synthesis of TL1228. Synthetic procedure to obtain TL1228 under microwave irradiation (Initiaor® Biotage oven)
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VSV_Pseudo SARS-CoV-2 Omicron BA.4/5, BQ.1.1 and
XBB.1.5 strains spike with luciferase reporter

The VSV_Pseudo SARS-CoV-2 S is a construct based
on the recombinant vescicular stomatitis virus (Rvsv)
engineered to express the Spike protein of SARS-CoV-2
(GenBank: MN908947) with multiple mutations initially
identified in the variants of OmicronBA.4/5, BQ.1.1 and
XBB.1.5. The pseudovirus infection ability is confined
to a single replication viewable by high level luciferase
activity.

Determination of TL1228 compound anti VSV_Pseudo
SARS-CoV-2 activity

The evaluation of TL1228 anti VSV_Pseudo SARS-
CoV-2 activity was assessed employing Vero E6lu-3. The
in vitro assays was conducted with the following condi-
tions: 30.000 cells/well in 96-well plates, pre-treated with
TL1228 40 uM for 1 h before the infection. The analysis
was conducted using VSV_Pseudo SARS-CoV-2 Omi-
cron BA4/5 (ReVacc Scientific. Cat#P63R98) and BQ1.1
(ReVacc Scientific, Cat# C50J18) in Vero E6 cells and with
VSV_Pseudo SARS-CoV-2 Omicron BQ1.1 and XBB.1.5
(ReVacc Scientific, Cat# C50J18;T35V28) in Calu-3. 24 h
post-infection, Firefly luciferase activity was assessed
using the Promega Luciferase Assay System (E1501) to
determine the percentage of infection. Each value was
normalized with respect to VSV_Pseudo SARS-CoV-2
alone.

SARS-CoV-2 Virus

SARS-CoV-2 (hCoV-19/Italy/CDG1/2020/EPI _
ISL_412,973), isolated from a nasopharyngeal swab by
Department of Infectious Diseases, National Institute
of Health Rome, and SARS-CoV-2 variant omicron Cer-
berus (hCoV-19/Italy/LAZ-AMC-07321-DS/2022) iso-
lated from nasopharyngeal swab by Biomedical Institute
for Sciences, Rome Italy, were propagated in Vero E6 cells
cultured in MEM containing 2% FBS. 72 h after the infec-
tion, supernatants containing the released viral particles
were collected and centrifuged at 600 g for 5 min. Virus
stocks were kept at —80 °C until use.

Plaque assay

For the determination of the viral titer, the plaque assay
was performed using Vero E6 cells seeded in 12 well-
plates at density of 4x10°cells/well. After 24 the infec-
tion was carried out on the confluent monolayers with
SARS-CoV-2. After 1 h at 37 °C, the monolayers were
washed and the medium was replaced with a mixture of
MEM (no glutamine, no phenol-red-GIBCO), 1.5% Trag-
acanth (SIGMA), NaHCO3 7% (Gibco), L-glutamine 1X
(Gibco), MEM NEAA 1x (Gibco), 0.02 M Hepes (Euro-
clone), DMSO (Sigma-Aldrich) and 2% FBS (final con-
centration). 5 days post-infection the plates were washed
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with saline solution, stained with 1% crystal violet for
10 min and plaque forming units (PFU) were counted.
The plaque reduction ratio was calculated as (100—N/
NOx100) where N is the PFU count of the treated sam-
ple, and NO is the PFU count of the control sample.

Antiviral activity

Pre-treatment assay: confluent Vero E6 cell monolayers
were treated for 1 h with the compound (TL1228 40 pM);
then the medium was removed, and the infection was
performed. 24 h later, the cells monolayer was infected
with the collected supernatants for 1 h at 37 °C. Then,
the inoculum was eliminated, and plaque assay was per-
formed. Untreated-infected cells were used as a positive
control of viral infection.

Post-infection treatment assay: Vero E6 cells seeded in
a 24-well plate were infected for 1 h at 37 °C with SARS-
CoV-2 (0.01 m.o.i.); after 1 h incubation, the medium was
replaced with fresh medium containing the compound,
supplemented with 2% FBS. After 24 h, the superna-
tants were collected and used to infect cells monolayer
for 1 h at 37 °C. After the viral adsorption period, the
inoculum was removed, and plaque assay was performed.
Untreated-infected cells were used as a positive control
of viral infection.

Additive treatment assay (Pre+Post): confluent Vero
E6 cell monolayers were treated for 1 h with the com-
pound at concentration of 40 pM; then the medium was
removed, and the monolayers were infected for 1 h at
37 °C. Then, the inoculum was removed and refreshed
with fresh medium containing the compound, supple-
mented with 2% FBS. After 24 h, the supernatants were
collected and used to infect cells monolayer for 1 h
at 37 °C. After the viral adsorption period, the inocu-
lum was removed, and plaque assay was performed.
Untreated-infected cells were used as a positive control
of viral infection.

3CL protease activity assay

The activity of 3CL Protease was measured by using the
3CL Protease Assay kit (BPS Bioscience, San Diego, CA,
USA). The assay was performed following the manufac-
turer’s instructions.

Gene expression analysis

Total RNAs extraction and the removal of genomic DNA
contamination were carried out by Trizol Reagent (Invit-
rogen Life Technologies Corporation, Carlsbad, CA, US’)
following manufacturer’s instructions and performing the
treatment with DNase I-RNase-free (Ambion, Life Tech-
nologies Corporation, Foster City, CA, USA). One pg of
RNA was reverse transcribed with the High-Capacity
c¢DNA Archive kit (Life Technologies Corporation, Fos-
ter City, CA, USA) and used in RT-qPCR. mRNAs were
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measured by SYBR Green (Life Technologies Corpora-
tion, Foster City, CA, USA). GAPDH was used as refer-
ence gene. Primer sequences will be given upon request.
The 2-“ and comparative AACt methods were used to
quantify relative gene expression levels.

Vaporization of TL1228 compound

TL1228 compound 200 uM and 600 uM was vaporized
for 10 min over the wells where 1.2x10° cells/well had
been previously seeded. The medical device used for the
micronebulization of the compound was designed by
Bruno Brandimarte and built by Ginevri (Rome, Italy;
https://www.ginevri.com) and DAV Electronics (Twick-
enham, UK; https://davelectronics.com). It has been
granted an international patent (#11910772).

After the vaporization, cells were incubated for 1 h at
37 °C and 5% CO, and successively infected with a VSV_
Pseudovirus carrying the SARS-CoV-2 S protein variant
(Omicron XBB.1.5). The efficiency of virus entry was
quantified by performing a luciferase assay. Each value
was normalized relative to VSV_Pseudo SARS alone
(100%).

The in vitro utilization of the device was adapted
according to what has been described by Brandimarte et
al. [53]. The concentration of the compound TL1228 was
increased to 200 uM and 600 pM compared to the one
previously used (40 uM) in line with the evidence that
aerosolization of compounds, reducing them to smaller
particles, is designed to conduct therapeutic agents
directly to the alveoli, but in low concentration [53].

Quantification and statistical analysis

All the experiments were performed in technical dupli-
cates, and data were analyzed using GraphPad Prism 8
and the SPSS program, version 25 (IBM Corp, Armonk,
NY, USA).

Results

In order to deeply investigate the intermolecular inter-
actions between TL1228 and all three molecular targets
(3CLpro, GRP78, and TMPRSS2), as well as to predict
the corresponding binding free energies, molecular
dynamics simulations (MDS) were carried out for each
protein-ligand complex. The root means square deviation
(RMSD), radius of gyration (Rg) and root mean square
fluctuation (RMSF) analyses are shown in Fig. 2.

Figure 2a and b represent, respectively, the RMSD of
the proteins carbons a (Ca) and of the TL1228 heavy
atoms docked into the proteins binding site. These results
show that only TL1228-GRP78 complex presents some
considerable instability during the simulation, i.e., the
RMSD values range is about 1.5-9.5 A along the MDS
trajectory, while the other protein complexes reach the
thermodynamic equilibrium from 50 ns. On the other
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hand, as expected, due to its flexible molecular structure,
TL1228 shows high RMDS fluctuation during the MDS
(Fig. 2b). It is worth of note that TL1228 shows no signifi-
cative RMSD fluctuation when docked to 3CLpro from
~65 ns (Fig. 2b).

Figure 2c shows the gyration plot for all ligand-pro-
tein complexes, and as can be seen, all systems are well
structurally packed (folded). The RMSF plots (Fig. 2d)
shows that TL1228-GRP78 complex presents more resi-
dues fluctuations and TL1228-TMPRSS2 complex pres-
ents the smaller residues fluctuation, consistently with a
very stable conformation. Regarding the TL1228-3CLpro
complex, only the residues 190-194 and the C-terminal
of 3CLpro protein, which belongs to loops region, had
significative RMSF values (>2.5 A).

To investigate the interactions made between TL1228
and the proteins, a cluster analysis of the MDS trajec-
tories was performed using the gmx-cluster module of
the GROMACS software. The GROMOS method used,
described by Dahara and co-workers [47], allows the
partitioning of the MDS trajectory structures into clus-
ters based on a root mean square deviation cutoff. The
distribution of structures over the RMSD values are
shown in Fig. 3a. The TL1228-3CLpro and TL1228-
GRP78 complexes have two major clusters, while the
TL1228-TMPRSS2 presents only one cluster. For the
subsequent ligand-protein interaction analysis, it was
considered the most populated cluster for both TL1228-
3CLpro and TL1228-GRP78 complexes, and the sin-
gle cluster for the TL1228-TMPRSS2 complex (Fig. 3b
and ¢, and 3d, respectively). As shown, interactions are
responsible for anchoring the compound TL1228 to the
binding site of those proteins. Moreover, MM-PBSA
approach was used to calculate free energy of binding of
TL1228 and each protein. The corresponding results are:
3CLpro (-19.89 kcal/mol); GRP78 (-18.38 kcal/mol); and
TMPRSS2 (-21.23 kcal/mol).

In silico ADMET modelling was also carried out, so
that some pharmacokinetics, as well as toxicity of com-
pound TL1228, were estimated. The following results
were obtained: (a) molecular weight: 564.55; (b) cLogP:
3.56; (c) cLogS: —7.49; (d) polar surface area (PSA):
170.65; (e) mutagenic effect: not detected; (f) tumori-
genic effect: not detected; (g) reproductive effect:
detected; (h) irritant: not detected; (i) Lipinski role of five
violation (2): molecular weight>500; number of N or O:
11 (>10); (h) drug-likeness: 0.36. Based on those values,
compound TL1228 has potential to be considered as a
lead compound.

Evaluation of TL1228 cytotoxicity in Vero E6 cells

To assess the impact of TL1228 compound on the viabil-
ity of VERO EG6 cells, MTS assay was carried out, follow-
ing the protocol described in methods. The viability of
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cells treated with TL1228 did not show variation among
the three different concentrations during the first two
days of treatment. However, at day 3 cells treated with
the highest concentration (60 pM) of the compound
exhibited a statistically significant decrease of viabil-
ity (»<0.05) compared to untreated once (Fig. 4a).
Moreover, VERO-E6 cells were seeded in replicates
and counted daily to conduct a time-course analyses of
cell proliferation. Figure 4b reports the growth curve of
VERO E6 cells treated with 60, 40, 30 uM compared to
untreated cells (Ctrl). As shown, 60 uM resulted in cell
proliferation slowdown statistically, suggesting that
TL1228 at lower concentrations (30 and 40 uM) does not
exhibit cytotoxicity.

TL1228 compound hampers the VSV_Pseudo SARS-CoV-2 S
Omicron BA.4/5 and BQ1.1 variants in Vero E6 cells

Vero E6 cells were pre-treated with TL1228 (30 and 40
uM) for 1 h to enable the compound acting at once and
then infected for 24 h with VSV-Pseudo SARS-CoV-2 S

Omicron BA4/5 and BQ1.1. Analyses were performed
after further 24 h from Pseudovirus removal.

The percentage of infection was calculated using the
Luciferase assay. The addition of TL1228 compound
30uM and 40pM to Omicron BA.4/5 infected cells results
in a statistically significant infection reduction to 19.3%
and 3.2% respectively (Fig. 5a). The same trend is repro-
duced also using Omicron BQI.1 variant, with a per-
centage of cell infection equal to 20% (TL1228 30 puM)
and 3,2% (TL1228 40 uM) (Fig. 5b). Specifically, TL1228
compound 40 pM proves to be more efficient in prevent-
ing the ability of both involved variants to trigger the
infection (97% of inhibition) than TL1228 30uM (81% of
inhibition). Each value was normalized with respect to
VSV_Pseudo SARS-CoV-2 S alone.

TL1228 compound hinder the infection by VSV_Pseudo
SARS-CoV-2 S Omicron BQ1.1 and XBB.1.5 in Calu-3 cells
To explore the efficacy of TL1228 compound on human
lung epithelial cell lines that can support the propagation
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Fig. 3 A Cluster distribution for TL1228-protein complexes over RMS values. B, C,D key intermolecular interactions (3D representation) between TL1228
and 3CLpro, GRP78, and TMPRSS2, respectively. Colored dashed lines: green: hydrogen bonds; yellow: m-sulfur; orchid: m-alkyl; dark orange: m-anion or
-cation. Protein residues forming just van der Waals interactions with TL1228 show no dashed lines linking to its, but they are labeled in the Figure. The

numerical distances (blue) are in angstrom A

of SARS-CoV-2, Calu-3 cells were infected with VSV_
Pseudo SARS-CoV-2 S Omicron BQ1.1 following the
same protocol adopted above.

Results confirmed the efficacy of the compound (40
uM) to limit the infection at 20% (Fig. 5¢).

Since at the time of the study procedures, the vari-
ant VSV_Pseudo SARS-CoV-2 S Omicron XBB.1.5 was
spreading, the same experiments were replicated on
Calu-3 with this new strain. As shown in the Fig. 5d, the
luminescence quantification indicates that the compound
has a substantial effect on blocking viral entry, reducing
the percentage of infection (13,4%) in a statistically sig-
nificant manner.

Nebulized TL1228 compound affects VSV_Pseudo SARS-
CoV-2 S Omicron XBB.1.5 infection

Since the aerosolized drugs are an important approach to
treat pathologic conditions affecting the lungs, TL1228

compound was aerosolized on Calu-3 cells at two differ-
ent concentrations (200 pM and 600 uM) (Fig. 5e). The
compound was pre-vaporized, as describes in methods,
over the cell wells before the infection with both VSV _
Pseudo SARS-CoV-2 S Omicron BQ1.1 and XBB.1.5. The
lower concentration (200 uM) halves the percentage of
VSV_Pseudo SARS-CoV-2 S Omicron XBB.1.5 infection,
while the highest one (600 pM) decreases this percent-
age even more, reducing the value to 37% (Fig. 5f). Thus,
the nebulization of TL1228 compound is proven to be
innovative and particularly effective, as demonstrated in
our preliminary results, and it could be useful in improv-
ing the therapeutic success of inhalation therapy for
COVID-19.

TL1228 impairs SARS-CoV-2 attach and replication
The results obtained prompted us to investigate the
antiviral activity of compound TL1228 on SARS-CoV-2
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(hCoV-19/Italy/CDG1/2020/EPI_ISL_412,973). First, it
was assessed the effect of compound on cell receptors
useful to the virus for entering the cells. To this scope,
Vero E6 cells were treated with the TL1228 40 uM for 1 h
at 37 °C. Then, the medium was removed, and a suspen-
sion of SARS-CoV-2 was used to infect cell monolayer
(see materials and methods). The results demonstrated
that cells pre-incubation treatment was able to impair
virus entry into host cells. The number of PFU registered
in treated-infected cells turned out to be the half respect
to that assessed in untreated-infected cells, confirm-
ing the data obtained with VSV_Pseudo SARS-CoV-2 S.
These findings suggest that the TL1228 compound exerts
some activity on the host cell surface and consequently,
reduces the ability of the virus to bind the receptor of the
host cells (Fig. 6a and b).

In order to verify the effect of the compound on SARS-
CoV-2 life cycle, confluent Vero E6 cells were infected
with SARS-CoV-2 and, after 1 h incubation, the inocu-
lum was removed and fresh medium containing the com-
pound was added for 24 h. Plaque assay showed that the
drug strongly inhibits viral replication by about 90% for
both SARS-CoV-2 and BQ.1.1 variant. To evaluate any
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possible additive effect of the two treatments, the experi-
ment was performed by pre-incubating the cells with the
substance and adding the one after the infection for 24 h.
The results demonstrated only a little additive effect with
a percentage of inhibition of 94%.

Gene expression Analyses of innate immunity and
Inflammation markers in CALU-3 cells

To explore the effect of TL1228 compound on innate
immune response and support its efficacy against SARS-
CoV-2, we evaluated the immunity-related genes expres-
sion in infected Calu-3 cells after TL1228 compound
treatment, reporting a significant decrease of type I and
IIT IFNs transcripts, compared to infected cells. TL1228
seems to induce a 6-fold and 2-fold decrease in IFNf
and IFNA1 expression, respectively reporting values to
baseline.

As expected, TL1228 treated Calu-3 cells also showed
a downregulation of proinflammatory chemokines and
cytokines (CXCL10, IL-6 and TNF-a) (Fig. 6¢). More-
over, we also evaluated the potential effect exerted by
TL1228 treatment on SARS-Cov2 host receptors mRNA
levels, such as ACE2, whose transcript resulted to be
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Fig. 6 Inhibition of SARS-CoV-2 (hCoV-19/Italy/CDG1/2020/EPI_ISL_412,973) with the three different treatment assays. Untreated: positive control. Pre:
evaluation of inhibition of SARS-CoV-2 entry. Vero E6 were treated with drug at concentration of 40 uM for 1 h at 37 °C. Post: evaluation of the effect of
the compound on SARS-CoV-2 life cycle. Cells were infected for 1 h at 37 °C with SARS-CoV-2 (0.01 m.o.i.) and then treated with the compound for 24 h.
Pre+post: evaluation of the two treatments. A Plaque assay is performed in the cells infected with the supernatants derived from the cells previously
treated. B The graph represents the percentage (%) of viral yields vs. untreated virus after the treatments. Data are obtained from at least 3 independent
experiments, each performed in triplicate (n=9), and are shown as mean =+ SD of the percentage of virus yields vs. untreated (****p <0.0001; ***p <0.001;
**p<0.01). C Targets and D immunity-related genes RT-gPCR analyses in Calu-3 cells after XBB.1.5 Pseudovirus infection and following treatment with
TL1228 compound. The unit was referred to Calu-3 cells. Data are from three independent experiments and represented as mean +SD. * p<0.05, **

p<0.01,and *** p<0.001 by one-way ANOVA test
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significantly reduced when compared both to infected
and untreated cells (Fig. 6d). Interestingly GRP78 a
stress-inducible chaperone, resulted to be upregulated
after virus infection as expected, but its expression lev-
els also decreased to basal level after TL1228 treatment
(Fig. 6d).

Discussion

A few months after the end of the pandemic, the scien-
tific community was still learning about COVID-19 infec-
tion. However, efforts are currently underway to identify
new therapeutic targets and the research for molecules
that can be effective against COVID-19 infection is very
active today [7].

Since the beginning of the pandemic, the urgent need
for therapy made the drug repurposing one of the main
approaches used to fight the infection [30, 31]. Li and coll.
summarized the advancement obtained with COVID-19
drug discovery, based on preclinical and/or clinical stud-
ies conducted since the pandemic began, demonstrat-
ing that many agents (#=712) have an anti-SARS-CoV-2
activity [32]. Most of these compounds are small mole-
cules (53%), followed by antibodies (33%), peptide inhibi-
tors (4%), and others (such as macromolecular inhibitors,
RNA-based therapies, and cell-based therapies) [33].
Most agents (>90%) have not progressed towards clini-
cal trials, and lead optimization is still required in most
cases [54]. Recently, the outcomes of a phase 2-3, dou-
ble-blind, randomized, placebo-controlled trial involving
Simnotrelvir, an oral 3CLpro inhibitor, have been pub-
lished [55]. The researchers demonstrated that its early
administration shortened the time to the resolution of
symptoms among adult patients with COVID-19, with-
out evident safety concerns [55].

SARS-CoV-2, as other RNA viruses, is continually
adapting through casual variants [5] leading to important
changes in the infectiousness and virulence, and above
all, enhancing virus’ capacity to evade adaptive immune
responses from previous infection or vaccination. There
is evidence that some SARS-CoV-2 variants have reduced
susceptibility to plasma from people who were previously
infected or immunized, as well as to certain anti-SARS-
CoV-2 mAbs [56-60].

The early stages of viral infection represent an attrac-
tive target for antiviral therapy, as their inhibition can
block infection prior to the exponential growth phase of
the virus SARS-CoV-2 [57].

In the case of coronaviruses, the Spike protein, plays
a crucial role in mediating viral entry and represents
a key target for recognition by the host immune sys-
tem. Moreover, Spike employs ACE2 as a receptor for
viral entry, depending on TMPRSS2 protease activity.
However, GRP78 is a key ER stress marker crucial for
both the entrance and the infectivity of many viruses,
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including SARS-CoV-2, thus offering new avenues for
antiviral treatments. Carlos and coll. [15] demonstrated
that GRP78 is able to form a complex with SARS-CoV-2
Spike protein (S) and ACE2 on both the surface and the
perinuclear region typical of the endoplasmic reticulum
in VeroE6-ACE2 cells. The substrate binding domain of
GRP78 plays a crucial role in this interaction [58]. Nota-
bly, GRP78 has been implicated in the entry and rep-
lication of various viruses, including Ebola. Therefore,
targeting essential auxiliary host chaperones like GRP78,
rather than focusing solely on individual viruses suscep-
tible to mutations, could provide a wide variety of antivi-
ral strategies with significant clinical implications beyond
SARS-CoV-2. When ER stress occurs in viral infections,
GRP78 is overexpressed, it localizes on the surface of
cells moving from ER to cell surface, and functions as a
virus receptor [21, 59, 60]. A recent molecular docking
study has revealed that the spike protein of the SARS-
CoV-2 virus has a tight binding affinity with the GRP78
protein, suggesting that this association could be a poten-
tial therapeutic strategy for COVID-19.

Based on molecular docking and molecular dynam-
ics simulations, we were able to identify TL1228 as a
promising molecular hit among several benzimidazoles
previously synthesized by our group. In this context, the
docking simulations worked as a tool for virtual screen-
ing, and molecular dynamics worked as the tool for
investigating the conformational profile, as well as the
ligand-proteins binding thermodynamics (free energy
calculations). As described in the results above (Figs. 2
and 3), all ligand-protein complexes were kept structur-
ally stable during the time simulations. Moreover, inter-
actions between TL1228 and key protein residues were
observed, such 3CLpro catalytic dyad (His41, Cys145),
TMPRSS2 triad (His296, Asp345, Ser441), among others.

Regarding the biological assays, the first approach was
the evaluation of TL1228 cytotoxicity. The results were
in line with the above IC50 determination analysis and
allowed us to establish the cut-off concentration to use
for the investigation of its potential antiviral activity. The
initial hypothesis about the molecular strategy of this
promising compound in the execution of its function lies
in the good binding affinity to the host proteins GRP78
and TMPRSS2, but also to the viral protease 3CLpro.
Starting from this assumption, we decided to pretreat the
cells with the compound before the infection, trying to
block the receptors able to promote the binding of the S
protein to the host cell. The experiments carried out with
TL1228 showed an interesting and statistically signifi-
cant decrease both in Vero E6 and Calu-3 cells infected
with three different Pseudovirus strains (BA4/5, BQ.1.1
and XBB.1.1). Successively, these data were also vali-
dated in Vero E6 cells infected with live SARS-CoV-2 and
variant omicron Cerberus. In fact, the obtained results



Murdocca et al. Biology Direct (2024) 19:93

demonstrated a viral reduction of about 51% in TL1228
treated infected cells, thus confirming a possible effect of
the drug on cell receptors. As the compound had a good
affinity for viral protease 3CL-pro, it was investigated the
impact of the drug on viral life cycle. Interestingly, post-
infection treatment of infected cells caused a significant
decrease (90%) of viral titer with respect to that obtained
in untreated infected cells, let us to hypothesize that the
TL1228 compound can influence the activity of 3CL pro
and/or other steps of virus replication cycle. 3CLpro
has been implicated in cleaving human immune signal-
ing proteins, indicating its potential to modulate host
immune responses [61].

Interestingly, we detected a significant reduction in
mRNA levels of IFNP and IFNA1 as well as of proinflam-
matory chemokines and cytokines was observed com-
pared to infected untreated cells.

Furthermore, since GRP78 simplifies the virus entry
through ACE2 [15], we investigated if the treatment with
TL1228 influences the expression levels of host recep-
tors after infection, but also on inflammatory mediators.
Interestingly, a significant reduction of ACE2 transcript
levels emerged, probably related to the interaction of
TL1228 with GRP78, which in turn returns to baseline
levels after treatment.

There is an essential need for a therapeutically effec-
tiveness of easily delivering drugs into the airways. Aero-
solized delivery of compounds is an important approach
to treat pathologic conditions that primarily affect the
lungs. The possibility to administer small molecules
that inhibit virus entry opens new possibilities for the
prevention and treatment of infectious agents such as
SARS-CoV-2.

Thinking about the transposition of TL1228 treatment
to in vivo daily life, we performed the experiments with a
device able to permit the nebulization of the compound.
TL1228 turned out to be effective after vaporization in a
significant way, reducing the percentage of infected cells
as demonstrated with the Luciferase assay. This could
be a great chance to bring, among the anti-Covid thera-
pies, a non-invasive treatment able to reach the respi-
ratory tract and easy to use also in pediatric patients,
as preventive measure against the COVID-19 disease
manifestation.

TL1228 paves the way for potential prophylactic
approaches (e.g., nasal spray) or combinatorial treatments
for SARS-CoV-2 infection, though further research is
needed. It has demonstrated some antiviral effectiveness
against Omicron variants, indicating that future develop-
ment of more potent compounds in this class could bene-
fit from the multivalent properties, potentially improving
resistance to viral escape.
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Conclusions

In conclusion, we identified and characterized the anti-
viral activity and mechanism of action of TL1228 in the
inhibition of viral entry, as suggested by molecular dock-
ing simulations analyses.

Collectively, even though additional research is manda-
tory to better understand the compound’s mechanism of
action, our results highlight that targeting host auxiliary
chaperones, such as GRP78 -crucial for viral entry and
replication- could offer novel strategies for combating
SARS-CoV-2 and potentially other future Coronavirus
strains.
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