Antiviral Research 226 (2024) 105897

Contents lists available at ScienceDirect

ANTIVIRAL
RESEAR

Antiviral Research

4
L

I.SEVIER journal homepage: www.elsevier.com/locate/antiviral

Check for

Polyoxometalate exerts broad-spectrum activity against human respiratory [%&s
viruses hampering viral entry

Irene Arduino ?, Rachele Francese”, Andrea Civra®, Elisa Feyles?, Monica Argenziano ”,

Marco Volante “, Roberta Cavalli°, Ali M. Mougharbel d. Ulrich Kortz“, Manuela Donalisio ™',
David Lembo * !

@ Department of Clinical and Biological Sciences, Laboratory of Molecular Virology and Antiviral Research, University of Turin, Regione Gonzole 10, 10043, Orbassano,
Turin, Italy

b Department of Drug Science and Technology, University of Turin, Via P. Giuria 9, 10100, Torino, Italy

¢ Department of Oncology, University of Turin, Regione Gonzole 10, 10043, Orbassano, Turin, Italy

4 School of Science, Constructor University, Campus Ring 1, 28759, Bremen, Germany

ARTICLE INFO ABSTRACT

Keywords: Human respiratory viruses have an enormous impact on national health systems, societies, and economy due to
Antiviral agents the rapid airborne transmission and epidemic spread of such pathogens, while effective specific antiviral drugs to

POIY‘_)Xometalate o fecti counteract infections are still lacking. Here, we identified two Keggin-type polyoxometalates (POMs), [TiW11.
E:i’::;:;y tract infections C0040]% (TiW;1Co) and [TizPW10040]”" (TizPW10), endowed with broad-spectrum activity against enveloped

and non-enveloped human respiratory viruses, i.e., coronavirus (HCoV-OC43), rhinovirus (HRV-A1), respiratory
syncytial virus (RSV-A2), and adenovirus (AdV-5). TiaPW;o showed highly favorable selectivity indexes against
all tested viruses (SIs >700), and its antiviral potential was further investigated against human coronaviruses and
rhinoviruses. This POM was found to inhibit replication of multiple HCoV and HRV strains, in different cell
systems. TipPW;( did not affect virus binding or intracellular viral replication, but selectively inhibited the viral
entry. Serial passaging of virus in presence of the POM revealed a high barrier to development of TisPW;o-
resistant variants of HRV-A1 or HCoV-OC43. Moreover, TizPW;( was able to inhibit HRV-A1 production in a 3D
model of the human nasal epithelium and, importantly, the antiviral treatment did not determine cytotoxicity or
tissue damage. A mucoadhesive thermosensitive in situ hydrogel formulation for nasal delivery was also devel-
oped for TioPWj(. Overall, good biocompatibility on cell lines and human nasal epithelia, broad-spectrum ac-
tivity, and absence of antiviral resistance development reveal the potential of Ti,PWjq as an antiviral candidate
for the development of a treatment of acute respiratory viral diseases, warranting further studies to identify the
specific target/s of the polyanion and assess its clinical potential.

Entry inhibitor

populations such as the elderly, infants and immunocompromised sub-
jects, and have been linked to the onset, progression, and exacerbation

1. Introduction of asthma and other chronic respiratory diseases in children (Ljubin--
Sternak and Mestrovic, 2023; Romero-Tapia et al., 2023). Most respi-

Respiratory viruses are the most common cause of infectious diseases ratory viruses still do not have specific antiviral treatments available in
and one of the leading causes of morbidity and mortality worldwide, clinic settings, and symptoms are usually managed with supportive care.
representing a major public health problem and socioeconomical burden Moreover, an important challenge for antiviral therapy is the emergence
(Esneau et al., 2022; Grace et al., 2023; Hadian and Rezayatmand, 2022; of antiviral resistance (Ma et al., 2021; Richman, 2006; Thibaut et al.,

Harrington et al., 2021; Ljubin-Sternak et al., 2021). Viral respiratory ~ 2012). Indeed, the high mutation rate and the rapid replication of
infections can determine severe complications especially in at-risk
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Abbreviations

POM polyoxometalate

viruses, coupled with the selective pressure exerted by the antiviral, can
lead to the occurrence of mutations in genes encoding for antiviral target
sites or antiviral drug activators, that in turn render the antiviral inac-
tive (Feder et al., 2021; Lee and Hurt, 2018).

Polyoxometalates (POMs) are a class of negatively charged inorganic
compounds, composed of clusters of oxygen atoms and early transition
metal ions in their highest oxidation states, that have recently been
investigated in biomedical research as novel therapeutic agents for tu-
mors, bacterial and viral infections, diabetes and Alzheimer’s disease
(Colovi¢ et al., 2020). The wide spectrum of biological activities of
POMs can be ascribed to the structural and compositional variety of
these anionic metal-oxo clusters. Indeed, size, structure, shape, redox
potential, surface charge distribution, polarity, and acidity of POMs can
be easily tuned at the molecular level, consequently affecting their
biological activity. In regard to antiviral research, recent studies showed
that some POMs are endowed with inhibitory activity against various
DNA and RNA viruses, such as human immunodeficiency virus (HIV),
herpes simplex viruses (HSV) type 1 and 2, hepatitis viruses type B and
C, dengue virus, influenza virus (FluV) A and B and SARS coronavirus
(Enderle et al., 2021; Li et al., 2019; Qi et al., 2013, 2020; Wang et al.,
2014).

In the present study, we aimed at evaluating the antiviral potential of
a selected mini-library of solution-stable POMs, against a panel of
human respiratory viruses. In particular, the Anderson-Evans-type POM
[TeWe024]% (TeWs), and the Keggin-type POMs [TiW71;CoCyol 8
(TiW;1Co) and [Ti2PW1004O]7' (TiosPW1g) were screened for activity
against representatives of families of common respiratory viruses,
including respiratory syncytial virus (RSV) type A2, human coronavirus
(HCoV) type OC43, human rhinovirus (HRV) type Al, and adenovirus
(AdV) type 5. This panel included viruses with heterogeneous structural
characteristics, such as a naked or enveloped structure, and RNA or DNA
genome. TisPWjo emerged as the most promising candidate for its
broad-spectrum, cell- and strain-independent antiviral activity, and thus
was selected for further analyses focused on its antiviral mechanism of
action and its tendency to select resistant variants. Furthermore, cyto-
compatibility and antiviral efficacy of TioPW;( were investigated in an
in vitro model that closely resembles in vivo conditions, that is, a fully
reconstituted 3D model of human nasal epithelium.

2. Materials and methods
2.1. Synthesis of POMs

TeWe, TiW11Co and TioPWpo were prepared following published
procedures (Chen, 1997; Domaille and Knoth, 1983; Schmidt et al.,
1986). The purity of all POMs was >95%, confirmed by multinuclear
NMR spectroscopy (°'P and '83W) and infrared spectroscopy.

For biological experiments, POM samples were prepared as suspen-
sions in saline solution (NaCl 0.9% w/v) for the initial biological
screening at the starting concentration 930 pM for TeWs, 617 pM for
TiW11Co, and 670 pM for TioPWi(. TioPW1o was prepared at the starting
concentration of 5000 pM for later experiments.

2.2. Preparation of rhodamine-labelled TiaPWg

Rhodamine-labelled TioPW;( was prepared by incubating a rhoda-
mine B aqueous solution with TipPW;( under magnetic stirring for 24 h.
A dialysis step was carried out (Spectra/Por cellulose membrane, cutoff
1000Da, Spectrum Laboratories, Rancho Dominguez, CA, USA) for 1 h to
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separate the unbounded rhodamine B. For cell experiments, a colloidal
suspension of rhodamine-labelled TioPW;y was prepared in saline so-
lution (NaCl 0.9% w/v) at the concentration of 1.34 mM.

2.3. Mucoadhesive thermosensitive in situ hydrogel preparation and
characterization

The mucoadhesive thermosensitive in situ hydrogel was prepared by
a cold method using Pluronic® F127, as thermosensitive polymer, and
carboxymethyl cellulose (CMC), as mucoadhesive agent. Pluronic®
F127 (20% w/v) was added to ultrapure water under constant gentle
stirring and cooled at 4 °C for 24 h to allow the complete dissolution of
the polymer. After that, CMC (2% w/v) was added to the solution in an
ice bath and the formulation was stored at 4 °C until homogenous so-
lution was obtained. TioPW;o was added to Pluronic® F127 solution
during the preparation of the in situ hydrogel at the concentration of
1.34 mM. The pH of Ti;PW;( formulation was measured at room tem-
perature using a pHmeter Orion model 420A.

Determination of sol to gel transition, rheological analysis, erosion
test, and biocompatibility evaluation (hemolysis assay) were performed
to characterize the mucoadhesive thermosensitive in situ hydrogel
formulation, as described in the Supplementary materials.

2.4. Cells and viruses

Human cervix adenocarcinoma epithelial cells (HeLa, ATCC® CCL-
2™)  human lung fibroblast cells (MRC-5, ATCC® CCL-171™), human
epithelial cells (Hep-2, ATCC® CCL-23™), human lung carcinoma
epithelial cells (A549, ATCC® CCL-185™), african green monkey
fibroblastoid kidney cells (Vero, ATCC® CCL-81™), human hep-
atocarcinoma cells (Huh7, Cat. N. 01,042,712; European Collection of
Authenticated Cell Cultures, ECACC, Public Health England, United
Kingdom), human embryonic kidney cells (293T, ATCC® CRL-3216™),
and baby hamster kidney cells (BHK21, ATCC® C-13™) were grown in
Dulbecco’s modified Eagle’s medium (DMEM; Sigma-Aldrich) supple-
mented with 10% (v/v) heat-inactivated fetal bovine serum (FBS;
Thermo Fisher Scientific) and with 1% (v/v) antibiotic-antimycotic so-
lution (Sigma-Aldrich), at 37 °C in an atmosphere of 5% COs,. Fully
reconstituted epithelia derived from a mixture of human nasal cells
isolated from 14 different donors (MucilAir™-Pool, EPO2MP), were
purchased from Epithelix Sarl (Geneva, Switzerland). The tissue inserts
were cultured at the air-liquid interface (ALI) with MucilAir™ culture
medium (EPO5MM), in 24-well plates with 6.5-mm Transwell® inserts
(cat #3470, Corning Incorporated, Corning, NY), at 37 °C in an atmo-
sphere of 5% CO», according to supplier’s instructions.

Human rhinoviruses type A1 (HRV-A1l, ATCC® VR-1559) and type
B48 (HRV-B48, Cat. N. 0310051v; ECACC), and adenovirus type 5 (AdV-
5, ATCC® VR-5™) were propagated on HeLa cells. The laboratory HRV-
Al strains with phenotypic resistance to pleconaril and rupintrivir were
previously generated in our laboratory, exhibiting elevated ECsps for
pleconaril (>150 pM) and rupintrivir (0.09 pM) (Civra et al., 2022).
Human betacoronavirus type OC43 (HCoV-OC43, ATCC® VR-1558™)
and alphacoronavirus type 229E (HCoV-229E, 0310051v; ECACC) were
cultured on MRC-5 cells. The respiratory syncytial virus A2 strain
(RSV-A2, ATCC® VR-1540™) was produced on Hep-2 cells. When
cytopathic effect (CPE) developed, cell culture supernatants were clar-
ified, aliquoted, and stored at —70 °C. Viral titers were determined by
focus assay (HRV, HCoV) or plaque assay (RSV, AdV) and expressed as
focus-/plaque-forming units per mL (FFU/mL and PFU/mL). Virus stock
production and all antiviral assays were performed using DMEM sup-
plemented with 2% (v/v) FBS in a humidified 5% CO, incubator at 34 °C
(HRV, HCoV) or at 37 °C (RSV, AdV), unless stated otherwise.
SARS-CoV-2 pseudotyped viruses (SARS-CoV-2 PsV) were produced and
titrated with the TCIDsy (Median Tissue Culture Infectious Dose)
method as described in a previous work (Maglione et al., 2023).



L. Arduino et al.
2.5. Antiviral assays

The antiviral activity of POMs and POM formulation was assessed via
focus (HRV, HCoV) or plaque (RSV, AdV) reduction assays, as previously
described (Cagno et al., 2017; Milani et al., 2021). Briefly, confluent
cells were added with a fixed viral inoculum (multiplicity of infection,
MOI, FFU/cell or PFU/cell: 0.01 for HRV, HCoV, RSV; 0.001 for AdV)
and serial dilutions of POM (100-0.12 pM), and then incubated for a
variable amount of time depending on the virus. HCoV/HRV-infected
plates were incubated for 16h or 24h respectively. Instead, after 2h-in-
cubation of the virus-POM mixture, RSV/AdV-infected plates were
overlaid with medium containing 1.2% methylcellulose and serial di-
lutions of POM for 72h or 120h respectively. After incubation for all
described experiments, HRV/HCoV/RSV-infected cells were fixed with
cold acetone-methanol (50:50) and subjected to an immunocytochem-
istry procedure, described in the Supplementary materials. AdV-infected
cells were fixed and stained with 0.1% crystal violet in 20% ethanol. The
number of infected cells or plaques was microscopically counted and
viral infectivity was reported as mean % of untreated control + standard
error of the mean (SEM). For the pre-treatment assays, cells were
incubated with serial dilutions of POM for 2h, and then treated as for the
focus reduction assay. In the entry assays, after 20-min infection at 4 °C
of prechilled cells with a fixed viral inoculum (MOI 0.05) to allow
attachment of virus, and three washes with cold medium to remove
unbound virus, cells were treated with serial dilutions of TioPWi(, and
incubated for 1h at 34 °C to allow virus entry. Cells were then subjected
to a 30-sec treatment of citrate buffer (pH 3.0) for HCoV-OC43 or 3
washes of PBS++ (PBS with 1 mM MgCl, and 1 mM CaCly) for HRV-Al
to inactivate outer virions, washed with warm medium three times,
incubated and treated as for the focus reduction assay. In the post-entry
assays, cells were infected for 1h (MOI 0.05), incubated with 25 mM of
NH4Cl for 15 min, and treated with serial dilutions of POM in presence of
NH4ClL. The NH4Cl treatment inhibits endosome acidification and thus
blocks viral particles inside the endosome, still allowing the replication
of those particles that already escaped from late endosomes (Civra et al.,
2018). Cells were then incubated and treated as for the focus reduction
assay.

For SARS-CoV-2 PsV assays, Huh7 cells were treated with serial di-
lutions of POM and after 2h infected with a fixed amount of PsV (8000
TCIDsp/mL) in presence of POM dilutions. Control wells were prepared
with only culture medium (CC wells) and infected untreated (VC wells).
20h after infection, the detection was performed with the Britelite plus
reporter gene assay system (PerkinElmer, Waltham, MA, USA, cat. no.
6066769) using the Infinite F200 luminescence reader (TECAN,
Mannedorf, Switzerland). Infectivity (%) was calculated as follows:
[(mean RLU of each treated well - mean RLU of CC)/(mean RLU of VC -
mean RLU of CC) x 100].

2.6. Cell viability and cytotoxicity assays

Cell viability was measured using the MTS [3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium]
assay, as described elsewhere (Cagno et al., 2015), treating cells with
POMs under the same experimental conditions as for the focus reduction
assays. Cytotoxicity was assessed via lactate dehydrogenase (LDH)
assay, using the CytoTox 96 Non-Radioactive Cytotoxicity Assay kit
(Promega, Madison, WI) as previously described (Civra et al., 2022).

2.7. Virus yield reduction assays

Sub-confluent cells were infected (MOI 0.05) in presence of TioPW1g
or POM formulation (at ECgg9 dose), and incubated until advanced
cytopathic effect (CPE) was evident in the control wells. Then, super-
natants were harvested and virus titers were determined by focus or
plaque assay, as appropriate.
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2.8. Binding assays

Cells were infected (MOI 3) with the POM at ECq( dose and incubated
at 4 °C for 1h, to allow virus binding to the cell surface but preventing
the entry. Then, cells were washed twice with cold medium to remove
the unbound virus, collected in 200 pL of fresh medium and subjected to
three rounds of freeze-thawing to release cell-bound virus. The lysate
was clarified and the cell-bound virus titer was determined by focus
assay.

2.9. Evaluation of cellular uptake by confocal laser microscopy

Pre-seeded cells on coverslips were treated with rhodamine-labelled
TipPWg (at 50 pM) for 5 min, 1 h and 3 h at 34 °C. After incubation, cells
were washed with PBS 1X five times and sections of red living cells were
taken at the confocal laser microscope (LSM800; Carl Zeiss, Jena, Ger-
many). Images were processed with Zen Software (Carl Zeiss).

2.10. Selection of drug-resistant viruses

The ability of TioPWj to select resistant strains of HRV-A1 or HCoV-
0C43 was tested with two different approaches according to published
procedures, i.e., serial passages approach (Kaptein et al., 2021) and
clonal approach (Lacroix et al., 2015).

For the serial passages approach, 24-well-plate HeLa or MRC-5 cells
were inoculated with HRV-A1 or HcoV-OC43 (MOI 0.01), in presence of
a 2-fold serial dilution of TisPW;, and incubated at 34 °C. Every day,
wells were microscopically monitored for CPE and, when full CPE
developed in the control untreated well, the supernatant from treated
wells showing 30-70% CPE was collected and pooled. In parallel, un-
treated HRV-A1 or HcoV-OC43 was passaged using the same procedure,
as control. Clarified supernatants were titrated by focus assay and tested
for the sensitivity to TioPW;q by focus reduction assay. Harvested virus
was also used to infect freshly seeded cells, repeating the same pro-
cedure for the subsequent passage. The concentrations of compound
were gradually increased at each passage. Uninfected treated samples
were prepared for each passage, to monitor a possible cytotoxic effect of
the treatment.

In the clonal approach, four 96-well plates of HeLa or MRC-5 cells (i.
e., 384 wells) were infected with HRV-A1 or HcoV-OC43 (MOI 0.1), and
concurrently treated with Ti;)PW1( at the ECgg dose. Plates were incu-
bated at 34 °C and checked every day until total CPE was observed in the
control wells (i.e., 7 days post-infection, d.p.i.). In parallel, uninfected
treated controls and infected untreated controls were prepared to
exclude any cytotoxic effects due to the treatment and to monitor virus-
induced CPE without treatment, respectively. Supernatant of CPE-
exhibiting treated wells was harvested; clarified virus was expanded
under drug pressure and tested to assess its sensitivity to TioPWo by
focus reduction assay.

2.11. Experiments on 3D models of human nasal epithelium

To assess POM antiviral activity, after one wash of the apical side of
epithelia with medium, 50,000 FFU of HRV-A1 in a total volume of 100
pL was inoculated apically and incubated for 3h at 34 °C, to allow virus
entry. Then, the inoculum was removed by three rapid washing steps,
and residual virus was collected in 100 pL of culture medium added to
the apical side for 10 min. 20 pL of TioPWjg at 50 pM or culture medium
as control was added apically to infected epithelia, and incubated at
34 °C for 24h, to allow virus replication. Every 24h, viral progeny was
collected apically as above-described, and treatment was repeated. In-
fectious HRV-A1 titers of daily-harvested virus were determined by
focus assay.

Concurrently, toxicity of the antiviral treatment on epithelia was
assessed by LDH assay on the basal media of untreated and treated
samples collected every 24h after treatment, as outlined above.
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Physiological turnover in nasal epithelia was set at a 5% threshold of
toxicity (Boda et al., 2018).

At the end of the experiment, epithelia were fixed in buffered
formalin and embedded in paraffin. Tissue slices were then haematox-
ylin/eosin (H&E) stained, to assess tissue morphology after treatment.

2.12. Statistical analyses

Results are reported as mean values of two independent experiments
performed in duplicate. Values of ECsq (half maximal effective concen-
tration), ECqo (90% effective concentration), CCso (half maximal cyto-
toxic concentration) and respective 95% confidence intervals (CIs) were
calculated with GraphPad Prism 9.0 (GraphPad Software, Boston, MA,
USA) by regression analysis by fitting a variable slope-sigmoidal dose-
response curve. Selectivity indexes (SIs) of POMs were calculated as
SI—=CCs(/ECso. Where appropriate, Student’s t-test was used to compare
virus titers of treated and untreated samples. Significance was reported
for p value < 0.05 (*), <0.01 (**) and <0.001 (***).

3. Results
3.1. Solution-stable POMs were synthesized and characterized

The three solution-stable POMs, i.e., the Anderson-Evans type TeWs,
and the Keggin-type TiW;;Co and TiaPW;, were synthesized following
reported procedures. These polyanions were specifically selected due to
their known biological activity. In order to confirm their purity, the
POM salts were analyzed in the solid state by infrared spectroscopy (IR)
and in solution by multinuclear NMR spectroscopy (3'P, '®3W). The
identity of each POM was determined from the fingerprint region of its
infrared spectrum (ca 400-1200 cm ).

3.2. Two polyoxometalates showed broad antiviral activity against a
panel of human respiratory viruses in vitro

The antiviral activity of the POMs mini-library was assayed against a
selected panel of human respiratory viruses, i.e., HRV-A1, HCoV-OC43,
RSV-A2 and AdV-5. As reported in Table 1, the Keggin-type POMs
TiW11Co and TisPWj( were able to inhibit in a dose-dependent manner
all tested viruses, exhibiting ECsos in the low micromolar range
(0.65-4.10 uM), whereas the Anderson-type POM TeWg was not active
against any of the tested viruses. Cell viability assays showed that
TiaPWjo was not toxic at any dose tested on any cell line used (CCsps >
225 pM), while TiW;;Co showed cytotoxicity upon long incubation
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times. Based on this result, we focused subsequent analyses on the POM
endowed with the minor cytotoxicity, TioPWy¢. Of note, the anti-RSV
activity of TioPW;( observed here was previously investigated by Shi-
geta et al. (2006), thus excluding RSV-A2 from further studies.

Firstly, we investigated the possible antiproliferative effects of
TipPW1o via MTT assays, showing CCsps > 2400 pM on different cell
lines (HeLa, MRC-5, Huh7, A549, Vero, Hep-2), except for the longest
treatment time (120h) on HeLa cells (CCsp 613.2 pM) (Fig. S1). In
particular, results from the MTT assays reported a >80% cell viability
following POM treatment at the highest concentration tested (2400 pM)
for HeLa (24h-treatment), MRC-5, A549, and Vero cells, while Huh?7,
Hep-2, and HeLa (120h-treatment) cells exhibited a >80% viability at
300, 1200, and 150 pM, respectively. Altogether, these data show that
does not exert antiproliferative action on cells at antiviral effective
doses, with highly favorable SIs. The good cytocompatibility of TiosPWq
was further confirmed through LDH assays, showing less than 10%
cytotoxicity on HeLa and MRC-5 cell lines up to the highest POM con-
centration tested (2400 pM) (Fig. S2).

The broad-spectrum activity of TipPW; against respiratory viruses
was further investigated via virus yield reduction assays. As shown in
Fig. 1, both HRV-A1l and HCoV-OC43 infectious progeny production was
significantly inhibited by the treatment, with a log titer reduction of 5.5
and 3.4 respectively. Interestingly, TioPW; did not inhibit AdV-5 in this
stringent experimental setting, and therefore the adenovirus was not
included in subsequent experiments.

TioPWj activity against HRV-A1 and HCoV-OC43 was investigated
employing different cell lines (Huh7, A549, Vero), which are known
models for in vitro experiments on HRV and HCoV (Fausto et al., 2023;
Freymuth et al., 2005; Jin et al., 2023; Jurgeit et al., 2012). As reported
in Table 2, the POM was active on all cell lines, indicating that its
anti-HRV-A1 and anti-HCoV-OC43 activity was not cell line-dependent.
Next, we confirmed Ti,PWjo activity against laboratory strains of
HRV-Al with phenotypical resistance to pleconaril or rupintrivir, pre-
viously generated in our laboratory (Civra et al., 2022), and additional
strains of HRV and HCoV (HRV-B48, HCoV-229E, SARS-CoV-2)
(Table 2). Interestingly, we showed that the closely-related HRV type
B48 was less sensitive to TioPW1o compared to HRV-A1, with an ECgg of
39.5 pM (more than 10-fold higher than that for HRV-Al). Regarding
coronaviruses, the alpha-coronavirus HCoV-229E was effectively
inhibited by the POM (ECsy 0.92 pM). Moreover, we showed that
TioPWig inhibited in a dose-dependent manner SARS-CoV-2, using a
VSV-based pseudovirion expressing SARS-CoV-2 Spike, with an ECsg
value of 4.05 pM and a favorable SI (>593). Control experiments were
performed with well-known antivirals; in particular, the capsid binder

Table 1
Antiviral activity of POMs against selected respiratory viruses.
Compound Virus ECso * (M) (95% CI ) ECoo (M) (95% CI) CCso ¢ (uM) (95% CI) SI¢
TeWe HRV-Al n.a. n.a. n.t. n.a.
HCoV-0C43 n.a. n.a. n.t. n.a.
RSV-A2 n.a. n.a. n.t. n.a.
Adv-5 n.a. n.a. n.t. n.a.
TiW;,Co HRV-Al 2.32 (1.42-3.79) 4.82 (2.73-8.49) >225 >97.0
HCoV-0C43 2.30 (1.85-2.83) 13.5 (8.80-21.6) >225 >97.8
RSV-A2 4.10 (2.96-5.69) 10.1 (5.08-20.0) 121.8 (96.9-153.3) 29.7
AdV-5 1.14 (0.92-1.41) 3.78 (1.99-7.15) 118.9 (110.7-127.7) 104.3
TisPWio HRV-A1 3.21 (2.71-3.81) 5.53 (4.57-7.56) >225 >70.1
HCoV-0C43 3.30 (3.12-3.50) 12.7 (11.1-14.49) >225 >68.2
RSV-A2 2.88 (2.23-3.72) 8.16 (4.30-15.5) >225 >78.1
AdV-5 0.65 (0.47-0.90) 4.37 (2.21-9.70) >225 >346.2

n.a.: not assessable.

n.t.: not tested.
2 ECso: half maximal effective concentration.
b CI: 95% confidence interval.
¢ ECop: 90% effective concentration.
4 CCsp: half maximal cytotoxic concentration.
¢ SI: selectivity index.
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Fig. 1. Evaluation of the inhibition of the production of infectious viral progeny by Ti,PW;,. Cells were infected with HRV-A1 (A), HCoV-OC43 (B), or AdV-5
(C) (MOI = 0.05) and treated with Ti,PW;, at the respective EC99 dose. When CPE was evident in the untreated control wells, supernatants were collected and
clarified virus was titrated accordingly. On the y-axis, viral titers are expressed as FFU/mL (HRV-A1l, HCoV-OC43) or PFU/mL (AdV-5) and reported as mean + SEM
for three independent experiments. Treated and control samples were compared with the Student’s t-test. n.s., not significant; *** = p < 0.001. UT, untreated.

Table 2
Antiviral activity of Ti;PW;, on different cell lines and against different HRV and HCoV strains.
Virus Compound Type Cell line ECs * (uM) (95% CI *) CCso © (uM) (95% CI) st
HRV TisPWig HRV-Al HeLa 3.21 (2.71-3.81) >2400 >747.7
Huh?7 3.01 (1.07-8.45) >2400 >797.3
A549 2.31 (1.56-3.42) >2400 >1039
Vero 10.4 (5.66-19.0) >2400 >230.8
HRV-B48 HeLa 73.7 (47.6-114.3) >2400 >32.6
HRV-A1 pleconaril-R HeLa 2.38 (1.97-2.88) >2400 >1008
HRV-A1 rupintrivir-R HeLa 2.33(1.98-2.74) >2400 >1030
Pleconaril HRV-A1 HeLa 0.44 (0.43-0.44) 698.4 (488.9-876.1) 1587
HCoV TioPWio HCoV-0C43 MRC-5 3.30 (3.12-3.50) >2400 >727.3
Huh7 35.4 (27.5-45.6) >2400 >67.8
A549 2.05 (1.79-2.36) >2400 >1171
Vero 8.52 (6.22-11.7) >2400 >281.7
HCoV-229E MRC-5 0.92 (0.74-1.15) >2400 >2609
SARS-CoV-2 PsV Huh7 4.05 (3.05-5.46) >2400 >592.6
Chloroquine HCoV-0C43 MRC-5 0.19 (0.13-0.26) 169.3 (150.4-190.5) 891.1

n.a.: not assessable.
2 ECso: half maximal effective concentration.
b CI: 95% confidence interval.
¢ CCsp: half maximal cytotoxic concentration.
4 I selectivity index.

pleconaril was tested against HRV-Al, while the known endocytosis
inhibitor chloroquine was selected as reference compound to test against
HCoV-0C43. As expected, HRV-A1 and HCoV-OC43 were inhibited by
the respective antivirals, with ECsg values similar to those reported in
literature (Hashem et al., 2020; Lacroix et al., 2014) (Table 2).

3.3. TioPWj9 hampered virus entry into host cell

Given the POM broad-spectrum antiviral activity, to explore its
mechanism of action, we firstly investigated whether Tio;PW;( exerted
its activity directly on the viral particle or on the host cell. A virus
inactivation assay showed that the POM did not exert intrinsic virucidal
activity (Fig. S3), and pre-treatment assays demonstrated that TioPWq
did not inhibit HRV-Al or HCoV-OC43 infection, thus excluding a
possible effect of the POM on the cell susceptibility to infection (Fig. 2A
and C).

So, we focused on the possible inhibition of virus-host interactions or
intracellular virus replicative steps. Through binding assays, we
observed that the POM did not affect HCoV-OC43 binding to host cells,
whereas it only slightly reduced HRV-A1 titer (Fig. 2B and D). Next, we
investigated the virus entry and subsequent post-entry events. Fig. 2A

and C shows that viral infectivity was inhibited in a dose-dependent
manner when TisPW;o was added during the virus entry, with ECsg
values of 8.57 pM or 3.38 pM for HRV-A1 or HCoV-OC43, respectively.
On the contrary, the POM was not active when added after viral entry,
specifically after virus escape from late endosomes. The lack of activity
of TisPWjg in a post-entry experimental setting was determined by
fixing and immunostaining cells using two different markers of viral
replication, i.e., the dsRNA and the capsid protein VP2 (for HRV-A1) or
nucleocapsid protein (for HCoV-OC43). Microscopical observation
revealed the presence of both viral markers after post-entry antiviral
treatment, indicating that the POM did not affect viral genome repli-
cation or the production of viral structural proteins (Fig. S4).

To determine whether the blockage of virus entry could take place
outside the cell on the plasma membrane, covering common sites for
virus binding and entry, we investigated the sub-cellular distribution of
TioPW1 using a rhodamine-labelled polyanion. The POM was able to
penetrate intracellularly as soon as 5 min after treatment, distributing
homogeneously in the cytoplasm at 1 h and 3 h post-treatment (Fig. 2E).
Of note, the polyanion was not detected on the cytoplasmatic
membrane.
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Fig. 2. Investigation of the antiviral mechanism of action of Ti,PWj,. (A, C) Time-of-addition assays. Cells were treated with serial dilutions of Ti;PWjo
(100-0.4 pM) before infection (pre), during virus entry (entry) or after treatment with NH4Cl (post-entry). Viral infectivity was assessed 24 h (HRV-Al) (A) or 16 h
(HCoV-0C43) (B) after infection. The percent infection (%) was calculated by comparing treated and untreated wells. Error bars represent SEMs for three inde-
pendent experiments. (B, D) Binding assays. The effect of Ti,PW;, on the binding of HRV-A1 (B) or HCoV-OC43 (D) to host cells was assessed via binding assays. On
y-axis, virus titers are expressed as focus forming units per mL (FFU/mL). Student’s t-test was used to compare viral titers (n.s.: not significant; **: p-value <0.01).
UT, untreated. (E) TioPW( cell uptake. Uninfected HeLa or MRC-5 cells were treated with fluorescent Ti,PW;, for 5 min, 1 h, and 3 h. POM cell distribution in live
cells was observed in red via confocal laser microscopy. Control sample (untreated) was incubated with culture medium alone. Magnification, 400 x .

3.4. TiaPWi did not select resistant viral strains

As one of the main obstacles to antiviral therapy is the emergence of
drug-resistant variants, we aimed to test the tendency of Ti,PWq to
select resistant HRV-A1l or HCoV-OC43 in vitro via two different
approaches.

Firstly, resistance development toward Ti;PW;( was tested by serial
passage approach, passaging HRV-A1 or HCoV-OC43 in the presence of
increasing TioPW;¢ concentrations (~ECsg) for 10 passages. As control,
wildtype virus was passaged in parallel in absence of the compound.
HRV-A1l and HCoV-OC43 remained highly sensitive to the polyanion up
to the tenth passage of culture under selective pressure, as demonstrated

by the absence of ECsq values shift between the resistant and wildtype
strains (Fig. 3A-B, Tables S1 and S2).

Next, we investigated the development of resistance by an alterna-
tive method that allows to assess the frequency of resistant variants from
the parental strain, i.e., clonal approach. The frequency of HRV-Al
resistant clones in TipPWj-treated samples was of 0.5% up to 7 d.p.i.,
indicating that it is highly unlikely to select resistance in the HRV
quasispecies (Fig. 3C). Regarding HCoV-OC43, while no resistant clone
was detected up to 3 d.p.i., starting from 4 d.p.i. we observed virus-
induced CPE in a significant portion of TioPWjg-treated samples
(20.8% at 4 d.p.i., 61.5% at 7 d.p.i.) (Fig. 3D). Since treatment was
performed only at day O, this result could be ascribed to the possible
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Fig. 3. Selection of resistant viral strains by TioPW;o. (A, B) Serial passages approach. HRV-A1 (A) or HCoV-OC43 (B) was cultured for 10 passages on cell
monolayers in the presence of sub-optimal concentrations of Ti;PW;q (~ECsg). In parallel, wildtype virus was passaged without compound in the same experimental
conditions. Virus sensitivity to Ti,PW;, was tested at each passage for both wildtype and resistant virus by focus reduction assay, and expressed as ECs, on the y-axis.
Error bars represent SDs of ECsgs for two replicates. (C, D) Clonal approach. A total of 384 wells (four 96-well plates) were seeded and 24 h later were infected with
HRV-A1 (C) or HCoV-OC43 (D) in the presence of Ti,PW; at the respective ECg9 dose. Each bar represents the percentage of wells that exhibited CPE compared to
the total number of infected wells. One 96-well plate was infected and left untreated, as the control that exhibited CPE in 100% of wells (wt, wildtype). UT, untreated;

days p.i.: days post-infection.

instability of TipPW;¢ in the culture medium after prolonged incubation,
coupled with differences in the replicative cycles of the two viruses. All
selected variants in CPE-exhibiting wells, harvested and expanded under
selective pressure, showed a <8-fold increase of ECs values compared
to the wildtype strain (Table S3).

3.5. TioPW inhibited viral replication in infected human nasal epithelia

To validate the POM antiviral activity in a more challenging and
predictive model, we carried out experiments on a 3D model of human
nasal epithelium obtained from a pool of 14 healthy donors. HRV-Al
was selected as a model virus as we previously demonstrated its abil-
ity to replicate in nasal epithelia (Civra et al., 2022).

As outlined in Fig. 4A, the epithelia were infected with 50,000 FFU of
HRV-A1 for 3h and treated with TioPW; every 24h, and newly pro-
duced virus was harvested daily and titrated. As shown in Fig. 4B, HRV
yield naturally declined over time, in line with previous observations
that showed the physiological clearance of HRV infection in highly
differentiated human airway epithelial cells (Warner et al., 2019).
Importantly, TiosPW;o inhibited HRV-A1 production at all time-points
tested: at 24 h.p.i. viral titer was slightly reduced compared the un-
treated control (0.4-log reduction), increasing to 1.4-log reduction at 48
and 72 h.p.i., and reaching a 2.2-log reduction at 96 h.p.i. LDH assays on
basal media collected daily from treated and untreated samples were
performed to exclude toxicity of the POM on epithelia. Only a slight
increase in cytotoxicity above the 5%-threshold was detected at 24 h.p.
i., for all control and treated samples (Fig. 4C). This was likely ascribed
to hypoxic stress caused by the overlay of media on the apical side of
tissue inserts during the 3h-infection at day 0. Importantly, at later
times, TioPW1¢ treatment did not determine an increase in LDH release
in treated samples, compared to untreated controls.

At 96 h.p.i., the tissues were fixed immediately after apical and basal
harvests and subjected to H&E staining, to visualize any alteration in

tissue morphology caused by antiviral treatment or infection (Fig. 4D).
Consistently with recent studies and in line with results of LDH assays,
HRV infection did not result in any overt sign of epithelial damage
(Essaidi-Laziosi et al., 2018; Warner et al., 2019). More importantly, the
treated sample showed a well-preserved morphology of the respiratory
epithelium, with preservation of cilia, homogeneous pluri-stratification
and no cyto-architectural alterations, similar to the untreated samples,
indicating that the antiviral treatment was not cytotoxic.

3.6. Mucoadhesive thermosensitive in situ gelling formulation of TioPW1g
was developed for nasal delivery

Considering its potential use as antiviral drug for respiratory viral
infections, a mucoadhesive thermosensitive in situ hydrogel formulation
for the targeted nasal delivery of TioPW1o was developed. The hydrogel
demonstrated sol to gel transition at nasal cavity temperature (34 +
1 °C). The addition of Ti,PW1( did not modify the gelling properties of
the formulation. Moreover, it behaved as a Newtonian fluid at 22 °C
with constant viscosity values (114.84 + 7.76 mPa s). Changes in the
rheological properties of the samples were observed at 34 °C, with an
increase of the viscosity that reached about 140000 mPa s at shear rate
of 0.10 s™*, confirming the formation of a hydrogel. The formulation
showed a pH value of 6.30 + 0.05, appropriate for nasal administration,
and did not present hemolytic activity, confirming a good biocompati-
bility and tonicity values suitable for cell experiments.

The TipPW; o formulation was assayed in vitro on cell cultures to test
its antiviral activity. As shown in Fig. 5A, formulated TisPWj inhibited
HRV-A1 and HCoV-OC43 infectivity in a dose-dependent manner, with
ECsos in the low micromolar range (1.20 pM and 0.76 pM, respectively)
comparable to ECsy values obtained for TisPWj( alone, while cell
viability assays demonstrated that formulated TiaPW;( was not toxic to
cells at antiviral effective doses (CCsgs > 600). Moreover, results from
the virus yield reduction assays confirmed that formulated TisPWio
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Fig. 4. Evaluation of the anti-HRV efficacy of Tio,PW;o in a 3D reconstituted model of human nasal epithelium. (A) Schematic experimental protocol for the
antiviral assays on human nasal epithelia. (B) Inhibitory activity of Ti,PW;, against HRV-A1l on human nasal epithelia. Tissue inserts were infected with HRV-A1l
(50,000 FFU, input) for 3 h, then treated with Ti,PW;, after removal of inoculum and each 24 h after infection. Viral progeny was harvested every 24 h after
infection and titrated (3, 24, 48, 72, 96 h); on y-axis, viral titers are expressed as FFU. Student’s t-test was used to compare titers from untreated and treated wells at
each time point. (C) Cytotoxic effect of TioPW;o on human nasal epithelia. LDH assays were performed by sampling basal media every 24 h following HRV-A1l
inoculation in presence or in absence of antiviral. Untreated uninfected tissue was used as control. Cytotoxicity is expressed on y-axis as percentage compared to
a lysed control sample (100% cytotoxicity). 5% cytotoxicity threshold is set as the physiological cell turnover in 3D nasal epithelial cultures. (D) Representative
images of human nasal epithelia. After 96 h, all samples were formalin-fixed and haematoxylin/eosin-stained. i) Untreated uninfected sample; ii) Untreated infected
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Fig. 5. Assessment of the antiviral activity of formulated Ti,PW;, against HRV-A1 and HCoV-OC43. (A) Focus reduction assays. The antiviral activity of the
POM formulation was evaluated treating cells with serial dilutions of Ti,PW;o (100-0.4 pM) and assessing viral infectivity 24 h (HRV-A1) or 16 h (HCoV-OC43) after
infection. Treated wells were compared to untreated controls to calculate the percent infection (%). Error bars represent SEMs for three replicates. (B, C) Virus yield
reduction assays. Cells were infected with HRV-A1 (B) or HCoV-OC43 (C) (MOI = 0.05) and treated with Ti,PW;o (ECg9). When full CPE developed in the untreated
control wells, supernatants were collected, clarified and titrated. On the y-axis, viral titers are expressed as FFU/mL and reported as mean + SEM for three inde-
pendent experiments. Treated and control samples were compared with the Student’s t-test. *** = p < 0.001. UT, untreated.
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strongly inhibited the production of viral progeny, reducing the viral
titer of 7.12 and 7.64 logs for HRV-A1l and HCoV-OC43 respectively,
compared to untreated control (Fig. 5B-C).

4. Discussion

In this work, the Keggin-type POM TisPW;o emerged as the most
promising candidate from a mini-library of inorganic compounds, i.e.,
POMs, previously investigated for their various biological properties
(Colovi¢ et al., 2017, 2020; Ilyas et al., 2014; Igbal et al., 2013). We
found that TigPW;( was able to inhibit the infectivity of various common
human respiratory viruses, i.e., RSV-A2, HCoV-OC43, HRV-A1, and
AdV-5, exhibiting good ECsgs (0.65-3.30 pM) and highly favorable
CCs0s (>2400 pM). These data are consistent with previous works,
demonstrating that the POM is effective against other viruses (namely
zika virus, influenza virus and RSV) with comparable ECsq values in the
same low micromolar range (Francese et al., 2019; Shigeta et al., 2006).

Further analyses focused only on TipPWj¢’s anti-coronaviral and
anti-rhinoviral activity, as the POM was most active against these two
viruses. We demonstrated that TioPW;o exerted its antiviral activity
independently of the cell type used and against different coronaviral and
rhinoviral strains. Specifically, the polyanion was active against the
wildtype human alpha-coronavirus HCoV-229E and a VSV-based pseu-
dovirion of the beta-coronavirus SARS-CoV-2 (SARS-CoV-2-PsV). Since
the not-replicating SARS-CoV-2-PsV surrogate model can only mimic
early phases of the virus life cycle (i.e., attachment and entry),
expressing on its surface SARS-CoV-2 Spike glycoprotein, we speculate
that Ti;PW;o acts by blocking the S protein-mediated attachment or
entry of the pseudovirion into host cells. Indeed, a recent study identi-
fied TioPW1 as a potential inhibitor of the interaction between the Spike
glycoprotein of SARS-CoV-2 and the cell receptor ACE2 (Gil-Moles et al.,
2021). Further experiments are required to confirm this activity,
employing the wildtype SARS-CoV-2. Regarding anti-rhinoviral activity,
POM inhibitory effect was also confirmed on HRV-A1 strains resistant to
known anti-rhinoviral compound, i.e., protease 3C-targeting rupintrivir
and capsid-binder pleconaril, suggesting a different target of Ti,PW1¢’s
antiviral action. Interestingly, TipPW;o inhibited less effectively the
related HRV-B48, with an ECs( of 39.5 pM. This result might be ascribed
to the different host cell receptors that HRV-A1 and HRV-B48 use for the
entry, respectively the low-density lipoprotein receptor (LDLR) or the
intracellular adhesion molecule 1 (ICAM-1) (Vlasak et al., 2005).

Although further studies are needed to identify the target/s of POM
antiviral activity, preliminary experiments confirmed the above-
hypothesized blockage of early stages of viral life cycle by TisPWjy.
We demonstrated that the main target of POM antiviral activity is the
HCoV-0C43 and HRV-A1 entry into host cells, specifically after virus
binding to host cell receptor and before virus release from late endo-
somes. This activity is in accordance with recent literature, that identi-
fied TioPW1o as an entry inhibitor of several other human viruses,
including ZIKV, HIV, and HSV-2 (Dan and Yamase, 2006; Francese et al.,
2019; Take et al., 1991). Moreover, Shigeta et al. showed that TioPW1q
inhibited FluV-A infection by hampering the fusion between viral en-
velope and host cell membrane, not affecting the binding of FluV-A to
cellular receptors (Shigeta et al., 2006).

A major obstacle in antiviral research is the emergence of drug-
resistant variants, particularly for RNA viruses due to their high muta-
tion rate determined by the lack of proof-reading activity of the viral
RNA-dependent RNA polymerase (107%-10~* nucleotide substitutions
per cell infection) (Borderia et al., 2016; Coultas et al., 2021; Sanjuan
and Domingo-Calap, 2016). Here, we demonstrated via a serial passage
approach that Ti;PW;( does not exert selective pressure on HCoV-OC43
and HRV-A1, as the emergence of resistant variants was not documented
up to the tenth passage. Concurrently, the clonal approach indicated
that the virus quasispecies contained only few variants with some nat-
ural level of resistance, albeit not clinically relevant (Dycke et al., 2021;
Lacroix et al., 2015).
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To determine the therapeutic potential of a candidate antiviral, we
tested the compound’s antiviral efficacy in a predictive in vitro model,
that is, a 3D human nasal epithelial tissue cultured at the air-liquid
interface, exhibiting mucociliary clearance and secretion of defensive
molecules, susceptible to infection of various human respiratory viruses
(Boda et al., 2018; Civra et al., 2022). Treatment with Tio,PW;¢ was able
to accelerate the clearance of HRV-ALl in infected epithelia, reaching a
titer reduction of 2.2-log compared to control at 96 h.p.i. Importantly,
cytotoxicity assays and H&E staining of epithelia revealed that antiviral
treatment did not cause tissue distress or damage.

Despite POMs wide spectrum of biological activities, the possibility
of acute or long-term toxic effects has so far been the reason behind for
the lack of interest in the further development of these candidate drugs.
Concerning TioPW1o, Colovi¢ et al. showed that the polyanion cannot be
considered highly toxic following a toxicity evaluation of orally-
administered Wistar albino rats (Colovi¢ et al., 2017). A more complex
toxicological study involving the assessment of long-term side effects,
and exploring different routes of administration and drug delivery
strategies, will be necessary for its further selection as potential candi-
date in antiviral therapy. In this context, a mucoadhesive thermosensi-
tive in situ hydrogel formulation for the nasal delivery of TiosPW;( was
herein synthesized and characterized, with the aim of increasing the
concentration of the drug at the site of infection, while limiting systemic
drug exposure. Indeed, previous studies reported POMs’ organic func-
tionalization (Fliitsch et al., 2011) and their incorporation in nano-
carriers, such as silica nanospheres (Cao et al., 2017), polymeric
nanoparticles (Croce et al., 2019) and in hydrogel matrices (Pandya
et al., 2024) as strategies to improve the POM biocompatibility, physi-
ological stability and activity. In particular, thermosensitive hydrogel
formulations represent a promising approach for POM nasal adminis-
tration. The increase of viscosity after gelation can prevent the rapid
drainage from nasal cavity experienced by liquid formulations, limiting
the rapid mucociliary clearance (Vigani et al., 2020; Wang et al., 2019).
In addition, mucoadhesive properties can be exploited to prolong the
residence time at the nasal site and favor POM antiviral activity.

4.1. Conclusions

Here, we demonstrated that the Keggin-type polyanion TisPWy is
endowed with broad-spectrum activity against various of human respi-
ratory viruses acting as entry inhibitor, alongside with absence of
development of antiviral resistance, high cytocompatibility and anti-
viral activity on ciliated human nasal epithelia. Altogether, these several
competitive advantages make Ti,PW;o a promising starting point for a
drug candidate against respiratory viral infections.
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