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Abstract

Background Influenza A virus (IAV) is a major cause of seasonal and global pandemics, posing serious health risks.
Repositioning approved drugs offers an efficient antiviral strategy, particularly as calcium (Ca?*) is crucial for IAV infec-
tion, making Ca?* channel blockers (CCBs) promising candidates for antiviral agents.

Methods The in vitro antiviral activity of cilnidipine was evaluated using MTT assays, gRT-PCR, plague assays,

and western blotting. Mechanistic studies involved time-of-addition, viral internalization, pseudovirus neutralization,
and HA (hemagglutinin) syncytium assays. For in vivo analysis, BALB/c mice were intranasally infected to evaluate
the effects of cilnidipine on viral titer, lung index, pulmonary inflammatory mediators, and survival rate.

Results In vitro, cilnidipine exhibits antiviral activity against IAV during the early stages of infection. It disrupts clath-
rin- and caveolin-mediated endocytosis to inhibit the internalization of IAV and interacts with the viral HA2 subunit

to impede virus membrane fusion. Additionally, cilnidipine suppresses the PI3K-AKT and p38 MAPK pathways acti-
vated by IAV infections. In vivo, cilnidipine reduces virus titers and lung index, ameliorates lung pathology, and inhibits
pulmonary inflammatory mediator expression, improving survival rates.

Conclusions These findings highlight the promising anti-IAV properties of cilnidipine both in vitro and in vivo, sug-
gesting its potential as a clinical agent for emergencies against influenza outbreaks.
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Background

Influenza A virus (IAV) can rapidly evolve through anti-
genic drift and antigenic shift, leading to outbreaks of
acute respiratory disease in both domestic poultry and
humans [1, 2]. This evolution has resulted in significant
challenges, such as the emergence of pandemic HIN1
influenza in 2009, human infections with avian H7N9
influenza in 2013, and sporadic human cases of highly
pathogenic avian H5N1 influenza (HPAI) [3-6]. Vac-
cination remains the most effective way to prevent and
control influenza; however, regular updates are necessary
to address the evolving nature of the virus, which can
result in increased economic burdens [7, 8]. Despite the
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availability of antiviral drugs, their efficacy is limited due
to resistance and side effects. The Centers for Disease
Control and Prevention (CDC) has approved four antivi-
ral medications for treating circulating influenza strains,
including three neuraminidase inhibitors (NAIs): per-
amivir, zanamivir, and oseltamivir phosphate, as well as
baloxavir marboxil [9, 10]. NAIs, which block viral neu-
raminidase (NA) to inhibit progeny virus release, have
been effective but face challenges from resistance due to
mutations in the NA gene [11]. This concern was height-
ened following the global spread of oseltamivir-resistant
seasonal HIN1 influenza viruses from 2007-2009 [12,
13]. Similarly, baloxavir, a novel antiviral medication
that inhibits the endonuclease activity of the polymerase
acidic (PA) protein to impede viral RNA synthesis, has
also faced challenges with the emergence of treatment-
resistant strains during clinical trials [14, 15]. Conse-
quently, there is an urgent need for innovative strategies
to combat influenza infections, and drug repurposing has
emerged as a promising and efficient approach.

Blocking viral entry represents an effective approach
for developing antiviral therapies [16—18]. IAV infection
begins with the virus attaching to host cells, followed by
endocytosis and the formation of an endosome encap-
sulating the virus particles [19]. The viral membrane
then fuses with the host membrane, releasing the RNA
genome into the nucleus to initiate transcription and
replication [20, 21]. Calcium (Ca*") plays a critical role
in multiple stages of viral infection, including viral entry,
gene replication, virion maturation, and release, signifi-
cantly contributing to the pathogenesis of various viruses
[22, 23]. Fujioka et al. found that influenza hemaggluti-
nin (HA) binds to the voltage-dependent Ca®* channels
(VDCCs) Cavl.2, inducing intracellular Ca>* oscillations
that facilitate IAV entry and replication [24]. Importantly,
IAV entry was inhibited by calcium channel blockers
(CCBs) or through the knockdown of Cavl.2 expression
[24]. Therefore, CCBs may serve as viral entry inhibitors
to effectively target the initial stages of infection. Previ-
ous studies have indicated that the L-type Ca** channel
inhibitor benidipine hydrochloride inhibits severe fever
with thrombocytopenia syndrome virus (SETSV) by
impeding virus internalization and reducing viral genome
replication [25]. Similarly, diltiazem, another L-type Ca*"
channel inhibitor, has demonstrated efficacy against
SARS-CoV-2 by inhibiting viral attachment and inter-
nalization [26]. Additionally, CCBs such as verapamil,
diltiazem, and BAPTA-AM have shown effectiveness
against influenza virus infection both in vitro and in vivo
[24, 27, 28]. These findings provide new perspectives for
treating viral infections, highlighting the potential of tar-
geting Ca®" channels to impede viral entry and suggest-
ing CCBs as a promising class of antiviral therapeutic
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agents. Furthermore, repurposing host-targeted drugs
like CCBs offers a rapid and practical approach to iden-
tifying new antiviral treatments, a critical advantage in
addressing emerging outbreaks or pandemics with lim-
ited therapeutic options.

This research examines the in vivo and in vitro antivi-
ral activity of cilnidipine against IAV and elucidates its
mechanism of action. The results highlight the potential
of cilnidipine as a therapeutic option for combating IAV
infection, highlighting Ca®* channels as promising tar-
gets for future antiviral drug development strategies.

Methods

Reagents and antibodies

Cilnidipine (T0388) with 98% purity was purchased from
Target Molecule Corp. (Shanghai, China). Ribavirin,
3-(4,5-dimethylthiazol-2-yl)—2,5-diphenyltetrazolium
bromide (MTT), carboxymethyl cellulose sodium salt
(CMC), TPCK-trypsin, methyl-B-cyclodextrin (MBCD),
and oseltamivir were all purchased from Sigma-Aldrich
(Saint Louis, MO, USA). Oseltamivir phosphate (Ose)
was obtained from Hoffmann-La Roche (Basel, Switzer-
land). CL-385319, 98% pure, was synthesized in our labo-
ratory. Arbidol was purchased from Weikeqi (Sichuan,
China). Alexa 568-conjugated human transferrin (Tf-
568) was purchased from Invitrogen (T23365, Carlsbad,
CA, USA). FITC-conjugated cholera toxin beta-subunit
(CTB-FITC) was also purchased from Sigma-Aldrich
(Saint Louis, MO, USA). Chlorpromazine (CPZ) was pur-
chased from Aladdin (Shanghai, China). Cepharanthine
(CEP), with a purity of 97%, was purchased from Bidep-
harm (Shanghai, China).

The following antibodies were used: anti-NP monoclo-
nal antibody (GeneTex, GTX125989), anti-PB2 mono-
clonal antibody (GeneTex, GTX125926), anti-GAPDH
polyclonal antibody (Bioss, bs-2188R), anti-rabbit/mouse
horseradish  peroxidase (HRP)-conjugated second-
ary antibody (Fdbio Science, FDR007, FDMO007), Alex-
aFluor 488-conjugated anti-rabbit IgG antibody (Abcam,
ab150077), anti-AKT1 monoclonal antibody (ZenBio,
R380617), anti-phospho-AKT (Ser473) polyclonal anti-
body (ZenBio, 310,021), anti-phospho-PI3 kinase p85/
p55 (Tyr467/Tyr199) polyclonal antibody (ZenBio,
341,468), anti-PI3 kinase p85 alpha (1C8) polyclonal anti-
body (ZenBio, 251,221), anti-p38 monoclonal antibody
(ZenBio, R27123), anti-phospho-p38 (Tyr182) polyclonal
antibody (ZenBio, 310,069), anti-transferrin antibody
(Bioss, bs-33244 M), and anti-caveolin-1 antibody (Bioss,
bs-1453R).

Cells and viruses
Madin-Darby canine kidney (MDCK), human lung epi-
thelial (A549), and human embryonic kidney (HEK293T)
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cells were obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA). All the cells
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM, Gibco, Carlsbad, CA, USA) supplemented
with 10% fetal bovine serum (FBS, ExCellBio, Shanghai,
China) and 1% penicillin/streptomycin (Gibco, Carlsbad,
CA, USA) at 37 °C with 5% CO,. IAV strains, includ-
ing A/Puerto Rico/8/34 (HIN1), A/FM-1/1/47 (HIN1),
A/WSN/33 (HIN1), A/PR/8/34 with NA-H274Y, A/
Aichi/2/68 (H3N2) and a mouse-adapted strain of A/
PR/8/34 virus, were propagated in SPF embryonated
chicken eggs. The virus titer was determined by analyz-
ing the 50% tissue culture infective dose (TCIDy) via the
Reed-Muench assay [29].

MTT assay

The MTT assay was used to evaluate cytotoxicity and
anti-IAV activity, and GraphPad Prism 8.0 software was
used to determine the CCgyj, and IC,, values. For the cyto-
toxicity assay, cilnidipine was serially diluted twofold in
96-well plates containing 10,000 cells per well, followed
by a 48 h incubation at 37 °C. For the antiviral assay,
MDCK cells were pretreated with cilnidipine for 2 h and
then infected with IAV (100TCID;) for 1 h at 37 °C.
Post-infection, the viral supernatant was removed, and
cilnidipine was added at a twofold dilution in serum-free
DMEM supplemented with TPCK-trypsin (1 pg/mL), fol-
lowed by a 48 h incubation at 37 °C. The virus-induced
cytopathic effect (CPE) was observed and documented
via microscopy (Nikon, Tokyo, Japan). The supernatant
was subsequently aspirated, and MTT solution (0.5 mg/
mL) in serum-free DMEM was added, followed by a 4 h
incubation at 37 °C in the dark. The formazan crystals
were dissolved in dimethyl sulfoxide (DMSO, Aladdin,
Shanghai, China), and absorbance readings were taken
at 570 nm via a microplate reader (GENios Pro, TECAN,
Bedford, MA, USA).

Western blot

A549 cells were pre-incubated with cilnidipine for 2 h
before infection with IAV (MOI=0.1) at 37 °C for 1 h.
Subsequently, the viral supernatant was removed, and
cilnidipine was added to serum-free DMEM at a twofold
dilution and incubated at 37 °C for 24 h. Cell lysis was
performed using RIPA buffer (Fdbio Science, Hangzhou,
China) to extract proteins. The proteins were denatured
by boiling at 105 °C for 15 min after adding loading buffer
(5X%). Proteins were separated based on their molecular
weights via sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE). The proteins were then
transferred onto polyvinylidene fluoride (PVDF) mem-
branes (Roche, Basel, Switzerland) via the wet transfer
method at 100 V for 70 min. The PVDF membrane was
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blocked with 5% skim milk (Fdbio Science, Hangzhou,
China) at room temperature (RT) for 1 h, followed by
overnight incubation with the primary antibody at 4 °C.
After washing three times with Tris-buffered saline-0.1%
Tween 20 (TBST), the membranes were incubated with
secondary antibodies at RT for 1 h. After three washes
with TBST, images were captured via a FluorChem E
imaging system (ProteinSimple, CA, USA) and analysed
via Image]J software (NIH, Bethesda, MD, USA).

Quantitative real-time PCR (qRT-PCR)

Antiviral experiments were performed as described
above. RNA extraction from cells or mouse lung tissues
was carried out via a total RNA isolation kit (Foregene,
Chengdu, China). The extracted RNA was subsequently
reverse transcribed into cDNA via a PrimeScript RT
reagent kit (Takara, Otsu, Shiga, Japan) on a T100 Ther-
mal Cycler (Bio-Rad, Hercules, CA, USA). Quantitative
polymerase chain reaction (qPCR) was performed via
real-time Applied Biosystems StepOne software (Thermo
Fisher Scientific, Waltham, MA, USA) with SYBR Green
qPCR Master Mix (Vazyme, Nanjing, China) follow-
ing the manufacturer’s instructions. The relative mRNA
expression levels were determined via the 2744¢T
method, with all values normalized to the GAPDH
level. The primers used in the study were synthesized by
Tsingke Biotech Co., Ltd. (Beijing, China).

Indirect immunofluorescence assay

MDCK cells were seeded at a density of 1x10° cells/mL
in 48-well plates and incubated overnight. The cells were
pretreated with cilnidipine at 37 °C for 2 h, followed by
infection with WSN virus (MOI=0.01) at 37 °C for 1 h.
The viral supernatant was aspirated, and serum-free
DMEM containing 1 pg/mL TPCK-trypsin supplemented
with cilnidipine was added for 24 h. Subsequently, the
MDCK cells were fixed in 4% paraformaldehyde (PFA,
Biosharp, Hefei, China) for 15 min, permeabilized with
0.1% Triton X-100 (Aladdin, Shanghai, China) for 10 min,
and then incubated with 5% bovine serum albumin (BSA,
Biofroxx, Frankfurt, Germany) at RT for 1 h. Follow-
ing a wash with PBST (0.05% Tween 20), the cells were
incubated with anti-IAV NP antibody (1:500 dilution)
and AlexaFluor 488-conjugated anti-rabbit IgG anti-
body (1:500 dilution). Nuclei were stained with Hoechst
33342 (Beyotime, Shanghai, China). Finally, the cells
were washed with PBST and examined via a Ti-Eclipse
inverted fluorescence microscope (Nikon, Tokyo, Japan).

Plaque assay

Serial dilutions of supernatants from infected A549
cells or mouse lung homogenates were added to MDCK
cell monolayers and incubated for 1 h at 37 °C. After
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the supernatant was removed, an equivalent volume of
2XDMEM (EallBio, Beijing, China) and microcrystal-
line cellulose containing 1 pg/mL TPCK-trypsin were
added. After 48 h of incubation, the cells were fixed with
4% paraformaldehyde (PFA) for 20 min and stained with
2% crystal violet (Sigma—-Aldrich, Saint Louis, MO, USA)
for 15 min. Visualization was performed via ELISPOT S6
Versa (CTL, Cleveland, OH, USA).

Tine-of-addition assay

A549 cells were seeded into 12-well plates at a density of
2x10° cells/mL and cultured overnight. Subsequently,
the A549 cells were washed twice with PBS and infected
with WSN virus (MOI=0.1) for 1 h at 37 °C. Cilnidipine
(20 uM) was administered at intervals of 0-2, 2-5, 5-8,
8-10 and 0-10 h post infection (h p.i.). Protein samples
were collected at 10 h p.i. via RIPA buffer for western blot
analysis.

Ammonium chloride (NH,CI) inhibition assay

A549 cells were pretreated with cilnidipine for 2 h at
37 °C. The cells were subsequently incubated with WSN
(MOI=5) for 1 h at 4 °C. After the viral supernatant was
removed, it was replaced with DMEM containing 50 mM
NH,CI and the indicated concentrations of cilnidipine.
Following incubation at 37 °C for 24 h, RNA extraction
was performed to determine the NP mRNA levels via
qRT-PCR, as previously described.

Viral internalization assay

A549 cells were pretreated with cilnidipine (20 pM)
for 2 h at 37 °C, followed by infection with WSN virus
(MOI=5) for 1 h at 4 °C. Unbound viral particles were
subsequently removed by washing the cells with pre—
cooled PBS, and the cells were then transferred to 37 °C
for 0.5 h and 1 h to induce internalization. After 0.5 h
or 1 h, the cells were treated with 0.25% EDTA-trypsin
(Gibco, Carlsbad, CA, USA) to remove the noninternal-
ized virus. The levels of viral NP RNA and protein in the
cell lysates were quantified via qRT-PCR and western
blotting, respectively.

Acidification induced membrane fusion assay

A549 cells were pretreated with compounds for 2 h at
37 °C and then infected with WSN virus (MOI=5) for
1 h at 4 °C. The cells were subsequently treated with PBS-
HCI (pH=5.0) for 10 min at 37 °C to facilitate virion
fusion. After that, the supernatant was removed, and
DMEM containing the compounds was added, followed
by incubation at 37 °C for 6 h. Finally, the cells were
lysed in RIPA buffer and analysed by western blotting as
described above.
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Entry inhibition assays of H5N1 pseudotypes

The H5N1 pseudoviruses were generated as previously
described [30]. Briefly, 293T cells were co-transfected
with HA plasmids (Thailand-HA, Qinghai-HA or
Anhui-HA), A/Thailand/Kan353/2004-NA plasmids,
and pNL4-3.luc. R—E—using the PEI reagent. After
48 h of transfection, the culture supernatants were har-
vested and stored at — 80 °C. Furthermore, MDCK cells
were seeded in 96-well plates and grown overnight.
Equal volumes of cilnidipine at the indicated concen-
trations were incubated with H5N1 pseudovirus at
37 °C for 30 min before being added to MDCK cells,
which were further incubated for an additional 48 h.
MDCK cells were washed with PBS and lysed with lysis
reagent (Promega, Madison, WI). A luciferase assay
system (Promega, Madison, WI) was subsequently used
to measure fluorescence in a microplate reader (GENi-
osPro, TECAN, Bedford, MA, USA).

HA syncytium assay

MDCK cells were transfected with the A/Thailand/
Kan353/2004-HA plasmid (2 pg per well) using PEI
transfection reagent (4 pL per well). After 48 h of trans-
fection, the HA protein was initially cleaved by incuba-
tion with 5 ug/mL TPCK-trypsin for 15 min at 37 °C.
The cells were subsequently preincubated with cilnidi-
pine for 15 min at 37 °C and then incubated with pH
5.0 PBS for another 15 min at 37 °C. Following wash-
ing with PBS, the cells were supplemented with DMEM
containing 10% FBS and subsequently incubated for
an additional 4 h at 37 °C. Finally, the cells were then
fixed with 4% PFA for 20 min, stained with Giemsa
(Ding Guo Chang Sheng Biotechnology Co., Ltd, Bei-
jing, China), and observed under a microscope (Nikon,
Tokyo, Japan).

Surface plasmon resonance (SPR) assay

The binding of cilnidipine to the HA2 protein was stud-
ied via the PlexArray® HT system (Plexera® Bioscience,
Seattle, WA, USA). Influenza HA2 protein (Sino Bio-
logical, China) was immobilized onto the surface of a
3D Dextran chip. Subsequently, cilnidipine was diluted
in PBS at various concentrations as analytes, and PBS
was used as running buffer. For binding studies, ana-
lytes were applied at corresponding concentrations in
running buffer at a flow rate of 2 uL/s with a contact
time of 300 s and a dissociation time of 300 s. Chip
platforms were regenerated with regeneration buffer
(Glycine-HCI, pH=2.0) after each test cycle. The data
were analysed using BIAevaluation Software (BiaCore,
Uppsala, Sweden).
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Transferrin absorption inhibition assay

As previously reported [31], A549 cells were seeded
into 6-well plates at 37 °C and pretreated with cilnidi-
pine for 2 h. Subsequently, the cells were incubated
with 2 pg /mL of transferrin (Solarbio, Beijing, China)
for 1 h at 4 °C. Unbound transferrin was removed by
washing the cells twice with PBS, followed by a 1 h
incubation at 37 °C to facilitate the internalization of
transferrin. Uninternalized transferrin was removed
via 0.25% EDTA-Trypsin. The cells were then lysed in
RIPA buffer, and western blot analysis was conducted
as described above.

Caveolin-1 inhibition assay

A549 cells were seeded into 6-well plates at 37 °C and
pretreated with cilnidipine for 2 h, followed by infection
with WSN (MOI=5) at 4 °C for 1 h. Subsequently, the
cells were shifted to 37 °C and incubated for 1 h. Caveo-
lin-1 protein levels were subsequently assessed via west-
ern blot analysis as described above.

Fluorescence confocal assays

As previously reported, A549 cells were seeded in 35 mm
confocal dishes (Cellvis, CA, USA) for visualization of
transferrin uptake via immunofluorescence [32]. A549
cells were subsequently pretreated with test compounds
at 37 °C for 2 h, followed by a 1 h incubation at 4 °C with
Tf-568 (25 pg/mL) or CTB-FITC (2 pg/mL). Afterward,
internalization was allowed to occur during another
15 min of incubation at 37 °C. Once internalized, the
cells were fixed with 4% PFA for 15 min and then washed
with PBS before being visualized via confocal microscopy
(Zeiss LSM800, Oberkochen, Germany).

Animal experiments

SPF female and male BALB/c mice (4-5 weeks old;
16-18 g) were purchased from the Laboratory Animal
Center of Southern Medical University (Guangzhou,
China). All the mice were randomly divided into 6 groups:
the blank group, PR8 virus group, PR8 virus + cilnidipine
high-dose group (50 mg/kg/d), PR8 virus+ cilnidipine
middle-dose group (25 mg/kg/d), PR8 virus + cilnidipine
low-dose group (12.5 mg/kg/d), and PR8 virus+ Ose
group (60 mg/kg/d). Cilnidipine and Ose were dissolved
in a 0.5% CMC solution and administered orally. The
blood pressure of the mice was assessed via a noninva-
sive blood pressure monitor (BP-2010A, Softron, Beijing,
China) both before and after cilnidipine treatment. The
mice were anesthetized with isoflurane (RWD Life Sci-
ence, Shenzhen, China) and intranasally infected with 50
pL of the PR8 virus per mouse. Cilnidipine and Ose were
administered for 2 days before PR8 virus infection on day
0, which was continuously administered for 5 days, and
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mouse lung tissues were harvested and weighed at 5 days
post-infection (d p.i.). The lung index was calculated as
the ratio of the lung weight (mg) to the body weight (g).
Subsequently, the lung tissues were homogenized in PBS
for viral titer assessment via a plaque assay and the Reed-
Muench method. Hematoxylin—eosin (H&E) staining was
used to detect pathological alterations in the lung tis-
sues, whereas qRT-PCR was used to quantify the mRNA
expression levels of NP and inflammatory factors in the
lung tissues. For survival experiments, the mice were
continuously administered cilnidipine and Ose for 7 days,
and their body weights and survival rates were monitored
for 14 days after PR8 virus infection.

Statistical analysis

All the data were statistically analysed via GraphPad
Prism 8.0 (GraphPad Software, La Jolla, CA, USA). The
results are presented as the means + standard deviations
(SDs). For comparisons involving more than two groups,
one-way analysis of variance (ANOVA) was employed.
Levels of statistical significance were considered as fol-
lows: * p<0.05, ** p<0.01 and *** p<0.001.

Results

Cilnidipine exhibits anti-influenza virus activity in vitro
Our previous study successfully identified several com-
pounds with activity against IAV from a library of 361
ion channel inhibitors [33]. Among them, the dihydro-
pyridine Ca?" channel inhibitor cilnidipine exhibited
inhibitory activity against various strains of IAV, with a
50% maximal inhibitory concentration (IC;,) ranging
from 3.67 to 7.43 uM (Table 1). The 50% cytotoxic con-
centration (CCgj) in MDCK cells exceeded 200 puM, with
a selectivity index greater than 26. Oseltamivir and riba-
virin were used as positive controls. Notably, cilnidipine
also had a strong antiviral effect on the oseltamivir-resist-
ant strains with a mutation at position 274 of the NA
gene, with an IC;, value of 4.74 pM (Table 1). We further
investigated the inhibitory effect and antiviral mecha-
nism of cilnidipine using the A/WSN/1933 (H1N1) strain
due to its high titer and stability.

Following WSN infection, MDCK cells exhibited a
noticeable cytopathic effect (CPE), characterized by cel-
lular shrinkage, rounding and shedding. However, treat-
ment with cilnidipine effectively mitigated WSN-induced
CPE and maintained cellular integrity (Fig. 1A). To fur-
ther investigate the antiviral effects of cilnidipine, west-
ern blot and qRT-PCR were performed, revealing that
cilnidipine successfully suppressed the expression of the
virus NP protein and mRNA (Fig. 1B and 1C). Consistent
with the above findings, the green fluorescence indica-
tive of NP protein expression showed a similar reduction
following cilnidipine treatment (Fig. 1D). To assess the
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Table 1 Inhibitory effects of cilnidipine on different IAV subtypes

Compound AV strains 21C50 (M) CCyp (M) bg)

Cilnidipine A/Puerto Rico/8/34 (HINT1) 5.74+0.99 >200 >34.84
A/Aichi/2/68 (H3N2) 743+1.62 >26.92
A/WSN/1933 (HINT) 642+1.19 >31.15
A/FM1/1/47 (HIN1) 4.74+£152 >42.19
€ A/PR/8/34 (HINT1) with the NA-H274Y 3.67+0.98 >54.50

9 Ribavirin A/WSN/1933 (HINT) 482+143 >41.49

€ Oseltamivir A/WSN/1933 (HINT) 0.87+0.39 >229.89

? |Cs: half maximal inhibitory concentration
B S| (selectivity index) = CCsy/ICso

€ Oseltamivir-resistant strain

d.¢ positive control

The data are presented as the means+SDs

impact of cilnidipine on progeny viral production, the
supernatant collected from WSN-infected A549 cells
at 24 h p.i. was used for the plaque assay. As shown in
Fig. 1E, cilnidipine significantly reduced progeny virus
titers in the supernatant. In summary, cilnidipine exhib-
its promising inhibitory effects against IAV infection
in vitro, suggesting its potential for further development
and optimization as an antiviral agent.

Cilnidipine inhibits IAV infection by interfering with virus
internalization and membrane fusion

In a single-cycle replication of IAV infection, cilnidipine
was administered at various time intervals, with protein
samples collected at 10 h p.i. for western blotting (Addi-
tional file 1: Fig S1) [34]. The results revealed significant
inhibition of NP protein expression at 0-2 h, suggest-
ing that cilnidipine plays a crucial role during the viral
entry stage (Fig. 2A). To further evaluate its effect on
viral entry, A549 cells were pre-incubated with cilnidi-
pine and exposed to the virus at 4°C for 1 h, followed by
replacement of the supernatant with fresh medium con-
taining ammonium chloride (NH,Cl) to prevent mem-
brane fusion. The results showed that cilnidipine reduced
viral NP mRNA expression in the presence of NH,Cl,
suggesting antiviral activity before membrane fusion
(Fig. 2B). The binding assay demonstrated that cilnidipine
did not inhibit the expression of viral NP protein at 4 °C
and therefore did not affect viral binding to cells (Addi-
tional file 1: Fig. S2). A549 cells were exposed to WSN
virus at 4°C and then transferred to 37°C for 0.5 and 1 h
to allow internalization. Uninternalized viral particles
were removed using 0.25% EDTA-trypsin (Additional
file 1: Fig. S3), viral NP protein and mRNA expression
were subsequently measured. The results demonstrated
that cilnidipine effectively inhibited virus internalization
at both 0.5 h and 1 h, reducing NP mRNA and protein

expression (Fig. 2C and 2D). At pH 5.0, virus-cell mem-
brane fusion is directly induced, bypassing endocytosis.
Cepharanthine (CEP) targets viral ribonucleoprotein
complexes (VRNPs) to inhibit viral NP protein expres-
sion, without affecting endocytosis (Fig. 2E) [35]. How-
ever, cilnidipine and CPZ did not show inhibitory effects,
suggesting that the internalization phase is the primary
requirement for cilnidipine action (Fig. 2E). These find-
ings indicate that cilnidipine is an effective inhibitor of
influenza virus internalization.

The HA and NA proteins located on the envelope of
influenza viruses are essential for facilitating viral entry
and release. To examine the effect of cilnidipine on viral
envelope proteins, HA and NA plasmids were trans-
fected into 293T cells to construct H5N1 pseudoviruses,
as detailed in a previous study [30]. Cilnidipine treat-
ment effectively suppressed H5N1 pseudovirus infection
in MDCK cells but had no effect on the VSV-G nega-
tive control (Fig. 2F). CL-385319 was used as a positive
control (Additional file 1: Fig. S4) [30]. These findings
suggest that cilnidipine interferes with the function of
either HA or NA proteins. However, the results of the
MU-NANA inhibition assay revealed that cilnidipine did
not inhibit NA activity, in contrast to zanamivir, which
exhibited concentration-dependent inhibition of NA
activity (Additional file 1: Fig. S5). Consequently, cilnidi-
pine might specifically target the viral HA protein, which
consists of the HA1 and HA2 subunits. While cilnidipine
showed no inhibitory effect on IAV-induced red blood
cell aggregation (Additional file 1: Fig. S6), it significantly
attenuated pH 5.0-dependent syncytium formation in
HA-expressing MDCK cells (Fig. 2G), demonstrating
its specific antagonism of HA2-mediated membrane
fusion. To confirm this interaction, the binding affin-
ity between cilnidipine and the HA2 protein was further
validated by SPR assay, with a KD value of 3.2x107® M
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(Fig. 2H). Furthermore, the mini-replicon assay revealed  Cilnidipine inhibits clathrin-mediated
that cilnidipine did not inhibit vRNP activity (Additional  and caveolin-mediated endocytosis of influenza virus
file 1: Fig. S7). In this study, we examined the inhibitory effect of
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cilnidipine on both clathrin-mediated endocytosis (CME)
and caveolin-mediated endocytosis. After incubating
cells with transferrin, a specific marker for CME, we
observed that transferrin uptake decreased with increas-
ing concentrations of cilnidipine, indicating disruption
of CME (Fig. 3A). For further confirmation, a direct

fluorescence assay was employed using Tf-568 (25 pg/
mL) to visualize transferrin localization in A549 cells.
Treatment with cilnidipine and CPZ (20 pM) resulted
in reduced diffuse fluorescence surrounding the cells,
confirming effective inhibition of transferrin internaliza-
tion (Fig. 3B). Additionally, we investigated the impact of
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cilnidipine on caveolin-1 expression and caveolae-medi-
ated endocytosis using cholera toxin B subunit (CTB) as
a marker. Our results showed that cilnidipine suppressed
the expression of caveolin-1 (Fig. 3C). Cells internalized
CTB (2 pg/mL) with fluorescence concentrated around
the nucleus; however, treatment with cilnidipine led to a
decrease in CTB internalization, indicating inhibition of
caveolae-mediated uptake (Fig. 3D).

Cilnidipine exerts antiviral effects by inhibiting the MAPK
and PI3K-AKT pathways

Viral internalization, a critical phase in the viral life cycle,
typically begins with the binding of viral surface proteins
to host cell receptors, activating pathways that facilitate
viral particle uptake. Upon infection with IAV, there was
a significant increase in the expression of phosphoryl-
ated PI3K (p-PI3K) protein. However, treatment with
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cilnidipine leads to a reduction in p-PI3K protein expres-
sion (Fig. 4A). Additionally, cilnidipine inhibited the
phosphorylation of downstream Akt, which is induced
by PI3K activation (Fig. 4A). Following viral infection,
the MAPK signaling pathway plays a crucial role in regu-
lating various cellular functions. Cilnidipine effectively
inhibited the phosphorylation of p38 (p-p38) and the
subsequent activation of the MAPK pathway induced by
virus infection (Fig. 4B). Importantly, when cilnidipine is
administered alone, in the absence of viral infection, it
did not exert an inhibitory effect on these signaling path-
ways (Additional file 1: Fig. S8). Therefore, cilnidipine
may inhibit viral entry into cells by modulating the virus-
activated PI3K-Akt and p38 MAPK signaling pathways.

Cilnidipine exhibits significant anti-IAV infection effects

in vivo

The in vivo anti-IAV efficacy of cilnidipine was assessed
using a mouse model of acute lung injury (ALI). As
shown in Fig. 5A, BALB/c mice were intranasally
infected with the PR8 virus and orally administered
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cilnidipine at doses of 50, 25, or 12.5 mg/kg, oseltami-
vir (Ose) at 60 mg/kg, or 0.5% CMC as a vehicle con-
trol. Recognizing the hypotensive effects of cilnidipine,
we monitored blood pressure changes in mice. Nota-
bly, cilnidipine administration had no notable impact
on the blood pressure of treated mice (Fig. 5B). Lung
morphology showed that cilnidipine mitigated severe
pulmonary damage in IAV-infected mice (Fig. 5C). His-
topathological assessments indicated that cilnidipine
reduced alveolar exudation, alveolar wall destruction,
and alveolar hemorrhage (Fig. 5D). These effects were
comparable to those observed with Ose treatment. Fur-
thermore, the impact of cilnidipine on viral titers in
IAV-infected lungs was assessed through plaque assays
and TCIDg,, which revealed a significant reduction in
the cilnidipine-treated groups (Fig. 5E and 5F). Cilnidi-
pine also reduced the viral lung index (Fig. 5G) and NP
mRNA expression (Fig. 5H). Furthermore, it signifi-
cantly decreased the mRNA expression of IAV-induced
pulmonary inflammatory cytokines, including IL-1p,
TNF-a, IL-6, IEN-B, and IL-8 (F ig. 5I-M), indicating its
inhibition of IAV infection in vivo.
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Cilnidipine exerts a protective effect on the survival PR8 virus, changes in body weight and survival rates
of IAV-infected mice were observed for 14 days (Fig. 6A). The results shown
After intranasal infection of BALB/c mice with the in Fig. 6B indicated that the mice in the virus group
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began to die at 5 d p.i., with all mice dying by 10 d.p.i..
Cilnidipine-treated groups exhibited a significant
2-day delay in mortality, with even the low-concen-
tration group achieving a 50% survival rate. The high-
dose cilnidipine group (50 mg/kg) presented a survival
rate of 90%, surpassing the 80% survival rate observed
in the Ose-treated group (Fig. 6B). Furthermore, the
body weights of the virus-infected mice gradually
decreased beginning at 3 d p.i., reaching their lowest
point at 9 d p.i. (Fig. 6C). However, the administra-
tion of cilnidipine mitigated weight loss, and the mice
began to regain weight after 9 d.p.i. (Fig. 6C). In sum-
mary, cilnidipine was effective in increasing survival
rates and alleviating symptoms associated with the
infection, such as lethargy, ruffled fur, and weight loss.

Discussion

The emergence of IAV variants and increased break-
through infections in vaccinated populations highlight
an urgent need for new antiviral drugs. Repurposing
approved medications is a vital strategy for rapid drug
development, as demonstrated in the COVID-19 pan-
demic [36]. For example, fluvoxamine, a selective sero-
tonin reuptake inhibitor (SSRI) antidepressant, has
shown significant efficacy in early SARS-CoV-2 infec-
tion, reducing hospitalization risk in high-risk COVID-
19 patients [37, 38]. Previous research conducted in our
laboratory revealed that the antidepressant drug sertra-
line binds to the receptor binding domain (RBD) of the
SARS-CoV-2 S protein, thereby impeding its interaction
with hACE2 [39]. Moreover, clopidogrel, which reduces
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cerebrovascular disease risk, and triamterene, a diuretic,
have exhibited inhibitory effects on various IAV subtypes
[40]. These findings indicate that approved drugs may
offer innovative adjunctive therapies against influenza
infection.

Targeting host cells is an attractive strategy against
influenza virus, which is prone to developing drug resist-
ance. Research has shown that alterations in host cell
Ca”" levels are crucial for IAV infection. IAV binding to
Ca*" channel proteins triggers Ca®" influx, facilitating
viral entry and infection, and knocking out these proteins
inhibits IAV-induced Ca?* currents and infection [24].
CCBs, such as cilnidipine, are commonly used to manage
hypertension and cardiovascular conditions by inhibiting
Ca?" channels that regulate smooth muscle contractil-
ity in peripheral arteries. Cilnidipine, which affects both
L-type and N-type Ca®" channels, has demonstrated
antiviral activity by hindering the entry of hantaviruses
in vitro and eliminating West Nile virus (WNYV) infec-
tion in Vero cells and human neuroblastoma SH-SY5Y
cells [41, 42]. It also exhibits broad-spectrum antiviral
activity against viruses like Zika, Japanese encephalitis,
yellow fever, tick-borne encephalitis, and chikungunya
[42]. Our study reveals the in vitro and in vivo antiviral
effects of cilnidipine, as well as its dual antiviral mecha-
nism of inhibiting viral internalization and targeting the
viral HA2 subunit to prevent viral entry. Therefore, we
propose cilnidipine as a promising antiviral agent for
combating influenza viruses, with potential for clinical
application.

The MTT assay revealed that cilnidipine exhibited a
dose-dependent inhibitory effect on various IAV sub-
types, including oseltamivir-resistant strains, with mini-
mal cytotoxicity and a high safety index. Additionally,
cilnidipine significantly reduced the expression of viral
NP protein and mRNA, decreased viral progeny titers,
and protected cells from virus-induced CPE, demonstrat-
ing effective antiviral activity in vitro. The influenza virus
life cycle, spanning approximately 8—10 h, includes viral
entry (0-2 h), transcription and replication of viral genes
(2-8 h), and release of progeny virions (8—10 h) [34].
Subsequent time-of-addition assays were conducted to
determine the specific stage of the viral life cycle targeted
by cilnidipine. The results demonstrated that cilnidipine,
as an entry inhibitor, potentially exerts its effects dur-
ing the stages of viral attachment, internalization into
endosomes, and the fusion of the viral envelope with the
endosomal membrane. Treatment with NH,Cl rapidly
increases the pH to 6.7, decelerating the entry of viral
particles into secondary lysosomes, and thus allowing for
the investigation of viral binding and internalization pro-
cesses [43]. Cilnidipine effectively suppressed NP mRNA
expression in the presence of NH,Cl, indicating potential
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inhibition of the stage preceding membrane fusion. Our
study indicated that cilnidipine treatment did not reduce
virus binding but significantly reduced IAV internaliza-
tion. Direct viral membrane fusion assays at low pH con-
firmed that cilnidipine requires the internalization phase
to exert its antiviral activity. Previous studies have firmly
established CME and caveolin-mediated endocytosis as
crucial pathways facilitating influenza virus entry into
host cells [32, 44]. To investigate the effect of cilnidipine
on CME, we utilized transferrin as a specific marker and
employed both western blotting and fluorescence confo-
cal microscopy. Cilnidipine effectively hinders transferrin
uptake and disrupts CME, with CPZ (chlorpromazine)
serving as a positive control that inhibits coated pit for-
mation on the cell surface, thereby impeding CME [45,
46]. Additionally, caveolae, enriched with cholesterol, gly-
cosphingolipids, and caveolin (a 20-24 kDa membrane
protein), play a pivotal role in the internalization of vari-
ous viruses [47, 48]. Notably, cilnidipine suppressed the
expression caveolin-1 and inhibited the internalization
of CTB, which specifically interacts with caveolae via its
ganglioside GM1 receptor [49]. This inhibitory effect was
comparable to that observed with MPCD, a positive con-
trol that disrupts the lipid raft structure essential for CTB
internalization. These results suggest that cilnidipine may
inhibit viral internalization by suppressing clathrin- and
caveolae-mediated endocytosis. Cilnidipine also showed
dose-dependent inhibition of H5N1 pseudovirus activity,
suggesting a potential influence on viral HA and NA pro-
teins. The results demonstrated that cilnidipine did not
inhibit NA activity or the function of the HA1 subunit,
but rather it inhibited syncytium formation induced by
the HA2 subunit. Furthermore, SPR assays further con-
firmed that cilnidipine had bound directly to the HA2
protein.

Upon attaching to host cells, viruses initiate signaling
cascades, particularly the PI3K-AKT and p38 MAPK
pathways, which are essential for viral entry. Research
has shown that various viruses, including IAV, Herpes
Simplex Virus Type 1 (HSV-1) [50], Ebola Virus (EBoV)
[51], and Avian Leukosis Virus (ALV) [52], activate the
PI3K-AKT signaling pathway to facilitate entry into
host cells. Early in the viral cycle, the PI3BK-Akt signal-
ing pathway is hijacked by the influenza virus to facili-
tate viral entry [53]. Specifically, IAV interaction with
sialic acid receptors induces lipid raft aggregation and
activates receptor tyrosine kinases (RTKs) [54], trigger-
ing a PI3K-AKT pathway cascade that stimulates virus
entry through clathrin-independent endocytosis [55].
Inhibition of this cascade can prevent viral internaliza-
tion, sequestering viral particles in vesicular compart-
ments and halting intracellular transport [56]. Our
findings indicate that cilnidipine inhibits virus-induced
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PI3K phosphorylation and subsequent AKT activation,
blocking viral entry. The p38 MAPK pathway also reg-
ulates viral endocytosis and contributes to viral entry.
Studies have shown that Toll-like receptor 4-mediated
activation of p38 mitogen-activated protein kinase is a
determinant of respiratory virus entry and tropism [57].
The inhibitory effect of cilnidipine on the p38 MAPK
pathway could significantly impede viral endocytosis,
thereby disrupting the initial stages of viral infection.
In summary, cilnidipine exerts its antiviral activity by
inhibiting the virus-induced activation of the PI3K-
AKT and p38 MAPK signaling pathways, disrupting
key cellular mechanisms required for viral entry. These
signaling pathways not only mediate viral entry but
also modulate the host immune response. Thus, inhibi-
tion of these pathways by cilnidipine may enhance host
antiviral defenses by blocking viral entry and modulat-
ing the immune response. Excessive accumulation of
Ca?* can result in the accumulation of mitochondrial
reactive oxygen species (mtROS), thereby exacerbat-
ing cellular damage. Additionally, we investigated the
impact of cilnidipine on IAV-induced intracellular Ca*
concentration and oxygen species (ROS) levels. The
results demonstrated that cilnidipine exhibited inhibi-
tory effects on virus-induced increases in calcium lev-
els (Additional file 1: Fig. S9), reduced ROS production
(Additional file 1: Fig. S10), and alleviated mitochon-
drial stress.

Based on the in vitro antiviral efficacy, we assessed
the in vivo antiviral efficacy of cilnidipine by intrana-
sally infecting BALB/c mice with the PR8 virus to induce
viral pneumonia. Parameters such as the lung index, lung
pathology, viral load, and levels of inflammatory media-
tors in the lung were utilized as reliable indicators for
assessing the effectiveness of pharmaceutical interven-
tions against IAV. Treatment with cilnidipine was found
to ameliorate these symptoms and increase the survival
rate of mice afflicted with viral pneumonia. In addition,
we evaluated blood pressure levels in mice before and
after the oral administration of cilnidipine. The results
showed that cilnidipine did not affect blood pressure,
indicating that its antiviral activity is likely due to direct
interactions with viral entry mechanisms, not cardiovas-
cular side effects. The stability of blood pressure observed
with cilnidipine reduces the risk of hypotension, making
it a feasible choice for patients with cardiovascular condi-
tions. Collectively, the minimal impact of cilnidipine on
blood pressure underscores its specificity and safety pro-
file, rendering it a promising antiviral agent for treating
infections where cardiovascular stability is paramount.

In this study, we identified multiple mechanisms by
which cilnidipine inhibits influenza virus infection,
highlighting its potential as an important therapeutic
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option for influenza patients. Future research will focus
on elucidating how cilnidipine modulates the internal
environment of the host to combat viral infections.

Conclusions

Overall, our research demonstrated the inhibitory
effects of cilnidipine on IAV both in vivo and in vitro.
Cilnidipine effectively impedes IAV internalization by
blocking both clathrin-mediated and caveolin-medi-
ated endocytosis, as well as by targeting the HA2 sub-
unit to hinder viral membrane fusion. Additionally, it
also regulates the virus-activated PI3K-AKT and p38
MAPK pathways, which are critical for viral entry.
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