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Abstract

reduced infectious particle formation.

Safe and efficacious therapeutic options for infections caused by highly pathogenic influenza viruses (IV)
remain limited. Viruses resistant to approved antiviral drugs are increasingly emerging and, in some cases, existing
vaccines are insufficient to prevent seasonal epidemics or pandemics caused by these viruses. As a consequence,
alternative antiviral strategies that, for example, target cellular factors or mechanisms essential for IV propagation
have attracted increasing interest over the past years. Here, we characterized antiviral effects of the calcium channel
blocker Verapamil on different steps of the IV replication cycle. Our data suggest that Verapamil (i) efficiently reduces
influenza A and B virus titres in cell culture at non-toxic concentrations, (ii) does not influence virus entry, (i) impairs
the replication and transcription activity of the viral polymerase, (iv) decreases viral protein production, (v) reduces
virus-induced NF-kB activation and (vi) does not induce the emergence of resistant IV variants, resulting in strongly
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Introduction

Influenza A viruses (IAV) pose a major threat to public health
worldwide, causing thousands of deaths and considerable economic
damage due to seasonal epidemics occurring regularly. Both, the newly
emerging H5N1 variants of highly pathogenic avian IV (HPAIV) and
recent infections of humans with low pathogenic avian IV (LPAIV) of
the H7N9 subtype, were shown to be associated with high fatality rates of
about 60% and 35%, respectively, and may even have pandemic potential
[1,2]. The major problem in fighting IAV is the high genetic variability
of the virus, resulting in the rapid formation of variants that escape the
pre-existing immunity against (previously or currently) circulating virus
strains [3] and the emergence of variants resistant to antiviral agents [4].
As (all) viruses critically depend on host cell functions to complete their
life cycles, some of these functions are thought to be suitable targets for
antiviral strategies. This also includes intra-cellular signalling cascades,
which are induced by a wide range of virus families, such as mitogen-
activated protein kinase (MAPK) pathways, that have been the subject of
multiple studies published over the past years [5-7].

In previous studies, we have shown that the Raf/MEK/ERK
signalling cascade is essential for efficient production of progeny
infectious IAV. Inhibition of this pathway impairs the nuclear export
of IAV RNPs [8]. We also observed that IAV is unable to compensate
functional effects resulting from a blockade of this particular cellular
pathway, for example by acquiring specific mutations [9]. Inhibition
of the signalling cascade was shown to reduce IAV replication both,
in vitro and in vivo, further supporting its key role in IV replication
[10,11]. Interestingly, the cascade is activated at least in part by viral
HA protein accumulation and the signal is transmitted via the calcium-
dependent PKC-alpha to Raf [12]. In line with this observation, the
calcium channel blocker Verapamil was found to reduce ERK activation.

Verapamil blocks voltage-dependent calcium channels and is
widely used in the treatment of hypertension, angina pectoris, cardiac

arrhythmia and cluster headaches. The arrhythmic effects are used to
control the ventricular rate and approval for clinical use by the U.S.
Food and Drug Administration (FDA) dates back to 1982 [13].

The inhibitory effects of Verapamil on IAV propagation in cell
culture have been described many years ago [14]. Based on the
observation that chlorpromazine, a calmoduline-binding drug,
also inhibited IAV replication, it was suggested that both drugs may
interfere with calmoduline-dependent intra-cellular activities that are
required for (late steps) of IAV replication or assembly. Nevertheless,
the molecular basis for the observed effects remained elusive at the
time. In an attempt to close this gap of knowledge between the previous
observation and the current understanding of IAV replication we
performed the present study and now provide evidence that Verapamil
profoundly affects the replication and transcription activity of the
viral RNA-dependent RNA polymerase (RdRp), resulting in reduced
expression of viral proteins and, consequently, reduced production of
virus progeny. Furthermore, we demonstrate that Verapamil interferes
with the virus-induced activation of the transcription factor NF-kB,
known to be involved in the expression of pro-apoptotic factors and
subsequent apoptotic caspase-3 activation, the latter shown previously
to promote viral RNP export [15,16]. Taken together, the data suggest
that Verapamil has diverse effects on both virus and host cell functions
that collectively result in strongly reduced IAV replication in vitro.
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Material and Methods

Cells, plasmids, virus and infection

293T cells (human embryonic kidney cells), A549 cells (human
alveolar epithelial cells) and MDCK-II cells (Madin-Darby canine
kidney cells) were maintained in complete Dulbecco’s modified Eagle’s
medium (DMEM, Gibco Life Technologies, UK) supplemented with
10% foetal calf serum (FCS) and antibiotics (100 U/ml penicillin, 0.1
mg/ml streptomycin) at 37°C in a humidified atmosphere with 5% CO,.

The full-length cDNAs of HA, NA and M derived from influenza
virus strain A/Thailandl (Kan-1)/2004 (H5N1) and used for
pseudovirus production were described previously [17].

Prior to infection, confluent cells were washed with phosphate-
buffered saline containing 1 mM MgCl,, 0.9 mM CaCl, (PBS**) and
were then incubated with the influenza virus strain A/Puerto Rico/8/34
(PR8, HINT1) at the indicated multiplicity of infection (MOI) in PBS/BA
(PBS containing 0.2% bovine albumin (PAA, Germany), 1 mM MgCl,
0.9 mM CaCl,, 100 U/ml penicillin, and 0.1 mg/ml streptomycin) for 1
h at room temperature (RT). The inoculum was aspirated and the cells
were further incubated with DMEM/BA medium (DMEM containing
0.2 % BA and antibiotics) at 37°C, 5% CO,.

Influenza virus titration (focus assay)

Virus titres were determined as described previously [18]. Briefly,
MDCK-II cells were grown in 96-well plates overnight at 37°C, 5% CO,
to about 90% confluence. Then, the cells were washed once with PBS++
and inoculated with 50 pl virus samples of 10 fold serial dilutions in PBS/
BA (10! to 107). The inoculum was aspirated, 150 pl Avicel medium
(DMEM/BA, 1.25% Avicel®, FMC BioPolymer, Belgium) and 2 pg/ml
trypsin was added, and cells were further incubated at 37°C, 5% CO, for
24 h. To detect single foci of virus-infected cells, the cells were fixed and
permeabilized with 150 pl fixing solution (4% paraformaldehyde (PFA),
Roth, Germany) and 1% Triton X-100 (Roth, Germany) in PBS** and
kept at 4°C for 1 h. Thereafter, the solution was discarded and cells were
washed 3x with PBS**/ 0.05% Tween-20 (Roth, Germany). Next, the
cells present in one well were incubated with 50 ul of primary antibody
(mouse anti-influenza A virus nucleoprotein mAb, kindly provided by
S. Ludwig, Miinster) diluted 1:100 in PBS++ containing 3% BSA (PAN
Biotech, Germany). After 1 h incubation at RT, the cells were washed
3x with PBS++, 0.05% Tween-20 and incubated for 1 h at RT with 50
ul secondary antibody (goat anti-mouse HRP-antibody, Santa Cruz,
USA) diluted 1:1000 in PBS++ containing 3% BSA. Next, the cells were
washed 3x with PBS++ containing 0.05% Tween-20 and incubated
with 40 ul AEC (3-Amino-9-ethylcarbazole) staining solution (Santa
Cruz, USA). Following incubation for 40 min at 37°C, the substrate
solution was removed and cells were washed 2x with dH,0O to remove
salts. To detect and quantify foci, the 96-well plates were scanned with
a resolution of 1200 dpi using an Epson Perfection V500 Photo scanner
(Epson, Japan) and analysed using Photoshop software (Adobe, USA).
Results represent means (+ SEM) from three independent experiments.

Antiviral compounds

Verapamil (LKT Laboratories, USA) was dissolved in sterile
water. For treatment, Verapamil-containing medium was added 2 h
post infection (p.i.) to avoid any effects on virus entry [12,19,20]. The
MEK inhibitor U0126 (Taros GmbH, Germany) was dissolved at a
stock concentration of 10 mM in DMSO (Roth, Germany). From this
stock solution a serial dilution was prepared in DMEM/BA to obtain
the desired effective U0126 concentration. For treatment, U0126-
containing medium was added after virus adsorption.

MTT assay and CC, determination

To determine the median cytotoxic concentration of the compounds
at which 50% of the cells are still viable (CC,)) an MTT assay was
performed [10]. Briefly, A549 cells were seeded in 96 well microtitre
plates and were grown over night. Growth medium was replaced with
DMEM/BA containing different concentrations of Verapamil (0.0,
0.1, 1.0, 10, 25, 50, 100, 250, 500, 1000 uM) and the cells (n=8) were
further incubated at 37°C, 5% CO, for 24 h. Then the cells were washed
with PBS**and left to recover for 60 min in complete DMEM. This was
displaced with MTT-media (complete DMEM containing 0.123 mg/ml
of MTT-reagent (Thiazolyl Blue Tetrazolium Bromide, Sigma Aldrich,
USA)) and incubated for 90 min at 37°C, 5% CO,. After discarding the
MTT-media the cells were fixed with 4% PFA (Roth, Germany) for
30 min and then left to air-dry for 10-15 min. The blue crystals were
dissolved in 200 ul Isopropanol per well. Adsorption of the blue colour
was measured at 492 nm by an ELISA-Reader (BioTek, Germany).

For the determination of the CC,, MTT values of the cell culture
supernatants were calculated in percentage. The MTT value of the
untreated control was set as 100% and the MTT values of Verapamil-
treated samples were calculated as follows: Percentage viability=100/
(MTT value of untreated sample x MTT value of inhibitor treated
sample). The CC, value (i.e. the concentration of Verapamil required to
reduce the viability to 50%) was determined using “GraphPad Prism”
version 6.00 software for iOS (GraphPad Software, USA) by plotting

the percentage of viability as a function of the Verapamil concentration.
EC,, determination

To determine the effective concentration at which virus titres are
reduced by 50% (EC, ), A549 cells were grown over night on 24-well
plates at 37°C / 5% CO,. Cells were then washed with PBS++ and
infected with 100 pl of PR8 (MOI=3) or influenza virus B/Lee/40
(MOI=1) diluted in PBS/BA for 1 h in the dark at RT. After removing
the inoculum, cells were incubated either directly with 1 ml DMEM/
BA medium containing 2 ug/ml TPCK-treated trypsin (Sigma-Aldrich,
USA) at 37°C, 5% CO,or Verapamil was added (0.0, 0.1, 1.0, 10, 25, 50,
100, 250, 500 uM) 2 h p.i. to the media. Samples of the supernatants
were collected at 24 h p.i., which were then assayed by focus assay for
further determination of the amount of infectious virus. The results
represent the averages of 3 biological replicates experiments. After
removing the inoculum, cells were incubated with 1 ml DMEM/BA
medium containing 1 pg/ml TPCK-treated trypsin (Sigma-Aldrich,
USA) at 37 °C, 5% CO,,.

To determine the EC, , viral titres of the cell culture supernatants
were calculated in percentage. The number of FFU of the untreated
virus-infected control was set as 100% and the titres of Verapamil
treated samples were calculated as follows: Percentage inhibition =100/
(FFU virus-infected sample x Verapamil treated sample). The EC, value
(i.e. the concentration of Verapamil required to reduce the virus titre to
50%) was determined using “GraphPad Prism” version 6.00 software
for iOS (GraphPad Software, USA) by plotting the percentage virus titre
as a function of the Verapamil concentration.

Western blotting

To analyse total viral protein production, PR8-infected A549 cells
(MOI=5) were lysed 6 h p.i. and lysates were subjected to Western blot
analysis [8]. Briefly, cells were lysed in Triton lysis buffer (TLB: 20 mM
Tris-HCI, pH 7.4, 137 mM NaCl, 10% glycerol, 1% Triton X-100, 2
mM EDTA, 50 mM Na-glycerolphosphate, 20 mM Na-pyrophosphate,
5 pg/ml aprotinin, 5 pg/ml leupeptin, 1 mM Na-vanadate, 5 mM
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benzamidine) on ice for 30 min by vortexing at 5 min intervals. Cell
lysates were then centrifuged at 13 000 xg for 30 min at 4°C and protein
concentration was determined by Bradford assay. Cell lysate was
subjected to SDS-PAGE and blotted on polyvinylidene fluoride (PVDF)
membranes (Millipore Immobilon-P transfer membranes, Roth,
Germany). Membranes were incubated with primary rabbit polyclonal
anti-PR8 anti-serum (1:500, kindly provided by M. Matrosovich,
Marburg, Germany). Proteins recognized by primary antibodies were
further incubated with Infrared IRDye-conjugated goat anti-rabbit
monoclonal secondary antibody (1:10.000 Li-Cor, Germany).

RNA isolation and primer extension assay

Confluent A549 cells in 35 mm dishes (n=3) were infected with PR8
(MOI=3) and treated with or without Verapamil or U0126 as mentioned
above at the indicated concentrations. Total cellular RNA was extracted
with Trizol reagent (Invitrogen, Germany) at 8 h p.i. Primer extension was
performed as previously described [18] using 1 ul RNA (approximately 3
pg) mixed with an excess of respective DNA primer, labelled at the 5’ end
with y32P-ATP (approximately 105 cpm), and denatured by heating at
95°C for 3 min. The mixture was cooled on ice and 100 units of SuperScript
III reverse transcriptase (Invitrogen, Germany) and its reaction buffer
containing dNTPs (Invitrogen, Germany) were added before further
incubation at 50°C for 1 h. The gene-specific DNA primer used for NP
VRNA (5- TGATGGAAAGTGCAAGACCA- 3’) results in a product with
an expected size of 181 nt, and the gene-specific primer for NP mRNA and
cRNA (5- TGATTTCAGTGGCATTCTGG- 3’) results in a product of an
expected size of 121 nt for cRNA and 135 nt for mRNA, approximately.
A primer for cellular 55 rRNA (5-TCCCAGGCGGTCTCCCATCC-3’)
was used as an internal control. Transcription products were analysed
on 6% polyacrylamide gels containing 7 M urea in Tris-borate-EDTA
(TBE) buffer. The accumulation of RNA species was detected using a
phosphoimager (Typhoon 9200, GE Healthcare, USA). For quantification
the software package “Quantify One” (Bio-Rad, USA) was applied. The
values for vRNA, cRNA and mRNA were normalized to 5s RNA values
and were converted to mean percentages of RNA species expression
compared to untreated sample (100%), and presented in a graphical
format using “GraphPad Prism 5 software package (GraphPad Software
Inc., USA). The significance of the data was tested using a two-tailed one-
sample t-test.

Chloramphenicol-Acetyltransferase (CAT) assay

To determine the effect of Verapamil on the viral polymerase
activity by CAT assay, 293T cells were transfected in triplicates with
2 pg pPol I-CAT-RT [21] using 4 ul of TransIT-2020 (Mirus, USA)
and incubated for 8 h. The transfected 293T cells were then infected
with PR8 (MOI=3), 1 h at 37°C. The transfected/infected 293T cells
were incubated with or without Verapamil (200 uM, added 2 h p.i.) in
DMEMY/BA for 24 h at 37°C/5% CO, before CAT protein expression
was analysed. Alternatively, the cells were transfected with the pHMG-
CAT plasmid (2 pg) leading to a Pol II-dependent CAT expression
and were further incubated in DMEM/BA with or without Verapamil
(200 uM) for 24 h at 37°C/5% CO, before CAT protein expression was
analysed. Briefly, cells were washed with PBS**, scraped-off in 500 pl
PBS** and transferred into a new reaction cup (on ice). Cells were then
precipitated at 3000 rpm, 4°C for 1 min. The cell pellet was resuspended
in 100 pl of 0.25 M Tris-HCl (pH-7.4) and incubated for 2 min in liquid
nitrogen followed by 5 min incubation at 37°C in a water bath. This
process was repeated for two more times and cell debris was precipitated
at 3000 rpm, 4°C for 1 min. 100 pl supernatant was transferred into
a new reaction cup on ice and was directly analysed for CAT activity

or was stored at -7°C. Next, 50 pl of pre-diluted enzyme extract (10,
107, 10°) was mixed with 20 ul Acetyl Co-enzyme A (4 mM, Sigma
Aldrich, Germany) and 5 ul BODIPY (Invitrogen, USA) and incubated
at 37°C for 2.5 h. Thereafter, 500 ul of ethyl acetate (Roth, Germany)
was added and mixed vigorously for 5 min, and then the phases were
separated at 13.000 rpm for another 5 min afterwards, 450 pl of the
upper ethyl acetate layer was transferred into new reaction cup and
dried under vacuum for 30 min. The dried pellet was dissolved with 20
ul ethyl acetate and loaded on a silica gel TLC plate (Merck, Germany).
The products were then separated with running buffer (30% methanol,
70% chloroform) in an inclined position. The products (acetylated
Chloramphenicol) and the non-acetylated substrate were visualized,
scanned and quantified using a Typhoon 9200 (GE Healthcare, USA)
and with the “GenQuant” software package (GE Healthcare, USA).

Luciferase reporter assay

The Luciferase reporter gene assay was performed as previously
described [22]. Briefly, confluent 293T monolayers in 6-well plates
(2x10°293T cells/well) were co-transfected with expression plasmids
encoding the PB2 (pCAGEN-PB2, 1 ug), PB1 (pCAGEN-PBI, 1 ug), PA
(pCAGEN-PA, 1 pg) and NP (pCAGEN-NP, 2 pg) protein of influenza
virus B/Ned/537/05 together with the Pol I-dependent luciferase
reporter plasmid (pHH-B-vNS-Luc, 2 pg) in a ratio of 1:1:1:2:2 using
TransIT-2020 (Mirus, USA) as previously described [23,24]. After
transfection, cells were kept with Opti-MEM (Invitrogen, Germany)
containing 0.2 % BA and antibiotics. 2 h post transfection, three wells
out of the six were treated with Verapamil at a final concentration of
200 uM. After 24 h, the cells were harvested, washed, lysed with 35 pl of
“1x passive lysis buffer” (Promega, USA). Next, 100 pl of “I1x luciferase
substrate solution” (436 uM D-luciferin, 436 uM NaOH, 20 mM Tricin,
2.67 mM MgSO,, 1.07 mM Mg carbonate hydroxide, 33 mM DTT,
530 uM ATP, and 290 pM CoA) were added to 25 pl of cell lysate.
The luciferase activity was measured using a microplate luminometer
(MicroLumatePlus LB 96V; Berthold Technologies, Germany).

Immunofluorescence and confocal laser scanning microscopy

A549 cells were seeded on 8-chamber culture slides (BD Falcon,
USA), infected and incubated as described above. The cells were
washed with PBS** at 8 h p.i. and fixed with 4 % PFA (Roth, Germany)
in PBS*at RT for 1 h. For permeabilization the cells were incubated in
1 % Triton X-100 in PBS** at RT for 45 min. Then cells were incubated
with the primary antibody (mouse a-IVA NP (FPV) mAb, clone 1331,
1:1000, Biodesign, USA) in PBS** containing 3% BSA at RT for 1 h. After
washing in PBS**, the Alexa Fluor 594 F(ab’)2 fragment-coupled goat
anti-mouse secondary antibody (1:200, Molecular Probes, Germany)
was added and incubated in the dark for 1 h. Subsequently the cells
were washed again in PBS** and incubated in the dark with DAPI (2.5
pg/ml, Roth, Germany) for 10 min. After the staining, the cells were
washed with PBS** and dH,0 and embedded in Mowiol (Sigma-
Aldrich, Germany) solved in glycerol and H,0 supplemented with
2.5 % DABCO [1,4-diaza-bicyclo(2.2.2)octane] (Merck, Germany).
Fluorescence was visualized with a confocal laser-scanning microscope
(Leica TCS SP5, Germany).

Production of Influenza pseudotyped retroviral particles and
transduction assays

Influenza H5N1-pseudotyped retroviral particles with the HA, NA
and M proteins of the influenza virus strain A/Thailand/KAN-1/2004
(KAN-1, H5N1) carrying the GFP-reporter gene were generated as
previously described [17].
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To determine the transduction efficiency and the infectious titre,
A549 target cells were seeded at a density of 5 x 10* cells per well in
24-well plates 24 h before transduction. Serial dilutions of H5N1-
pseudotyped retroviral particles were added to the cells and the cultures
were incubated for 72 h at 37 °C. The percentage of GFP-positive
cells was determined by FACS analysis and the infectious titres were
calculated by using the formula: titre = % GFP-positive cells x (5 x
10%/100) x dilution factor.

Entry-inhibition assay using H5N1 pseudotyped retroviral
particles

To determine the inhibitory capacity of Verapamil on entry of
the H5NI-pseudotyped virus particles an entry-inhibition assay
was performed [17]. Briefly, 1 x 10* A549 cells per well were seeded
in a 96-well plate and incubated for 24 h (n=2). For each well 4 pl of
the H5N1-pseudotyped particle stock (5.13 x 10°/ml) was diluted in
46 pl medium. The mixture was added to the cells followed by the
addition of 50 ul Verapamil dilutions with different concentrations at
variable time points (0, 0.5, 1, 1.5, 3, 5, and 24 h). As control 1 pg of a
neutralizing mouse anti-HA mAb (CIB 5-25, kindly provided by Dr.
R. Tanasa, University Bucharest, Romania) was added under the same
conditions. Verapamil and antibody dilutions were prepared in dH,O.
All cultures were incubated at 37°C. 72 h after the transduction with the
H5N1-pseudotyped particles the percentage of GFP-positive cells was
determined by FACS-analysis. The received values were normalized
to the virus-only control using “GraphPad Prism 5” software package
(GraphPad Software Inc., USA).

NF-«B activity analysis

Detection of active NF-kB was performed with an ELISA
based high-throughput screening system (TransAM, ActiveMotif,
USA) according to the manufacturer’s instruction [10]. Briefly,
in this assay, immobilized oligonucleotides containing an NF-kB
(5'-GGACTTTCC-3') consensus binding sequence detect only the
active form of NF-kB that will bind to this site. NF-kB dimers can
only bind DNA after activation and translocation into the nucleus;
therefore, only NF-kB dimers present in the nucleus are measured in
the DNA/protein binding assay and inactive cytosolic NF-xB will not
be measured. The primary antibodies used then to detect bound NF-kB
recognize an epitope on p65 that will only be accessible when NF-xB
is active and bound to the target DNA. A secondary HRP-conjugated
antibody is used for colorimetric analysis via spectrophotometry.

In our study, PR8-infected (MOI=5) A549 cells (n=3), treated as
mentioned before, were lysed in TLB at the indicated time points p.i.
and collected for further analysis. The assay was performed according
to the manufacturer’s protocol and analysed by ELISA reader (Biotek
EL808, USA) at 450 nm wavelength.

IkBa activation

Detection of phospho-IkB-a was performed by Western blot (n
= 2). Briefly, PR8-infected (MOI=5) A549 cells were treated with or
without 200 uM Verapamil in infection media 2 h p.i. At the indicated
time points p.i. cells were lysed in TLB. Cell lysate was cleared by
centrifugation, and protein concentration was determined by Bradford
assay before subjection to SDS-PAGE and blotting onto PVDF
membranes. The blots of whole cell lysates were incubated with primary
mouse anti phospho-IkBa (Ser32/36) antibody and a primary rabbit
anti IkBa antibody (1:1.000, Cell Signaling). Membranes were further
incubated with Infrared IRDye-conjugated goat anti-mouse and
goat anti-rabbit monoclonal secondary antibodies (1:10.000 Li-Cor,

Germany) and analysed with an Odyssey detector (Li-Cor, Germany).
Quantification of specific bands was done with the Odyssey software
package (Li-Cor, Germany). As a positive control uninfected A549 cells
were left untreated or were treated with TNFa (10 ng/ml, R&D Systems,
USA) for 10 min. Cells were then lysed in TLB to detect IkBa activation
as described above. The value for the relative amount of P-IkBa of the
TNFa-treated control was set to 100 %.

Viral resistance assay

To investigate the potential emergence of resistant virus variants
we performed an resistance assay [25]. Briefly, MDCK-II cells seeded
on 24-well plates were infected with PR8 (MOI=0.1). The cells were
treated with or without 100 uM Verapamil (2 h p.i.) or 10 uM carboxylic
Oseltamivir (directly p.i., Toronto Research Chemicals Inc., CA) and
incubated at 37°C, 5% CO, for 30 h (n=2, each). The supernatants
were collected and samples of either the untreated, Verapamil- or
Oseltamivir-treated group were pooled and titrated by focus forming
assay to quantify the amount of infectious virus produced. These
pooled and titrated supernatants were then used to infect another set of
cultures under the same conditions as described above to yield in total
5 rounds of infection and replication. Experiments were stopped when
the Oseltamivir sample reached titres of the untreated control.

Results

Verapamil efficiently reduces influenza A and B virus (IAV
and IBV) titres in cell culture at non-toxic concentrations

Verapamil (Suppl. Figure 1A) is long known to reduce influenza virus
replication [14]. In order to analyse this antiviral effect in more detail, we
first defined the cytotoxic concentration of Verapamil at which 50% of
A549 cells (as an example for human alveolar epithelia cells) are still viable
(CC,). For this, cells were incubated for 24 h with 10 different Verapamil
concentrations and cell viability was analysed via MTT assay. We could
thereby determine the CC, to be 309.8 uM (Figure 1A).

Next, we analysed the effective concentration of Verapamil at which
the virus titre is reduced by 50 % (EC, ). For this, A549 cells were infected
with influenza virus A/Puerto Rico/8/34 (HIN1) (PRS, prototype example
of a human IAV) or influenza virus B/Lee/40 (B/Lee) and treated with
Verapamil added 2 h post infection (p.i.) at the indicated concentrations.
This delayed addition of Verapamil was done to exclude any effects of
Verapamil on early, Calcium-dependent events possibly needed for IAV or
IBV replication [12,20]. Virus titres were then analysed after one replication
cycle (12 h) and the EC, was calculated to be 7.01 uM for PR8 (Figure
1B) and 14.52 puM for B/Lee virus (Figure 6A). Finally, we determined
the antiviral effect of Verapamil on PR8 replication in comparison to the
MEK inhibitor U0126 (Figure 1C), which is known to efficiently reduce
replication of IAVs and IBVs [8,9]. The results indicate that Verapamil
significantly impairs PR8 replication on A549 cells at 100 and 200 uM by
up to 90%, which is comparable to U0126.

Verapamil does not influence virus entry

To elucidate whether Verapamil would indeed only be important for
late steps in IAV replication as supposed before [14], we performed an
entry assay using pseudotyped retroviral particles (PRP) expressing the
HA, NA and M2 protein of the influenza virus strain A/Thailand/KAN-
1/2004 (KAN-1, H5N1) and carrying the GFP-reporter gene (H5N1-
PRP). To determine the entry-inhibition capacity of Verapamil, A549
cells were incubated with a dilution of the H5N1-PRP stock followed
by the addition of Verapamil in different concentrations at the indicated
time points (0, 0.5, 1, 1.5, 3, 5, and 24 h). As control the neutralizing
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Figure 1: Effects of Verapamil on IAV replication.

To study possible effects of Verapamil on IAV replication, CC,, values and EC,,
values (the latter determined from PR8 titres in the cell culture supernatant)
were calculated. A) CC,, values for A549 cells were determined after treatment
with Verapamil for 24 h (n=8). B) To determine EC, values, A549 cells (n=3)
were infected with PR8 (MOI=1) and treated with the indicated concentrations
of Verapamil between 2 and 24 h p.i. Virus titres in cell culture supernatants
collected at 24 h p.i. were determined by virus plaque assay. C) A549 cells
were infected with PR8 (MOI=3) and treated with Verapamil from 2 to 14 h
p.i. using the indicated concentrations. As controls, infection experiments
were performed in the absence of Verapamil, in the presence of 0.5% DMSO,
and U0126 (50 puM), respectively. At 14 h p.i., cell culture supernatants were
collected and virus titres determined by plaque assay. Bars reflect + SEM and
were determined from three biological replicates.

mouse anti-HA mADb (CIB5-25) was added under the same conditions.
All cultures were incubated at 37°C. 72 h after the transduction with the
H5N1-PRPs, the percentage of GFP-positive cells was determined by
FACS-analysis. The obtained values were normalized to the virus-only
control. The results depicted in Figure 2A show that under Verapamil
treatment at no time point post PRP-incubation the percentage of
GFP expressing cells is reduced compared to the untreated control. In
contrast, the HA-specific mAb effectively reduces the amount of GFP

expressing cells up to 4 h post PRP-incubation. Furthermore, A549
cells were either (i) pre-treated with Verapamil (200 uM) 2 h before
infection (with PR8, MOI=5) only, (ii) treated 2 h before infection and
treated p.i. (starting at 2 h p.i.), (iii) treated post infection only or (iv)
were not treated with Verapamil. Virus titres were then determined 12
h p.i.. From the results shown in Figure 2B it is evident that sole pre-
treatment of the cells with Verapamil before infection did not impair
virus replication, whereas treatment starting 2 h p.i. clearly reduced the
virus titre. In conclusion, Verapamil neither affects the entry of PRP,
nor does pre-treatment of the cells affect PR8 propagation, indicating
that entry of PR8 is not impaired by Verapamil.

Verapamil reduces IAV nuclear RNP export and viral ERK
activation in cell culture

In order to elucidate which molecular factors / mechanisms in IAV
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Figure 2: Characterization of possible effects of Verapamil on IAV entry.

To assess possible effects of Verapamil on IAV entry, two approaches were taken.
A) A549 cells were incubated with HSN1-pseudotyped retroviral particles (PRP)
in medium containing 100 pM Verapamil. GFP expression in transduced cells
was monitored over time (n=2). As controls, cells were incubated with PRP in
the presence of an 1AV HA-specific mouse monoclonal mAb (CIB5-25) or without
additional treatment. Proportions of GFP-expressing cells were determined by
FACS analysis and normalized to the PRP-only control using GraphPad Prism
software. B) A549 cells were infected with IAV PR8 and treated with 200 pM
Verapamil for the following periods of time: (i) for 2 h prior to infection, (ii) from
2 h prior to infection until 12 h post infection, and (iii) from immediately prior to
infection until 12 h post infection. As a control, cells were infected with PR8 in kept
in medium without Verapamil. Cell culture supernatants were collected at 12 h p.i.
and virus titres were determined by plaque assay. Error bars indicate + SEM as
determined from three biological replicates.
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replication are affected by Verapamil, we set out to analyse the effect
of the substance on a late step in virus replication. We had previously
shown that Verapamil inhibits PKCa-dependent ERK activation [12],
and that virus-induced ERK activity is an essential pre-requisite for
efficient nuclear ribonucleoprotein complexes (RNP) export [8]. Here
we attempted to investigate whether Verapamil also alters nuclear RNP
export. To this point A549 cells were infected with PR8 and treated
either with Verapamil or with the MEK inhibitor U0126. At 8 h p.i. we
analysed intra-cellular RNP localization via immunofluorescence using
an antibody specific for the viral nucleoprotein (NP), which is the main
component of viral RNPs [26], (Figure 3) and found that the RNPs
were retained in Verapamil- as well as in U0126-treated cells. Taken
together, the results show that Verapamil indeed negatively affects,
nuclear RNP export, which represents a plausible cause for the reduced
titre observed.

Verapamil impairs the replication and transcription activity
of the viral polymerase

Due to the fact that Verapamil affects the nuclear RNP export, we
further speculated that the activity of the viral RNA-dependent RNA
polymerase (RdRp), which is an integral RNP component, might be
affected by Verapamil. The segmented negative strand RNA genome
(VRNA) of IAV is replicated via a homologue copy (cRNA) that is
synthesized from the VRNA by the viral RdRp, which also generates the
viral mRNA directly from the vVRNA (reviewed in [27]). We therefore
aimed to determine the replicative and transcriptional RdRp activity by
analysing the amount of VRNA, cRNA and mRNA produced in infected
and Verapamil-treated cells. Confluent A549 cells were infected with
PR8 (MOI=3) and treated with or without Verapamil or U0126 at the
indicated concentration. Then total cellular RNA was extracted at 8 h
p.i. and primer extension was performed as previously described [18].
Verapamil significantly reduced the amount of all three viral RNA
species (Figure 4A). The amounts of these three different viral RNA
species were quantified and the result gave evidence that Verapamil
significantly reduced the amount of the viral RNAs in a concentration-
dependent manner (Figures 4B-4D). In contrast, U0126, which also
strongly impaired nuclear RNP export (Figure 3A) had no significant
effect on the VRNA / mRNA production and only mildly affected

Non-infected Infected

Verapamil DMSO uo126

DAPI

NP

merge

8hp.i.

Figure 3: Intra-cellular RNP localization.

To determine possible effects of Verapamil on intra-cellular RNP localization,
A549 cells were infected with PR8 (MOI=1). The medium was either
supplemented with 200 yM Verapamil (added at 2 h p.i.) or 50 yM UO126
(added directly p.i.). Intra-cellular RNP localization was analysed 8 h p.i. by
confocal laser-scanning microscopy using an NP-specific mAb (green). Nuclei
were stained with DAPI (blue).
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Figure 4: Verapamil affects viral RNA accumulation in infected cells.

A) Primer extension analyses were used to assess possible effects of Verapamil
on viral RNA accumulation (synthesis and/or stability). VRNA, mRNA, and
cRNA levels at 8 h p.i. in PR8-infected A549 cells (MOI=3) were determined
using NP-specific probes (for details, see Material and Methods). Cells were
either untreated or treated from 2 to 8 h p.i. with Verapamil or controls (0.5%
DMSO; 50 uM U0126) as indicated. 5S rRNA served as a loading control.
B-D) Quantification of the vVRNA, mRNA and cRNA accumulation data (using
5S rRNA for normalization). Error bars indicate +SEM as determined from
three independent experiments (one of which is shown in A).
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cRNA amounts, supporting earlier findings [8]. These results indicate
that Verapamil impairs PR8 propagation by decreasing RdRp activity
leading to reduced genome amplification and viral mRNA production
resulting in reduced formation of new infectious progeny virions.

Verapamil decreases viral protein production

Preceding results showed that viral mRNA was diminished by
Verapamil. Therefore, we further extended our investigation to analyse
the effect of Verapamil on the generation of viral proteins (Figure 5). To
achieve this, A549 cells were infected with PR8 at the indicated MOI
and were treated with Verapamil (100, 200 uM) or with U0126 (50
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Figure 5: Verapamil reduces viral protein production.

A) Western blot analysis of cell lysates obtained from PR8-infected A549 cells
at 8 h p.i. using a PR8-specific antiserum. ERK-2 was detected as a loading
control. Infections were done in the absence/presence of Verapamil and
controls, respectively, as indicated below the blot. B) A CAT reporter assay
was used to study possible effects of Verapamil on IAV RdRp activity. 293T
cells were transfected with a plasmid expressing a VRNA-like Pol-I transcript
encoding the CAT gene (viral transcription) and subsequently infected with
PR8. Alternatively, cells were transfected with a plasmid that allowed Pol-II-
dependent expression of the CAT gene (cellular transcription). Verapamil was
included or not included as indicated. CAT activity was determined at 12 h
p.i. and 8 h post transfection, respectively. Error bars represent +SEM as
determined from of three independent experiments.

uM) as control. Verapamil treatment led to an obvious reduction in the
amount of viral proteins that were detected with a PR8 specific serum
(Figure 5A). In contrast, U0126 did not affect RdRp activity nor did it
reduce the amount of viral proteins.

Furthermore, we investigated the specificity of the Verapamil
effect on the activity of the viral RARp by transfecting A549 cells with
a plasmid for the in vitro generation of a vRNA-like Poll-transcript
encoding the chloramphenicol-acetyl transferase (CAT) protein as
a reporter for the replication/transcription activity of the RdRp [21].
These cells were then infected with PR8 providing the RdRp activity
in trans and CAT activity with or without Verapamil treatment was
determined (Figure 5B). Also here, we detected a significant reduction
of CAT activity of the transfected cells that were treated with Verapamil.
As a control we had transfected cells with a plasmid for Pol2-dependent
CAT expression, representing cellular transcription/translation activity
and could not detect any reduction in CAT activity.

To assay the impact of Verapamil on RdRp activity of IBV, a
luciferase reporter assay was used. A plasmid expressing a VRNA-like
Poll-transcript encoding the luciferase gene was co-transfected into
293T cells together with plasmids expressing the RNP-constituting
proteins of B/Ned/537/05 (PB1, PB2, PA, NP) in the presence and
absence (control) of Verapamil. Notably, Verapamil treatment led to
a significant decrease in the luciferase activity (corresponding to RNP
activity of B/Ned/537/05) (Figures 6A and 6B). These results suggest
that Verapamil specifically impairs the activity of the viral RdRp of IAV
and IBV, but not the cellular transcription/translation. Furthermore,
they indicate that no other viral proteins are needed to exert the effect
of Verapamil treatment.

Virus-induced NF-kB activation is reduced by Verapamil
treatment

The central step in the canonical NF-kB pathway is the activation of
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Figure 6: Effect of Verapamil on influenza B virus replication

Virus titres in culture supernatants obtained from B/Lee-infected cells and
viral polymerase activities determined by CAT reporter assays, respectively,
were used as markers for studying IBV replication in the presence or absence
of Verapamil. A) A549 cells (n=3) were infected with B/Lee (MOI=1) and
Verapamil was added at 2 h p.i. using the indicated concentrations. For
comparison, infected A549 cells were treated directly p.i. with solvent control
(H,0). At 14 h p.i., cell culture supernatants were collected and virus titres
determined by plaque assay. B) To investigate possible effects of Verapamil on
the viral RdRp activity of an influenza B virus, 293T cells were co-transfected
(using a molar ratio of 1:1:1:2:2) with pPCAGEN expression plasmids encoding
the PB2, PB1, PA and NP proteins of the influenza B/Ned/537/05 virus, along
with pHH-B-vNS-Luc plasmid DNA, the latter containing a luciferase reporter
gene under control of a Pol |-promoter (n=3). At 2 h post transfection, cells
were treated with Verapamil in a final concentration of 200 uM or left untreated
(control). At 24 h p.i., the cells were lysed and luciferase activities determined.
Error bars reflect + SEM as determined from three independent experiments.
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the IkB kinase (IKK) complex, which is composed of the kinases IKKa
and IKKp and the scaffold protein NEMO (NF-«B essential modulator).
The activated IKK complex phosphorylates the inhibitory IxB (inhibitor
of NF-kB), leading to its subsequent proteolytic degradation, which
allows the DNA binding subunits of NF-kB to enter the nucleus and to
bind to their target DNA to activate transcription [28].

Previously we demonstrated that IAV caused the NF-kB-
dependent induction of Tumour Necrosis Factor-related Apoptosis-
inducing Ligand (TRAIL) and Fas/FasL, which is crucial for efficient
IAV propagation [15]. As Verapamil impairs phorbol 12-myristate
13-acetate (PMA)-induced activation of NF-kB [29] we asked whether
Verapamil might also influence the IAV-induced NF-«B activation. To
this end, A549 cells were infected with PR8 (MOI=5) and analysed
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Figure 7. Effect of Verapamil on virus-induced NF-xB activation

A) To analyse possible effects of Verapamil treatment on NF-xB activation,
the amount of phospho-IkB-a in lysates obtained from PR8-infected A549
cells (MOI=5) that were treated with 200 uM Verapamil (black bars) or left
untreated (white bars) was determined by Western blotting at the indicated
time points p.i.. The blots were incubated with mouse anti-phospho IkB-a
and rabbit anti-ERK2 antibody (loading control). Specific immune complexes
were detected using suitable secondary antibodies and the LI-COR Odyssey
imaging system including software. As a control, uninfected cells were treated
with TNFa (positive control) or left untreated. The value obtained for the TNFa-
treated control was set to 100%. Error bars reflect + SEM as determined from
three independent experiments.

B) Quantification of active NF-xB was done using an ELISA-based assay in
which immobilized oligonucleotides containing an NF-xB consensus-binding
sequence are used to specifically bind/detect the active form of NF-xB. PR8-
infected A549 cells (MOI=5), treated with 200 uM Verapamil (black bars) or
untreated (white bars), were collected at the indicated time points p.i. and
active NF-kB was determined in lysates obtained from these cells. Error bars
reflect £ SEM as determined from three independent experiments.

for the activation of NF-kB by determining the amount of activated/
phosphorylated IkB (P-IkB-a) at the indicated time points p.i. (Figure
7A). The results show that at all times the amount of P-IxB-a is reduced
in PR8-infected and Verapamil-treated cells. Consequently, we further
analysed the amount of active NF-«kB in PR8-infected and Verapamil-
treated cells at the indicated time points p.i. (Figure 7B). According
to the results concerning the amount of activated IkB-a, Verapamil
treatment obviously reduced the amount of PR8-induced active NF-
kB. Therefore, it is tempting to speculate that this further adds to the
antiviral activity of Verapamil against IAV.

Verapamil does not induce the emergence of resistant PR8
variants

The direct targeting of IAV replication via antibodies or chemical
compounds generally leads to viral resistance due to the high genetic
plasticity of the virus [5]. Therefore, it is of great importance to elucidate
whether treatment with an antiviral substance leads to the emergence
of resistant IAV variants. As we have shown that Verapamil does affect
the RdRp activity, we asked whether this would lead to viral resistance
against Verapamil. Along this line, we infected MDCK-II cells with PR8
at a low MOI=0.1 to allow multi-cycle replication. We chose MDCK-II
cells, because they support higher replication of PR8 than A549 cells
and consequently should also generate higher numbers of genetic
variants. The cells were then treated with or without 100 uM Verapamil
(2 h p.i.) or 10 uM Oseltamivir (directly p.i.) as a positive control for
the generation of resistant variants. After 30 h the supernatants of each
group (untreated, Verapamil or Oseltamivir treated) were collected
and titred to quantify the amount of infectious virus produced. These
supernatants were used for a next round of infection under the same
conditions as described above to yield in total 5 rounds of infection
and replication. Experiments were stopped, when the Oseltamivir
sample reached titres of the untreated control (100%). In contrast to the
Oseltamivir treatment, which was highly effective in the first round, but
lost its effectiveness after a total of 5 rounds, Verapamil does not induce
the emergence of resistant PR8 variants within 5 passages (Figure 8)
indicating that Verapamil might not lose its antiviral capacity over time.

Discussion

Influenza virus (IV) is considered to be a common and serious
human pathogen that annually leads to significantly high morbidity
and mortality worldwide. Besides vaccination, neuraminidase
inhibitors (NAI) are currently the available treatment of choice against
influenza. However, NAI-resistant IV have already been reported due
to continuous high rate of mutation [30,31]. Therefore, there is still
an urgent necessity to look for new antiviral drugs with novel modes
of action to overcome IV infection. In this regard the present study
investigated the related modes of antiviral activity of Verapamil.

Verapamil was previously reported to affect cytomegalovirus
replication [32], mouse mammary tumour virus expression [33],
human rhinovirus 2 release [34], budding of Sindbis- and vesicular
stomatitis viruses [35] as well as measles- and vaccinia virus replication
[36].

Herein, we show that Verapamil efficiently impairs PR8 replication
on A549 cells does-dependent at sub-toxic concentrations by up to
90%, which is comparable to the MEK inhibitor U0126. More recently,
Verapamil was reported to inhibit infection with the Junin virus and
with filoviruses (e.g. Ebola and Marburg viruses) by blocking their
entry [37,38]. However, we found that Verapamil does not influence
the entry of pseudotyped retroviral particles (PRP) expressing the HA,
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Figure 8: No evidence for Verapamil-resistant variants emerging upon
serial passaging of IAV PR8.

To assess the potential for the emergence of viral variants with reduced
sensitivity to Verapamil treatment, MDCK-I cells were infected with PR8 (MOI
=0.1) and the culture medium was supplemented with Verapamil (added at 2
h p.i.) and Oseltamivir (added directly p.i.), respectively. Infected cells (without
drug) were used as a control. At 30 h p.i., supernatants (n=2) of the untreated,
Verapamil- and Oseltamivir-treated group, respectively, were pooled and virus
titres were determined by focus-forming assay. Virus-containing supernatants
of each of the groups were subjected to another 5 rounds of infection using
the same conditions (MOI=0.1). Relative numbers of infectious virus particles
obtained at each passage from cultures treated with 100 uM Verapamil and
10 uM Oseltamivir, respectively, are given. Values (in percentage) are given in
relation to the virus titres obtained from infected cells without treatment (which
were set to 100 %).

NA and M1 protein of the influenza A/Thailand/KAN-1/2004 (KAN-
1, H5N1) carrying the GFP-reporter gene into mammalian A549 cells.
Furthermore, pre-treatment of the cells with Verapamil before PRS-
infection alone also did not affect virus replication, whereas Verapamil
treatment starting 2 h post infection strongly reduced the virus titer.
These results indicate that the inhibitory effect of Verapamil against
PR8 does not involve viral entry.

Beside its calcium channel blocking activity, Verapamil also affects
PKC activation [14]. In IV-infected cells, the PKC inhibition impairs
ERK-activation [12], which is essential for efficient nuclear RNP export
at the late stage (6-10 h p.i.) of the viral life cycle and therefore for virus
production [8]. In our present investigation of the anti-IV mode of
action, we found that Verapamil impedes nuclear RNP export in a dose
dependent manner in cell culture. Therefore, it is tempting to speculate
that Verapamil could impair the formation of new infectious progeny
by hindering nucleo/cytoplasmic RNP transport. Furthermore, we
hypothesized that not only RNP-transport, but also the RdRp activity
might be affected. This was indeed the case, as Verapamil treatment
significantly reduced the production of all three viral RNA species
(VRNA, cRNA, mRNA) in a dose-dependent manner (Figure 4).
Importantly, the MEK inhibitor U0126, which also strongly impaired
nuclear RNP export (Figure 3) did not show a notable impact on the
RdRp activity (Figure 4). Furthermore, Verapamil significantly reduced
CAT expression of a VRNA-like Pol-I transcript encoding the CAT
gene (reporter VRNA) in subsequently PR8-infected cells, which in

contrast was not affected by U0126 (Figure 4B). Similarly, the overall
production of viral proteins in PR8-infected and Verapamil-treated
cells was decreased (Figure 5A). Based on these results, it can be
hypnotized that Verapamil treatment either directly or indirectly (via
specific cellular or viral proteins) causes a specific impairment of the
viral RdRp replication and transcription activity (mRNA synthesis) and
consequently the reduction of viral protein production.

Previously, it was shown that NF-kB-dependent induction of the
pro-apoptotic factors TRAIL and Fas/FasL is crucial for efficient IAV
propagation and that different NF-«kB inhibitors are able to reduce
IV propagation [10,15,25]. Additionally, it was demonstrated that
activation of the apoptotic Caspase 3 is also important for efficient
IV propagation [39] as IV-induced Caspase-dependent enlargement
of nuclear pores promotes nuclear export of the viral RNPs [16].
Current understanding therefore proposes a model that connects
the observed events, e.g. virus-induced NF-kB activation, Caspase
induction and nuclear RNP export. During productive virus infection
the pro-apoptotic factors TRAIL, Fas and FasL are expressed in an NF-
kB-dependent manner. These factors induce Caspase activation in an
auto- and paracrine fashion via the extrinsic apoptosis pathway. Active
Caspases then allow an enhanced release of RNP complexes from the
nucleus, due to Caspase-mediated disruption of the active nuclear
pore complex (for review see [40]). As it was shown that Verapamil
impairs phorbol 12-myristate 13-acetate (PMA)-induced activation of
NEF-xB [29] we analysed whether Verapamil might also influence the
IV-induced NF-«B activation. The results obtained revealed that IAV-
induced NF-kB activation is indeed impaired by Verapamil treatment,
which might contribute to a negative effect on IV replication.

In recent years, the evolution of viral drug resistance is a major
drawback for the currently prescribed anti-influenza neuraminidase
inhibitors (NAI) [30,31]. Unlike Oseltamivir, which is designed to
inhibit the activity of the (mutable) viral neuraminidase, we found that
Verapamil, which in addition targets cellular factors implicated in IV
replication, does not induce the emergence of resistant PR8 variants in
five rounds of replication.

The fact that all the observed antiviral effects of Verapamil should
collectively contribute to the total impact of Verapamil on the production
of progeny virions, could explain why the Verapamil concentration
needed to reduce the number of infectious virus particles by 50% is lower
than the concentration needed to clearly observe an effect in a particular
assay used to analyse a specific mechanism/factor. This discrepancy
between the EC, and the concentration needed to observe the paricular
effects requests further investigations of additional activities/effects of
Verapamil besides its Ca-channel inhibition. Verapamil is an approved
drug used in treatment of hypertension, angina pectoris and cardiac
arrhythmia, therefore it needs to be analysed whether it has an anti-IV
potential without causing cardio-vascular effects.

Taken together, we investigated in more detail the effect of Verapamil
on influenza virus propagation and could identify mechanisms/factors
implied in the antiviral effect of Verapamil, which to the best of our
knowledge has not been done before. We show that Verapamil exerts
several negative effects on IV propagation and might prevent evolution
of viral resistance.
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