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In recent years, increasing levels of resistance to the four FDA-approved anti-influenza virus drugs have
been described and vaccine manufacturers have experienced demands that exceed their capacity. This
situation underlines the urgent need for novel antivirals as well as innovations in vaccine production
in preparation for the next influenza epidemic. Here we report the development of a cell-based high-

Keywords: throughput screen which we have used for the identification of compounds that modulate influenza
Influenza virus growth either negatively or positively. We screened a library of compounds with known biological
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Na*-channel activity and identified distinct groups of inhibitors and enhancers that target sodium channels or protein

kinase C (PKC). We confirmed these results in viral growth assays and find that treatment with a sodium
channel opener or PKC inhibitor significantly reduces viral replication. In contrast, inhibition of sodium
channels or activation of PKC leads to enhanced virus production in tissue culture. These diametrically
opposing effects strongly support a role for PKC activity and the regulation of Na* currents in influenza
virus replication and both may serve as targets for antiviral drugs. Furthermore, we raise the possibility
that compounds that result in increased viral titers may be beneficial for boosting the production of tissue

Protein kinase C

culture-grown influenza vaccines.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Influenza viruses are enveloped RNA viruses that belong to the
family of Orthomyxoviridae (Palese and Shaw, 2007). Influenza A
and B viruses are considered to be major human pathogens and
in a normal season can cause between 3 and 5 million cases of
severe illness and up to 500,000 deaths worldwide (WHO, 2003).
Influenza A viruses can also cause pandemics such as those that
occurred in 1918, 1957 and 1968. These outbreaks resulted in high
mortality rates because of the lack of pre-existing immunity against
the new virus strain. Since the emergence of the highly pathogenic
avian H5N1 influenza virus in the late 1990s (Claas et al., 1998),
there have been concerns that it may be the next pandemic virus,
which has sparked renewed interest in the development of anti-
influenza virus drugs. Currently we have only four U.S. Food and
Drug Administration (FDA)-approved drugs available for the treat-
ment and prevention of influenza. The adamantanes (amantadine
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and rimantadine) block the M2 ion channel of the virus and pre-
vent the release of the viral genome into the host cell (Pinto and
Lamb, 1995; Wharton et al., 1994). These drugs are effective if used
prophylactically and if administered within 48 h of infection but
are not effective against influenza B viruses. Unfortunately, the
development of widespread resistance has precluded the use of
adamantanes in recent influenza seasons (Bright et al., 2006) and
isolates of the H5N1 influenza virus have been shown to be resis-
tant to these drugs due to mutations in M2 (Cheung et al., 2006).
The preferred treatment for influenza virus infection is now the
use of the neuraminidase inhibitors, oseltamivir and zanamivir
(Garman and Laver, 2004). By targeting the neuraminidase, these
compounds prevent the release of the virus from the infected cell
and halt the spread of the virus. As part of its pandemic prepared-
ness plan, the World Health Organization (WHO) has advised that
supplies of the neuraminidase inhibitors be stockpiled, but it is
always advantageous to have at least two antiviral drugs (aimed at
different targets) available due to the possible emergence of resis-
tant virus strains. In fact the 2007-2008 influenza season in the
Northern hemisphere has shown a marked increase in the num-
ber of HINT1 isolates that are resistant to oseltamivir (WHO, 2008)
and concerns have also been raised regarding oseltamivir-resistant
H5N1 influenza viruses isolated from patients in Southeast Asia (Le
et al., 2005).
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Vaccination is by far the best means we have of preventing
infection or at least minimizing the severity of disease. Based on
knowledge of the current circulating influenza virus strains, the
WHO makes an annual decision as to which virus strains should be
included in the influenza vaccine for the following season. Manu-
factures therefore have a relatively short time period in which to
generate new vaccine stocks and this, combined with the increase
in demand from the population, sometimes leads to shortages.
Vaccine viruses are currently grown in embryonated chicken eggs
which generally support high levels of virus growth; however the
use of eggs has certain limitations. Vaccine production cannot eas-
ily be scaled up at short notice, as would be required during a
pandemic, due to the reliance on a continuous supply of embry-
onated eggs. Furthermore if the pandemic virus was of avian origin
it may be lethal in eggs, as occurred during the preparation of
an H5N1 vaccine candidate (Takada et al., 1999). An avian virus
would likely also affect the poultry industry and the egg supply may
be greatly reduced. In an effort to avoid these problems, vaccine
manufacturers are now establishing tissue culture systems for the
growth of influenza virus vaccines (Oxford et al., 2005; Romanova
et al.,, 2004; Tree et al,, 2001). The major disadvantage being that
wild-type human influenza virus strains often do not show opti-
mal growth properties in this culture system, resulting in lower
vaccine yields. In conclusion, there is an urgent need for the devel-
opment of new antiviral drugs and also for the improvement of
tissue culture-based vaccine production, in preparation for future
influenza epidemics or pandemics.

With this in mind, we designed a cell-based, high-throughput
assay that allowed us to screen for small molecular weight com-
pounds that modulate influenza virus growth. In an initial screen
of compounds with known biological activity, we identified com-
pounds that negatively regulate influenza virus replication and may
have potential as antiviral drugs. We also identified compounds that
enhance influenza virus growth and we propose that these may
be used as tools to boost the replication of influenza virus vaccine
candidates in tissue culture.

2. Materials and methods
2.1. Cell lines, viruses and plasmids

Human alveolar basal epithelial (A549) cells, African green mon-
key kidney (Vero) cells, chicken embryo fibroblast (DF1) cells and
Madin-Darby canine kidney (MDCK) cells, were obtained from
the American Type Culture Collection (ATCC, Manassas, VA). A549
cells, Vero cells and DF1 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) (Invitrogen Corp., Carlsbad, CA) supple-
mented with 10% fetal bovine serum (FBS) (HyClone; South Logan,
UT) and 100 U/mL penicillin G sodium and 100 p.g/mL streptomycin
sulfate (Invitrogen Corp., Carlsbad, CA). MDCK cells were cultured
in Minimum Essential Medium (MEM) (Invitrogen Corp., Carlsbad,
CA) supplemented with 10% FBS, 2 mM L-glutamine (Invitrogen
Corp., Carlsbad, CA), 100U/mL penicillin G sodium and 100 mg/L
streptomycin sulfate and 0.15% NaHCOs (Invitrogen Corp., Carlsbad,
CA).

Influenza A/WSN/33 virus and influenza B/Yamagata/88 virus
were grown in MDCK cells in MEM-post-infection medium (MEM
supplemented with 0.3% bovine serum albumin (BSA), 0.1% FBS,
2mM L-glutamine, 100 U/mL penicillin G sodium and 100 pg/mL
streptomycin sulfate and 0.15% NaHCOj3). Viruses were titered by
standard plaque assay in MDCK cells. Vesicular stomatitis virus
expressing the green fluorescence protein (VSV-GFP) was kindly
provided by John Hiscott (McGill University, Montreal, Canada), and
was grown and titered in Vero cells. Newcastle disease virus strain

B1(rNDV/B1)was grown in 10-day-old embryonated hens’ eggs and
titered in DF1 cells. The human isolates influenza A/Moscow/10/99
and A/Wyoming/03/2003 viruses were grown in 8-day-old embry-
onated hens’ eggs and titered in MDCK cells. The recombinant
6:2 influenza A/PR/8/34 virus reassortant expressing a low viru-
lence hemagglutinin (HA) and the neuraminidase (NA) of influenza
A/VN/1203/04 virus (referred to as HSN1/PR8 in this study) was res-
cued using reverse genetics (Fodor et al., 1999). The HA of influenza
A/VN/1203/04 virus was mutated by removing the multibasic cleav-
age site which is associated with high pathogenicity in chickens
(Senne et al., 1996). Briefly, expression plasmids and pPol I plas-
mids for the HA and NA genes of influenza A/VN/1203/04 virus
were co-transfected into 293T cells together with ambisense pDZ
plasmids for the PB1, PB2, PA, NP, M and NS segments of influenza
A/PR/8/34 virus. The supernatant was transferred 48 h later into 8-
day-old embryonated hens’ eggs to allow the recombinant virus to
propagate. The egg-grown virus stock was sequenced and titered
in MDCK cells.

For the construction of the influenza mini-genome reporter
(pPoll-358Luc) the firefly luciferase open reading frame from pGL3
(Promega Corp., Madison, WI) was amplified by PCR and the 5
and 3’ ends of the cRNA promoter of the influenza A/WSN/33
virus NP segment were incorporated on either end (Neumann and
Hobom, 1995). This product was then inserted into the pPoll vec-
tor (Pleschka et al., 1996) with the luciferase gene in the negative
sense.

2.2. Small molecular weight compounds

The Prestwick Chemical Library (1120 compounds; Prestwick
Chemical, Inc., Washington, DC), the NINDS custom collection 2
(1040 compounds; National Institute of Neurological Disorders and
Stroke; Bethesda, MD) and BIOMOL Known Bioactives-2 library
(480 compounds; BIOMOL, Plymouth Meeting, PA) were provided
by The Institute of Chemistry and Cell Biology (ICCB), National
Screening Laboratory for the Regional Centers of Excellence in
Biodefense and Emerging Infectious Disease (NSRB) (Harvard Uni-
versity, Boston, MA). The compounds were dissolved in DMSO at
2 mg/mL for the Prestwick library, 5 mg/mL for the BIOMOL2 library
and at 10 mM for the NINDS2 library.

For secondary analyses 2’,4’-dichlorobenzamil and SDZ-201106
were purchased from BIOMOL (Plymouth Meeting, PA) while
3’,4’-dichlorobenzamil, phenamil, phorbol 12-myristate 13-acetate
(PMA), mezerein, rottlerin, staurosporin, ouabain and lanatoside C
were purchased from Sigma-Aldrich (St. Louis, MO). All compounds
were dissolved in either H,O or dimethyl sulfoxide (DMSO) to a
stock concentration of 10 mM. The final concentration of DMSO in
the culture medium did not exceed 0.004%.

2.3. High-throughput screening

The assay was performed in duplicate using solid white 384-
well tissue culture-treated plates (Corning Life Sciences; Lowell,
MA). A549 cells were cultured to 90% confluency, trypsinized
with 0.05% Trypsin-EDTA (Invitrogen Corp., Carlsbad, CA), and
resuspended in phenol red-free DMEM growth medium supple-
mented with 10% FBS at 7.2 x 10° cells/mL. Transfections were
done in bulk and for each well, 12.5ng of the reporter pPoll-
358Lucwasdiluted in 6.25 pwL OptiMEM (Invitrogen Corp., Carlsbad,
CA) and mixed with 6.25 pL OptiMEM containing 0.025 pL Lipo-
fectamine2000 (Invitrogen Corp., Carlsbad, CA). The transfection
mix was incubated for 20 min before adding 12.5 uL of resus-
pended A549 cells (approximately 9 x 103 cells). The medium also
included 0.25 pg/mL Scriptaid (BIOMOL, Plymouth Meeting, PA)
and 1.0 pwg/mL 5-aza-2’'-deoxycytidine (Sigma-Aldrich; St. Louis,
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MO), which were added to enhance reproducibility of the assay
(Hellebrekers and Griffioen, 2007). The mix of cells and reporter
DNA was transferred into 384-well plates using the Matrix Well-
mate plate filler. Loaded plates were subsequently centrifuged at
1000 rpm for 5 min to ensure an equal distribution of cells within
each well. The cells were incubated for 18 h at 37°C, 5% CO;, 95%
humidity before the addition of 100 nL of compounds by the Epson
compound transfer robot (Epson America, Inc., Long Beach, CA). The
cells were incubated for a further 6 h before infection with influenza
A/WSN/33 virus directly into the medium at an MOI of 2.5. The
virus was added automatically to the plates using the Matrix Well-
mate plate filler and the plates were subsequently centrifuged at
1000 rpm for 2 min. Each plate also contained mock-infected cells
that were used as a positive control and cells that were infected but
untreated, which were used as a negative control. The two approved
classes of influenza antiviral drugs could not be used as positive
controls in this screen because (i) influenza A/WSN/33 virus is resis-
tant to amantadine and (ii) the assay does not detect multicycle
replication which is necessary to see the effects of oseltamivir as it
targets virus release. Infection was allowed to proceed for 18-20 h
at 37°C, 5% CO,, 95% humidity. At that time 50% of the medium in
each well was removed and the plates were equilibrated to room
temperature for at least 20 min. The Matrix Wellmate plate filler
was used to add 16 pL of BrightGloLuciferase reagent (Promega
Corp., Madison, WI) to each well automatically and following a
2-min centrifugation at 2000 rpm, luminescence was measured
for 0.1 s/well with the EnVision2 plate reader (PerkinElmer Inc.,
Waltham, MA).

To eliminate cytotoxic compounds that appear as false positives,
a counter screen was performed in parallel. This consisted of A549
cells transfected with pGL3 and seeded at a density of 2500 cells per
well of a 384-well plate. The remainder of the assay was performed
as described above except that the cells were not infected.

2.4. Data analysis

To evaluate the HTS assay robustness, 384-well plates
containing no compounds were run separately on two differ-
ent days. Statistical parameters were determined as follows:
Z'=1-((30;+30m)/It;i — ml), where p; is the mean signal for the
negative control (infected cells), o; the standard deviation for the
negative control, i, the mean signal for the positive control (mock-
infected cells), and oy, is the standard deviation for the positive
control. The percent coefficient of variation (CV)=0;/u; x 100, the
signal-to-background ratio (S/B)=pu;/um and the signal-to-noise
ratio (S/N) = (i — m)/((07)% +(om)?)1/2 (Ghosh et al., 2005; Zhang
et al., 1999).

The data from the influenza HTS assay and counter screen
were analyzed with Microsoft Office Excel. The average of the
negative control of each plate was set at 100% luminescence and
the percent luminescence of each compound-containing well was
determined in relation to this internal control. The average per-
cent luminescence for the duplicate screenings was calculated and
the compounds were classified into strong or medium inhibitors
based on a 90-100 or 70-89% reduction in luminescence, respec-
tively. Compounds leading to an increase in luminescence were
considered as enhancers with at least a twofold induction above the
negative control. The HTS data were compared to the correspond-
ing data from the counter screen. A reduction in luminescence
greater than 20-30% in the counter screen was considered to be
caused by cytotoxicity and therefore the compound was defined as
a false positive and eliminated from further analysis. This thresh-
old was decreased down to 50% in cases where the compound
caused a >95% reduction of luminescent signal in the influenza HTS
assay.

2.5. Cell viability assay

The CellTiter 96 AQueous One Solution Cell Proliferation Assay
(referred to as the MTS assay in this study) (Promega Corp.,
Madison, WI) was used to detect cell viability according to the spec-
ifications of the manufacturer. Briefly, A549 cells were seeded into
96-well plates (Corning Life Sciences, Lowell, MA) at 5 x 103 cells
per well and allowed to incubate for 24 h at 37°C, 5% CO,. After
incubation, the medium was aspirated and replaced with 100 p.L of
fresh DMEM containing the compounds at various concentrations.
Following a further 24 h incubation, the MTS solution was added to
each well and left to incubate for 2 h before measuring absorbance
at 450 nm using a Beckman Coulter DTX 880 plate reader (Beckman
Coulter, Inc., Fullerton, CA).

2.6. Viral growth assays in the presence of inhibitors or enhancers

A549 cells were seeded into 6-well plates at 5x 10> cells
per well. After incubation for 24 h at 37°C and 5% CO,, the cells
were washed with phosphate buffered saline (PBS) (Invitrogen
Corp., Carlsbad, CA) and the medium was replaced with DMEM
supplemented with 0.3% BSA, 0.1% FBS and 100 U/mL penicillin
G sodium and 100 pg/mL streptomycin sulfate containing the
compound of interest. Compounds that enhance viral replication
were used at their most potent concentration (400nM for 2',4’-
dichlorobenzamil and 3’,4’-dichlorobenzamil, 10 M for phenamil,
250 nM for mezerein and 250 nM for PMA). Compounds that inhibit
viral replication were used at their most potent, but non-toxic,
concentration (12.5 uM for SDZ-201106 and 1.25 M for rottlerin).
Cardioactive glycosides were tested at concentrations that main-
tained at least an 80% cell viability (20 nM for ouabain and 78 nM
for lanatoside C). The cells were incubated in the compound-
containing media for 6h prior to infection. When testing the
response of influenza A/WSN/33 virus and of H5N1/PR8 virus to
enhancers, infections were done at a multiplicity of 0.001, whereas
a multiplicity of 1 was used when testing the response of influenza
A/WSN/33 virus to inhibitors. For the human isolates, influenza
viruses A/Moscow/10/99 and A/Wyoming/03/2003, infections
were done at an MOI of 0.01 when testing enhancers. For influenza
B/Yamagata/88 virus, infections were done at a multiplicity of
5 when testing inhibitors and a multiplicity of 0.1 when testing
enhancers. Compounds were absent during the 1h incubation
with the virus but were present in the post-infection medium
(DMEM supplemented with 0.3% BSA, 0.1% FBS and 100U/mL
penicillin G sodium and 100 pg/mL streptomycin sulfate). For
infection with influenza B virus, the human influenza A virus
isolates and the H5N1/PR8 virus this post-infection medium also
contained 1 pg/ml TPCK-treated trypsin (Sigma-Aldrich; St. Louis,
MO). The infected cells were incubated at 37 °C with the exception
for influenza B virus infected cells, which were incubated at 33 °C.
The viral titers for all viruses were determined at various times
post-infection by standard plaque assay in MDCK cells. When
testing the effects of the cardioactive glycosides on the growth of
NDV and VSV-GFP, infections were performed at an MOI of 1. Viral
titers were determined at 24 h post-infection by standard plaque
assay in Vero cells for VSV-GFP and in DF1 cells for NDV/B1. The
NDV plaques were visualized by immuno-staining with an anti-NP
antibody (Matrosovich et al., 2006).

2.7. Apoptosis assay

The Caspase-3 Colorimetric Assay (R&D Systems, Inc., Min-
neapolis, MN) was used to detect whether the compounds have
pro- or anti-apoptotic effects. A549 cells were seeded into 60 mm
tissue culture-treated dishes (Corning Life Sciences, Lowell, MA) at
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Table 1
Summary of statistical parameters to assess the robustness of the HTS assay in 384-
well format

e %CVP S/B¢ S/Nd
Screen 1 0.56 14.7 14586 6.8
Screen 2 0.55 15.1 10734 6.6

37 =1-((30;+30m)/I4i — Lm]|), Where o is the standard deviation for the neg-
ative control, oy, is the standard deviation for the positive control, u; is the mean
signal for the negative control (infected cells) and ¢, the mean signal for the positive
control (mock-infected cells).

b %CV (coefficient of variation) = o/u; x 100.

¢ S/B (signal-to-background ratio) = i;/f4m.

4 S/N (signal-to-noise ratio)=(/t; — im)/((07)? +(om)?)V2.

1.5 x 106 cells per dish and allowed to incubate for 24 h at 37°C, 5%
CO,. After incubation, the medium was aspirated and the cells were
washed with PBS. Fresh DMEM post-infection medium was added,
containing compounds at the same concentrations as were used for
the viral infections. As a positive control for the induction of apop-
tosis, the cells were treated with staurosporin at a concentration of
5 WM. Cells were incubated for 6 h at 37 °C, 5% CO,. Subsequently,
they were harvested, washed twice with PBS, lysed and incubated
with the DEVD-AFC substrate for an additional hour at 37°C, 5%
CO, before measuring fluorescence at 500 nm using a Versa Fluor
Fluorometer (BioRad; Hercules, CA).

3. Results
3.1. Development of a novel HTS assay for influenza virus

We developed a cell-based HTS assay for the identification of
small molecules that can negatively or positively affect influenza A
virus replication. An influenza mini-genome was designed encod-
ing firefly luciferase in the negative sense in between the cRNA
promoter of the influenza A/WSN/33 virus NP segment. This
construct was cloned into a plasmid flanked by a human RNA
polymerase I promoter and the hepatitis D virus (HDV) ribozyme
(Fig. 1A). Upon transfection of this reporter into human lung epithe-
lial (A549) cells, RNA polymerase I transcription generates an RNA
segment that mimics viral RNA. When these cells are subsequently
infected with influenza virus, this segment is recognized by the viral
polymerase resulting in the production of firefly luciferase mRNA.
Luciferase activity therefore serves as a measurement of influenza
virus replication and decreases or increases in this signal that are
observed in the presence of specific compounds are indicative of
inhibitory or enhancing activities, respectively. Due to the fact that
a high multiplicity of infection provided the greatest reproducibil-
ity, the assay is more likely to detect compounds that act on steps up
to and including translation. A multicycle format would be neces-
sary to detect inhibitors of any of the later stages such as assembly,
budding and release. In this respect our assay differs from other cell-
based HTS assays for influenza virus which rely on virus-induced
cytopathic effect (CPE) as a readout and which use a low multi-
plicity of infection (Noah et al., 2007). It should be noted that such
an assay can only be performed in MDCK cells which display sig-
nificant CPE in response to influenza virus infection. Our assay is
performed in A549 cells which are a biologically relevant cell type
forinfluenza virus infection. The assay was initially optimized in 96-
well format and its validity for use in a high-throughput screen was
confirmed by demonstrating a Z’ factor (Zhang et al., 1999) of 0.74.
For screening purposes the assay was further adapted to 384-well
format and Table 1 shows the statistical parameters used to eval-
uate the robustness of the assay in this format. Here the Z' factor
was determined as 0.55 and 0.56 in two separate runs. The discrep-
ancy between the Z' factor values determined in 96-well plates and
384-well plates can be explained by the “edge effect” and higher

variability in the miniaturized 384-well format. However, both for-
mats meet the requirements for high-throughput screening. Assays
with a Z’ factor value of 1>Z'> 0.5 are considered to be excellent
for use in HTS and the larger the value, the higher the data quality
(Zhang et al., 1999). Additional parameters which verify that the
assay is robust are the coefficient of variation, CV (14.9 £+ 0.2%), the
signal-to-background ratio, S/B (>10*) and the signal-to-noise ratio,
S/N (6.7 £0.1). The S/N ratio is slightly below the ratio of another
reported HTS for influenza virus (S/N>10) (Noah et al., 2007) and
reflects a higher signal deviation in our assay which nonetheless is
still better compared to a HTS assay for SARS coronavirus (S/N>3)
(Severson et al., 2007). Recently, a number of cell-based HTS assays
were developed for screening compounds against different viruses.
The S/B ratio of our assay of >10 is strongly above those of other
HTS assays reported for influenza virus (S/B >30) (Noah et al.,2007),
for SARS coronavirus (S/B=~10) (Severson et al., 2007), for human
immunodeficiency virus (HIV-1) (S/B>100) (Blair et al., 2005), for
hepatitis C virus (HCV) (S/B>13) (Zuck et al., 2004) and for dengue
virus (S/B=8) (Chu and Yang, 2007). This high S/B ratio in addition
to a CV of ~15% proves the suitability of our assay for use in a high-
throughput screen. Subsequently a pilot screen was conducted at
the Harvard Institute for Cell and Chemical Biology (ICCB) where
two library plates (704 compounds) were tested in duplicate. When
screening a library plate containing uncharacterized compounds,
we found one strong inhibitor (0.28%) while 18 strong inhibitors
(~5%) were detected when screening compounds of known bioac-
tivity. Overall, 19 strong inhibitors were identified, which equals a
hit rate of 2.7%. This rate was relatively high due to the fact that
cytotoxic compounds were included in these hits and in order to
eliminate these false positives we ran a counter screen in parallel
(as described in Section 2.3) for all future screens.

3.2. A high-throughput screen identifies compounds that
modulate influenza virus growth

As part of an initial study, we screened three compound libraries
consisting of collections from NINDS, Prestwick and BIOMOL, and
totaling 2640 small molecules. All of these compounds have known
biological activity (i.e. their cellular targets are known) which facil-
itates the downstream analyses. A549 cells transfected with the
reporter plasmid in bulk were plated in solid white 384-well plates
and incubated overnight at 37 °C. Six hours prior to infection, 100 nL
of the test compounds in library-defined concentrations were
added automatically to each well, in duplicate. Influenza A/WSN/33
virus was added to the media at a multiplicity of infection (MOI) of
2.5, and infection was allowed to proceed for 18-20h at 37 °C. After
adding the luciferase substrate, luminescence was measured and
compared to control wells that received no compound as well as to
the results of the counter screen for elimination of false positives.
From the 2640 screened compounds, 59 (2.2%) were identified as
strong inhibitors with the luciferase signal reduced by 90-100%. An
additional 43 compounds (1.6%) were found to reduce the signal by
70-89% and 4 of the compounds (0.15%) increased luminescence
by at least twofold (Fig. 1B). Some of the same compounds were
present in either two or all of the libraries and were identified as
hits independently two or three times. Therefore in total, we iden-
tified 47 (1.8%) unique strong inhibitors, 37 (1.4%) unique moderate
inhibitors and 4 (0.15%) enhancers. Table 2 shows the functional
classes of the hit compounds that were identified as inhibitors in the
HTS. About 24% of the inhibitors are compounds that interfere with
DNA. Another group of 21% consist of antibiotics, antifungals and
antiparasitic drugs. Roughly 13% of the inhibitors target different
cellular kinases like protein kinase A, protein kinase C and recep-
tor tyrosine kinases and more than 8% of the inhibitory compounds
are Na*/K*/ATPase pump inhibitors (ouabain, lanatoside C, digoxin,
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Fig. 1. Influenza virus mini-genome construct and high-throughput screening results. (A) Schematic of the influenza virus luciferase reporter construct. The firefly luciferase
open reading frame was inserted in the reverse orientation and complementary sense between the influenza virus non-coding regions which serve as the viral promoter.
This cassette is flanked by a human RNA polymerase I (Pol I) promoter and a hepatitis delta virus (HDV) ribozyme. The transcribed RNA (VRNA) has exact ends and mimics
an influenza virus genome segment. Upon infection, the influenza virus polymerase recognizes the promoter and the reporter gene is transcribed and expressed. (B) Results
of the HTS of known bioactive compounds. Three libraries (NINDS, Prestwick and BIOMOL) were screened containing 2640 known bioactive compounds. Strong inhibition
was defined as a 90-100% reduction in luminescence, medium inhibition as a 70-89% reduction and an increase in luminescence of at least twofold was classified as an

enhancement.

strophanthidin), known as cardioactive glycosides. The initial effect
of these compounds and of SDZ-201106, a sodium channel opener
which was also identified as an inhibitor, is to raise the intracel-
lular Na* concentration. Interestingly, one of the compounds that
resulted in increased luciferase signals (phenamil) is an amiloride
analogue that acts as a sodium channel inhibitor. These oppos-
ing effects, by compounds that have contrasting effects on sodium
channels, indicates that influenza virus is sensitive to changes in
intracellular ion concentrations and that this may be a way of mod-
ulating influenza virus replication. In support of this, it has been
reported that influenza virus can inhibit these amiloride-sensitive
sodium channels in the respiratory epithelium (Chen et al., 2004;
Kunzelmann et al., 2000). Amongst the group of inhibitory com-
pounds we also found several protein kinase C (PKC) inhibitors, the
strongest of which was rottlerin. PKC inhibitors have previously
been shown to inhibit influenza virus (Kurokawa et al., 1990; Root
et al,, 2000; Sieczkarski et al., 2003) and furthermore, there is evi-
dence that PKC activity is involved in the regulation of epithelial
sodium channels (Booth and Stockand, 2003; Kunzelmann et al.,
2000; Stockand et al., 2000; Yamagata et al., 2005). For further
investigation into their effects on influenza virus growth, we there-
fore focused on those compounds that target either sodium ion
transport or PKC.

Table 2

Functional catergories of the hit compounds with inhibitory activity

Functional category Number of % of total
compounds

DNA interfering compounds 20 238

Antibiotics/antifungals/antiparasitics 18 21.4

Kinase inhibitors 11 13.1

Cardioactive glycosides 7 8.3

Cell redox metabolism interfering compounds 4 4.8

Other compounds 24 28.5

Total number of inhibitory compounds 84 100

3.3. Inhibition of influenza A and B virus replication by a sodium
channel opener and a PKC inhibitor

The high-throughput assay revealed that the sodium channel
opener, SDZ-201106 and the PKC inhibitor, rottlerin are potential
influenza virus inhibitors. In order to confirm that these findings
were specific, we first determined the cytotoxicity profiles of these
compounds. A549 cells were seeded into 96-well plates and treated
with increasing concentrations of SDZ-201106 or rottlerin for 24 h
before performing an MTS assay to determine cell viability. The
CCsp (concentration of 50% cytotoxicity) of SDZ-201106 was deter-
mined to be 29 wM and concentrations up to 12.5 wuM were found
to be non-toxic. The CCsq of rottlerin was determined to be 18.2 pM
and concentrations up to 1.28 uM did not decrease cell viabil-
ity. All further experiments with rottlerin were performed using
a maximum concentration of 1.25 wM. To determine the ICsq (half
maximal inhibitory concentration) for both inhibitors, A549 cells
were infected for 24 h with influenza A/WSN/33 virus at an MOI
of 1 in the presence of increasing compound concentrations. Viral
titers were determined by plaque assay. The ICsq for SDZ-201106
was determined to be 4.1 WM. This results in a selective index
(SI=CCs0/1C50) of 7, which classifies this sodium channel opener as a
weak inhibitor. The ICsq for rottlerin was determined to be 465 nM.
With an SI of 39, this PKC inhibitor is considered to be a moder-
ate inhibitor. Table 3 summarizes the CCsg, IC59 and SI values for
both inhibitors. Subsequently the compounds were tested at their

Table 3
Potency of the inhibitors against influenza A virus in A549 cells
CC50 ('LM )a ICSO (uM)b SI (CC5U /]Cso )C
SDZ-201106 29 4.1 7
Rottlerin 18.2 0.46 39

2 CCso—compound concentration of 50% cytotoxicity.
b [Cso—compound concentration of 50% inhibition of viral replication.
¢ Sl—selective index.
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Fig. 2. Inhibition of influenza A and B viruses by a Na*-channel opener and a
PKC inhibitor. A549 cells were infected with either (A) A/WSN/33 (MOI=1) or
(B) B/Yamagata/88 (MOl =5) in the presence of 12.5 uM SDZ-201106 (Na*-channel
opener) or 1.25 wM rottlerin (PKC inhibitor). Viral titers were determined 24 h post-
infection by plaque assays in MDCK cells. The assay was performed in triplicate and
is presented as the mean + standard deviation. Student’s t-test: *P < 0.05; **P <0.01.

highest, non-toxic concentrations for their inhibitory activ-
ity against both influenza A/WSN/33 virus and influenza
B/Yamagata/88 virus (Fig. 2). In the presence of 12.5uM SDZ-
201106 there is an 85% reduction in titers of influenza A/WSN/33
virus compared to the untreated control and the growth of
influenza B/Yamagata/88 virus is reduced by 72%. Compared to
the untreated controls, titers of influenza A/WSN/33 virus and
influenza B/Yamagata/88 virus are significantly reduced by 93 and
80%, respectively, in the presence of 1.25 M rottlerin.

3.4. Enhancement of influenza A and B virus replication by
sodium channel inhibitors and PKC activators

The identification of enhancers is performed best under multi-
cycle replication conditions. This is a limitation of our HTS assay
which is performed with a high multiplicity infection and therefore
probably only allows for the detection of strong enhancers. Further-
more compounds with enhancing activity may be marked as false
negatives if the concentration at which the screen is performed
is cytotoxic. Although we screened the PKC activator PMA we did
not identify it as an enhancer, probably because the concentration
of PMA used in the screen (~6 wM) was toxic. Nevertheless, we
decided to investigate the effects of PMA and another PKC activator,
mezerein, due to the link between PKC activity and sodium chan-
nel regulation and the fact that PKC inhibitors can down-regulate
influenza virus growth. For the sodium channel inhibitors, in addi-
tion to phenamil, which was identified in the screen as a potential
enhancer, we also examined the effects of a related sodium chan-
nel inhibitor, dichlorobenzamil. A549 cells were infected with
influenza A/WSN/33 virus at a low multiplicity in the presence
of increasing concentrations of each compound in order to find
the most effective concentration (data not shown). Multicycle

growth assays for influenza A/WSN/33 virus were then performed
in the presence of 400 nM 2’,4’-dichlorobenzamil, 10 wM phenamil,
250 nM PMA or 250 nM mezerein (Fig. 3). The growth of influenza
A/WSN/33 virus is significantly enhanced in the presence of the
sodium channel inhibitors. Compared to the untreated control, the
viral titer is increased 103-fold in the presence of 400nM 2',4'-
dichlorobenzamil and 16-fold in the presence of 10 wM phenamil
at 48 h post-infection (Fig. 3A). In the presence of the PKC acti-
vators, the titers of influenza A/WSN/33 virus increase 17-fold
with 250 nM mezerein and 12-fold with 250 nM PMA, compared
to untreated cells at 48 h post-infection (Fig. 3B). We also exam-
ined the enhancing effects of these compounds on the replication
of influenza B/Yamagata/88 virus (Fig. 4). In the presence of 400 nM
2’ 4'-dichlorobenzamil, the viral titer increased fourfold at 48 h
post-infection compared to untreated cells. With mezerein, the
viral growth enhancement is seen much earlier with an eightfold
increase at 12 and 24 h post-infection. Therefore the growth of both
influenza A and B viruses can be enhanced by the addition of sodium
channel inhibitors and PKC activators.

We also examined whether the growth-enhancing effects
of these compounds could be observed with human iso-
lates of influenza virus that have not been adapted to
cell culture. For this purpose we compared the growth
of influenza A/Moscow/10/99 and A/Wyoming/03/2003
viruses in the absence and presence of mezerein and 2/,
4'-dichlorobenzamil. Both of these viruses grow poorly in A549
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Fig. 3. Enhancement of influenza A virus replication by Na*-channel inhibitors
and PKC activators. A549 cells were infected with influenza A/WSN/33 virus
(MOI=0.001) in the presence of (A) Na*-channel inhibitors (400nM 2’'.4'-
dichlorobenzamil and 10 wM phenamil) and (B) PKC activators (250 nM mezerein
and 250 nM PMA). Viral titers were measured at 24, 36, 48 and 60 h post-infection
by plaque assay in MDCK cells. The assay was performed in triplicate and is pre-
sented as the mean + standard deviation. Student’s t-test: *#P < 0.05; **##P<0.01
(*refers to data points for 2,4’-dichlorobenzamil (A) and for mezerein (B), #refers to
data points for phenamil (A) and PMA (B)).
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Fig. 4. Enhancement of influenza B virus replication by a Na*-channel inhibitor
and a PKC activator. A549 cells were infected with influenza B/Yamagata/88 virus
(MOI=0.1)in the presence of 400 nM 2’,4’-dichlorobenzamil (Na*-channel inhibitor)
and 250 nM mezerein (PKC activator). Viral titers were measured at 0, 12, 24, 36 and
48 h post-infection by plaque assay in MDCK cells. The assay was performed in tripli-
cate and is presented as the mean =+ standard deviation. Student’s t-test: *#P < 0.05;
**##P <0,01; ***P<0.001 (*refers to data points for 2',4'-dichlorobenzamil and
#refers to data points for mezerein).

cells but we observed a significant increase in the maximum viral
titers in the presence of mezerein and 2’,4'-dichlorobenzamil
compared to untreated cells (Fig. 5A and B). This suggests that the
ability of these compounds to boost virus replication is a property
that extends to many different influenza virus strains, which will be
beneficial if used for production of influenza vaccines that change
every year. For the current egg-grown vaccines, the seed strains
for influenza A viruses are 6:2 reassortant viruses that contain
the HA and NA genes of the vaccine virus in the background of
influenza A/PR/8/34 virus. This is done to obtain high titers in
eggs and to avoid the need to adapt each new virus strain. The
same strategy is used for the H5N1 influenza vaccine that has
been approved by the FDA, with the addition that the multibasic
cleavage site present in the HA (which is associated with high
pathogenicity in chickens) has been removed (Subbarao et al.,
2003; Treanor et al., 2006). We examined the growth properties of
this H5N1/PR8 vaccine virus in A549 cells that had been treated
with 2’,4’-dichlorobenzamil and found that we could significantly
increase the titers by ~20-fold compared to in untreated cells

(Fig. 5C). We also observed a significant increase in viral titers in
the presence of 2’,4’-dichlorobenzamil and mezerein (11-fold and
15-fold, respectively) when influenza A/WSN/33 virus was grown
in Vero cells which is one of the approved cell lines for vaccine
production (data not shown). As these compounds are acting on
cellular pathways, differences between cell types will likely be
observed and optimization or compound modification may be
required to achieve the best possible effects.

To address the question of whether there is a correlation
between the viral inhibitory or enhancing activities of these
compounds and their ability to induce or inhibit apoptosis, we mon-
itored the activity of caspase-3, an indicator of apoptosis induction.
To mimic the condition of the cells at the time of infection, A549
cells were incubated with the compounds for 6 h and staurosporin
(5 M) was used as a positive control to induce apoptosis. Phenamil
(which enhances influenza virus growth) showed a very slight
induction (1.3-fold) of apoptosis during this time period, whereas
all the other compounds did not display any significant increases
or decreases in fluorescence compared to the untreated cells, indi-
cating the absence of pro-apoptotic or anti-apoptotic activity (data
not shown).

During the development stage, the activities of drug candidates
can often be modulated by making small changes to the structure of
the compound. We compared the effects of 2/,4’-dichlorobenzamil
versus 3',4’-dichlorobenzamil for their ability to enhance influenza
virus growth (Fig. 6). Both compounds can boost influenza virus
replication above that obtained with the untreated control, but the
simple change of a chloride from position 2 in the benzyl group to
position 3 makes it 10 times less efficient.

3.5. Inhibition of RNA viruses by sodium potassium ATPase pump
inhibitors

The Na*/K*/ATPase pump inhibitors, ouabain, lanatoside C, stro-
phanthidin and digoxin were all identified as potential influenza
virus inhibitors in the HTS. These cardioactive glycosides, which
are used in the treatment of congestive heart failure and cardiac
arrhythmia, have also been shown to inhibit the replication of her-
pes simplex virus (HSV) (Dodson et al., 2007), vaccinia virus (Deng
et al,, 2007), murine leukemia virus (MuLV) (Tomita and Kuwata,
1978) and Sendai virus (Nagai et al., 1972). To confirm our ini-
tial findings, we examined the ability of ouabain and lanatoside
C to inhibit influenza virus replication. The CCsqy for ouabain and
lanatoside C on A549 cells was determined to be 47 and 210 nM,
respectively (data not shown) and for the viral replication assays
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Fig. 5. Enhanced growth of human isolates of influenza virus and a reassortant H5N1 influenza vaccine strain. A549 cells were infected with (A) A/Wyoming/03/2003
(MOI=0.01), (B) A/Moscow/10/99 (MOI=0.01) and (C) 6:2 reassortant H5N1/PR8 (MOI=0.001) in the presence of (A-C) 400 nM 2',4'-dichlorobenzamil or (A and B) 250 nM
mezerein. Viral titers were measured at the indicated time points post-infection by plaque assay in MDCK cells. (C) The assay was performed in triplicate and is presented as

the mean + standard deviation. Student’s t-test: *P <0.05; **P <0.01.
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Fig. 6. Influenza A virus growth in response to 2’,4’-dichlorobenzamil versus
3',4'-dichlorobenzamil. A549 cells were infected with influenza A/WSN/33 virus
(MOI'=0.001) in the presence 400 nM of 2',4'- or 3',4’-dichlorobenzamil. Viral titers
were determined at 48 h post-infection by plaque assay in MDCK cells. The assay was
performed in triplicate and is presented as the mean + standard deviation. Student’s
t-test: **P<0.01.

a CCyg was used for each compound. A549 cells were infected at
an MOI of 1 with influenza A/WSN/33 virus in the presence of
20nM ouabain or 78 nM lanatoside C and at 24 h post-infection
the viral titers were found to be decreased by 99.1% with ouabain
treatment and by 95.9% with lanatoside C treatment, compared
to the untreated control (Fig. 7A). As these compounds have also
been shown to inhibit the replication of other viruses, we inves-
tigated whether this effect on influenza viruses extends to other
RNA viruses. We found that both ouabain and lanatoside C can sig-
nificantly inhibit the replication of Newcastle disease virus (NDV)
(Fig. 7B) and vesicular stomatitis virus (VSV) (Fig. 7C and D). This
result indicates that these Na*/K*/ATPase pump inhibitors can
inhibit multiple members of both RNA and DNA virus families. To
address the possibility that their broad antiviral activity may be

(B) Inhibition of Newcastle disease virus

related to the induction of interferon, we examined the effects of
the compounds on influenza virus replication in Vero cells, which
do not produce interferon. We observed a similar level of inhibition
asin A549 cells (data not shown), thereby excluding this possibility.

4. Discussion

An influenza pandemic caused by a virus of avian origin could
not only have the potential to cause millions of deaths world-
wide but could also affect the poultry industry which is crucial
for the production of egg-derived vaccines. The primary concerns
that need to be addressed in preparation for the next influenza
epidemic or pandemic are the abilities of the manufacturers to
produce enough doses of vaccine for the susceptible population
and the availability of more antiviral compounds that are effec-
tive at preventing influenza virus infection. In our luciferase-based,
high-throughput screen of 2640 compounds with known biologi-
cal activity, we identified 84 unique compounds with at least 70%
reduction in luciferase activity and 4 compounds that increased
luciferase activity at least twofold. We reasoned that compounds
found to suppress influenza virus replication are potential anti-
influenza virus drugs, whereas those that enhance influenza
replication could be used as a tool to boost the growth of vaccine
viruses in tissue culture. Moreover, because the biological targets
of these compounds are known, it also provides clues as to which
cellular pathways and components are crucial for influenza virus
replication. The use of antiviral drugs that target cellular proteins
is also an advantage over the current drugs that target viral pro-
teins and against which resistance is far more likely to develop. Of
particular interest was the finding that sodium channel inhibitors
and a sodium channel opener had opposing effects on viral repli-
cation. By adding 2’,4’-dichlorobenzamil, an amiloride-analogue
that inhibits epithelial Na* channels (ENaC) and Na*/Ca2* exchange
channels (Kleyman and Cragoe, 1988), we could enhance viral repli-
cation of influenza A/WSN/33 virus 103-fold. In direct contrast,

(C) Inhibition of vesicular stomatitis virus

7

(A) Inhibition of influenza A/WSN/33 vrius

o 7 1 8

g P

=

R

o 6 4 7

=}

[=)]

S

55 : 6

g

Z 4 5
untreated 20nM 78nM untreated
control ouabain lanatoside C control

(D) Inhibition of vesicular stomatitis virus expressing GFP

¥ .
'- P -e

v '}“;.. s

untreated oontroi

Fig. 7. Inhibition of negative sense RNA viruses by Na*/K*/ATPase pump inhibitors. A549 cells were infected with (A) A/WSN/33 (MOI=

20nM ouabain

10
9
8
74
20nM 78nM untreated 20nM 78nM
ouabain lanatoside C control ouabain lanatoside C

78nM lanatoside C

1), (B) NDV/B1 (MOI=1) or (C and

D) VSV-GFP (MOI=1) in the presence of 20 nM ouabain or 78 nM lanatoside C. Viral titers were determined 24 h post-infection by plaque assays (A-C) and the growth of
VSV-GFP was in addition visualized by fluorescence microscopy (D). The assay was performed in triplicate for (A) testing ouabain and is presented as the mean =+ standard

deviation. Student’s t-test: *P < 0.05.



132 H.-H. Hoffmann et al. / Antiviral Research 80 (2008) 124-134

using the sodium channel opener SDZ-201106 at non-toxic con-
centrations we could decrease the titers of influenza A/WSN/33
virus by 85%. The effects of these compounds on influenza B
virus replication were more modest (fourfold increase with 2/,4’-
dichlorobenzamil and 72% decrease with SDZ-201106) but the
overall trend was similar, suggesting that the cellular pathways
affected by these compounds are important for both influenza A and
B viruses. The fact that influenza virus has been shown to inhibit
amiloride-sensitive sodium channels upon infection (Chen et al,,
2004; Kunzelmann et al., 2000), suggests that this creates a cellu-
lar environment that is conducive to viral replication and one can
speculate that the addition of chemical Na* channel inhibitors (such
as phenamil or 2’,4’-dichlorobenzamil) prior to infection creates
pre-optimized conditions and thereby boosts virus replication.

In terms of mechanism of action, these data indicate that an
increase in the intracellular Na* concentration caused by opening
the sodium channels leads to a decline in influenza virus titers,
whereas a decreased intracellular Na* concentration caused by the
inhibition of sodium channels can boost viral replication. However,
because the different intracellular ion currents are tightly linked to
one another, further investigation is required to evaluate the contri-
bution of Ca%* due to regulation of the Na*/Ca?* exchange channel.
As many of these compounds can target more than one type of chan-
nel, it is difficult to attribute their effects on virus replication to a
specific channel. That said, several of the amiloride analogues have
more potent activity against a specific channel. In our study, 2',4'-
dichlorobenzamil shows slightly stronger pro-viral activity than
phenamil. A comparison of their reported potencies against ENaC
or the Na*/Ca2* exchange channel indicates that phenamil is more
specific for ENaC while 2',4’-dichlorobenzamil is more specific
for the Na*/CaZ* exchange channel (Kleyman and Cragoe, 1988).
We also tested another amiloride analogue, 3’,4’-dichlorobenzamil,
which compared with 2’,4’-dichlorobenzamil, is less effective at
enhancing virus replication and has less potent activity against the
Na*/Ca?* exchange channel than 2’,4’-dichlorobenzamil (Kleyman
and Cragoe, 1988). Therefore it appears that the ability to enhance
the growth of influenza virus correlates with the strength of inhi-
bition of the Na*/Ca%* exchange channel. It should be noted that in
contrast to our findings, amiloride derivatives have been reported
to inhibit the replication of several RNA viruses such as human
immunodeficiency virus (HIV-1) (Ewart et al., 2004), human rhi-
novirus (Gazina et al., 2005), coxsackievirus (Harrison et al., 2008)
and coronaviruses (Wilson et al., 2006). For HIV-1 (Ewart et al.,
2002), coronaviruses, hepatitis C virus (Premkumar et al., 2004)
and dengue virus (Premkumar et al., 2005), these compounds have
been shown to act by inhibiting the formation of the viral ion chan-
nel. There is no evidence that the influenza virus M2 ion channel
activity is adversely affected by amilorides and our results rather
show that for influenza virus, these compounds have a pro-viral
effect.

It is possible that the effects of these compounds on virus
growth are not due to changes in ion transport directly but rather
due to changes in other cellular activities that are influenced by
these compounds. For example pre-treatment of the cells with the
compounds prior to infection could be inducing either a pro- or
anti-apoptotic state which then influences virus replication. How-
ever, as judged by caspase 3 activity, neither the inhibitory nor
the enhancing compounds were found to exhibit any anti- or pro-
apoptotic effects in the cells at the time of infection. Therefore
this is not likely to be an explanation for the observed effects of
these compounds on influenza virus replication. Interestingly, it
has been shown that influenza virus-mediated inhibition of Na*
channels requires PKC activity (Chen et al., 2004; Kunzelmann et
al., 2000) and also, that there is a stimulation or inhibition of Na*
transport in the presence of PKC inhibitors or activators, respec-

tively (Kunzelmann et al., 2000). These data correlate with our
findings that influenza replication is inhibited in the presence of
a PKC inhibitor (rottlerin) but conversely, enhanced in the pres-
ence of a PKC activator (PMA or mezerein). Influenza virus entry
requires PKC activity and this is believed to be stimulated upon the
binding of virus to cellular receptors (Arora and Gasse, 1998; Root
et al., 2000; Rott et al., 1995; Sieczkarski et al., 2003). However, to
our knowledge this is the first demonstration that a PKC activator
can enhance influenza virus growth. The activation of PKC has also
been found to down regulate the surface expression of the beta and
gamma subunits of ENaC, resulting in a decrease in epithelial Na*
re-absorption (Booth and Stockand, 2003; Stockand et al., 2000).
Therefore it appears that there is a connection between the acti-
vation status of PKC and the transport of Na* and that influenza
virus replication favors the presence of activated PKC and a low
intracellular Na* concentration.

We also demonstrated that the Na*/K*/ATPase pump inhibitors,
ouabain and lanatoside C, can inhibit the replication of influenza
virus, NDV and VSV, representatives of three different RNA virus
families. These data, combined with the results of previous stud-
ies that show inhibition of HSV-1, vaccinia virus, MuLV and Sendai
virus (Deng et al., 2007; Dodson et al., 2007; Nagai et al., 1972;
Tomita and Kuwata, 1978), indicate that these cardioactive glyco-
sides have broad antiviral activity. Through the use of Vero cells,
we determined that these compounds do not act by inducing inter-
feron, as the same degree of virus inhibition was observed in these
cells as seen in A549 cells. One other common feature shared by
these viruses is that they all possess a lipid envelope, however
data on ouabain-mediated inhibition of HSV-1 indicates that it acts
at a post-entry stage of the viral life cycle (Dodson et al., 2007).
The main function of the Na*/K*/ATPase pump is to pump Na*
out of the cell and K* into the cell to maintain the cell poten-
tial as a driving force for several membrane transport proteins
(e.g. the Na*-glucose symporter, the Na*-amino acid symporter or
the Na*-hydrogen antiporter). This gradient is also important for
the removal of Ca%* by the Na*/Ca2* exchange channel. Thus in
the presence of an inhibitor such as ouabain, there is an increase
in the intracellular Na* concentration as well as the CaZ* con-
centration and this is probably similar to the effects of a sodium
channel opener such as SDZ-201106, which also inhibits influenza
virus replication. Whether or not these compounds share the same
mechanism of action for their antiviral activity will be the subject
of future research, but this study has shown that influenza viruses
are sensitive to changes in intracellular ion concentrations and that
this may be a suitable target for novel antiviral drugs. Similarly,
knowledge of these crucial factors that are required for optimal
virus growth may also be used to boost virus production, as we
have demonstrated through the use of PKC activators and Na* chan-
nel inhibitors. This technology could be used for the production of
influenza virus vaccines which will most likely make the transition
to in vitro culture systems in the near future. As a demonstration of
this potential application, which would require activity for a wide
range of influenza viruses, we used the enhancing compounds iden-
tified in the study to boost the replication of different influenza A
viruses, influenza B virus and the FDA-approved H5N1 vaccine virus
strain.

5. Conclusion

The identification of viral inhibitors and enhancers validates the
functionality of our high-throughput screen assay and raises the
possibility of finding novel antiviral or pro-viral drugs by screen-
ing libraries of uncharacterized small molecular weight molecules.
In summary, through the use of a high-throughput screen of
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biologically active compounds, we have shown that influenza virus
growth can be modulated both positively and negatively by chemi-
cal manipulation of Na* transport or PKC activity. These findings
provide insight into the cellular pathways involved in influenza
virus replication and for the first time demonstrate the feasibility
of using pro-viral drugs to enhance the growth of influenza virus
vaccines in tissue culture.

Acknowledgements

From the Institute of Chemistry and Cell Biology (ICCB)-
Longwood we thank Caroline Shamu, Su Chiang, David Wrobel,
Sean Johnston and David Flechter. We also thank John Steel for pro-
viding the H5N1/PR8 virus and Adolfo Garcia-Sastre and Silke Stertz
for helpful discussions. This work was supported in part by National
Institute of Health grants U54 Al057158 (Northeast Biodefense Cen-
ter), UO1 AI1074539 (to P.P.) and HHSN266200700010C (Center for
Research on Influenza Pathogenesis).

References

Arora, DJ., Gasse, N., 1998. Influenza virus hemagglutinin stimulates the protein
kinase C activity of human polymorphonuclear leucocytes. Arch. Virol. 143 (10),
2029-2037.

Blair, W.S., Isaacson, J., Li, X., Cao, J., Peng, Q., Kong, G.F,, Patick, A.K., 2005. A novel
HIV-1 antiviral high throughput screening approach for the discovery of HIV-1
inhibitors. Antiviral Res. 65 (2), 107-116.

Booth, R.E., Stockand, ].D., 2003. Targeted degradation of ENaC in response to
PKC activation of the ERK1/2 cascade. Am. J. Physiol. Renal Physiol. 284 (5),
F938-F947.

Bright, R.A., Shay, D.K,, Shu, B., Cox, N.J., Klimov, A.L, 2006. Adamantane resistance
among influenza A viruses isolated early during the 2005-2006 influenza season
in the United States. JAMA 295 (8), 891-894.

Chen, XJ., Seth, S., Yue, G., Kamat, P., Compans, R.W., Guidot, D., Brown, L.A., Eaton,
D.C., Jain, L., 2004. Influenza virus inhibits ENaC and lung fluid clearance. Am. J.
Physiol. Lung Cell. Mol. Physiol. 287 (2), L366-373.

Cheung, C.L., Rayner, .M., Smith, G.J., Wang, P., Naipospos, T.S., Zhang, ]J., Yuen, K.Y.,
Webster, R.G., Peiris, ].S., Guan, Y., Chen, H., 2006. Distribution of amantadine-
resistant H5N1 avian influenza variants in Asia. J. Infect. Dis. 193 (12), 1626-1629.

Chu, J.J.,, Yang, P.L.,, 2007. c-Src protein kinase inhibitors block assembly and matura-
tion of dengue virus. Proc. Natl. Acad. Sci. U.S.A. 104 (9), 3520-3525.

Claas, E.C., Osterhaus, A.D., van Beek, R., De Jong, ].C., Rimmelzwaan, G.F, Senne, D.A.,
Krauss, S., Shortridge, K.F,, Webster, R.G., 1998. Human influenza A H5N1 virus
related to a highly pathogenic avian influenza virus. Lancet 351 (9101), 472-477.

Deng, L., Dai, P, Ciro, A., Smee, D.F,, Djaballah, H., Shuman, S., 2007. Identification
of novel antipoxviral agents: mitoxantrone inhibits vaccinia virus replication by
blocking virion assembly. J. Virol. 81 (24), 13392-13402.

Dodson, A.W., Taylor, TJ., Knipe, D.M., Coen, D.M., 2007. Inhibitors of the sodium
potassium ATPase that impair herpes simplex virus replication identified via a
chemical screening approach. Virology 366 (2), 340-348.

Ewart, G.D., Mills, K., Cox, G.B., Gage, PW., 2002. Amiloride derivatives block ion
channel activity and enhancement of virus-like particle budding caused by HIV-
1 protein Vpu. Eur. Biophys. J. 31 (1), 26-35.

Ewart, G.D., Nasr, N., Naif, H., Cox, G.B., Cunningham, A.L.,, Gage, PW., 2004. Poten-
tial new anti-human immunodeficiency virus type 1 compounds depress virus
replication in cultured human macrophages. Antimicrob. Agents Chemother. 48
(6), 2325-2330.

Fodor, E., Devenish, L., Engelhardt, O.G., Palese, P., Brownlee, G.G., Garcia-Sastre,
A., 1999. Rescue of influenza A virus from recombinant DNA. ]. Virol. 73 (11),
9679-9682.

Garman, E., Laver, G., 2004. Controlling influenza by inhibiting the virus’s neu-
raminidase. Curr. Drug Targets 5 (2), 119-136.

Gazina, E.V., Harrison, D.N,, Jefferies, M., Tan, H., Williams, D., Anderson, D.A., Petrou,
S.,2005. Ion transport blockers inhibit human rhinovirus 2 release. Antiviral Res.
67 (2),98-106.

Ghosh, R.N,, DeBiasio, R., Hudson, C.C., Ramer, E.R., Cowan, C.L., Oakley, R.H., 2005.
Quantitative cell-based high-content screening for vasopressin receptor ago-
nists using transfluor technology. J. Biomol. Screen. 10 (5), 476-484.

Harrison, D.N., Gazina, E.V., Purcell, D.F., Anderson, D.A., Petrou, S., 2008. Amiloride
derivatives inhibit coxsackievirus B3 RNA replication. ]. Virol. 82 (3), 1465-1473.

Hellebrekers, D.M., Griffioen, A.W., van Engeland, M., 2007. Dual targeting of epige-
netic therapy in cancer. Biochim. Biophys. Acta 1775 (1), 76-91.

Kleyman, T.R., Cragoe Jr., EJ., 1988. The mechanism of actionn of amiloride. Semin.
Nephrol. 8 (3), 242-248.

Kunzelmann, K., Beesley, A.H., King, N.J., Karupiah, G., Young, J.A., Cook, D.I., 2000.
Influenza virus inhibits amiloride-sensitive Na* channels in respiratory epithe-
lia. Proc. Natl. Acad. Sci. U.S.A. 97 (18), 10282-10287.

Kurokawa, M., Ochiai, H., Nakajima, K., Niwayama, S., 1990. Inhibitory effect of pro-
tein kinase C inhibitor on the replication of influenza type A virus. J. Gen. Virol.
71 (Pt 9), 2149-2155.

Le, Q.M,, Kiso, M., Someya, K., Sakai, Y.T., Nguyen, T.H., Nguyen, K.H., Pham, N.D.,
Ngyen, H.H., Yamada, S., Muramoto, Y., Horimoto, T., Takada, A., Goto, H., Suzuki,
T., Suzuki, Y., Kawaoka, Y., 2005. Avian flu: isolation of drug-resistant H5N1 virus.
Nature 437 (7062), 1108.

Matrosovich, M., Matrosovich, T., Garten, W., Klenk, H.D., 2006. New low-viscosity
overlay medium for viral plaque assays. Virol. J. 3, 63.

Nagai, Y., Maeno, K., [inuma, M., Yoshida, T., Matsumoto, T., 1972. Inhibition of virus
growth by ouabain: effect of ouabain on the growth of HV] in chick embryo cells.
J. Virol. 9 (2), 234-243.

Neumann, G., Hobom, G., 1995. Mutational analysis of influenza virus promoter
elements in vivo. ]. Gen. Virol. 76 (Pt 7), 1709-1717.

Noah, J.W.,, Severson, W., Noah, D.L., Rasmussen, L., White, E.L., Jonsson, C.B., 2007.
A cell-based luminescence assay is effective for high-throughput screening of
potential influenza antivirals. Antiviral Res. 73 (1), 50-59.

Oxford, ].S., Manuguerra, C., Kistner, O., Linde, A., Kunze, M., Lange, W., Schweiger, B.,
Spala, G., Rebelo de Andrade, H., Perez Brena, P.R., Beytout, J., Brydak, L., Caraffa
de Stefano, D., Hungnes, O., Kyncl, ]., Montomoli, E., Gil de Miguel, A., Vranckx, R.,
Osterhaus, A., 2005. A new European perspective of influenza pandemic plan-
ning with a particular focus on the role of mammalian cell culture vaccines.
Vaccine 23 (46-47), 5440-5449.

Palese, P., Shaw, M.L., 2007. Orthomyxoviridae: the viruses and their replication. In:
Fields, B.N., Knipe, D.M., Howley, P.M. (Eds.), Fields Virology, 5th ed. Wolters
Kluwer Health/Lippincott Williams & Wilkins, Philadelphia, USA, pp. 1647-
1689.

Pinto, L.H., Lamb, R.A,, 1995. Understanding the mechanism of action of the anti-
influenza virus drug amantadine. Trends Microbiol. 3 (7), 271.

Pleschka, S., Jaskunas, R, Engelhardt, O.G., Zurcher, T,, Palese, P., Garcia-Sastre, A.,
1996. A plasmid-based reverse genetics system for influenza A virus. J. Virol. 70
(6), 4188-4192.

Premkumar, A., Horan, C.R., Gage, PW., 2005. Dengue virus M protein C-terminal
peptide (DVM-C) forms ion channels. J. Membr. Biol. 204 (1), 33-38.

Premkumar, A., Wilson, L., Ewart, G.D., Gage, P.W., 2004. Cation-selective ion chan-
nels formed by p7 of hepatitis C virus are blocked by hexamethylene amiloride.
FEBS Lett. 557 (1-3), 99-103.

Romanova, ]., Katinger, D., Ferko, B., Vcelar, B., Sereinig, S., Kuznetsov, O.,
Stukova, M., Erofeeva, M., Kiselev, O., Katinger, H., Egorov, A., 2004. Live cold-
adapted influenza A vaccine produced in Vero cell line. Virus Res. 103 (1-2),
187-193.

Root, C.N., Wills, E.G., McNair, L.L., Whittaker, G.R., 2000. Entry of influenza viruses
into cells is inhibited by a highly specific protein kinase C inhibitor. ]. Gen. Virol.
81 (Pt 11), 2697-2705.

Rott, O., Charreire, J., Semichon, M., Bismuth, G., Cash, E., 1995. B cell superstimula-
tory influenza virus (H2-subtype) induces B cell proliferation by a PKC-activating
Ca(2+)-independent mechanism. J. Immunol. 154 (5), 2092-2103.

Senne, D.A., Panigrahy, B., Kawaoka, Y., Pearson, J.E., Suss, J., Lipkind, M., Kida, H.,
Webster, R.G., 1996. Survey of the hemagglutinin (HA) cleavage site sequence of
H5 and H7 avian influenza viruses: amino acid sequence at the HA cleavage site
as a marker of pathogenicity potential. Avian Dis. 40 (2), 425-437.

Severson, W.E., Shindo, N., Sosa, M., Fletcher.3rd, T., White, E.L., Ananthan, S., Jon-
sson, C.B., 2007. Development and validation of a high-throughput screen for
inhibitors of SARS CoV and its application in screening of a 100,000-compound
library. J. Biomol. Screen. 12 (1), 33-40.

Sieczkarski, S.B., Brown, H.A., Whittaker, G.R., 2003. Role of protein kinase C betall
in influenza virus entry via late endosomes. J. Virol. 77 (1), 460-469.

Stockand, ].D., Bao, H.E, Schenck, ]., Malik, B., Middleton, P., Schlanger, L.E., Eaton,
D.C., 2000. Differential effects of protein kinase C on the levels of epithelial Na*
channel subunit proteins. J. Biol. Chem. 275 (33), 25760-25765.

Subbarao, K., Chen, H., Swayne, D., Mingay, L., Fodor, E., Brownlee, G., Xu, X., Lu, X,
Katz, J., Cox, N., Matsuoka, Y., 2003. Evaluation of a genetically modified reas-
sortant H5N1 influenza A virus vaccine candidate generated by plasmid-based
reverse genetics. Virology 305 (1), 192-200.

Takada, A., Kuboki, N., Okazaki, K., Ninomiya, A., Tanaka, H., Ozaki, H., Itamura, S.,
Nishimura, H., Enami, M., Tashiro, M., Shortridge, K.F,, Kida, H., 1999. Avirulent
Avian influenza virus as a vaccine strain against a potential human pandemic. J.
Virol. 73 (10), 8303-8307.

Tomita, Y., Kuwata, T., 1978. Suppression of murine leukaemia virus production by
ouabain and interferon in mouse cells. J. Gen. Virol. 38 (2), 223-230.

Treanor, J.J., Campbell, ]J.D., Zangwill, K.M., Rowe, T., Wolff, M., 2006. Safety and
immunogenicity of an inactivated subvirion influenza A (H5N1) vaccine. N. Engl.
J- Med. 354 (13), 1343-1351.

Tree, J.A., Richardson, C., Fooks, A.R., Clegg, ]J.C., Looby, D., 2001. Comparison of
large-scale mammalian cell culture systems with egg culture for the pro-
duction of influenza virus A vaccine strains. Vaccine 19 (25-26), 3444-
3450.

Wharton, S.A., Belshe, R.B., Skehel, ].J., Hay, AJ., 1994. Role of virion M2 pro-
tein in influenza virus uncoating: specific reduction in the rate of membrane
fusion between virus and liposomes by amantadine. J. Gen. Virol. 75 (Pt 4),
945-948.

WHO. 2003. Influenza: Overview. http://www.who.int/mediacentre/factsheets/
fs211/en/; March 2003.

WHO. 2008. Influenza A(H1N1) virus resistance to oseltamivir. http://www.who.int/
csr/disease/influenza/h1n1_table/en/index.html; 02/28/08.


http://www.who.int/mediacentre/factsheets/fs211/en/
http://www.who.int/mediacentre/factsheets/fs211/en/
http://www.who.int/csr/disease/influenza/h1n1_table/en/index.html
http://www.who.int/csr/disease/influenza/h1n1_table/en/index.html

134 H.-H. Hoffmann et al. / Antiviral Research 80 (2008) 124-134

Wilson, L., Gage, P, Ewart, G., 2006. Hexamethylene amiloride blocks E pro- Zhang, J.H., Chung, T.D., Oldenburg, K.R., 1999. A simple statistical parameter for
tein ion channels and inhibits coronavirus replication. Virology 353 (2), 294- use in evaluation and validation of high throughput screening assays. ]. Biomol.
306. Screen. 4 (2), 67-73.

Yamagata, T., Yamagata, Y., Masse, C., Tessier, M.C., Brochiero, E., Dagenais, A., Berthi- Zuck, P, Murray, E.M., Stec, E., Grobler, J.A., Simon, A.J., Strulovici, B., Inglese, J., Flores,
aume, Y., 2005. Modulation of Na* transport and epithelial sodium channel 0.A.,, Ferrer, M., 2004. A cell-based beta-lactamase reporter gene assay for the
expression by protein kinase C in rat alveolar epithelial cells. Can. ]. Physiol. identification of inhibitors of hepatitis C virus replication. Anal. Biochem. 334

Pharmacol. 83 (11), 977-987. (2), 344-355.



	Modulation of influenza virus replication by alteration of sodium ion transport and protein kinase C activity
	Introduction
	Materials and methods
	Cell lines, viruses and plasmids
	Small molecular weight compounds
	High-throughput screening
	Data analysis
	Cell viability assay
	Viral growth assays in the presence of inhibitors or enhancers
	Apoptosis assay

	Results
	Development of a novel HTS assay for influenza virus
	A high-throughput screen identifies compounds that modulate influenza virus growth
	Inhibition of influenza A and B virus replication by a sodium channel opener and a PKC inhibitor
	Enhancement of influenza A and B virus replication by sodium channel inhibitors and PKC activators
	Inhibition of RNA viruses by sodium potassium ATPase pump inhibitors

	Discussion
	Conclusion
	Acknowledgements
	References


