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Abstract

Classical antiviral therapies target viral proteins and are consequently subject to resistance. To counteract this limitation,
alternative strategies have been developed that target cellular factors. We hypothesized that such an approach could also
be useful to identify broad-spectrum antivirals. The influenza A virus was used as a model for its viral diversity and because
of the need to develop therapies against unpredictable viruses as recently underlined by the HIN1 pandemic. We proposed
to identify a gene-expression signature associated with infection by different influenza A virus subtypes which would allow
the identification of potential antiviral drugs with a broad anti-influenza spectrum of activity. We analyzed the cellular gene
expression response to infection with five different human and avian influenza A virus strains and identified 300 genes as
differentially expressed between infected and non-infected samples. The most 20 dysregulated genes were used to screen
the connectivity map, a database of drug-associated gene expression profiles. Candidate antivirals were then identified by
their inverse correlation to the query signature. We hypothesized that such molecules would induce an unfavorable cellular
environment for influenza virus replication. Eight potential antivirals including ribavirin were identified and their effects
were tested in vitro on five influenza A strains. Six of the molecules inhibited influenza viral growth. The new pandemic
H1N1 virus, which was not used to define the gene expression signature of infection, was inhibited by five out of the eight
identified molecules, demonstrating that this strategy could contribute to identifying new broad anti-influenza agents
acting on cellular gene expression. The identified infection signature genes, the expression of which are modified upon
infection, could encode cellular proteins involved in the viral life cycle. This is the first study showing that gene expression-
based screening can be used to identify antivirals. Such an approach could accelerate drug discovery and be extended to
other pathogens.
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Introduction

Antiviral drug development is currently based on two
approaches: 1) the conventional approach of inhibiting the activity
of a viral enzyme which often leads to the emergence of drug
resistant viruses due to viral genomic variability and ii) the more
recent approach of targeting cellular factors that are required for
viral replication. Indeed, coding for a limited number of proteins,
viruses hijack the cellular machinery and rely on many host
proteins for their replication. The major recognized advantage of
targeting a host factor is therefore to limit the development of
resistance as the virus cannot replace a missing cellular protein [1].
Such an approach has been used in antiretroviral therapy with the
development of a CCR5 antagonist showing promise as an anti-
HIV drug [2]. We have also demonstrated that this strategy is
efficient at inhibiting the replication of herpes viruses resistant to
conventional antivirals [3]. In influenza research, the effective in

@ PLoS ONE | www.plosone.org

vitro and in vivo inhibition of two different cellular pathways
without inducing resistance has been reported, and both are
currently undergoing preclinical trials (recently reviewed in [4]).

Targeting cellular proteins may provide another crucial
advantage: if a cellular pathway is critical to the viral cycle,
agents that target such a pathway should represent potential
broad-spectrum antivirals. The influenza virus represents a
constant threat to public health due to the emergence of new
viral strains and is therefore an ideal model on which to test this
hypothesis.

Belonging to the orthomyxoviridae family, influenza viruses
have genomes composed of single-stranded RNA and are classified
mto three types: A, B and C according to their internal protein
sequences [5]. The influenza A viruses are further subtyped based
on the antigenicity of the two envelope glycoproteins hemagglu-
tinin (HA) [H1 to H16] and neuraminidase (NA) [N1 to N9]. All
influenza A subtypes are endemic in aquatic birds but only two,
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HIN1 and H3NZ2, are presently circulating among humans. Since
the influenza genome is segmented, two different viral strains
infecting the same cell are able to reassort their genomic segments.
Variability can also be due to the low fidelity of the viral RNA
polymerase, which causes yearly epidemics owing to an antigenic
drift in glycoproteins. Novel pathogenic strains of the influenza
virus have also emerged with antigenically different HA and/or
NA and have caused three pandemics in the 20th century: the
Spanish influenza (HIN1) in 1918, responsible for approximately
50 million deaths; the Asian influenza (H2N2) in 1957 during
which about 24 million people died; and the Hong Kong
influenza (H3N2) in 1968 responsible for 1-2 million deaths [6].

Considering this pandemic potential and with up to 500,000
annual deaths worldwide during usual winter outbreaks, influenza
A viruses represent a major public health concern [7]. Prevention
relies on vaccination which has several major limitations including
the lag time for vaccine preparation and the low vaccination
coverage rate. Once a patient becomes infected, the current
etiologic treatment of flu relies on M2 channel blockers or NA
inhibitors [8]. However, these existing therapies are inappropriate
for use in cases of severe infection and may be limited due to the
risk of rapid emergence of drug resistant viruses. Thus there is an
obvious need to complement existing therapies with new anti-
influenza drugs.

To search for new antivirals, we hypothesized that common
viral effects on cell metabolism should occur after infection with
different avian and human influenza viruses and that this pattern
should lead to the identification of drugs effective on all influenza
A viruses potentially. We first sought to identify a common gene
expression signature following the infection with different human
and avian influenza A viruses. While several microarray analyses
have already compared the pandemic 1918 HINI virus [9,10] or
some H5NI strain [11,12] to other less pathogenic strains, our
study is the first to demonstrate that a global influenza-induced
gene-expression signature can be defined. This proof-of-concept
study was conducted on a home-made nylon array using a human
pulmonary epithelial cell line infected by five influenza A virus
subtypes (HIN1, H3N2, H5N1, H5N2 and H7N1). Using this
signature, we determined if molecules disturbing this pattern of
infection would have a broad-influenza antiviral effect. By
consulting the Connectivity Map, a database of drug-associated
gene expression profiles [13,14], we identified molecules that
induced gene expression changes after cell treatment that were
mainly opposite to those induced by infection. These molecules
were tested in vitro for their effect on the five different viruses. To
confirm our methodology, we took the opportunity of using the
new emerging pandemic HINT virus as a model to test the effect
of these molecules on a new unknown virus.

Materials and Methods

1 Cell lines and viruses

Cells of the human lung epithelial cell line A549 were grown as
monolayers in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum, 2 mM L-glutamine,
100 U of penicillin/mL, and 100 pg of streptomycin sulfate/mL
at 37°C.

Influenza viruses A/New Caledonia/20/99 (HIN1), A/Mos-
cow/10/99 (H3N2), A/Lyon/969/09 (HIN1 SOIV), A/ Turkey/
58272006 (H5N1), A/Finch/England/2051/94 (H5N2), and A/
Chicken/Italy/2076/99 (H7N1) were produced in MDCK cells in
EMEM supplemented with 2 mM L-glutamine, 100U of penicil-
lin/mL, 100 pg of streptomycin sulfate/mL and 1 pg of trypsin/
mL. Viruses were titrated to determine tissue culture infection
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dose 50% (T'CID50) in MDCK cells as described in our previous
study [15].

For the microarray analysis, A549 cells were infected for 24 h at
37°C with influenza viruses at a multiplicity of infection (moi) of 1 in
DMEM supplemented with 2 mM L-glutamine, 100 U of penicil-
lin/mL, 100 ug of streptomycin sulfate/mL and 0.5 ug of trypsin/
mL (infection medium). This moi was chosen to ensure that 100% of
the cells were infected 24 h postinfection. The microarray
experiments were performed in five independent replicates.

For kinetics on A549 cells, confluent cells were infected with
influenza viruses at a moi of 0.1 or 2 for one hour under a minimal
volume of infection medium at 37°C. The cells were then overlaid
with fresh infection medium and incubated at 37°C. Samples of
supernatants were collected at defined time points and stored at
—80°C until end point titration assays (TCID50) in MDCK cells.

2 RNA preparation and hybridization to the gene chip
Total RNA was extracted from cell pellets using an RNeasy
Mini Kit (Qiagen,Valencia,CA) for the BSL2 viruses. For H5N1
infections, total RNA was extracted with Trizol LS (Invitrogen).
mRNAs were labeled with **P for the reverse transcription using
the Superscript III RT (Invitrogen), (a33P)dCTP and an
oligodT25. Generated cDNAs were hybridized on home-made
Nylon microarrays (HuSG9k) containing 9216 spotted IMAGE
human cDNA clones, representing 8682 genes and 434 control
clones [16]. Further details on the HuSGY9k microarray are
available on the TAGC website (http://tagc.univ-mrs.fr/). All
membranes used in this study belonged to the same batch. After
hybridization and exposure on Micro Imager, arrays were scanned
in a Fuji BAS 5000 machine and hybridization signals quantified
using the BZ Scan Software [17]. Primary data, in accordance
with the proposed MIAME standards, are accessible through
GEO Series accession number GSE22319 (http://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc = GSE22319).

3 Data normalization and analysis

Data files were loaded and analyzed with R (v2.9.2) and
Bioconductor (v2.4.1) [18], using the NylonArray library developed
by the TAGC to support BZScan2 files (library available upon
request). Raw data were normalized by quantile normalization.
Supervised analysis (supervised methods aim at finding a set of genes
whose expression profiles best correlate with a known phenotype)
between groups Infected and Mock samples was conducted using the
Significance Analysis of Microarray algorithm (SAM) [19], using the
siggenes library (v1.18.0) [20]. All statistical analyses involved
corrections for multiple comparisons (Benjamini and Hochberg)
[21]. Agglomerative hierarchical clustering was performed by the
pairwise average-linkage method using the Pearson correlation
distance (Cluster 3.0, Eisen, Stanford University).

4 Quantitative real-time RT-PCR validation

To validate the microarray results with real-time RT-PCR
assay, another set of A549 cells were infected with influenza viruses
at a mot of 1 and total cell RNA was extracted at 24 hpi with
Trizol LS (Invitrogen). Five hundred ng of total RNA were reverse
transcribed using oligo(dT)18 and RevertAid M-MuLV (Fermen-
tas) according to the manufacturer’s instructions. One puL of
cDNA was then amplified and analyzed in the 7500 Real Time
PCR System (Applied Biosystems) using the Platinum(R) SYBR(R)
Green qPCR SuperMix-UDG kit (Invitrogen) according to the
manufacturer’s instructions. Six genes were chosen according to
their level of expression (Fold change in logy > 2 or <—2) and the
availability of primers for the quantitative PCR (Table SI).
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA was
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used as an internal control. The reaction mix contained a total
volume of 20 pul. and the thermal cycling consisted of UDG
incubation at 50°C for 2 min, 40 cycles of 95°C for 15 s and 60°C
for 33 s for amplification. All data were normalized to the internal
standard GAPDH mRNA. For each single-well amplification
reaction, a threshold cycle (Ct) was observed in the exponential
phase of amplification. Relative changes in gene expression were
determined using the 24" method as previously described [22]
and reported as the n-fold difference relative to a control cDNA
(mock cells) prepared in parallel with the experimental cDNAs
(infected cells). Statistical significance was calculated using Welch’s
two sample t-test between mock and infected samples using R
software.

5 In silico experiment: query the Connectivity Map with
the infection signature

To select potential antivirals, an unbiased in silico search for
molecules that reverse the infection signature identified in the
present study was performed using the publicly available Connec-
tivity Map database (build 02) [13]. The Connectivity Map (also
known as CMAP) is a collection of genome-wide transcriptional
data from cultured human cells treated with different kinds of
molecules. The 20 most differentially expressed genes in the
infection state (Fold Change in logy > 2 or <—2) were selected from
the initial 300 gene set identified by SAM. These were then mapped
to the U133A probe sets in order to query the Connectivity Map
database. In total, 28 U133A probe sets mapped to the selected
genes from this study. The connectivity scores and p-values were
obtained using the CMAP algorithm [13].

6 Molecules

2-aminobenzenesulfonamide (Sigma), calcium folinate (Sigma),
harmol hydrochloride (MP Biomedical), merbromine (Sigma),
midodrine (Sigma) and ribavirin (Valeant Pharmaceuticals) were
dissolved in sterile water to a stock concentration of 5 g/L, 5 g/L,
4¢/L, 3.4 ¢g/L, 5g/L and 10 mM respectively. Rilmenidine
(Sigma) was dissolved in dimethylsulfoxide (DMSO) to a stock
concentration of 13 g/L and brinzolamide was in suspension at
10 g/L in the collyrium AZOPT.

Sulfameter (Sigma), pyrvinium (Sigma), moxalactam (Sigma)
and methylbenzethoniumchloride (Sigma) were dissolved in sterile
water to a stock concentration of 50 g/L. Alvespimycin (Sigma)
was dissolved in sterile water to a concentration of 0.03 g/L.
Sulodictil (Sigma) and DL-Thiorphan (Sigma) were dissolved in
DMSO to a concentration of 50 g/L.

7 Viability assays

Cell viability was measured by the neutral red assay, an
indicator of cytotoxicity used in cultures of different cell lines [23]
with the same sensitivity as the MTT assay [24,25]. The neutral
red assay is based on the initial protocol described by Borenfreund
and Puerner (1984) and determines the accumulation of the
neutral red dye in the lysosomes of viable, uninjured cells. Cells
were seeded into 96-well plates and treated with molecules or
solvent. 72 h after treatment, cells were incubated for 3 h with
neutral red dye (100 pg/ml) dissolved in serum free medium
(DMEM). Cells were then washed with phosphate buffered saline
(PBS) and fixed in a formol/calcium mix (40%/10%) for 1 min
before being lysed with ECOH/AcCOOH, (50%/1%) followed by
gentle shaking for 15 min until complete dissolution was achieved.
Absorbance at 550 nm was measured using a microplate
spectrophotometer system (Microplate Reader 2001, BioWhit-
taker) and results were presented as a ratio of control values.
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8 Neuraminidase assay

Standard fluorometric endpoint assays used to monitor NA
activity was recently shown to be suitable to quantify influenza
virus in a high-throughput screening test [26]. Briefly, cell
supernatants (25 pl) were transferred to a black 96-well plate
and 75 pl of 2'-(4-methylumbelliferyl)-alpha-N-acetylneuraminic
acid (MUNANA, Sigma Chemical Co.) to a final concentration of
50 uM were added. After incubation of the plate at 37°C for 1 hr,
150 pl stop solution (0.05 M glycine, pH 10.4) was added to each
well and the fluorescence read on a FluoStar Opima (BMG
Labtech) with excitation and emission filters of 355 nm and
460 nm respectively. Relative fluorescence units (RFU) were
corrected by subtracting specific blanks, ie medium with or
without molecules.

For the NA activity test on L3 viruses (H5N1), viruses were
mactivated as previously described [27]. Cell supernatants were
mixed with freshly prepared Triton X-100 to a final concentration
of 1% (vol/vol) Triton X-100 and incubated for 1 h at room
temperature. The inactivated supernatants were then transported
out of the BSL3 to the BSL2 laboratory and used for NA assays as
described above.

Potential interference of test molecules on the NA enzymatic
activity was tested by incubating the A/Moscow/10/99 (H3N2)
viral stock diluted in DMEM (10”® TCIDso/mL final) with
increasing concentrations of the test molecule (or DMEM for
control) for 0.5 h at room temperature. Specific blanks were
measured for each molecule. 25 pl. were used for the NA test as
described above and results were expressed as a ratio of corrected
RFU of the sample to RFU of controls. Two independent
experiments were performed in duplicate.

9 Viral growth assays in the presence of the molecules

For the viral growth assays in the presence of the molecules,
A549 cells were seeded into 96-well plates at 0.15x10° cells per
well and cultured for 3 days to 100% confluence. Cells were then
washed with DMEM and incubated with various concentrations of
the different molecules diluted in infection medium (DMEM
supplemented with 2 mM L-glutamine, 100 U/mL penicillin,
100 ug/mL streptomycin, 20 mM HEPES and 0.5 pg/mL
trypsin). Six hours after treatment, cells were infected with
influenza viruses at a moi of 2 or 0.2 by adding 25 pL per well
of virus diluted in infection medium. Infection was allowed to
proceed for 65 h at 37°C, 5% CO2 after which 25 pL of
supernatant were collected for the NA activity test. Results are
expressed as a ratio of corrected RFU of the sample to RFU of
control (incubation with infection medium without test molecule).
To check for cytotoxicity, viability assays were performed in
parallel to each viral growth assay.

10 Test of infection efficiency after cell or virus

pre-incubation with the molecules

A549 cells were seeded into 96-well plates at 0.15x 10> cells per
well and cultured for 3 days to 100% confluence. For the *Cell
Preincubation’ test, cells were washed with DMEM and incubated
with various concentrations of the different molecules diluted in
200 pL per well of infection medium for 14 h. After two washings
with DMEM, cells were infected with influenza A/Moscow/10/99
(H3N2) virus at a moi of 7 during 15 min and washed twice with
infection medium. Infection was allowed to proceed for 5 h at
37°C.. For the “Virus Preincubation’ assay, the molecules were
diluted in infection medium and A/Moscow/10/99 (H3N2) viral
stock (10%® TCID3,/mL) was treated with increasing concentra-
tions of the molecules for 14 h. Cells were then washed with
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DMEM and incubated for 15 min with the virus and molecule
mix diluted 12 times. Infection was allowed to proceed for 5 h at
37°C. In both assays, the number of infected cells was estimated
with a NA test. Cells were washed with PBS and lysed by shaking
for 1 h with 25 pL per well of Triton 1X. The cell lysis extracts
were used for a neuraminidase test as described above. Results
were expressed as a ratio of corrected RFU of sample to RFU of
control (solvent treated infections). Statistical significance was

calculated in comparison to results for control cells using two tailed
Welch t test.

11 EC5o and CCsq calculations
Viability and antiviral data were analyzed using the following
three-parameter non linear logistic regression (13) function [28]

were y 1is the response, D is the upper limit (response when the
dose x is ‘infinite’), E is denoted ECsy or CCjsy and is the dose
producing a response half-way between the upper limit and lower
limit (0), and B is the relative slope around E. This model is the
shortened form of the four parameter logistic function where the
lower limit is fixed to 0. Results were obtained by fitting the 13
function using the package drc [29] in the R Statistical Language
(version2.7.1). Parameters of the 13 model were estimated and
fitted curves were plotted only if the data set contained one
response <D/2.

Results

1 Global transcriptional signature of influenza A infection

To characterize the global cellular gene-expression response to
influenza A infection, human pulmonary epithelium A549 cells
were infected with human A/New Caledonia/20/99 (HIN1) and

A
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A/Moscow/10/99 (H3N2) and avian A/Turkey/582/2006
(H5N1), A/Finch/England/2051/94 (H5N2), and A/Chicken/
Italy/2076/99 (H7N1) influenza viral strains. These viruses are
herein referred to as HIN1, H3N2, H5N1, H5N2 and H7N1. A549
cells express both sialic acid a2,6- and «2,3-galactose receptors
[30,31] and were shown to be infected by human, avian and swine
influenza viruses [32,33]. Infections were performed at 37°C, a
temperature at which both human and avian influenza viruses
efficiently infect cell cultures [34] and at a moi of 0.1. In these
conditions, there was evidence of productive viral replication of all
viruses but with some kinetic and yield differences between viruses,
as determined by infectious titers (T'CIDsg) of supernatants of
influenza virus infected A549 cells (Figure 1). The H5NT1 virus titers
peaked higher and earlier (24 hpi) compared to other viruses titers.
Avian H7N1 and H5N2 viruses replicated with correct efficiencies,
similar to the human H3N2 virus. In contrast, the human HIN1
virus strain replicated slower (titers peaked at 65 hpi) and grew to
lower titers than other viruses (p-value <0.05 at 24 hpi).

To determine the host gene-response to infection, total cellular
RNA was extracted at 24 hpi and submitted to reverse
transcription in the presence of **P. Each condition was performed
in 5 independent replicates. All labeled cDNAs provided a good
radioactive intensity and were hybridized onto home-made nylon
microarrays containing 8782 IMAGE c¢DNA clones. All hybrid-
izations were of good quality according to signals within
acceptable range, number of features present, and signals from
control spots.

Supervised analysis of normalized gene expression data was
conducted using the SAM algorithm. This algorithm was used to
identify genes whose expression levels were significantly altered by
influenza infection. We set the delta threshold in the SAM analysis
to allow an acceptable false discovery rate (FDR) of 10%. We
found that the expression levels for a total of 300 genes
(representing 3.4% of the genes considered present on the chip)
differed significantly between mock and infected samples (Table
S2). Using the DAVID Bioinformatics Resources database, we
annotated this signature using the gene ontology (GO) terms. This
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Figure 1. Comparison of viral replication kinetics between influenza viruses in A549 cells. A. A549 cells were infected at a moi of 0.1 with
influenza virus A/New Caledonia/20/99 (H1N1), A/Moscow/10/99 (H3N2), A/Turkey/582/2006 (H5N1), A/Finch/England/2051/94 (H5N2), and A/
Chicken/Italy/2076/99 (H7N1) and supernatants were collected at 24, 41, 48 and 65 hpi for end point titration assays. B. Each bar represents the mean
of viral titers at 24 hpi for two independent experiments and titers were statistically analyzed by the one tailed Welch t-test; *: titers greater than
H1N1 titers (p-value <0.05), #: titers lower than H5N1 titers (p-value <0.05).

doi:10.1371/journal.pone.0013169.g001
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revealed an enrichment of genes related to various cellular A subset of six genes with absolute fold changes in logy (FCs)
processes such as protein complex biogenesis, membrane and above 2 was selected to validate the microarray analysis by
microtubule organization, DNA metabolic and catabolic process- quantitative RT-PCR (RT-qPCR) analysis: DNMTI1, NTE and
es, cell proliferation regulation, cell cycle and cell death (Figure 2). CAPNI that were found downregulated in infected cells and GIP2,

-Log10 (P-value)
0.5 1 15 2 25 3 35 4 45 5

(=]

cellular protein complex assembly

protein polymerization

protein complex assembly

protein complex biogenesis

macromolecular complex assembly

cellular macromolecular complex subunit organization
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regulation of membrane protein ectodomain proteolysis
membrane organization

positive regulation of membrane protein ectodomain proteolysis

DNA metabolic process

1
regulation of cellular catabolic process
regulation of catabolic process
regulation of protein catabolic process
regulation of proteolysis
negative regulation of cellular catabolic process
regulation of cellular protein metabolic process
positive regulation of cell proliferation
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microtubule-based movement
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regulation of cell motion
organelle fission
1
e —

cell cycle process

cellular response to stress

cell death
death

i

positive regulation of cellular component organization

Figure 2. Gene enrichment analysis of the 300 genes of the infection signature. Discriminatory genes were analyzed by DAVID for
associations with particular Gene Ontology terms. The negative Log;o(P-values) of enriched terms (plotted in bar) refer to how significant an
association a particular ontology term has with the gene list. The 30 most significant biological process are grouped according to their biological
meaning.

doi:10.1371/journal.pone.0013169.g002
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0AS1 and ICAM] that were upregulated. The 6 genes were chosen
at random among the most 20 dysregulated genes upon infection.
This quantification was performed on new samples equivalent to
those used for the microarray analysis. Figure 3 shows the
confirmation by RT-qPCR of the microarray data. For each gene
and each strain, microarray FCs are presented as a black boxplot
and RT-qPCR results are depicted as a gray histogram. Results
from RT-qPCR were in good agreement with the cDNA
microarray analyses for five out of six genes tested. Indeed, except
for CAPNT (p-value = 0.1), significant difference between infected
and non infected cells was also observed in quantitative RT-PCR
analysis (p-value <0.05, Welch t-test), similar to DNA microarray
analysis. This result was acceptable considering that samples
analyzed by RT-qPCR were different from those used in the
microarray analysis.

To visually compare the changes in mRNA abundance for the
300 genes found to be influenced by influenza infection,
hierarchical clustering analysis in both dimensions was performed.
Results are depicted in the heatmap representation of Figure 4.
Dendrograms indicate the correlation between samples and genes.
We verified that mock samples were sorted together vs infected
ones. The HINI samples co-clustered with the mock samples
suggesting that infection with this strain induced few gene
expression changes. We verified this result by conducting a
virus-specific SAM analysis on the mock vs one virus samples. For
a FDR of 10%, only 36 genes were found to be regulated by HIN1
infection in comparison to 2298 genes by H3N2, 1510 by H5N2,

Influenza Signature Inversion

3020 by H7N1 and 1455 by H5N1. The main difference between
HINI1 and other viruses lay in the number of down-regulated
genes during infection. Whereas H3N2, H5N1, H5N2 and H7N1
influenza viruses induced a down-regulation of most of the genes
tested, a similar number of genes were down- and up-regulated by
HINT1 (highlighted by the blue vertical line in the heatmap
Figure 4). As HINI viral titer was lower at 24 hpi than titers of
other viruses (Figure 1B), the scope of gene-expression changes
induced upon infection correlated, at least partially, to the viral
replication efficiency of the virus-cell system used in this study.
Interestingly, out of the 300 genes of the global infection
signature, only 16 were upregulated in all infected cells. These 16
genes were associated to three GO biological process, including
two related terms, ‘“viral reproductive process” and ‘‘viral
reproduction”, that annotate genes encoding proteins involved
in the virus life cycle. Two genes were associated to these terms:
1CAM1, which is the major receptor for human rhinovirus [35],
and IRF7, which activates the expression of Epstein-Barr Virus
Latent Membrane Protein 1 [36] (p-value=0.07 and 0.08,
respectively). While /RF7 has not been directly involved in
influenza virus life cycle yet, JCAMI was recently identified as a
proviral factor that may be co-opted by influenza virus [37]. The
third associated biological process was the term “‘immune
response’ (p-value =0.04) annotating 4 genes ([CAMI, OASL,
0A4S1 and CFD). Therefore, the upregulated genes were mostly
associated with the immunological response. Besides, seven of the
16 genes were interferon stimulated genes (ISGs): IFITM]I,
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Figure 3. Validation of microarray results by real-time quantitative RT-PCR analysis. Expression of 6 genes from DNA microarray analysis
(black cross) is compared with real-time quantitative PCR data (grey bar). Cross represent fold changes (mean =+ S.D.) given by the microarray analysis =
Log, (normalized amount of target gene in infected samples) - Log, (normalized amount of target gene in mock samples) (right). The formula used to
determine the amount of target gene in infected cells by RT-qPCR, normalized to GAPDH and relative to mock is: 222t where Ct is the threshold cycle
and AACt = (Ct target infected - Ct gapdh infected) - (Ct target mock — Ct gapdh mock). Bar represented Log2 expression level (mean=*S.D.) of target

genes in two independent quantitative RT-PCR analysis (left).
doi:10.1371/journal.pone.0013169.g003
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Figure 4. Hierarchical clustering and heatmap of the 300 genes that discriminate mock and infected samples. Heatmap representing
the expression levels of the 300 genes differentially expressed between infected and mock cells. Red squares indicate the expression levels above the
median of the gene abundance across the sample and green squares the expression levels below. The median values were clustered hierarchically in
both dimensions. Dendograms indicate the correlation between groups of samples (horizontal) and genes (vertical). Vertical lines in the right portion
indicate the 2 distinct gene expression patterns: up and down-regulated genes during infection. The blue line stands for the genes down-regulated in
samples infected with HIN1 influenza virus. Gene expression data for the 300 genes are reproduced in table S2.

doi:10.1371/journal.pone.0013169.g004

1CAM1, IFIT3, OASI, GIP2 (or ISG15), IRF7 and OASL. These
results were in accordance with previous studies showing the
upregulation of immune response associated genes in samples
infected in vitro and in vivo with various influenza viruses
[9,11,12,37,38,39,40]. Gene expression levels in each group of
samples are depicted in Figure S1. All ISGs were markedly more
up-regulated in H3N1 infected cells than in other samples. This
hyperstimulation has been described in other transcriptional
studies [11,40,41] reinforcing the validity of the experimental
cell-virus system developed in the present study.

2 In silico drug screening of the Connectivity Map

The Connectivity Map is a collection of genome-wide
transcriptional expression data from cultured human cells treated
with bioactive small molecules [13]. The associated website
provides tools to find molecules connected to the query signature
i.e. any list of genes associated with a biological test. The similarity
of the query signature to each of the reference expression profiles is
assessed and quantified by a normalized score, from -1 for a
molecule that reverses the signature to +1 for a molecule which
induces gene expression changes similar to the query signature.

Our strategy was to query the Connectivity Map with a list of
genes differentially expressed in infected cells to find molecules
that induced the opposite gene expression changes. We hypoth-
esized that such molecules may influence host cell metabolism in
such a way that effective viral replication would be altered.

A critical step In this screening was to define the query
signature. As the number of upregulated genes was very low
(5.3%) 1n the list of 300 genes defined by the analysis, a lack of
specificity resulting from a loss of information for up-regulated
genes could be introduced in drug selection if the signature was not
corrected for this bias. By selecting genes with the most drastic
changes in level of expression (fold change in logy > 2 or <—2),
we were able to define a signature of 20 genes for influenza A virus
infection with similar amounts of those up and down regulated
(Figure 5A, Table 1).

By querying the connectivity map with this concise signature, we
obtained c-scores for 6100 instances, representing more than 1000
molecules in various conditions [14]. We selected those associated
with the most strongly anticorrelated signatures (negative enrich-
ment) and which had a p-value less than 0.5% (Figure 5B and 5C).
Applying this filtering step left us with eight candidate molecules:
harmol, rilmenidine, brinzolamide, ribavirin, calcium folinate,
2-aminobenzenesulfonamide, merbromin and midodrine (from
the most negatively correlated to the least negatively correlated
drug). The relevance of our selection was supported by the fact that
ribavirin, an already known influenza virus inhibitor, was identified
with a negative enrichment of -0.83 and a pvalue of 0.00157. Except
for the topical antiseptic merbromin, the other selected molecules
have various therapeutic indications (depicted in Table S3) but are
not referenced as antivirals.

Graphs in Figure 5C report how the different genes of the
infection signature behave in the expression profile of the selected
molecules. Although the genes down-regulated during infection are
generally up-regulated in response to the molecule and conversely
the up-regulated genes of the signature are globally down-regulated

@ PLoS ONE | www.plosone.org

by the molecule, none of the molecules available in this data bank
were able to completely reverse the infection signature.

3 Evaluation of the antiviral potency of the selected
drugs on H3N2 viral growth

We assessed the effect of the eight selected molecules on influenza
replication in vitro. Cell viability, as assessed by the neutral red
assay, and viral growth, as quantified by a neuraminidase (NA)
activity test, were conducted in parallel. Before using the NA activity
test as an indirect measurement for viral impairment, we checked
firstly that the different influenza viruses used in this study had
sufficient neuraminidase activities to be quantified using this method
(Figure S2A). For all tested viruses and for a signal to background
ratio between 2 and 70, the fluorescence was proportional to the
amount of virus present (T'CID5o/mL). During the evaluation of the
drug panel, all signal to background ratios were included between 2
and 70. Secondly, we controlled that the different molecules did not
inhibit the enzymatic activity of NA to be sure that a drop in RFU
would only reflect a drop of viral titer. While concentrations of
merbromin above 50 uM and harmol above 500 uM inhibited NA
activity, incubation of the virus with increasing concentrations of the
molecules otherwise resulted in no inhibition (Figure S2B).
Therefore, for these two molecules below these concentrations
and for other molecules of the drug panel, viral growth can be
assessed by a neuraminidase test.

Evaluation of the drug panel was first conducted on influenza
A/Moscow/10/99 (H3N2) virus. A549 cells were incubated with
increasing concentrations of the molecule for 6 h before infection.
This time was chosen based on the duration of treatment indicated
in the Connectivity Map to obtain similar cellular response before
infection [14]. Infection was allowed to proceed for 65 h which
represents multiple cycles of infection, however similar results were
observed at 24 and 48 hpi (Figure S3).

The viability data of five independent experiments are given in
Figure S4. The 50% cytotoxic concentrations (CCsg) were
determined by regression analysis. The CCsg of calcium folinate,
2-aminobenzenesulfonamide and midodrine could not be deter-
mined since none of these molecules was cytotoxic at the highest
tested dose.

The effect of each of the molecules on viral growth was tested
using the H3N2 virus at a moi of 0.2 and 2. Dose-response curves
were fitted by regression analysis (Figure S5) and used to
determine the 50% effective concentration (ECs5p) of each
molecule if at least one response was inferior to 50%. Selective
indexes (SI) were calculated as CCjsy/EC5, and used to classify
selected molecules as inactive (SI<2), weak inhibitors (2<<SI<10),
moderate inhibitors (10<SI<50) and strong inhibitors (SI>50)
(Figure 5). In agreement with previous observations [42], we noted
that SI were dependent on the moi, since molecules are more
effective at lower moi. In our conditions, at a moi of 0.2, two
molecules (calcium folinate and 2-aminobenzenesulfonamide)
were ineffective, two (harmol and merbromin) were weak
inhibitors, two (brinzolamide and midodrine) were moderate
inhibitors and one (ribavirin) was a strong inhibitor. At a moi of 2,
whereas brinzolamide was reclassified as a weak inhibitor, the
other molecules remained in the same class despite their SI being
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Figure 5. Gene expression-based screening identifies eight potential antiviral molecules. A. List of cellular genes chosen to query the
Connectivity Map. A circumscribed signature of infection was derived from the 300 genes discriminating mock and infected samples by selecting
genes with a fold change > 2 or <—2. The fold change is defined as the ratio of the mean gene expression in infected samples to the mean for the
corresponding mock infection in log,. This selection resulted in a list of 20 genes, 12 being up-regulated during infection and 8 down-regulated (see
Table 1). These genes constituted the signature used to query the online database Connectivity Map. B. Drugs with significant enrichment to
influenza virus infections in the Connectivity Map. Significance cut-off was set at p-value <0.005. The permutation p-value estimates the likelihood
that the results would be observed by random chance. Mean: the arithmetic mean of the connectivity scores for the post-dose changes (or instances)
by the given molecule; n: the number of instances of a given molecule in the CMAP database; Enrichment: a measure of the enrichment of those
instances in the order list of all instances, Positive enrichment scores are of interest if perturbagens inducing the biological state represented by the
signature used to produce the result are sought. Likewise, if reversal or repression of the biological state encoded in the query signature is required,
perturbagens with negative enrichment scores are of interest. The specificity value is defined as the frequency at which the enrichment of a set of
instances equals or exceeds that of the same set of instances in queries executed on 312 published, experimentally derived signatures using the
Molecular Signatures Database. Lower values are associated with a greater specificity; the non null percentage represents a measure of the support
for the connection between a set of instances and a signature of interest based on the behavior of the individual instances in that set. C. 8 molecules
are negatively connected to influenza virus infection (p-value <0.005). A graphical representation of the location of the signature of infection is
depicted for each molecule, taking the instance with the most negative connectivity score of each molecule. The x-axis represents the genes of the
expression profile of the molecule, rank ordered according to their differential expression relative to the control. The location of each gene of the
infection signature is appreciated along the x-axis.

doi:10.1371/journal.pone.0013169.g005

weaker. As an example, the CCjsg for midodrine was superior to used to obtain 1550.7 uM of rilmenidine- and the EC;; was
4250 pM and ECs( was comprised between 322 pM (moi of 0.2) comprised between 1.0% (moi of 0.2) and 1.8% (moi of 2). The
and 532 uM (moi of 2). Concerning rilmenidine, which was ECs of rilmenidine was significantly different from that of DMSO

dissolved in DMSO, it was not possible to conclude on an effect. at a moi of 2 (p =2e—4) but not at a moi of 0.2 (p=0.85).

DMSO has previously been shown to be cytotoxic and to inhibit However, even if this molecule is considered ineffective against
influenza infection above 4% (vol/vol) [43] however it is still used the H3N2 influenza virus, we did obtain a very high confirmation
as a major solvent for molecules in high-throughput screening. In rate (62.5%) in comparison with the hit rate of classical high-

this study, the CC5, for DMSO was 2.9% (v/v) - the concentration throughput screening (3.2% in [43]). This clearly indicates that

Table 1. Genes of the circumscribed signature of infection.

Gene Gene symbol I.M.A.G.E. ClonelD Fold Change

Transcription Regulation

Ets variant gene 3 ETV3 1473929 7.24
Myocyte enhancer factor 2D MEF2D 4209 5.13
FBJ murine osteosarcoma viral oncogene homolog B FOSB 79022 —2.69
DNA (cytosine-5-)-methyltransferase 1 DNMT1 768241 —2.06
Ankyrin repeat and BTB (POZ) domain containing 2 ABTB2 204456 2.28
Immune response

ISG15 ubiquitin-like modifier, G1P2 ISG15 742132 3.48
2',5'-oligoadenylate synthetase 1, 40/46kDa OAS1 666703 2.07
Complement factor D (adipsin), DF CFD 666128 2.99
Cell surface protein

Patatin-like phospholipase domain containing 6, NTE PNPLA6 431990 —2.01
Heparan sulfate proteoglycan 2 HSPG2 3339 —2.23
Solute carrier family 2 (facilitated glucose transporter) SLC2A2 207963 2.23
PTPRF interacting protein, binding protein 1 (liprin beta 1) PPFIBP1 263094 2.04
Intercellular adhesion molecule 1 (CD54) ICAM1 3383 3.36
Lysophosphatidic acid receptor 1 LPAR1 505524 3.63
Enzyme

Hyaluronoglucosaminidase 4 HYAL4 668088 2.90
Asparagine-linked glycosylation 2 homolog ALG2 150443 2.35
Calpain 1, (mu/l) large subunit CAPN1 70555 —2.20
Protein phosphatase 1, PP1 PPP1R14D 140525 -3.13
Nuclear protein

Karyopherin (importin) alpha 6 KPNA6 16650 —2.21
Hypothetical protein HSPC111 NOP16 505242 —2.08

Fold Change = log,(Inf/Mock).
doi:10.1371/journal.pone.0013169.t001
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our in silico screening was effective and strongly supports its power
at selecting the antivirals: harmol, merbromin, brinzolamide,
midodrine and ribavirin.

4 Antiviral effects of most of the molecules are due to an
action on cells rather than on viruses

Molecules selected by the in silico screening were chosen from
the Connectivity Map based on the gene expression changes they
induce in treated cells. To check that the antiviral properties of the
five efficient molecules were actually mediated by an action on
cells and not by an indirect effect on the virus, we conducted two
assays in parallel in which either the cells or the H3N2 virus
were preincubated with a series of concentration of the molecules.
The efficiencies of infection were estimated by measuring the
neuraminidase activity associated to cells at an early time of
infection. In the preincubated cells assay, cells were in contact with
molecules for 14 hours before being infected with H3N2 virus
without any drugs. As the cells were washed twice before infection,
we assumed that the virus should not be in contact with the
molecules during infection. Thus the molecules should not alter
the viral structure nor change parameters playing a direct role on
viral entry (as the extracellular pH for example). Consequently an
inhibition of infection in this assay would mean that the molecule
had an effect on cells. In contrast, in the preincubated virus test,
the viral stock was treated with the molecules during 14 hours
while the cells were in contact with molecules though after dilution
and for only 15 minutes during infection. We assumed that this
exposure time and molecule concentrations were too low to induce
any effect on the cells. If a molecule should inhibit viral growth by
altering the functional properties of the virus (viral structure or
surface glycoprotein), infection would be inhibited in the
preincubated virus condition but not in the preincubated cells one.

Results of both tests for the five efficient molecules are depicted
in Figure 6. After preincubating the viral stock with the molecules,
a few infection efficiencies were significantly different of the
control (p-value <0.05, two tailed Welch t-test). However, except
for merbromin, infection efficiencies after virus preincubation
were included between 64% (for ribavirin ¢ =400 uM) and 110%
of the control (for rilmenidine ¢ =8 uM). Therefore, the different
drugs exerted very limited effects on the virus. In contrast,
statistically significant inhibitions of infection efficiency were noted
after cells preincubation with each molecule at higher concentra-
tions (above 10 uM for brinzolamide, 40 pM for harmol, 1 uM for
merbromin, 140 uM for midodrine, 160 uM for ribavirin and
80 uM for rilmenidine). Infection efficiency decreased to 23% for
brinzolamide (100 uM), 5% for harmol (800 uM), 2% for
merbromin (250 uM), 40% for midodrine (1400 and 4250 uM),
26% for ribavirin (800 uM) and 23%3 for rilmenidine (1600 pM).
We concluded from these tests that the antiviral effect of these
molecules is due to an action on cells rather than on the virus.
Merbromin on the other hand inhibited viral infection in both
assays. This was not surprising since this molecule is a topical
antiseptic known to inactivate influenza viruses [44]. However, our
results indicate that this molecule may also inhibit viral replication
through a cellular effect.

5 None of the molecules which are positively correlated
to the infection signature, impaired H3N2 influenza viral
growth

In order to control that the antiviral effect of the molecules is
specifically associated with inversion of the infection signature, we
assessed the effect of some molecules positively correlated to the
signature. Seven drugs, alvespimycin, DL-Thiorphan, latamoxef,
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methylbenzethonium chloride, pyrvinium, sulfameter (or sulfame-
toxydiazine) and sulodictil, were chosen according to the following
criterion: p-value <0.5%, mean > 0.35 and a specificity <0.1
(Figure 5B).

Viability and viral growth assays were performed on A549 cells
infected with H3N2 virus at a moi of 0.2 and 2, as described for
negatively correlated drugs. Dose-response curves (Figure S6 and
S7) were used to determine CCs, and inhibitory ECs (Table S4).
In these conditions, inhibitory SI were lower than 2, or than SI of
DMSO for DL-Thiorphan and Sulodictil. Thus none of the
positively correlated drugs inhibited viral replication at both moi.
In contrast, four drugs (alvespimycin, methylbenzethoniumchlor-
ide, pyrvinium and sulodictil) enhanced viral production at a moi
of 0.2. Increase of viral titers (ICID5,/mL) was up to 2 log;o and
was statistically significant for alvespimycin, methylbenzetho-
niumchloride, and sulodictil 40 pM (p-value <0.05, two tailed
Welch t-test). Therefore, these results strengthen our hypothesis
that modulation of host cell transcription may have an impact on
viral replication.

6 Some antivirals are effective against a broad range of
influenza A virus strains, including the pandemic H1N1
influenza virus

We hypothesized that one advantage of our gene-expression
based screening is that the selected molecules would have an
activity against various influenza A viruses. Indeed, since we
selected a gene signature of infection common to different human
and avian strains, we assumed this as a prevailing cellular response
to many influenza viruses. Therefore, we tested the effect of the
selected molecules on the viral growth of the different strains used
for the initial microarray analysis, i.e A/New Caledonia/20/99
(HIN1), A/Turkey/582/2006 (H5N1), A/Finch/England/2051/
94 (H5N2), and A/Chicken/Italy/2076/99 (H7N1). Two inde-
pendent assays in duplicate (4 replicates in total) for each virus
were conducted in the conditions previously defined for the H3N2
virus. EC5g and SI were determined for each molecule and are
summarized in Table 2, Table 3 and Figure 7. Molecules that
inefliciently inhibited growth of the H3N2 strain (2-aminobenze-
nesulfonamide and calcium folinate) were also inefficient against
other tested viruses. Conversely, the strongest H3N2 inhibitor,
ribavirin, was also classified as a strong inhibitor of all viruses
tested. However, ribavirin obtained different SI depending on the
viral strain tested, allowing the viruses to be classified according to
their sensitivities to this molecule: H3N2 > H5N2 and HIN1 >
H7N1 > H5NI. Other drug screening tests carried out previously
on MDCK cells (with an moi of 0.001) had already reported a
higher sensitivity of H3N2 viral strains compared to HINI
[42,45]. In our tests, ribavirin EC5, was comprised between 6 uM
(for HIN1 and H3N2 with an moi of 0.2) and 632 uM (for H5N1
with an moi of 2) in concordance with previously published results
[42,45]. Midodrine, the second most active molecule against the
H3N2 strain, also showed an antiviral effect against both HINI
(SI >2.7 for moi 2 and SI >142.5 for moi 0.2) and H5N2 (SI >2.5
for moi 2 and SI >8.9 for moi 0.2) viral strains. Brinzolamide was
a moderate inhibitor of human H3N2 and HINT1 influenza viruses
and a weak inhibitor of avian H5N2 and H7N1 influenza viruses.
Harmol weakly inhibited all viruses tested, as did merbromin the
EC5y for which were near to 50 UM, a concentration noted to
mterfere with the neuraminidase activity test. Finally, rilmenidine
had an obvious antiviral effect on the HIN1 strain. Some of the
molecules identified by our approach were therefore able to inhibit
viral growth of all the viruses used to define the gene expression
signature of infection.
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Figure 6. Antiviral effects of most of the molecules are due to an action on cells rather than on the virus. In the ‘Cell Preincubation’
assay, A549 cells were treated with increasing concentrations of the molecules or solvent for 14 h and washed twice before incubation with H3N2
influenza A virus at an moi of 7 during 15 min and infection for 5 h in medium without drug. In the Virus Preincubation’ assay, H3N2 viral stock was
treated with increasing concentrations of molecules or solvent for 14 h and diluted 12 times before incubation with cells during 5 min and infection
for 5 h. In both assays, the number of infected cells was estimated with a neuraminidase test after cell lysis with Triton 1X. The normalized infection
efficiency was calculated as RFU in treated cells/RFU in control cells. Values represent the mean of two independent experiments (+/— standard
deviation). Results of the preincubated cell test are plotted with colored dots and results of the virus preincubated assay are depicted with grey
bars. * and # indicate statistically significant differences of infection efficiency in comparison to untreated control cells (Welch two-sample t test,
pvalue <0.05), for the preincubated cell test and for the preincubated virus test, respectively.

doi:10.1371/journal.pone.0013169.g006

To determine if this strategy identified broadly effective
influenza antivirals which could be active against emerging
influenza viruses, we tested their effect on the viral growth of the
recent pandemic HINT virus (referred to as HIN1 SOIV) (Figure
S8). Interestingly, in comparison with A/New Caledonia/20/99
(HINT) virus, a weak to moderate antiviral effect was observed for
2-aminobenzenesulfonamide whereas rilmenidine was ineffective.
The other molecules had comparable effects on the two HINI
virus strains, with brinzolamide, midodrine and ribavirin being the
most effective antivirals. The ECs, of ribavirin were comprised
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between 61 uM (for an moi of 0.2) and 292 UM (moi of 2)
revealing a resistance to this molecule that was 4 (moi 2) to 10 (mot
0.2) times more in the HIN1 SOIV strain compared to the HIN1
strain (pvalue = 3.6e—6 and 0.0012 respectively).

We compared drug sensitivities to viral growth curves of
different viruses after infection of A549 cells at two moi (Figure
S9). Viruses with good replication efficiencies and the faster
kinetics (H5N1 and H7N1) were the most resistant to the drug
panel. In contrast, selected antivirals had a better effect on delayed
replication viruses (HIN1 and HINI SOIV). Drug sensitivities
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therefore partially correlated with viral growth kinetics. However,
some strain specificity may also account for drug sensitivities.
Indeed, H3N2 virus was one of the most drug sensitive virus, while
replicating as efficiently than H7N1 virus (but a bit slower).

To conclude, five molecules out of the eight potential molecules
selected by our in silico screening inhibited viral growth of the
HINI1 SOIV, a virus that was unknown when we first defined the
signature of infection and queried the Connectivity Map. These
results are promising and strongly indicate that this approach
identifies molecules with a broad anti-influenza spectrum of activity.

Discussion

The virally induced gene-expression signature

Influenza infection induces various intracellular signaling
cascades and important downstream gene expression host-cell
modifications [46]. Despite their host-range restriction that may
reflect the better adaptation to host factors [47], all influenza A
viruses can infect the same cells in vitro, prompting us to assume

Table 2. Potency of the inhibitors against human influenza A viruses in A549 cells.
H1N1 moi 2 H1N1 moi 0.2 SOIV moi 2 SOIV moi 0.2 H3N2 moi 2 H3N2 moi 0.2

CC50 (pM) EC50 (pM) EC50 (pM) EC50 (pM) EC50 (pM) EC50 (pM) EC50 (pM)
2-Aminobenzenesulfonamide >6900 >690 >690 1821.67 533.83 >6900 6020
Brinzolamide 665.51 435.06 28.95 166.65 21.55 131.14 23.00
Calcium Folinate >2400 >800 >800 >2400 >2400 >2400 >2400
Harmol 94.98 60.36 20.53 53.74 6.76 20.07 11.68
Merbromin 103.80 29.55 61.98 37.53 >50 3238 42.87
Midodrine >4250 1566.7 29.82 929.96 108.79 321.99 531.53
Ribavirin 29528 73.79 6.63 291.52 61.08 1253 5.79
Rilmenidine 11253 506.22 24.22 1073 864.48 475.55 489.87
DMSO 1550.7 >1600 173.63 606.40 344.03 957.2 554.39
p-value (Rilmenidine, DMSO) p=0.0026 p=ND p=7e—04 p=0.6128 p=0.3552 p=2e—4 p=0.88
CCso: molecule concentration of 50% cytotoxicity; ECso: molecule concentration of 50% inhibition of viral replication; p-value: t-statistic for testing Rilmenidine values
equal to DMSO values.
doi:10.1371/journal.pone.0013169.t002

that they may hijack common cellular proteins for their own
replication. This is the first study to compare the cellular gene
expression modifications induced by five different influenza A
virus subtypes. As already described in previous transcriptional in
vitro [40] and in vivo studies [11,12], we found that H5N1
infection induced a strong upregulation of interferon response
genes. This sustained hyperinduction has been correlated with the
high virulence of this virus in animal models [11,12]. In patients,
H5NI infection results in a massive production of cytokines and
chemokines, referred to as the cytokine storm, which could be
responsible for the severity of the disease [48]. Here we observed
that H5N1 induced the expression of more, and to a greater
extent, inflammatory/immune response genes than any of the
other subtypes. Molecular mechanisms supporting the higher
activation of interferon signaling by H5N1 in comparison with
other subtypes remain undetermined. In contrast, we found that
A/New Caledonia/20/99 (HIN1) infection leads to the smallest
change in gene expression at 24 hpi. One could speculate that
HINTI virus, as a human influenza virus, would be well adapted to

@ PLoS ONE | www.plosone.org

Table 3. Potency of the inhibitors against avian influenza A viruses in A549 cells.
H5N1 moi 2 H5N1 moi 0.2 H5N2 moi 2 H5N2 moi 0.2 H7N1 moi 2 H7N1 moi 0.2

CC50 (uM) EC50 (pM) EC50 (pM) EC50 (pM) EC50 (pM) EC50 (pM) EC50 (pM)
2-Aminobenzenesulfonamide >6900 >690 >690 >690 >690 >690 >690
Brinzolamide 665.51 >500 >500 232.40 145.61 551.05 139.19
Calcium Folinate >2400 >800 >800 >800 >800 >800 >800
Harmol 94.98 77.49 43.36 4.06 13.45 49.35 27.96
Merbromin 103.80 44,99 45.98 36.45 2193 43.70 46.74
Midodrine >4250 >4250 3896.3 1670.7 475.58 >4250 >4250
Ribavirin 29528 632.27 48.36 16.40 6.71 32.39 12.47
Rilmenidine 1125.3 2037.7 1466.8 514.32 358.69 1050.4 777.85
DMSO 1550.7 >1600 1829.6 733.6 564.1 1109.3 801.08
p-value (Rilmenidine, DMSO) p=0.0026 p=ND p=0.40 p=2e—04 p=0.1881 p=0.53 p=0.9
CCso: molecule concentration of 50% cytotoxicity; ECso: molecule concentration of 50% inhibition of viral replication; p-value: t-statistic for testing Rilmenidine values
equal to DMSO values.
doi:10.1371/journal.pone.0013169.t003
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Figure 7. Antiviral potency of the 8 negatively correlated molecules on different influenza A viruses (moi 0.2 and moi 2). Selective
indexes (SI) were calculated as CCso/ECs, (Tables 2 and 3) and used to classify molecules as inactive (SI<2), weak inhibitors (2<<SI<<10), moderate

inhibitors (10<SI<<50) and strong inhibitors (SI>50).
doi:10.1371/journal.pone.0013169.g007

human A549 cells and could replicate in these cells with basal level
of proteins, thus without having to induce much gene-expression
changes. However a well adapted virus would efficiently replicate
in these cells. We performed replication kinetics in A549 cells with
the different viruses and observed that HINT1 virus grew to lower
titers than other viruses. Two hypothesis can be formulated to
explain the correlation between the weak growth of HINI virus
and the few changes of host transcription. Either the reduced virus
replication efficiency of HINI1 virus is responsible for the lower
host response. This is supported by previous study where the
replication efficiency of the virus-cell system accounts for the level
of the host innate immune response [49]. Or it is also possible that
HIN1 viral replication is impaired because of its inability to
modulate the host response, especially to induce proviral
pathways. This hypothesis is based upon previous demonstration
that stronger virus-induced MAPK activation resulted in higher
viral replication efficiency [50].

Nevertheless, beyond these subtype-specific profiles, we were
able to identify a list of 300 genes differentially expressed in both
mock and infected samples. Strikingly, only about 5% of these
genes were upregulated. A similar imbalance has previously been
observed in other transcriptional profiles of infected cell lines
[40,51]. One could hypothesize that this may reflect the virally-
induced cellular arrest of protein expression and could be due to
the 5'cap snatching and subsequent degradation of cellular mRNA
[62] and/or the inhibition of processing and export of cellular
mRNA by NS1 [53]. Nevertheless these downregulated genes
represented only 3.3% of the total number of genes detected,
suggesting that a selective inhibition of their expression may occur
during infection. The downregulated genes are implicated in
different cellular processes such as ATP binding, regulation of
translation, cellular protein complex assembly, glucose metabolic
processes, cell cycle and apoptotic mitochondrial changes. On the
other hand, the 16 genes found upregulated are specifically
associated with innate cellular immunity. Seven of these are
induced by interferon: O0ASI, ISG15, IRF7, OASL, ICAM]I,
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IFITM]I, and IFIT3. These 7 ISGs have already been found
upregulated together with other interferon genes upon HIN1 PR8
endothelial primary cell cultures infection [37] (Table S5). We also
found an upregulation of CFD, a gene coding for a component of
the alternative complement pathway. Complement is an impor-
tant player in immunity and is induced by influenza infection
[11,54,55]. Other induced genes of the infection signature
determined in this study have never before been associated with
influenza infection. They include ETV3 which encodes a
transcriptional repressor [56] that could be partially responsible
for the downregulation of other genes belonging to the signature.

Signature use for drug screening

Here we identified a list of genes whose expression 1is
significantly altered during infection with different human and
avian influenza virus subtypes. Since the outcome of infection
appeared successful in our experimental conditions, it can be
concluded that such a virally-induced cellular environment is
favorable for virus replication. We therefore hypothesized that any
molecule able to inverse the infection signature should be harmful
to influenza virus replication. In contrast to many published
transcriptomic studies [1,11], we did not focus on a particular gene
with a known function or large annotation that can be assumed to
have a link with viral infection. To conduct the in silico screening,
we filtered the infection signature genes according to their level of
expression and selected the twenty most differentially expressed
(with statistical significance) between mock and infected cells. We
therefore took into account all of the information retrieved from
the transcriptional analysis, which was a major advantage when
using the Connectivity map. We selected eight molecules which
induced gene expression modifications which anti-correlated with
the infection signature. The hit-rate for this in silico screening was
0.53%.

Our experimental strategy presented several limitations: (i) we
used a nylon microarray containing only 8000 genes thus meaning
that the transcriptional profile of infected cells is incomplete; (ii)
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this profile was assessed for an established cell line, A549, which is
different from those used in the Connectivity Map (MCF7, HL60
and PC3); (iii) the Connectivity Map contains data for only 1000
molecules and none of the molecules we identified was able to
induce a full inversion of the infection signature (Figure 5C).
Despite these limitations, seven molecules out of the eight selected
by the in silico screening presented an antiviral effect on at least
one of the tested viruses (87.5% of molecules confirmed). 2-
aminobenzenesulfonamide and rilmenidine had only a modest
antiviral effect on one specific virus (respectively HIN1 SOIV and
HIN1 New Caledonia). Harmol and merbromin were weak
inhibitors of most of the tested viruses. Brinzolamide and
midodrine were weak to moderate inhibitors of most of the tested
viruses. As expected, ribavirin was a strong inhibitor of all tested
viruses. In light of these results, we conclude that we have
identified a common signature whose partial inversion is strong
enough to inhibit viral replication.

Hypothesis on the mechanisms supporting a molecule’s
antiviral effect

We cannot rule out that some in silico selected drugs exert a
possible direct effect on a viral activity or on a cellular pathway
exploited by the virus. Among the seven molecules, three in
particular could have such an effect: ribavirin and merbromin
which could both directly inhibit a viral function, and harmol
which could inhibit a proviral pathway. Harmol is a beta-carboline
alkaloid of the medicinal plant, Perganum harmala L. (Zygophyla-
ceae). Few specific effects are described for harmol except that it
exerts a psychoactive effect by inhibiting monoamine oxydase
[57], moderately inhibits platelet aggregation by inhibiting PLCy2
[58] and induces apoptosis in some cell lines by activating caspase
8 [59]. PLCy2 is implicated in the protein kinase C (PKC)
activation pathway, the activity of which is crucial for influenza
virus entry [60]. Therefore its inhibition by harmol could in part
be responsible for the antiviral effect shown by this molecule.
Likewise, activation of apoptosis could limit viral replication [61].

However, three types of evidence support our hypothesis that
the selected molecules have an antiviral effect by modifying the
host cell gene expression. First, the results of our test of infection
efficiencies demonstrate that none of the molecules except for
merbromin had an effect on viral structure or function before
infection (Figure 6). Second, the high confirmation rate of the in
silico selected drug panel validate the rational of the selection.
Last, some molecules that regulated the host cell transcription in
the same way that influenza virus infection enhanced viral
production.

To our knowledge, modulation of the cell gene expression has
never been described to support the effects of the in silico selected
drug, except for ribavirin. This antiviral drug with in vitro activity
against both DNA and RNA viruses [62], has several mechanisms
of action proposed to support its antiviral effect (reviewed in [63]:
1) the depletion of the intracellular GTP-pool by inhibition of
inosine monophosphate dehydrogenase compromises the synthesis
of progeny viral RNA; ii) the inhibition of viral RNA-dependent
RNA polymerase activity has been shown for hepatitis C and
influenza viruses; and iii) it could act as a RNA virus mutagen
causing error catastrophe). Which mechanisms contribute to its
anti-influenza effect in vivo remains undetermined. In this study,
we selected ribavirin because it inversed the gene expression
signature of infection, which could highlight a new potential
antiviral mechanism of this molecule. An effect of ribavirin on the
cellular gene expression has been reported to contribute to its
antiviral effect on the respiratory syncytial virus (RSV) [64] and
the hepatitis C virus (HCV) [65]. In these studies, ribavirin
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enhanced the expression of ISG in infected cells. It was concluded
that ribavirin potentiates the interferon response induced by
peginterferon (during treatment of HCV) [65] or induced by RSV
infection [64]. However, ribavirin has also been shown to alter the
expression of many genes implicated in various other cellular
pathways such as apoptosis [66], cell cycle control or intracellular
signaling [64]. We propose that these modifications contribute to
its antiviral effect.

Does this study now allow us to define co-factors and

antiviral proteins?

None of the selected molecules fully inversed the infection
signature. Therefore to try to identify anti or proviral factors, we
first searched for genes whose expression could be inverted by all
effective molecules. This was the case for only one gene, calpain 1,
which was up-regulated by all the selected molecules and down-
regulated during infection. The calpains, or calcium-regulated
non-lysosomal thiol-proteases, are ubiquitous enzymes which
catalyze limited proteolysis of substrates involved in cytoskeletal
remodeling and signal transduction. We found no data in the
literature describing any antiviral role for calpain 1. Such potential
activity remains to be tested in the future.

It is also possible that each different molecule exerts its antiviral
effect through different mechanisms and different combinations of
gene expression modifications could be implied. These changes are
listed in the Connectivity Map but except for midodrine and
ribavirin, have yet to be confirmed by other studies. Midodrine is
the prodrug of desglymidodrine, which is an alphal-adrenergic
receptor agonist used in the clinical management of patients with
orthostatic hypotension [67]. Its effect on cellular gene expression
can be derived from several microarray studies [68,69] showing
many transcriptional changes after stimulation of the alphal
adrenoreceptor, involving for example genes encoding integrin-
mediated cell adhesion proteins and proteins involved in
hyaluronan signaling [70]. These observations are consistent with
the observed midodrine-induced downregulation of ICAM1I and
HYAL4 reported in the Connectivity Map. Both of these genes
were up-regulated during infection. Their potential role in the
influenza cell cycle remains to be determined.

Recently, several human RINA1 screens identified host cell
factors which are required for influenza virus replication
[37,71,72,73]. We wondered if the 20 genes of the concise
infection signature were found to be important for the influenza
virus in any of these screens (Table S5). Notably, the concise
infection signature is specifically more enriched in regulators of
influenza infection than random chance (compared to 8676 genes
of the array, p-value = 0.0072 with Fisher’s exact test). Four genes
(SLC242, ICAM1, OAS1, ISG1)5) out of the 12 up-regulated genes
were defined as proviral factors in these screens [37,71,72]. Three
genes are ISGs: JCAM1, OASI and ISG15 that may be co-opted by
the virus. Their down-regulation by the drugs could support
partially their antiviral activity. On the other hand, none antiviral
factor was identified in the list of 8 genes down-regulated during
infection. This could be due to the low number of antiviral factors
found by published screens (180 in total [37,71], compared to 875
(unique) proviral factors [37,71,72,73]). Therefore, the down-
regulated genes of the infection signature can be considered as
potential antiviral factors, which should be further tested.

Outcomes and perspectives

To conclude, our investigation of transcriptional profiles of cells
infected with different strains of influenza A viruses highlights virus
specificity but, above all, has allowed us to define a universal
influenza A virus-induced gene expression signature. Here we
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proposed to correlate this signature to gene expression profiles of
cells treated by different molecules. This is the first study using the
Connectivity Map to identify antivirals thought to act at the
genomic level. One considerable advantage of some of these
antivirals is their potential broad spectrum of action against all
influenza A viruses, including novel pandemic viruses such as the
HINI SOIV.

Except for harmol, all the antiviral molecules tested in this assay
are approved for various different therapeutic indications. Our
drug repositioning strategy should therefore contribute to the
discovery of new alternative antivirals with accelerated regulatory
registration. In the event of an unknown emerging virus, this
approach may be of great interest to relatively quickly identify all
available commercialized drugs with potential antiviral effects.

This study conducted in vitro in an established human cell line
and with a nylon microarray represents a first proof of principle
study. To identify effective anti-influenza molecules for use in
clinical practice, we will now study the transcriptional response of
patients to infection using a pan-genome microarray. Gene
response to infection within a tissue in vivo should be more
complex, with many cell types being implicated and with those
infected being influenced by cytokines and the surrounding tissue.

Importantly, our dual experimental approach associating
transcriptional study and in silico screening could be transferred
to other pathogens. We are interested in identifying common
gene-expression signatures of different viruses causing the same
clinical disease to find useful therapies before etiologic diagnosis.

Supporting Information

Figure S1 Boxplots for the 7 interferon stimulated genes (ISGs)
upregulated during infection. These boxplots show the averaged
normalized expression values of the 7 ISGs in each group of
samples. The bottom edge of the box represents the 25th
percentile of the data while the top edge of the boxplot represents
the 75th percentile. The line inside the box represents the 50th
percentile of the data or the median.

Found at: doi:10.1371/journal.pone.0013169.s001 (0.13 MB TTF)

Figure 82 Neuraminidase assay is suitable for evaluation of the
drug panel. A. Neuraminidase activity can be used to quantify
virus. Different influenza viral stocks (A/New Caledonia/20/99
(HIN1), A/Moscow/10/99 (H3N2), A/Lyon/969/09 (HIN1
SOILV), A/Turkey/582/2006 (H5N1), A/Finch/England/2051/
94 (H5N2), and A/Chicken/Italy/2076/99 (H7N1)) were serially
diluted in DMEM. 25 ul of the viral dilutions were incubated with
75 pLi of 20 uM MU-NANA for 1 hour at 37°C. Stop solution
was added before reading the fluorescence. The signal to
background ratio at each TCID50 is shown. Under these
conditions, the signal to background ratio was proportional to
the amount of virus between 2 and 70. At hightest titer, the
enzyme activity reaches a plateau due to limiting substrate. Triton
X-100 treatment of H5N1 viral stock enhanced NA activities, as
previously described [27]. B. Molecules did not inhibit the
neuraminidase activity of the influenza virus. A/Moscow/10/99
(H3N2) viral stock diluted in DMEM (107,8 TICD50/mL final)
was incubated with increasing concentration of molecule (or
DMEM for controls) for 0.5 h at room temperature before testing
the neuraminidase activity as described in materials and methods.

Found at: doi:10.1371/journal.pone.0013169.s002 (0.52 MB TTF)

Figure S3 Effective molecules inhibit H3N2 viral growth at early
and later times of infection. A. A549 cells were treated with
increasing concentrations of the molecule or solvent for 6 h and
were subsequently infected with A/Moscow/10/99 (H3N2)
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influenza virus at a moi of 2. A neuraminidase test was performed
at 24, 42 and 65 hpi to assess influenza viral growth. Values
represent the mean of two independent experiments performed in
duplicate. B. Potency of the inhibitors against A/Moscow/10/99
(H3N2) according to different times of infection. CC50: molecule
concentration of 50% cytotoxicity; EC50: molecule concentration
of 50% inhibition of viral replication; SI: selective index.

Found at: doi:10.1371/journal.pone.0013169.s003 (0.89 MB TTF)

Figure 84 Concentration-viability curves of the eight molecules.
A549 cells were treated with increasing concentrations of each
molecule or solvent for 72 h and their viability was measured using
Neutral Red dye (as described in materials and methods). Data are
presented as a ratio of absorbance at 550 nm of treated cells to
control cells. Values represent the mean of six independent
experiments performed in duplicate, and error bars show the
standard deviation of the mean. (+/— standard deviation).
Horizontal lines are drawn to show the scatter of the control
values (mean +/— standard deviation).

Found at: doi:10.1371/journal.pone.0013169.s004 (0.34 MB TTF)

Figure 85 Six molecules inhibited H3N2 influenza viral growth.
A549 cells were treated with increasing concentrations of the
molecule or solvent for 6 h and were subsequently infected with
A/Moscow/10/99 (H3N2) influenza A virus at a moi of 0.2 (Panel
A) or 2 (Panel B). Viral titers were determined at 65 hpi using a
neuraminidase test as described in materials and methods. Results
in A and B are representative of three independent determinations
in duplicate. Data are presented as a ratio of RFU (relative
fluorescence unit) in supernatants of treated cells to RFU in control
cells (mean +/— standard deviation). The dose-response curves are
the results of a fit with a 3-parameter logistic equation (if at least one
normalized response was less than 0.5). Horizontal lines are drawn
to show the scatter of the control values (mean +/— standard
deviation).

Found at: doi:10.1371/journal.pone.0013169.s005 (0.68 MB TTF)

Figure S6 Concentration-viability curves of the seven positively
correlated molecules. A549 cells were treated with increasing
concentrations of each molecule or solvent for 72 h and their
viability was measured using Neutral Red dye (as described in
materials and methods). Data are presented as a ratio of
absorbance at 550 nm of treated cells to control cells. Values
represent the mean of three independent experiments performed
in duplicate, and error bars show the standard deviation of the
mean. (+/— standard deviation). Horizontal lines are drawn to
show the scatter of the control values (mean +/— standard
deviation).

Found at: doi:10.1371/journal.pone.0013169.s006 (0.30 MB TTF)

Figure 87 Three molecules enhanced H3N2 influenza viral
growth at a moi of 0.2. A549 cells were treated with increasing
concentrations of the molecule or solvent for 6 h and were
subsequently infected with A/Moscow/10/99 (H3N2) influenza A
virus at a moi of 0.2 (Panel A) or 2 (Panel B). Viral titers were
determined at 65 hpi using a neuraminidase test as described in
materials and methods. Results in A and B are representative of
two independent determinations in duplicate. Data are presented
as a ratio of RFU (relative fluorescence unit) in supernatants of
treated cells to RFU in control cells (mean +/— standard
deviation). The dose-response curves are the results of a fit with
a 3-parameter logistic equation (if at least one normalized response
was less than 0.5). Horizontal lines are drawn to show the scatter of
the control values (mean +/— standard deviation). Enhancement
of H3N2 virus replication was verified by measuring viral titers at
65 hpi by end point titration assays in MDCK cells (TCID50/mL).
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For these assays, sample supernatants of duplicate were harvested
at 65 hpi and stored at —80°C until analysis. Increase of viral titers
were statistically significant for alvespimycin, methylbenzetho-
niumchloride, and sulodictil 40 uM (p-value <0.05, two tailed
Welch t-test).

Found at: doi:10.1371/journal.pone.0013169.s007 (0.64 MB TTF)

Figure S8 Five molecules inhibit HIN1 SOIV influenza viral
growth. A549 cells were treated with increasing concentrations of
the molecule or solvent for 6 h and were subsequently infected
with A/Lyon/969/09 (HIN1 SOIV) influenza virus at a moi of
0.2 (Panel A) or 2 (Panel B). Viral titers were determined at 65 hpi
using a neuraminidase test as described in materials and methods.
This assay was performed in duplicate. Data are presented as the
ratio of RFU in the supernatant of treated cells to RFU in control
cells (mean +/ — standard deviation). The dose-response curves are
the results of a fit with 3-parameter logistic equation (if at least one
normalized response was less than 0.5). Horizontal lines are drawn
to show the scatter of the control values (mean +/— standard
deviation).

Found at: doi:10.1371/journal.pone.0013169.s008 (0.69 MB TTF)

Figure 89 Comparison of viral replication kinetics between
different influenza A viruses in A549 cells. A549 cells were infected
at a moi of 0.1 (Panel A) or at a moi of 2 (Panel B) with influenza
virus A/New Caledonia/20/99 (HIN1), A/Lyon/969/09 (HIN1
SOIV), A/Moscow/10/99 (H3N2), A/ Turkey/582/2006 (H5N1),
A/Finch/England/2051/94 (H5N2), and A/Chicken/Italy/2076/
99 (H7N1).

Found at: doi:10.1371/journal.pone.0013169.s009 (0.45 MB TIF)

Table S1 Specific primers used for real-time quantitative RT-
PCR.
Found at: doi:10.1371/journal.pone.0013169.s010 (0.01
XLS)

Table 82 Gene expression data for 300 influenza virus regulated
genes identified in our experiments. Values are log2 normalized
gene expression intensities (see Experimental Procedures).

MB

References

1. Kash JC (2009) Applications of high-throughput genomics to antiviral research:
evasion of antiviral responses and activation of inflammation during fulminant
RNA virus infection. Antiviral Research 83: 10-20.

2. Reeves JD, Piefer AJ (2005) Emerging drug targets for antiretroviral therapy.
Drugs 65: 1747-1766.

3. Greco A, Call¢ A, Morfin F, Thouvenot D, Cayre M, et al. (2005) S-adenosyl
methionine decarboxylase activity is required for the outcome of herpes simplex
virus type 1 infection and represents a new potential therapeutic target. The
FASEB Journal: 19: 1128-1130.

4. Ludwig S (2009) Targeting cell signalling pathways to fight the flu: towards a
paradigm change in anti-influenza therapy. The Journal of Antimicrobial
Chemotherapy 64: 1-4.

. Lamb RA, Krug RM (2001) Orthomyxoviridae: the viruses and their
replication. In: Howley DMKaPM, ed. Fields’s Virology. Philadelphia:
Lippincott Williams and Wilkins. pp 1487-1531.

6. Michaelis M, Doerr H, Cinatl J (2009) An Influenza A HINI Virus Revival -

Pandemic HIN1/09 Virus. Infection 37: 381-389.

7. WHO (2009) WHO | Influenza (Seasonal). Available: http://www.who.int/
mediacentre/factsheets/fs211/en. Accessed: 2009 December 21.

8. Hayden FG (2006) Antivirals for influenza: historical perspectives and lessons
learned. Antiviral Research 71: 372-378.

9. Kash JC, Basler CF, Garcia-Sastre A, Carter V, Billharz R, et al. (2004) Global
host immune response: pathogenesis and transcriptional profiling of type A
influenza viruses expressing the hemagglutinin and neuraminidase genes from
the 1918 pandemic virus. Journal of Virology 78: 9499-9511.

o

10. Kash JC, Tumpey TM, Proll SC, Carter V, Perwitasari O, et al. (2006) Genomic
analysis of increased host immune and cell death responses induced by 1918
influenza virus. Nature 443: 578-581.

11. Cameron CM, Cameron MJ, Bermejo-Martin JF, Ran L, Xu L, et al. (2008)

Gene expression analysis of host innate immune responses during Lethal H5N1
infection in ferrets. Journal of Virology 82: 11308-11317.

@ PLoS ONE | www.plosone.org

17

Influenza Signature Inversion

Found at:
XLS)

doi:10.1371/journal.pone.0013169.s011 (0.28 MB

Table 83 Approved indications of the eight potential antivirals.
Found at: doi:10.1371/journal.pone.0013169.s012 (0.01 MB
XLS)

Table S4 Potency of the positively correlated drugs against A/
Moscow/10/99 (H3N2). CC50: molecule concentration of 50%
cytotoxicity; EC50: molecule concentration of 50% inhibition of
viral replication; SI: selective index.

Found at: doi:10.1371/journal.pone.0013169.s013 (0.01
XLS)

MB

Table S5 Comparison between the 300 regulated genes in our
experiment and identified factors required for influenza replication
in published human RNAI screens. Genes belonging to the concise
signature used to query connectivity map in our study are
highlighted in grey. Negative regulators of influenza replication
(antiviral) are genes whose depletion enhance viral infection.
Positive regulators (proviral) knock-out decrease viral infection.
Antiviral factors were identified in Shapira et al and Brass et al
studies.

Found at: doi:10.1371/journal.pone.0013169.s014 (0.03 MB
XLS)

Acknowledgments

We thank Gaelle Cartet for technical assistance and Matthieu Yver, Dr
Vincent Moules and Dr Emilie Frobert for their help in the BSL-3
laboratory. We are grateful to Dr Joel Lachuer (Profilexpert) for critical
reading of the manuscript.

Author Contributions

Conceived and designed the experiments: L] JT JJD MRC. Performed the
experiments: L] JT BL. Analyzed the data: L] JT JJD MRC. Contributed
reagents/materials/analysis tools: L] JT OF BL CN JJD MRC. Wrote the
paper: L] JT JJD MRC. Prepared and manipulated viruses in BSL3
laboratory in order to perform experiments in answer to some of the
queries of reviewers: VM.

. Baskin CR, Bielefeldt-Ohmann H, Tumpey TM, Sabourin PJ, Long JP, et al.
(2009) Early and sustained innate immune response defines pathology and death
in nonhuman primates infected by highly pathogenic influenza virus.
Proceedings of the National Academy of Sciences of the United States of
America 106: 3455-3460.

. Lamb J (2007) The Connectivity Map: a new tool for biomedical research.
Nature Reviews Cancer 7: 54-60.

. Lamb J, Crawford ED, Peck D, Modell JW, Blat IC, et al. (2006) The
Connectivity Map: using gene-expression signatures to connect small molecules,
genes, and disease. Science 313: 1929-1935.

15. Moules V, Ferraris O, Terrier O, Giudice E, Yver M, et al. (2010) In vitro
characterization of naturally occurring influenza H3NA- viruses lacking the NA
gene segment: Toward a new mechanism of viral resistance? Virology 404:
215-224.

. Puthier D, Joly F, Irla M, Saade M, Victorero G, et al. (2004) A general survey
of thymocyte differentiation by transcriptional analysis of knockout mouse
models. Journal of Immunology 173: 6109-6118.

. Lopez F, Rougemont J, Loriod B, Bourgeois A, Loi L, et al. (2004) Feature
extraction and signal processing for nylon DNA microarrays. BMC Genomics 5:
38.

. Gentleman RC, Carey V], Bates DM, Bolstad B, Dettling M, et al. (2004)
Bioconductor: open software development for computational biology and
bioinformatics. Genome Biology 5: R80.

. Tusher VG, Tibshirani R, Chu G (2001) Significance analysis of microarrays

applied to the ionizing radiation response. Proceedings of the National Academy

of Sciences of the United States of America 98: 5116-5121.

Schwender H, Ickstadt K (2008) Empirical Bayes analysis of single nucleotide

polymorphisms. BMC Bioinformatics 9: 144.

Benjamini Y, Hochberg, Y: (1995) Controlling the false discovery rate: a

practical and powerful approach to multiple testing. J R Statist Soc B 57:

289-300.

20.

21.

October 2010 | Volume 5 | Issue 10 | e13169



22.

24.

26.

27.

28.

29.

30.

31.

32.

33.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using
real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25:
402-408.

. Fautz R, Husein B, Hechenberger C (1991) Application of the neutral red assay

(NR assay) to monolayer cultures of primary hepatocytes: rapid colorimetric
viability determination for the unscheduled DNA synthesis test (UDS). Mutation
Research 253: 173-179.

Smee DF, Morrison AC, Barnard DL, Sidwell RW (2002) Comparison of
colorimetric, fluorometric, and visual methods for determining anti-influenza
(HIN1 and H3N2) virus activities and toxicities of compounds. Journal of
Virological Methods 106: 71-79.

. Fotakis G, Timbrell JA (2006) In vitro cytotoxicity assays: comparison of LDH,

neutral red, MTT and protein assay in hepatoma cell lines following exposure to
cadmium chloride. Toxicology Letters 160: 171-177.

Eichelberger MC, Hassantoufighi A, Wu M, Li M (2008) Neuraminidase activity
provides a practical read-out for a high throughput influenza antiviral screening
assay. Virology Journal 5: 109.

Jonges M, Liu WM, van der Vries E, Jacobi R, Pronk I, et al. (2010) Influenza
Virus Inactivation for Studies of Antigenicity and Phenotypic Neuraminidase
Inhibitor Resistance Profiling. J Clin Microbiol 48: 928-940.

DeLean A, Munson PJ, Rodbard D (1978) Simultancous analysis of families of
sigmoidal curves: application to bioassay, radioligand assay, and physiological
dose-response curves. The American Journal of Physiology 235: E97-102.

Ritz C, Streibig JC (2005) Bioassay Analysis using R. J Statist Software 12.
Guo Y, Rumschlag-Booms E, Wang J, Xiao H, Yu J, et al. (2009) Analysis of
hemagglutinin-mediated entry tropism of H5NI avian influenza. Virology
Journal 6: 39.

Kanai Y, Chittaganpitch M, Nakamura I, Li G-M, Bai G-R, et al. (2010)
Distinct propagation efficiencies of H5NT1 influenza virus Thai isolates in newly
established murine respiratory region-derived cell clones. Virus Research In
Press.

Li IWS, Chan KH, To KWK, Wong SSY, Ho PL, et al. (2009) Differential
susceptibility of different cell lines to swine-origin influenza A HINI, seasonal
human influenza A HINI, and avian influenza A H5N1 viruses. Journal of
Clinical Virology 46: 325-330.

Lee D, Mok C, Law A, Peiris M, Lau A (2010) Differential replication of avian
influenza HIN2 viruses in human alveolar epithelial A549 cells. Virology
Journal 7: 71.

Scull MA, Gillim-Ross L, Santos C, Roberts KL, Bordonali E, et al. (2009)
Avian Influenza Virus Glycoproteins Restrict Virus Replication and Spread
through Human Airway Epithelium at Temperatures of the Proximal Airways.
PLoS Pathog 5: ¢1000424.

. Greve JM, Davis G, Meyer AM, Forte CP, Yost SC, et al. (1989) The major

human rhinovirus receptor is ICAM-1. Cell 56: 839-847.

. Ning S, Hahn AM, Huye LE, Pagano JS (2003) Interferon regulatory factor 7

regulates expression of Epstein-Barr virus latent membrane protein 1: a
regulatory circuit. Journal of Virology 77: 9359-9368.

Shapira SD, Gat-Viks I, Shum BOV, Dricot A, de Grace MM, et al. (2009) A
physical and regulatory map of host-influenza interactions reveals pathways in
HINTI infection. Cell 139: 1255-1267.

Baskin CR, Garcia-Sastre A, Tumpey TM, Bielefeldt-Ohmann H, Carter VS,
et al. (2004) Integration of clinical data, pathology, and cDNA microarrays in
influenza virus-infected pigtailed macaques (Macaca nemestrina). Journal of
Virology 78: 10420-10432.

Tong HH, Long JP, Li D, DeMaria TF (2004) Alteration of gene expression in
human middle ear epithelial cells induced by influenza A virus and its
implication for the pathogenesis of otitis media. Microbial Pathogenesis 37:
193-204.

Schmolke M, Viemann D, Roth J, Ludwig S (2009) Essential impact of NF-
kappaB signaling on the H5N1 influenza A virus-induced transcriptome. Journal
of Immunology 183: 5180-5189.

Baas T, Baskin CR, Diamond DL, Garcia-Sastre A, Bielefeldt-Ohmann H, et al.
(2006) Integrated molecular signature of disease: analysis of influenza virus-
infected macaques through functional genomics and proteomics. Journal of
Virology 80: 10813-10828.

Smee DF, Huffman JH, Morrison AC, Barnard DL, Sidwell RW (2001)
Cyclopentane neuraminidase inhibitors with potent in vitro anti-influenza virus
activities. Antimicrobial Agents and Chemotherapy 45: 743-748.

Hoffmann HH, Palese P, Shaw ML (2008) Modulation of influenza virus
replication by alteration of sodium ion transport and protein kinase C activity.
Antiviral Research 80: 124-134.

Klein M, Brewer JH (1948) The inactivation of influenza virus by mercurials and
the reactivation of sodium thioglycolate and BAL. Journal of Immunology 59:
135-140.

Sidwell RW, Bailey KW, Wong MH, Barnard DL, Smee DF (2005) In vitro and
in vivo influenza virus-inhibitory effects of viramidine. Antiviral Research 68:
10-17.

Ludwig S, Planz O, Pleschka S, Wolff T (2003) Influenza-virus-induced signaling
cascades: targets for antiviral therapy? Trends in Molecular Medicine 9: 46-52.
Naffakh N, Tomoiu A, Rameix-Welti M-A, van der Werf S (2008) Host
Restriction of Avian Influenza Viruses at the Level of the Ribonucleoproteins.
Annual Review of Microbiology 62: 403-424.

@ PLoS ONE | www.plosone.org

18

48.

49.

50.

51.

52.

56.

57.

58.

59.

60.

61.

62.

63.

64.

66.

67.

68.

69.

70.

71.

72.

73.

Influenza Signature Inversion

de Jong MD, Simmons CP, Thanh TT, Hien VM, Smith GJD, et al. (2006)
Fatal outcome of human influenza A (H5N1) is associated with high viral load
and hypercytokinemia. Nature Medicine 12: 1203-1207.

Chan RWY, Yuen KM, Yu WCL, Ho CCC, Nicholls JM, et al. (2010) Influenza
H5N1 and HINI Virus Replication and Innate Immune Responses in Bronchial
Epithelial Cells Are Influenced by the State of Differentiation. PLoS One 5(1):
¢8713.

Marjuki H, Yen H-L, Franks J, Webster RG, Pleschka S, et al. (2007) Higher
polymerase activity of a human influenza virus enhances activation of the
hemagglutinin-induced Raf/MEK/ERK signal cascade. Virology Journal 4:
134.

Geiss GK, An MC, Bumgarner RE, Hammersmark E, Cunningham D, et al.
(2001) Global impact of influenza virus on cellular pathways is mediated by both
replication-dependent and -independent events. Journal of Virology 75:
4321-4331.

Katze MG, Krug RM (1984) Metabolism and expression of RNA polymerase 11
transcripts in influenza virus-infected cells. Molecular and Cellular Biology 4:

2198-2206.

. Hale BG, Randall RE, Ortin ], Jackson D (2008) The multifunctional NS1

protein of influenza A viruses. The Journal of General Virology 89: 2359-2376.

. Bjornson AB, Mellencamp MA, Schiff GM (1991) Complement is activated in

the upper respiratory tract during influenza virus infection. The American
Review of Respiratory Disease 143: 1062-1066.

. Zhang H, Su YA, Hu P, Yang J, Zheng B, et al. (2006) Signature patterns

revealed by microarray analyses of mice infected with influenza virus A and
Streptococcus pneumoniae. Microbes and Infection 8: 2172-2185.

El Kasmi KC, Smith AM, Williams L, Neale G, Panopolous A, et al. (2007)
Cutting Edge: A Transcriptional Repressor and Corepressor Induced by the
STAT3-Regulated Anti-Inflammatory Signaling Pathway. J Immunol 179:
7215-7219.

Herraiz T, Gonzalez D, Ancin-Azpilicueta C, Aran VJ, Guillén H (2009) beta-
Carboline alkaloids in Peganum harmala and inhibition of human monoamine
oxidase (MAO) Food and Chemical Toxicology 48: 839-345.

Im J-H, Jin Y-R, Lee J-J, Yu J-Y, Han X-H, et al. (2009) Antiplatelet activity of
beta-carboline alkaloids from Perganum harmala: a possible mechanism through
inhibiting PLCgamma2 phosphorylation. Vascular Pharmacology 50: 147-152.
Abe A, Yamada H (2009) Harmol induces apoptosis by caspase-8 activation
independently of Fas/Fas ligand interaction in human lung carcinoma H596
cells. Anti-Cancer Drugs 20: 373-381.

Root CN, Wills EG, McNair LL, Whittaker GR (2000) Entry of influenza
viruses into cells is inhibited by a highly specific protein kinase C inhibitor. The
Journal of General Virology 81: 2697-2705.

Kurokawa M, Koyama AH, Yasuoka S, Adachi A (1999) Influenza virus
overcomes apoptosis by rapid multiplication. International Journal of Molecular
Medicine 3: 527-530.

Chan-Tack KM, Murray ]S, Birnkrant DB (2009) Use of ribavirin to treat
influenza. The New England Journal of Medicine 361: 1713-1714.

Leyssen P, De Clercq E, Neyts J (2008) Molecular strategies to inhibit the
replication of RNA viruses. Antiviral Research 78: 9-25.

Zhang Y, Jamaluddin M, Wang S, Tian B, Garofalo RP, et al. (2003) Ribavirin
Treatment Up-Regulates Antiviral Gene Expression via the Interferon-
Stimulated Response Element in Respiratory Syncytial Virus-Infected Epithelial
Cells. Journal of Virology 77: 5933-5947.

. Feld JJ, Nanda S, Huang Y, Chen W, Cam M, et al. (2007) Hepatic Gene

Expression During Treatment with Peginterferon and Ribavirin: Identifying
Molecular Pathways for Treatment Response. Hepatology 46: 1548-1563.
Feld JJ, Lutchman GA, Heller T, Hara K, Pfeiffer JK, et al. (2010) Ribavirin
improves early responses to peginterferon through enhanced interferon
signaling. Gastroenterology 139: 154-162.

Cruz DN (2000) Midodrine: a selective alpha-adrenergic agonist for orthostatic
hypotension and dialysis hypotension. Expert Opinion on Pharmacotherapy 1:
835-840.

Gonzalez-Cabrera PJ, Gaivin RJ, Yun J, Ross SA, Papay RS, et al. (2003)
Genetic Profiling of ol-Adrenergic Receptor Subtypes by Oligonucleotide
Microarrays: Coupling to Interleukin-6 Secretion but Differences in STAT3
Phosphorylation and gp-130. Molecular Pharmacology 63: 1104-1116.
Gonzalez-Cabrera PJ, Shi T, Yun J, McCune DF, Rorabaugh BR, et al. (2004)
Differential Regulation of the Cell Cycle by {alpha}l-Adrenergic Receptor
Subtypes. Endocrinology 145: 5157-5167.

Shi T, Duan Z-H, Papay R, Pluskota E, Gaivin R], et al. (2006) Novel ol-
Adrenergic Receptor Signaling Pathways: Secreted Factors and Interactions
with the Extracellular Matrix. Molecular Pharmacology 70: 129-142.

Brass AL, Huang IC, Benita Y, John SP, Krishnan MN, et al. (2009) The IFITM
proteins mediate cellular resistance to influenza A HINT1 virus, West Nile virus,
and dengue virus. Cell 139: 1243-1254.

Karlas A, Machuy N, Shin Y, Pleissner K-P, Artarini A, et al. (2010) Genome-
wide RNAI screen identifies human host factors crucial for influenza virus
replication. Nature 463: 818-822.

Konig R, Stertz S, Zhou Y, Inoue A, Heinrich Hoffmann H, et al. (2010)
Human host factors required for influenza virus replication Nature 463:
813-817.

October 2010 | Volume 5 | Issue 10 | e13169




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


