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Favipiravir (T-705) has previously been shown to have a potent antiviral effect against influenza virus and
some other RNA viruses in both cell culture and in animal models. Currently, favipiravir is undergoing clinical
evaluation for the treatment of influenza A and B virus infections. In this study, favipiravir was evaluated in
vitro for its ability to inhibit the replication of a representative panel of seasonal influenza viruses, the 2009
A(H1N1) strains, and animal viruses with pandemic (pdm) potential (swine triple reassortants, H2N2, H4N2,
avian H7N2, and avian H5N1), including viruses which are resistant to the currently licensed anti-influenza
drugs. All viruses were tested in a plaque reduction assay with MDCK cells, and a subset was also tested in
both yield reduction and focus inhibition (FI) assays. For the majority of viruses tested, favipiravir significantly
inhibited plaque formation at 3.2 �M (0.5 �g/ml) (50% effective concentrations [EC50s] of 0.19 to 22.48 �M
and 0.03 to 3.53 �g/ml), and for all viruses, with the exception of a single dually resistant 2009 A(H1N1) virus,
complete inhibition of plaque formation was seen at 3.2 �M (0.5 �g/ml). Due to the 2009 pandemic and
increased drug resistance in circulating seasonal influenza viruses, there is an urgent need for new drugs which
target influenza. This study demonstrates that favipiravir inhibits in vitro replication of a wide range of
influenza viruses, including those resistant to currently available drugs.

In the United States alone, seasonal influenza is responsible
annually for infecting between 5 and 20% of the American
population, resulting in more than 200,000 hospitalizations and
36,000 deaths (8). Globally, seasonal influenza causes between
250,000 and 500,000 deaths every year (60). Influenza is not
only a disease of great medical importance but also of eco-
nomic importance. Despite available vaccines, a recent study
predicted that in the United States influenza results in direct
medical costs of the order of $10.4 billion each year, with the
total economic burden for the United States being projected at
$87.1 billion each year (44). It is widely accepted that vaccina-
tion remains the most effective approach for the prevention of
viral infections (48). Although there is a safe and effective
annual trivalent influenza vaccine, a large proportion of the
global population does not receive the yearly influenza vaccine.
This can be due to a variety of reasons, including the lack of
access to adequate health care, unavailability of vaccine supply,
allergies, and adverse reactions. During the 2009 pandemic
(pdm), in addition to the vaccination and epidemiological con-
trol measures being exerted by health care officials, antivirals
targeting influenza offer an essential tool in treating infected
patients, in addition to protecting those at high risk of infec-
tion, such as the young, elderly, and health care workers.

Currently, there are two classes of anti-influenza drugs li-
censed in the United States for use in the treatment and man-
agement of influenza infections in humans: M2 ion channel

blockers (also known as adamantanes) and neuraminidase
(NA) inhibitors (NAIs) (30). Influenza antivirals are highly
effective in the treatment of influenza infections if used
promptly following the onset of symptoms or following expo-
sure (45, 46). Both the M2 blockers amantadine and rimanta-
dine are taken by the patient orally (45). However, of the two
available NAIs, only oseltamivir is available as an oral formu-
lation (zanamivir has to be inhaled [14, 53]), although other
routes of administration have been investigated (31). The use
of the M2 blockers amantadine and rimantadine is limited due
to the rapid emergence of transmissible drug-resistant mutant
viruses and the fact that they offer protection only against influ-
enza A virus infections (32). The high prevalence of adamantane
resistance in seasonal A(H3N2) viruses and oseltamivir resistance
in seasonal A(H1N1) viruses is reflected in the CDC recommen-
dations for the use of influenza antivirals (6).

The majority of adamantane-resistant A(H3N2) and
A(H1N1) viruses circulating globally in recent years share the
same mutation, S31N, in the M2 protein (20), although other
resistance-conferring mutations have been detected also (in-
cluding A30T, L26F, and V27A) (20, 49). The globally spread
oseltamivir-resistant seasonal A(H1N1) viruses share the same
mutation, H275Y (H274Y in N2 subtype amino acid number-
ing), in the drug-targeted enzyme neuraminidase, although
other mutations are known to cause reduced susceptibility in
vitro (19, 47, 50).

Seasonal A(H1N1) viruses resistant to both the adaman-
tanes and the NAI oseltamivir have previously been reported,
without an apparent link to treatment (12, 50). Currently,
zanamivir is the only drug effective against both adamantane-
resistant and/or oseltamivir-resistant influenza viruses, but due
to the fact that it has to be inhaled, it is less suitable for use
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with several high-risk groups, including the severely ill (41),
infants (33), and the elderly (22). Furthermore, zanamivir may
decrease pulmonary function, so it is not recommended for the
treatment of infections in individuals with chronic underlying
lung and heart disease conditions (23).

Since 1997, there have been several outbreaks of highly
pathogenic avian influenza A(H5N1) infections in poultry, with
a substantial number of infections occurring in humans (1).
The overall case fatality of A(H5N1) infections in humans is
over 60% and, unlike seasonal influenza, is most deadly in the
young and healthy (ages 10 to 19 years) (59). Oseltamivir is the
medication of choice for treating individuals infected with
A(H5N1) (17). However, resistance in A(H5N1) viruses has
been detected following the treatment of patients with oselta-
mivir (18, 38). In addition, naturally occurring reduced suscep-
tibility to oseltamivir (35, 40) and possibly to zanamivir (29)
has been documented for circulating A(H5N1) viruses, includ-
ing novel mutations in the NA (29, 35). Adamantane resistance
is widely spread among A(H5N1) viruses that carry mutations
at amino acid residues 26, 27, and 31 in the M2 protein (13, 35)
and among swine viruses circulating in Eurasia (27).

In April 2009, a novel reassortant A(H1N1) virus was first
identified as circulating in humans in both Mexico and the
United States (7, 9). Since April, the virus has continued to
transmit among humans, and on 11 June 2009 the World
Health Organization classified the outbreak as the first influ-
enza pandemic of the 21st century (58). The 2009 A(H1N1)
pandemic viruses consist of a unique combination of gene
segments, including those of the North American (triple reas-
sortants) and Eurasian swine lineages (27, 54). The 2009
A(H1N1) pandemic viruses are resistant to the adamantanes
and sensitive to the NAIs (3, 16). Yet, concerns exist about the
possibility of acquisition of resistance to the NAI oseltamivir,
since the majority of A(H1N1) viruses which have been circu-
lating predominantly worldwide during the 2008–2009 influ-
enza season are oseltamivir resistant due to the resistance-
conferring H275Y mutation in the NA. Such an acquisition of
resistance by the 2009 A(H1N1) pandemic viruses would be a
major setback and would further limit the already sparse ther-
apeutic options (15, 57). There have been laboratory-con-
firmed cases of oseltamivir-resistant 2009 A(H1N1) pandemic
viruses (each carrying the H275Y resistance-conferring muta-
tion in the NA) in the United States (5).

Collectively, these recent findings emphasize not only the
need for new effective antivirals to control and treat influenza
infections but also the need to identify new molecular targets
(47).

One such compound which is currently being investigated
and undergoing clinical trials for the treatment of influenza
infections is favipiravir (T-705), a pyrazine derivative (2, 26,
31). Favipiravir targets the RNA-dependent RNA polymerase
(RdRp), a component of influenza virus different from that of
currently licensed influenza antivirals (24, 25). It was shown
that favipiravir can inhibit the viral replication of influenza
type A, B, and C viruses (24, 25, 55). Favipiravir reduces
influenza virus replication by selectively inhibiting the viral
RdRp, since it does not affect the synthesis of host cellular
DNA and RNA (25). Favipiravir has also shown great poten-
tial to act as a broad-spectrum antiviral against many RNA
viruses, as reviewed by Furuta and coworkers (26).

The purpose of this study was to evaluate the ability, in vitro, of
favipiravir to inhibit the viral replication of contemporary influ-
enza viruses as well as viruses with pandemic potential, including
viruses resistant to the currently available and licensed anti-influ-
enza drugs. In this report we demonstrate that favipiravir is a
potent inhibitor of seasonal influenza A and B virus replication,
including that of drug-resistant and drug-sensitive viruses. In ad-
dition, favipiravir was shown to effectively inhibit influenza A
viruses of other antigenic subtypes, including A(H2N2), viruses of
avian origin [A(H4N2), A(H7N2), and A(H5N1)], and viruses of
swine origin [A(H1N1) and A(H1N2)], as well as the 2009
A(H1N1) pandemic viruses.

MATERIALS AND METHODS

Cells and viruses. MDCK cells from two sources (ATCC and Mill Hill, United
Kingdom; a kind gift of Alan Hay) were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) (Gibco) supplemented with 10% fetal bovine serum
(FBS) (DMEM-S10), 50 U/ml penicillin, and 50 �g/ml streptomycin (Gibco).

Influenza viruses were submitted to the World Health Organization Collabo-
rating Center for Surveillance, Epidemiology, and Control of Influenza at the
Centers for Disease Control and Prevention (CDC), Atlanta, GA, for antigenic
and antiviral resistance surveillance. All viruses were propagated in MDCK cells
prior to use in this study. A panel of previously characterized drug-resistant
viruses and their drug-sensitive counterparts were also grown in MDCK cells and
used as controls for a corresponding type and subtype of the NA (43). Following
propagation in cell culture, the drug susceptibility profile of each virus was
confirmed using both the NA-Star chemiluminescent neuraminidase inhibition
assay (to determine the susceptibility of the viruses to zanamivir and oseltamivir)
(50) and by using the pyrosequencing method to detect the presence of markers
of drug resistance to either the neuraminidase inhibitors (19) and/or the ada-
mantanes (20).

The A(H2N2), A(H4N2), and A(H7N2) influenza viruses used in this study
were obtained from the influenza strain depository at the Influenza Division at
the CDC in Atlanta, GA. H5N1 viruses used in this study, with the exception of
the A/Vietnam/HN30408/2005 virus pair, were also submitted to the World
Health Organization Collaborating Center for Surveillance, Epidemiology, and
Control of Influenza at the CDC, Atlanta, GA, for virus surveillance. The
A/Vietnam/HN30408/2005 virus, kindly provided by Q. M. Le (National Institute
of Hygiene and Epidemiology, Hanoi, Vietnam) (38), was plaque purified at the
CDC to separate the two clones, H274Y and N294S (N2 numbering), in the NA.

The viruses used in this study were selected to include reference virus strains
resistant to FDA-approved drugs (43), a pool of community isolates of wild-type
influenza viruses which were in circulation during the 2007–2008 (4) and 2008–
2009 influenza seasons, and a set of oseltamivir-resistant A(H1N1) viruses also
isolated during the past two influenza seasons. To address the emergent and
reemergent zoonotic influenza viruses, A(H5N1) viruses isolated from both
humans and birds, including drug-resistant variants (38), were incorporated into
the study. Furthermore, A(H1N1) and A(H1N2) viruses of swine origin (triple
reassortants) which were isolated from humans during 2007 and 2008 (51) were
also tested against favipiravir in this study. Pandemic 2009 A(H1N1) viruses
isolated in the United States and Mexico were also included.

Seasonal influenza viruses and avirulent avian viruses were tested in a bio-
safety level 2 (BSL2) laboratory. Experiments using A(H1N1) and A(H1N2)
triple swine reassortant influenza viruses, in addition to the 2009 pandemic
viruses, were performed in a BSL2-enhanced laboratory. All experiments using
A(H2N2), A(H7N2), and highly virulent A(H5N1) influenza viruses were carried
out in the biosafety level 3-enhanced laboratory.

Antiviral compounds. Favipiravir was kindly provided by Toyama Chemical
Company, Ltd., Tokyo, Japan. Ribavirin was purchased from Sigma Chemical
Co. Both compounds were dissolved in DMEM (Gibco) at the time of each
experiment.

Plaque reduction assay. MDCK-ATCC cells were seeded in 6-well plates to
form a confluent monolayer and infected with pretitrated dilutions of influenza
virus (influenza virus stocks were previously titrated by plaque assay to determine
the dilution of virus required to generate 15 to 45 plaques per well). Virus
adsorption was carried out in the absence of either favipiravir or ribavirin
(Sigma) for a period of 1 h at 37°C in an incubator with 5% CO2. Following the
1-h incubation period, the viral inoculum was removed from the cell monolayer,
and the cells were washed once with phosphate-buffered saline (PBS; Gibco), pH
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7.2. A 2-ml 0.8% SeaKem LE agarose (Lonza) overlay in modified Eagle me-
dium (MEM) containing the relevant concentration of favipiravir or ribavirin was
then added to each well. Tosylsulfonyl phenylalanyl chloromethyl ketone
(TPCK)-treated trypsin was added at a concentration of 3 �g/ml to media to
support the replication of seasonal viruses, A(H2N2), A(H4N2), and A(H7N2)
viruses and at a concentration of 2 �g/ml to media to support the replication of
2009 pandemic A(H1N1) viruses. One set of wells received neither the favipiravir
compound nor ribavirin. Plates were incubated for 3 days at 37°C in an incubator
with 5% CO2. Agar overlays were then removed from each well, and the cells
were fixed with 70% ethanol for a period of 30 min at room temperature.
Following fixation, the 70% ethanol was removed from the cells, and 1 ml of
Gram crystal violet stain (BD) was added to each well for a period of 5 min at
room temperature. The crystal violet stain was then removed from the wells, and
cells were washed twice with PBS. Plaques were then visualized and counted.
GraphPad Prism (San Diego, CA) version 5.0 was used for curve fitting and 50%
effective concentration (EC50) determination.

Focus inhibition (FI) assay. MDCK cells were seeded in flat-bottomed 96-well
plates to form a confluent monolayer. Serial 10-fold dilutions of influenza virus
were made starting with a 10�1 dilution of virus in DMEM (Gibco) supple-
mented with bovine albumin fraction V solution (Gibco), HEPES buffer solution
(Gibco), 50 U/ml penicillin, and 50 �g/ml streptomycin (Gibco). Thirty microli-
ters of each virus dilution assayed (multiplicity of infection [MOI] of �0.001,
�0.01, and �0.1) was added to cells, and following virus adsorption for 1 h at
4°C, the unbound virus was removed. Cells were washed twice with PBS, and 100
�l of DMEM containing 2 �g/ml TPCK-treated trypsin (Sigma) and favipiravir
at the desired concentration was added. After incubation for 24 h at 37°C,
supernatants were harvested from each well and titrated on MDCK cells (see
“Determination of virus titer in cell culture supernatant by focus formation assay
(immunofluorescence)”).

The monolayers were fixed with 50 �l per well of ice cold fixative (95%
methanol and 5% glacial acetic acid) for 30 min at �20°C. Cells were then rinsed
twice with PBS and incubated with 100 �l of blocking solution (PBS containing
1% bovine serum albumin [BSA]) for 15 min at room temperature. Blocking
buffer was then removed, and the fixed cells were incubated overnight at 4°C with
30 �l per well of a combination of six murine monoclonal antibodies (MAbs)
targeting the influenza A nucleoprotein (kind gift of Robert Webster, St. Jude
Children’s Research Hospital, Memphis, TN). Next, the MAbs were removed,
the cells were rinsed twice with PBS, and 30 �l of fluorescein isothiocyanate
(FITC)-labeled goat anti-mouse secondary antibody (Sigma) was added to the
cells and incubated for 1 h at room temperature. The secondary antibody was
then removed, and cells were rinsed twice with PBS. To each well, 50 �l of
blocking solution was added, the number of immunostained foci was counted in
each well using an Axiovert 200 fluorescent microscope (Zeiss), and viral titers
were calculated. As an alternative for the visualization of cells expressing influ-
enza virus nucleoprotein antigen, following incubation with primary antibodies,
cells were incubated with horseradish peroxidase (HRP)-conjugated goat anti-
mouse secondary antibody (Millipore) and then incubated for 30 min with
precipitate-forming peroxidase substrate (True Blue; KPL).

Determination of virus titer in cell culture supernatant by focus formation
assay (immunofluorescence). MDCK cells were seeded in 96-well flat-bottom
plates to form a confluent monolayer. Serial 10-fold dilutions of supernatants
containing influenza virus were made, starting with a 10�1 dilution of virus in
DMEM (Gibco) supplemented with bovine albumin fraction V solution (Gibco),
HEPES buffer solution (Gibco), 50 U/ml penicillin, and 50 �g/ml streptomycin
(Gibco). Cell monolayers were washed twice with PBS, and the virus was added
for adsorption of 1 h at 4°C. Unbound virus was then removed from the cell
monolayer. Cells were washed twice with PBS, and 100 �l of DMEM containing
2 �g/ml TPCK-treated trypsin (Sigma) was added. Plates were incubated at 37°C
in an incubator with 5% CO2 for 24 h, at which point the supernatants were
discarded and the cells were fixed with 50 �l per well of ice cold fixative (95%
methanol [Fisher Scientific] and 5% glacial acetic acid [Fisher Scientific]) for 30
min at �20°C. Fixed cell monolayers were then immunostained (as described in
“Focus inhibition [FI] assay”).

RESULTS

Assessment of the anti-influenza activity of favipiravir in a
plaque reduction assay. The ability of favipiravir to inhibit the
replication of influenza viruses was determined using a plaque
reduction assay on MDCK-ATCC cells. A representative set of
viruses (n � 53), including seasonal A(H3N2) and A(H1N1)

influenza viruses and nonseasonal viruses, including A(H2N2),
A(H4N2), A(H7N2), highly virulent avian A(H5N1), swine
triple-reassortant viruses, and the 2009 A(H1N1) pandemic
(pdm) strains were tested. Some of the tested viruses were
previously reported as resistant to either M2 blockers and/or
an NAI(s) (38, 43, 50), and some expressed reduced drug
susceptibility in the NA inhibition assays (Tables 1, 2, and 3).
Tables 1, 2, and 3 contain information on the molecular mark-
ers in M2 and NA for the viruses used in this study, which have
previously been associated with resistance or reduced suscep-
tibility to adamantanes, oseltamivir, and/or zanamivir. The lev-
els of viral resistance to licensed anti-influenza drugs listed in
Tables 1, 2, and 3 were assigned based on surveillance criteria
and on our previously published 50% inhibitory concentrations
(IC50s) (50). In the plaque reduction assay experiments, the
antiviral drug ribavirin was used as a positive control against a
subset of the seasonal influenza viruses used in this study.
Experiments were performed in duplicate three times on three
separate occasions using fresh preparations of cells. EC50s
provided in the tables are averages obtained from three inde-
pendently executed experiments performed in duplicate and in
each table, standard deviations are reported.

Inhibition of the replication of seasonal influenza A and B
viruses. A panel of 15 A(H1N1) viruses, including six carrying
the most common oseltamivir resistance-conferring H275Y
mutation (corresponds to H274Y in N2 numbering), were
tested. Favipiravir completely inhibited plaque formation at
concentrations of 15.9 �M (2.5 �g/ml), with the EC50s ranging
from 0.19 �M (0.03 �g/ml) to 5.03 �M (0.79 �g/ml) (Table 1).
A dually resistant virus, A/Luhansk/18/2008, was shown to be
sensitive to favipiravir, with an EC50 of 2.93 �M (0.46 �g/ml)
(Table 1).

The EC50s for the nine A(H3N2) viruses tested ranged from
0.45 �M (0.07 �g/ml) to 5.99 �M (0.94 �g/ml) (Table 1). The
A/Bethesda/956/2006 virus, resistant to both oseltamivir and
zanamivir, exhibited susceptibility to favipiravir, with an EC50

of 1.21 �M (0.19 �g/ml) (Table 1).
Eight seasonal influenza B viruses tested showed EC50s

ranging from 0.57 �M (0.09 �g/ml) to 5.3 �M (0.83 �g/ml)
(Table 1). This pool of B viruses consisted of four viruses which
are sensitive to an NAI(s) and four which are either resistant
to an NAI(s) or which showed reduced drug susceptibility
(R152K, D198N, E119A, and H274Y in NA; N2 numbering).
As a control, a subset of the seasonal influenza viruses (n � 7)
was tested in parallel using ribavirin and was shown to have
EC50s in the range of 4.92 to 46.7 �M (1.15 �g/ml to 11.39
�g/ml) (Table 2).

Inhibition of the replication of A(H5N1) viruses. Favipiravir
was tested against highly virulent A(H5N1) viruses (n � 6)
which were isolated from either humans or birds and which are
representative of two different genetic clades, 1 and 2.3.4. All
six viruses, including the isolate dually resistant to oseltamivir
and the adamantanes, the A/Vietnam/HN30408/2005 H274Y
variant, were susceptible to favipiravir, with EC50s ranging
from 1.27 �M (0.2 �g/ml) to 5.22 �M (0.82 �g/ml) (Table 3).

Inhibition of the replication of subtype H2N2, H4N2, and
H7N2 influenza A viruses. In addition to seasonal and highly
virulent A(H5N1) viruses, the susceptibility of influenza A
viruses of other antigenic subtypes was also assessed. The
A/Ann Arbor/6/1960 [A(H2N2)], the internal genes of which

VOL. 54, 2010 FAVIPIRAVIR ACTIVITY AGAINST DRUG-RESISTANT INFLUENZA 2519



are present in some live influenza vaccines, was shown to be
highly susceptible to favipiravir (Table 3). A pair of the NAI-
sensitive and NAI-resistant variants of A/turkey/MN/833/1980
[A(H4N2)] were shown to have EC50s of 0.96 �M (0.15 �g/ml)
and 0.89 �M (0.14 �g/ml), respectively (Table 3). In addition,
two A(H7N2) virus isolates, from a bird and a human, were
also susceptible, with EC50s ranging from 1.53 �M (0.24 �g/
ml) to 10.2 �M (1.6 �g/ml), respectively (Table 3).

Inhibition of the replication of swine triple-reassortant vi-
ruses and 2009 A(H1N1) pandemic viruses. Three triple-reas-
sortant swine viruses isolated from humans in the United

States during 2007 and 2008 showed EC50s ranging from 0.83
�M (0.13 �g/ml) to 4.52 �M (0.71 �g/ml) (Table 3). These
viruses were also sensitive to all four licensed anti-influenza
drugs. In addition to these three triple-reassortant viruses, five
2009 A(H1N1) pandemic viruses isolated from infected people
in the United States and Mexico from March to April of 2009
were tested and showed EC50s ranging from 0.83 �M (0.13
�g/ml) to 1.97 �M (0.31 �g/ml) (Table 3). All five 2009
A(H1N1) pdm viruses tested are resistant to the adamantanes
and sensitive to NAIs (16). Two 2009 A(H1N1) pdm viruses
recently isolated from infected patients in the United States

TABLE 1. Testing of virus susceptibility to favipiravir in plaque reduction assay with MDCK cellsb

Strain designation Subtype Adamantane
phenotype

M2
mutation

Oseltamivir
phenotype

Zanamivir
phenotype

NA
mutationa

Favipiravir EC50
� SD (�M)

A/Georgia/17/2006 H1N1 S S S 1.46 � 0.25
A/Georgia/20/2006 H1N1 S R S H274Y 2.55 � 0.06
A/California/27/2007 H1N1 S S S 3.63 � 0.06
A/New Jersey/15/2007 H1N1 S R S H274Y 4.90 � 0.06
A/Ecuador/5179/2008 H1N1 S S S 2.48 � 0.12
A/Santiago/5248/2008 H1N1 S R R D198E 4.70 � 0.06
A/Brazil/1067/2008 H1N1 S S S 1.85 � 0.06
A/Brazil/1633/2008 H1N1 S R R Q136K 0.83 � 0.06
A/Luhansk/18/2008 H1N1 R G34E R S H274Y 2.93 � 0.06
A/New York/34/2008 H1N1 S L26I S S 0.19 � 0.06
A/Washington/10/2008 H1N1 R S31N S S 3.25 � 0.19
A/Florida/21/2008 H1N1 S R S H274Y 1.59 � 0.06
A/Wisconsin/16/2008 H1N1 S R S H274Y 2.87 � 0.06
A/North Carolina/02/2009 H1N1 R S31N S S 5.03 � 0.06
A/Idaho/01/2009 H1N1 S R S H274Y 2.93 � 0.06
A/Wuhan/395/1995-like H3N2 S S S 5.99 � 0.06
A/Wuhan/395/1995-like H3N2 S R S E119V 5.41 � 0.12
A/Bethesda/956/2006 H3N2 R S31N R R R292K 1.21 � 0.06
A/Washington/01/2007 H3N2 R S31N S S 4.46 � 0.06
A/Texas/12/2007 (clone) H3N2 R S31N R S E119I 3.95 � 0.19
A/Texas/12/2007 (clone) H3N2 R S31N R S E119V 5.22 � 0.06
A/Florida/01/2009 H3N2 R S31N S S 0.45 � 0.06
A/New Hampshire/01/2009 H3N2 R S31N S S 4.08 � 0.06
A/Massachusetts/03/2009 H3N2 R S31N S S 4.20 � 0.06
B/Memphis/20/1996 R N/A S S 1.21 � 0.06
B/Memphis/20/1996 R N/A R R R152K 0.57 � 0.06
B/Rochester/01/2001 R N/A S S 1.40 � 0.06
B/Rochester/01/2001 R N/A R S D198N 1.72 � 0.06
B/New York/22/2008 R N/A S S 5.30 � 0.06
B/Illinois/03/2008 R N/A R R E119A 3.00 � 0.19
B/Illinois/47/2005 R N/A S S 4.01 � 0.06
B/Michigan/20/2005 R N/A R S H274Y 5.03 � 0.06

a N2 amino acid numbering.
b S, sensitive; R, resistant, based on surveillance criteria (50). Values reported represent means of experiments performed in duplicate on three separate occasions �

standard deviations. Boldface type, established resistance-conferring mutation.

TABLE 2. Comparison of virus susceptibilities to favipiravir and ribavirin in plaque reduction assays with MDCK cellsb

Strain designation Subtype Adamantane
phenotype

M2
mutation

Oseltamivir
phenotype

Zanamivir
phenotype

NA
mutationa

Favipiravir EC50
� SD (�M)

Ribavirin EC50
� SD (�M)

A/Georgia/17/2006 H1N1 S S S 1.46 � 0.02 4.92 � 0.25
A/Georgia/20/2006 H1N1 S R S H274Y 2.55 � 0.02 19.67 � 0.06
A/Washington/01/2007 H3N2 R S31N S S 4.46 � 0.01 35.6 � 0.12
A/Texas/12/2007 (clone) H3N2 R S31N R S E119V 5.22 � 0.01 46.7 � 0.06
A/Florida/01/2009 H3N2 R S31N S S 0.45 � 0.01 20.92 � 0.06
B/Memphis/20/1996 R N/A S S 1.21 � 0.01 13.93 � 0.06
B/Memphis/20/1996 R N/A R R R152K 0.57 � 0.01 25.00 � 0.12

a N2 amino acid numbering.
b S, sensitive; R, resistant, based on surveillance criteria (50). Values reported represent means of experiments performed in duplicate on three separate occasions �

standard deviations. Boldface type, established resistance-conferring mutation.
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following treatment with oseltamivir were also tested in this
assay. These two viruses are resistant to both the adamantanes
and the NAI oseltamivir. Each of these two viruses remained
susceptible to treatment with favipiravir, although the EC50s
were slightly elevated in this assay (6.62 and 22.48 �M [1.04
and 3.53 �g/ml]) compared to the oseltamivir-sensitive 2009
A(H1N1) pdm viruses which were tested in the same manner
(Table 3).

Assessment of the anti-influenza activity of favipiravir in FI
and viral yield reduction assays. To further assess the ability of
favipiravir to inhibit viral replication, the focus inhibition (FI)
assay was used. It allows the detection of virus spread by
immunostaining the influenza virus NP antigen in infected
cells. MDCK cells were infected with two 2009 pandemic vi-
ruses, isolated in March and April of 2009 in Mexico and the
United States, which are resistant to the adamantanes but
sensitive to both oseltamivir and zanamivir. In addition, two
2009 pandemic viruses recently isolated from patients in the
United States following treatment with oseltamivir were also
tested. These two viruses are resistant to both the adamantanes
and the NAI oseltamivir. Favipiravir at 128.0 �� (20 �g/ml)
was shown to completely inhibit focus formation for all four
viruses tested, at all three MOI assayed (data not shown). At
an MOI of 0.001, favipiravir at concentrations as low as 1.6 ��
(0.25 �g/ml) greatly inhibited focus formation. With a higher
MOI, a greater concentration of favipiravir was required to
inhibit virus replication (data not shown). Thus, a dose-depen-
dent response was observed between the amount of favipiravir
used to treat the cells during the course of infection and the
amount of viral input.

Favipiravir was also assessed for its ability to inhibit the yield
of infectious virus in cell culture supernatants. These experi-
ments were performed on two separate occasions in quadru-
plicate. For this purpose, MDCK cells from two different

sources were used, and virus yields were determined following
treatment with favipiravir for a period of 24 h. The experi-
ments described here were performed mainly using a low-
passage MDCK-ATCC cell line. However, it has been shown
that results for antiviral testing on different MDCK cell lines
with different receptor repertoires can result in a substantial
difference of any observed inhibitory effects against the virus
(39). To determine if such an effect was observed using the
compound favipiravir, a subset of the newly isolated 2009 pan-
demic viruses from Mexico and the United States were tested
using MDCK-Mill Hill cells (courtesy of Alan Hay, United
Kingdom) in parallel with the MDCK-ATCC cells. Favipiravir
was shown to have a more potent inhibitory effect when
screened using MDCK-ATCC cells compared to MDCK-Mill
Hill cells, for all viruses tested, with the exception of A/Illinois/
10/2009 (Table 4). Against the A/California/04/2009 oseltami-
vir-sensitive virus using MDCK-ATCC cells, favipiravir was
shown to reduce the viral titer by more than one log10 at a
concentration as low as 1.6 �� (0.25 �g/ml), and at a concen-
tration of 14.2 �� (2.22 �g/ml), virus yield was undetectable
(Table 4). Against the same virus, but using MDCK-Mill Hill
cells, favipiravir reduced viral output to undetectable levels
following treatment at a 3-fold higher concentration, 42.7 ��
(6.67 �g/ml). Similarly, favipiravir was shown to have a more
potent effect when used in the MDCK-ATCC cell line (Table 4)
with the second oseltamivir-sensitive pandemic virus A/Mexico/
4604/2009. The A/California/04/2009 virus was slightly more sus-
ceptible to favipiravir in both cell lines compared to the A/Mex-
ico/4604/2009. The two H275Y oseltamivir-resistant H1N1 pdm
viruses were slightly less susceptible to favipiravir compared to the
oseltamivir-sensitive viruses (Table 4).

Against three of the four viruses and in both cell lines tested,
favipiravir was shown to completely inhibit virus growth at
128.0 �� (20 �g/ml). For the A/Washington/29/2009 H275Y

TABLE 3. Testing of 2009 A(H1N1) and animal virus susceptibility to favipiravir in plaque reduction assay with MDCK cellsb

Strain designation Subtype Adamantane
phenotype M2 mutations Oseltamivir

phenotype
Zanamivir
phenotype

NA
mutationa

Favipiravir EC50
� SD (�M)

A/South Dakota/03/2008 swH1N1 S S S 0.83 � 0.06
A/Texas/14/2008 swH1N1 S V27T, V28D S S 4.52 � 0.06
A/Michigan/09/2007 swH1N2 S V27I, V28D S S 2.23 � 0.12
A/Mexico/4604/2009 H1N1pdm R V28I, S31N S S 1.21 � 0.06
A/California/04/2009 H1N1pdm R V28I, S31N S S 1.97 � 0.06
A/California/05/2009 H1N1pdm R V28I, S31N S S 0.83 � 0.06
A/California/07/2009 H1N1pdm R V28I, S31N S S 1.40 � 0.06
A/New York/18/2009 H1N1pdm R V28I, S31N S S 0.89 � 0.06
A/Illinois/10/2009 H1N1pdm R V28I, S31N R S H274Y 22.48 � 0.06
A/Washington/29/2009 H1N1pdm R V28I, S31N R S H274Y 6.62 � 0.12
A/Ann Arbor/6/1960 H2N2 S S S 0.38 � 0.12
A/turkey/Minnesota/833/1980 H4N2 S S S 0.96 � 0.06
A/turkey/Minnesota/833/1980 H4N2 S S R E119G 0.89 � 0.06
A/duck/Vietnam/NCVD93/2007 clade 2.3.4 H5N1 S S S 1.59 � 0.06
A/duck/Vietnam/NCVD94/2007 clade 2.3.4 H5N1 S R R I117V 3.38 � 0.06
A/chicken/Vietnam/NCVD103/2007 clade 2.3.4 H5N1 S S S I222T 1.27 � 0.12
A/Vietnam/1203/2004 clade 1 H5N1 R L26I, S31N S S 5.22 � 0.06
A/Vietnam/HN30408/2005 H274Y clade 1 H5N1 R L26I, S31N R S H274Y 4.14 � 0.06
A/Vietnam/HN30408/2005 N294S clade 1 H5N1 R L26I, S31N R R N294S 1.341 � 0.06
A/turkey/VA/4529/2002 H7N2 S S S 1.53 � 0.12
A/New York/107/2003 H7N2 R V28A, S31N S S 10.2 � 0.44

a N2 amino acid numbering.
b S, sensitive; R, resistant, based on surveillance criteria (50). Values reported represent means of experiments performed in duplicate on three separate occasions �

standard deviations. Boldface type, established resistance-conferring mutation.
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oseltamivir-resistant virus, a single well was found to be posi-
tive for virus replication in the presence of favipiravir at 128.0
�� (20 �g/ml) using the MDCK-ATCC cells; when using the
MDCK-Mill Hill cells, no detectable virus was observed in the
presence of favipiravir at 128.0 �� (20 �g/ml).

DISCUSSION

The ongoing influenza pandemic necessitates the develop-
ment of new measures to reduce the impact on human health
of the 2009 A(H1N1) pdm strain. While these circulating pan-
demic viruses are resistant to the adamantanes, they remain
susceptible to the NAI class of influenza antivirals (3, 16).
However, it is plausible that the pandemic viruses could ac-
quire resistance to NAIs in the future. Rare cases of oseltami-
vir resistance have been reported in patients infected with the
2009 A(H1N1) pdm strain following exposure to oseltamivir
(10, 11, 61).

In the present study we tested the susceptibility of both
oseltamivir-sensitive and oseltamivir-resistant 2009 pandemic
viruses, which were isolated from patients in the United States
and Mexico, to favipiravir. These viruses were tested using a
combination of plaque reduction, focus inhibition, and viral
yield reduction assays with MDCK cells and were shown to be
potently inhibited by favipiravir. It is interesting to note that
the potency of favipiravir varied, depending upon which of the
two MDCK cell lines were used in this assay. For each of the
2009 pandemic viruses tested, with the exception of A/Illinois/
10/2009, favipiravir was found to inhibit viral infection more
effectively when used to treat infections in MDCK-ATCC cells.
The A/Illinois/10/2009 virus has a passage history different than
that of the other pandemic viruses used in this study and was
passaged an additional two times in MDCK-ATCC cells in
order to gain a virus of high hemagglutination (HA) titer.
Therefore, cell selection could play a role in the elevated EC50

seen with this virus compared to the other 2009 A(H1N1)
pandemic viruses. The observation that favipiravir appears to
be more efficacious in MDCK-ATCC cells compared to
MDCK-Mill Hill cells could be due to a difference in the rates
of virus replication and viral spread, although at this time,
other factors cannot be ruled out. It is possible that the two cell

lines differ in their receptor repertoires or receptor densities,
and this may potentially account for this observation. The
varying efficacy of favipiravir in the two cell lines could also be
due to differing ratios of conversion of the inactive form of
favipiravir into its active ribofuranosyltriphosphate form by the
cellular enzymes of each of the two cell lines (26, 52). It could
be useful to investigate the antiviral potency of favipiravir
against the pandemic viruses using human primary respiratory
epithelium culture.

Since 2005 there have been sporadic cases of human infec-
tions with swine A(H1N1) and A(H1N2) viruses in the United
States (51), and human infection with swine influenza has
become a nationally notifiable disease (51). Favipiravir targets
the influenza virus polymerase complex (PB1, PB2, and PA
proteins). Phylogenetic analyses have revealed that the PB2
and PA genes of the 2009 H1N1 pdm viruses, as well as those
of the swine triple-reassortant viruses recovered from humans
prior to 2009, originated from avian viruses that crossed the
species barrier and entered the swine population around 1998.
In contrast, the PB1 gene originated from human A(H3N2)
influenza viruses and entered swine at approximately the same
time (27, 54). In our study, favipiravir potently inhibited the
plaque formation of the viruses sharing this distinctive constel-
lation of the polymerase genes. Our data are in accord with the
published results on in vitro susceptibility of the 2009 pandemic
viruses (36).

In this study, in addition to showing the potent activity of
favipiravir against viruses of swine origin and novel pandemic
viruses, we also demonstrate that favipiravir is highly effective
among multiple strains of drug-sensitive and drug-resistant
seasonal influenza isolates as well as A(H5N1) viruses of avian
origin and oseltamivir-resistant pandemic viruses. Using
plaque reduction assays with MDCK-ATCC cells, favipiravir
was shown to potently inhibit this panel of contemporary in-
fluenza viruses, with EC50s in the �g/ml range (expressed as
�� in Tables 1, 2, and 3). Some of the oseltamivir-resistant
viruses tested were also resistant to adamantanes. Although it
would be ideal to provide a direct comparison of the potency of
favipiravir in cell culture relative to that of the neuraminidase
inhibitors, this is not possible, since cell culture-based assays

TABLE 4. Reduction of infectious virus yield in MDCK cells infected with the pandemic 2009 A(H1N1) influenza viruses in the
presence of favipiravira

2009 H1N1 virus Strain or NA
sequenceb

MDCK
source

Viral yield (log10 FFU/well) in the presence of favipiravir (�M)c
Mean EC90 �

SD (�M)0.0 1.6 4.7 14.2 42.7 128.0

A/California/04/2009 WT ATCC 4.3 � 0.2 2.7 � 0.3 1.8 � 0.8 �1* �1 �1 0.48 � 0.06
A/Mexico/4604/2009 WT ATCC 6.2 � 0.1 4.4 � 0.1 3.5 � 0.2 2.4 � 0.3 1.8 � 0.4 �1 0.35 � 0.06
A/Washington/29/2009 H275Y ATCC 5.7 � 0.3 4.2 � 0.1 3.9 � 0.1 2.2 � 0.4 1.8 � 0.5 1** 0.78 � 0.13
A/Illinois/10/2009 H275Y ATCC 5.3 � 0.4 4.9 � 0.8 4.4 � 0.6 3.1 � 0.2 2.1 � 0.3 �1 4.21 � 0.38
A/California/04/2009 WT Mill Hill 4.5 � 0.7 4.1 � 0.1 3.6 � 0.2 2.3 � 0.1 �1 �1 3.75 � 0.26
A/Mexico/4604/2009 WT Mill Hill 6.4 � 0.1 6.2 � 0.1 6.2 � 0.2 4.6 � 0.2 2.1 � 0.2 �1 36.16 � 1.02
A/Washington/29/2009 H275Y Mill Hill 6.0 � 0.3 5.4 � 0.4 4.7 � 0.5 3.1 � 0.2 1.5 � 0.4 �1 6.32 � 0.58
A/Illinois/10/2009 H275Y Mill Hill 4.6 � 0.5 4.5 � 0.3 3.8 � 0.2 1.8 � 0.2 1.7** �1 5.03 � 0.70

a MDCK cells from two sources (ATCC and Mill Hill, United Kingdom) were infected with either A/California/04/2009, A/Mexico/4604/2009, A/Washington/29/2009,
or A/Illinois/10/2009 A(H1N1) 2009 pandemic viruses at an MOI of �0.01. At 24 h postinfection, the cell culture supernatants (media above the cell monolayers) were
collected from individual wells and titrated using the focus inhibition assay (see Materials and Methods). The infectious viral titers were expressed as log10 focus forming
units (FFU) per well (100 �l).

b WT, wild type; H275Y, a mutation known to confer resistance to oseltamivir.
c Values represent mean of quadruplicate experiments � standard deviation. �, below the limit of detection (�10 FFU per 100 �l of supernatant); ��, virus was

detected in one well of four.
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are not recommended for the assessment of drug susceptibility
for this class of drugs (56). The in vitro favipiravir susceptibility
of viruses resistant to currently licensed anti-influenza drugs is
particularly encouraging at a time when the incidence of sea-
sonal influenza viruses resistant to currently licensed influenza
antiviral drugs is high (12, 21, 28, 34, 37, 42, 47, 50). These
recent developments in antiviral resistance have made treat-
ment decisions for health care workers and physicians chal-
lenging (6). To date, either oseltamivir or zanamivir is recom-
mended for the treatment of 2009 pandemic virus infections.

Our in vitro study further validates favipiravir as a highly
effective broad spectrum antiviral with a mechanism of action
different from that of the currently available anti-influenza
drugs which target either the neuraminidase or M2 protein.

ACKNOWLEDGMENTS

Special thanks to Q. M. Le (National Institute of Hygiene and
Epidemiology, Hanoi, Vietnam) and Tung Nguyen (NCVD) for
A(H5N1) viruses.

We thank all collaborators in the WHO Global Influenza Surveil-
lance Network, including the National Influenza Centers, for submis-
sion of isolates. We also thank members of the Molecular Epidemio-
logical Team, the Virus Reference Team, and members of the
Sequencing Group of the Influenza Division at the CDC for technical
assistance with this project.

We declare that we have no potential conflicts of interest. The
findings and conclusions of this report are those of the authors and do
not necessarily represent the views of the funding agency, the U.S.
Centers for Disease Control and Prevention. The Toyama Chemical
Company Ltd. had no influence on the experimental design, data
analysis, or interpretation of the results in this study. The Toyama
Chemical Company Ltd. did not fund this study in any form.

REFERENCES

1. Abdel-Ghafar, A. N., T. Chotpitayasunondh, Z. Gao, F. G. Hayden, D. H.
Nguyen, M. D. de Jong, A. Naghdaliyev, J. S. Peiris, N. Shindo, S. Soeroso,
and T. M. Uyeki. 2008. Update on avian influenza A (H5N1) virus infection
in humans. N. Engl. J. Med. 358:261–273.

2. Anonymous. Accessed 25 October 2009. Toyama starts U.S. trials of poly-
merase inhibitor. FDAnews Drug Pipeline Alert 4. http://www.fdanews.com
/newsletter/article?issueId�9890&articleId�91489.

3. Centers for Disease Control and Prevention. 2009. Update: drug suscepti-
bility of swine-origin influenza A (H1N1) viruses, 2009. MMWR Morb.
Mortal. Wkly. Rep. 58:433–435.

4. Centers for Disease Control and Prevention. 2008. Influenza activity—
United States and worldwide, 2007-08 season. MMWR Morb. Mortal. Wkly.
Rep. 57:692–697.

5. Centers for Disease Control and Prevention. Accessed 27 October 2009. Flu
activity and surveillance. Centers for Disease Control and Prevention, At-
lanta, GA. http://www.cdc.gov/flu/weekly/fluactivity.htm.

6. Centers for Disease Control and Prevention. Accessed 25 October 2009.
Interim guidance on antiviral recommendations for patients with novel in-
fluenza A(H1N1) virus infection and their close contacts. Centers for Dis-
ease Control and Prevention, Atlanta, GA. http://www.cdc.gov/h1n1flu
/recommendations.htm.2009.

7. Centers for Disease Control and Prevention. 2009. Outbreak of swine-origin
influenza A (H1N1) virus infection—Mexico, March-April 2009. MMWR
Morb. Mortal. Wkly. Rep. 58:467–470.

8. Centers for Disease Control and Prevention. Accessed 27 October 2009.
Seasonal influenza: the disease. Centers for Disease Control and Prevention,
Atlanta, GA. http://www.cdc.gov/flu/about/disease/index.htm.

9. Centers for Disease Control and Prevention. 2009. Swine influenza A
(H1N1) infection in two children—Southern California, March-April 2009.
MMWR Morb. Mortal. Wkly. Rep. 58:400–402.

10. Centers for Disease Control and Prevention. 2009. Oseltamivir-resistant
pandemic influenza A (H1N1) virus infection among summer camp attend-
ees in the setting of liberal oseltamivir prophylaxis for influenza-like illness—
North Carolina, 2009. MMWR Morb. Mortal. Wkly. Rep. 58:969–972.

11. Centers for Disease Control and Prevention. 2009. Oseltamivir-resistant
novel influenza A (H1N1) virus infection in immunosuppressed patients
receiving oseltamivir therapy. MMWR Morb. Mortal. Wkly. Rep. 58:893–
896.

12. Cheng, P. K., T. W. Leung, E. C. Ho, P. C. Leung, A. Y. Ng, M. Y. Lai, and

W. W. Lim. 2009. Oseltamivir- and amantadine-resistant influenza viruses A
(H1N1). Emerg. Infect. Dis. 15:966–968.

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

14. Colman, P. M. 2005. Zanamivir: an influenza virus neuraminidase inhibitor.
Expert Rev. Anti Infect. Ther. 3:191–199.

15. Couzin-Frankel, J. 2009. Swine flu outbreak. What role for antiviral drugs?
Science 324:705.

16. Dawood, F. S., S. Jain, L. Finelli, M. W. Shaw, S. Lindstrom, R. J. Garten,
L. V. Gubareva, X. Xu, C. B. Bridges, and T. M. Uyeki. 2009. Emergence of
a novel swine-origin influenza A (H1N1) virus in humans. N. Engl. J. Med.
360:2605–2615.

17. De Clercq, E., and J. Neyts. 2007. Avian influenza A (H5N1) infection:
targets and strategies for chemotherapeutic intervention. Trends Pharmacol.
Sci. 28:280–285.

18. de Jong, M. D., T. T. Tran, H. K. Truong, M. H. Vo, G. J. Smith, V. C.
Nguyen, V. C. Bach, T. Q. Phan, Q. H. Do, Y. Guan, J. S. Peiris, T. H. Tran,
and J. Farrar. 2005. Oseltamivir resistance during treatment of influenza A
(H5N1) infection. N. Engl. J. Med. 353:2667–2672.

19. Deyde, V. M., M. Okomo-Adhiambo, T. G. Sheu, T. R. Wallis, A. Fry, N.
Dharan, A. I. Klimov, and L. V. Gubareva. 2009. Pyrosequencing as a tool to
detect molecular markers of resistance to neuraminidase inhibitors in sea-
sonal influenza A viruses. Antiviral Res. 81:16–24.

20. Deyde, V. M., X. Xu, R. A. Bright, M. Shaw, C. B. Smith, Y. Zhang, Y. Shu,
L. V. Gubareva, N. J. Cox, and A. I. Klimov. 2007. Surveillance of resistance
to adamantanes among influenza A(H3N2) and A(H1N1) viruses isolated
worldwide. J. Infect. Dis. 196:249–257.

21. Dharan, N. J., L. V. Gubareva, J. J. Meyer, M. Okomo-Adhiambo, R. C.
McClinton, S. A. Marshall, K. St. George, S. Epperson, L. Brammer, A. I.
Klimov, J. S. Bresee, and A. M. Fry. 2009. Infections with oseltamivir-
resistant influenza A(H1N1) virus in the United States. JAMA 301:1034–
1041.

22. Diggory, P., C. Fernandez, A. Humphrey, V. Jones, and M. Murphy. 2001.
Comparison of elderly people’s technique in using two dry powder inhalers
to deliver zanamivir: randomised controlled trial. BMJ 322:577–579.

23. Freund, B., S. Gravenstein, M. Elliott, and I. Miller. 1999. Zanamivir: a
review of clinical safety. Drug Saf. 21:267–281.

24. Furuta, Y., K. Takahashi, Y. Fukuda, M. Kuno, T. Kamiyama, K. Kozaki, N.
Nomura, H. Egawa, S. Minami, Y. Watanabe, H. Narita, and K. Shiraki.
2002. In vitro and in vivo activities of anti-influenza virus compound T-705.
Antimicrob. Agents Chemother. 46:977–981.

25. Furuta, Y., K. Takahashi, M. Kuno-Maekawa, H. Sangawa, S. Uehara, K.
Kozaki, N. Nomura, H. Egawa, and K. Shiraki. 2005. Mechanism of action
of T-705 against influenza virus. Antimicrob. Agents Chemother. 49:981–
986.

26. Furuta, Y., K. Takahashi, K. Shiraki, K. Sakamoto, D. F. Smee, D. L.
Barnard, B. B. Gowen, J. G. Julander, and J. D. Morrey. 2009. T-705
(favipiravir) and related compounds: novel broad-spectrum inhibitors of
RNA viral infections. Antiviral Res. 82:95–102.

27. Garten, R. J., C. T. Davis, C. A. Russell, B. Shu, S. Lindstrom, A. Balish,
W. M. Sessions, X. Xu, E. Skepner, V. Deyde, M. Okomo-Adhiambo, L.
Gubareva, J. Barnes, C. B. Smith, S. L. Emery, M. J. Hillman, P. Rivailler,
J. Smagala, M. de Graaf, D. F. Burke, R. A. Fouchier, C. Pappas, C. M.
Alpuche-Aranda, H. Lopez-Gatell, H. Olivera, I. Lopez, C. A. Myers, D. Faix,
P. J. Blair, C. Yu, K. M. Keene, P. D. Dotson, Jr., D. Boxrud, A. R. Sambol,
S. H. Abid, K. St. George, T. Bannerman, A. L. Moore, D. J. Stringer, P.
Blevins, G. J. Demmler-Harrison, M. Ginsberg, P. Kriner, S. Waterman, S.
Smole, H. F. Guevara, E. A. Belongia, P. A. Clark, S. T. Beatrice, R. Donis,
J. Katz, L. Finelli, C. B. Bridges, M. Shaw, D. B. Jernigan, T. M. Uyeki, D. J.
Smith, A. I. Klimov, and N. J. Cox. 2009. Antigenic and genetic character-
istics of swine-origin 2009 A(H1N1) influenza viruses circulating in humans.
Science 325:197–201.

28. Gooskens, J., M. Jonges, E. C. Claas, A. Meijer, P. J. van den Broek, and
A. M. Kroes. 2009. Morbidity and mortality associated with nosocomial
transmission of oseltamivir-resistant influenza A(H1N1) virus. JAMA 301:
1042–1046.

29. Govorkova, E. A., N. A. Ilyushina, J. L. McClaren, T. S. Naipospos, B.
Douangngeun, and R. G. Webster. 2009. Susceptibility of highly pathogenic
H5N1 influenza viruses to the neuraminidase inhibitor oseltamivir differs in
vitro and in a mouse model. Antimicrob. Agents Chemother. 53:3088–3096.

30. Gubareva, L. V., L. Kaiser, and F. G. Hayden. 2000. Influenza virus neur-
aminidase inhibitors. Lancet 355:827–835.

31. Hayden, F. 2009. Developing new antiviral agents for influenza treatment:
what does the future hold? Clin. Infect. Dis. 48(Suppl. 1):S3–S13.

32. Hayden, F. G. 1996. Amantadine and rimantadine—clinical aspects, p. 59–
77. In D. D. Richman (ed.), Antiviral drug resistance. John Wiley and Sons
Ltd., San Francisco, CA.

33. Hedrick, J. A., A. Barzilai, U. Behre, F. W. Henderson, J. Hammond, L.
Reilly, and O. Keene. 2000. Zanamivir for treatment of symptomatic influ-

VOL. 54, 2010 FAVIPIRAVIR ACTIVITY AGAINST DRUG-RESISTANT INFLUENZA 2523



enza A and B infection in children five to twelve years of age: a randomized
controlled trial. Pediatr. Infect. Dis. J. 19:410–417.

34. Hurt, A. C., J. Ernest, Y. M. Deng, P. Iannello, T. G. Besselaar, C. Birch, P.
Buchy, M. Chittaganpitch, S. C. Chiu, D. Dwyer, A. Guigon, B. Harrower,
I. P. Kei, T. Kok, C. Lin, K. McPhie, A. Mohd, R. Olveda, T. Panayotou, W.
Rawlinson, L. Scott, D. Smith, H. D’Souza, N. Komadina, R. Shaw, A. Kelso,
and I. G. Barr. 2009. Emergence and spread of oseltamivir-resistant
A(H1N1) influenza viruses in Oceania, South East Asia and South Africa.
Antiviral Res. 83:90–93.

35. Hurt, A. C., P. Selleck, N. Komadina, R. Shaw, L. Brown, and I. G. Barr.
2007. Susceptibility of highly pathogenic A(H5N1) avian influenza viruses to
the neuraminidase inhibitors and adamantanes. Antiviral Res. 73:228–231.

36. Itoh, Y., K. Shinya, M. Kiso, T. Watanabe, Y. Sakoda, M. Hatta, Y. Mu-
ramoto, D. Tamura, Y. Sakai-Tagawa, T. Noda, S. Sakabe, M. Imai, Y.
Hatta, S. Watanabe, C. Li, S. Yamada, K. Fujii, S. Murakami, H. Imai, S.
Kakugawa, M. Ito, R. Takano, K. Iwatsuki-Horimoto, M. Shimojima, T.
Horimoto, H. Goto, K. Takahashi, A. Makino, H. Ishigaki, M. Nakayama, M.
Okamatsu, K. Takahashi, D. Warshauer, P. A. Shult, R. Saito, H. Suzuki, Y.
Furuta, M. Yamashita, K. Mitamura, K. Nakano, M. Nakamura, R. Brock-
man-Schneider, H. Mitamura, M. Yamazaki, N. Sugaya, M. Suresh, M.
Ozawa, G. Neumann, J. Gern, H. Kida, K. Ogasawara, and Y. Kawaoka.
2009. In vitro and in vivo characterization of new swine-origin H1N1 influ-
enza viruses. Nature 460:1021–1025.

37. Lackenby, A., O. Hungnes, S. G. Dudman, A. Meijer, W. J. Paget, A. J. Hay,
and M. C. Zambon. 2008. Emergence of resistance to oseltamivir among
influenza A(H1N1) viruses in Europe. Euro. Surveill. 13:8026.

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

39. Matrosovich, M., T. Matrosovich, J. Carr, N. A. Roberts, and H. D. Klenk.
2003. Overexpression of the alpha-2,6-sialyltransferase in MDCK cells in-
creases influenza virus sensitivity to neuraminidase inhibitors. J. Virol. 77:
8418–8425.

40. McKimm-Breschkin, J. L., P. W. Selleck, T. B. Usman, and M. A. Johnson.
2007. Reduced sensitivity of influenza A (H5N1) to oseltamivir. Emerg.
Infect. Dis. 13:1354–1357.

41. Medeiros, R., M. A. Rameix-Welti, V. Lorin, P. Ribaud, J. C. Manuguerra,
G. Socie, C. Scieux, N. Naffakh, and S. van der Werf. 2007. Failure of
zanamivir therapy for pneumonia in a bone-marrow transplant recipient
infected by a zanamivir-sensitive influenza A (H1N1) virus. Antivir. Ther.
12:571–576.

42. Meijer, A., A. Lackenby, O. Hungnes, B. Lina, S. van der Werf, B. Schweiger,
M. Opp, J. Paget, J. van de Kassteele, A. Hay, and M. Zambon. 2009.
Oseltamivir-resistant influenza virus A (H1N1), Europe, 2007-08 season.
Emerg. Infect. Dis. 15:552–560.

43. Mishin, V. P., F. G. Hayden, and L. V. Gubareva. 2005. Susceptibilities of
antiviral-resistant influenza viruses to novel neuraminidase inhibitors. Anti-
microb. Agents Chemother. 49:4515–4520.

44. Molinari, N. A., I. R. Ortega-Sanchez, M. L. Messonnier, W. W. Thompson,
P. M. Wortley, E. Weintraub, and C. B. Bridges. 2007. The annual impact of
seasonal influenza in the US: measuring disease burden and costs. Vaccine
25:5086–5096.

45. Monto, A. S. 2003. The role of antivirals in the control of influenza. Vaccine
21:1796–1800.

46. Moscona, A. 2008. Medical management of influenza infection. Annu. Rev.
Med. 59:397–413.

47. Moscona, A. 2009. Global transmission of oseltamivir-resistant influenza.
N. Engl. J. Med. 360:953–956.

48. Plotkin, S. A. 2005. Vaccines: past, present and future. Nat. Med. 11:S5–S11.
49. Saito, R., T. Sakai, I. Sato, Y. Sano, H. Oshitani, M. Sato, and H. Suzuki.

2003. Frequency of amantadine-resistant influenza A viruses during two
seasons featuring cocirculation of H1N1 and H3N2. J. Clin. Microbiol. 41:
2164–2165.

50. Sheu, T. G., V. M. Deyde, M. Okomo-Adhiambo, R. Garten, X. Xu, R. Bright,
E. Butler, T. R. Wallis, A. I. Klimov, and L. V. Gubareva. 2008. Surveillance
for neuraminidase inhibitor resistance among human influenza A and B
viruses circulating worldwide in 2004–2008. Antimicrob. Agents Chemother.
52:3284–3292.

51. Shinde, V., C. B. Bridges, T. M. Uyeki, B. Shu, A. Balish, X. Xu, S. Lind-
strom, L. V. Gubareva, V. Deyde, R. J. Garten, M. Harris, S. Gerber, S.
Vagasky, F. Smith, N. Pascoe, K. Martin, D. Dufficy, K. Ritger, C. Conover,
P. Quinlisk, A. Klimov, J. S. Bresee, and L. Finelli. 2009. Triple-reassortant
swine influenza A (H1) in humans in the United States, 2005–2009. N. Engl.
J. Med. 360:2616–2625.

52. Smee, D. F., B. L. Hurst, H. Egawa, K. Takahashi, T. Kadota, and Y. Furuta.
2009. Intracellular metabolism of favipiravir (T-705) in uninfected and in-
fluenza A (H5N1) virus-infected cells. J. Antimicrob. Chemother. 64:741–
746.

53. Smith, B. J., J. L. Kimm-Breshkin, M. McDonald, R. T. Fernley, J. N.
Varghese, and P. M. Colman. 2002. Structural studies of the resistance of
influenza virus neuraminidase to inhibitors. J. Med. Chem. 45:2207–2212.

54. Smith, G. J., D. Vijaykrishna, J. Bahl, S. J. Lycett, M. Worobey, O. G. Pybus,
S. K. Ma, C. L. Cheung, J. Raghwani, S. Bhatt, J. S. Peiris, Y. Guan, and A.
Rambaut. 2009. Origins and evolutionary genomics of the 2009 swine-origin
H1N1 influenza A epidemic. Nature 459:1122–1125.

55. Takahashi, K., Y. Furuta, Y. Fukuda, M. Kuno, T. Kamiyama, K. Kozaki, N.
Nomura, H. Egawa, S. Minami, and K. Shiraki. 2003. In vitro and in vivo
activities of T-705 and oseltamivir against influenza virus. Antivir. Chem.
Chemother. 14:235–241.

56. Tisdale, M. 2000. Monitoring of viral susceptibility: new challenges with the
development of influenza NA inhibitors. Rev. Med. Virol. 10:45–55.

57. Weinstock, D. M., and G. Zuccotti. 2009. The evolution of influenza resis-
tance and treatment. JAMA 301:1066–1069.

58. World Health Organization. Accessed 25 October 2009. What is phase 6?
World Health Organization, Geneva, Switzerland. http://www.who.int/csr
/disease/swineflu/frequently_asked_questions/levels_pandemic_alert/en/index
.html.

59. World Health Organization. Accessed 27 October 2009. Update: WHO-
confirmed human cases of avian influenza A(H5N1) infection, 25 November
2003–24 November 2006. Wkly. Epidemiol. Rec. 82:41–47. http://www.who
.int/wer/2007/wer8206.pdf.

60. World Health Organization. Accessed 27 October 2009. Influenza (sea-
sonal). World Health Organization, Geneva, Switzerland. http://www.who.int
/mediacentre/factsheets/fs211/en/.

61. World Health Organization. Accessed 11 August 2009. Pandemic (H1N1)
2009 - update 60. World Health Organization, Geneva, Switzerland. www
.who.int/csr/don/2009_08_04/en/print.html.

2524 SLEEMAN ET AL. ANTIMICROB. AGENTS CHEMOTHER.


