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Several novel anti-influenza compounds are in various phases of clinical development. One of these, T-705 (favipiravir), has a
mechanism of action that is not fully understood but is suggested to target influenza virus RNA-dependent RNA polymerase. We
investigated the mechanism of T-705 activity against influenza A (H1N1) viruses by applying selective drug pressure over multi-
ple sequential passages in MDCK cells. We found that T-705 treatment did not select specific mutations in potential target pro-
teins, including PB1, PB2, PA, and NP. Phenotypic assays based on cell viability confirmed that no T-705-resistant variants were
selected. In the presence of T-705, titers of infectious virus decreased significantly (P < 0.0001) during serial passage in MDCK
cells inoculated with seasonal influenza A (H1N1) viruses at a low multiplicity of infection (MOI; 0.0001 PFU/cell) or with 2009
pandemic H1N1 viruses at a high MOI (10 PFU/cell). There was no corresponding decrease in the number of viral RNA copies;
therefore, specific virus infectivity (the ratio of infectious virus yield to viral RNA copy number) was reduced. Sequence analysis
showed enrichment of G¡A and C¡T transversion mutations, increased mutation frequency, and a shift of the nucleotide pro-
files of individual NP gene clones under drug selection pressure. Our results demonstrate that T-705 induces a high rate of muta-
tion that generates a nonviable viral phenotype and that lethal mutagenesis is a key antiviral mechanism of T-705. Our findings
also explain the broad spectrum of activity of T-705 against viruses of multiple families.

Influenza is one of the most significant acute upper respiratory
tract infections for which therapeutic options are limited. The

available influenza-specific drugs are limited to two classes: M2
ion channel blockers (amantadine and rimantadine) and neur-
aminidase (NA) inhibitors (oseltamivir and zanamivir) (1). How-
ever, influenza viruses evolve under drug selection pressure to
generate strains resistant to these drugs. Resistance to M2 ion
channel inhibitors is now so widespread that the Centers for Dis-
ease Control and Prevention recommends only the NA inhibitors
for human use in the United States (2). Progress in the develop-
ment of influenza therapeutics accelerated after the emergence of
highly pathogenic H5N1 influenza viruses in 1997 and the novel
H1N1 pandemic influenza strain in 2009 (3, 4). New strategies for
the use of the currently licensed agents, including alternative
forms of delivery and combination therapy with other drugs, are
being explored (5). In addition, several novel antiviral compounds
with different anti-influenza mechanisms are in various clinical
phases of development.

Among the promising investigational agents is a substituted
pyrazine compound, T-705 (6-fluoro-3-hydroxy-2-pyrazinecar-
boxamide [favipiravir]) developed by Toyama Chemical (6).
T-705 demonstrated inhibitory activity against viruses of different
families that utilize viral RNA-dependent RNA polymerase
(RdRP) for genomic replication (7). The agent showed potent
activity in vitro against flaviviruses (8), bunyaviruses (9), arenavi-
ruses (9, 10), noroviruses (11), seasonal influenza A (H1N1,
H2N2, and H3N2), B, and C viruses (6), and influenza A (H5N1)
viruses (12, 13). Importantly, viruses resistant to both oseltamivir
and amantadine were susceptible to T-705 (6, 14). Orally admin-
istered T-705 at a dose of �30 mg/kg of body weight/day pre-
vented death, inhibited lung consolidation, and reduced lung vi-
rus titers in BALB/c mice lethally challenged with H5N1- and
H3N2-subtype viruses (12, 13). T-705 is currently undergoing

clinical evaluation in Japan and may soon be available there for
clinical use.

T-705 acts as a prodrug, exerting its broad antiviral activity pri-
marily through its active metabolite, T-705 ribofuranosyltriphos-
phate (T-705RTP); the active drug is generated intracellularly via
phosphorylation by various kinases (15). In an enzyme-based assay,
T-705RTP inhibited influenza virus RdRP in a dose-dependent man-
ner (15). However, the mechanism by which this inhibition occurs
is not completely understood, and the viral proteins targeted by
T-705 are not defined. Similarly, the mechanism of ribavirin, a
well-known nucleoside analog with potential effects against influ-
enza viruses, is undefined. After its synthesis in 1972, several
mechanisms of action were proposed, including inhibition of in-
fluenza virus RdRp (16–19). However, the high cytotoxicity of
ribavirin in cell culture and significant side effects in humans
eliminated this drug from clinical use as an anti-influenza agent
(20). Uncertainty about ribavirin’s anti-influenza mechanism of
action has been an obstacle to understanding RdRP inhibitors’
specific target(s) in the influenza virus genome and developing
more efficacious nucleoside analogs for clinical use.

Like all RNA viruses, influenza viruses have a rapid mutation
rate and naturally exist as mutant spectra termed “viral quasispe-
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cies,” which include subpopulations with point mutations, dele-
tions in the viral genes, and defective interfering particles (21, 22).
This high mutation rate is thought to favor adaptation of influenza
viruses to the changing environment; however, this rate is close to
the error threshold, and therefore even a modest increase in the
mutation rate can negatively affect viral fitness, eventually driving
the virus population to extinction (21). This concept currently
serves as the basis for a new approach to antiviral intervention
(23). The compounds that exert antiviral activity via lethal mu-
tagenesis are nucleoside analogs, whose incorporation into the
viral genome by virus polymerase leads to their accumulation and
virus population collapse.

Currently available anti-influenza drugs are nonmutagenic in-
fluenza virus inhibitors that target specific virus proteins: NA in-
hibitors target the NA protein, and adamantanes target the trans-
membrane domain of the M2 protein (24). Influenza viruses have
been shown to develop resistance to both NA inhibitors and ada-
mantanes when serially passaged in the presence of the drugs in
vitro (25, 26). The drug-resistant viruses are viable, demonstrate
decreased susceptibility to the drug in phenotypic assays, and pos-
sess mutations in the targeted protein (in the catalytic and/or
framework residues of the NA protein after passage with NA in-
hibitors and in the transmembrane region of M2 protein after
serial passage with adamantanes). These characteristics reflect the
accumulation of drug-resistant gain-of-fitness mutations during
repeated replication under drug pressure. In this case, the drug is
the selective agent that drives the viral fitness gradient. Very few
mutations (in some cases, only one) are required for virus adap-
tation to the nonmutagenic inhibitors; furthermore, these muta-
tions do not inflict a high fitness cost and can be incorporated into
an evolving virus population.

Because T-705 is a nucleoside analog, its antiviral activity may
be attributable primarily to its incorporation into viral RNA and a
resulting increase in the virus’s mutation frequency. Here we ex-
amined T-705 toxicity to MDCK and A549 cells, its activity against
seasonal and pandemic A (H1N1) influenza viruses in vitro, and
whether its mechanism of action is lethal mutagenesis. When in-
fluenza A virus was cultured with increasing concentrations of
T-705, we observed a loss of specific virus infectivity, an increase
in mutation frequency, and a shift in the nucleotide profile. These
findings demonstrate that lethal mutagenesis is the predominant
mechanism by which T-705 inhibits influenza virus replication in
vitro.

MATERIALS AND METHODS
Cells, viruses, and compounds. Madin-Darby canine kidney (MDCK)
and human lung carcinoma (A549) cells were obtained from the Ameri-
can Type Culture Collection (Manassas, VA) and maintained as previ-
ously described (27, 28). Seasonal influenza A (H1N1) viruses A/Bris-
bane/59/2007 and A/New Jersey/15/2007 and 2009 pandemic H1N1
viruses A/Denmark/524/2009 and A/Denmark/528/2009 were obtained
from the St. Jude Children’s Research Hospital influenza virus repository.
Virus stocks were grown in MDCK cells at 37°C for 72 h. Compound
T-705 (6-fluoro-3-hydroxy-2-pyrazinecarboxamide) and the NA inhibi-
tors oseltamivir carboxylate ([3R,4R,5S]-4-acetamido-5-amino-3-[1-
ethylpropoxy]-1-cyclohexene-1-carboxylic acid) and zanamivir (4-gua-
nidino-Neu5Ac2en) were provided by Hoffmann-La Roche, Ltd. (Nutley,
NJ). T-705 was prepared as 10 mM stocks in 10% dimethyl sulfoxide
(DMSO) and stored in aliquots at �20°C. T-705 working solution was
freshly prepared in infection medium for each experiment. Stocks of os-

eltamivir carboxylate and zanamivir were prepared in distillated water,
filter sterilized, and stored in aliquots at �20°C.

Infectivity of influenza A (H1N1) viruses. The infectivity of influenza
A (H1N1) viruses was determined by plaque assay in MDCK cells. Briefly,
confluent MDCK cell monolayers were incubated at 37°C for 1 h with 1 ml
of 10-fold serial dilutions of virus. The cells were than washed to remove
unbound viral particles and overlaid with 3 ml of Dulbecco’s modified
Eagle’s medium (DMEM) containing 0.3% bovine serum albumin and
0.45% immunodiffusion-grade agarose (MP Biomedicals, Solon, OH)
and with 1 �g/ml L-tosylamido 2-phenylethyl chloromethyl ketone
(TPCK)-treated trypsin (Worthington, Lakewood, NJ). After 3 days of
incubation at 37°C and 5% CO2, cells were stained with 1% crystal violet
in 10% formaldehyde. The diameters of 20 randomly selected plaques
were measured by using a Finescale Comparator (Los Angeles, CA).

Antiviral activity and cytotoxicity of T-705. The viability of MDCK
and A549 cells was tested after 2 and 24 h of incubation with T-705 by
using the CellTiterGlo cell viability assay (Promega, Madison, WI) and the
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]
assay (Sigma-Aldrich, St. Louis, MO) according to the manufacturer’s
instructions. Luminescence and absorbance were measured by using a
Synergy 2 multimode microplate reader (BioTek Instruments, Winooski,
VT). The mean value of the negative control in each plate was set at 100%
luminescence, and the percentage of luminescence of each compound-
containing well was determined in relation to this internal control. The
50% cellular cytotoxicity (CC50) and 50% effective concentration (EC50)
were determined by using the 4-parameter logistic nonlinear regression
model equation in GraphPad Prism 5 software (GraphPad Software, La
Jolla, CA).

Susceptibility to NA inhibitors. A modified fluorometric assay using
the fluorogenic substrate 4-methylumbelliferyl-a-D-N-acetylneuraminic
acid (MUNANA; Sigma-Aldrich) (final concentration, 100 �M) was used
to measure the inhibition of NA activity by oseltamivir carboxylate and
zanamivir. H1N1 viruses were preincubated for 30 min at 37°C in the
presence of various drug concentrations (0.05 to 500 nM), and the con-
centration required to inhibit 50% of the NA enzymatic activity (IC50) was
determined by nonlinear regression using Graph Pad Prism 5 software.
The mean of 2 to 3 independent determinations was calculated.

Serial passage in the presence and absence of T-705. Two passaging
approaches (using low and high infectious virus doses) were employed to
assess the biological and genetic changes caused by T-705, including the
emergence of viruses resistant to polymerase inhibitor. In the low-infec-
tious-dose approach, confluent monolayers of MDCK cells (�1.0 � 106

cells/well in 6-well plates) were infected with the seasonal influenza virus
A/Brisbane/59/2007 or A/New Jersey/15/2007 at a multiplicity of infec-
tion (MOI) of 0.0001 PFU/cell. In each passage, the cultures were main-
tained for 72 h in 3 ml DMEM at 37°C and 5% CO2, in the presence or
absence of T-705. The first passage was performed at a T-705 concentra-
tion of 0.5 �M, which was 1/30 the EC50. Supernatants from T-705-
treated and mock-treated infected cells were harvested, clarified by cen-
trifugation at 1800 rpm for 5 min at 4°C, and stored at �80°C. Virus was
titrated by plaque assay in MDCK cells after each passage. For the second
and subsequent passages, cells were infected by using supernatant from
the previous passage containing an MOI of 0.001 PFU/cell. The two vi-
ruses were passaged 24 times at increasing T-705 concentrations (0.5 to 16
�M) (blue curve and scale at right in Fig. 1A and B). The parental viruses
(MOI of 0.001 PFU/cell) were passaged in parallel in the absence of T-705.

In the high-infectious-dose approach, confluent monolayers of
MDCK cells (48-well plates, �5.0 � 104 cells/well) were infected with
2009 pandemic influenza viruses (A/Denmark/524/2009 or A/Denmark/
528/2009) at a starting MOI of 10 PFU/cell. In the first selection passage,
the infected cells were treated with 0.5 �M T-705. After the appearance of
cytopathic effects, 100 �l of the conditioned medium was used to infect
fresh MDCK cells for the second selection passage in medium containing
1.5 �M T-705 (29). The third and fourth selection passages used 4.5 and
6.0 �M T-705, respectively. The T-705 doses used for each passage are
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shown as the blue curve (right-hand scale) in Fig. 1C and D. The parental
viruses were passaged in parallel in the absence of T-705.

Cell-based influenza virus polymerase inhibition assay. The inhibi-
tion of viral polymerase activity by T-705 was assessed in A549 cells by
using a modified polymerase inhibition assay that utilizes whole virus
(30). Reporter pPolI-358Luc was kindly provided by Megan Shaw
(Mount Sinai School of Medicine, New York, NY). Each plate contained
mock-infected cells (positive controls) and infected but untreated cells
(negative controls). Luminescence was measured for 0.1 s/well in a Syn-
ergy 2 multimode microplate reader (BioTek Instruments, Winooski,
VT). The mean value of the negative controls in each plate was set at 100%
luminescence, and the percentage of luminescence of each compound-
containing well was determined in relation to this internal control. The
50% inhibitory concentration (IC50) was determined by using the 4-pa-
rameter logistic nonlinear regression model equation in GraphPad Prism
5 software (GraphPad Software, La Jolla, CA).

Fixation of mutations in the viral genome. RNA was extracted from
the culture supernatants by using an RNeasy minikit (Qiagen, German-
town, MD) as directed by the manufacturer. RNA samples were amplified
by reverse transcription-PCR (RT-PCR) by using the SuperScript III one-
step RT-PCR system (Invitrogen). The list of primers used for amplifica-
tion and sequencing is available upon request. The whole genomes of the
influenza viruses were sequenced by the Hartwell Center for Bioinformat-
ics and Biotechnology at St. Jude Children’s Research Hospital, using
Sanger sequencing-based technologies. The DNA template was sequenced
by using rhodamine or dichlororhodamine dye terminator cycle sequenc-
ing ready reaction kits with AmpliTaq DNA polymerase FS (PerkinElmer
Applied Biosystems, Waltham, MA). Samples were analyzed in a Perkin-
Elmer Applied Biosystems DNA sequencer (model 3730 or 3770). DNA
sequences were completed and edited by using the Lasergene sequence

analysis software package (DNASTAR). The sequences were aligned and
compared with the virus consensus sequence as a reference, and each new
point mutation was recorded.

Mutation frequency with and without T-705. MDCK cells were
seeded into 48-well plates at 5 � 104 cells per well and incubated for 18 h
at 37°C, 5% CO2, and 95% humidity. The cells were washed with Dulbec-
co’s phosphate-buffered saline (DPBS) (Gibco), and the medium was
replaced with DMEM containing mock compound (infection medium)
or the compound of interest at the indicated concentrations. After 6 h of
incubation, the cells were infected with influenza A/Denmark/524/2009
(H1N1) virus at an MOI of 0.001 PFU/cell and incubated for 1 h. Com-
pounds were absent during the 1-h virus incubation but were present in
the combination of DMEM infection medium plus 1 �g/ml TPCK-
treated trypsin (Worthington, Lakewood, NJ). The infected cells were
incubated at 37°C for 48 h, and cell supernatants were harvested and
stored at �80°C. Cell monolayers were washed extensively with DPBS,
incubated for 5 min at 37°C with enzyme-free PBS-based cell dissociation
buffer (Gibco), and centrifuged for 5 min at 400 � g. Cell pellets were
resuspended in 0.1 ml DMEM containing 5% fetal bovine serum (FBS)
and underwent three freeze/thaw cycles in liquid nitrogen and a 37°C
water bath. Samples were then centrifuged at 10,000 � g for 10 min at 4°C
to remove cell debris. Extracellular and intracellular infectivity of influ-
enza A/Denmark/524/2009 (H1N1) virus was determined by plaque as-
say, as described above, and virus RNA copies were determined by quan-
titative real-time RT-PCR assay, as described below, using total viral RNA
from supernatants of infected mock-treated and T-705-treated (10 and
100 �M) MDCK cells. Samples treated with zanamivir (10 and 100 �M)
were included for comparison. The nucleoprotein (NP) gene was ampli-
fied by RT-PCR, using the primer sets E01 (TATTCGTCTCAGGGAGCA
AAAGCAGGGTA) and E02 (ATATCGTCTCGTATTAGTAGAAACAA

FIG 1 Infectivity of influenza A (H1N1) viruses during serial passage with T-705 in MDCK cells. Cells were inoculated with a low dose (MOI of 0.0001 PFU/cell)
of influenza A/Brisbane/59/2007 (A) and A/New Jersey/15/2007 (B) viruses and a high dose (starting MOI of 10 PFU/cell) of A/Denmark/524/2009 (C) and
A/Denmark/528/2009 (D) viruses. The T-705 concentration at each passage is indicated by the blue curve. After each passage, the infectivity (log10 PFU/ml) of
progeny viruses was measured by plaque assay in MDCK cells. Values are the means � standard deviations (SD) of two independent experiments. The dotted line
indicates the assay’s limit of detection (1.0 log10 PFU/ml). Virus titers in supernatants were compared by analysis of variance (ANOVA). *, P � 0.01; **, P �
0.0001.

T-705 Causes Lethal Mutagenesis in Influenza A Viruses

April 2013 Volume 87 Number 7 jvi.asm.org 3743

http://jvi.asm.org


GGGTATTTTTC). PCR products were gel purified (Qiagen,
Germantown, MD) and TopoTA cloned (Invitrogen). Blue/white screen-
ing was used on single-colony transformants, and positive clones were
sequenced. Sequence data were analyzed using the Lasergene sequence
analysis software package (DNASTAR). For statistical purposes, we re-
tained sequence data only over the region for which every clone was rep-
resented (1,513 nucleotides). The number of mutations per 104 nucleo-
tides sequenced was determined as the total number of mutations
identified per population over the total number of nucleotides sequenced
for that population, multiplied by 104. For each population, 47 to 94
clones were sequenced (71,000 to 142,000 nucleotides per sample).

Quantitative real-time RT-PCR. The primers, probe, and amplifica-
tion protocol targeting the matrix (M) gene of influenza A viruses were
described previously (31). For quantification of virus, the viral RNA copy
number was derived from a standard curve generated using known con-
centrations of plasmid DNA containing the target gene. Conversion to an
equivalent genome copy number to obtain the standard curve was done
using the formula gene copy � [DNA amount (ng) � 6.022 � 1023

(Avogadro’s no.)]/[length of template (bp) � 109 � 650 (weight/bp)].
Serial log dilutions of the DNA standard were used to generate a stan-

dard curve ranging from 1 � 103 to 1 � 1013 genome copies/ml of viral
RNA. The standard curve is the linear regression line through the data
points on a plot of threshold cycle (CT) versus the logarithm of standard
sample concentration. The points at which the test sample values crossed
the standard curve were determined from the regression line, and the
corresponding concentrations were calculated.

Statistical analysis. The titers of passaged viruses, number of RNA
copies, and number of nucleotide mutations were compared by using
the unpaired t test or analysis of variance (ANOVA). For comparisons
of mutation frequency, the �2 test was used to compare the total num-
ber of mutations in a population to the total number of nucleotides
sequenced.

RESULTS
Antiviral activity and toxicity of T-705 in vitro. To select the
initial T-705 concentrations and the cell line to be used in serial
passaging studies, we assayed the drug’s activity (IC50) against
four influenza A (H1N1) viruses in A549 cells, using a polymerase
activity assay. We used two pairs of recent human seasonal and
pandemic 2009 H1N1 viruses (Table 1). One virus of each pair was
oseltamivir resistant, and one was oseltamivir susceptible, to allow
us to assess the influence of T-705 treatment on susceptibility to
currently available antiviral drugs. The IC50s were 6.6 and 5.3 �M
for seasonal influenza A/Brisbane/59/2007 and A/New Jersey/15/
2007 viruses and 3.0 and 3.0 �M for the pandemic A (H1N1)
viruses (A/Denmark/524/2009 and A/Denmark/528/2009)
(Fig. 2). T-705 also appeared to be effective against all four viruses
in MDCK cells inoculated at a low dose, with EC50s of 17.05 and
15.07 �M for the seasonal influenza viruses and 15.54 and 11.36
�M for the pandemic viruses (Table 1).

As the observed antiviral activity might be attributable to met-
abolic inhibition of the host cells, we evaluated the effect of T-705
on the viability of uninfected MDCK cells. The CC50 value was
	1,000 �M after 24 h of incubation (Fig. 2). Therefore, the selec-
tive index (SI � CC50/EC50) was 	1, indicating that T-705 exerted
strong anti-influenza activity but was not toxic to MDCK cells at
the concentrations tested. To exclude T-705-induced mitochon-
drial toxicity, we used an MTT assay that assesses cellular mito-
chondrial metabolism. The results, like those reported by Furuta
et al. (6), demonstrated no mitochondrial toxicity. We found no
cytotoxicity in either MDCK or A549 cells at a concentration as
high as 1,000 �M (data not shown).

TABLE 1 Susceptibility of influenza A (H1N1) viruses to T-705 and NA inhibitors before and after serial passage in MDCK cells in the presence and
absence of T-705

H1N1 virus Passage
T-705
present

Susceptibility (mean � SD) to:

T-705 (EC50

[�M])a

NA inhibitor (IC50 [nM])b

Oseltamivir
carboxylate Zanamivir

Seasonal viruses
A/Brisbane/59/2007 0 No 17.05 � 0.71 0.58 � 0.00 0.38 � 0.02

23 No 17.28 � 0.78 0.55 � 0.09 0.37 � 0.04
23 Yes 17.82 � 0.27 0.51 � 0.03 0.37 � 0.00

A/New Jersey/15/2007 0 No 15.07 � 0.14 296.85 � 8.41 0.44 � 0.00
23 No 12.50 � 0.69 309.60 � 6.16 0.49 � 0.02
23 Yes 12.95 � 0.73 319.75 � 0.35 0.32 � 0.04

2009 Pandemic viruses
A/Denmark/524/2009 0 No 15.54 � 0.56 0.42 � 0.01 0.23 � 0.03

3 No 14.76 � 0.10 0.40 � 0.01 0.28 � 0.01
3 Yes NDc ND ND

A/Denmark/528/2009 0 No 11.36 � 0.84 172.30 � 3.11 0.33 � 0.01
3 No 10.53 � 0.73 186.10 � 3.13 0.38 � 0.00
3 Yes ND ND ND

a The concentration of T-705 required to protect 50% of MDCK cells (EC50) was determined by plotting the percentage of inhibition of cytotoxicity as a function of T-705
concentration and calculating values from the inhibitor-response curve by using GraphPad Prism 5 software. Values reflect three independent experiments.
b The concentration required to inhibit 50% of NA enzymatic activity (IC50) as determined by using MUNANA substrate (100 �M final concentration). Values reflect three
independent experiments.
c ND, not determined due to low virus infectivity. The limit of detection was 1.0 log10 PFU/ml.
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On the basis of the antiviral activity and cytotoxicity of T-705,
we selected T-705 concentrations of 2 �M and 0.5 �M for the
initial passages of the seasonal and pandemic H1N1 viruses, re-
spectively. To increase the likelihood of cumulative mutation, we
used a 72-h incubation period for each passage. We also assessed
the EC50s of the viruses in A549 cells; however, as the standard
deviation of EC50s was relatively high in these cells after 72 h (data
not shown), we used the MDCK cell line in subsequent studies.

Serial passage of influenza A viruses under T-705 pressure in
MDCK cells. We used serial passaging to increase the complexity
of the mutant viral spectra (quasispecies) generated under T-705
pressure. Two different strategies were utilized: a low-dose virus
inoculum (MOI of 0.0001 PFU/cell) and a high-dose virus inocu-
lum (MOI of 10 PFU/cell). First, we serially passaged low-dose
A/Brisbane/59/2007 and A/New Jersey/15/2007 viruses in MDCK
cells in the presence of increasing concentrations of T-705 to allow
the accumulation of mutant subpopulations and possibly select
for a resistant phenotype. As influenza virus replication is prone to
error and naturally generates defective interfering particles during
serial passage (32), identical influenza viruses not treated with
T-705 (mock-treated viruses) were serially passaged in parallel.

The titers of the two seasonal influenza viruses were approxi-
mately equal in T-705-treated and mock-treated cultures during
passages 1 to 5 (Fig. 1A and B) but were significantly lower in
treated cultures during passages 6 to 23 (P � 0.0001). After 24
passages, neither virus was detected by plaque assay in the pres-
ence of 15 �M T-705, while viruses in control (mock-treated) cells
grew to high titers (	108 PFU/ml).

To assess the effect of the high-dose MOI on the accumulation
of viral genomic defects under T-705 pressure, we conducted four

serial passages of the 2009 pandemic H1N1 influenza viruses in
MDCK cells. The T-705 concentration was increased by a factor of
3 in each successive passage (T-705 concentrations of 0.5 to 13.5
�M). Extinction of the virus population was observed after three
passages in T-705-treated cells (no viable viruses were detected in
plaque assays) (Fig. 1C and D).

By utilizing the serial passaging approach, we demonstrated a
progressive decline of viral infectivity ultimately leading to viral
extinction (loss of infectivity) during the passages in T-705-
treated cells inoculated with either a low or high virus dose.

The plaque size of A/Brisbane/59/2007 and A/New Jersey/15/
2007 viruses was significantly decreased (diameters of 0.26 � 0.06
and 0.29 � 0.06 mm, respectively, versus 0.5 � 0.07 and 0.4 � 0.09
mm in mock-treated cultures; P � 0.05) after passage 18 in T-705-
treated MDCK cells (Fig. 3). After three sequential passages in
T-705-treated MDCK cells, the plaque size of A/Denmark/524/
2009 and A/Denmark/528/2009 influenza viruses was also de-
creased (diameters of 0.13 � 0.07 and 0.16 � 0.08 mm, respec-
tively, versus 0.21 � 0.04 and 0.29 � 0.08 mm in mock-treated
cultures) (Fig. 3). These results suggested that the changes ob-
served in virus properties reflected T-705 selection of viral genetic
composition.

Susceptibility of passage-generated variants to T-705. To in-
vestigate the possible emergence of a T-705-resistant phenotype
during serial passage under drug pressure, we compared T-705
EC50s after 6, 12, and 18 passages in T-705-treated and mock-
treated cultures. In T-705-treated cells inoculated with high or low
virus doses, the mean EC50s remained stable during passages 0 to
23 (A/Brisbane/59/2007, 17.82 � 0.27 �M; A/New Jersey/15/
2007, 12.95 � 0.73 �M) and did not differ significantly from those
in mock-treated cultures (Table 1). Importantly, the susceptibility
of the seasonal and pandemic H1N1 viruses to NA inhibitors (os-
eltamivir carboxylate and zanamivir) was not altered by serial pas-
sage with or without T-705 (Table 1). Thus, by using both low and
high virus infectious doses, we demonstrated the absence of phe-
notypically resistant viruses after multiple rounds of replication in
vitro with T-705. This finding indicates that the selection of drug-
specific resistance mutations is unlikely, at least in vitro.

Fixation of mutations into the virus population. To screen
for possible mutations in the viral genome during sequential pas-
sages, we sequenced the eight genes of the A/Brisbane/59/2007 and
A/New Jersey/15/2007 viruses after 12 and 24 serial passages and
those of A/Denmark/524/2009 and A/Denmark/528/2009 viruses
after 4 serial passages, in T-705-treated and mock-treated MDCK
cells. We observed two amino acid substitutions in the influenza
A/Brisbane/59/2007 virus, at residue 203 (I203N) of the HA pro-
tein and at residue 377 (P377L) of the NA protein. These muta-
tions were present in both T-705-treated and mock-treated cells,
suggesting that they were host-selected mutations acquired during
serial passage. Only a single amino acid substitution, at residue 34
of NA (A34T), was specific for viruses from T-705-treated cells. In
the influenza A/New/Jersey/15/2007 virus, we observed an amino
acid substitution at NA residue 377 (P377L) that was acquired
during passage in MDCK cells, and we found two changes in the
NA protein (I53T and N248D) that were specific for T-705-
treated cells. In the two pandemic viruses, we found a single host-
selected D103N amino acid substitution in the HA protein that
was present in both T-705-treated and mock-treated viruses.

Interestingly, the mock-treated A/Brisbane/59/2007 and
A/New/Jersey/15/2007 clones contained 11 and 7 single-nucle-

FIG 2 Antiviral activity and toxicity of T-705 in vitro. A549 cells were trans-
fected with the reporter pPolI-358Luc and infected with influenza A (H1N1)
viruses (MOI of 2 PFU/cell) in the presence of increasing concentrations of
T-705 (0.1 to 1,000 �M). At 24 h p.i., the results were assessed using the
Bright-Glo luciferase reagent (Promega Corp., Madison, WI), following the
manufacturer’s instructions. The mean value of the negative controls in each
plate was set at 100% luminescence, and the percentage of luminescence of
each compound-containing well was determined in relation to it. The 50%
inhibitory concentration (IC50) was determined by using the 4-parameter lo-
gistic nonlinear regression model equation in GraphPad Prism 5 software. Cell
viability (CC50) was determined independently in mock-inoculated cells after
24 h of incubation using the CellTiterGlow kit, following the manufacturer’s
instructions. Values are means � SD of three replicates.
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otide substitutions, respectively, among the 7,749 sequenced nu-
cleotides. In contrast, the T-705-treated A/Brisbane/59/2007 and
A/New Jersey/15/2007 viruses had 30 and 24 single-nucleotide
substitutions, respectively. These changes showed a significant in-
crease in G¡A and C¡T nucleotide mutations in both of the
T-705-treated seasonal viruses. A single G¡A nucleotide muta-
tion was observed in 2009 H1N1 pandemic viruses after passage 4

with T-705 (Table 2). These observations indicated an increase in
fixed nucleotide mutations in treated versus untreated viruses,
suggesting that T-705RTP (the active metabolite of T-705) may
induce G¡A mutations during positive-strand RNA synthesis,
whereas C¡T mutations are predicted to result from incorpora-
tion of T-705RTP during negative-strand RNA synthesis.

Effect of T-705 on virus infectivity in MDCK cells. To inves-

FIG 3 Plaque morphology of influenza A (H1N1) viruses during serial passage with T-705 in MDCK cells. Panels show plaques from cultures inoculated with
low (A, C, E, and G) and high (B, D, F, and H) infectious doses of influenza virus: (A) A/Brisbane/59/2007, mock treated; (B) A/Denmark/524/2009, mock treated;
(C) A/Brisbane/59/2007, T-705 treated; (D) A/Denmark/524/2009, T-705 treated; (E) A/New Jersey/15/2007, mock treated; (F) A/Denmark/528/2009, mock
treated; (G) A/New Jersey/15/2007, T-705 treated; (H) A/Denmark/528/2009, T-705 treated. After the indicated serial passage, MDCK cells were inoculated with
supernatant containing the specified virus and overlaid with 0.45% immunodiffusion-grade agarose (MP Biomedicals, Solon, OH) containing 1 �g/ml TPCK-
treated trypsin. After 3 days of incubation at 37°C and 5% CO2, the cells were stained with 1% crystal violet in 10% formaldehyde.

TABLE 2 Number of mutations observed in influenza A (H1N1) viruses after serial passage in MDCK cells treated with T-705

H1N1 virus Passage

No. of nucleotide changes ina:

T-705 treated Mock treated

G¡A C¡T A¡G T¡C T¡A C¡A G¡C G¡A C¡T A¡G T¡C T¡A C¡A G¡C

Seasonal viruses
A/Brisbane/59/2007 12 2 � � � 2 � � � 2 � � 2 � �

24 9* 8* 2 1 2 1 1 1 2 � 1 2 1 �

A/New Jersey/15/2007 12 � 2 2 2 � � � � � � 1 � � �
24 5* 5* 4 3 � 1 � 1 � 2 3 � � �

2009 Pandemic viruses
A/Denmark/524/2009 4 1 � � � � � � � � � � � � �

A/Denmark/528/2009 4 1 � � � � � � � � � � � � �
a Whole virus genomes were sequenced. Shown is the number of nucleotide changes in a total of 7,749 nucleotide sequences in viruses from the supernatants of T-705-treated
MDCK cells compared to those in mock-treated MDCK cells. �, no nucleotide changes detected; *, P � 0.05 compared to mock-treated samples (unpaired two-tailed t test).
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tigate the mechanism by which T-705 leads to viral extinction in
vitro, we first compared the infectivity of T-705-treated viruses to
that of viruses mock treated with T-705 after 6, 12, 18, and 24
passages in MDCK cells inoculated with low virus doses. Titers of
the seasonal influenza viruses remained stable in mock-treated
cells over passages 6 to 24, ranging from 7.4 to 8.5 log10 PFU/ml
(A/Brisbane/59/2007) and from 7.3 to 8.3 log10 PFU/ml (A/New
Jersey/15/2007) (Table 3). In contrast, the mean infectious titers
of both viruses decreased significantly under T-705 selection
(from 6.7 log10 PFU/ml to undetectable; P � 0.0001) during pas-
sages 6 to 24.

To distinguish between naturally occurring defective virus par-
ticles and T-705 activity as the cause of virus extinction, we used
the high-dose inoculation approach. Titers of mock-treated vi-
ruses were 7.3 to 3.7 log10 PFU/ml (A/Denmark/524/2009) and 6.6
to 1.4 log10 PFU/ml (A/Denmark/528/2009) during passages 1 to 4

(Table 4). In the presence of T-705, however, no infectious virus of
either type was identified after 3 serial passages.

These findings showed that extinction of the virus population
under T-705 pressure paralleled the loss of virus infectivity at both
the low and high virus doses. Therefore, T-705-induced mutagen-
esis was the likely cause of influenza virus extinction.

Comparison of RNA load with infectivity. Our next step in
investigating the mechanism of T-705-induced viral extinction
was to quantify viral RNA at each passage by quantitative real-
time RT-PCR. In mock-treated cells inoculated with a low virus
dose, the viral RNA load did not change significantly, ranging
from 9.2 to 10.2 log10 genome copies/ml (A/Brisbane/59/2007 vi-
rus) and from 9.7 to 9.9 log10 genome copies/ml (A/New Jersey/
15/2007 virus) (Table 3). In T-705-treated cells, the viral RNA
load remained unchanged during 18 passages (9.0 to 8.7 log10

genome copies/ml for A/Brisbane/59/2007 virus and 9.6 to 9.4

TABLE 3 Effect of T-705 on infectious virus yield and viral RNA copy number during serial passage in MDCK cells inoculated with a low dose of
seasonal influenza A (H1N1) virusa

H1N1 virus Passage

Infectious virus yield (log10

PFU/ml)b

Viral RNA copy no. (log10 genome
copies/ml)c

Specific infectivity (infectious virus
yield/viral RNA copy no.)d

Mock treatment T-705 treatment Mock treatment T-705 treatment Mock treatment T-705 treatment

A/Brisbane/59/2007 0 7.6 � 0.18 NAe 9.3 � 0.33 NA 0.8 � 0.26 NA
6 7.4 � 0.10 6.7 � 0.05** 9.2 � 0.01 9.0 � 0.09 0.8 � 0.06 0.7 � 0.07
12 8.5 � 0.02 4.6 � 0.02** 10.1 � 0.05 8.4 � 0.14* 0.8 � 0.04 0.5 � 0.08
18 8.5 � 0.16 4.3 � 0.17** 10.2 � 0.09 8.7 � 0.04* 0.8 � 0.13 0.5 � 0.11
24 8.5 � 0.03 �1.0** 8.5 � 0.69 4.3 � 0.17** 1.0 � 0.36 0.2 � 0.17**

A/New Jersey/15/2007 0 7.1 � 0.06 NA 9.7 � 0.03 NA 0.7 � 0.05 NA
6 7.3 � 0.06 6.7 � 0.04** 9.7 � 0.04 9.6 � 0.01 0.8 � 0.05 0.7 � 0.03
12 8.0 �0.09 5.8 � 0.04** 9.9 � 0.03 9.0 � 0.12** 0.8 � 0.06 0.6 � 0.08
18 7.9 � 0.08 5.0 � 0.01** 9.9 � 0.09 9.4 � 0.02 0.8 � 0.09 0.5 � 0.02
24 8.3 � 0.13 �1.0** 8.7 � 0.68 3.8 � 0.13** 1.0 � 0.41 0.3 � 0.13**

a *, P � 0.01, or **, P � 0.0001, significant differences with respect to mock-treated samples by two-way ANOVA.
b Infectious virus was titrated by plaque assay in MDCK cells. Values are means � SD from three independent experiments.
c Virus RNA copy number was determined by quantitative real-time RT-PCR of the matrix gene. Values are means � SD from three independent experiments.
d Infectious virus yield � 10�3/genome copy number, determined 24 h p.i.
e NA, not applicable.

TABLE 4 Effect of T-705 on infectious virus yield and viral RNA copy number during serial passage in MDCK cells inoculated with a high dose of
2009 pandemic influenza A (H1N1) virusa

H1N1 virus Passage

Infectious virus yield (log10

PFU/ml)b

Virus RNA copy no. (log10 genome
copies/ml)c

Specific infectivity (infectious virus
yield/viral RNA copy no.)d

Mock treatment T-705 treatment Mock treatment T-705 treatment Mock treatment T-705 treatment

A/Denmark/524/2009 0 7.1 � 0.09 NAe 9.4 � 0.07 NA 0.8 � 0.08 NA
1 7.3 � 0.05 5.4 � 0.11** 8.3 � 0.64 8.2 � 0.64 0.9 � 0.35 0.7 � 0.75
2 5.6 � 0.27 3.8 � 0.12** 6.0 � 0.43 5.1 � 0.30 0.9 � 0.35 0.7 � 0.21
3 4.2 � 0.11 �1.0** 5.9 � 0.39 3.5 � 0.12* 0.7 � 0.25 0.3 � 0.12
4 3.7 � 0.16 �1.0** 5.5 � 0.37 �3.0** 0.7 � 0.27 �0.3

A/Denmark/528/2009 0 7.0 � 0.10 NA 9.2 � 0.24 NA 0.8 � 0.17 NA
1 6.6 � 0.03 5.9 � 0.82 7.8 � 0.61 7.8 � 0.63 0.8 � 0.32 0.8 � 0.73
2 4.8 � 0.03 3.8 � 0.12 5.6 � 0.44 5.5 � 0.37 0.9 � 0.24 0.7 � 0.25
3 3.2 � 0.03 �1.0* 4.7 � 0.22 3.0 � 0.10* 0.7 � 0.13 0.3 � 0.10
4 1.4 � 0.91 �1.0 4.2 � 0.5 �3.0** 0.3 � 0.71 �0.3

a *, P � 0.01, or **, P � 0.0001, significant differences with respect to mock-treated samples by two-way ANOVA.
b Infectious virus was titrated by plaque assay in MDCK cells. Values are means � SD from three independent experiments.
c Virus RNA copy number was determined by quantitative real-time PCR of the matrix gene. Values are means � SD from three independent experiments.
d Infectious virus yield � 10�3/genome copy number, determined 24 h p.i.
e NA, not applicable.
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log10 genome copies/ml for A/New Jersey/15/2007 virus), despite
the dramatic decline in infectivity.

In cells inoculated at a high MOI, passage of influenza viruses
resulted in a decreased viral RNA load, from 8.3 to 5.5 log10 ge-
nome copies/ml (A/Denmark/524/2009) and from 7.8 to 4.2 log10

genome copies/ml (A/Denmark/528/2009) in mock-treated cells.
This observation is consistent with the defective interfering parti-
cle theory, which holds that viruses are prone to generate defective
genomes during their natural infectious cycle. Importantly, when
the same viruses were passaged in the presence of T-705, the num-
ber of viral RNA copies declined dramatically (from 8.2 log10 ge-
nome copies/ml of A/Denmark/524/2009 and 7.8 log10 genome
copies/ml of A/Denmark/528/2009 after passage 1 to undetectable
levels of both viruses after passage 4) (Table 4).

These results demonstrated that T-705 treatment induced in-
terfering activity greater than that observed in mock-treated cells
(33). The reduction of virus infectivity was disproportionately
greater than the reduction of viral RNA copy number (Table 4).
This finding supports the hypothesis that the antiviral effect of
T-705 is caused by lethal mutagenesis of the internal genes of
influenza viruses.

Effect of T-705 on specific viral infectivity. Our next step in
investigating the mechanism of T-705-induced viral extinction
was to explore the kinetics of the loss of specific infectivity of
influenza H1N1 virus under various T-705 concentrations by an-
alyzing both the extracellular and intracellular pools of A/Den-
mark/524/2009 (H1N1) virus. For comparison, samples treated
with the NA inhibitor zanamivir were included. Zanamivir (10
and 100 �M) did not significantly alter either infectious virus yield
or RNA load as determined 48 h postinfection (p.i.). Treatment
with T-705 decreased the infectious virus yield in a dose-depen-
dent manner, and extracellular virus was below the limit of detec-
tion in samples treated with 100 �M T-705 (Table 5). The viral
RNA load did not change significantly at 10 �M T-705, but 100
�M T-705 significantly reduced RNA copy number in the extra-
cellular pool. These results demonstrated a significant reduction
of specific viral infectivity (P � 0.01) under the pressure of T-705.

Mutation frequency with and without T-705. To demonstrate
that T-705 exerts mutagenic activity on the influenza virus ge-
nome, we investigated mutation frequency by analyzing individ-
ual clones of influenza A/Denmark/524/2009 obtained from in-
fected MDCK cells treated with T-705 (10 and 100 �M) or mock
treated and by sequencing their NP genes. For each population,
between 47 and 94 clones were sequenced, representing 71,000 to

142,000 nucleotides per sample (Fig. 4). The mock-treated sam-
ples and samples treated with zanamivir were used as controls.
Zanamivir was chosen as a control because it targets the NA gene
and prevents the release of influenza virions from an infected cell
but appears unlikely to significantly increase mutation frequency.
Ribavirin is a well-known virus mutagen but was not used as a
control because no mutagenic activity has been demonstrated in
influenza viruses. Our T-705-treated (10 �M) samples showed a
significantly higher mutation frequency (P � 0.0001) than mock-
treated samples (Fig. 4). Interestingly, two attempts to sequence
200 individual clones from samples treated with 100 �M T-705
failed to obtain sufficient base pairs to calculate the mutation rate
per 10,000 nucleotides. Although both T-705-treated and zanami-
vir-treated clones were selected by blue-white screening, only
those obtained from samples treated with 100 �M T-705 con-
tained small insertions of the NP genes into the plasmid, suggest-
ing that the drug adversely affected virus genetic information.

We then examined whether T-705 treatment biased the muta-
tion profile toward specific nucleotide mutations, as RNA muta-
gens are reported to do (21, 23, 34). In untreated viruses, the
transition mutations (A¡G and T¡C) were most common

TABLE 5 Specific infectivity of influenza A/Denmark/524/2009 (H1N1) virus in the presence and absence of T-705 and zanamivira

Drug
Concn
(�M)

Infectious virus yield (log10

PFU/ml)b

Virus RNA copy no. (log10

genome copies/ml)c

Specific infectivity (infectious virus
yield � 10�3/genome copy no.)

Extracellular Intracellular Extracellular Intracellular Extracellular Intracellular

None (mock treated) 0 6.71 � 0.03 6.84 � 0.15 10.04 � 0.14 10.06 � 0.64 0.490 � 0.175 0.714 � 0.600

T-705 10 4.68 � 0.08* 5.29 � 0.08 9.40 � 0.02 9.70 � 0.01 0.019 � 0.004* 0.039 � 0.01*
100 �1.0* 1.24 � 0.3* 5.83 � 0.15* 7.19 � 0.05 0.001 � 0.000* 0.001 � 0.00*

Zanamivir 10 5.17 � 0.22 5.89 � 0.04 8.80 � 0.11 10.30 � 0.15 0.224 � 0.084 0.128 � 0.110
100 5.73 � 0.08 5.72 � 0.05 8.46 � 0.11 9.57 � 0.14 0.184 � 0.013 0.148 � 0.050

a *, P � 0.01 in comparison to mock-treated samples (two-way ANOVA).
b Infectious virus in supernatants and cellular lysates was titrated by plaque assay in MDCK cells. Values are means � SD from two independent experiments.
c Virus RNA copy number was determined by quantitative real-time PCR of the matrix gene. Values are means � SD from three independent experiments.

FIG 4 Mutation frequency and profile of nucleotide changes in influenza
A/Denmark/524/2009 (H1N1) virus. (A) MDCK cells were mock treated or
treated with T-705 (10 �M) or zanamivir (10 �M) and inoculated with influ-
enza A/Denmark/524/2009 (H1N1) virus at an MOI of 0.001 PFU/cell. Virus
was extracted from the supernatant after a 48-h incubation at 37°C. A 1,523-kb
region of the NP gene was RT-PCR amplified and subcloned. Individual clones
were sequenced to obtain the observed mutation frequencies. The numbers of
mutations per 10,000 nucleotides differed significantly between T-705-treated
and mock-treated viruses (P � 0.001). (B) Mutation profiles of influenza
A/Denmark/524/2009 (H1N1) viruses grown in the presence of mock-treated,
T-705-treated (10 �M), or zanamivir-treated (10 �M) MDCK cells. Bold nu-
merals indicate the most frequent nucleotide changes.
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(Fig. 4B). Treatment with T-705 resulted in accumulation of
G¡T and C¡T transition mutations that increased linearly with
the T-705 concentration, suggesting a dose-dependent effect.
Treatment with zanamivir slightly increased the number of nucle-
otide changes in a statistically insignificant manner but did not
bias the natural mutation profile (Fig. 4B).

DISCUSSION

Taken together, our results provide the first evidence that T-705
exerts mutagenic activity in influenza viruses and that lethal mu-
tagenesis is either wholly or in part the anti-influenza A virus
mechanism of T-705 in vitro. During serial passage, treatment
with T-705 resulted in a disproportionate decrease in infectious
virus without a corresponding decrease in RNA copy number,
thereby reducing virus infectivity (the ratio of PFU to viral RNA
copies). It also increased the mutation frequency and shifted the
nucleotide profiles of individual NP gene clones. The greater in-
crease in the virus mutant spectrum observed after passage in the
presence versus the absence of T-705 suggests that T-705RTP is
incorporated into the viral genome, although we did not address
this possibility or the possibility that T-705 indirectly affects nu-
clear transcription or translation. We hypothesize that the small
increase observed in the rate of viral mutation leads to a dispro-
portionately larger reduction of viral infectivity as T-705 pro-
motes accumulation of mutations in numerous genes, ultimately
causing the generation of nonviable progeny. T-705-enhanced
mutagenesis was required for virus extinction, which was not ob-
served in parallel mock-treated samples. The stability of IC50 and
EC50s over the course of multiple passages in MDCK cells suggests
the absence of phenotypic changes in susceptibility to T-705;
therefore, drug-resistant variants are unlikely to emerge in vitro.

Lethal mutagenesis is a mechanism by which drug treatment
increases the viral mutation rate sufficiently to overwhelm the
virus population’s ability to retain fitness (35). Our hypothesis
that lethal mutagenesis is the antiviral mechanism of T-705 was
based on available data about the antiviral mechanism of nucleo-
side analogs against poliovirus, vesicular stomatitis virus (36, 37),
West Nile virus (34), foot-and-mouth disease virus (38), lym-
phatic choriomeningitis virus (39), and human immunodefi-
ciency virus type 1 (35). Lethal mutagenesis is suggested when the
percentage of noninfectious virus genomes is much higher after
passaging with a nucleoside analog than after passaging in mock-
treated cells; furthermore, incorporation of a nucleoside analog
into the viral genome is known to induce hypermutation (34,
38, 39).

We used two approaches to assess the anti-influenza mecha-
nism of T-705: serial passage with a low virus infectious dose and
serial passage with a high virus infectious dose. If the antiviral
activity of T-705 is caused by acceleration of the viral mutation
rate, then serial passage after the low infectious dose would allow
accumulation of the mutations, resulting in lethal mutagenesis.
Indeed, after low-dose inoculation we observed virus extinction
after 24 serial passages in the presence of T-705. Quantification
and infectivity testing of RNA genomes after low- and high-dose
virus inoculation and serial passage showed strikingly lower spe-
cific infectivity in viruses passaged in the presence of T-705 than in
mock-treated viruses (e.g., seasonal influenza A viruses showed a
	60% decrease in specific infectivity after 23 passages with
T-705), suggesting that T-705 cased lethal mutagenesis.

The lethal mutagenesis theory emphasizes the role of a class of

defective interfering particles, which can also be produced during
the natural course of influenza virus infection. Therefore, we sub-
stantiated the role of lethal mutagenesis by demonstrating that the
interfering activity generated by T-705 treatment was greater than
the interfering activity naturally associated with influenza virus
replication. For that purpose, we inoculated cells with a high dose
of infectious virus to allow the generation of defective interfering
particles during the course of serial passage. In cells inoculated
with the high dose, no viable viruses were detected after 3 serial
passages with T-705, although virus remained detectable after pas-
sage 4 in mock-treated cells. After 3 passages, specific infectivity
decreased by approximately 60% in the presence of T-705 but only
by 20% in mock-treated viruses. Therefore, virus extinction re-
quired T-705-induced mutagenesis.

Our data suggesting the incorporation of T-705RTP into viral
RNA are consistent with the lethal mutagenesis theory. Specifi-
cally, we demonstrated a 9-fold increase (A/Brisbane/59/2007)
and a 5-fold increase (A/New Jersey/15/2007) in G¡A transitions.
In cells inoculated with a low virus dose, virus-specific increases in
RNA C¡T transition were observed after serial passage in treated,
but not mock-treated, cells. G¡A transitions were also increased
at high infectious doses, but not significantly, likely reflecting
dose-related rapid virus extinction. A¡G mutations within the
coding viral genome cause the production of functionally im-
paired mutant proteins.

We utilized Sanger sequencing for quasispecies substructuring;
this method is much less sensitive than ultradeep sequencing, and
therefore we cannot completely rule out the selection of a very
small population of T-705-resistant influenza variants. However,
if such mutants were selected, their prevalence was less than
�10% of the virus population and their fitness was severely im-
paired. Furthermore, the lethal mutagenesis theory suggests to us
that lethal mutations in the viral genome would have likely pre-
vented the survival of such mutants. Such a mechanism would add
to the advantages of an antiviral strategy that targets the viral mu-
tation rate rather than viral proteins.

We observed an increased number of G¡A and C¡T muta-
tions, suggesting that T-705RTP base pairs with either cytosine or
uracil. RNA viruses can also undergo an A¡G/U¡C mutation
pattern caused by a large isoform of the RNA-specific adenosine
deaminase (ADAR1-L); this pattern is usually induced by the in-
nate immune response to viral infection (4). ADAR1-L can
deaminate adenosine (A) to inosine (I) in the cellular cytoplasm,
as demonstrated in the case of hepatitis C viruses (40). Inosine is
then recognized as guanosine by decoding ribosomes and tran-
scribing polymerases, leading to A¡G transitions. However, we
believe that the A¡G mutation pattern observed in this study
during passages with T-705 is attributable to viral polymerase er-
rors caused by T-705, as no hypermutation was observed in mock-
treated viruses. Moreover, the sites of the A¡G mutations were
not related to the presence of the A, C, or G nucleotides at
positions �1, �2, 
1, and 
2 (data not shown), as would be
observed in ADAR1-L-induced mutation (41). Taken together,
our results suggest that T-705 increases the influenza virus mu-
tation rate beyond the biological tolerance threshold, causing
lethal mutagenesis.

An early understanding of potential resistance to an agent is
crucial to guide the development of novel antivirals and maximize
their usefulness. It has not been established whether resistance to
mutagenic agents such as T-705 emerges as readily as resistance to
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nonmutagenic inhibitors such as NA inhibitors and adamantanes.
At least two other groups have attempted to generate T-705-resis-
tant influenza viruses (7, 42). In these studies, the viruses were
extinguished within 20 serial passages in the presence of T-705.
Importantly, neither study characterized the passaged variants or
sought to determine the exact conditions (cell line, drug concen-
trations, viral MOI, method of susceptibility testing) required for
generation of a T-705-resistant strain.

Of the nucleoside analogs, only ribavirin is demonstrated to
have anti-influenza activity (16). Ribavirin and T-705 have anal-
ogous carboxamide groups. Multiple ribavirin-resistant mutants
of many RNA viruses have been described (43–49). These mutants
showed amino acid substitutions in RdRP that increase the gen-
eral template-copying fidelity of the enzyme, thereby restricting
the incorporation of ribavirin triphosphate into RNA during viral
RNA synthesis. However, to the best of our knowledge, no ribavi-
rin-resistant influenza viruses have been reported.

It is postulated that an influenza virus is resistant to currently
licensed antiviral agents if the virus is (i) infectious in the presence
of a drug (e.g., forms plaques on MDCK cells), (ii) is phenotypi-
cally less susceptible, and (iii) possesses mutation(s) in the target
protein. In our study, the T-705 EC50s were 8 to 18 �M for both
the seasonal and 2009 pandemic viruses. Notably, T-705 yielded
comparable values for both oseltamivir-susceptible and oseltami-
vir-resistant viruses, suggesting that T-705 is effective against
both. These data support previous reports of T-705 antiviral ac-
tivity against oseltamivir-resistant and amantadine-resistant in-
fluenza viruses (6, 14). In addition, no specific amino acid substi-
tutions in the polymerase gene were detected, and no viable
viruses were detected after several serial passages. Thus, T-705-
resistant mutants were not selected under our conditions.

Although a drug that increases the mutation rate of a virus may
also increase the mutation rate of its host cells, the most recent
generation of nucleoside analogs, including T-705, were designed
to specifically target viral RdRP without significantly affecting hu-
man DNA and RNA synthesis (12, 15). Importantly, however,
nucleoside analogs exert relatively high cytotoxicity. Ribavirin is
the only known nucleoside analog with potent anti-influenza ac-
tivity, and like all first-generation nucleoside analogs, it is cyto-
toxic (50). We found that T-705 was not toxic to MDCK or human
lung A549 cells at concentrations of 	1,000 �M. This value is at
least 10 times the toxicity threshold of ribavirin (CC50 of 94 �M in
MDCK cells) (6). The T-705 concentration sufficient to inhibit
influenza virus replication in both human and canine cell lines was
in the 10 �M range, resulting in a selective index (CC50/EC50) of
	1. Furthermore, we observed neither early (1 h posttreatment)
nor late (24 h posttreatment) cytotoxic effects. Furuta and col-
leagues demonstrated that T-705RTP was not significantly incor-
porated into MDCK-cell DNA at T-705 concentrations of �637
�M (15). Although the available evidence suggests that T-705
treatment would not severely affect cellular RNA and DNA syn-
thesis in humans, further studies are warranted to investigate the
long-term effect of T-705 on the human genome.

Overall, given the increased mutation frequency in the influ-
enza virus genome during the T-705 treatment, the specific mu-
tational bias, and the fact that this increase is dose dependent, this
study demonstrated that T-705 is an influenza virus mutagen.
This provides a novel and promising approach to influenza ther-
apy. Further studies are required to clarify whether the increased
mutation frequency in the influenza virus genome resulting from

T-705 treatment is due to the direct incorporation of T-705 in the
virus genome and/or indirectly due to the interaction with some
unknown host factors that would lead to lowering the intracellular
concentrations of nucleoside triphosphate pools.
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