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ABSTRACT

Lethal mutagenesis is a broad-spectrum antiviral strategy that exploits the high mutation rate and low mutational tolerance of
many RNA viruses. This approach uses mutagenic drugs to increase viral mutation rates and burden viral populations with mu-
tations that reduce the number of infectious progeny. We investigated the effectiveness of lethal mutagenesis as a strategy
against influenza virus using three nucleoside analogs, ribavirin, 5-azacytidine, and 5-fluorouracil. All three drugs were active
against a panel of seasonal H3N2 and laboratory-adapted H1N1 strains. We found that each drug increased the frequency of mu-
tations in influenza virus populations and decreased the virus’ specific infectivity, indicating a mutagenic mode of action. We
were able to drive viral populations to extinction by passaging influenza virus in the presence of each drug, indicating that com-
plete lethal mutagenesis of influenza virus populations can be achieved when a sufficient mutational burden is applied. Popula-
tion-wide resistance to these mutagenic agents did not arise after serial passage of influenza virus populations in sublethal con-
centrations of drug. Sequencing of these drug-passaged viral populations revealed genome-wide accumulation of mutations at
low frequency. The replicative capacity of drug-passaged populations was reduced at higher multiplicities of infection, suggest-
ing the presence of defective interfering particles and a possible barrier to the evolution of resistance. Together, our data suggest
that lethal mutagenesis may be a particularly effective therapeutic approach with a high genetic barrier to resistance for influ-
enza virus.

IMPORTANCE

Influenza virus is an RNA virus that causes significant morbidity and mortality during annual epidemics. Novel therapies for
RNA viruses are needed due to the ease with which these viruses evolve resistance to existing therapeutics. Lethal mutagenesis is
a broad-spectrum strategy that exploits the high mutation rate and the low mutational tolerance of most RNA viruses. It is
thought to possess a higher barrier to resistance than conventional antiviral strategies. We investigated the effectiveness of lethal
mutagenesis against influenza virus using three different drugs. We showed that influenza virus was sensitive to lethal mutagen-
esis by demonstrating that all three drugs induced mutations and led to an increase in the generation of defective viral particles.
We also found that it may be difficult for resistance to these drugs to arise at a population-wide level. Our data suggest that lethal
mutagenesis may be an attractive anti-influenza strategy that warrants further investigation.

Influenza virus is a single-stranded, negative-sense RNA virus
with a genome consisting of 8 segments (1). Like other RNA

viruses, influenza virus replicates with extremely low fidelity. Its
RNA-dependent RNA polymerase (RdRp) complex, which in-
cludes the viral proteins PB1, PB2, PA, and NP (2, 3), has a muta-
tion rate of approximately 2.3 � 10�5 substitutions per nucleotide
per cell infection (4). This high mutation rate limits the effective-
ness of seasonal vaccines and antivirals, as it allows the virus to
generate mutations that mediate escape from neutralizing anti-
bodies and resistance to antiviral drugs (5–9). While a high muta-
tion rate allows RNA viruses to rapidly adapt to new selective
pressures, most newly generated mutations are deleterious (10–
12). RNA viruses, therefore, exist at a threshold of viability, where
even small increases in mutational load can cause population ex-
tinction (13, 14).

Lethal mutagenesis is a broad-spectrum antiviral strategy that
exploits the high mutation rate and low mutational tolerance of
many RNA viruses. This approach utilizes mutagenic drugs to
increase the virus’ mutation rate, thereby burdening the popula-
tion with a large number of mutations that are either lethal or
highly detrimental to ongoing replication. Extinction of the pop-
ulation will occur when the number of infectious progeny gener-

ated by each infectious particle drops to less than one (13). Lethal
mutagenesis has been applied to a number of RNA viruses, most
commonly with nucleoside (e.g., ribavirin and 5-azacytidine) and
base (e.g., 5-fluorouracil) analogs. Ribavirin is a broad-spectrum
antiviral that has been demonstrated to cause lethal mutagenesis
of poliovirus, Hantaan virus, lymphocytic choriomeningitis virus
(LCMV), GB virus, and West Nile virus in vitro (15–19). While
ribavirin is used clinically for hepatitis C virus and respiratory
syncytial virus, its mode of action against these viruses in vivo is
less clear (20–22). Lethal mutagenesis with 5-azacytidine has been
demonstrated in HIV-1 and foot-and-mouth disease virus
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(FMDV) in vitro (23, 24). The base analog 5-fluorouracil is
processed intracellularly into a nucleoside analog and has demon-
strated activity as a lethal mutagen against LCMV, exonuclease-
deficient coronaviruses, and FMDV in vitro (24–26). For simplic-
ity, we refer to all three drugs as nucleoside analogs.

In most cases, the mutagenic activity of nucleoside analogs is
attributable to the misincorporation of their triphosphate forms
into replicating genomes by the viral RdRp. The structure of the
nucleoside analog, its base-pairing properties, and the sense of the
RNA strand determine the classes of mutations observed (27).
Ribavirin, a guanosine analog, causes an increase in both C-to-U
and G-to-A transitions (15), and 5-fluorouracil, which mimics
uridine, leads to the accumulation of A-to-G and U-to-C transi-
tions (25). Interestingly, 5-azacytidine, a cytidine analog, is able to
induce both C-to-G and G-to-C transversions by virtue of a py-
rimidine ring-opening mechanism that allows it to base pair with
cytosine (23, 28). Ribavirin also has additional mechanisms that
may play a role in its antiviral activity. Within host cells, it alters
GTP pool concentrations by inhibiting IMP dehydrogenase
(IMPDH) (29, 30). Other modes of action may include direct
inhibition of the influenza virus RdRp (31, 32) and interference
with capping of viral RNA (33). Some data suggest that ribavirin
affects inflammatory and T-cell responses in vivo (34–36).

Initially, lethal mutagenesis was believed to be a “resistance-
proof” strategy, since a newly arising resistance mutation would,
in many cases, be linked to a lethal one on the same genome (37).
However, in poliovirus, FMDV, and Chikungunya virus, muta-
gen-resistant variants have been recovered after fewer than 14 pas-
sages in sublethal concentrations of drug (38–40). The RdRps of
these resistant viruses have replication fidelity phenotypes that
make them less sensitive to mutagenesis by nucleoside analogs.
Population genetic theory suggests that high mutation rates will
also select for viruses that are more tolerant of mutation, or mu-
tationally robust (14, 41). This mechanism of mutagenic drug
tolerance has recently been identified in vesicular stomatitis virus
populations passaged in 5-fluorouracil and in coxsackievirus pop-
ulations passaged in ribavirin (42, 43).

The viability of lethal mutagenesis as a therapeutic approach to
influenza virus infection has yet to be systematically explored.
While the anti-influenza virus activity of ribavirin has long been
recognized, its mechanism of action is unclear (31, 44). Recent
data suggest that it may function as a lethal mutagen for influenza
A virus and that a high-fidelity polymerase variant is less sensitive
to its antiviral activity (45). Similarly, a new broad-spectrum an-
tiviral, favipiravir, has been shown to be mutagenic to influenza
virus in vitro and norovirus in vivo (46, 47).

We performed a systematic investigation of lethal mutagenesis
as a therapeutic strategy to target influenza virus. We utilized riba-
virin, 5-azacytidine, and 5-fluorouracil, which are three structur-
ally distinct nucleoside analogs that are known to increase the
frequency of specific mutations in a range of RNA viruses. We set
four criteria for demonstrating lethal mutagenesis: (i) a concen-
tration-dependent decrease in infectious viral titer, (ii) an increase
in viral mutation frequency, (iii) a concentration-dependent de-
crease in the specific infectivity of the viral population, and (iv) the
ability to extinguish the viral population upon multiple rounds of
replication in the presence of drug. In addition to demonstrating
their mutagenic action, we investigated the ability of influenza
virus populations passaged in sublethal concentrations to acquire
resistance to each of these nucleoside analogs.

MATERIALS AND METHODS
Cells, viruses, and drugs. Madin-Darby canine kidney (MDCK) cells
were provided by Arnold S. Monto (University of Michigan School of
Public Health) and were maintained in Dulbecco’s modified Eagle me-
dium (Gibco 11965) supplemented with 10% fetal bovine serum (Gibco
10437) and 25 mM HEPES (Gibco 15630). Cells were maintained at 37°C
and 5% CO2 in a humidified incubator.

A biological clone of influenza A/Puerto Rico/8/1934(H1N1) virus
was obtained from ATCC (VR-1469). Influenza A/WSN/33(H1N1) virus
was rescued following transfection of 8 plasmids that express the viral
RNA and proteins from each genome segment (48). The plasmids were
provided by Robert G. Webster (St. Jude Children’s Research Hospital).
Biological clones of influenza A/Panama/2007/1999(H3N2) and A/Wyo-
ming/03/2003(H3N2) viruses were provided by Arnold S. Monto (Uni-
versity of Michigan School of Public Health). Unless otherwise indicated,
infections were performed in viral infection medium consisting of Dul-
becco’s modified Eagle medium supplemented with 25 mM HEPES,
0.18% bovine serum albumin (Gibco 15260), and 2 �g/ml tosylsulfonyl
phenylalanyl chloromethyl ketone (TPCK)-treated trypsin (Worthington
Biochemical 3740).

Ribavirin {1-[(2R,3R,4S,5R)-3,4-dihydroxy-5-(hydroxymethyl)oxo-
lan-2-yl]-1H-1,2,4-triazole-3-carboxamide} (Sigma-Aldrich R9644) was
dissolved in phosphate-buffered saline (PBS) to make a 100 mM stock.
5-Azacytidine [4-amino-1-(�-D-ribofuranosyl)-1,3,5-triazin-2(1H)-one]
(Sigma-Aldrich A2385), guanosine (Sigma-Aldrich G6752), and myco-
phenolic acid (Sigma-Aldrich M5255) were dissolved in dimethyl sulfox-
ide (DMSO) at 100 mM. 5-Fluorouracil (2,4-dihydroxy-5-fluoropyrimi-
dine) (Sigma-Aldrich F6627) was dissolved in DMSO at 384 mM.
Aliquots of all stocks were stored at �20°C.

Cellular toxicity assays. The viability of MDCK cells after drug treat-
ment was measured using an 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyl
tetrazolium bromide (MTT) assay (49). Briefly, 24-well plates were seeded
with 20,000 MDCK cells in 500 �l of medium. The following day, the
culture medium was replaced with viral infection medium containing
drug. After 24 h of incubation in drug, 50 �l of 5 mg/ml MTT (Sigma-
Aldrich M5655) was added, and the cells were incubated at 37°C. After 2 h,
550 �l of 10% Triton X-100 (Acros Organics 327372500) and 0.1 N aque-
ous HCl in isopropanol (Fisher BP2610) were added. One hour later, the
resulting precipitates were dissolved by repeated pipetting. One addi-
tional hour later, the absorbance at 595 nm was measured using a Synergy
HT microplate reader (Bio-Tek).

Cytotoxicity was measured using the CytoTox-Glo cytotoxicity assay
(Promega G9290), according the manufacturer’s protocol. Briefly, 3,200
MDCK cells per well were seeded in a white, flat-bottom, 96-well plate
(Fisher 353296). Drugs were diluted in viral infection medium and added
to the cells as described above. Luminescence was measured after 24 h
using a Synergy HT microplate reader both before and after digitonin
permeabilization of the cell membrane.

Drug treatment of viruses. MDCK cells were seeded in 24-well cell
culture plates at a density of 6.5 � 104 cells per well in 500 �l medium. The
next day, cells were washed with PBS and treated for 3 h with drug diluted
in viral infection medium. Cells were infected with influenza virus at a
multiplicity of infection (MOI) of 0.1 50% tissue culture infectious dose
(TCID50)/cell in 200 �l of drug medium. The inoculum was removed after
1 h, and the cells were washed with PBS. Infected cells were incubated in
500 �l of fresh drug medium for an additional 24 h. Viral supernatants
were clarified by centrifugation for 4 min at 1400 � g and stored at �80°C
with glycerol at a final concentration of 0.5%. Viral titers were determined
using either plaque assay (50) or TCID50. For TCID50 assays, 4 � 103

MDCK cells per well were seeded into a 96-well tissue culture plate in 100
�l of viral infection medium lacking TPCK-treated trypsin. The next day,
serial 10-fold dilutions of viral supernatants were added to each row on
the plate in 100 �l of viral infection medium with 4 �g/ml of TPCK-
treated trypsin. After 4 days, the wells were scored for cytopathic effect
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(CPE), and the titers were calculated using the method of Reed and
Muench (51).

RNA extraction, reverse transcription-PCR (RT-PCR), and quanti-
tative PCR (qPCR). RNA was extracted from clarified supernatants using
either TRIzol reagent (Ambion 15596026), Purelink Pro 96 viral RNA/
DNA kits (Invitrogen 12280), or QIAamp viral RNA minikits (Qiagen
52904) according to the manufacturers’ instructions. cDNA was gener-
ated using random hexamer priming and the SuperScript III first-strand
synthesis system (Invitrogen 18080). Quantitative PCR was performed on
a 7500 fast real-time PCR system (Applied Biosystems) using FastStart
universal SYBR green master mix (Roche 04913850001) with primers
PB2for (5=-GTTGGGAGAAGAGCAACAGC-3=) and PB2rev (5=-GATT
CGCCCTATTGACGAAA-3=). Serial 10-fold dilutions of plasmid con-
taining the PB2 gene of A/WSN/33(H1N1) were used to generate a stan-
dard curve for quantification of cDNA copy number based on cycle
threshold (CT) values.

Measurement of viral mutation frequency. cDNAs corresponding to
the eight viral RNAs were generated with primer uni12 (5=-AGCAAAAG
CAGG-3=) using Superscript III as described above. A 957-base fragment
of the hemagglutinin (HA) gene was amplified using Taq DNA polymer-
ase (Invitrogen 18038) with primers HAfor (5=-GAAGGCAAACCTACT
GGTCC-3=) and HArev (5=-GCACTCTCCTATTGTGACTGG-3=). PCR
products were purified using the GeneJET PCR purification kit (Thermo
K0701) and terminally adenylated by incubation with 500 �M dATP and
Taq DNA polymerase for 10 min at 72°C. PCR products were then cloned
into the pCR4-TOPO-TA vector using the TOPO-TA cloning kit for se-
quencing (Invitrogen 45-0071). Individual clones were sequenced at the
University of Michigan DNA sequencing core using both T3 and T7 prim-
ers. Sequences were aligned over an 859-bp region that had adequate-
quality sequencing reads for all clones, and mutations were identified
using SeqMan Pro version 10.1.1 (DNASTAR). Only mutations present in
both the forward and reverse reads of a clone were counted, and muta-
tions found in multiple clones were counted once.

Drug passages. To evolve influenza virus mutants that are resistant to
the detrimental effects of mutagens, virus was passaged in low concentra-
tions of drug. Three passage lineages for the mock-treated control and
each drug were generated in the following way. Three million MDCK cells
were seeded into 75-cm2 flasks. The next day, cells were washed with PBS
and treated with 10 ml of viral infection medium containing either 7.5 �M
ribavirin, 7.5 �M 5-azacytidine, 30 �M 5-fluorouracil, or an equivalent
volume of DMSO for 3 h. The medium was then removed and replaced
with 7.5 ml of drug-containing medium with 5 � 104 PFU of influenza
A/Puerto Rico/8/1934(H1N1) virus (MOI, 0.01). After 1 h, the virus was
removed, the cells were washed with PBS, and 18.5 ml of drug-containing
medium was added. Culture supernatants were harvested at 24 h postin-
fection, and titers were determined by plaque assay. This procedure was
performed iteratively, with 5 � 104 PFU from the previous passage being
used to infect the next. If titers dropped below the level that allowed for
this MOI, 1 ml of undiluted culture supernatant was used. Passaged viral
populations were tested for their sensitivity to drugs at an MOI of 0.01 and
0.1 using the above-described drug treatment protocol.

To demonstrate lethal mutagenesis and population extinction
through serial drug passage, virus was passaged in high concentrations of
drug. Three lineages in 40 �M ribavirin, 25 �M 5-azacytidine, 100 �M
5-fluorouracil, or an equivalent volume of DMSO were passaged as de-
scribed above, except at an MOI of 0.1 and scaled to 25-cm2 flasks. If titers
dropped below 1.6 � 105 PFU, 500 �l of undiluted culture supernatant
from the previous passage were used. If titers dropped below detectable
levels, we attempted to recover any remaining virus by adding 800 �l of
undiluted culture supernatant to MDCK cells in the absence of drug.
Supernatants of recovery passages were harvested at 4 days, and titers were
determined by plaque assay. If titers were still undetectable, the viral pop-
ulation was considered extinct.

Next-generation sequencing. Multiplex reverse transcription-PCR
amplification of all 8 influenza virus genome segments was performed on

RNA samples using Superscript III with HiFi platinum Taq (Invitrogen
12574) with the primers Uni12/Inf1 (5=-GGGGGGAGCAAAAGCAGG-
3=), Uni12/Inf3 (5=-GGGGGAGCGAAAGCAGG-3=), and Uni13/Inf1
(5=-CGGGTTATTAGTAGAAACAAGG-3=) (52). Seven hundred fifty
nanograms of the each amplified cDNA was sheared to an average size of
300 to 400 bp using a Covaris S220 focused ultrasonicator. Sequencing
libraries were prepared using the NEBNext Ultra DNA library prep kit
(NEB E7370L), Agencourt AMPure XP beads (Beckman Coulter
A63881), and NEBNext multiplex oligonucleotides for Illumina (NEB
E7600S). Indexed samples were pooled in equal volumes and sequenced
on an Illumina MiSeq instrument with 2 � 250-base paired end reads.

Sequencing reads that passed standard Illumina quality control filters
were binned by index, culled of low-quality bases (phred, �25), and
aligned to the reference genome using bowtie (53). Single-nucleotide vari-
ants (SNV) were identified and analyzed using DeepSNV (54). The Deep-
SNV algorithm relies on a clonal control to estimate the local error rate
within a given sequence context and to identify strand bias in base calling.
It then applies a hierarchical binomial model based on mutation calls for
test and control at each base and position to identify true-positive SNV.
The clonal control was a library prepared in an identical fashion from 8
plasmids containing the A/Puerto Rico/8/1934 genome and sequenced in
the same flow cell. The optimal P value and frequency cutoffs for variant
base calls were determined empirically from MiSeq data in which a mu-
tant virus was spiked in at known frequencies. We calculated our sensitiv-
ity and specificity for variant detection using DeepSNV based on a P value of
0.01. For a mutation at 5% frequency, sensitivity was 0.9916 and specificity
was 0.9926. For a mutation at 2.5% frequency, sensitivity was 0.9875 and
specificity was 0.9933. For a mutation at 1.25% frequency, sensitivity was
0.9562 and specificity was 0.9934. For a mutation at 0.63% frequency, sensi-
tivity was 0.9102 and specificity was 0.9928. Based on these data, only SNV
with a Benjamini-Hochberg-corrected P value of �0.01 and present at a fre-
quency of �1% were used in downstream analyses.

Statistical analysis. Mutation frequencies were compared to those in
the mock-treated control using the chi-square test. The one-tailed Mann-
Whitney U test was used to analyze the number of mutations per clone
compared to those for the mock-treated control. Viral titers and specific
infectivities were compared to those for the no-drug control using the
Kruskal-Wallis test with Dunn’s multiple-comparison test. All statistical
tests were performed using either R or GraphPad Prism 6.

RESULTS
Anti-influenza virus effects of nucleoside analogs. In our study
of lethal mutagenesis, we used ribavirin, 5-azacytidine, and 5-fluo-
rouracil, each of which is a known mutagen of other RNA viruses
(15, 23, 25, 55). These three drugs were selected, in part, due to
their activity against a range of RNA viruses as well as differences
in the types of mutations that they are known to induce. We tested
the activity of each drug against two laboratory-adapted H1N1
strains (A/PR8/34 and A/WSN/33) and two seasonal H3N2 strains
(A/Panama/2007/1999 and A/Wyoming/03/2003). All three drugs
were active against this panel of influenza viruses, reducing the
viral titer in a concentration-dependent manner (Fig. 1). Ribavi-
rin and 5-azacytidine exhibited comparable activity in this assay,
with 2 to 3 log10 reductions in influenza virus titer at 10 �M.
5-Fluorouracil was less potent, with similar reductions at 80 �M.
The A/Panama/2007/1999 (H3N2) strain appeared to be less sen-
sitive to both ribavirin and 5-fluorouracil than the other three
strains. This strain is not known to be inherently resistant to these
drugs and does not contain either PB1 D27N or PB1 V43I, two
mutations that are known to confer ribavirin resistance (32, 45).
The reduced sensitivity could be due to the reduced replicative
capacity of A/Panama/2007/1999 in MDCK cells, where its aver-
age titer of 3.2 � 105 TCID50/ml in the absence of drug was at least
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1.5 log10 lower than those of the other strains. This reduced repli-
cative capacity may decrease the number of replication cycles over
which an antiviral can act. Given the general similarity in drug
effect on the other three influenza virus strains, we used A/PR8/34
for all subsequent experiments.

Effects of nucleoside analogs on cultured cells. Nucleoside
analogs have structural similarity to cellular nucleosides and may
reduce viral titer through pleiotropic effects on cellular poly-
merases and metabolic pathways. We investigated this possibility
by quantifying both direct cytotoxicity and the effect of each drug
on cellular viability. Cellular viability is distinct from direct cyto-
toxicity, as it reflects both cell proliferation and cell death over the
assay period. We assayed relative cell viability using the MTT as-
say, which measures mitochondrial succinate dehydrogenase ac-
tivity. The CytoTox-Glo assay, which quantifies the release of cel-
lular proteases, was used to assay drug-induced cytotoxicity.

Using the MTT assay, we found a modest decrease in cellular
viability in both 120 �M ribavirin and 480 �M 5-fluorouracil and
a 50% decrease in cellular viability in 20 �M 5-azacytidine (Fig.
2A). Using the protease release assay, we determined that direct
cytotoxicity was minimal for both ribavirin and 5-fluorouracil up
to the maximal concentrations tested (60 �M and 200 �M, re-
spectively). We found approximately 50% cytotoxicity with
5-azacytidine at 25 �M (Fig. 2B). We also assessed the health of
our cell cultures by light microscopy after incubation in drug for
24 h. At the highest drug concentrations used in any of our assays
involving influenza virus, the drug-treated cells were less over-
grown than the mock-treated control cells and did not display
signs of cell death, such as rounding or detachment. (Fig. 2C).
Taken together, these data suggest that the observed decreases in
cellular viability are due to reduced proliferation rather than di-
rect cytotoxicity, as is expected based upon the effects of these
drugs on cellular physiology (56, 57). Given the relatively small
reductions in cellular viability at the doses used, the large de-
creases in viral titer observed with each of the three nucleosides
(Fig. 1) are unlikely to be due to drug-associated cytotoxicity.

Mutagenic effects of nucleoside analogs on influenza virus.
We used clonal sequencing to determine whether the three drugs
are mutagenic to influenza virus over a single passage in MDCK
cells (58). In this mutation frequency assay, we passaged influenza
virus on cells in the presence of drug for 24 h at concentrations

that caused a 2-log10 decrease in viral titers. We then amplified a
957-base HA gene fragment from RNA in the culture supernatant.
These cDNAs, which include sequences from both viable and
nonviable progeny, were cloned and sequenced. Using this assay,
we observed a statistically significant increase in overall mutation
frequency for viruses passaged in 10 �M 5-azacytidine (P � 0.013
by chi-square test) and 50 �M 5-fluorouracil (P � 0.027) (Fig.
3A). Viruses treated with 5-azacytidine also exhibited an increase
in C-to-G transversions (P � 0.00023) and a strong statistical
trend of increased A-to-G mutations (P � 0.13). Viruses recov-
ered from cells treated with 50 �M 5-fluorouracil exhibited a
trend of increased A-to-G (P � 0.15) and U-to-C (P � 0.063)
mutations. In this analysis, we noted that some mutations were
present in multiple clones. Since we could not exclude their pres-
ence as stable polymorphisms in the population prior to drug
treatment, we reanalyzed the data set excluding these mutations.
In all but one case, the significance level of the P values remained
unchanged. In this more conservative analysis, the change in A-
to-G transitions in viruses exposed to 10 �M 5-azacytidine
achieved statistical significance (P � 0.043).

In our initial mutation frequency assay, virus exposed to 10
�M ribavirin exhibited an increase in C-to-U transitions (P �
0.0025) compared to the mock-treated control, but the change in
the overall mutation frequency did not achieve statistical signifi-
cance (Fig. 3A). In an independent experiment, we measured mu-
tation frequency over a range of ribavirin concentrations. Here,
we used ribavirin at 5 and 40 �M, as these concentrations caused
moderate and large reductions in specific infectivity, respectively
(see the next section). In this experiment, we identified a signifi-
cant increase in overall mutation frequency at both drug concen-
trations (5 �M, P � 0.014; 40 �M, P � 0.0091) relative to the
control population (Fig. 3B). The frequency of C-to-U transitions
in the 40 �M ribavirin sample was also significantly higher than
those in the 5 �M ribavirin sample (P � 0.038) and the no-drug
control (P � 0.00074), suggesting a concentration dependence.
We noted a relationship between drug concentration and the fre-
quency of G-to-A mutations, which has been reported for other
viruses treated with ribavirin (15). Importantly, the statistical sig-
nificance of these results was not affected by exclusion of muta-
tions present in multiple clones. The fact that the overall mutation
frequency in viral populations treated with 5 �M ribavirin was

FIG 1 Sensitivity of influenza virus to nucleoside analogs. MDCK cells were infected with influenza A/PR8/34 (�), A/WSN/33 (�), A/Panama/2007/1999 (}),
or A/Wyoming/03/2003 (�) virus at an MOI of 0.1 in the presence of nucleoside analogs at the indicated concentrations (x axis). Cells were treated with ribavirin
(A), 5-azacytidine (B), or 5-fluorouracil (C). Titers in supernatants were determined at 24 h and are shown relative to the 0 �M drug control. Solid lines, H1N1
strains; dashed lines, H3N2 strains. Points are plotted as mean � standard deviation for 3 replicates.
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significantly higher than that in mock-treated populations, but
the overall frequency in the viral populations treated with 10 �M
ribavirin was not, may be due to differences in the background
mutation frequency in the untreated control, experiment-to-ex-
periment variability, and issues of statistical power.

We also assessed the mutagenic activity of each drug by com-
paring the number of mutations present per clone. We found that
the 5 �M ribavirin (1.74 mutations per clone; P � 0.018 by
1-tailed Mann-Whitney U test), 40 �M ribavirin (1.66 mutations
per clone; P � 0.031), and 10 �M 5-azacytidine (1.35 muta-
tions per clone; P � 0.025) samples had significantly more muta-
tions per clone than the mock-treated controls (1.13 for the riba-
virin control and 0.93 for the 5-azacytidine and 5-fluorouracil
controls). There was a strong statistical trend in the 50 �M 5-
fluorouracil-treated sample (1.27 mutations per clone; P �
0.057). Together, these results demonstrate the mutagenic activity
of ribavirin, 5-azacytidine, and 5-fluorouracil.

Effect of nucleoside drugs on specific infectivity. A hallmark

of lethal mutagenesis is a reduction in the specific infectivity of a
viral population. As mutations induced by the drugs accumulate
in progeny genomes, fewer of the corresponding virions maintain
infectivity. We calculated the specific infectivity of drug-treated
viral populations relative to mock-treated control samples based
on the titer and genome copy number in cell-free supernatants. All
three drugs caused a concentration-dependent decrease in specific
infectivity (Kruskal-Wallis test: ribavirin, P � 0.0036; 5-aza-
cytidine, P � 0.0029; and 5-fluorouracil, P � 0.0071) (Fig. 4).
When virus was treated with 20 �M ribavirin, there was a greater-
than-5-fold reduction in specific infectivity, which persisted at
higher concentrations (Fig. 4A). We found that treatment with
12.5 �M 5-azacytidine was sufficient to cause a greater-than-10-
fold decrease in specific infectivity, with larger reductions at
higher drug concentrations (Fig. 4B). Similar reductions in spe-
cific infectivity were achieved at 100 �M 5-fluorouracil (Fig. 4C).
These reductions in specific infectivity are consistent with a mu-
tagenic mode of action for each of the nucleoside analogs.

FIG 2 Effect of nucleoside analogs on MDCK cells. (A) Number of viable cells relative to mock-treated controls after 24 h of drug treatment at the indicated
concentrations (x axis) as analyzed by MTT assay. Each point represents the mean � standard deviation for 3 replicates. (B) Cytotoxicity was measured using the
CytoTox-Glo protease release assay on cells plated at low density and treated for 24 h with nucleoside analogs. Percent cytotoxicity (y axis) is expressed relative
to untreated cells. (C) Images of cells after treatment with the indicated nucleoside analogs for 24 h. The drug concentrations shown are the highest used in any
of the experiments involving influenza virus that are described in the text. Magnification, �20.
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Alternative mechanisms of ribavirin activity. Ribavirin is
known to have both mutagenic and nonmutagenic effects on viral
replication. A well-characterized antiviral mechanism is its inhi-
bition of IMPDH, a cellular enzyme that catalyzes the rate-limit-
ing step in de novo guanine nucleotide synthesis (44, 59). This
inhibition typically causes a reduction in intracellular GTP pools
(60), which can be reversed with guanosine supplementation (29).
To determine the potential contribution of IMPDH inhibition to
the antiviral action of ribavirin, we measured the effect of myco-
phenolic acid, a potent and specific IMPDH inhibitor, on influ-

enza virus titer and specific infectivity. Mycophenolic acid has
been reported to have 100-fold-greater inhibitory activity against
IMPDH in MDCK cells than ribavirin (59). Using the MTT cell
viability assay, we determined that in 10 �M mycophenolic acid,
there was a 50% reduction in the number of viable MDCK cells
(data not shown). We found that treatment with mycophenolic
acid caused a decrease in viral titer (Fig. 5A) but not in specific
infectivity (Fig. 5B), suggesting a nonmutagenic effect of IMPDH
inhibition on viral replication. We determined that there was no
additional decrease in viral titer at concentrations above 10 �M

FIG 3 Mutation frequency in influenza virus populations treated with nucleoside analogs. MDCK cells were infected with influenza A/PR8/34 (H1N1) virus at
an MOI of 0.1 in drug-containing medium. Supernatants were harvested at 24 h postinfection. A 957-base fragment of the HA gene was amplified and cloned.
Between 51 and 110 clones from each sample were sequenced, and mutations were identified. Overall mutation frequencies are expressed per 104 bases
sequenced. Wild-type bases are on the left in each table. Specific mutation types are expressed per 104 wild-type bases sequenced. Mutations identified in multiple
clones were counted once. A chi-square test was used to determine the statistical significance of the differences in total mutation frequency for each mutation type
relative to the no-drug control. *, P � 0.05; **, P � 0.005. Statistically significant increases are highlighted by shading. (A) Each nucleoside analog compared to
a no-drug control. (B) Treatment with multiple concentrations of ribavirin.

FIG 4 Specific infectivity of influenza virus populations treated with nucleoside analogs. MDCK cells were infected with influenza A/PR8/34 (H1N1) virus at an
MOI of 0.1 and treated with ribavirin (A), 5-azacytidine (B), or 5-fluorouracil (C). Supernatants were harvested at 24 h postinfection, and titers of infectious virus
were determined by TCID50 assay. Quantitative reverse transcription-PCR was used to determine the genome copy number in the samples. This was used to
calculate the specific infectivity (TCID50/genome copy), which is shown relative to the 0 �M drug sample. Statistical significance was determined using the
Kruskal-Wallis test with a Dunn correction. *, P � 0.05; **, P � 0.005. Points are plotted as mean � standard deviation for 4 replicates.
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mycophenolic acid (data not shown). This effect was completely
reversed by guanosine supplementation, demonstrating the im-
portance of adequate GTP pools to influenza virus replication.

In contrast, we found that ribavirin significantly reduced the
specific infectivity of the viral population (Fig. 4A and 5B) and was
able to cause titer reductions 100-fold greater than those maxi-
mally achieved by mycophenolic acid (Fig. 5A). While the effect of
ribavirin on infectious titer was greater at an MOI of 0.01 than at
an MOI of 5, its effect on specific infectivity was not (data not
shown). Guanosine supplementation completely reversed the an-
tiviral effect and reduced the decrease in specific infectivity caused
by ribavirin. Together, these results suggest that ribavirin’s inhi-

bition of IMPDH is important for its activity against influenza
virus and that the resulting changes in GTP pools may augment
the drug’s mutagenic activity.

Lethal mutagenesis of influenza virus. We next determined
whether the mutagenic action of each nucleoside analog was suf-
ficient to drive influenza virus populations to extinction. Influ-
enza virus populations were passaged in nucleoside analog con-
centrations that were sufficient to cause significant decreases in
specific infectivity and 3- to 4-log10 reductions in viral titer (Fig.
6). At 40 �M ribavirin, virus was undetectable by passage 3, and
we were unable to recover any infectious virus after blind passage
in the absence of drug. Using an identical approach, we observed

FIG 5 Effect of IMPDH inhibition on influenza virus. MDCK cells were treated with ribavirin or mycophenolic acid either with or without 40 �M guanosine and
infected with influenza A/PR8/34 (H1N1) virus at an MOI of 0.1. At 24 h postinfection, culture supernatants were harvested and used for both determination of
infectious virus titers by TCID50 assay and quantitative reverse transcription-PCR. Infectious titer (A) and specific infectivity (TCID50/genome copy) (B) data are
shown normalized to 0 �M drug. Specific infectivities were compared to the 0 �M drug samples using the Kruskal-Wallis test with a Dunn correction. *, P � 0.05.
Solid lines, samples treated with drug only; dashed lines, samples with drug plus 40 �M guanosine. Points are plotted as mean � standard deviation for 4
replicates.

FIG 6 Lethal mutagenesis of influenza virus. Influenza A/PR8/34 (H1N1) virus was passaged on MDCK cells in ribavirin (A), 5-azacytidine (B), or 5-fluorouracil
(C). Cells were infected at each passage with an MOI of �0.1 as described in Materials and Methods, and progeny were harvested at 24 h postinfection. Three viral
lineages were passaged for each condition. Solid lines, 3 mock-treated control lineages; dashed lines, 3 drug-treated lineages. The horizontal dotted lines indicate
the limit of detection for the last passage of each experiment. When titers dropped below the limit of detection, 0.8 ml of supernatant was added to fresh MDCK
cells in the absence of drug, and titers were determined at 4 days postinfection. Daggers indicate that no virus was recovered from any of the three lineages at that
passage.
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extinction at passages 4 and 5 with 100 �M 5-fluorouracil and 25
�M 5-azacytidine, respectively. Together with the results above,
these data suggest that lethal mutagenesis of influenza virus can be
achieved provided that the viral population accumulates a signif-
icant mutational load.

Antiviral susceptibility after serial passage in drug. While le-
thal mutagenesis was initially believed to have a high genetic bar-
rier to resistance, serial passage in sublethal concentrations of
drug may select for drug-resistant viruses that express variant,
high-fidelity polymerases (38, 40, 45). To evaluate the potential
for evolved resistance in influenza virus, we passaged virus in each
nucleoside analog at concentrations that cause 1- to 2-log10 reduc-
tions in viral titer. These sublethal concentrations were chosen
because they impose a significant selective pressure for evolved
resistance without driving the viral population into extinction. As
in our single-passage experiments, we initially passaged viral pop-
ulations at an MOI of 0.1. We found that titers of both drug-
treated and mock-treated populations initially declined, which
was followed by a rapid rebound. As this cyclical effect was inde-
pendent of drug treatment, we hypothesized that it was related to
the generation and purging of defective interfering (DI) particles
(61, 62). To control for this effect, we repeated the experiment at
an MOI of 0.01, which should limit the accumulation of DI par-
ticles. Under these conditions, titers for the control lineages (D1 to
D3) remained stable over 16 passages (Fig. 7A). For the three
lineages passaged in the presence of 7.5 �M ribavirin (R1 to R3),
infectious titers initially dropped for the first several passages and
then reached a new equilibrium by passage 12. By passage 16, the
titers of the ribavirin-treated populations were higher than those
observed after a single drug passage but lower than those for
mock-treated samples. Lineages A1 to A3, which were passaged in
7.5 �M 5-azacytidine, exhibited significant fluctuations in their
titers across the 16 passages, but the titers remained lower than
those of mock-treated samples. Viruses passaged in 30 �M 5-flu-
orouracil (F1 to F3) maintained their titer after the initial 10-fold
drop at passage 1.

Given the stabilization in titer across all 9 drug-treated lineages
by passage 16, we assessed the drug sensitivity of these populations
using the same drug concentrations as for Fig. 1. We tested the
sensitivity of each passage 16 population to the drug in which it
had been passaged at the MOI used in single-passage (0.1) and
serial-passage (0.01) drug treatments. In both cases, we found no
significant differences in the sensitivity of drug-passaged popula-
tions relative to either the unpassaged stock or the control lineages
at the tested concentrations (Fig. 7C). The only exception was the
F1 population, which exhibited a statistically significant decrease
in drug sensitivity at 80 �M 5-fluorouracil relative to that of the
unpassaged stock (P � 0.05). The biological significance of this
finding is unclear, as the lineage was just as sensitive to drug as the
mock-treated passage control (see D2 passage 16).

We also noticed that in the absence of drug, the titers of drug-
passaged viral lineages were at least 10-fold lower when infections
were carried out at an MOI of 0.1 as opposed to 0.01 (Fig. 7B). The
mock-treated control passages replicated to equivalent titers at
both multiplicities of infection. The sensitivity of the drug-treated
populations to the multiplicity of infection suggests that drug
treatment accelerates the accumulation of highly mutated defec-
tive particles that interfere with the replication of other, less mu-
tated progeny through lethal defection. Together, these data
indicate the importance of lethal defection in drug-passaged pop-

ulations, which may limit the emergence of population-level re-
sistance to mutagenic nucleoside analogs (63).

Drug-induced shifts in the viral mutant spectrum. The stabi-
lization of viral titers in each drug-passaged population suggested
that a new equilibrium had been reached by passage 16. We per-
formed deep sequencing of the passage 16 populations to deter-
mine the consensus sequences, predominant mutation types, and
minority variants found within each viral population. Using a
conservative, empirically determined cutoff for variant detection
(see Materials and Methods), we identified relatively few nonsyn-
onymous mutations at a frequency of 	50% in passaged popula-
tions (Table 1). Many of the consensus mutations (	50% fre-
quency) within the drug-passaged lineages were also identified at
lower levels in the mock-treated lineages or in the unpassaged
population. Since the drug-passaged and the control populations
were equally sensitive to drug (Fig. 7B), it is unlikely that any of
these high-level mutations confer resistance to the antiviral effects
of the nucleoside analogs.

We determined the type, location, and frequency of all muta-
tions present at a frequency of greater than 1%. In each case, the
drug-passaged populations exhibited a large number of mutations
across the genome (Fig. 8). In the ribavirin lineages, we observed
an increase in both C-to-U and G-to-A transitions. Viruses pas-
saged in 5-azacytidine had an excess of C-to-G and G-to-C trans-
versions, and the 5-fluorouracil-passaged lineages had an accu-
mulation of A-to-G and U-to-C transitions. All of these mutations
are characteristic of the drug used. While the drug-treated popu-
lations had a higher mutational load than the control lineages,
nearly all of the mutations were present at a frequency of less than
5%. In one of the ribavirin-passaged populations (R2), we identi-
fied PB1 D27N, a mutation that has been reported to confer riba-
virin resistance, at a frequency of 2.5% (32). A second previously
described ribavirin resistance mutation, PB1 V43I, was not ob-
served in any of the lineages (45). Our comprehensive analysis of
drug-passaged populations confirms the mutagenic activity of
each drug and suggests that influenza virus populations do not
readily acquire resistance to nucleoside analogs.

DISCUSSION

We used three structurally distinct nucleoside analogs to system-
atically explore the potential of lethal mutagenesis as a therapeutic
strategy for influenza virus infection. Our studies of viruses ex-
posed to ribavirin have established mutagenic and nonmutagenic
modes of action for this drug against influenza virus. We also
found that two other broad-spectrum antivirals, 5-azacytidine
and 5-fluorouracil, are effective lethal mutagens for influenza vi-
rus in vitro. Additionally, we found that populations subjected to
extended passage in sublethal concentrations of these mutagens
did not readily acquire resistance. These results support the utility
of lethal mutagenesis as an approach for the treatment of influenza
virus.

Ribavirin has broad-spectrum antiviral activity with docu-
mented mutagenic and nonmutagenic modes of action (31, 33, 36,
44) Previous work suggests that ribavirin’s mode(s) of action may
be specific to certain viruses or taxa. For influenza virus, we found
that its mode of action is more complex than previously realized.
We determined that ribavirin was mutagenic to influenza virus by
assessing mutation frequency and specific infectivity. While riba-
virin is known to inhibit IMPDH in MDCK cells, this mechanism
is unlikely to directly account for mutagenesis, as a more potent
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IMPDH inhibitor, mycophenolic acid, did not affect the virus’
specific infectivity (44, 59). Guanosine supplementation reversed
ribavirin’s effect on both titer and specific infectivity, suggesting
that GTP pool concentrations are an important factor in the mu-
tagenic activity of ribavirin. The simplest explanation for these
data is that ribavirin’s inhibition of IMDPH creates a cellular en-
vironment that allows for mutagenesis. Since ribavirin is a
guanosine analog, reduced levels of GTP within the cell may in-

crease the probability of ribavirin triphosphate incorporation into
replicating viral RNA. The concentrations of ribavirin that are
effective against influenza virus are lower than those reported for
several other RNA viruses (15, 18), which may reflect increased
sensitivity to this drug. Alternatively, differences in host cell trans-
port and metabolism of a given nucleoside analog may affect its
antiviral activity.

The results from our mutation frequency assay and deep se-

FIG 7 Serial passage of influenza virus in sublethal concentrations of nucleoside analogs. Influenza A/PR8/34 (H1N1) virus was passaged on MDCK cells in the
presence of nucleoside analogs. Passages were performed at an MOI of 0.01 using supernatant from the previous passage, and cells were harvested at 24 h
postinfection. (A) Infectious titers for 16 passages at the indicated drug concentrations. (B) Infectious titers of passage 16 drug-treated and mock-treated (D2)
populations after a single passage at an MOI of 0.1 (black bars) or 0.01 (gray bars) over a 24-h period in the absence of nucleoside analogs. (C) Sensitivity of
passage 16 populations to the drugs in which they had been passaged. Infectious titers of viruses after a single passage at an MOI of 0.01 in drug for 24 h are shown.
Titers are relative to those from virus passaged in the absence of drug. Solid lines with solid symbols, unpassaged and DMSO-passaged controls. Dashed lines with
open symbols, viruses that had been passaged in drug. The horizontal dotted line indicates the limit of detection. Points are plotted as mean � standard deviation
for 3 replicates.
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quencing of serially passaged populations support a mutagenic
mode of action for ribavirin, 5-azacytidine, and 5-fluorouracil.
After 16 passages in drug, we observed an increase in two mutation
types for each drug that are consistent with their chemical struc-
tures and previous work in other viral systems (15, 23, 25, 28). In
contrast, only one of the two expected mutation types was ob-
served in the mutation frequency assay after a single passage in
ribavirin or 5-azacytidine. The mutation frequency assay may
have insufficient power to detect increases in transition muta-
tions, which are already present at high frequencies in the control
populations due to the inherent transition bias of the influenza
virus RdRp. This issue of statistical power could explain the lack of
significant increases in G-to-A mutations in ribavirin-treated
populations and both A-to-G and U-to-C mutations in 5-fluorou-
racil-treated populations using this assay. It is also possible that
the sense of the RNA strand into which the nucleotide analog is
incorporated may bias the observed mutation types in the single-
passage experiment. During influenza virus replication, negative-
sense viral RNA is known to be transcribed at levels 10-fold to
100-fold higher than for positive-sense cRNA (64). This suggests
that for a given nucleotide position, there would be a greater like-
lihood of nucleoside analog incorporation into the negative-sense
strand. Indeed, our data support this model, as we observed an
increase in mutations predicted from 5-azacytidne incorporation
into the negative-sense strand (C to G), but not the positive-sense
strand (G to C), in our mutation frequency assay.

The mutational space explored by a virus may be an important
aspect of its genetics that influences the effectiveness of a lethal
mutagen. We determined that the influenza virus RdRp has a
strong bias toward transition mutations, especially A to G and U
to C. This mutational bias suggests that influenza virus popula-
tions may more thoroughly explore the sequence space accessible
through these mutation types. This natural exploration could
confer a certain level of genetic robustness to the detrimental ef-
fects of A-to-G and U-to-C transitions (65, 66). Therefore, muta-
gens that induce the same types of mutations as influenza virus’s
normal bias may be less effective at inducing lethal mutagenesis.
In support of this model, we observed that the least potent muta-

gen, 5-fluorouracil, templates the two mutation types that are
most commonly made by the influenza virus RdRp. We also found
that 5-azacytidine, which induces transversion mutations rarely
made by the influenza virus RdRp, was able to cause the largest
reductions in specific infectivity. These results suggest that for
maximal effectiveness, a lethal mutagen should force a viral pop-
ulation to explore regions of sequence space that are not normally
accessed under normal replication conditions.

As opposed to other viral systems, where resistant variants
quickly rose to prominence within the viral population, we did not
observe emergence of high-level resistance after serial passage in
sublethal concentrations of nucleoside analog (38–40). This lack
of resistance is despite the fact that viral populations persisted
through 16 passages and achieved a new equilibrium with titers
higher than those observed at passage 1. These observations sug-
gest that population-wide resistance, through either the evolution
of resistance mutations or genetic robustness, is not readily ac-
quired by influenza virus. Since the lack of a resistance phenotype
suggests that a more mutationally robust population has not
evolved, the mechanism by which the viral population persists
may be through the maintenance of lightly mutated genomes. At
sublethal concentrations of mutagen, a small percentage of ge-
nomes may remain unmutated. Together with genomes contain-
ing neutral mutations, these viruses will have a selective advantage
over their highly, or lethally, mutated brethren and will be main-
tained within the population. We also found that concentrations
of drug 3- to 5-fold higher than those used for the serial passage
experiment were able to completely extinguish influenza virus
populations. Together, these results suggest that for these three
nucleoside analogs, there is a narrow window between the con-
centrations that allow for persistence and those that quickly cause
extinction. The utility of lethal mutagenesis as an anti-influenza
strategy is further supported by these results, because they suggest
that even if the drug dose is insufficient to cause extinction of the
viral population, it may be unlikely to lead to the evolution of a
population resistant to the drug.

Our data suggest that DI particles, by interfering with the rep-
lication of less-mutated progeny through lethal defection, con-

TABLE 1 Frequency of nonsynonymous, consensus mutations within passaged viral lineages

Mutation

Amino
acid
change

Frequency (% of population)

Passage 0

Passage 16

D1 D2 D3 R1 R2 R3 A1 A2 A3 F1 F2 F3

HA G483T A151S 3.6 0.4 0.7 —a 47.3 81.4 54.9 3.3 0.8 5.2 3.7 6.2 2.3
HA T627C S199P 11.5 1.9 1.1 2.2 50.1 81.6 53.1 2.9 0.6 5.1 3.6 5.6 2.6
HA G634A S201N — — — — 1.2 1.2 53.0 — 0.1 — 0.7 0.7 0.7
HA A641C E203D — 96.5 96.8 96.5 — 0.8 — 87.4 94.7 86.4 93.0 92.2 95.0
HA A1089G I353V 6.7 0.7 0.8 0.6 47.1 81.7 55.7 3.0 0.5 5.4 4.1 6.5 4.5
HA A1404G M458V 24.0 1.8 0.9 2.4 62.9 84.4 59.9 7.5 0.4 7.7 3.6 5.6 2.7
M A792G T27A M2 5.8 37.0 38.3 38.1 56.7 29.3 8.1 66.3 74.0 39.7 58.1 62.4 55.3
M G434A A137T M1 0.5 24.5 31.3 28.1 8.9 30.2 45.8 21.3 15.7 53.1 15.6 14.1 7.8
NA G412A S131N 4.6 4.9 7.0 7.6 7.1 10.6 29.9 60.5 46.7 46.0 11.5 14.8 22.0
NP T906A S287R — — — — — — — 2.2 63.7 — 0.5 — —
NS A575G E26G NS2 35.3 33.8 30.2 25.5 17.0 36.5 31.9 64.5 55.4 57.6 61.5 71.2 63.3
PA G292A V90I 5.9 60.6 64.8 65.9 4.9 31.9 27.6 51.9 47.5 46.8 67.7 81.1 80.9
PA C314T T97I — — — — 88.3 10.9 55.2 — — — 0.7 0.9 —
PB1 G1959A M645I — — — — 90.3 44.6 14.5 — — — 0.3 — —
PB2 G2128A D701N — 45.6 64.5 63.1 1.5 1.9 3.2 19.4 — 20.8 65.8 60.4 67.1
a —, mutation was not found.
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FIG 8 Mutation accumulation within viral populations after serial passage in nucleoside analogs. Influenza A/PR8/34 (H1N1) virus was serially passaged in 7.5 �M
ribavirin (R1 to R3), 7.5 �M 5-azacytidine (A1 to A3), or 30 �M 5-fluorouracil (F1 to F3), or without drug (D1 to D3). At passage 16, viral populations were sequenced
to a high depth of coverage using the Illumina platform. The location, frequency, and type of all mutations above 1% frequency and with a P value of below 0.01 are
shown. The influenza virus genome segments are concatenated with positions 1 to 2341 representing PB2, 2342 to 4682 representing PB1, 4683 to 6915 representing PA,
6916 to 8693 representing HA, 8694 to 10258 representing NP, 10259 to 11671 representing NA, 11672 to 12698 representing M, and 12699 to 13588 representing NS.
Mutations above the dashed line (frequency of 0.5) are consensus mutations within the population. Red dots, C-to-U and G-to-A transition mutations; blue dots, C-to-G
and G-to-C transversion mutations; black dots, A-to-G and U-to-C transition mutations; white dots, all other mutation types, including deletions.
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tribute to the antiviral effect of lethal mutagens on influenza virus
populations. Consistent with this model, we found that virus pas-
saged in mutagenic nucleoside analogs replicated to lower titers
when infected at a high MOI. The dependency on MOI suggests
that this effect is the result of DI particles within the viral popula-
tion (61, 63). Our deep sequencing data show that hundreds of
mutations accumulate at frequencies of greater than 1% when
influenza virus is passaged in drug. There are likely hundreds or
even thousands more mutations that accumulate at lower fre-
quencies. Thus, under conditions in which coinfection of cells is
more likely, mutagenized genomes can effectively interfere with
the replication of their less-mutated brethren. The effect of lethal
defection may be more pronounced in a segmented, negative-
stranded RNA virus due to its mode of replication. In support of
this model, treatment of LCMV, another segmented, negative-
stranded RNA virus, with 5-fluorouracil was shown to generate
defective particles capable of interfering with the replication of the
viral population (63). Lethal defection may also explain why
we did not observe population-level resistance. Even though sin-
gle mutations are known to mediate mutagen resistance, defective
interfering particles may keep those mutations from increasing in
frequency within the population. In addition to causing lethal
defection, the mutational burden induced by the drugs also would
increase the likelihood of a beneficial mutation arising within a
defective genome.

We note that other investigators have failed to identify popu-
lation-wide resistance in influenza virus populations exposed to
lethal mutagens. In a recent study, a ribavirin resistance variant
(PB1 V43I in influenza A/Wuhan/359/95 virus [H3N2]) was iden-
tified only in a plaque reduction assay and subsequent screening of
182 plaques (45). Additionally, passaging influenza virus in the
mutagen favipiravir did not cause the viral population to become
resistant (46). Ribavirin has also been demonstrated to suppress
resistance to conventional anti-influenza drugs when used in
combination (67). Each of these examples, along with our results,
suggests that an increased mutational burden reduces the poten-
tial for high-level resistance within an influenza virus population.

Our study reinforces the attractiveness of lethal mutagenesis as
an antiviral strategy. We have demonstrated that three nucleoside
analogs, which each induce different types of mutations, can func-
tion as lethal mutagens of influenza virus. Our data suggest that
segmented, negative-stranded RNA viruses may have a higher
barrier to resistance to this class of antiviral due to the impact of
lethal defection. Influenza virus is now one of several viruses that
have been shown to be sensitive to drugs that are capable of in-
ducing lethal mutagenesis. The fact that favipiravir, which is cur-
rently in clinical trials as an influenza therapy, also functions as a
lethal mutagen suggests the clinical relevance of this strategy. Cur-
rent drawbacks to using nucleoside analogs clinically as antivirals
are off-target effects and their relatively low potency (27, 56, 57). If
novel mutagenic nucleoside analogs that overcome these hurdles
can be identified, lethal mutagenesis may emerge as an effective
strategy for treating a broad spectrum of RNA viruses, including
influenza virus.
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