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The neuraminidase inhibitors zanamivir and oseltamivir are marketed for the treatment and prophylaxis of
influenza and have been stockpiled by many countries for use in a pandemic. Although recent surveillance has
identified a striking increase in the frequency of oseltamivir-resistant seasonal influenza A (H1N1) viruses in
Europe, the United States, Oceania, and South Africa, to date there have been no reports of significant
zanamivir resistance among influenza A (H1N1) viruses or any other human influenza viruses. We investigated
the frequency of oseltamivir and zanamivir resistance in circulating seasonal influenza A (H1N1) viruses in
Australasia and Southeast Asia. Analysis of 391 influenza A (HIN1) viruses isolated between 2006 and early
2008 from Australasia and Southeast Asia revealed nine viruses (2.3%) that demonstrated markedly reduced
zanamivir susceptibility and contained a previously undescribed GIn136Lys (Q136K) neuraminidase mutation.
The mutation had no effect on oseltamivir susceptibility but caused approximately a 300-fold and a 70-fold
reduction in zanamivir and peramivir susceptibility, respectively. The role of the Q136K mutation in conferring
zanamivir resistance was confirmed using reverse genetics. Interestingly, the mutation was not detected in the
primary clinical specimens from which these mutant isolates were grown, suggesting that the resistant viruses
either occurred in very low proportions in the primary clinical specimens or arose during MDCK cell culture
passage. Compared to susceptible influenza A (H1N1) viruses, the Q136K mutant strains displayed greater
viral fitness than the wild-type virus in MDCK cells but equivalent infectivity and transmissibility in a ferret

model.

Two classes of antiviral drugs are currently available for the
treatment and prophylaxis of influenza, the adamantanes and
the neuraminidase (NA) inhibitors (NAIs). The adamantanes
were the first agents to be recognized to have anti-influenza
virus activities as early as 1964 (2) although the rapid emer-
gence of drug-resistant influenza virus strains has limited their
clinical effectiveness (12). The NAIs, zanamivir (Relenza) and
oseltamivir (Tamiflu), were the first drugs to be specifically
designed as anti-influenza virus agents and have been available
on the market in many countries since 1999. During oseltami-
vir clinical trials, 1 to 4% of treated adults (6) and 5 to 6% of
treated children were found to shed resistant viruses (30) al-
though more recent studies have reported resistance in 16 to
18% of viruses from oseltamivir-treated children (20, 29). In
contrast to the frequency of resistance seen following oselta-
mivir treatment, only one occurrence of significant zanamivir
resistance has been observed following zanamivir treatment.
The zanamivir-resistant strain, an influenza B virus with an
R152K NA mutation, was isolated from an immunocompro-
mised patient undergoing prolonged zanamivir treatment (7).

In addition to the analysis of influenza viruses isolated from
patients undergoing either oseltamivir or zanamivir treatment,
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surveillance studies that analyze the NAI susceptibility of cir-
culating viruses, predominantly from patients not undergoing
NAI treatment, have also been conducted. Studies that have
tested viruses isolated prior to the release of the NAIs (1996
to 1999) (23) and after the initiation of clinical use of these
drugs (2000 to 2006) (16, 24) have found either no resistance
or a very low frequency of resistance. In contrast, analysis of
circulating seasonal influenza viruses from Europe during the
2007 to 2008 season revealed that 14% (59/437) of influenza A
(HIN1) viruses had significantly decreased susceptibility to
oseltamivir (21). Since this initial report, oseltamivir-resistant
influenza A (HIN1) strains have spread throughout Europe
(11) and have been detected at high frequencies in other coun-
tries including the United States (4), Japan (28), South Africa
(1) and Oceania and Southeast Asia (17). These influenza A
(HIN1) viruses have a mutation of histidine to tyrosine at
residue 274 of the NA (N2 NA numbering; residue 275 by N1
NA numbering), which confers a high level of resistance to
oseltamivir (10) but has no effect on susceptibility to zanamivir
or to the adamantanes.

Prior to May 2008, when the oseltamivir-resistant variants
became the dominant influenza A (HIN1) strain in Oceania
and Southeast Asia (17), NAI sensitivity monitoring conducted
at the WHO Collaborating Centre for Reference and Research
on Influenza, Melbourne, identified a number of influenza A
(HIN1) viruses with reduced zanamivir susceptibility. These
viruses contained a previously undescribed mutation at residue
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136 of the NA. Here, we report on the detection of these
mutant viruses from geographically distinct locations, the in
vitro and in vivo fitness of the strains, and the finding that the
mutant viruses appear to have been preferentially propagated
during viral culture in Madin-Darby canine kidney (MDCK)
cells.

MATERIALS AND METHODS

Influenza virus isolates. A total of 391 influenza A (HINT1) viruses collected
between January 2006 and February 2008 from Australasia and Southeast Asia
(Australia, 224; Macau, 13; Malaysia, 17; New Zealand, 27; Philippines, 66;
Singapore, 22; Taiwan, 5; and Thailand, 17) were selected from strains collected
through the WHO Global Influenza Surveillance Network. Viruses were chosen
to achieve a geographical and temporal spread, with over 50 viruses being
isolated from each of four different states within Australia. In addition, influenza
A (H3N2) viruses (n = 475) and influenza B viruses (n = 275) collected between
January 2006 and February 2008 were assayed.

Virus culture. All viruses were isolated or repassaged (if they had been
received as isolates) in MDCK cells (American Type Culture Collection CCL-
34) maintained in maintenance medium (DMEM/Ham’s F12 Coon’s medium
[Sigma-Aldrich] containing 3% sodium bicarbonate with the addition of 2 mM
glutamine, 1% nonessential amino acids, 0.05% NaHCOs, 0.02 M HEPES, 4%
penicillin and streptomycin, 2 wg/ml amphotericin B, and 4 pg/ml trypsin [CSL
Biotherapies]). For serial passaging experiments, isolates were diluted at 1:100
and then reinoculated into MDCK cells.

NA inhibitors. Oseltamivir carboxylate, the active form of the ethyl ester
prodrug oseltamivir phosphate, was provided by Hoffmann-La Roche Ltd., Swit-
zerland, and zanamivir was provided by GSK, Australia. Peramivir, an NAI
currently undergoing clinical development in parenteral formulations, was pro-
vided by BioCryst, Birmingham, AL, and was used to test strains with increased
zanamivir or oseltamivir 50% NA-inhibitory concentrations (ICss).

NA inhibition assay. The extent of NA inhibition was measured by the pro-
duction of the fluorescent product 4-methylumbelliferone from the substrate
2-(4-methylumbelliferyl)-a-p-N-acetylneuraminic acid (Sigma) as a measure of
NA activity (25) following a previously published protocol (16). ICs,s were
calculated using the logistic curve fit program Robosage kindly provided by
GlaxoSmithKline, United Kingdom. Influenza A (HIN1) viruses with an ICs,
greater than three standard deviations above the mean of NAI-susceptible cir-
culating influenza A (HIN1) viruses were considered significant and were then
retested in duplicate in three separate assays. Sensitive and resistant control
strains were included in each assay and demonstrated variability in ICs, of 15%
over 10 assays.

RT-PCR, sequencing, and clonal analysis. Viral RNA was extracted from
MDCK cell culture supernatants using either a QIAmp Viral RNA Mini Kit
(Qiagen) or a MagnaPure extraction system (Roche). The NA and HA1 genes
were amplified by reverse transcription-PCR (RT-PCR) and sequenced using
standard techniques (15). The RT-PCR product was cloned using the Zero Blunt
TOPO PCR Cloning Kit for sequencing (Invitrogen) and One Shot TOP10
competent cells (Invitrogen) according to the manufacturer’s protocol. Colonies
were screened by real-time PCR on an Applied Biosystems 7500 Real-Time PCR
system using TagMan Universal PCR Master Mix (Applied Biosystems). Each
colony was assayed with both the Q136 (wild-type)- and the K136 (mutant)-
specific primer/probe combinations. The Q136 and K136 RT-PCR assays shared
the same forward primer (5'-TTGTCATAAGAGAACCTTTCATATCATGTT-
3") and probe (5'-TCACTTGGAATGCAGAAC-3'), but the reverse primer
differed to provide the specificity for detection of either the Q136 (wild-type)
genotype (5'-TGTTTGTCATTTAATAGAGCACCTTG-3') or the K136 (mu-
tant) genotype (5'-ATGTTTGTCATTTAATAGAGCACCTTT-3).

Pyrosequencing. RT-PCR of the NA genes was conducted as described pre-
viously (15), except that one of the PCR primers was biotinylated. Biotinylated
PCR products (40 pl) were immobilized on streptavidin-coated Sepharose beads
(Streptavidin Sepharose HP; Amersham Biosciences) in binding buffer (40 ul) by
shaking at 1,000 rpm for 5 min at room temperature, according to the Pyromark
ID System guidelines (Biotage, Sweden). The resultant single-stranded biotinyl-
ated DNAs were then transferred using a Pyromark Vacuum Prep Workstation
(Biotage, Sweden) into 40 ul of annealing buffer containing pyrosequencing
primers and annealed at 80°C for 2 min. The mixture was cooled to room
temperature and then subjected to pyrosequencing reactions using Pyro Gold
Reagents on a Pyromark ID System (Biotage AB, Sweden) following the proto-
col provided by the manufacturer. Relative proportions of wild-type and mutant
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genes were determined by the Pyromark ID, version 1.0, software following allele
quantitation analysis.

Generation of recombinant viruses. Recombinant viruses were generated us-
ing an eight-plasmid reverse genetics system with pHW2000 plasmids that con-
tained the cDNA of the influenza viral gene segments (14). The NA gene of
selected wild-type viruses was amplified by RT-PCR as previously described (14)
and incorporated into the pHW2000 plasmid. The NA plasmid was then com-
bined with other plasmids containing the seven remaining gene segments from
A/Puerto Rico/8/1934 (HIN1) influenza virus (kindly supplied by Robert Web-
ster from St. Jude Children’s Research Hospital, Memphis, TN). All eight plas-
mids were transfected into a coculture of 293T and MDCK cells as previously
described (14).

Replication kinetics. MDCK cells were infected with viruses at a multiplicity of
infection (MOI) of 0.01 50% tissue culture infectious doses (TCIDs)/cell and
incubated at 35°C for 1 h. The cells were then washed and overlaid with main-
tenance medium before being incubated at 35°C. A total of 300 pl of supernatant
from each virus was collected at 12, 24, 36, 48, 60, and 72 h postinfection and
stored at —70°C prior to the determination of viral infectivity titers.

Viral infectivity assay. MDCK cells were seeded into 96-well plates (Cellstar;
Greiner Bio-one) (1.5 X 10* cells per well) and grown to confluence overnight at
37°C in a 5% CO, incubator. Monolayers were washed twice with Ca®*/Mg**-
free phosphate-buffered saline before inoculation with triplicate 10-fold dilutions
of virus. After incubation for 4 days at 35°C in 5% CO,, each well was scored for
virus growth by cytopathic effect, and the TCIDs, was determined by the Reed-
Meunch method (26).

Ferret studies. Female ferrets aged approximately 6 months were equipped
with microchips (LifeChip, Destron Fearing) and tested to ensure that they had
no detectable preexisting antibodies to influenza A (HIN1), A (H3N2), or B
viruses by a hemagglutination inhibition assay. The microchip has a unique
electronic code number and also measures temperature. Both parameters were
monitored by using a hand-held scanner (PocketReader; Destron Fearing). In-
fectivity titers of viruses were determined in MDCK cells, and four separate
inocula (10°, 10% 103, 10> TCIDsys per 500 ul) of each virus were used to
intranasally infect (500 wl) two ferrets (termed donors), which were then housed
together in an individual HEPA-filtered enclosure. Twenty-four hours after
infection, the cages were cleaned and disinfected, and a third uninfected ferret
(termed the recipient) was put into each cage to determine virus transmissibility.
Following light sedation with 2 mg/kg xylazine (Troy Laboratories, NSW, Aus-
tralia) administered intramuscularly, nasal washes were taken from ferrets using
an Optiva (Medex) 20-gauge intravenous catheter and 1 ml of phosphate-buff-
ered saline containing 1% (wt/vol) bovine serum albumin, 100 wg/ml streptomy-
cin, and 100 U/ml penicillin. Nasal washes were stored immediately at —70°C.
Temperature and observations of wellness were obtained three times a day, and
weights were measured daily. The ferrets were sacrificed on day 11. Ferret
studies were approved by the CSL Limited/Pfizer Animal Ethics Committee.

RESULTS

A total of 391 influenza A (HIN1) virus isolates obtained
from January 2006 to February 2008 were tested in a fluores-
cence-based NA inhibition assay to determine sensitivity to the
NAIs. Of these influenza A (HIN1) viruses, nine strains
(2.3%) had increased zanamivir ICs,s compared to the mean
1Cs, of NAl-susceptible influenza A (H1N1) strains collected
between 2006 and 2008 (n = 367) (Table 1), and two other
viruses (0.5%) had significantly increased oseltamivir ICsgs
(due to a H274Y NA mutation) (data not shown). No influenza
A (H3N2) viruses (n = 450) or influenza B viruses (n = 275)
had significantly increased oseltamivir or zanamivir 1Css. Se-
quence analysis of the NA gene from the viruses with reduced
zanamivir susceptibility revealed an amino acid mutation of
glutamine (Q) to lysine (K) at the highly conserved residue 136
of the NA gene (N2 NA numbering) (Table 1) (sequences
available in the GenBank database; accession numbers are
listed in Table 1). The viral isolates A/Brisbane/297/2006,
A/Brisbane/308/2007, A/Philippines/604/2006, A/Philippines/
1279/2006, and A/Philippines/905/2006, which had zanamivir
ICs4s between 6.0 and 47.4 nM, demonstrated evidence of a
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TABLE 1. Characteristics of viruses containing a Q136K mutation
NAI ICs, (nM)* GenBank accession no.
Virus(es) I:Igssage Sample date Oseltamivir Adarr}gn}ar:e
istory Zanamivir Peramivir sensitivity” o sequence  NA sequence
carboxylate
All sensitive influenza A 04 =02 0.5 + 0.3 02=0.1
(HINT) viruses®

A/Philippines/905/2006 MDCK3 30 May 2006 242 3.0 02*=0.1 58+ 1.0  Sensitive CY030867 CY030868
A/Philippines/1279/2006 ~ MDCK3 26 June 2006 6.0+ 0.5 0.6 =0.1 1.3 +0.2  Sensitive CY030863 CY 030864
A/Philippines/604/2006 MDCK3 27 June 2006 474 £ 6.7 0.5*0.1 10.0 = 0.7  Sensitive CY030865 CY 030866
A/Brisbane/297/2006 MDCK3 26 November 2006 46.6 = 3.8 03*=0.1 9.6 £0.8 Sensitive CY 030869 EU124179
A/Christchurch/62/2007  MDCK3 30 August 2007 161.8 =247 03=*x0.1 253=*41 Sensitive CY030876 CY030877
A/Brisbane/308/2007 MDCK3 2 September 2007 452 +104 03 =0.1 72*19  Sensitive CY030874 CY030875
A/Brisbane/334/2007 MDCK4 11 September 2007 238.8 2289 02*=0.1 352*6.0  Sensitive CY030870 CY030871
A/Thailand/39/2008 MDCK3 2 January 2008 975 £5.8 03=0.1 129 £ 0.8 Sensitive CY030872 CY030873
A/Macau/229/2008 MDCK3 21 February 2008 85.0 £ 7.8 0.4 +0.1 169 = 2.1 Sensitive FJ1899924 FJ1899925

“ Mean ICs, value = 1 standard deviation calculated using values derived from three separate assays performed in duplicate.

> Adamantane sensitivity is based on sequence analysis of the M2 gene.

¢ Mean ICsgs obtained with wild-type susceptible influenza A (HIN1) viruses (n = 370) collected between January 2006 and March 2008.

4 Mean value does not include the two oseltamivir-resistant viruses.

mixed population of viruses with either Q or K at residue 136,
while sequence chromatograms for the isolates with higher
zanamivir ICsys (ranging from 97.5 to 238.8 nM) revealed a
homogeneous population of viruses with the K136 mutation
(data not shown). The isolates with reduced zanamivir suscep-
tibility were recovered from individuals who had not been
undergoing either zanamivir or oseltamivir treatment, and
there was no epidemiological information to suggest any link
between the cases.

To confirm the effect of the Q136K NA mutation on NAI
sensitivity in a homogenous population, the A/Philippines/
1279/2006 isolate was plaque purified, and its NA gene was
cloned for reverse genetics experiments. The zanamivir 1Cs,s
for the plaque-purified and reverse genetics-derived Q136K
mutant viruses were 98.1 and 124.2 nM, respectively, equiva-
lent to a 248- and 327-fold reduction in zanamivir susceptibility
compared to the wild-type strain (Table 2). The plaque-puri-
fied and recombinant Q136K mutant viruses also demon-
strated 64- and 75-fold reductions in peramivir susceptibility,
but they remained susceptible to oseltamivir (Table 2), thus
confirming the role of the Q136K mutation.

As some of the isolates were mixed populations of Q136
wild-type and K136 mutant viruses, it was important to deter-

TABLE 2. Impact of Q136K NA mutation on the NAI
susceptibility of plaque-purified and reverse
genetics-derived viruses

ICs (nM)”
Virus name (type)* NA. Oseltamivir
mutation 7 pamivir g Peramivir
carboxylate
PP-1 (Q136 wild type) None 03*x01 06x02 03=*0.1
PP-2 (K136 mutant) QI36K 98.1 £12.8 04 *0.1 225*6.5
RG-1 (Q136 wild None 0501 08*=01 03%x0.1

type)

RG-2 (K136 mutant) Q136K 1242 +249 02=*0.1 193 £33

“PP-1 and PP-2 are twice-plaque-purified viruses derived from the A/Philip-
pines/1279/2006 isolate. Viruses derived by reverse genetics (RG) contained
seven segments from A/Puerto Rico/34/1934 and the NA segment from the
A/Philippines/1279/2006 isolate.

® Mean ICs, value = 1 standard deviation calculated using values derived from
three separate assays performed in duplicate.

mine the presence of the mutation in the clinical specimens
from which the isolates were grown. RT-PCR products for the
NA gene were successfully amplified from only three of the pri-
mary original specimens that were available for analysis (viruses
A/Christchurch/62/2007, A/Macau/229/2008, and A/Brisbane/308/
2007), while the other specimens were RT-PCR negative, pre-
sumably due to nucleic acid degradation. Conventional se-
quencing analysis of the viral population in the primary clinical
specimens revealed only the presence of the Q136 wild-type
genotype. To achieve greater sensitivity in detecting minor
viral proportions, the PCR products from these original spec-
imens were cloned, and the colonies were screened for the
presence or absence of the Q136K mutation. Surprisingly, even
though over 100 colonies were screened for each specimen,
only Q136 wild-type NA clones were detected (Table 3). This
suggested either that the Q136K mutant virus was not present
in the original specimen or that it was present at a frequency
of less than 1%. In comparison with the cloning results from
the original specimens, when the MDCK-grown isolate of
A/Christchurch/62/2007 (MDCK passage 4 [MDCK4]) was
cloned, 34 out of 43 colonies were found to contain the Q136K
mutation (Table 3), confirming the ability of these methods to
identify mutant clones.

To determine how the proportion of the Q136K mutant may
have changed upon MDCK culture, the A/Christchurch/62/
2007 and A/Macau/229/2008 strains were serially passaged, and
the viral populations were analyzed (Fig. 1). Based on pyrose-
quencing quantitation data, the proportion of the Q136K mu-
tant virus in the A/Christchurch/62/2007 viral population in-

TABLE 3. Molecular clonal analysis of viruses to determine the
presence or absence of the Q136K NA mutation

No. of No. of No. of
. . . Q136 K136
Virus Passage history clones
sereened clones clones
detected  detected
A/Christchurch/62/2007 ~ Original specimen 135 135 0
A/Macau/229/2008 Original specimen 125 125 0
A/Brisbane/308/2007 Original specimen 176 176 0
A/Christchurch/62/2007  MDCK4 43 9 34
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FIG. 1. Proportion of Q136K mutant in viral isolates following serial passage in MDCK cells. Means and standard deviations of the proportion
of Q136K mutant virus in populations were determined following pyrosequencing analysis of amplified PCR product from three separate RT-PCR
assays performed on separate occasions. Viruses A/Christchurch/62/2007 (@) from the original specimen (OS) to MDCK11 and A/Macau/229/2008
(O) from MDCK2 to MDCKI11 were assayed (no result was obtained for the A/Macau/229/2008 original specimen, and the A/Macau/229/2008
MDCKI1 isolate was not available for testing). Arrows indicate MDCK isolates that were obtained in the Christchurch or Macau laboratories. All
subsequent isolates were obtained in the WHO Collaborating Centre for Reference and Research on Influenza, Melbourne.

creased from undetectable (<1%) in the original specimen and
3.9% in MDCKI to 51.1% by MDCK2. The proportion of
mutant virus continued to increase until passage 7, after which
it remained between 80% and 90% until the final passage (Fig.
1). A similar trend was observed with the A/Macau/229/2008
virus, where the proportion of mutant started at a very low
level at early passage (MDCK2, 0.6%), increased dramatically
in the next few passages (MDCKS3, 29.8%; MDCK4, 45.3%)
and then plateaued between 90% and 95% in the isolates from
passage 8 to the passage 11 (Fig. 1). In contrast, pyrosequenc-
ing analysis of eight NAI-sensitive influenza A (HIN1) isolates
that had been passaged five to six times in MDCK cells re-
vealed either undetectable levels of the Q136K mutant (0.0%
for six strains) or very low levels (0.2% and 0.5%) that were
undetectable in repeat assays.

The growth rates of the plaque-purified A/Philippines/1279/
2006 viruses and the recombinant strains containing the
Q136K mutation (Table 2) were tested in MDCK cells (Fig. 2).
The plaque-purified PP-2 (K136 mutant) virus with reduced
zanamivir susceptibility grew to a significantly higher titer and
at a faster rate in MDCK cells than the PP-1 (Q136 wild-type)
zanamivir-susceptible virus (Fig. 2A). The superior growth
characteristics of the mutant strain compared to the wild-type
virus in MDCK cells provides support for the serial passaging
data of the A/Christchurch/62/2007 and A/Macau/229/2008 vi-
ruses, where the mutant virus outgrew the wild-type within the
mixed viral population. In contrast, the infectivity and trans-
missibility of the same two strains in a ferret model were
similar. Both strains, even at the lowest inoculum (10°
TCIDs,), infected all inoculated ferrets and was transmitted
readily to naive ferrets (Table 4). Titers of the two viruses in
nasal washes of ferrets were also not significantly different; the

mean titer (= standard deviation) of nasal washes from days 4
and 6 was 2.1 = 1.0 log,, TCIDs,/0.1 ml for the PP-1 (Q136
wild-type) zanamivir-susceptible strain compared with 2.5 =
1.1 log,, TCIDs,/0.1 ml for the PP-2 (K136 mutant) strain.
Throughout the experiment both viruses appeared stable, with
no hemagglutinin or NA sequence differences detected be-
tween the viruses used to infect the donor ferrets and those
collected following nasal washing. Assessments of wellness and
measurements of weight loss and temperature changes were
also not significantly different between ferrets infected with the
zanamivir-susceptible and -resistant strains (data not shown).

A comparison of the viral fitness of the two recombinant
viruses RG-1 (Q136 wild-type) and RG-2 (K136 mutant),
which contained the NA from either the PP-1 (Q136 wild-type)
or the PP-2 (K136 mutant) virus and the remaining seven
genes from A/Puerto Rico/8/1934 virus, revealed different re-
sults from those obtained with the plaque-purified viruses. The
RG-2 recombinant strain with reduced zanamivir susceptibility
grew more poorly in MDCK cells (Fig. 2B) and was less infec-
tious and transmissible in ferrets (Table 4) than the zanamivir-
susceptible RG-1 virus. This suggested that one or more com-
pensatory amino acid mutations, in addition to the Q136K NA
mutation, may be responsible for the plaque-purified mutant’s
having greater viral fitness than the recombinant virus. Al-
though no NA sequence differences apart from the Q136K
were detected between the plaque-purified wild-type viruses
and the mutant strains from the A/Philippines/1279/2006,
A/Christchurch/62/2007, and A/Macau/229/2008 isolates, se-
quence analysis of the HA gene from the same strains did
identify some amino acid differences (I131T in A/Philippines/
1279/2006, H47P and N48H in A/Christchurch/62/2007, and
K75E in A/Macau/229/2008). No sequence differences were
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FIG. 2. Virus growth curves of plaque-purified viruses and recombinant viruses in MDCK cells. (A) Growth curves of A/Philippines/1279/2006
plaque-purified viruses PP-1 (Q136 wild-type) (@) and PP-2 (K136 mutant) (O) in MDCK cells over 72 h. (B) Growth curves of recombinant viruses
RG-1 (Q136 wild-type) (®) and RG-2 (K136 mutant) (O) in MDCK cells over 72 h.

observed between the matrix genes from the wild-type strains
compared with the mutant strains.

DISCUSSION

Here, we report a novel NAI resistance mutation that was
detected in 2.3% of influenza A (H1N1) virus isolates obtained
between 2006 and early 2008. The Q136K mutation, which has
not been identified or reported previously, confers reductions
in zanamivir and peramivir susceptibility but has no effect on
oseltamivir susceptibility. Surprisingly, the mutant virus was
not detected in the available primary clinical specimens of the
mutant Q136K isolates, which suggested either that the mutant
viruses were present at a low frequency (<1%) in the clinical
specimens and had a selective advantage in MDCK cell culture
or that the Q136K mutation was not present in viruses in the
clinical specimens and occurred spontaneously in progeny vi-
ruses during MDCK cell culture. However, if the latter is
correct, then it is surprising that we do not observe the K136
mutant more often, particularly given the observed fitness ad-
vantage of the mutant compared to the wild-type during
MDCK culture. Since 2001, when the majority of the WHO
Collaborating Centres for Influenza started conducting NAI
susceptibility testing, we estimate that over 20,000 influenza A
(HIN1) viruses have been isolated in MDCK cells but, apart
from those described in this study, no zanamivir-resistant
Q136K mutants have previously been reported. In addition,
examination of the 2,264 influenza A (HIN1) virus NA se-
quences currently available in the GenBank revealed that only
10 viruses had a K at residue 136, and nine of these are the
strains reported in this study. Our observation that such mu-
tants can preferentially expand in MDCK cells highlights the
importance of testing the clinical specimens of isolates with
reduced NAI susceptibility to determine the presence or ab-
sence of resistance mutations.

The K136 mutant virus demonstrated a similar level of fit-
ness to the Q136 wild-type in the ferret model, indicating the
potential for viruses with this resistance mutation to circulate
in the human population. The recent spread of oseltamivir-
resistant influenza A (HIN1) viruses with an H274Y NA mu-
tation has shown that NAI-resistant viruses can spread rapidly
and circulate widely in the global community (17) even though
previous ferret model data showed that earlier H274Y mutant
viruses had a reduced viral fitness (13, 19). Given that both the
Q136K and H274Y mutations have occurred in N1 NAs from
contemporary influenza A (HIN1) viruses with no apparent
impact on viral fitness, there is concern that one or both of the
mutations may occur in highly pathogenic avian influenza A
(H5N1) viruses, thereby reducing the effectiveness of NAI
treatment of infected patients. To date, influenza A (H5N1)
viruses with an H274Y NA mutation have been isolated from
three patients undergoing oseltamivir treatment (two of these
patients died) (3, 22). Analysis of sequences from the GenBank
found no influenza A (H5N1) viruses with a Q136K mutation,
but nine strains did have a Q136H mutation, and one virus had
a Q136R mutation. The drug sensitivity of these mutants has
not yet been assessed. Both oseltamivir and zanamivir have
been stockpiled by many countries worldwide for use in the
event of an influenza pandemic. It is therefore essential that
the NAI sensitivity of avian influenza A (H5N1) viruses is
constantly monitored so that the potential effectiveness of
available treatments is known.

The crystal structure of N1 NA, isolated from influenza A
(H5N1) viruses, complexed to zanamivir (27) reveals a possible
molecular basis for the susceptibility of the Q136K mutation
reported here. The side chain of Q136 is involved in a hydro-
gen bonding network, whereby it interacts with the side chain
of R156, which in turn interacts with the backbone of D151.
The latter residue forms two hydrogen bonds with the gua-
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TABLE 4. Ferret infectivity and transmission of plaque-purified and recombinant viruses
. Dose . Infectivity titer on the indicated day (log,, TCIDsy/0.1ml)*
Virus (TCID.,) Ferret 5 ., c 5 m ” Serology?
PP-1 Q136 wild type 10° D1 2.5 1.0 — — — — 160
D2 2.5 3.0 3.0 — — — 160
R — 2.5 0.5 0.5 — — 160
10* D1 2.5 2.5 2.5 — — — 160
D2 3.0 0.5 — — — — 160
R 0.5 2.5 2.0 — — — 160
10° D1 4.0 2.5 2.5 — — — 160
D2 35 32 2.0 — — — 160
R — 3.0 2.5 0.5 — — 160
10? D1 5.5 2.0 2.0 — — — 160
D2 2.5 3.0 35 2.5 — — 160
R 0.5 3.0 2.0 3.0 — — 160
PP-2 K136 mutant 10° D1 3.5 4.5 35 — — — 160
D2 3.0 2.0 1.0 — — — 320
R — 2.0 2.5 1.0 0.5 — 160
10* D1 2.5 3.0 2.5 — — — 160
D2 1.5 1.0 2.0 — — — 160
R — 3.0 2.0 2.0 — — 160
10° D1 4.0 2.0 4.0 — — — 160
D2 4.5 2.0 4.5 — — — 160
R — 15 3.0 3.0 — — 160
102 D1 2.0 3.0 3.0 2.5 — — 160
D2 4.0 2.5 2.5 0.5 — — 160
R — — 2.5 3.0 1.0 — 160
RG-1 Q136 wild type 10° D1 3.5 15 2.0 — — — 160
D2 2.5 15 — — — — 160
R — 1.0 — — — — 20
10* D1 2.0 — — — — — 80
D2 5.0 — — — — — 160
R — — — — — — <10
10° D1 2.5 1.0 1.0 — — — 160
D2 4.5 15 1.0 — — — 160
R — 15 — — — — 160
102 D1 — 35 1.0 — — — 160
D2 — 2.0 — — — — 160
R — — — — — — <10
RG-2 K136 mutant 10° D1 — — — — — — 160
D2 3.0 — — — — — 160
R — — — — — — <10
10* D1 1.5 — — — — — 160
D2 1.5 — — — — — 160
R — — — — — — <10
10° D1 1.0 — — — — — 160
D2 1.0 15 — — — — 160
R — — — — — — <10
10? D1 — — — — — — 10
D2 — — — — — — <10
R — — — — — — <10

¢ Virus was isolated from nasal washes of ferrets on the indicated days after infection with either plaque-purified viruses PP-1 (Q136 wild type) or PP-2 (K136 mutant)

or recombinant viruses RG-1 (Q136 wild type) or RG-2 (K136 mutant).

b Ferrets are identified as donor (D; D1 is donor ferret number 1) or recipient (R). Recipient ferrets were placed with infected ferrets 24 h postinfection of donor

ferrets.

¢ Values indicate the infectivity titers of nasal washes; dashes indicate that influenza virus could not be isolated.

4 Hemagglutination titers of serum taken from ferrets on day 11 postinfection.

nidino moiety of zanamivir (Fig. 3). R156 also interacts directly
with zanamivir via van der Waals interactions. Mutation of
residue 136 to a lysine residue would break down the hydrogen
bonding network, possibly leading to increased mobility of
R156 and D151, disturbing the aforementioned interactions
with the drug. Similarly, peramivir would be affected by the
mutation since it has the same guanidino moiety as zanamivir.
In contrast, oseltamivir does not form any interactions with
R156 or the D151 backbone (27) and hence would be pre-

dicted to be unaffected by the mutation. Since the side chain of
D151 interacts with the amino moiety of oseltamivir (27), the
data here suggest that this interaction is retained in the Q136K
mutation. X-ray crystallography reveals that group 1 NAs,
which include N1, N4, N5, and N8 subtypes, have a 150-loop
(residues 147 to 152) conformation that opens up a cavity
adjacent to the active site (termed the 150-cavity), which is not
present in group 2 NAs (27). The size of the 150-cavity is
determined by the interaction of the residue 136 and the 150-
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A Q136

Zanamivir

E276
B 136

Zanamivir
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FIG. 3. Modeling of resistance mutations based on the crystal
structure of the H5N1-zanamivir complex. (A) Stick representation of
wild-type H5N1 (white sticks) with zanamivir (orange sticks). (B) Mu-
tation Q136K (green sticks) results in a loss of the hydrogen bond
network. Figures were produced with the modeling software package
PyMol (W. L. DeLano, DeLano Scientific, Paolo Alto, CA) using the
sequence of the Protein Data Bank code 2HTQ protein (27) down-
loaded from the RCS Protein Data Bank.

loop. In the study by Russell et al., it was proposed that it may
be possible to design new NAIs to exploit this 150-cavity (27).
In light of our work it would be of interest to determine how a
Q136K mutation may affect the ability of such NA inhibitors to
bind inside the 150-cavity.

Although it was not possible in this study to confirm that the
Q136K mutation was present in the primary specimens from
patients from whom the mutant isolates were generated, the
results demonstrate that this mutation has the potential to
occur in N1 viruses. The likelihood for the mutation to occur
under zanamivir selective pressure is unknown, and there have
been no studies reporting the effects of culturing influenza A
(HIN1) viruses in the presence of increasing zanamivir con-
centrations, but it is notable that serial passage of influenza A
(H5N1) viruses under zanamivir selective pressure did not
generate any viruses with the Q136K mutation (18). No viruses
with this change have been detected in samples from zanami-
vir-treated patients. To date there has been only one report of
a resistant virus being isolated from a zanamivir-treated pa-
tient (7). The virus was an influenza B strain with an R152K
NA mutation which had a similar zanamivir ICs, (100 nM) to
the plaque-purified or recombinant Q136K mutants from this

J. VIROL.

study (9). The zanamivir ICsys for the Q136K mutants were
also similar to the previously reported influenza A (H3N2)
virus zanamivir mutants, E119G (100 nM) and E119D (150
nM) (9), which were generated during passage of virus in the
presence of zanamivir (8). Although zanamivir has not been
widely used in many countries, sales in Japan, the country with
the highest per capita use of NAIs, have increased considerably
in the past 2 years as a result of the concerns surrounding
possible psychoneurological effects reported in Japanese teen-
agers being treated with oseltamivir (5). In addition, zanamivir
use is likely to increase if the oseltamivir resistance in influenza
A (HIN1) viruses now seen globally persists or predominates.
In light of these findings it remains important that testing of
commonly circulating and potential pandemic strains is con-
ducted globally to monitor sensitivity to not only oseltamivir
but also zanamivir and that the Q136 NA residue be recog-
nized as a key site that can affect NAI susceptibility.
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