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a b s t r a c t

In early 2008, drug susceptibility surveillance of influenza viruses in Europe revealed that some influenza
A viruses (subtype H1N1) circulating during the winter season of 2007 and 2008 were resistant to the
neuraminidase inhibitor, oseltamivir. This resistance arises due to a histidine to tyrosine substitution in
ccepted 17 July 2008
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the neuraminidase active site (H275Y in N1 nomenclature). Current methods to detect this mutation
involve an end-point reverse transcription polymerase chain reaction followed by nucleotide sequencing.
While accurate, this approach has the limitation of being time-consuming, labour-intensive and expensive.
Herein we describe a one-step allelic discrimination assay which rapidly (2 h) detects this resistance
mutation. The sensitivity of the assay was as low as 10 copies per reaction and is capable of detecting the
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Influenza A virus is a member of the genus of Orthomyxoviri-
ae RNA viruses. It is an important human pathogen and a cause of
ignificant annual global morbidity and mortality. There is increas-
ng and widespread concern on the possibility of the emergence
f a pandemic strain of influenza (Lipatov et al., 2004). The M2
nhibitors were the first drugs to be used specifically against
nfluenza A, in the mid-seventies. However, resistance to this drug
merges rapidly in vitro and in vivo, and the resistant strains appear
o be fully pathogenic and transmissible (Hayden and Hay, 1992).
seltamivir and zanamivir are neuraminidase inhibitors (NAIs),

epresenting a more specific family of antiviral drugs, which are
ow licensed for prevention and treatment of influenza A and B
Gubareva et al., 2000; Hayden et al., 1997; Treanor et al., 2000).
t was considered that this class of drug would be far less likely to
romote the development of drug resistance because they inter-
ct with highly conserved residues in the viral neuraminidase
Burmeister et al., 1991; Taylor and von Itzstein, 1994). The global
AI Susceptibility Network, in collaboration with the World Health
rganisation (WHO), was created to monitor the emergence of
AI-resistant viral mutants and has not found until recently any

pontaneous resistance to NAIs, and very little emergence of resis-
ance in treated patients (Zambon and Hayden, 2001). Surveillance
n previous years have found <1% of circulating viruses to be resis-
ant to oseltamivir and none to zanamivir (Monto et al., 2006). They
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sually occurred following treatment, but had not been shown to
e readily transmissible and this was considered to be due possibly
o decreased virus fitness (Carr et al., 2002; Colacino et al., 1997;
ubareva et al., 1997; Herlocher et al., 2004; Ives et al., 2002; Tai et
l., 1998; Yen et al., 2005).

The predominant influenza A viruses that have being circulating
n Europe during the 2007–2008 season are subtype H1N1 viruses,
ntigenically similar to the A/Solomon Islands/3/2006 virus which
as included in the 2007–2008 northern hemisphere vaccine.
owever recently, surveillance studies have shown that a signif-

cant proportion of circulating viruses are presenting resistance
o oseltamivir (Euro Surveill, 2008). Analysis of 2813 influenza
/H1N1 viruses from 24 European countries isolated between
ovember 2007 and June 2008 showed that 701 were resistant

o oseltamivir (mean 25%), but of those tested all samples anal-
sed retained sensitivity to the alternative NAI, zanamivir (the E119
esidue in NA1) and the M2 proton pump blocker amantadine (S31
n the M2 protein) (Euro Surveill, 2008). The studies to date have
lso shown considerable differences in the patterns of resistance
n different geographical regions. There is no evidence that these
nfluenza A/H1N1 viruses have arisen directly as a result of treat-

ent by oseltamivir, which is currently not prescribed widely in
ost European countries. Global surveillance coordinated by the
HO has also subsequently found evidence of resistant viruses in
orth America and in the Far East. Clinical experience in Norway
as suggested that individuals who become ill with an oseltamivir
esistant strain of influenza A/H1N1 have a similar spectrum of ill-
ess to those infected with the wild-type seasonal influenza A (Euro
urveill, 2008).

http://www.sciencedirect.com/science/journal/01660934
mailto:william.hall@ucd.ie
dx.doi.org/10.1016/j.jviromet.2008.07.011
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Although sporadic low level transmission of drug-resistant
iruses may have occurred since 1999 when the NAI class of drugs
ere first licensed (Carr et al., 2002; Escuret et al., 2008; Gubareva

t al., 1998, 2001; Ives et al., 2000; Kiso et al., 2004; McKimm-
reschkin et al., 2003; Whitley et al., 2001), the 2007/2008 winter
eason is the first time there has been widespread and sustained
ransmission of such viruses in the community. Current methods
or monitoring drug resistance include phenotypic and genotypic
nalysis of neuraminidase gene (Meijer et al., 2007), pyrosequenc-
ng (Bright et al., 2006), measure of hemagglutination titers in
resence of drug (Bright et al., 2006; Su et al., 2008), microarray
or the detection of adamantine resistance (Townsend et al., 2007)
r flow cytometric analysis of virus-infected cells (McSharry et al.,
004), all of which are time-consuming.

New molecular techniques are required urgently for the rapid
etection of the influenza A/H1N1 H275Y oseltamivir resistance
utation to monitor its transmission in the community and begin

linical investigations of disease severity and response to antivi-
als following infection. A rapid assay (2 h) was developed using

one-step allelic discrimination reverse transcription real-time
olymerase chain reaction (AD RT-PCR) to detect the oseltamivir
esistance mutation (H275Y) in the influenza A/N1 gene.

Respiratory samples are sent to the National Virus Reference
aboratory (NVRL) for epidemiological investigations and are tested
y molecular screening for influenza by real-time PCR using an
nternally controlled multiplex influenza A and B assay (Gunson
t al., 2005). Oseltamivir is not prescribed routinely in Ireland, and
ll patients from whom respiratory specimens were obtained had
ot been treated. This season, following direct sequencing of the

nfluenza A/N1 cDNA, six from 62 samples (9.7% prevalence) were
ound to have the H275Y oseltamivir resistance mutation.

A validation panel was assembled comprising respiratory sam-
les from influenza seasons from 2006 to 2008 (n = 88). This

ncluded RNA extracted from throat swab specimens from the fol-
owing: 27 positive for wild-type influenza A/H1N1 (H275), five
nfluenza A/H1N1 H275Y positive mutants, 22 influenza A/H3N2
ositives, 10 influenza B positives and nine samples negative
or both influenza A and B. The specificity of the AD RT-PCR
ssay was tested for cross-reactions with potential co-infecting
iral pathogens including respiratory syncytial virus, parain-
uenza virus-1, parainfluenza virus-3, adenovirus-4, adenovirus-7,
nterovirus-7, rhinovirus-16, rhinovirus-72, rhinovirus-90, human
etapneumovirus, human coronavirus 229E, human coronavirus
C43, mumps virus, measles virus, coxsackie B4 virus and an
denovirus/bocavirus co-infection. Two types of negative con-
rols were included in each AD RT-PCR assay run comprising RNA
rom influenza A and B negative samples and no template con-
rols. All the other samples (listed above) had been identified
reviously as such by PCR-based typing and/or sequencing meth-
ds.

RNA for the validation panel was extracted from respiratory
pecimens using a modified version of the manufacturer’s instruc-
ions for the QIAamp viral RNA minikit (Qiagen, Crawley, UK). 150 �l
f respiratory specimen was added to an equal volume of kit lysis
uffer (AVL with carrier RNA added to 1 �g �l−1) and heated at
0 ◦C for 15 min. 300 �l of 100% ethanol was added and applied to
olumns and washed as per manufacturer’s instructions with a final
lution in 50 �l of the kit EB buffer pre-heated to 50 ◦C. A one-step
llelic discrimination reverse transcription real-time polymerase
hain reaction (AD RT-PCR) was carried out using 5 �l of RNA eluate

n a 25 �l reaction volume with the SuperScript III Platinum One-
tep qRT-PCR System (Invitrogen) on an Applied Biosystems 7300
DS with the following cycling parameters: 50 ◦C for 15 min; 95 ◦C
or 15 s and 60 ◦C for 2 min for 40 cycles. Data acquisition was per-
ormed in both FAM and VIC filters during the annealing/extension
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tage. Oligonucleotide primers (900 �M final concentration;
pplied Biosystems) for the AD RT-PCR were as follows: FluAN1-
275F 5′-CCGCCTCGTACAAAATCTTCAAGA-3′ (sense); FluAN1-
275R 5′-CAGTGTCTGGGTAACAGGAACATT-3′ (anti-sense) and
00 �M final concentration of each of the allele specific probes
ith 5′ dyes and 3′ minor groove binding non-fluorescent

uenchers (MGBNFQ): FluAN1-H275 VIC-5′-CTCATAATGAAAATTG-
GBNFQ (oseltamivir sensitive probe) and FluAN1-H275Y FAM-

′-CCTCATAATAAAAATTG-MGBNFQ (oseltamivir resistance probe).
he five influenza A/H1N1 H275Y mutants described in this work
ave been submitted to the influenza database as ISDN299176-

SDN299180 at http://www.flu.lanl.gov/.
In order to determine the limit of detection for the AD

T-PCR assay, a 108-bp cDNA fragment was amplified (using
rimers FluAN1-H275F and FluAN1-H275R) from a sequence con-
rmed influenza A/H1N1 H275 oseltamivir sensitive sample and
sequence confirmed influenza A/H1N1 H275Y oseltamivir resis-

ant sample, with the Qiagen one-step RT-PCR kit (Qiagen, Crawley,
K) at the following reaction conditions: 50 ◦C for 30 min, 95 ◦C

or 15 min, 30 cycles of 94 ◦C for 30 s, 58 ◦C for 30 s and 72 ◦C
or 30 s and a final extension at 72 ◦C for 10 min. These influenza
/H1N1 H275 and A/H1N1 H275Y gene amplicons were purified
sing a PCR purification kit (Qiagen, Crawley, UK) and quantified
n a Nanodrop ND-100 spectrophotometer. Standard curves were
enerated employing serial dilutions of these amplicons in nuclease
ree water. Linearity and assay sensitivity in copies per AD RT-PCR
eaction were determined in triplicate employing the AD RT-PCR
or each target.

The mutation conferring oseltamivir resistance arises through
cytosine to thymine substitution of the influenza A/N1 gene

nucleotide position 823 in the 2007/2008 influenza A/Solomon
slands/3/2006 (H1N1) vaccine strain) and was detected by an
llelic discrimination strategy using two differently labelled probes
cross this single nucleotide polymorphism (SNP). The sensitivity
f the AD RT-PCR for the influenza A/H1N1 H275 wild-type was 10
opies (3/3 reactions detected) whereas it is between 10 and 100
opies for the H275Y mutant target (the H275Y SNP detection probe
etected 2/3 reactions at 10 copies of target and 3/3 reactions of 100
opies, see Fig. 1A and B). The assay was linear over the range 101 to
08 copies and the slopes were −3.5 with correlation coefficients
R2-value) >0.99 for both targets demonstrating a broad dynamic
etection range for the method and efficient amplification.

Analysis of the assay results showed that all the negative con-
rols (no template control and influenza negative samples) emitted
o detectable fluorescence in either FAM or VIC filters above back-
round levels. The fluorescent signals emitted following AD RT-PCR
rom the validation panel can be seen in Fig. 2A and B. All influenza A
/H1N1 sequence confirmed oseltamivir sensitive specimens emit
uorescence detectable in the VIC filter (560 nm). However, all five

nfluenza A/H1N1 H275Y oseltamivir resistant mutants containing
he C>T SNP emit fluorescence with the FAM probe bound (530 nm).

100% concordance was observed between the sequencing data
nd the new AD RT-PCR assay. The validation panel was run in dupli-
ate and mean Ct values for replicates was in the range 26.5–37.8
or the wild-type A/H1N1 H275 and 30.4–37.2 for the oseltamivir
esistant mutants A/H1N1 H275Y. In our experience the highest Ct
alues have been ∼37 and were repeated in replicate samples. How-
ver, in routine diagnostic use, repeat extraction and/or sequencing
ould be recommended to confirm the results for these samples
ith high Ct values. There were no cross-reactions observed with
he AD RT-PCR N1-specific primers and probes and the influenza
/H3N2 positive specimens or other common viral respiratory
athogens.

To ascertain the ability of the AD RT-PCR to amplify from
ixed populations of wild-type influenza A/H1N1 H275 and H275Y

http://www.flu.lanl.gov/
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ig. 1. Determination of the limit of detection of the AD RT-PCR assay for influenza
un in triplicate for each target and plotted as Ct (crossing threshold) values versus

utant viruses, the quantified amplicons were mixed in the follow-

ng copy number ratios (H275/H275Y): 100/900, 200/800, 300/700,
00/600, 500/500 for each target and assayed in triplicate (data not
hown). The samples containing mixed populations of 500 copies
ach of H275 and H275Y, were found to emit fluorescence with both
he FAM probe bound and the VIC probe bound (Fig. 3A) demon-
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H275 (A) and H275Y (B). Quantified standards in the range 108 to 101 copies were
g of the copy number of the standard. PCR parameters are included for each assay.

trating that a specimen containing species of both the wild-type

seltamivir sensitive and the drug resistance mutation in the N1
ene can be distinguished employing the AD RT-PCR. The threshold
oncentration for detecting both wild-type and mutant was found
o be at least 100 copies of H275Y mutant in a mixed population of
00 copies of wild-type H275 (Fig. 3B).
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Fig. 2. Detection of oseltamivir resistant influenza A/H1N1 H275Y from clinical samples by allelic discrimination real-time RT-PCR. Delta Rn versus real-time cycle number
p 275,
o nal re

t
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lots showing fluorescent amplification curves from wild-type influenza A/H1N1 (H
seltamivir resistant mutants with the FAM-TaqMan probe. Rn is the normalised sig

There is considerable concern in the political, medical and scien-
ific community of the likelihood of a future influenza pandemic,

nd for this reason many countries have decided to stockpile the
AI, oseltamivir. WHO has recommended that countries develop
strategic plan for pandemic preparedness and a crucial compo-
ent of such plans involves the stockpiling of oseltamivir (WHO,
005), that could be used to treat infected individuals in the initial

F
2
2

t

oseltamivir sensitive) with the VIC-TaqMan probe (A) and from A/H1N1 H275Y (B)
porter fluorescence divided by the passive internal reference dye, ROX.

tages of an outbreak to slow person-to-person spread of the virus
nd attempt to control its further propagation (Balicer et al., 2004;

erguson et al., 2003, 2005, 2006; Gani et al., 2005; Germann et al.,
006; Hayden, 2004; Longini et al., 2004, 2005; Moghadas et al.,
008; Monto, 2003, 2005; Moscona, 2005, 2008).

The emergence of the influenza A/H1N1 H275Y antiviral resis-
ance mutant across the Northern Hemisphere in 2007–2008 has
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Fig. 3. Component Plots of fluorescence emission versus cycle number of mixed populations of influenza A/N1 H275 and H275Y amplicons. Detection of 500 copies of the
i A/N1
F fluenz
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nfluenza A/N1 H275 oseltamivir sensitive amplicon and 500 copies of an influenza
AM fluorescence and VIC fluorescence (A); 900 copies of an oseltamivir sensitive in
/N1 H275Y amplicon was also detectable by the AD RT-PCR approach showing an

orced a reappraisal of the transmissibility and fitness of these
iruses. Therefore, improved and more rapid diagnostic methods
re required to identify rapidly these new circulating resistant
trains and also to rationalise the use of alternative therapeutic
ptions early in infection. Chutinimitkul et al. (2007) reported a
imilar approach to detect the homologous H274Y mutation in the
ighly pathogenic avian influenza H5N1. However, little sequence
omology exists between the avian and human N1 genes and the
D RT-PCR assay described above is absolutely specific to human

nfluenza A/H1N1.
Genetic drift in viral RNA genomes lacking proof reading can

ause changes in assay sensitivity over time due to mutation in the

rimer and/or probe binding sites. Design of degenerate oligonu-
leotide primer and probe sets can obviate decreases in assay
ensitivity due to genetic drift in target sequences. If the AD RT-PCR
ssay is employed downstream of a primary screening approach to
etect influenza positives then failure of the SNP assay may well be

m
l
o
u
c

H275Y oseltamivir resistant amplicon by AD RT-PCR showing an increase in both
a A/N1 H275 amplicon mixed with 100 copies of an oseltamivir resistant influenza
se in both FAM and VIC fluorescence (B).

ttributable to genetic drift however this is not something we have
ncountered to date.

The present assay will allow a more comprehensive screen of
he influenza A/H1N1 viruses without the time-consuming and
ostly sequencing approaches. We envisage it could be employed
s part of an influenza A molecular confirmatory strategy in con-
unction with influenza A subtyping. We suggest it as a second
ine assay, following a first influenza diagnosis. It would then
e an invaluable tool not only for surveillance and epidemio-

ogical purposes, but also as a diagnostic and therapeutic aid
or physicians intending to treat patients with oseltamivir. The
nfluenza A/H1N1 H275Y mutation is, at the moment, the only
utation conferring resistance to a NAI to be detected circu-
ating from person to person, and appears therefore to be the
nly relevant mutation to screen in the general, non-treated pop-
lation. It is important to point out that this is not the case
oncerning patients already undergoing treatment, for whom
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more extensive screening for resistance mutations would be
equired.

Finally, this new molecular detection assay could also be used
n prospective clinical studies, to ascertain whether there are dif-
erential long term outcomes and treatment response between
atients infected with either the wild-type influenza A/H1N1 H275
r viruses harbouring the antiviral resistance H275Y gene muta-
ion.

eferences

alicer, R.D., Huerta, M., Grotto, I., 2004. Tackling the next influenza pandemic. BMJ
328, 1391–1392.

right, R.A., Shay, D.K., Shu, B., Cox, N.J., Klimov, A.I., 2006. Adamantane resistance
among influenza A viruses isolated early during the 2005–2006 influenza season
in the United States. JAMA 295 (8), 891–894.

urmeister, W.P., Daniels, R.S., Dayan, S., Gagnon, J., Cusack, S., Ruigrok, R.W., 1991.
Sequence and crystallization of influenza virus B/Beijing/1/87 neuraminidase.
Virology 180, 266–272.

arr, J., Ives, J., Kelly, L., Lambkin, R., Oxford, J., Mendel, D., Tai, L., Roberts, N., 2002.
Influenza virus carrying neuraminidase with reduced sensitivity to oseltamivir
carboxylate has altered properties in vitro and is compromised for infectivity
and replicative ability in vivo. Antivir. Res. 54, 79–88.

hutinimitkul, S., Suwannakarn, K., Chieochansin, T., Mai le, Q., Damrong-
watanapokin, S., Chaisingh, A., Amonsin, A., Landt, O., Songserm, T.,
Theamboonlers, A., Poovorawan, Y., 2007. H5N1 Oseltamivir-resistance detec-
tion by real-time PCR using two high sensitivity labeled TaqMan probes. J. Virol.
Methods 139, 44–49.

olacino, J.M., Chirgadze, N.Y., Garman, E., Murti, K.G., Loncharich, R.J., Baxter, A.J.,
Staschke, K.A., Laver, W.G., 1997. A single sequence change destabilizes the
influenza virus neuraminidase tetramer. Virology 236, 66–75.

scuret, V., Frobert, E., Buscambert-Duchamp, M., Sabatier, M., Grog, I., Valette, M.,
Lina, B., Morfin, F., Ferraris, O., 2008. Detection of human influenza A (H1N1)
and B strains with reduced sensitivity to neuraminidase inhibitors. J. Clin. Virol.
41, 25–28.

uro Surveill 2008;13(5). Emergence of resistance to oseltamivir among influenza
A(H1N1) viruses in Europe. Euro Surveill 2008;13(5). Available online:
http://www.eurosurveillance.org/edition/v13n05/080131 2.asp.

erguson, N.M., Mallett, S., Jackson, H., Roberts, N., Ward, P., 2003. A popula-
tion dynamic model for evaluating the potential spread of drug-resistant
influenza virus infections during community-based use of antivirals. J. Antimi-
crob. Chemother. 51, 977–990.

erguson, N.M., Cummings, D.A., Cauchemez, S., Fraser, C., Riley, S., Meeyai, A., Iam-
sirithaworn, S., Burke, D.S., 2005. Strategies for containing an emerging influenza
pandemic in Southeast Asia. Nature 437, 209–214.

erguson, N.M., Cummings, D.A., Fraser, C., Cajka, J.C., Cooley, P.C., Burke,
D.S., 2006. Strategies for mitigating an influenza pandemic. Nature 442,
448–452.

ani, R., Hughes, H., Fleming, D., Griffin, T., Medlock, J., Leach, S., 2005. Potential
impact of antiviral drug use during influenza pandemic. Emerg. Infect. Dis. 11,
1355–1362.

ermann, T.C., Kadau, K., Longini Jr., I.M., Macken, C.A., 2006. Mitigation strategies
for pandemic influenza in the United States. Proc. Natl. Acad. Sci. U.S.A. 103,
5935–5940.

ubareva, L.V., Robinson, M.J., Bethell, R.C., Webster, R.G., 1997. Catalytic and frame-
work mutations in the neuraminidase active site of influenza viruses that are
resistant to 4-guanidino-Neu5Ac2en. J. Virol. 71, 3385–3390.

ubareva, L.V., Matrosovich, M.N., Brenner, M.K., Bethell, R.C., Webster, R.G., 1998.
Evidence for zanamivir resistance in an immunocompromised child infected
with influenza B virus. J. Infect. Dis. 178, 1257–1262.

ubareva, L.V., Kaiser, L., Hayden, F.G., 2000. Influenza virus neuraminidase
inhibitors. Lancet 355 (9206), 827–835.

ubareva, L.V., Kaiser, L., Matrosovich, M.N., Soo-Hoo, Y., Hayden, F.G., 2001. Selection
of influenza virus mutants in experimentally infected volunteers treated with
oseltamivir. J. Infect. Dis. 183, 523–531.

unson, R.N., Collins, T.C., Carman, W.F., 2005. Real-time RT-PCR detection of
12 respiratory viral infections in four triplex reactions. J. Clin. Virol. 33,
341–344.

ayden, F.G., Hay, A.J., 1992. Emergence and transmission of influenza A viruses

resistant to amantadine and rimantadine. Curr. Top. Microbiol. Immunol. 176,
119–130.

ayden, F.G., Osterhaus, A.D., Treanor, J.J., Fleming, D.M., Aoki, F.Y., Nicholson, K.G.,
Bohnen, A.M., Hirst, H.M., Keene, O., Wightman, K., 1997. Efficacy and safety
of the neuraminidase inhibitor zanamivir in the treatment of influenza virus
infections. N. Engl. J. Med. 337, 874–880.

Y

Z

Methods 153 (2008) 257–262

ayden, F.G., 2004. Pandemic influenza: is an antiviral response realistic? Pediatr.
Infect. Dis. J. 23, S262–S269.

erlocher, M.L., Truscon, R., Elias, S., Yen, H.L., Roberts, N.A., Ohmit, S.E., Monto, A.S.,
2004. Influenza viruses resistant to the antiviral drug oseltamivir: transmission
studies in ferrets. J. Infect. Dis. 190 (9), 1627–1630.

ves, J., Carr, J., Roberts, N.A., Tai, C.Y., Mendel, D.B., Kelly, L., Lambkin, R., Oxford, J.,
2000. An oseltamivir treatment selected influenza A/Wuhan/359/95 virus with
a E119V mutation in the neuraminidase gene has reduced infectivity in vivo. J.
Clin. Virol. 18, 251–269 (P-330).

ves, J., Carr, J., Mendel, D.B., Tai, C.Y., Lambkin, R., Kelly, L., Oxford, J.S., Hayden,
F.G., Roberts, N.A., 2002. The H274Y mutation in the influenza A/H1N1 neu-
raminidase active site following oseltamivir phosphate treatment leave virus
severely compromised both in vitro and in vivo. Antivir. Res. 55, 307–317.

iso, M., Mitamura, K., Sakai-Tagawa, Y., Shiraishi, K., Kawakami, C., Kimura, K., Hay-
den, F., Sugaya, N., Kawaoka, Y., 2004. Resistant influenza A viruses in children
treated with oseltamivir: a descriptive study. Lancet 364 (9436), 759–765.

ipatov, A.S., Govorkova, E.A., Webby, R.J., Ozaki, H., Peiris, M., Guan, Y., Poon, L., Web-
ster, R.G., 2004. Influenza: emergence and control. J. Virol. 78 (17), 8951–8959.

ongini Jr., I.M., Halloran, M.E., Nizam, A., Yang, Y., 2004. Containing pandemic
influenza with antiviral agents. Am. J. Epidemiol. 159, 623–633.

ongini Jr., I.M., Nizam, A., Xu, S., Ungchusak, K., Hanshaoworakul, W., Cummings,
D.A., Halloran, M.E., 2005. Containing pandemic influenza at the source. Science
309, 1083–1087.

cKimm-Breschkin, J., Trivedi, T., Hampson, A., Hay, A., Klimov, A., Tashiro, M., Hay-
den, F., Zambon, M., 2003. Neuraminidase sequence analysis and susceptibilities
of influenza virus clinical isolates to zanamivir and oseltamivir. Antimicrob.
Agents Chemother. 47, 2264–2272.

cSharry, J.J., McDonough, A., Olson, B., Drusano, G., 2004. Phenotypic drug sus-
ceptibility assay for influenza virus neuraminidase inhibitors. Clin. Diag. Lab.
Immunol. 11 (1), 21–28.

eijer, A., Lackenby, A., Hay, A., Zambon, M., 2007. Influenza antiviral susceptibility
monitoring activities in relation to national antiviral stockpiles in Europe during
the winter 2006/2007 season. EuroSurveillance 12 (4), E3–E4.

oghadas, S.M., Bowman, C.S., Rost, G., Wu, J., 2008. Population-wide emergence of
antiviral resistance during pandemic influenza. Plos ONE 3 (3), e1839.

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

onto, A.S., 2005. The threat of an avian influenza pandemic. N. Engl. J. Med. 352,
323–325 [Erratum, N Engl J Med 2005. 352:1056.].

onto, A.S., McKimm-Breschkin, J.L., Macken, C., Hampson, A.W., Hay, A., Klimov,
A., Tashiro, M., Webster, R.G., Aymard, M., Hayden, F.G., Zambon, M., 2006.
Detection of influenza viruses resistant to neuraminidase inhibitors in global
surveillance during the first 3 years of their use. Antimicrob. Agents Chemother.
50, 2395–2402.

oscona, A., 2005. Neuraminidase inhibitors for influenza. N. Engl. J. Med. 353,
1363–1373.

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

u, C.-Y., Wang, S.-Y., Shie, J.-J., Jeng, K.-S., Temperton, N.J., Fang, J.-M., Wong, C.-
H., Cheng, Y.-S.E., 2008. In vitro evaluation of neuraminidase inhibitors using
the neuraminidase-dependent release assay of hemagglutinin-pseudotyped
viruses. Antivir. Res., 2346.

ai, C.Y., Escarpe, P.A., Sidwell, R.W., Williams, M.A., Lew, W., Wu, H., Kim, C.U.,
Mendel, D.B., 1998. Characterization of human influenza virus variants selected
in vitro in the presence of the neuraminidase inhibitor GS 4071. Antimicrob.
Agents Chemother. 42, 3234–3241.

aylor, N.R., von Itzstein, M., 1994. Molecular modeling studies on ligand binding to
sialidase from influenza virus and the mechanism of catalysis. J. Med. Chem. 37,
616–624.

reanor, J.J., Hayden, F.G., Vrooman, P.S., Barbarash, R., Bettis, R., Riff, D., Singh,
S., Kinnersley, N., Ward, P., Mills, R.G., 2000. Efficacy and safety of the oral
neuraminidase inhibitor oseltamivir in treating acute influenza. JAMA 283,
1016–1024.

ownsend, M.B., Smagala, J.A., Dawson, E.D., Deyde, V., Gubareva, L., Klimov, A.I.,
Kuchta, R.D., Rowlen, K.L., 2007. Detection of adamantine-resistant influenza on
microarray. J. Clin. Virol. 42, 117–123.

hitley, R.J., Hayden, F.G., Reisinger, K.S., Young, N., Dutkowski, R., Ipe, D., Mills,
R.G., Ward, P., 2001. Oral oseltamivir treatment of influenza in children. Pediatr.
Infect. Dis. J. 20, 127–133.

HO, 2005. Responding to the avian influenza pandemic threat. World
Health Organization 2005. Available online: http://www.who.int/csr/resources/
publications/influenza/WHO CDS CSR GIP 05 8-EN.pdf.
en, H.L., Herlocher, L.M., Hoffmann, E., Matrosovich, M.N., Monto, A.S., Webster,
R.G., Govorkova, E.A., 2005. Neuraminidase inhibitor-resistant influenza viruses
may differ substantially in fitness and transmissibility. Antimicrob. Agents
Chemother. 49 (10), 4075–4084.

ambon, M., Hayden, F.G., 2001. Position statement: global neuraminidase inhibitor
susceptibility network. Antivir. Res. 49, 147–156.

http://www.eurosurveillance.org/edition/v13n05/080131_2.asp
http://www.who.int/csr/resources/publications/influenza/WHO_CDS_CSR_GIP_05_8-EN.pdf

	Rapid molecular detection of the H275Y oseltamivir resistance gene mutation in circulating influenza A (H1N1) viruses
	References


