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Currently most pandemic influenza A(H1N1) 2009 (H1N1pdm) viruses are sensitive to oseltamivir, but
a single point mutation (H275Y) in the neuraminidase (NA) gene of HIN1pdm can lead to resistance and
such viruses have been reported from several countries. In this study we compare the performance of a
pyrosequencing-based method for the detection of the H275Y mutation in HIN1pdm viruses with a con-
ventional NA inhibition assay. Pyrosequencing could detect as little as 5% H275Y mutants in a mixed viral
population, while mixtures with 25% or greater mutant virus were required before a significant increase

lc()?:{grrgis\;ir resistance in ICsq value could be detected. However, the sensitivity of the NA inhibition assay could be enhanced
H275Y mutation by using a more sophisticated curve-fitting analysis to generate similar results to the pyrosequencing
Pandemic influenza A(H1N1) 2009 virus assay. Of 181 H1N1pdm clinical samples examined by pyrosequencing, nine samples from five patients
Pyrosequencing were found to contain H275Y mutant viruses, four of whom were under oseltamivir treatment. Changes

in the ratio of H275Y mutant to wild-type viruses were observed in serial clinical specimens from two
patients over the duration of their treatment. This study highlights the need for close monitoring of the
H275Y mutation in clinical samples, in particular from severely ill patients infected with HIN1pdm. The
use of pyrosequencing and the NA inhibition assay provide powerful tools for the rapid detection and
quantitation of resistant influenza viruses in mixed populations.

© 2011 Elsevier B.V. All rights reserved.

Neuraminidase inhibition assay

1. Introduction

The neuraminidase inhibitor (NAI) antiviral drugs oseltamivir
(Tamiflu™) and zanamivir (Relenza™) have been widely used to
treat and prevent infection with the pandemic influenza A(H1N1)
2009 (H1IN1pdm) virus since it emerged in March-April 2009
(Uyeki, 2009; WHO, 2009). To date, most of the circulating
H1N1pdm viruses tested remain sensitive to oseltamivir. How-
ever, cases of resistance to oseltamivir caused by a single amino
acid change, histidine to tyrosine at position 275 (H275Y; N1 num-

Abbreviations: RT-PCR, reverse transcriptase polymerase chain reaction; WHO,
World Health Organisation; RNA, ribonucleic acid; DNA, deoxyribonucleic acid;
HA, hemagglutinin; NA, neuraminidase; H275Y, histidine to tyrosine substitu-
tion at position 275; NAI, neuraminidase inhibitor; HIN1pdm, pandemic influenza
A(H1N1) 2009; ICU, intensive care unit; MDCK, Madin-Darby canine kidney; SD,
standard deviation; LDR, log dose-response.
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bering) in the neuraminidase (NA) (Ives et al., 2002), have been
detected in various regions of the world, with WHO reporting 314
oseltamivir-resistant viruses up to 1 December 2010 (WHO, 2010).
The H275Y mutation causes high level resistance to oseltamivir, but
has no effect on zanamivir susceptibility (Gaur et al., 2010).

To date oseltamivir resistance has mainly been detected in
immunocompromised patients and in individuals under treat-
ment or prophylaxis with oseltamivir (CDC, 2009; Harvala et al.,
2010; WHO, 2010), with little onward transmission of oseltamivir-
resistant viruses (Gulland, 2009; Harvala et al.,2010; Le et al., 2010)
mostly in hospital settings (Gulland, 2009) or following prolonged
exposure (Baz et al., 2009).

The susceptibility of influenza viruses to the NAls has tradi-
tionally been determined by the NA inhibition assay. While this
is a simple high-throughput phenotypic assay, it requires cultured
viruses and cannot be applied directly to original clinical samples
(Hurt et al., 2004). Alternatively, NAI resistance can be identified
in viruses from original specimens by conventional sequencing for
mutations known to confer reduced NAI susceptibility, but this is
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Table 1

Primer sequences designed for RT-PCR and pyrosequencing.
Primer Sequence 5'-3' Gene Assay
pdmHAI-F? TGTAAAACGACGGCCAGTATGAAGGCAATACTAGTAG HA RT-PCR
pdmHAI-RP CAGGAAACAGCTATGACCGATCGGATGTATATTCTGAAATGG HA RT-PCR
pdmHAII-F? TGTAAAACGACGGCCAGTGATTGCAATACAACTTGTC HA RT-PCR
pdmHAII-RP CAGGAAACAGCTATGACCTACACTGTAGAGACCCATTAGAGC HA RT-PCR
pdmNAI-F? TGTAAAACGACGGCCAGTATGAATCCAAAYCARAAGAT NA RT-PCR
pdmNAI-R? CAGGAAACAGCTATGACCGTGATAATTAGGGGCATTC NA RT-PCR
pdmNAII-F? TGTAAAACGACGGCCAGTGACAGGCCTCATACAAGATCTTC NA RT-PCR
pdmNAII-F° CAGGAAACAGCTATGACCTAAATGGMAACTCAGCACCG NA RT-PCR
PypdmNA-R® Biotin-GACAGGCCTCATACAAGATCTTC NA Pyrosequencing
PyN1NA-R TGCCAGTTRTCCCTGCAYACACA NA Pyrosequencing
PypdmNA-S¢ TAACAGGAGCATTCCTCATA NA Pyrosequencing

2 Primers with M13 forward sequence attached to the 5’ end.
b Primers with M13 reverse sequence attached to the 5' end.
¢ Primer was biotinylated at the 5" end.

d Sequencing primer for pyrosequencing.

time-consuming and not high throughput. Recently, we and others
have used pyrosequencing to detect oseltamivir-resistant mutants
among seasonal HIN1 and H1IN1pdm 2009 viruses (Deyde et al.,
2010; Dharan etal., 2009; Hurt et al., 2009a; Lackenby et al., 2008a).
This method is rapid and high throughput, and can be applied to
original clinical samples or influenza virus isolates. In this study, we
further compared pyrosequencing for quantitating H275Y mutants
in viral mixtures containing both oseltamivir resistant and wild-
type viruses and the NA inhibition assay. We also demonstrated
that the ability of the NA inhibition assay to predict the percentage
of oseltamivir resistance viruses in a mixed viral population was
significantly improved when combined with a novel curve-fitting
analysis.

2. Materials and methods
2.1. Virus strains and clinical specimens

A total of 181 clinical specimens from 129 patients confirmed to
be H1N1pdm positive by real-time RT-PCR were collected (Chidlow
et al.,, 2010), including 50 specimens from 50 community out-
patients, 50 from hospitalized patients, 45 from 13 intensive care
unit (ICU) patients, and 36 from 16 deceased patients. Viruses were
grown in Madin-Darby canine kidney (MDCK) cells (Barr et al.,
2003), A/Auckland/1/2009 and A/Osaka/180/2009 were used as
reference wild-type and H275Y mutant HIN1pdm viruses, respec-
tively.

2.2. RNA extraction, real-time RT-PCR and RT-PCR

Viral RNAs were extracted from clinical specimens or cultured
viruses (Barr et al., 2008). Superscript Il one-step qRT-PCR kit
(Invitrogen, Carlsbad, CA) was used for real-time RT-PCR with
influenza A matrix specific primers and probes (Dawood et al.,
2009) on an ABI 7500Fast instrument (Applied Biosystems, Foster
City, CA). Superscript IIl one-step RT-PCR kit (Invitrogen) was used
for RT-PCR with primers listed in Table 1.

2.3. Pyrosequencing

Single-stranded biotinylated DNA from the 145-bp PCR product
flanking the H275Y mutation site of the NA gene was purified using
the PyroMark Vacuum Prep Workstation (Qiagen, Valencia, CA)
according to the manufacturer’s recommendation. Pyrosequenc-
ing reactions were performed on a PyroMark ID (Qiagen) with
the PyroMark Gold reagents (Qiagen), and results were analysed
using the AQ mode in the PyroMark ID 1.0 software to estimate
the percentage of H275Y mutant and wild-type by calculating the

ratio of the two peaks representing the wild-type and mutant
viruses.

2.4. Neuraminidase enzyme inhibition assay

Oseltamivir carboxylate, the active form of the ethyl ester pro-
drug oseltamivir phosphate (Hoffmann-La Roche Ltd., Switzerland)
and zanamivir (GlaxoSmithKline, Australia) were used for the NA
inhibition assay as previously published (Hurt et al., 2004). The
concentrations required to inhibit 50% of NA activity (ICs¢) were
calculated using a logistic curve fit program “Robosage” (Glaxo-
SmithKline, UK).

2.5. Curve-fitting analysis

An investigational curve-fitting analysis was used to estimate
the H275Y mutant proportion in a mixed population by fit-
ting three parameter logistic dose-response (LDR) functions to
the inhibition data for 100% H275Y mutant and 100% wild-type
viruses using TableCurve2D (SPSS Software, Chicago, IL). The model
was generated based on the assumption that the total inhibitory
effect on mixed populations would be the sum of the individual
effects on the component populations so that y =% measured inhi-
bition=[(1 — «)(%inhibition of wt)+(«)(% inhibition of mutant)]
where « is the proportion of mutant H275Y virus present. Table-
Curve2D was used to fit the model to each set of NAI data in order
to estimate a.

3. Results

3.1. Detection of H275Y mutant virus in a mixed population by
pyrosequencing and NA inhibition assays

Preliminary experiments established the protocols for distin-
guishing and quantifying mixture of wild-type and oseltamivir-
resistant mutant H275Y NA sequences by pyrosequencing (data
not shown). Mixtures of wild-type and mutant H275Y viral iso-
lates were prepared based on their viral copy number determined
by real-time RT-PCR, and were used to compare the ability of
pyrosequencing and the NA inhibition assay to detect low propor-
tions of oseltamivir-resistant mutant viruses in a mixed population
(Table 2). Pyrosequencing could detect as little as 5% H275Y mutant
virus in the mixture. In comparison, mixtures containing at least
25% mutant virus were required before a significant increase in ICsq
value was detected in the NA inhibition assay (Fig. 1). However,
a more sophisticated analysis of the inhibition data for the 100%
H275Y mutant and 100% wild-type viruses allowed a model to be
formulated and fitted to the inhibition curves of the various mixed
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Table 2

Limit of detection of H275Y mutant viruses in mixed populations by pyrosequencing and NA inhibition assays.?

% Mutant NA inhibition assay Pyrosequencing assay
Mean ICs5o (nM) & SD LDR model® estimate of mean %H275Y + SD Mean %H275Y +SD

100 414.2 £ 555 972 +22 95.6 + 4.4
75 3304 + 32.8 715 £ 2.1 85.0 £ 4.9
50 134.8 +£29.8 46.9 + 1.8 55.5 £ 5.0
25 54 + 3.5 234+ 1.1 35.5+ 3.7
20 1.0+ 03 184 + 1.1 21.8 +£49
10 0.7 £0.2 10.8 £ 0.6 13.4 + 3.6
7.5 0.5+£0.2 72 +£12 7.9 £33
5 0.6 £ 0.2 69 +3.0 73 +£2.6
0 0.6 £0.2 0.0+ 1.5 -0.5 + 3.6

2 The virus copy numbers of wild-type and mutant viruses were determined separately by real-time RT-PCR. The viruses were then mixed in the indicated proportions

before testing in triplicate in the two assays.

b The individual LDR equations for 100% H275Y mutant and 100% wild-type viruses were used to generate the model: y =% measured inhibition=[(1 — «)(%inhibition of
wt)+(a)(% inhibition of mutant)] where « is the proportion of mutant H275Y in the viral population, and TableCurve2D was used to fit the model to inhibition data and

estimate the % of H275Y present.

populations, so that an estimate of the proportion of H275Y mutant
could be calculated. Interestingly, the estimates for the mixed pop-
ulations derived from NA inhibition assay model were generally
similar to both the pyrosequencing and expected values for the
different mixtures (Table 2).

3.2. Oseltamivir-resistant viruses were detected in five patients
undergoing oseltamivir treatment

The pyrosequencing assay was used to monitor the preva-
lence of H275Y mutant viruses in 181 clinical specimens from 129
patients infected with HIN1pdm viruses. H275Y mutant viruses
were detected at levels varying from 5 to 94% in specimens from five
patients in hospital or ICU, of which four were under oseltamivir
treatment (Table 3). Virus isolation was attempted on all 14 spec-
imens of the five patients, but virus isolates were only obtained
from four specimens, two of these were pure wild-type viruses,
and the other two were a mixture of wild-type and mutant viruses.
NA inhibition assays performed on the four virus isolates con-
firmed their susceptibility to oseltamivir (Table 3). For patient No.
4, the percentage of H275Y mutant in the mixture rose from 17%
in the original specimen to 89% in the virus isolates following two
passages in MDCK cells (Table 3). Pyrosequencing analysis of the
specimens from 50 community patients revealed that none con-
tained viruses with the H275Y mutation.
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Fig. 1. NA inhibition assay results for mixed H275Y mutant and wild-type viruses.
H275Y mutant and wild-type viruses were mixed in different ratios in triplicate to
give 100% (#), 75% (M), 50% (4), 25% (O), 20% (0), 10% (A), 7.5% (x), 5% (+), and 0%
(*) of the H275Y mutant virus. NA activities of the mixtures were measured in the
presence of oseltamivir at concentrations indicated in log scale on the x-axis.

3.3. Confirmation of de novo mutation of the
oseltamivir-resistant viruses from two patients

Pyrosequencing analysis of serial specimens from two patients
identified the H275Y mutant at varying proportions in samples col-
lected on different dates during oseltamivir treatment (Table 3).
Only wild-type viruses were detected in the nasal wash sample
of patient 1 on Day 0, but following oseltamivir treatment, H275Y
mutants (in the range of 73-94%) were detected in sputum, nasal
wash and bronchial washing samples collected on days 15-29. On
Day 31, the H275Y mutant became undetectable and total viral load
also dropped significantly to less than 100 viral RNA copies/j.l of
specimen. Only two specimens from patient 1 yielded isolates in
MDCK cells and these were used for the NA inhibition assay. The
results confirmed that, while the Day 0 sample was sensitive to
oseltamivir (ICs9 =0.3 £ 0.1 nM), the sensitivity of the Day 19 sam-
ple was reduced by >1000 fold (IC59 =296.7+ 20.0 nM) (Table 3).
For patient 2, although only wild-type viruses were detected by
pyrosequencing on Day 1, 34% and 10% H275Y mutants emerged
on Day 11 and 17, respectively, however none of the virus from
these samples could be cultured for the NA inhibition assay.

As the two patients were treated in the same ICU at around the
same time, the HA and NA genes from oseltamivir-sensitive and
resistant specimens of both patients were sequenced to determine
their similarity. The sequences obtained from the sensitive viruses
of the two patients differed by 3 nucleotides in HA and 1 in NA, none
of which led to an amino acid substitution. Within each patient, the
HA and NA sequences of the sensitive and resistant viruses were
identical apart from the H275Y mutation (Table 4). This suggests
that these cases were independent and the oseltamivir-resistant
viruses emerged as a result of drug pressure, rather than by trans-
mission from one ICU patient to the other.

4. Discussion

Currently, assays that can be used to detect oseltamivir resistant
viruses include the traditional NA enzyme inhibition assay, Sanger
sequencing and allele-specific real-time RT-PCR and pyrosequenc-
ing. The pyrosequencing method described here and elsewhere
(Deyde etal.,2010; Dharan et al., 2009; Hurt et al., 2009a; Lackenby
et al,, 2008a) can detect the oseltamivir resistance mutation in
both original clinical (containing either viable or nonviable viruses)
specimens and cultured viruses, unlike the traditional NA enzyme
inhibition assays that can only be performed on cultured viruses.
This is important because it is not always possible to culture viruses
from clinical samples, especially those undergoing antiviral drug
treatment, as was the case in this study where from 14 clinical
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Table 3
Characteristics of patients with viruses containing the H275Y mutation.

Patient details Real-time RT-PCR  Specimen date % H275Y?2 Mean ICsg +SD
Ct value since Oseltamivir (nM)P
treatment
Immune Status Ward type Specimen type Specimen  Isolate Isolate
1 Compromised (renal ICU Nose/throat swab 32 Day 0 0 0c 0.3+0.1¢
transplant) Sputum 24 Day 15 91 - -
Bronchial washing 25 Day 19 81 89d 296.7+ 20.0¢
Nose/throat swab 31 Day 20 80 - -
Nose/throat swab 36 Day 29 94 - -
Sputum 34 Day 31 0 - -
2 Competent ICU Nose/throat swab 23 Day 1 0 od 0.3+0.1¢
Sputum 24 Day 11 34 - -
Nose/throat swab 26 Day 17 10 - -
3 Competent ICU Nose/throat swab 30 Day 0 0 - -
Sputum 32 Day 3 5 - -
Nose/throat swab 32 Day 8 0 - -
4 Compromised Hospital Sputum 31 Day 3 17 89¢ 306.7 £21.2¢
(Chemotherapy for
cancer)
5 Competent Hospital Nose/throat swab 20 Day 0 6 - -

3 Pyrosequencing was performed on clinical specimens and/or virus isolates grown from original specimens to determine the percentage of H275Y mutant viruses.
b Mean ICsp + SD of 3 replicates was determined by NA inhibition assay of virus isolates cultured from original specimens. The ICsq of the oseltamivir-sensitive wild-type

virus was 0.39+0.2 (n=3).
¢ Virus isolate obtained after two passages of MDCK cell culture.
d Virus isolate obtained after one passage of MDCK cell culture.

specimens from patients undergoing oseltamivir treatment that
were positive for HIN1pdm by real-time RT-PCR, only four could
be isolated in cell culture. In addition, growth of viruses in cell
culture may alter the proportion of resistant virus in the original
clinical sample, especially if a number of passages in MDCK cells
are required (Hurt et al., 2009b; Okomo-Adhiambo et al., 2010),
as was seen in patient No. 4 in our study, where a significant rise
in the percentage of the H275Y mutant was observed following
two passages in MDCK cells (17-89% in Table 3). Pyrosequencing
was highly sensitive and capable of rapid high-throughput anal-
ysis (taking less than 5h to obtain a result for up to 96 viruses).
Pyrosequencing could also detect mixtures of as little as 5% H275Y
virus mutants with wild-type virus. Alternative H275Y mutation
detection assays that use real-time RT-PCR allelic discrimination
(Chidlow etal.,2010; Renaud et al., 2010; van der Vries et al., 2009),
are sensitive in detecting pure H275Y mutants or wild-type viruses,
but their ability to quantify levels of H275Y mutants in a viral mix-
ture is limited, particularly if there are other mismatches in either
the primer or probe binding sequences. This is because these mis-
matches can decrease the PCR efficiency and the results are often
indistinguishable from that produced from a mixture containing
both wild-type and mutant viruses (unpublished observation).
The ability of the NA inhibition assay to detect low proportions
of H275Y mutant in a mixed population was significantly improved
by the use of a novel curve fitting method. This is important because
it improves the detection limit commonly seen with IC5¢ determi-
nation where at least 25% of the H275Y mutant was required in

Table 4

a mixed viral population before a significant difference from the
wild-type IC5¢ could be determined.

The presence of low levels of oseltamivir-resistant mutants may
not be clinically significant for most immunocompetent patients
because the majority of wild-type viruses in the viral popula-
tion are still sensitive to oseltamivir, and the immune system
should clear the remaining oseltamivir-resistant viruses. How-
ever, oseltamivir-resistant viruses may have a more significant
impact on immunocompromised patients, as they tend to shed
virus for a longer period (Klimov et al., 1995; Weinstock et al.,
2003), during which time drug pressure may selectively enrich
oseltamivir-resistant viruses. This was the case for the two patients
examined in this study, both of whom shed the virus for more than
two weeks and were admitted to the ICU. The early detection of
low levels of oseltamivir-resistant mutants in specimens from such
patients would allow clinicians to make alternative treatment deci-
sions (WER, 2009) and select the most appropriate anti-viral drug
to use.

The low frequency of HIN1pdm oseltamivir-resistant viruses
observed to date is in stark contrast to the situation with sea-
sonal HIN1 viruses during 2007-2008, when, after previously
rare occurrences, an H275Y strain appeared in Europe and within
12 months had spread globally (Hurt et al., 2009a; Lackenby
et al., 2008b). One possible explanation is that, unlike the sea-
sonal HIN1 H275Y mutant, the HIN1pdm oseltamivir-resistant
mutation compromises viral fitness. It is possible however, that
further mutations within the HIN1pdm virus genome may enable

Nucleotide differences in HA and NA genes of viruses in pre- and post-treatment specimens from Patients 1 and 2.

Patient Specimen Nucleotide position®/changes GenBank Accession No.

HA NA HA NA

243 408 1320 231 823P
Patient Pre-treatment C A A G C HM754655 HM624082
1 Post-treatment C A A G T HM624086 HM624083
Patient Pre-treatment T G C A C HM624085 HM624081
2 Post-treatment T G C A C&T HM624087 HM624084

2 Nucleotide positions in both HA and NA sequences are counted from the first ATG. All the mutations listed were synonymous mutations except at the H275Y position.

b The position of the H275Y mutation.
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H275Y mutant viruses to maintain fitness and readily transmit
oseltamivir-resistant viruses throughout the community (Bloom
etal., 2010).

The NA inhibition assay has traditionally been used to moni-
tor influenza antiviral drug resistance, because it can identify any
neuraminidase resistant viruses regardless of the mutation. Cur-
rently, however, the H275Y mutationin the N1 of HIN1pdm viruses
(although relatively rare) is by far the major mutation responsi-
ble for oseltamivir drug resistance. This makes pyrosequencing the
ideal method for monitoring this resistance mutation in HIN1pdm
viruses because it is sensitive, accurate, allows high throughput,
and most importantly it is capable of monitoring viral mixtures for
any mutations in the test region in clinical samples or influenza
virus isolates from patients.

Acknowledgments

We thank Dr. Sally Roberts from the Auckland District Health
Board, Auckland, New Zealand and Prof. Masato Tashiro from
National Institute of Infectious Diseases, Tokyo, Japan for provid-
ing viruses used for analysis in this paper. The Melbourne WHO
Collaborating Centre for Reference and Research on Influenza is
supported by the Australian Government Department of Health and
Ageing.

References

Barr, L.G., Komadina, N., Hurt, A., Shaw, R., Durrant, C., lannello, P., Tomasov, C.,
Sjogren, H., Hampson, A.W., 2003. Reassortants in recent human influenza A
and B isolates from South East Asia and Oceania. Virus Res. 98, 35-44.

Barr, L.G., Deng, Y.M.,, lannello, P., Hurt, A.C., Komadina, N., 2008. Adamantane
resistance in influenza A(H1) viruses increased in 2007 in South East Asia but
decreased in Australia and some other countries. Antivir. Res. 80, 200-205.

Baz, M., Abed, Y., Papenburg, ]., Bouhy, X., Hamelin, M.E., Boivin, G., 2009. Emergence
of oseltamivir-resistant pandemic HI1N1 virus during prophylaxis. N. Engl. ].
Med. 361, 2296-2297.

Bloom, ].D., Gong, L.I,, Baltimore, D., 2010. Permissive secondary mutations enable
the evolution of influenza oseltamivir resistance. Science 328, 1272-1275.
CDC, 2009. Oseltamivir-Resistant Novel Influenza A(H1N1) Virus Infection in Two
Immunosuppressed Patients - Seattle, Washington, 2009. MMWR Morb Mortal

WKkly Rep 58, pp. 893-896.

Chidlow, G.R., Harnett, G.B., Williams, S.H., Tempone, S.S., Speers, D.J., Hurt, A.C.,
Deng, Y.M., Smith, D.W., 2010. The detection of oseltamivir-resistant pandemic
influenza A/H1N1 2009 viruses using a real-time RT-PCR assay. ]. Virol. Methods
169, 47-51.

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

Deyde, V.M,, Sheu, T.G., Trujillo, A.A., Okomo-Adhiambo, M., Garten, R., Klimov, AL,
Gubareva, L.V., 2010. Detection of molecular markers of drug resistance in 2009
pandemic influenza A(HIN1) viruses by pyrosequencing. Antimicrob. Agents
Chemother. 54, 1102-1110.

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

Gaur, AH., Bagga, B.,, Barman, S., Hayden, R., Lamptey, A., Hoffman, J.M., Bho-
jwani, D., Flynn, P.M., Tuomanen, E., Webby, R., 2010. Intravenous zanamivir
for oseltamivir-resistant 2009 H1N1 influenza. N. Engl. . Med. 362, 88-89.

Gulland, A., 2009. First cases of spread of oseltamivir resistant swine flu between
patients are reported in Wales. BM] 339, b4975.

Harvala, H., Gunson, R., Simmonds, P., Hardie, A., Bennett, S., Scott, F., Roddie, H.,
McKnight, J., Walsh, T., Rowney, D., Clark, A., Bremner, J., Aitken, C., Templeton,
K., 2010. The emergence of oseltamivir-resistant pandemic influenza A(HIN1)
2009 virus amongst hospitalised immunocompromised patients in Scotland
November-December, 2009. Euro Surveill., 15.

Hurt, A.C,, Barr, L.G., Komadina, N., Hampson, A.W., 2004. A novel means of identi-
fying the neuraminidase type of currently circulating human A(H1) influenza
viruses. Virus Res. 103, 79-83.

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

Hurt, A.C, Holien, JK., Parker, M. Kelso, A. Barr, 1.G., 2009b. Zanamivir-
resistant influenza viruses with a novel neuraminidase mutation. J. Virol. 83,
10366-10373.

Ives, J.A., Carr, ].A., Mendel, D.B., Tai, C.Y., Lambkin, R., Kelly, L., Oxford, ].S., Hayden,
F.G., Roberts, N.A., 2002. The H274Y mutation in the influenza A/HIN1 neu-
raminidase active site following oseltamivir phosphate treatment leave virus
severely compromised both in vitro and in vivo. Antivir. Res. 55, 307-317.

Klimov, A.L, Rocha, E., Hayden, F.G., Shult, P.A., Roumillat, L.F., Cox, N.J., 1995.
Prolonged shedding of amantadine-resistant influenzae A viruses by immunod-
eficient patients: detection by polymerase chain reaction-restriction analysis. J.
Infect. Dis. 172, 1352-1355.

Lackenby, A., Democratis, J., Siqueira, M.M., Zambon, M.C., 2008a. Rapid quantita-
tion of neuraminidase inhibitor drug resistance in influenza virus quasispecies.
Antivir. Ther. 13, 809-820.

Lackenby, A., Hungnes, O., Dudman, S.G., Meijer, A., Paget, W.J., Hay, AJ., Zambon,
M.C., 2008b. Emergence of resistance to oseltamivir among influenza A(HIN1)
viruses in Europe. Euro Surveill., 13.

Le, Q.M., Wertheim, H.F., Tran, N.D., van Doorn, H.R., Nguyen, T.H., Horby, P., 2010.
A community cluster of oseltamivir-resistant cases of 2009 HIN1 influenza. N.
Engl. ]. Med. 362, 86-87.

Okomo-Adhiambo, M., Nguyen, H.T., Sleeman, K., Sheu, T.G., Deyde, V.M., Garten,
RJ., Xu, X., Shaw, M.W.,, Klimov, A.L, Gubareva, L.V., 2010. Host cell selection of
influenza neuraminidase variants: implications for drug resistance monitoring
in A (HIN1) viruses. Antivir. Res. 85, 381-388.

Renaud, C., Kuypers, J., Corey, L., 2010. Diagnostic accuracy of an allele-specific
reverse transcriptase-PCR assay targeting the H275Y oseltamivir resistant muta-
tion in 2009 pandemic influenza A/H1NT1 virus. J. Clin. Virol. 49, 21-25.

Uyeki, T., 2009. Antiviral treatment for patients hospitalized with 2009 pandemic
influenza A(H1N1). N. Engl. ]. Med. 361, e110.

van der Vries, E., Jonges, M., Herfst, S., Maaskant, J., Van der Linden, A., Guldemeester,
J.,Aron, G.I, Bestebroer, T.M., Koopmans, M., Meijer, A., Fouchier, R.A., Osterhaus,
A.D.,Boucher, C.A.,, Schutten, M., 2009. Evaluation of a rapid molecular algorithm
for detection of pandemic influenza A(H1N1) 2009 virus and screening for a key
oseltamivir resistance (H275Y) substitution in neuraminidase. J. Clin. Virol. 47,
34-37.

Weinstock, D.M., Gubareva, L\V., Zuccotti, G. 2003. Prolonged shedding of
multidrug-resistant influenza A virus in an immunocompromised patient. N.
Engl. ]. Med. 348, 867-868.

WER, 2009. Oseltamivir-resistant pandemic (H1N1) 2009 influenza virus. In:
Weekly Epidemiology Record, October 2009 ed. World Health Organization, pp.
453-459.

WHO, 2009. Pandemic (H1N1) 2009: Update 60. World Health Organization, Geneva,
Switzerland. http://www.who.int/csr/don/2009-08_04/en/index.html.

WHO, 2010. Pandemic (H1N1)2009. http://www.who.int/csr/disease/influenza/2010_
12_.01.weekly_web_update_oseltamivir_resistance.pdf.


http://www.who.int/csr/don/2009_08_04/en/index.html
http://www.who.int/csr/disease/influenza/2010_12_01_weekly_web_update_oseltamivir_resistance.pdf
http://www.who.int/csr/disease/influenza/2010_12_01_weekly_web_update_oseltamivir_resistance.pdf

	A comparison of pyrosequencing and neuraminidase inhibition assays for the detection of oseltamivir-resistant pandemic inf...
	Introduction
	Materials and methods
	Virus strains and clinical specimens
	RNA extraction, real-time RT-PCR and RT-PCR
	Pyrosequencing
	Neuraminidase enzyme inhibition assay
	Curve-fitting analysis

	Results
	Detection of H275Y mutant virus in a mixed population by pyrosequencing and NA inhibition assays
	Oseltamivir-resistant viruses were detected in five patients undergoing oseltamivir treatment
	Confirmation of de novo mutation of the oseltamivir-resistant viruses from two patients

	Discussion
	Acknowledgments
	References


