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During the first year of the influenza A(HiN1)2009 pan-
demic, unprecedented amounts of the neuraminidase
inhibitors, predominantly oseltamivir, were used in
economically developed countries for the treatment
and prophylaxis of patients prior to the availability of a
pandemic vaccine. Due to concerns about the develop-
ment of resistance, over 1,400 influenza A(HiN1)2009
viruses isolated from the Asia-Pacific region during
the first year of the pandemic (March 2009 to March
2010) were analysed by phenotypic and genotypic
assays to determine their susceptibility to the neu-
raminidase inhibitors. Amongst viruses submitted to
the World Health Organization Collaborating Centre
for Reference and Research in Melbourne, Australia,
oseltamivir resistance was detected in 1.3% of influ-
enza A(HiN1)2009 strains from Australia and 3.1%
of strains from Singapore, but none was detected in
specimens received from other countries in Oceania or
south-east Asia, or in east Asia. The overall frequency
of oseltamivir resistance in the Asia-Pacific region
was 16 of 1,488 (1.1%). No zanamivir-resistant viruses
were detected. Of the 16 oseltamivir-resistant isolates
detected, nine were from immunocompromised indi-
viduals undergoing oseltamivir treatment and three
were from immunocompetent individuals undergoing
oseltamivir treatment. Importantly, four oseltamivir-
resistant strains were from immunocompetent indi-
viduals who had not been treated with oseltamivir,
demonstrating limited low-level community trans-
mission of oseltamivir-resistant strains. Even with
increased use of oseltamivir during the pandemic,
the frequency of resistance has been low, with little
evidence of community-wide spread of the resistant
strains. Nevertheless, prudent use of the neuramini-
dase inhibitors remains necessary, as does continued
monitoring for drug-resistant influenza viruses.
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Introduction

Neuraminidase inhibitors (NAls) are specifically
designed to bind to the conserved neuraminidase (NA)
enzymatic site of all influenza A and B viruses, inhibit-
ing the normal function of the enzyme and preventing
virus release from the host cell following replication
[1]. The NAls oseltamivir (Tamiflu, Hoffmann-La Roche)
and zanamivir (Relenza, GlaxoSmithKline) have been
available throughout the world for the treatment and
prevention of influenza infections since 1999. Another
NAI, peramivir (Biocryst), that has been under inves-
tigation as a parenteral formulation, was given emer-
gency use authorisation in some countries such as the
United States (US) and Australia during 2009, and in
early 2010 was approved for use in Japan for the treat-
ment of both uncomplicated and severe influenza infec-
tions [2,3]. In previous years the use of these drugs for
the treatment of typical seasonal influenza has been
greatest in Japan and the US, but has been very low
in other parts of the world such as Australasia, south-
east Asia and the South Pacific [4]. Despite their rela-
tively low usage for seasonal influenza and unknown
effectiveness against potential pandemic strains, in
the last decade many economically developed coun-
tries began stockpiling NAls for use in the event of an
influenza pandemic [5,6]. The influenza A(HiN1)2009
pandemic was the first influenza pandemic to have
occurred since the NAls became available.

Early analysis of the pandemic influenza A(HiN1)2009
strain revealed that it was susceptible to the NAls but
was resistant to the adamantanes, an older class of
anti-influenza drugs that inhibit the M2 ion channel [7].
In the early months of the pandemic and prior to the
production and availability of a specific vaccine, the
NAls were the only specific pharmaceutical intervention



available for the treatment or prevention of infec-
tion with this novel strain. In economically developed
countries such as Australia, significantly increased
amounts of oseltamivir were prescribed during the
2009 pandemic compared to previous years (Figure 1),
whereas less economically developed countries in the
region used little or no NAls during the pandemic.

Prior to 2007, only sporadic cases of NAl resistance had
been detected, even in Japan and the US where large
quantities of the drugs were used. However in late
2007, high frequencies of oseltamivir-resistant sea-
sonal influenza A(H1N1) viruses began to be detected
in untreated individuals in Europe and the US [8,9]
and by the middle of 2008 these viruses had spread
to many parts of the Asia-Pacific region [10]. By 2009
virtually all seasonal influenza A(H1N1) viruses circulat-
ing globally were oseltamivir-resistant [11], indicating
that the mutant viruses were of equivalent or greater
fitness than the previous oseltamivir-sensitive strain,

FIGURE 1

Number of Tamiflu prescriptions filled in Australia
between 2006 and 2009
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All data derived from IMS Health kindly provided by F. Hoffmann-
La Roche Ltd. IMS Rx data represents prescription data, and not
necessarily consumption data. Some prescriptions were given
based on clinical diagnosis and therefore may include individuals
with diseases other than influenza. Data from other countries in
the region were not available.

thus dismissing the theory that all viruses with NAI-
resistance mutations have a reduced viral fitness [12].
The oseltamivir-resistant seasonal influenza A(H1N1)
strains all contained an H275Y mutation in the NA
(equivalent to residue 274 based on N2 numbering)
[10], a substitution that has previously been detected
in other oseltamivir-resistant viruses containing an N1
neuraminidase, such as highly pathogenic influenza
A(HgN1) viruses [13]. Therefore, the emergence of the
N1-containing 2009 pandemic virus raised concerns
that oseltamivir-resistant variants with the H275Y
NA mutation (or with other mutations that confer NAI
resistance) may emerge and spread throughout the
world. Here we report on the frequency of oseltami-
vir and zanamivir resistance observed in influenza
A(H1N1)2009 viruses from the Asia-Pacific region dur-
ing the first year of the pandemic and describe viro-
logical and epidemiological properties of the resistant
viruses detected.

Materials and methods

Viruses

Isolates and clinical specimens from Oceania, Asia and
Africa were received at the World Health Organization
Collaborating Centre for Reference and Research on
Influenza (WHO CC), Melbourne, Australia, as part of
the WHO Global Influenza Surveillance Network. No
recommendations were made regarding the number
and type of specimens or isolates sent by submitting
laboratories, and the specimens were received from
institutes with varying analytical capacity. Some of
the samples submitted to the WHO CC may have been
biased towards severe or hospitalised cases. Of those
confirmed to be the novel influenza A(H1N1)2009 sub-
type, 1,146 cultured influenza isolates were tested
for NAI susceptibility using a functional NA inhibition
assay, and a further 342 clinical specimens were tested
using molecular techniques for the presence of the
H275Y amino acid mutation (Table 1). None of the 342
clinical specimens had a corresponding isolate, there-
fore each one of the 1,488 samples tested (isolates and
clinical specimens) represents an individual patient. All
1,488 samples were taken from patients infected with
the influenza A(H1N1)2009 virus within the first year of
the pandemic (17 March 2009 to 17 March 2010). The
NAI treatment status of patients was not known for the
majority of samples received at the WHO CC, although
this information was retrospectively obtained for the
viruses detected as resistant.

Neuraminidase inhibition assay

All viruses were isolated in Madin-Darby canine kidney
(MDCK) cells using standard techniques described pre-
viously [14]. Oseltamivir, zanamivir and peramivir sus-
ceptibility was measured using a NA inhibition assay
that utilises the fluorescent product 4-methylumbellif-
erone from the substrate 2-(4-methylumbelliferyl)-a-D-
N-acetylneuraminic acid (MUNANA) (Sigma, Australia)
as a measure of NA activity [15] following a previously
published protocol [14]. Oseltamivir carboxylate, the
active form of the ethyl ester prodrug oseltamivir
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phosphate, was kindly provided by Hoffmann-La Roche
Ltd, Switzerland, and zanamivir was kindly provided
by GlaxoSmithKline, Australia. Peramivir was kindly
provided by BioCryst, Birmingham, US, and was used
to test strains with reduced oseltamivir susceptibil-
ity. IC50 values (the concentrations required to inhibit
50% of NA activity) were calculated using a logistic
curve fit programme ‘Robosage’ kindly provided by
GlaxoSmithKline, UK.

RT-PCR, sequencing and pyrosequencing

The NA and haemagglutinin (HA) genes were amplified
by RT-PCR and sequenced using standard techniques
[16]. Pyrosequencing followed previously published
methods [17] and relative proportions of wild-type and
mutant genes were determined using the Pyromark ID
vi.0 software following allele quantitation analysis.
Neighbour-Joining phylogenetic trees of the HA and NA
genes were constructed using the PAUP (V4.0) plugin
on Geneious [18,19]. Bootstrap values were calculated
from 1,000 NJ replicates. FigTree v1.3.1 was used to dis-
play the trees.

TABLE 1

Results

Of the 1,146 cell culture-grown influenza A(H1N1)2009
influenza isolates tested for NAI susceptibility, nine
demonstrated resistance to oseltamivir and none
was resistant to zanamivir (Table 1). The mean IC,, +
standard deviation for the fully susceptible influenza
A(H1N1)2009 isolates was 0.3 + 0.2 nM for zanamivir
(n=1,146), 0.5 + 0.4 nM for oseltamivir (h=1,137) and 0.2
+ 0.1 nM for peramivir (n=94). In comparison, the nine
oseltamivir-resistant influenza A(HiN1)2009 isolates
had mean oseltamivir IC, values ranging from 279 nM
to 462 nM (Table 2), at [east 550-fold higher than the
mean oseltamivir IC_ value for susceptible wild-type
influenza A(H1N1)2009 strains. The oseltamivir-resist-
ant strains remained fully susceptible to zanamivir, but
had peramivir IC50 values ranging from 30.6 nM to 42.0
nM, demonstrating an approximate 170-fold increase
compared to the mean peramivir IC__ for fully suscepti-
ble influenza A(H1N1)2009 isolates (Table 2). Sequence
analysis of the oseltamivir-resistant strains revealed
that they all contained the H275Y NA mutation.

Frequency of oseltamivir-resistant influenza A(HIN1)2009 viruses from different countries, Asia-Pacific region, 17 March

2009 to 17 March 2010 (n=1,488)

Isolates tested by NA enzyme inhibition assay

Region / country

No. oseltamivir-

e resistant®

No. zanamivir-
resistant

Clinical specimens tested by
pyrosequencing?

No. with H275Y
mutation®

Total frequency of oseltamivir

resistance
No. tested

Australasia 808 5 o} 312 7 1.1% (12/1,120)
Australia 649 5 o 312 7 1.3 % (12/961)
New Zealand 159 ¢} 0 ¢} o}
South-east Asia 252 4 o 3 o 1.6% (4/255)
Brunei 12 o] o o o]
Cambodia 10 o} o} o o}
Malaysia 64 ¢} o} o} ¢}
Philippines 32 o o o o
Singapore 128 4 o o 3.1% (4/128)
Thailand 6 o o o o
Other? o o o 3 o o
South Asia and east Asia 24 o o o) 0% (0/24)
Sri Lanka 3 o] o] 0 o]
Macau 21 o] o] o] o]
South Pacific 62 o o 27 o 0% (0/89)
Fiji 17 o] o] 1 o] o]
Guam 5 o] (o] o] o]
New Caledonia 12 o o 6 o o
Tahiti 28 0 o] 1 o o
Othere o 14 o o
Total 1,146 9 o 342 7 1.1% (16/1488)

NA: neuraminidase.

2 None of the 342 clinical specimens had a corresponding isolate, therefore each one of the 1,488 samples tested (isolates and clinical

specimens) represents an individual patient.

®Viruses were considered resistant if the IC5o exceeded 200 nM. All oseltamivir-resistant strains detected in NA enzyme inhibition assay were

confirmed to contain the H275Y mutation.

¢ Only includes specimens that contained at least 50% of the H275Y mutation according to allele quantitation pyrosequencing analysis.

4 Papua New Guinea (n=2), East Timor (n=1).

¢ Nauru (n=1), Palau (n=1), Kosrae (n=4), Yap (n=3), Chuuk (n=3), Pohnpei (n=2).
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Of the nine oseltamivir-resistant H275Y mutant isolates
detected in the NA enzyme inhibition assay, five were
from Australia and four were from Singapore (Table
1). Pyrosequencing analysis of clinical specimens that
could not be cultured (n=342) detected a further seven
Australian viruses with the H275Y mutation (Table
1). Apart from these seven strains, an additional five
Australian clinical specimens were found to contain the
H275Y mutation, but analysis revealed the presence of
the mutant virus at a proportion lower than 50% (rang-
ing from 5% to 34 %) and therefore these samples
were not included in the count of oseltamivir-resistant
strains. In comparison, the seven Australian clinical
specimens that were classified as oseltamivir-resistant
contained the H275Y mutant at a proportion of 89% to
100% of the viral population.

By combining the data from the functional NA inhibi-
tion assay and the pyrosequencing assays, the overall
frequency of oseltamivir-resistance in the Australian
influenza A(H1N1)2009 viruses submitted to the WHO
CC was 1.3% (12/961), while the frequency was slightly
higher in the Singaporean influenza A(HiN1)2009
viruses (4/128; 3.1%) (Table 1). As oseltamivir-resistant
viruses were not detected among samples from any
other countries, the overall frequency of oseltamivir-
resistance in influenza A(H1N1)2009 viruses detected
in the Asia-Pacific region was 1.1% (16/1,488) (Table 1).

TABLE 2

Of the 16 cases in whom oseltamivir resistance was
detected, nine patients were considered immunocom-
promised and were receiving oseltamivir treatment at
the time the specimens yielding resistant virus were
collected. These patients were ill during the southern
hemisphere winter period in the early months of the
first pandemic wave and some of them were shedding
virus for over three weeks whilst receiving multiple
courses of single and double-dose oseltamivir treat-
ment (Table 2). Eight of these patients were undergo-
ing chemotherapy for cancer, including treatment for
multiple myeloma (Table 2, Patient 2), prolymphocytic
leukaemia (Table 2, Patient 4) and aplastic anaemia
(Table 2, Patient 5), as reported in detail previously
[20]. One immunosuppressed patient had undergone
a renal transplant seven weeks prior to their influenza
infection (Table 2, Patient 8). Following infection with
an oseltamivir-sensitive influenza A(H1iN1)2009 virus,
Patient 8 shed both oseltamivir-sensitive and -resist-
ant viruses over a period of nine weeks whilst under-
going 36 days of single- or double-dose oseltamivir
treatment together with shorter periods of nebulised
and intravenous zanamivir treatment (a full case study
on this patient has been reported previously [21]).

Seven patients who had an infection with oseltami-
vir-resistant virus were otherwise healthy and immu-
nocompetent. Of these seven patients, three were
receiving oseltamivir treatment at the time of recovery
of resistant virus, including a case from Singapore of an

Patient and virological details for oseltamivir-resistant H275Y mutant influenza A(H1N1)2009 viruses, Asia-Pacific region,

17 March 2009 to 17 March 2010 (n=16)

Patient details

NAI susceptibility of isolates

(mean + standard deviation)

Patient Location Immunological Oseltamivir Specimen date Known durgtion of  Oseltamivir Peramivir Zanamivir
number status treatment shedding IC50 (nM) ICS0 (nM) ICSO (nM)
1 Singapore Competent Yes 30 May 09 27-30 May 09 374.1% 37.3 41.6 £12.2 0.3%.04
2 Melbourne, Australia | Compromised Yes 25 June 09 16—25 June 09

3 Sydney, Australia Compromised Yes 20 July o9 —-20July 09

4 Melbourne, Australia | Compromised Yes 22 July o9 30 June—22July o9

5 Melbourne, Australia | Compromised Yes 24 July 09 20-24 July 09

6 Perth, Australia Compromised Yes 28 July o9 Unknown 306.7 £ 21.2 33.3+3.4 0.31%0.03
7 Sydney, Australia Compromised Yes 10 Aug 09 20 July-10 Aug 09 | 279.1+44.9 | 42.0+11.9 | 0.25%0.05
8 Perth, Australia Compromised Yes 12 Aug 09 24 July-24 Aug 09 | 296.7 +20.0 | 37.8+%3.7 0.28 £ 0.02
9 Singapore Compromised Yes 14 Aug 09 3-14 Aug 09 462.3+74.3 | 32.0%5.3 0.32 £ 0.07
10 Perth, Australia Competent Yes 14 Aug 09 9-14 Aug 09 292.6 +25.2 | 32.5%5.6 0.23+0.02
11 Sydney, Australia Compromised Yes 18 Aug 09 Unknown 312.5+39.0 | 32.1%5.0 0.30 + 0.05
12 Darwin, Australia Competent No 29 Dec o9 Unknown

13 Melbourne, Australia? Competent No 15 Jan 10 Unknown

14 Melbourne, Australia® Competent No 15 Jan 10 Unknown

15 Singapore Competent Yes 21Jan 10 17 Jan-1Feb 10 295.5+32.1 29.1+2.1 0.26 +0.03
16 Singapore Competent No Unknown 378.5 % 67.0 30.6 £3.1 0.31+0.03

NAI: neuraminidase inhibitor; IC50: inhibitory concentration reducing 50% of neuraminidase NA activity).
- indicates that the H275Y mutant virus could not be cultured and therefore no isolate was available for NAI susceptibility analysis.

2 Patients were related.
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American patient initially infected in New York (Table 2,
Patient 1). This case represents the earliest oseltamivir-
resistant influenza A(H1iN1)2009 virus reported in this
study (30 May 2009). Importantly, four of the immuno-
competent patients from whom oseltamivir-resistant
virus was recovered were not being treated with osel-
tamivir or any other influenza antiviral drug and had no
known contact with other individuals receiving osel-
tamivir treatment. Each of these four cases occurred
between 29 December 2009 and 1 February 2010, well
after the main pandemic periods in Australia (late May
to early October 2009) [22] and Singapore (late June to
early October 2009) [23].

HA and NA gene sequence analysis was conducted
on all of the oseltamivir-resistant viruses that were
successfully cultured. Phylogenetic trees drawn
from sequences derived from this study showed that
oseltamivir-resistant and -sensitive strains were dis-
tributed throughout different parts of the tree, with
bootstrap values showing less than 50% support for
the majority of branches (Figure 2). The low bootstrap
values are a result of the lack of divergence in the influ-
enza A(H1iN1)2009 viruses since their emergence, and
as a consequence the genetic data is neither able to
support nor disprove the epidemiological conclusions
that these strains arose independently and not as part
of an emergent group of related variants.

Discussion

Characterisation of the first influenza A(HiN1)2009
viruses from the pandemic revealed that the strains
were resistant to the older class of influenza antivi-
rals, the adamantanes [7], similar to the other swine
influenza viruses concurrently circulating in North
America [24]. Therefore the NAls were the only class
of influenza antiviral drug available for the treatment
and prophylaxis of the novel pandemic strain, and
were particularly important before the availability of a
specific vaccine. The studies published to date indicate
that oseltamivir usage in patients was significantly
greater than zanamivir usage during the first year of
the pandemic [25-27], and was associated with a lower
risk of intensive care admission or death in hospital-
ised patients if commenced within two days of symp-
tom onset [28].

Although increased amounts of oseltamivir and, to a
lesser extent, zanamivir were used during the 2009
influenza A(HiN1) pandemic, only 267 oseltamivir-
resistant viruses were reported globally from over
10,000 samples during the first year of the pandemic
[29]. In this study, oseltamivir-resistant viruses were
detected in Australia and Singapore, but not in sam-
ples from the South Pacific, New Zealand, Kenya,
south Asia and east Asia, although it is of note that
only a relatively small number of viruses were avail-
able for testing from the regions where resistance was
not detected, and that analysis of a greater number of
samples may have revealed a low proportion of resist-
ance. Due to insufficient samples it was not possible
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to determine if oseltamivir resistance was more preva-
lent in children than in adults, as has been reported
previously for seasonal influenza [30]. It is most likely
that the higher apparent frequency of resistance in
Australia and Singapore was a reflection of the amount
of oseltamivir used there during the pandemic. The fre-
quency of oseltamivir resistance in Australia (1.3%) and
Singapore (3.1%), as determined in this study, was no
higher than that reported among oseltamivir-treated
adult patients infected with seasonal influenza viruses
in clinical trials (1-4%) [31,32] but was higher than that
observed in community surveillance studies before
2007 [33-35]. However, care should be taken in drawing
conclusions about the frequency of resistance either in
treated individuals or in specific patient groups (e.g.
immunocompromised) as detailed clinical and epide-
miological information was unavailable for the major-
ity of the NAI susceptible cases tested in this study. In
addition, it should be noted that samples submitted to
the WHO CC (and therefore tested in this study) may
be biased towards unusual isolates or hospitalised
patients, and therefore the actual frequency of osel-
tamivir resistance in some countries may be lower than
reported here.

Before 2007, there was little evidence of community
spread of oseltamivir-resistant viruses and resistant
strains in untreated patients were only occasionally
detected [16,35], presumably due to impaired viral
growth and infectivity of the resistant viruses [36-39].
However the global spread of oseltamivir-resistant
seasonal influenza A(H1N1) viruses with the H275Y NA
mutation during and after 2008 demonstrated the abil-
ity of these resistant strains to replicate and transmit
efficiently in the absence of drug selective pressure.
It is thought that two permissive mutations in the NA,
V234M and R222Q, that occurred in seasonal influ-
enza A(HiN1) viruses shortly before the emergence
of the H275Y mutant enabled the virus to tolerate the
resistance mutation with no impact on viral fitness
[40]. To date, neither of these compensatory muta-
tions have been detected in any influenza A(H1N1)2009
viruses (including those reported in this current
study), although the majority of influenza A(H1N1)2009
viruses actually possess N at residue 222 rather than
R [41]. Nevertheless, future close monitoring of gene
sequences is necessary as these, or other, permissive
mutations may enable influenza A(HiN1)2009 H275Y
mutant viruses to easily transmit throughout the com-
munity. In the current study we identified four patients
(Table 2, Patients 12,13,14 and 16) who were shedding
oseltamivir-resistant viruses even though they were
not undergoing oseltamivir treatment, and all were
detected during a period of low influenza activity in
the southern hemisphere (December 2009 to February
2010). It is unknown if these patients were infected
directly by oseltamivir-treated individuals shedding
resistant virus, or whether low level transmission of
resistant strains is occurring sporadically in the com-
munity. Previous studies have shown that H275Y osel-
tamivir-resistant influenza A(HiN1)2009 viruses was



transmitted from treated to untreated patients within
a hospital in Wales [42], and between close contacts
during a train journey in Vietnam [43], but there was
no evidence of subsequent transmission to the wider
community on either occasion.

Many of the specimens analysed in this study con-
tained a mixed viral population of both oseltamivir-
resistant and -sensitive viruses, indicating the need
for diagnostic tests to detect small proportions of
resistant virus in a mixture. The clinical significance
of low-level populations of oseltamivir-resistant virus
is uncertain, at least in otherwise healthy individuals.
Because most oseltamivir-resistant viruses (including
the H275Y mutant) remain fully susceptible to zanami-
vir, early detection of oseltamivir-resistant viruses in a
mixed population can facilitate the use of alternative
antivirals such as zanamivir, which have the potential
to improve patient outcome.

Although the NAIls have been used in Japan and the

US for many years, they have had relatively little use
elsewhere. Therefore concern existed that sudden

FIGURE 2

large-scale use of the NAls in a pandemic, across many
countries around the world, may result in the rapid
and widespread selection of resistant viruses. Data
collected during the first year of the 2009 influenza
A(H1N1) pandemic has demonstrated that this has not
occurred, with only 1.1% of strains from the Asia-Pacific
region found to be oseltamivir-resistant and no detec-
tion of any zanamivir-resistant strains. Nevertheless,
prudent use of the NAls to treat infected individuals
is encouraged to avoid selection of resistant viruses,
which may in turn acquire the ability to transmit effi-
ciently throughout the community, thereby reducing
the available options for antiviral treatment.
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[ Victoria/2098/09 8/09

Darwin/2144/09 12/09
Chuuk/2004/09 9/09
—— Sin apore/544/09 10/09
Perth/268/09 10/09
Cambodia/2005/09 7/09
Philippines/3718/09 7/09
— Auckland/1/09 4/09

62

Victoria/2132/09 5/09 (Patient#4)

Palau/2044/09 9/09

Kosrae/2013/09 9/09
Tahiti/2042/09 9/09
Palau/1/09 5/09

California/07/09 4/09

0.0010

Full haemagglutinin (HA) and neuraminidase (NA) gene sequences derived from influenza A(H1N1)2009 oseltamivir-resistant H275Y mutant
strains (in bold) are compared phylogenetically with oseltamivir-sensitive viruses. Specimen dates (month/year) are included after the strain
name. Patient numbers have been included in parentheses after the designation of oseltamivir-resistant viruses to allow cross referencing
with case details in Table 2. Culture of virus from Patients 2, 5, 12, 13 and 14 was attempted but was not successful, as such analysis of the
original specimen was undertaken but sequence data was not of sufficient quality or length to be included in the phylogenetic trees. Only
bootstrap values >50 are shown.

References

1.

Gubareva LV, Kaiser L, Hayden FG. Influenza virus 10.

neuraminidase inhibitors. Lancet. 2000;355(9206):827-35.

Mancuso CE, Gabay MP, Steinke LM, Vanosdol SJ. Peramivir: an
intravenous neuraminidase inhibitor for the treatment of 2009
H1iN1 influenza. Ann Pharmacother. 2010;44(7-8):1240-9.

Peramivir (Neuraminidase Inhibitor). BioCryst Pharmaceuticals
Inc. [Accessed 27 July 2010]. Available from: http://www.
biocryst.com/peramivir

Hurt AC, Holien JK, Parker M, Barr IG. Oseltamivir resistance
and the H274Y neuraminidase mutation in seasonal,
pandemic and highly pathogenic influenza yiruses. Drugs.
2009;69(18):2523-31.

Balicer RD, Huerta M, Davidovitch N, Grotto |. Cost-benefit of
stockpiling drugs for influenza pandemic. Emerg Infect Dis.
2005;11(8):1280-2.

Hayden FG, Pavia AT. Antiviral management of seasonal and
pandemic influenza. ] Infect Dis. 2006;194 Suppl 2:5119-26.

Garten RJ, Davis CT, Russell CA, Shu B, Lindstrom S, Balish
A, et al. Antigenic and genetic characteristics of swine-origin
2009 A(H1N1) influenza viruses circulating in humans. Science.
2009;325(5937):197-201.

Dharan NJ, Gubareva LV, Meyer JJ, Okomo-Adhiambo M,
McClinton RC, Marshall SA, et al. Infections with oseltamivir-
resistant influenza A(H1N1) virus in the United States. JAMA.
2009;301(10):1034-41.

Meijer A, Lackenby A, Hungnes O, Lina B, van der Werf

S, Schweiger B, et al. Oseltamivir-resistant influenza

virus A (H1N1), Europe, 2007-08 season. Emerg Infect Dis.
2009;15(4):552-60.

11.

12.

13.

14.

15.

16.

17.

www.eurosurveillance.org

Hurt AC, Ernest J, Deng Y, lannello P, Besselaar TG, Birch C,

et al. Emergence and spread of oseltamivir-resistant A(H1N1)
influenza viruses in Oceania, South East Asia and South Africa.
Antiviral Res. 2009;83(1):90-3.

Sheu TG, Fry AM, Garten R), Deyde VM, Shwe T, Bullion L, et

al. Dual resistance to adamantanes and oseltamivir among
seasonal influenza A(H1N1) viruses: 2008-2010. | Infect Dis.
2011;203(1):13-7.

Rameix-Welti MA, Enouf V, Cuvelier F, Jeannin P, van der Werf
S. Enzymatic properties of the neuraminidase of seasonal HiN1
influenza viruses provide insights for the emergence of natural
resistance to oseltamivir. PLoS Pathog. 2008;4(7):e1000103.

de Jong MD, Tran TT, Truong HK, Vo MH, Smith GJ, Nguyen VC,
et al. Oseltamivir resistance during treatment of influenza A
(H5N1) infection. N Engl ) Med. 2005;353(25):2667-72.

Hurt AC, Barr IG, Hartel G, Hampson AW. Susceptibility of
human influenza viruses from Australasia and South East Asia
to the neuraminidase inhibitors zanamivir and oseltamivir.
Antiviral Res. 2004;62(1):37-45.

Potier M, Mameli L, Belisle M, Dallaire L, Melancon SB.
Fluorometric assay of neuraminidase with a sodium
(4-methylumbelliferyl-alpha-D-N-acetylneuraminate) substrate.
Anal Biochem. 1979;94(2):287-96.

Hurt AC, Barr IG. Influenza viruses with reduced sensitivity to
the NA inhibitor drugs in untreated young children. Commun
Dis Intell. 2008;32(1):57-62.

Hurt AC, Holien JK, Parker M, Kelso A, Barr IG. Zanamivir-
resistant influenza viruses with a novel neuraminidase
mutation. ] Virol. 2009;83(20):10366-73.



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Swofford DL. PAUP*: Phylogenetic analysis using parsimony
(and other methods). Version 4.0. Sunderland: Sinauer
Associates; 2003.

Drummond A}, Kearse M, Heled J, Moir R, Thierer T, Ashton
B, et al. Genious Pro 5.0.4. Auckland: Biomatters Ltd; 2006.
Available from: http://www.geneious.com

Tramontana AR, George B, Hurt AC, Doyle JS, Langan K,

Reid AB, et al. Oseltamivir resistance in adult oncology and
hematology patients infected with pandemic (H1N1) 2009 virus,
Australia. Emerg Infect Dis. 2010;16(7):1068-75.

Speers DJ, Williams SH, Pinder M, Moody HR, Hurt AC, Smith
DW. Oseltamivir-resistant pandemic (H1iN1) 2009 influenza
in a severely ill patient: the first Australian case. Med | Aust.
2010;192(3):166-8.

Australian Influenza Surveillance 2010 - Latest report. Report
No. 44: Reporting period 30 October — 5 November 2010.
Canberra: Australian Government DoHaA; 2010. Available
from: http://www.healthemergency.gov.au/internet/
healthemergency/publishing.nsf/Content/ozflucurrent.htm

Chen MI, Lee VJ, Lim WY, Barr IG, Lin RT, Koh GC, et al.

2009 influenza A(H1N1) seroconversion rates and risk
factors among distinct adult cohorts in Singapore. JAMA.
2010;303(14):1383-91.

Shinde V, Bridges CB, Uyeki TM, Shu B, Balish A, Xu

X, et al. Triple-reassortant swine influenza A (H1) in

humans in the United States, 2005-2009. N Engl ) Med.
2009;360(25):2616-25.

Jamieson D), Honein MA, Rasmussen SA, Williams JL, Swerdlow
DL, Biggerstaff MS, et al. HIN1 2009 influenza virus infection
during pregnancy in the USA. Lancet. 2009;374(9688):451-8.

Riquelme R, Riquelme M, Rioseco ML, Inzunza C, Gomez Y,
Contreras C, et al. Characteristics of hospitalized patients with
2009 H1N1 influenza in Chile. Eur Respir J. 2010;36(4):864-9.

O’Riordan S, Barton M, Yau Y, Read SE, Allen U, Tran D. Risk
factors and outcomes among children admitted to hospital with
pandemic HiN1 influenza. CMAJ. 2010;182(1):39-44.

Jain S, Kamimoto L, Bramley AM, Schmitz AM, Benoit

SR, Louie J, et al. Hospitalized patients with 2009 HiN1
influenza in the United States, April-June 2009. N Engl ] Med.
2009;361(20):1935-44.

Pandemic (HiN1) 2009 - update 92. Geneva: World Health
Organization; 19 March 2010. Available from: http://www.who.
int/csr/don/2010_03_19/en/index.html

Kiso M, Mitamura K, Sakai-Tagawa Y, Shiraishi K, Kawakami
C, Kimura K, et al. Resistant influenza A viruses in

children trated with oseltamivir: descriptive study. Lancet.
2004;364(9436):759-65.

Jackson HC, Roberts N, Wang ZM, Belshe R. Management of
influenza: Use of new antivirals and resistance in perspective.
Clin Drug Invest. 2000;20(6):447-54.

Gubareva LV, Kaiser L, Matrosovich MN, Soo-Hoo Y, Hayden
FG. Selection of influenza virus mutants in experimentally
infected volunteers treated with oseltamivir. ] Infect Dis.
2001;183(4):523-31.

Hurt AC, Barr IG, Hartel G, Hampson AW. Susceptibility of
human influenza viruses from Australasia and South East Asia
to the neuraminidase inhibitors zanamivir and oseltamivir.
Antiviral Res. 2004;62(1):37-45.

Monto AS, McKimm-Breschkin JL, Macken C, Hampson AW,
Hay A, Klimov A, et al. Detection of influenza viruses resistant
to neuraminidase inhibitors in global surveillance during

the first 3 years of their use. Antimicrob Agents Chemother.
2006;50(7):2395-402.

Sheu TG, Deyde VM, Okomo-Adhiambo M, Garten RJ, Xu X,
Bright RA, et al. Surveillance for neuraminidase inhibitor
resistance among human influenza A and B viruses circulating
worldwide from 2004 to 2008. Antimicrob Agents Chemother.
2008;52(9):3284-92.

Ives JA, Carr JA, Mendel DB, Tai CY, Lambkin R, Kelly L, et al.
The H274Y mutation in the influenza A/HiN1 neuraminidase
active site following oseltamivir phosphate treatment leave
virus severely compromised both in vitro and in vivo. Antiviral
Res. 2002;55(2):307-17.

Abed Y, Goyette N, Boivin G. A reverse genetics study of
resistance to neuraminidase inhibitors in an influenza A/H1N1
virus. Antivir Ther. 2004;9(4):577-81.

Herlocher ML, Truscon R, Elias S, Yen HL, Roberts NA, Ohmit
SE, et al. Influenza viruses resistant to the antiviral drug
oseltamivir: transmission studies in ferrets. ) Infect Dis.
2004;190(9):1627-30.

Herlocher ML, Carr J, Ives J, Elias S, Truscon R, Roberts N,

et al. Influenza virus carrying an R292K mutation in the
neuraminidase gene is not transmitted in ferrets. Antiviral Res.
2002;54(2):99-111.

40.

41.

42.

43.

Bloom JD, Gong LI, Baltimore D. Permissive secondary
mutations enable the evolution of influenza oseltamivir
resistance. Science. 2010;328(5983):1272-5.

Holmes EC. Virology. Helping the resistance. Science.
2010;328(5983):1243-4.

Gulland A. First cases of spread of oseltamivir resistant
swine flu between patients are reported in Wales. BMJ.
2009;339:b4975.

Le QM, Wertheim HF, Tran ND, van Doorn HR, Nguyen TH, Horby
P, et al. A community cluster of oseltamivir-resistant cases of
2009 H1iN1 influenza. N Engl ) Med. 2010;362(1):86-7.

www.eurosurveillance.org



