Antiviral Research 80 (2008) 200-205

Contents lists available at ScienceDirect ANTIVIRAL
RESEAR

Antiviral Research

journal homepage: www.elsevier.com/locate/antiviral

Adamantane resistance in influenza A(H1) viruses increased in 2007 in South
East Asia but decreased in Australia and some other countries

I.G. Barr®P-* Y.M. Deng?, P. lannello?, A.C. HurtP, N. Komadina?

2 WHO Collaborating Centre for Reference and Research on Influenza, 45 Poplar Road, Parkville, Melbourne, Victoria 3052, Australia
b Monash University Gippsland, Churchill, Victoria 3842, Australia

ARTICLE INFO ABSTRACT

Article history:
Received 18 April 2008
Accepted 12 June 2008

The adamantanes (amantadine and rimantadine) were the initial antivirals licensed for use against
influenza A viruses and have been used in some countries to control seasonal influenza and have also
been stockpiled for potential pandemic use. While high rates of resistance have been observed in recent
years with A(H3) viruses, the rates of resistance with A(H1) viruses has varied widely. In this study we

Keywords:' analysed 281 human influenza A viruses isolated in 2007 that were referred to the WHO Collaborating
A_mantadn_ne Centre for Reference and Research in Melbourne, mainly from Australia and the surrounding regions, for
Rimantadine . . . .

Resistance evidence of resistance to adamantanes and a subset of these was examined for resistance to the neu-
Matrix raminidase inhibitors (NIs). We found that the rates of adamantane resistance in A(H3) viruses continued
Influenza to increase in most countries in 2007 but a distinct variation was seen with A(H1) resistance levels. A(H1)

viruses from Australia, New Zealand and Europe had low rates of resistance (2-9%) whereas viruses from
a number of South East (SE) Asian countries had high rates of resistance (33-100%). This difference can be
attributed to the spread of A/Brisbane/59/2007-like viruses to many parts of the world with the exception
of SE Asia where A/Hong Kong/2652/2006-like viruses continue to predominate. When these two A(H1)
subgroups were compared for their in vitro sensitivity to the other class of influenza antiviral drugs, the
neuraminidase inhibitors, no difference was seen between the groups with both showing normal levels
of sensitivity to these drugs, The finding of reducing A(H1) resistance rates in Australia and rising levels
in SE Asia in 2007, reverses the trend seen in 2006 when A(H1) resistance levels were rising in Australia

and elsewhere but remained low in most of SE Asia.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction rates of adamantane-resistant viruses, the use of the newer group

of influenza antivirals known as neuraminidase inhibitors (NIs)

Since the mid-2000s the level of resistance to the adamantanes,
a class of antivirals active against influenza A viruses, has been
increasing for both the A(H3N2) and A(H1N1) influenza viruses
in most countries. This has been especially evident for the A(H3)
viruses which have reached almost 100% resistance in several coun-
tries (Bright et al., 2005; Deyde et al., 2007; Barr et al., 2007)
and resistance in A(H1) viruses has also been rising in recent
years (Bright et al., 2006; Deyde et al., 2007; Barr et al., 2007).
This class of drugs, which includes the licensed products aman-
tadine (Symmetrel™) and rimantadine (Flumadine™), has been
widely used in many countries to combat seasonal influenza and in
some countries has been stockpiled by for use in future pandemics
(Aoki, 1998; Tsiodras et al., 2007). Due to the persistence of high
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(Reece, 2007), oseltamivir (Tamiflu™) and zanamivir (Relenza™),
was recommended for the treatment or prevention of influenza for
the last two influenza seasons by the US CDC (Centers for Disease
Control and Prevention) and ACIP (Advisory Committee on Immu-
nization Practices) (CDC, 2006; Fiore et al., 2007). Recently however
there has been an increase in the proportion of A(H1N1) viruses
with resistance to oseltamivir found in Europe, North America, Aus-
tralia, Hong Kong, Japan, and especially in Norway where resistance
was reported to be as high as 66% (155/234 viruses tested) of the
2007-2008 A(H1) viruses (last quarter 2007-April 4 2008, WHO,
2008a). There have also been reports of increased levels of resis-
tance to zanamivir in circulating viruses in Australia and South East
Asia (Hurt and Barr, 2007).

With the increasing levels of resistance to both licensed NI it
is important to monitor the rates of resistance to the adaman-
tanes in both circulating seasonal and potentially pandemic strains
of influenza. The adamantanes work by blocking the ion channel
formed by the M2 protein of influenza A viruses and inhibiting
the early stages of virus replication (Hay, 1992; Pinto et al., 1992;
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Aoki, 1998). The mechanism of resistance is well understood and
revolves around mutations in the M2 protein that lead to the loss
of binding or action of these drugs (Hay et al., 1985; Aoki, 1998,).
Several amino acid substitutions (at positions 26, 27, 30, 31 and
34) in the M2 protein and prevent binding of the adamantanes
or change the structure of the ion channel to allow it to operate
even in the presence of bound drug, with both types of change
resulting in the generation of resistant viruses (Hay et al., 1986;
Astrahan et al., 2004). This occurs when patients with influenza
are treated with these drugs where there is a rapid generation of
adamantane-resistant viruses and these resistant viruses are fully
capable of transmission to other humans (Shiraishi et al., 2003).
Abed et al. (2005) used reverse genetics to generate recombinant
influenza AA(H1N1)viruses with the commonly observed adaman-
tane resistance mutations in the M2 gene (L26F, V27A, A30T, S31N,
G34E, and V27A/S31N). They showed not only did all of these muta-
tions cause amantadine resistance but also the M2 mutants had
no impairment in their replicative capacities in vitro and were at
least as virulent as the wild-type virus in experimentally infected
mice.

The recent proliferation of adamantane-resistant A(H3) viruses
appears to have occurred by a chance reassortant event between
influenza A(H3) viruses, which has made these viruses fully fit,
possibly even more fit than other circulating A(H3) viruses, result-
ing in their current predominance (Simonsen et al., 2007). It is
unclear at this stage what events have occurred to increase the
A(H1) resistance levels although recombination with adamantane-
resistant A(H3) viruses or increased use of the drug appear unlikely
causes. Resistance among A(H1) viruses has generally not increased
as quickly as it has among A(H3) viruses, with only a few regions
having high levels of resistance in 2006 (e.g. Taiwan, Province of
China with 82% (9/11) resistant strains) and most having low lev-
els of resistance. For example in Malaysia and the Philippines in
2006, n0 A(H1)adamantane-resistant viruses were detected among
26 viruses tested. In Australia levels of resistance in A(H1) viruses
grew from 0% in 2005 to 40% in 2006 (Barr et al., 2006a, 2007) com-
pared to the global levels of 4.1% in 2004-2005 rising to 15.5% in
2005-2006 (Deyde et al., 2007). In the present study we examined
influenza A viruses isolated in 2007 from patients with influenza in
Africa, Australia, France, New Zealand, South East Asia, Macau (SAR
of China), Pacific Islands and Taiwan (Province of China) and com-
pared these results to adamantane resistance levels seen in these
regions in previous years.

2. Materials and methods
2.1. Viruses

Influenza A(H3) and A(H1) viruses were received from WHO
National Influenza Centres, WHO Influenza Collaborating Centres
and other regional laboratories and hospitals from Australia, New
Zealand, and the Asia/Pacific region. Viruses were received as iso-
lates passaged in cell culture (MDCK cells) or as original clinical
samples in which influenza A had been detected by immunoflu-
orescence or by RT-PCR. Once received at the Centre, the isolates
were cultured in MDCK cells and monitored for growth by CPE and
the presence of haemagglutination activity using turkey red blood
cells (RBCs) as previously described (Barr et al., 2003). Positive
samples were typed using the haemagglutination inhibition (HAI)
assay against a panel of known standard reference viruses and their
homologous ferret antisera. Viruses were generally tested after two
or three passages in MDCK cells however some were tested after a
single passage and a small number tested after more than three
passages.

2.2. Sequencing

RNA extraction, RT-PCR and sequencing of the HA1 domain of
the HA gene and the full matrix (M) gene were performed as pre-
viously described (Barr et al., 2003). Details of the primers used
to amplify these genes are available on request. Sequences were
assembled using the Lasergene Seqman package IV (DNAStar 7)
and the phylogenetic relationships determined using PHYLIP V3.5.7
(Felsenstein, 1989) using the neighbour-joining method on ANGIS
(Australian National Genomic Information Service) and dendro-
grams were drawn using TreeExplorer V2.12 (Kumar et al., 2004).
Bootstrap confidence values were calculated using 1000 replicates
before determining phylogenetic distances with PHYLIP. The M2
amino acid sequences were analysed to determine the presence
of mutations known to confer resistance (Hay et al., 1985). All
sequences detailed in this report have been submitted to Gen-
Bank.

2.3. Neuraminidase inhibitor drug sensitivity assays

A selection of viruses was also tested for sensitivity to the
NIs oseltamivir carboxylate (the active component of oseltamivir;
kindly provided by Hoffman-La Roche, Ltd., Switzerland), zanamivir
and peramivir (an unlicensed NI currently in clinical trials; kindly
provided by Biocryst, Birmingham, USA) as previously described
(Hurt et al., 2004). Briefly, NA inhibition was measured using the
fluorescent product 4-methylumbelliferone from the substrate 2-
(4-methylumbelliferyl)-a-p-N-acetylneuraminic acid (MUNANA)
(Sigma) as a measure of NA activity. IC5q values (the concen-
trations required to inhibit 50% of NA activity) were calculated
using a logistic curve fit program “Robosage” kindly provided by
GlaxoSmithKline, UK. Sensitive and resistant control strains were
included in each assay.

3. Results

An increased proportion (34.2%) of influenza A(H1) viruses
(from the total number of influenza A(H1), A(H3) and B viruses)
was received at the WHO Collaborating Centre for Reference and
Research on Influenza, Melbourne in 2007 compared to recent years
(2006 16.8%; 2005 12.8%; 2004 8.4%; 2003 0.9%). This increase was
particularly high for some countries such as New Zealand, Australia
and Sri Lanka compared to 2006. A total of 127 A(H1) viruses and
154 A(H3) viruses sent to the Centre during 2007, were examined
for the specific mutations known to correlate with resistance to the
antiviral drugs amantadine and rimantadine (Table 1). These were
selected from 847 A(H1) and 1276 A(H3) viruses received at the
Centre during 2007 based on their country of origin and date of
isolation. The sequenced A(H3) and A(H1) viruses therefore repre-
sented 15% and 12%, respectively, of the total number received of
each subtype in 2007. The median age of the patients from which
the A(H1) viruses were sequenced was 16 years (mean: 18.5 years)
with a range of 1 month to 88 years (ages were only available for
104/127 patients (82%)) and the median age from patients from
whom A(H3) viruses were isolated was 12 years (mean: 22.3 years)
with a range of 1 month to 94 years (ages were only available for
126/154 patients (82%)). While it cannot be excluded, it is unlikely
that many of these patients were taking amantadine or rimantadine
at the time of sampling, either because these drugs are not widely
used in certain countries (e.g. Australia and New Zealand) or due
to their relatively high cost (e.g. developing countries). For viruses
isolated in 2007, 48/127 (37.8%) of influenza A(H1) viruses and
122/154 (79.2%) of A(H3) viruses had substitutions which would
confer resistance to adamantanes (Table 1).
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Table 1
Geographical origin and proportion of A(H1) and A(H3) adamantane-resistant
viruses isolated in 2007

Country A(H1) viruses A(H3) viruses

# resistant/# % resistant # resistant/# % resistant

tested tested
Macau (SAR) 5/5 100 8/9 89
Taiwan 3/7 43 4/5 80
Thailand 3/9 33 3/12 25
Malaysia 10/10 100 8/11 73
Singapore 10/12 83 5/7 71
Philippines 10/10 100 5/11 45
Australia 1/43 2 57/65 88
New Zealand 1/11 9 11/11 100
New Caledonia - - 10/10 100
Sri Lanka 0/1 0 2/[2 100
South Africa 0/2 0 5/5 100
Korea 22 100 22 100
French Polynesia 0/1 0 - -
Guam 2/[2 100 - -
France 1/12 8 2/4 50
Total 48/127 37.8 122/154 79.2

The highest frequency of A(H1)-resistant strains was present in
viruses obtained from Macau (SAR) [5/5 (100%)], Malaysia [10/10
(100%)], Philippines [10/10 (100%)] and Singapore [10/12 (83%)],
while a number of countries had low levels (e.g. New Zealand
1/11 (9%), Australia 1/43 (2.3%), France 1/12 (8.3%)) (Table 1). For
the A(H3) viruses a high level (>70%) of resistance was present
in all countries with the exception of Thailand, Philippines and
France. All of the 2007 A(H1) and A(H3)-resistant viruses had
the same single nucleotide change (AGT to AAT) resulting in an
S31N substitution in the M2 protein. Four H274Y (N2 number-
ing, by N1 numbering H275Y), A(H1) oseltamivir-resistant viruses
were also tested for resistance to adamantanes by sequence anal-
ysis. All four had an adamantane-sensitive genotype (Table 2).
A number of adamantane-resistant and -sensitive viruses iso-
lated in 2007 were also tested for resistance to the NI using the
fluorescence-based neuraminidase enzyme inhibition assay. All
adamantane-sensitive and -resistant H1 viruses were susceptible
to both zanamivir and oseltamivir (Table 2) as were the H3 viruses
(data not shown).

Sequences from the HA1 domain of the HA gene of the A(H1)
and A(H3) viruses that were assessed for adamantane resistance
were compared phylogenetically (Fig. 1). For the A(H1) viruses
virtually all of the 2007 sensitive viruses grouped in a clade repre-
sented by A/Brisbane/59/2007 (with signature amino acid changes
at D45N, K149R—H3 numbering) with a small number grouping
around earlier viruses such as A/Brisbane/193/2004 or A/Solomon
Islands/3/2006. In contrast nearly all of the resistant viruses
grouped around the reference virus A/Hong Kong/2652/2007 (with

signature amino acid changes at S46N, R192M, T197K, K144E). For
the A(H3) viruses small groups of sensitive viruses were scattered
through the HA1 tree amongst mainly A/Brisbane/10/2007-like
viruses with no clearly distinct subgroup apparent (Fig. 1). The phy-
logenetic analysis of the matrix genes of A(H1) and A(H3) viruses
gave clearly distinguishable groups for each subtype which were
further subdivided into clades representing either resistant or sen-
sitive viruses (Fig. 1).

In 2007, influenza A(H1) became more prevalent in a num-
ber of regions including Europe, United States, Australia and New
Zealand. These viruses were antigenically and genetically similar
to either the reference A(H1N1) strain A/Brisbane/59/2007 (which
is the WHO recommended A(H1) vaccine strain for the Northern
Hemisphere for 2008-2009) or to A/Hong Kong/2652/2006. Inter-
estingly there was a geographic separation with these two groups
with viruses circulating in Australia and Europe falling into the
A/Brisbane group while A(H1) viruses from number of countries
in South East Asia/Pacific including Malaysia, Singapore, Philip-
pines, Cambodia, Macau (SAR China), Korea and Guam, fell into
the A/Hong Kong group. In Japan and the USA, viruses from both
groups circulated in 2007, however A(H1) A/Brisbane/59/2007-
like adamantane-sensitive viruses predominated with the USA
reporting only 80/660 (12.1%) resistant viruses (CDC, 2008). The
only 2007 A(H1)-resistant viruses from Australia and New Zealand
(A/Victoria/501/2007 isolated 12 February 2007 from an Indone-
sian visitor and A/Auckland/8/2007 isolated on 18 June 2007) fell
into the A/Hong Kong/2652/2006-like group genetically (Fig. 1).
Four oseltamivir-resistant 2007 strains bearing the H274Y NA
mutation were also genetically assessed for resistance to adaman-
tanes. None of these strains had a resistant genotype nor did the
zanamivir-resistant strains with a Q136K mutation in the NA gene
(data not shown). Adamantane-sensitive and -resistant 2007 A(H1)
and A(H3) viruses were equally sensitive to NI oseltamivir carboxy-
late and zanamivir.

4. Discussion

Adamantane resistance in A(H3) strains has continued to
increase in many countries from 2005 to 2007 (e.g. Australia, Japan,
Malaysia, New Caledonia, New Zealand, Philippines, and Singapore)
while remaining very high in other places (e.g. Macau, Taiwan, and
South Africa) (Barr et al., 2007; Saito et al., 2008) including the USA
(A(H3) were 99.4% resistant in 2007-2008, CDC, 2008). Resistance
in A(H1) strains however has been quite variable during this period.
For example in Australia there was no detected resistance in 2005,
then in 2006 this rose to 40% but in 2007 this dropped to only 2.3%.
In other countries levels of resistance rose markedly from 2006 to
2007 in Malaysia (0 to 100%), Philippines (0 to 100%) and Singa-
pore (0 to 83%) while some remained high (e.g. Macau, 82 to 100%)
and others increased gradually (e.g. Thailand 10 to 33%, Barr et al.,

Table 2

Oseltamivir-resistant strains of A(H1N1) are sensitive to adamantanes and adamantane-resistant viruses are sensitive to all NI

Designation M2 Res/ M2 gene Date of isolation Oseltamivir ICsq Zanamivir ICso Peramivir ICsq NA gene
Sens mutations (nM) Res/Sens (nM) Res/Sens (nM) Res/Sens mutation

A/Sydney/142/20072 Sens None 2/11/2007 797.5 Res® 0.4 Sens®  56.8  Sens H274Y¢

A/Sydney/144/2007? Sens None 2/11/2007 807.2 Res 0.3 Sens 49.7 Sens H274Y

A/Victoria/07159220/2007 Sens None 3/10/2007 1043.1 Res 0.5 Sens ND ND H274Y

A/Lyon/1337/2007 Sens None 11/12/2007 850.2 Res 0.3 Sens 51.2 Sens H274Y

A/Brisbane/59/2007-like (n=28) Sens None 2007 0.57 £0.45 Sens 0.29+0.23 Sens ND ND None

A/Hong Kong/2652-like (n=21) Res 31N 2007 048+0.30 Sens 0.30+0.15 Sens ND ND None

ND: not determined.
2 Viruses collected from siblings.

b Res, resistant. Defined as a strain(s) with an ICsq value greater than 100 nM (not clinically confirmed); sens, sensitive. Values are means of at least two determinations.
¢ Numbering according to equivalent residue in the N2 gene, by N1 numbering the equivalent amino acid occurs at amino acid 275.
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Fig. 1. Phylogenetic analysis of HA1 domain of HA gene from 2007 A(H1) (a) and A(H3) (b) viruses and the full matrix gene of A(H1) (c) and A(H3) viruses (d), based on
nucleotide differences. Bootstrap values are shown for nodes having values >70%. Reference/vaccine viruses are capitalized. *A(H1N1) viruses with the H274Y (according to
N2 numbering, actually H275Y for N1) mutation in their NA gene. Viruses shown in bold are resistant to adamantanes based on their M2 amino acid sequence. Bar indicates
a 10-nucleotide difference.

2007). Japan also saw increased rates of A(H1) resistance from the
2005-2006 to the 2006-2007 season with rates rising from 0 to
64.2%, respectively (Saito et al., 2008), while in the US, Canada and
South America rates remained low (Deyde et al., 2008).

The mutation in the M2 gene responsible for adamantane resis-
tance in both the A(H1) viruses and the A(H3) viruses was identical
resulting in an S31N change in all 2007 viruses examined. This is
despite the fact that a substitution in any one of five amino acids
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in the M2 protein in influenza A viruses is capable of conferring
resistance (Hay et al., 1985; Hay, 1992; Aoki, 1998). Phylogenet-
ically the matrix genes for the A(H1) and A(H3) were distinct
indicating that there has been no reassortment of the matrix gene
from A(H3) viruses to the A(H1) viruses as shown in this study
and previous studies (Barr et al., 2007; Deyde et al., 2007). When
the resistant and sensitive strains were examined phylogenetically,
based on the HA gene, it was clear that there was a geograph-
ical split between the strains with the resistant strains derived
mainly from South East Asia and the sensitive strains derived
mainly from Australia, Europe and the USA. The resistant viruses
were represented by A/Hong Kong/2652/2006-like viruses (also
described by Deyde et al., 2007, as clade 2a viruses) and the sen-
sitive strains by A/Brisbane/59/2007-like viruses. Both lineages
continue to circulate, although there has been an increasing pre-
dominance of the A/Brisbane/59/2007 lineage globally and in the
2007-2008 Northern Hemisphere influenza season, this resulted
in this virus being selected for the 2008-2009 Northern Hemi-
sphere influenza vaccine by the WHO in February 2008 (WHO,
2008b). Deaths in children have also been associated with A(H1)
viral infections during 2007-2008 in Australia, Hong Kong and
USA. The reason for the differences seen with the A(H1) and A(H3)
resistance patterns remains to be determined. For A(H1) viruses
we have previously seen the co-circulation of two lineages in the
late 1990 to the early 2000s where both the A/Bayern/7/95-lineage
and the A/Beijing/262/95-lineage co-circulated in many countries
before being replaced by the A/New Caledonia/20/99 viruses. This
has been suggested by Rambaut et al. (2008) as a consequence of
A(H1NT1) viruses being less prone to seasonal genetic bottlenecks
compared to A(H3N2) viruses resulting in more genetically diverse
lineages co-existing. Two distinct lineages of B viruses have also
co-circulated since the late 1980s (Barr et al., 2006b). It is clear that
both current A(H1N1) lineages are fully fit viruses and it remains
to be seen if one will predominate over the other in time.

In terms of resistance to other antiviral drugs, the increased
proportions of oseltamivir-resistant A(H1) strains in many coun-
tries, especially some in Europe (WHO, 2008a), may limit the use
of this drug in future years, so it is very fortunate that these viruses
appear to be sensitive to both the adamantanes and to zanamivir.
Other recent zanamivir-resistant A(H1) strains appear also to be
susceptible to both adamantanes and to oseltamivir (Hurt and
Barr, 2007). It is notable that these oseltamivir-resistant viruses
are A/Brisbane/59/2007-like viruses and so should also be covered
with the 2008-2009 influenza vaccine in the Northern Hemi-
sphere, as this strain will be included in the vaccine (WHO, 2008b).
The adamantanes also remain a treatment option for some of the
A(H5N1) viruses that have infected humans in some countries
which have adamantane-sensitive viruses present. The resistance
patterns appear to be relatively static with recent viruses from
Indonesia (Clade 2.1) remaining approximately 80% resistant while
others from Europe, China and Vietnam (Clades 2.2 and 2.3) appear-
ing to be sensitive to the adamantanes (Cheung et al., 2006; Hurt
etal.,2007; WHO, 2008c). Dual antiviral treatments have also been
suggested where the strains are sensitive to the adamantanes in
both seasonal and H5N1 infections (Galabov et al., 2006; Ilyushina
et al., 2006, 2007; Masihi et al., 2007; Morrison et al., 2007).

Adamantanes form an important resource for use against sea-
sonal influenza and potentially against pandemic influenza. Due
to the extremely high levels of resistance to these drugs seen
with A(H3) since 2005-2006, they have become less favoured
for the treatment and prevention of seasonal influenza. However,
with the emergence of oseltamivir-resistant,adamantane-sensitive
A(H1) viruses in Europe and many other parts of the world during
2007-2008, adamantanes and zanamivir may become the drugs of
choice if a resistant virus is observed in an immunocompromised

or severely ill patient or if oseltamivir-resistant A(H1) viruses pre-
dominate. There is also the recent emergence of zanamivir-resistant
(adamantane-sensitive) A(H1) viruses (Hurt et al., 2008) to con-
sider. Clearly in order to select the most appropriate antiviral drug
for use both in seasonal and non-seasonal influenza, in individual
cases and for the community in general, it will be important to con-
tinue to closely assess the rates of resistance for both the M2 and
neuraminidase inhibitor drugs in A(H1), A(H3) and A(H5) viruses
that are circulating in both human and avian species.
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