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Background Adamantanes resistance in H3N2 viruses has been
increasing since 2000, and in 2005-2006 reached nearly 100% in
most countries, with the circulation of the N-lineage. In 2006—
2007, however, a significant decrease in resistance was observed in
many regions.

Objectives To explore potential links between adamantane
resistance and the A(H3N2) viruses that circulated between 2006
and 2008.

Methods A total of 1451 Influenza A (H3N2) viruses collected
globally in 2001-2008 were screened for the presence of
adamantane resistance markers. A subset of 100 viruses
representing the broad genetic and geographic spectrum of these
viruses was selected for complete genome sequencing and
phylogenetic analyses.

Results Full genome sequence analysis of 2006-2007 viruses
revealed co-circulation of four distinct genotypes, designated A-D.
Phylogenetic analyses demonstrated reassortment between viruses

from the N-lineage and other viruses that had circulated in prior
seasons, including those bearing an adamantane sensitive marker.
Genotype D viruses became dominant in late 2006-2007 and
continued to be the main H3N2 genotype in 2007-2008. Viruses
of this genotype retained all N-lineage genome segments except
PB2 and NP, which were acquired through reassortment.

Conclusions The decrease in adamantane resistance at that time
was due to transient co-circulation of genotypes that emerged
through reassortment. Our findings emphasize the importance
of complete genome sequencing in understanding the complex
nature of the relationship between influenza virus evolution and
antiviral resistance. The recent emergence of the pandemic
multi-reassortant HIN1 virus underscores the importance of
whole genome sequence monitoring for rapid detection of such
unusual and novel strains.
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Introduction

Influenza A viruses are respiratory pathogens that cause
annual epidemics and occasional pandemics. The genome
of influenza A viruses consists of eight segments of negative
sense RNA with each segment encoding one (PB2, PA, HA,
NP, and NA) or more (PB1, M, and NS) viral proteins.
Influenza A viruses have two major surface antigens, the
hemagglutinin (HA) and neuraminidase (NA) glycopro-
teins. Evolution of influenza viruses is thought to be pre-
dominantly driven by a host-mediated selective pressure
that leads to changes at key antigenic sites, a mechanism
known as antigenic drift."> A second process, known as

antigenic shift, also contributes to the evolution of influ-
enza viruses, though at a much lower frequency. Intra-
subtype segment reassortment is a recurring feature of
influenza virus evolution and has contributed to major
antigenic changes in both influenza A(H3N2)’ and
A(HIN1).*

In addition to vaccines, antiviral drugs provide valuable
means for the management of influenza infections. Two
classes of antiviral drugs, M2 blockers (amantadine and
rimantadine) and NA inhibitors (oseltamivir and zanami-
vir), have been approved for use in the USA by the Food
and Drug Administration in the prevention and control of
influenza A virus infections. Resistance, intrinsic or
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acquired through drug selective pressure, can lessen effec-
tiveness of antiviral drugs and thus are a cause for signifi-
cant public health concern.

The M2 ion channel blockers amantadine and rimanta-
dine, known collectively as adamantanes, were the first an-
tiviral drugs available for prophylaxis and treatment of
influenza A infections. Until recently, they have also been
the most widely used anti-influenza drugs due to their low
cost and over-the-counter availability in some countries.
The molecular basis underlying resistance to this class of
drugs has been well characterized. Adamantanes inhibit
virus replication by blocking the proton channel formed by
the M2 protein.”” An amino acid change at any one of five
residues in the transmembrane domain of this protein
(positions 26, 27, 30, 31, or 34) confers cross-resistance to
amantadine and rimantadine.”®'* Despite rapid emergence
of drug-resistant mutants following treatment with ada-
mantanes and the ability of drug-resistant mutants to
transmit,"' the incidence of adamantane resistance among
viruses circulating in communities had been low (<1%) for
decades.'”™'® At CDC, representative community isolates
collected in various geographic regions during a given
influenza season are tested for antiviral resistance. A dra-
matic rise in the frequency of adamantane resistance associ-
ated with an S31N mutation in the M2 protein was first
reported for influenza A(H3N2) viruses circulating in Asia
in 2000"” which was followed by the spread of resistant
A(H3N2) viruses to different parts of the world in subse-
quent seasons.'®*® Because of this, CDC recommended
that adamantanes not be used for prophylaxis or treatment
of influenza infections in the USA.**

The genesis of adamantane resistance in influenza
A(H3N2) viruses and mechanisms underlying their global
spread have been the subject of intense scientific investiga-
tion. Adamantanes used locally during the SARS and avian
flu scare in Asia might have contributed to the initial
emergence of drug resistant virus variants in recent years;
however, there is no evidence supporting the role of ada-
mantanes usage in maintenance of adamantane resistant
A(H3N2) viruses in human populations. Simonsen et al.*®
described possible evolutionary mechanisms, unrelated to
drug selective pressure, which could lead to the globally
increasing frequency of adamantane resistance in A(H3N2)
influenza viruses. Based on a full genome phylogenetic sur-
vey, Simonsen et al®® concluded that the resistance-confer-
ring S3IN mutation did not come to dominance until it
was put into a suitable genetic background via segment
reassortment. This event led to the genesis of the adaman-
tane-resistant ‘N-lineage’. Viruses from this lineage circu-
lated widely in Asia in 2005, before dominating in the
Northern hemisphere during 2005-2006 season in a num-
ber of countries, including the USA. During the 2005-2006
influenza season, the frequency of drug resistance reached

100% among viruses circulating in several countries and
was estimated at 96:4% in the USA.”' In the following sea-
son, the frequency of resistance was reduced in several but
not all countries, for instance, it was estimated at 30-1% in
Canada and 86:3% in the USA.'®*®*” In addition to the
variance in frequency of resistance, we observed co-circula-
tion of several antigenic variants identified by HA inhibi-
tion assay (data not shown). The present study is aimed at
investigating whether the decreased frequency in resistance
among A(H3N2) viruses that circulated during 2006-2007
season was associated with the appearance of new genetic
groups distinct from the N-lineage. The study also provides
further insight into the nature of beneficial mutations
responsible for the enhanced fitness of the adamantane-
resistant A(H3N2) viruses and the genomic events underly-
ing the genesis of these viruses.

Materials and methods

Virus isolates
A total of 1451 Influenza A (H3N2) viruses collected from
1 October 2006 through 30 September 2007 in the USA
and other countries were submitted to the WHO Collabo-
rating Center for Surveillance, Epidemiology and Control
of Influenza at the CDC, Atlanta, GA, USA. The viruses
were screened for the presence of adamantane resistance
markers using pyrosequencing as described elsewhere by
Bright et al."®

Initially, 54 A(H3N2) were selected from a larger sample
of viruses based on their genetic and geographic diversity.
Theses viruses that co-circulated globally in the 2006-2007
season were chosen for HA1 gene sequencing in addition
to 10 A(H3N2) reference viruses, representing vaccine
strains as well as other historic viruses from previous
seasons. Also, 36 A(H3N2) viruses collected in different
seasons from various geographic locations, with complete
genome sequences available from public domain databases
were included for comparison. From the early 2007-2008
season, 55 viruses that were available at the time when the
study was undertaken were used for HA1 and NA sequence
analysis for comparison with the set of 64 viruses from
previous seasons. For further detailed genetic analyses,
complete genome sequencing was performed on the 64
viruses from the 2001-2007 season as well as 11 representa-
tive A(H3N2) viruses from the 2007-2008 season (details
on viruses sequenced during this study is provided in Table
S3). The 11 viruses from the 2007-2008 season were
selected from the sample of 55 viruses to represent the
wide range of the geographic diversity of these viruses.

Phylogenetic analysis
Phylogenetic analyses were performed using the Genetic
Algorithm for Rapid Likelihood Inference (garli 0-96b7),

| 208

Published 2009. This article is a US Government work and is in the public domain in the USA, 3, 297-314



based on General Time Reversible (GTR) + I + 74 substitu-
tion model®® and the tree analyzed in paup.”’

Results

Reduction in adamantane resistance prevalence:
season 2006—2007

As a part of an ongoing strain surveillance activity, a total
of 1451 A(H3N2) viruses circulating during 2006—2007
influenza season were tested for adamantane resistance. A
pyrosequencing method was used to detect the presence of
known markers of adamantane resistance in the M segment
(M2 protein). The virus isolates originated from 46 coun-
tries with the majority from the USA, South America, and
Asia (Table 1). The resistance-conferring mutation S31N
was detected in 73-3% of the viruses collected globally,
which reflects a substantial decrease compared to the over-
all frequency reported for the previous 2005-2006 influenza
season.”’ A decline in adamantane resistance was especially
noticeable in several geographic areas such as Hong Kong
and Canada (from 100% to 69-2%, and 100% to 30-1%,
respectively). In the USA, the decrease in resistance
between the two seasons was less pronounced [from 96:4%

Table 1. Prevalence of resistance to adamantanes among A(H3N2)
viruses collected globally during the 2006-2007 influenza season
(1 October 2006 through 30 September 2007)

No. viruses  No. viruses  Resistance
Geographic location  tested resistant (%)
Africa (total) 32 7 219
Asia (total) 363 228 62-8
China 69 69 100
Hong Kong (SAR) 13 9 69-2
Japan 21 18 857
Asia (other) 159 76 47-8
Europe (total) 100 39 390
North America (total) 588 429 729
Canada 143 43 301
Mexico 44 40 90-9
United States 401 346 86-3
South America (total) 363 357 983
Oceania (total) 5 4 80-0
Overall 1451 1064 /B8

Data represents the number of total tested isolates compared with
the number of resistant isolates. Africa: Egypt, Kenya, Madagascar,
Mauritius, and Uganda; Other Asia: Bangladesh, India, Kazakhstan,
Korea, Mongolia, Nepal, Taiwan, Thailand, and Vietnam; Europe:
Belarus, Bulgaria, Croatia, Denmark, France, Greece, ltaly, Russia,
Spain, Ukraine and United Kingdom; South America: Argentina,
Brazil, Chile, Costa-Rica, Dominican Republic, El Salvador, French
Guyana, Guadeloupe, Honduras, Panama, Peru, Trinidad-Tobago,
and Uruguay; Oceania: Australia and New Caledonia.
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(n=789) to 86:3% (n=401)] and remained nearly
unchanged for the isolates received from South America
and Europe (mainly Russia and Ukraine). The re-emer-
gence of adamantane sensitive viruses in certain geographic
areas in 2006-2007 prompted us to determine whether they
arose from gene reassortment or from a reversion mutation
in the M gene.

Phylogenetic relationships among viruses
co-circulating in 2006-2007

To test this hypothesis, full genomes of 100 viruses isolated
globally from 2001 through 2007, including the 64 viruses
sequenced during the present study and genome sequences
of the 36 viruses available in GenBank, were subjected to
phylogenetic analysis. Twenty-six of the 54 viruses from the
2006-2007 season selected for analysis in this study were
adamantane-sensitive. Due to the segmented nature of
influenza virus genome, phylogenetic relations among
viruses were deduced based on the comprehensive analysis
of phylogenetic trees constructed for individual genomic
segments.

Genomic segments encoding the surface antigens HA and
NA

HA segment. Examination of the HA phylogenetic tree
(Figure 1A) revealed that viruses from 2006-2007 evolved
from the N-lineage (shown in red) and fell into four dis-
tinct genetic clades, designated A, B, C, and D. The HAs of
all four clades are descendents of the N-lineage keeping its
characteristic marker S193F. The second marker, D225N,
was also kept by the majority of 2006-2007 viruses; how-
ever, it was less conserved. The unique changes acquired by
each clade are shown in (Figure 1A). The relatedness of the
HA of these viruses did not correspond to their drug phe-
notype: viruses from genetically distant clades A and D
were adamantane resistant (except three isolates from New
Mexico), while viruses from clades B and C were drug-
sensitive (except two viruses from Canada).

NA segment. Similar to the HA, the phylogeny of the NA
segment encoding the second surface antigen indicated that
viruses of 2006-2007 season evolved from the N-lineage
and clustered into four distinct clades A, B, C, and D (Fig-
ure 1B). The HA and NA tree topologies suggested similar
evolutionary patterns for the two gene segments. Amino
acid signature changes in each clade are indicated in Fig-
ure 1B. Based on the phylogenetic analyses of the HA and
NA segments we established that both adamantane sensitive
and resistant viruses of 20062007 season possessed HA
and NA genes that evolved from the drug-resistant N-line-
age, which dominated in the previous season (2005-2006).

The gene segments encoding the remaining (internal) genes
The phylogenetic trees for the internal genomic segments
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(M, PB2, PBI, PA, NP and NS) for all 100 analyzed viruses
are provided in Figure 2A-F.

M segment. The M segment encodes two proteins, the M1
(matrix) and the M2 (proton channel), the latter of which
carries markers of adamantane resistance. The phylogenetic
analysis of the M segment (Figure 2A) revealed that ada-
mantane-resistant viruses (A and D) clustered with the
N-lineage viruses and shared its characteristic markers in
M1 and M2 proteins (Table S1). Phylogenetically, the
closest ancestors of adamantane-resistant viruses were
A/Wuhan/396,/2001-like viruses that had circulated in
prior seasons. The M genes of adamantane-sensitive viruses
of the 2006-2007 season formed two separate clades with
clustering patterns similar to their corresponding HA and
NA genes. The M segment of clade B viruses may have
descended from viruses similar to those that circulated in
New York in 2004-2005. Clade C drug-sensitive viruses
have likely acquired an M segment from pre-existing sensi-
tive viruses that were in circulation in Australia during
2004-2005, as previously reported.*

There were two instances where the adamantane pheno-
type for a set of viruses was different from the remaining
viruses in their clade. Within the adamantane resistant
clade D, three isolates from New Mexico were sensitive.
Based on sequence analysis, these isolates became adaman-
tane sensitive through a reversion at amino acid 31
(N — S). Inversely, two Canadian isolates from the ada-
mantane sensitive clade B acquired the resistance mutation
S31IN (Figure 2A). Clinical data indicate that the patients
from whom these two viruses were collected were not
treated with antiviral drugs.

With the exception of the New Mexico isolates, the
2006-2007 season sensitive viruses most likely acquired
adamantane-sensitivity via reassortment with drug sensitive
viruses co-circulating in prior seasons.

PB2 segment. The phylogeny inferred from the polymerase
complex gene PB2 showed the 2006-2007 season isolates
clustering into four distinct clades with high bootstrap
value support (Figure 2B) with only clade A viruses cluster-
ing with the N-lineage. The PB2 segment for clade B and
D isolates may have descended from viruses similar to
those that circulated in New York in 2004-2005, which
share the amino acid change of V4611. Additionally, clades

Genomic changes in A(H3N2) and adamantane resistance |

B and D acquired two replacements, E249G and I451V.
The PB2 of clade C viruses are more likely to be descen-
dants of viruses circulating prior to the N-lineage (Fig-
ure 2B).

PB1 segment. The topology of the polymerase complex
gene PBI tree was similar to that of the M gene. Viruses
forming PBI clades A and D clustered with the N-lineage
whose ancestors were likely to be the A/Wuhan/
396/2001-like viruses that dominated during 2001-2003.
Although both clades A and D were closely related to the
N-lineage PB1 clade (Figure 2C), clade D PBI1 genes
cluster somewhat apart from those of the N-lineage and
clade A viruses. The PB1 segment for clade B likely
descended from viruses similar to those that circulated in
New York in 2004-2005. The PB1 genes of clade C
viruses are also likely to be descendants of viruses
circulating prior to the appearance of the N-lineage
(Figure 2C).

PA segment. The phylogeny of the polymerase complex PA
gene (Figure 2D) showed that the genes from clades A, B,
and D all descended from the N-lineage, sharing its seven
characteristic markers. In contrast, the PA segment of
viruses in clade C formed a separate grouping, which
lacked all but one (Y437H) of those markers.

NP segment. Based on the NP phylogenetic tree, only
viruses from clade A cluster with the N-lineage (Figure 2E)
having retained all its three characteristic markers A280V,
1312V, and S377G (Table S1) with the additional change
K31R. Clades B, C, and D are descendants of viruses circu-
lating in seasons prior to the N-lineage appearance. The
viruses of clade C and D formed two sister taxa, but each
with a unique replacement, V1971 and A131S, respectively
(Figure 2E).

NS segment. Phylogeny of the NS segment of 2006-2007
season viruses shows that clades A, C and D clustered
with the N-lineage and share the amino acid replacement
L214F in their NS1. Viruses of clade B were easily distin-
guishable and formed a distinct clade with three shared
replacements (Figure 2F).

Co-circulating genotypes during the 2006—2007 season
The topologies of the constructed trees revealed a complex
pattern of intra-subtype reassortment among A(H3N2)

Figure 1. (A, B) Evolution of the surface antigens HA1 and NA genes of A(H3N2) viruses sampled during the 2006-2007 season. Phylogenetic tree
was constructed from the HA1 genes of viruses sequenced during the study (n = 64) and 36 viruses with full genome sequences available in public
domain. Trees were inferred using maximum likelihood available in garli 0-96b7 package. Using paup package bootstrap values, shown on tree
branch nodes, were calculated from 100 replicates using of the data set to ensure robustness of the analysis (the results and parameters for each
segments data set are available upon request). Phylogenetic trees throughout the manuscript were rooted with A/Beijing/1/1968, which was used
as an out-group. For clarity, the N-lineage and four major genetic clades A-D are color-coded in all figures according to their respective HA clade
(N-lineage — red, clade A — green, B — blue, C — orange, and D — purple). Characteristic amino acid changes are shown at the appropriate nodes.
Vaccine strains for 2006-2007 and 2007-2008 seasons, A/Wisconsin/67/2005, and A/Brisbane/10/2007, respectively, are highlighted in light blue.

Solid arrowheads indicate resistance to adamantanes.
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Figure 2. Phylogenetic analysis of the six internal gene segments of 2006-2007 A(H3N2). Phylogenetic trees were inferred and labeled as in

A/Nev‘\)/ J%rse 902/2007 B

Figure 1. Overall, the trees inferred from the internal gene segment revealed presence of the four major genetic clades, as obtained with the HA and
NA segments (A-F). Noteworthy, M and PB1 phylogenies showed that clades B and D (A/Japan/7288/2007-like and A/Brisbane/10/2006-like),
representing adamantane-resistant viruses formed a single group; while viruses in groups B and C formed two distinct clades of adamantane-sensitive

viruses (A and C). See legend to Figure 1 for color codes.
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Figure 2. Continued.

viruses that circulated during the 2006-2007 season. A of all four clades evolved from the N-lineage. Overall, four
simplified diagram depicting the genome composition of = major genotypes co-circulated in the 2006-2007 season,
the viruses circulating in 2006-2007 in relation to the N-  corresponding to the four clades identified for the HA and
lineage is presented in Figure 3. The HA and NA segments NA genes.
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Figure 3. Schematic representation of four
genotypes in A(H3N2) viruses co-circulating in
2006-2007 season. Genetic analysis of
individual segments revealed that the 2006—

Virus proteins

2007 belonged to one of four gene ggf
constellations. Viruses of genotypes B (blue) PA

and C (orange) are sensitive to adamantanes, HA
whereas viruses in genotypes A (green) and D NP
(purple) are adamantane-resistant. The N- l'\\‘/l/: M2
lineage viruses are colored in red. Genetic NS + NS2

groups are defined based on the HA and NA
gene segment phylogenies.

Viruses of genotype A appear to be direct descendants of
the N-lineage viruses being closely related to them in all
gene segments (Figure 3). Genotype A viruses kept all 17
characteristic markers of the N-lineage,” including three
markers in the surface antigens HA and NA and the mar-
ker of adamantane resistance in M2 (Table S1). Addition-
ally, viruses in genotype A acquired the change K31R in
their NP gene.

In contrast, the genesis of the three remaining genotypes
B, C, and D was due to independent reassortment events
resulting in different constellations of the internal gene seg-
ments. Genotype B is the result of reassortment between
the N-lineage and adamantane-sensitive viruses that circu-
lated during 2004-2005 season, with only the PA gene
inherited from the N-lineage. Viruses from genotype C
inherited only the NS gene from the N-lineage viruses. The
remaining internal gene segments were likely acquired from
adamantane sensitive viruses that circulated prior to the
N-lineage (Figure 3). Genotype D viruses acquired the
majority of their internal genes (except the PB2 and NP)
from the N-lineage viruses, including the adamantane resis-
tance marker-bearing M gene. Its PB2 and NP segments
were most likely acquired via reassortment with pre-exist-
ing viruses similar to those that circulated in Australia,
New York, and New Zealand in 2004—2005.

HA gene evolution and adamantane resistance in
A(H3N2) viruses that circulated in early season of
2007-2008

While the current study was in progress, it became appar-
ent that the subsequent season of 2007-2008 was marked
by global dominance (~100%) of the adamantane-resistant
viruses.”® To gain insight into their HA and NA genes

Genomic changes in A(H3N2) and adamantane resistance |

N-lineage
A
—
B D
]
]
]

evolution, a set of viruses (n = 55) collected in nine coun-
tries from 4 October 2007 through 4 April 2008 was chosen
for phylogenetic analysis (Figure 4A,B). Our data revealed
that clade D viruses remained dominant in the 2007-2008
season.

To further investigate the genomic composition of the
2007-2008 viruses, complete genome sequencing was per-
formed for 11 viruses from the 2007-2008 season. Phylo-
genetic analysis revealed that they all belong to genotype
D, with the exception of A/Florida/04/2007, which
belongs to genotype C (phylogenetic trees not shown).
The data showed no evidence of further reassortment
events within the adamantane-resistant viruses during the
2007-2008 season. Similar to the viruses from genotype D
from the previous season, they retained 13 markers char-
acteristic of the N-lineage suggesting that the four ‘lost’
markers were not essential for 2007-2008 viruses fitness
and spread. The characteristic changes for the newer dom-
inant A(H3N2) genotype D viruses are included in Table
S2.

Discussion

The 2006-2007 A(H3N2) influenza season saw the co-circu-
lation of four distinct HA and NA clades which emerged
due to antigenic drift from the predominant group of
viruses (N-lineage) seen in the previous season. As deduced
from whole genome sequence analysis, these four clades
represented four different genotypes that had evolved
through reassortment and/or mutations in the genes coding
for non-glycosylated proteins. The co-circulation of these
genotypes coincided with a noticeable reduction in resis-
tance to adamantanes seen in A(H3N2) global surveillance
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Figure 4. Phylogenetic trees were constructed from 119 viruses, including 55 HA1 (A) and NA (B) gene sequences of viruses sampled globally from
October 2007 through April 2008 and showed that the genotype D remained dominant in circulation in the 2007-2008 influenza season. Trees were
generated and labeled as in Figure 1, and strain designations of the 2007-2008 viruses were colored in olive for distinction.

when compared to the previous 2005-2006 season.
Recently, Furuse et al! reported that A(H3N2) viruses that
viruses that circulated in Japan during 2006-2007 acquired
adamantane sensitivity marker through reassortment.

16,26

in avian,’

Gene reassortment within the same influenza virus sub-
type is an integral part of influenza evolution and has been
described in human,”
in the 1918 pandemic influenza viruses.*”* In the 2005-

4 . .
% in swine,>”*® and
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Figure 4. Continued.

2006 season, reassortment led to the genesis of a dominant
genotype (N-lineage®) which had acquired an M gene
from a lineage with a mutation conferring adamantane
resistance. Analysis of individual segment phylogenies
revealed three different patterns of reassortment between
the N-lineage and genotypes circulating more widely prior
to the 2005-2006 season, while the fourth genotype, A,
retained all gene segments from the N-lineage.

Among the 2006-2007 genotypes, two retained the M
gene from the adamantane-resistant lineage while the oth-
ers acquired their M gene from sensitive viruses that had
circulated in prior seasons. These findings provide clear

evidence that the drop in adamantane resistance was the
direct result of reassortment events rather than reversion of
the previously dominant resistant phenotype. The striking
difference in the frequencies of resistance to adamantanes
among isolates collected from different regions and coun-
tries of the world was largely due to the distribution of the
genotypes circulating. For example, the level of adamantane
resistance in Europe was 39:0% while in the USA it was as
high as 86:3%. This reflects the dominance of genotypes B
and C in Europe and genotypes A and D in the USA. Of
note, full genome sequences of 2006-2007 isolates from
Africa, Australia, and Europe are very limited in public
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databases. However, the prototype viruses in lineages C
and D (A/Brisbane/09/2006 A/Brisbane/10/2007, respec-
tively) are from Australia and analysis of HA and NA of
viruses currently circulating in this region indicate their
close relatedness to the D lineage (Garten RJ, unpublished
data). Similarly, genome analysis of several viruses isolated
in France fell into the lineage B and C (Figures 1 and 2).

In addition to differences in the geographic distribution
of genotypes during the 20062007 season, there were also
temporal variations. Viruses of genotypes A, B, and C
appeared early in the Northern hemisphere season, and
from December of 2006, were progressively replaced by
the genotype D that represented a new antigenic variant
of H3N2 viruses, A/Brisbane/10/2007-like viruses. By the
beginning of the next Southern hemisphere season, nearly
all circulating viruses were from genotype D. Only a small
fraction of viruses from genotype A remained in circula-
tion until June of 2007. These data suggest that antigenic
drift might have provided a selective advantage to geno-
type D viruses for its global spread. A/Brisbane/10/2007,
the prototype of the D-lineage, was selected as the H3
component of the influenza vaccine since 2008 (WHO,
2008), and replaced A/Wisconsin/67/2005 that belongs to
the N-lineage.

It is worth noting that analysis of amino acid sequences
of the surface glycoproteins from the 2006-2007 season
viruses revealed presence of several changes at residues pre-
viously associated with antigenic positive selection.*® These
include R142G in the HA of A and B lineages, N144D in
lineage A, and G50E and K1401 in the D lineage. The latter
lineage of viruses also acquired a unique change in NA
(N387K) which is located in a region previously described
as an antigenic site by Fanning et al.*'

After the 2005-2006 season, Simonsen et al.>> speculated
that the N-lineage genome composition somehow provided
a fitness advantage and therefore adamantane resistant
viruses of this genotype might dominate in future seasons.
The subsequent co-circulation of adamantane sensitive
viruses, followed by appearance and increasing dominance
of the adamantane resistant D-lineage in the 2006-2007
season highlights the unpredictable nature of A(H3N2)
evolution. Recent studies by Nelson et al.** suggest that the
majority of currently circulating adamantane resistant
A(H3N2) viruses descended from a single introduction that
was first seen in Hong Kong.

Further analysis of viruses collected globally during the
2007-2008 Northern hemisphere season showed that
viruses from genotype D have persisted and continue to
dominate. Since their emergence in late 2006, genotype D
viruses have acquired few genetic changes, and undergone
no new reassortment events.

Despite the apparent antigenic advantage contributing
to the fitness and dominance of this genotype, the contin-

uing evolution of A(H3N2) viruses through reassortment
remains highly plausible. If this genome fitness is main-
tained during antigenic evolution of H3N2 viruses, resis-
tance to adamantanes could become fixed in circulating
A(H3N2) viruses. The fact that there is no direct evidence
that drug usage is required to maintain drug-resistance
would favor such a possibility. Fixation of the adaman-
tane-conferring resistance mutation S31N in swine influ-
enza viruses in Europe lends credence to this possible
scenario.”> It should be noticed, however, that antigenic
pressure among pigs is less intense than in the human
population.

Although reassortment was responsible for the appear-
ance of adamantane sensitive viruses in 2006-2007, there
were also less-frequent reversion events that led to circu-
lation of adamantane sensitive viruses. Conversely, ada-
mantane resistance was acquired through mutation,
S31N, of the M gene in a small number of viruses from
adamantane-sensitive lineages. These observations under-
score the degree of complexity of the mechanisms under-
lying the dynamics of adamantane resistance in seasonal
influenza A viruses. Resistance to adamantanes was also
reported in some groups of avian influenza A(HS5N1)
viruses isolated from humans and poultry in various
countries.**™*¢

This study demonstrates the importance of full genome
sequencing and continued monitoring of resistance to
available antivirals as well as the need to develop new anti-
influenza drugs and therapeutic approaches.
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