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Abstract

Human influenza viruses isolated from Australasia (Australia and New Zealand) and South East Asia were analysed to determine their
sensitivity to the NA inhibitor drugs, zanamivir and oseltamivir. A total of 532 strains isolated between 1998 and 2002 were tested using
a fluorescence-based assay to measure the relative inhibition of NA activity over a range of drug concentrations. Based on median IC50

values, influenza A viruses (with neuraminidase subtypes N1 and N2) were more sensitive to both the NA inhibitors than were influenza
B strains. Influenza A viruses with a N1 subtype and influenza B strains both demonstrated a greater sensitivity to zanamivir than to
oseltamivir carboxylate, whereas influenza A strains with a N2 subtype were more susceptible to oseltamivir carboxylate. For each of the
neuraminidase types, IC50 values for viruses from Australasia and South East Asia were found to be comparable. Based on the data prior
to and following the licensing of the drugs into the respective regions, the use of the NA inhibitors did not appear to have a significant
impact on the susceptibility of the viruses tested to zanamivir or oseltamivir carboxylate.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Influenza A and B infections cause significant morbidity
and mortality worldwide, with approximately 20,000 deaths
annually in the USA (Simonsen et al., 1997). Two groups
of antivirals have become available for the treatment of in-
fluenza infections. The first group, the M2 ion channel in-
hibitors amantadine and rimantadine, were found to inhibit
growth of influenza over 30 years ago and still continue
to be used in some countries (Ison and Hayden, 2001).
These drugs act by blocking the ion channel formed by the
M2 protein, consequently inhibiting viral replication (Hay,
1992). The M2 inhibitors while effective against influenza
A viruses, are not effective against type B strains, and when
used following infection, result in the selection of drug re-
sistant viruses within 2–4 days of the onset of therapy in up
to 30% of patients (Hayden, 1996; Belshe et al., 1988).

Between 1999–2002 a new class of anti-influenza drugs,
the neuraminidase (NA) inhibitors, were introduced into
clinical practice in many countries including Australia, New
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Zealand, USA and many parts of Europe. To date two NA
inhibitors, zanamivir (Relenza®, GlaxoSmithKline) and os-
eltamivir (Tamiflu®, Gilead/Roche), have been licensed for
use in humans. The NA inhibitors act by binding to the ac-
tive site of the viral neuraminidase enzyme preventing re-
lease and spread of progeny virions from infected cells dur-
ing the replication cycle (Gubareva et al., 2000). Several
of the amino acids that form the NA active site are highly
conserved across both influenza A and influenza B viruses
(Varghese et al., 1983).

While a number of NA inhibitor resistant mutants have
been generated in vitro (McKimm-Breschkin, 2000), very
few clinical isolates with resistance or reduced sensitivity to
the NA inhibitors have been identified in vivo (Barnett et al.,
2000; Jackson et al., 2000). The only in vivo mutant that
has been isolated following zanamivir treatment was an in-
fluenza B virus obtained from an immuno-compromised pa-
tient (Gubareva et al., 1998). This virus contained an R152K
change in the NA gene which resulted in an approximately
50-fold reduction in sensitivity to both zanamivir and os-
eltamivir carboxylate (Wetherall et al., 2003). In clinical
studies on virus samples from oseltamivir-treated patients
with naturally acquired influenza infection, viruses with sig-
nificantly reduced sensitivity were isolated from 0.4% of
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adult and adolescent patients and in 4% of patients aged
1–12 years (Roberts, 2001). While the frequency of drug re-
sistance has been demonstrated to be significantly less than
with the M2 inhibitors, it remains possible that increased re-
sistance may occur over time. As a result of such concerns,
the global neuraminidase inhibitor susceptibility network
(NISN) was established in 1999 to monitor potential devel-
opment of resistance (Zambon and Hayden, 2001). Several
other laboratories are also conducting analysis of influenza
viruses for evidence of decreased sensitivity to the NA in-
hibitors.

To date there have been few reports on the susceptibility
of circulating influenza strains to the NA inhibitor drugs.
The NISN reported on the sensitivity of viruses isolated from
1996 to 1999 (McKimm-Breschkin et al., 2003), prior to the
introduction of either NA inhibitor. A second smaller study
investigated the NA inhibitor susceptibility of Canadian in-
fluenza strains isolated between 1999 and 2000, however
only 65 viruses were tested (Boivin and Goyette, 2002). This
current study provides sensitivity data on over 500 influenza
strains isolated from throughout Australasia and South East
Asia prior to and following the release of the NA inhibitor
drugs.

2. Materials and methods

2.1. Viruses

A total of 532 influenza viruses, 230 from Australasia
(Australia (185) and New Zealand (45)) and 302 from
South East Asia (Malaysia (45), Thailand (137), Philippines
(23), Singapore (59), Taiwan (25), Vietnam (1) and In-
donesia (12)) were selected for NA sensitivity testing from
strains collected through the WHO global influenza surveil-
lance program between the years 1998 and 2002. Influenza
A(H1N1), A(H1N2), A(H3N2) and influenza B strains were
assayed (Table 1). The viruses were isolated and passaged
in Madin-Darby canine kidney (MDCK) cells (American
Type Culture Collection (CCL-34)) maintained in DMEM
Coons Basal Medium containing sodium bicarbonate (3%)
with the addition of 2 mM glutamine, 1% non-essential
amino acids, 0.05% NaHCO3, 0.02 M HEPES, 4% peni-
cillin streptomycin, 2�g/ml fungizone and 4�g/ml trypsin
(all media were obtained from CSL Limited, Parkville,
Australia). All of the viruses were tested within a maximum
of five passages from isolation.

2.2. NA inhibitors

The NA inhibitor zanamivir was used directly from the
blister packaging of Relenza (5 mg zanamivir and 20 mg lac-
tose) (GlaxoSmithKline) as distributed through pharmacies.
Oseltamivir carboxylate (GS 4071), the active form of the
ethyl ester prodrug oseltamivir phosphate, was kindly pro-
vided by Professor Noel Roberts, Roche Products, Welwyn

Garden City, UK. Each of the drugs was dissolved in assay
buffer and stored for up to 3 months as a stock solution at
4◦C prior to use. Based on the consistency of the IC50 values
of control viruses used in each assay and the comparisons
conducted between stored and freshly prepared solutions
(results not shown), the NA inhibitor compounds were con-
sidered to be completely stable over this period of storage.

2.3. NA inhibition assay

A fluorescence-based NA inhibition assay was used
to determine the sensitivity of viruses to the NA in-
hibitor compounds. The assay was based on the release of
the fluorescent product 4-methylumbelliferone from the
substrate 2-(4-methylumbelliferyl)-a-d-N-acetylneuraminic
acid (MUNANA) as a measure of NA activity (Potier et al.,
1979) using a modified version of the protocol described
by Barnett et al. (2000). Initially, a NA activity assay was
carried out to determine the dilution of each virus to be
used in the subsequent NA inhibition assay. Two-fold di-
lutions of virus in assay buffer (32.5 mM MES (pH 6.5),
4 mM CaCl2 with 0.1% NP-40 and 0.3 mg/ml BSA) were
prepared and then mixed with an equal volume (50�l) of
MUNANA substrate (0.3 mM) and incubated at 37◦C for
60 min. The reaction was terminated by the addition of
100�l of stop solution (0.14 M NaOH in 83% ethanol).
Fluorometric quantification of 4-methylumbelliferone was
determined using a Labsystems Fluoroskan II fluorometer
with an excitation wavelength of 360 nm and an emission
wavelength of 448 nm. The appropriate concentration of
virus for use in the NA inhibition assay was determined
by selecting a dilution of virus in the linear portion of the
enzyme activity curve.

To determine the drug concentration required to inhibit
50% of the NA activity (IC50), 50�l of virus diluted ac-
cording to the NA activity assay was mixed with varying
concentrations of either inhibitor in black microtitre plates

Table 1
Number of influenza viruses tested of NI, N2, and B NA type, isolated
between 1998 and 2002 from Australasia and South East Asia

N1a N2b B

1998 Australasia 9 11 3
South East Asia 15 13 18

1999 Australasia 11 17 12
South East Asia 23 17 11

2000 Australasia 11 15 12
South East Asia 40 12 13

2001 Australasia 38 33 13
South East Asia 81 13 17

2002 Australasia 1 25 19
South East Asia 6 13 10

Total 235 169 128

a All N1 viruses were A(H1N1).
b 95% of N2 viruses were A(H3N2), 5% were A(H1N2).
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(FluoroNunc plates, Nunc). The assay was conducted over a
range of final reaction mixture concentrations from 0.01 to
10,000 nM for both inhibitors. The virus/inhibitor mix was
incubated at room temperature for 45 min prior to the ad-
dition of MUNANA substrate (50�l of 0.3 mM) and then
incubated at 37◦C for 60 min. The reaction was terminated
by the addition of 100�l of the stop solution. The data were
plotted as the percentage of fluorescence activity inhibited
against the log NA inhibitor concentration. A logistic curve
fit program (kindly provided by Dr. Trevor Rae, Roche Prod-
ucts, Welwyn Garden City) was used to produce a curve of
best fit and calculate an IC50 value for each virus. A known
susceptible isolate wba-1 A(H1N9) and two known resis-
tant strains xw-2/3 A(H1N9) (E119G mutation) and yn-1
A(H1N9) (R292K mutation) were kindly provided by Jen-
nifer McKimm-Breschkin, CSIRO, Parkville, Australia, and
included as controls in each assay.

2.4. Statistical analysis

IC50 data for the isolates grouped by neuraminidase type
and geographic region (Australasian or South East Asian)
were analysed for each of the years 1998 to 2002, for both in-
hibitors using the statistical package JMP (Version 5.0.1, ©
2001 SAS Institute). Quantile boxplots and whiskers, rather
than 95% confidence intervals, are displayed on the graphs
to allow comparison of the distributions of the data without
requiring the assumptions of normality or symmetry (McGill
et al., 1978; Tukey, 1977). Quantile Boxplots facilitate com-
parison of the distributions of several variables by marking
several quantiles of each distribution. In particular, the bot-
tom and top of the ‘box’ mark the 25th and 75th percentiles
(Q1 and Q3), and a line across the box marks the 50th per-
centile or median (or Q2). Whiskers are added to help iden-
tify potential outliers. The whiskers extend above and be-
low the box by 1.5 times the interquartile range (IQR). The
IQR is the 75th percentile minus the 25th percentile (i.e.,
Q3−Q1). To determine if there were significant trends in the
IC50 values of viruses isolated between 1998 and 2003, lin-
ear regression analyses of the mean log10 IC50 values were
performed.

2.5. Sequencing

Sequencing was performed on all strains that had an IC50
value greater than the upper quantile limit for their respective
NA type and year of isolation.

3. Results

The variability of the fluorometric NA inhibition assay
was first evaluated by repeated testing of 15 influenza strains
(five of each NA type N1, N2 and B) within the same assay
and between assays performed on six different occasions.
Intra- and interassay variation with zanamivir was 14 and

13%, and with oseltamivir was 20 and 37%, respectively.
Overall the combined coefficient of variance for intraassay
variation was 17% and for interassay variation was 25%.

The pooled results of NA sensitivity against zanamivir and
oseltamivir carboxylate for all of the viruses tested are shown
by type and subtype (N1, N2 and B) inFig. 1a. Viruses con-
taining a N1 neuraminidase demonstrated a slightly higher
level of sensitivity to zanamivir than to oseltamivir carboxy-
late (mean IC50: 0.37 and 0.66 nM, respectively) while N2
strains were found to be more sensitive to oseltamivir car-
boxylate (0.31 nM versus 1.04 nM for zanamivir). Influenza
B strains were considerably more sensitive to zanamivir
(mean IC50: 1.40 nM) than to oseltamivir carboxylate (mean
IC50: 14.84 nM).

In Fig. 1b the difference between the log10 IC50 for
zanamivir and oseltamivir was plotted for each individual
virus. A positive value indicated that a virus was more sen-
sitive to oseltamivir carboxylate, whilst a negative result in-
dicated a virus was more sensitive to zanamivir. The results
of this analysis confirmed that the influenza B viruses and
N1 subtype viruses tested were significantly (P < 0.001)
more sensitive to zanamivir than oseltamivir carboxylate,
and that N2 subtype viruses were significantly (P < 0.001)
more sensitive to oseltamivir carboxylate than zanamivir.

For each NA type/subtype the IC50 data was investigated
to determine if viruses isolated from either Australasia and
South East Asia differed in their susceptibility to the NA in-
hibitor drugs (Fig. 2). The range of IC50 values for each NA
type and inhibitor type were found to be similar for both
regions. A comparison of median and lower (Q1) and up-
per (Q3) quartile values did however suggest some variation
in sensitivity between Australasian and South East Asian
type B isolates to oseltamivir carboxylate (median IC50 (Q1,
Q3): Australia= 13.86 nM (7.29, 27.61)) versus South East
Asia = 6.70 nM (3.54, 14.72)). Two antigenically and ge-
netically distinct lineages of influenza B viruses (referred to
as the B/Victoria/2/1987 and B/Yamagata/16/1988 lineages)
have had different circulation patterns in Australia and South
East Asia since 1983 (Rota et al., 1990; Shaw et al., 2002).
Of the viruses in this study, all of the influenza B viruses
isolated from Australasia between 1998 and 2001 were of
the Yamagata lineage, while strains from both lineages were
isolated from South East Asia during the same period. How-
ever in 2002, the predominant influenza B viruses isolated
from both South East Asia and Australasia were from the
Victoria lineage. Comparison of the susceptibility of viruses
from the two lineages to the NA inhibitors revealed no signif-
icant differences (Table 2). This indicates that any regional
or temporal variation in the influenza B strains observed in
this study is unlikely to be due to the lineage (Victoria or
Yamagata) differences.

Analysis was also undertaken by year of isolation for
viruses originating in Australasia and South East Asia,
to determine if inhibitor sensitivity had varied over the
five-year period 1998–2002 (Fig. 3). Of particular interest
was whether the data, over the five year period, demon-
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Fig. 1. (a) Quantile box plots of log10 IC50 for zanamivir and oseltamivir carboxylate by NA type for all isolates tested. Each� represents an individual
IC50 result. (b) Quantile box plots of log10 IC50 for zanamivir subtracted from log10 IC50 for oseltamivir carboxylate (O.C.) by NA type. Boxes indicate
1st, 2nd and 3rd quartiles (i.e., Q1: 25th percentile, Q2: median, and Q3: 75th percentile). Whiskers are calculated as Q1− 1.5 × (Q3 − Q1) and
Q3+ 1.5 × (Q3− Q1).

strated either a significant increase in the number of isolates
with an IC50 value outside of the quantile range or alter-
natively if a significant increase in mean IC50 over time
was evident. Only 11 of the 532 viruses tested had an IC50
value greater than the upper quantile limit, of these eight
were Australian viruses and three were South East Asian
isolates. Although only one of the 11 ‘outlier’ strains was
isolated in either 1998 or 1999, and the remainder isolated
between 2000 and 2002, there is insufficient data to deter-

Table 2
Median IC50 with 25th percentile (Q1) and 75th percentile (Q3) (nM)
of influenza B/Victoria/2/1987 lineage and B/Yamagata/16/1988 lineage
viruses for both zanamivir and oseltamivir carboxylate

B/Victoria/2/1987 lineage
viruses (n = 22) median
(Q1, Q3)

B/Yamagata/16/1988
lineage viruses (n = 27)
median (Q1, Q3)

Zanamivir 1.3 (1, 1.5) 1.2 (0.9, 1.5)
Oseltamivir

carboxylate
24.6 (9.9, 33.8) 25.9 (11.9, 30.2)

mine whether a significant trend exists linking an increase
in the number of outlying isolates to the introduction of the
NA inhibitors. The NA of each of the 11 ‘outlier’ strains
was sequenced and aligned with more than 100 strains of
the same respective NA type. Sequence analysis revealed
that none of the 11 viruses contained any mutations in the
conserved residues of the NA head (Varghese and Colman,
1991), or had any unique amino acid changes compared to
other recently or currently circulating strains. In addition
there was no sequence correlation between the ‘outlying’
strains compared with strains that demonstrated greater
sensitivity to the NA inhibitors.

To determine if there were any significant linear trends
in sensitivity over time, the mean log10 IC50 was sub-
jected to regression analysis against the year of isolation
for viruses from Australasia and South East Asia (Fig. 4).
Each of the regression analyses, except one, were found
to be non-significant (P > 0.05), indicating that the dif-
ferences between year of isolation did not exhibit a clear
linear trend, but rather varied from year to year over the
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Fig. 2. Quantile box plots of zanamivir and oseltamivir carboxylate (O.C.) log10 IC50 for viruses by NA type from Australasia (Aus) and South East
Asia (SEA). Boxes indicate 1st, 2nd and 3rd quartiles (i.e., Q1: 25th percentile, Q2: median, and Q3: 75th percentile). Whiskers are calculated as
Q1− 1.5 × (Q3− Q1) and Q3+ 1.5 × (Q3− Q1).

five year period studied. However, the mean log10 IC50
data for N2 viruses from South East Asia, with oseltamivir
carboxylate, did have a significant decreasing linear trend
(P = 0.0014) over the five-year period. This result however
must be interpreted with caution, as it must be kept in mind
that this set of regression analyses involved 12 hypothesis
tests, which means that even if there was no biological or
scientific basis for it, one significant result in 12, using
an α = 0.05, would not be unexpected. To further test
the significance of the linear trend of the N2 strains from
South East Asia over the five year period (P = 0.0014),
the slope of the regression line was directly compared with
the corresponding non-significant slope of N2 strains from
Australasia (P = 0.2082). A parallelism of regression lines
model applied to this data found no significant difference
between the slopes of the regression lines of the two regions
(P = 0.81), a result which would not be expected if there
was truly a difference in the sensitivity of South East Asian
N2 strains over the five year period.

4. Discussion

NA inhibitors have been available for the treatment of
influenza infection in many countries since 1999. Due to
experience with the M2 ion channel inhibitors, NISN and
other independent laboratories have undertaken regular test-
ing of isolates to determine the level of resistance to the NA

inhibitors in circulating human viruses. This study demon-
strates that different NA types exhibit slightly different sen-
sitivity to the NA inhibitors, and different NA inhibitors
can have different IC50 values for a particular NA type.
The differences in the sensitivity of the three NA types
to the NA inhibitors zanamivir and oseltamivir found in
this study are generally in agreement with previous studies
of strains collected globally by NISN (McKimm-Breschkin
et al., 2003) and viruses from Canada (Boivin and Goyette,
2002). However, one difference was in the sensitivities of
the two NA inhibitors to A(H1N1) isolates. In this study
and the NISN study, N1 strains were slightly more suscepti-
ble to zanamivir, however the Canadian study demonstrated
N1 strains to be more susceptible to oseltamivir carboxy-
late, although this difference may be due to the low num-
bers (four) of A(H1N1) viruses tested in that study (Boivin
and Goyette, 2002). The reason for these minor differences
in susceptibility of different NA types/subtypes to the NA
inhibitors is likely to be due to minor structural differences
in the NA active site which can result in different binding
affinities (Boivin and Goyette, 2002).

A comparison between viruses from Australasia and
South East Asia was performed to investigate whether any
regional differences in NA inhibitor sensitivity existed. Al-
though some differences in median IC50 values were evident,
strains from both regions for each NA type demonstrated a
range of values that could be attributed to minor variation in
the NA of viruses within a subtype and to assay variability.
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Fig. 3. Quantile box plots illustrating log10 IC50 values grouped by region and year of isolation for zanamivir and oseltamivir carboxylate by each NA type.
Boxes indicate 1st, 2nd and 3rd quartiles (i.e., Q1: 25th percentile, Q2: median, and Q3: 75th percentile). Whiskers are calculated as Q1−1.5× (Q3−Q1)
and Q3+ 1.5 × (Q3− Q1).

The intra- and inter-assay variation of the fluorescence-
based assay throughout these studies was 17 and 25%,
respectively. This level of variability is lower than that
reported for either the fluorescence or chemiluminescence-
based NA inhibition assays used in other similar studies
(Boivin and Goyette, 2002; Wetherall et al., 2003).

Zanamivir was first available in Australasia in 1999, how-
ever mean IC50 values of Australasian viruses isolated after
this date do not indicate any significant decrease in sensitiv-
ity. In fact mean IC50 values for all NA types of Australasian
viruses showed similar levels of sensitivity to viruses from
South East Asia where the drug has yet to be released. Os-
eltamivir carboxylate was developed later than zanamivir,

and was released in Australasia in 2001 and in Singapore
and the Philippines in 2002. No significant increase in mean
IC50 values for the years 2001 and 2002 were detected com-
pared to the three previous years in N1 or N2 isolates from
either region. Influenza B viruses from Australasia did how-
ever show a significant increase in mean IC50 in 2001, al-
though it was lower again in 2002 demonstrating no clear
trend since the introduction of the drug. Mean IC50 val-
ues of type B strains from South East Asia also showed an
increase in 2001 and remained at a similar level in 2002.
This observed increase in mean IC50 for South East Asian
viruses isolated in 2001 can not be attributed to the use of
oseltamivir carboxylate as the drug had not yet been released
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Fig. 4. Linear regression of Australasian (�) and South East Asian () mean log10 IC50 values for zanamivir and oseltamivir carboxylate versus year.
Linear fit for Australasian data (- - -) and South Asian data (—). All regression lines were non-significant (P > 0.05) except for the regression of the
South East Asian N2 virus IC50 data for oseltamivir carboxylate which was found to be significant (P < 0.05) (indicated on graph).

in this region. Demonstration that influenza B viruses from
the B/Victoria/2/1987 and B/Yamagata/16/1988 lineage did
not show any significant difference in NA inhibitor sensi-
tivity, indicated that any variation observed within the in-
fluenza B strains in this study was not due to the antigenic
or genetic lineage of the virus.

Unlike the situation with antigenic changes in the in-
fluenza virus surface antigens where new variants can arise
without prejudicing transmissibility and infectivity, viruses
with NA mutations which result in resistance to the NA in-
hibitors often demonstrate significantly reduced infectivity
in mice and ferret models (Gubareva et al., 1997, 1998; Tai
et al., 1998). This would suggest that further transmission
of infection and selection of resistant viruses would be un-
likely, and that the mean sensitivity of circulating strains
may not change dramatically. Consequently, variation in the
number of IC50’outliers’ that occurred in viruses isolated
over the five year period from Australia or South East Asia

was also examined in this study. It was found that very few
viruses had an IC50 value greater than the quantile limit,
and that although the majority of these strains were isolated
in 2000–2002, there appeared to be no significant correla-
tion between their occurrence and the release or use of the
different NA inhibitors in the two regions.

For surveillance purposes it is important to define the
reduction in sensitivity of a virus that would be expected to
result in the clinical failure of the NA inhibitors. Analysis
of the sensitivity of resistant mutants isolated from drug-
treated patients, compared to their wildtype counterparts,
can give some indication of the level of fold reduction in
sensitivity that might indicate truly resistant viruses isolated
during surveillance. Using a similar fluorescence-based NA
inhibition assay to the one used in this study,Wetherall et al.
(2002)tested a type B isolate from an immuno-compromised
patient undergoing zanamivir treatment, B/Memphis/20/96
(R152K mutation) (Gubareva et al., 1998) which demon-
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strated a greater than 40-fold reduction in sensitivity to
zanamivir (IC50 ≥ 250 nM). In the same study three re-
sistant type A viruses, isolated from patients undergoing
oseltamivir treatment, all had a >100-fold reduction in
sensitivity to oseltamivir carboxylate (IC50 values ranged
from 100 to 7200 nM) (Wetherall et al., 2002). By com-
parison, the viruses tested in this study had a maximum
of an eight-fold reduction in sensitivity compared to the
respective mean for the respective NA type. Considering
the high concentrations of NA inhibitor drug that can be
achieved following administration (zanamivir concentra-
tions have been measured above 3000 nM in sputum 6 h
post-inhalation) (Peng et al., 2000) it is highly likely from
the data generated in this study that even the least sensitive
viruses (maximum IC50 for zanamivir = 5.7 nM; for os-
eltamivir carboxylate= 61.6 nM) would be fully inhibited
by either zanamivir or oseltamivir treatment in vivo.

In summary, although the frequency of naturally occur-
ring resistant strains to date has been very low, it remains
prudent to continue to conduct sensitivity testing of viruses
as part of a general surveillance program, particularly if the
use of the NA inhibitors increases. Targeted surveillance di-
rected to the isolation and testing of normal or immuno-
compromised individuals undergoing treatment with the NA
inhibitors may allow a more focussed and rapid assessment
of the potential for influenza viruses to develop clinically
significant resistance to the NA inhibitors.
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