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Background: Resistance to the neuraminidase inhibitor oseltamivir can be conferred by a well-characterized
mutation in the neuraminidase gene, H275Y. In human H1N1 viruses that circulated in the first years of the
21st century, this mutation carried a fitness cost and resistant viruses were rare. During the 2007–08 influenza
season, oseltamivir-resistant viruses of H1N1 phenotype emerged and predominated. March 2009 saw the
emergence of a novel H1N1 influenza pandemic. We examined whether the H275Y mutation affected neura-
minidase enzyme activity or replication of the pandemic influenza virus.

Methods: Using reverse genetics we engineered the H275Y mutation into the neuraminidase of a 2009 pan-
demic H1N1 virus and assessed the ability of this enzyme to desialylate mono- and multivalent substrates.
The growth kinetics of wild-type and mutant viruses were assessed in Madin–Darby canine kidney (MDCK)
and fully differentiated human airway epithelial (HAE) cells.

Results: The presence of H275Y was associated with a 1.3-fold decrease in the affinity of the neuraminidase for
a monovalent substrate and a 4-fold compromise in desialylation of multivalent substrate. This was associated
with a fitness cost to viral replication in vitro, which only became apparent during competitive replication in the
mucus-rich HAE culture system.

Conclusions: The neuraminidase protein of pandemic influenza isolates tolerates the H275Y mutation and this
mutation confers resistance to oseltamivir. However, unlike seasonal H1N1 viruses isolated since 2007, the
mutation is not associated with any fitness advantage and thus is unlikely to predominate without further anti-
genic drift, compensating mutations or intense selection pressure.
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Introduction
March 2009 saw the emergence of a novel strain of influenza
with the ability to transmit readily between humans. The rapid
global spread of the new influenza A/H1N1 virus resulted in the
first influenza pandemic in 40 years.1 Two therapies are currently
licensed to treat influenza infections: the M2 ion channel block-
ing adamantane drugs (amantadine and rimantadine) and the
neuraminidase (NA) inhibitors (oseltamivir and zanamivir). Pan-
demic influenza A/H1N1 2009 virus (pH1N1) crossed into
humans carrying a well-characterized amantadine-resistance
mutation, S31N, within the M2 ion channel protein, rendering
the adamantane class of antiviral drug ineffective against the
virus. Initial isolates were susceptible to NA inhibitors, including
oseltamivir and consequently this drug was used extensively in

the treatment and prophylaxis of pandemic influenza.2 Oselta-
mivir resistance emerged infrequently in pH1N1 2009 influenza
viruses.3,4 In contrast, seasonal H1N1 influenza viruses from
the 2007–08 season onwards were predominantly resistant to
oseltamivir with resistance conferred by the H275Y mutation in
the viral NA.5

Traditionally, the H275Y mutation was associated with com-
promised viral fitness amongst H1N1 isolates.6 However, isolates
from the 2007–08 season with this mutation suffered no
attenuation.7 It is likely that certain other sequence variations,
such as the D344N (N1 numbering) change found within the
NA gene of oseltamivir-resistant viruses from the 2007–08
season, counteract the decrease in enzyme function that
H275Y confers.8,9 Residue 344 is tyrosine in most avian influenza
NA genes but mutated to asparagine in two N1 viruses, which
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crossed from birds into mammals shortly thereafter (the 1918
pandemic virus and the Eurasian lineage swine H1N1
viruses).10 During circulation in humans, an aspartic acid at
residue 344 was eventually selected in seasonal H1N1 viruses.
Mutation back to asparagine occurred in circulating human
H1N1 viruses prior to the 2007 season and was associated
with increased NA activity.9 The NA enzyme of pH1N1 virus is
derived from a Eurasian lineage H1N1 swine virus, and harbours
asparagine at residue 344. This suggested that it may tolerate
mutations such as H275Y that would concomitantly decrease
NA activity and confer oseltamivir resistance. This study aimed
to assess in vitro the effect of the H275Y mutation in the NA of
a prototypic pH1N1 2009 isolate.

Methods
Seven RNA segments of laboratory-adapted strain [A/Puerto Rico/8/34
(H1N1)] were combined with the NA of a pH1N1 strain [A/England/195/09
(pH1N1)] to rescue a pair of isogenic viruses that differed only at position
275 (wild-type PR8+E195 and mutant PR8+E195H275Y). Similarly a pair
of isogenic viruses based on the whole genome of A/England/195/09
were rescued according to published methods.11

The sialidase enzyme properties of both wild-type NA and the
mutant H275Y NA were assessed using a fluorescent substrate
[2′-(4-methylumbelliferyl)-a-D-N-acetylneuraminic acid (MuNANA)] as
previously described.12 Enzyme kinetic experiments were performed on
a standardized amount of each virus for which the NA metabolized
10 nmol substrate/h.

A chicken erythrocyte elution assay, where NA is required to cleave
sialic acid from multivalent cell surface moieties of the red blood cell,
was established. Equal haemagglutination titres of each virus were
diluted in 2-fold steps and mixed with PBS containing 1% chicken red
blood cells in a V-bottomed microtitre plate and left at 48C for 1 h to
determine the haemagglutination endpoint titre. The plate was then
incubated for 2 h at 378C. The last dilution of virus at which haemagglu-
tination was lost was defined as the desialylation endpoint titre.

To assay virus growth kinetics, two isogenic viruses containing eight
segments of pH1N1 (A/England/195/09) were grown on either Madin–
Darby canine kidney (MDCK) cells (originally sourced from the European
cell culture collection) or MucilAirTM human airway epithelial (HAE) cells
(Epithelix-Sàrl) at a multiplicity of infection (moi) of 0.01. At 12, 24, 48
and 72 h post-infection (MDCK) or 24, 48, 72, 96 and 120 h post-infection

(HAE), viruses were collected from the apical surface and subsequently
plaqued on MDCK cells to assay for viral titre.

In competition assays, the two viruses were mixed at a defined ratio
of either 50:50 or 80:20 (mutant:wild-type) and used to infect MDCK
cells or HAE cells at a total moi of 0.01. After 72 h, the released virus
was pyrosequenced to quantify the proportion of each genotype.

Results

Mutation H275Y in A/England/195/09 NA confers
resistance to oseltamivir

The N1 NA of pH1N1 that carried the H275Y mutation showed an
�300-fold increase in oseltamivir IC50 values (Table 1), but the
mutation did not confer resistance to zanamivir. There was a
1.3-fold decrease in the binding affinity of the enzyme for the
small MuNANA substrate resulting from the resistance mutation
as indicated by the difference in Km values (Table 1). Further-
more, the EC50 of oseltamivir for virus containing wild-type NA
was between 10 and 100 nM, whereas for the H275Y mutant
this value was .10 mM since the virus still formed plaques at
this concentration of drug (data not shown).

Recombinant virus with the NA mutation H275Y shows
decreased red cell elution

Both recombinant viruses grew to equivalent high titres in MDCK
cells and haemagglutinated chicken red blood cells with a geo-
metric mean titre (GMT) of 128. Following incubation of the
microtitre plates at 378C, wells containing high titres of virus
showed haemagglutination reversal. This is accounted for by
the digestion of the sialic acid receptor from the erythrocyte
surface by active NA enzyme. The ability of the wild-type
pH1N1 to elute virus from red blood cells was 4-fold greater
than that of the H275Y isogenic mutant (Table 1).

Effect of H275Y on the growth kinetics of pH1N1 in vitro

The ability of isogenic A/England/195/09 recombinant viruses
that differed only at residue 275 in the NA to infect and spread
in MDCK or in differentiated HAE cells was assessed by

Table 1. Neuraminidase enzyme activity of H275 and Y275 variants of N1 NA of influenza A/England/195/09

Virus

Substrate

MuNANA red blood cells

IC50 (nM) oseltamivir IC50 (nM) zanamivir Km value (mM) haemagglutination endpoint titre desialylation endpoint titre

rgPR8+E195NA 1.1 0.8 49.7+3.4 128 128
rgPR8+E195NAH275Y 294.4 0.6 64.9+4.2 128 16

Recombinant influenza viruses containing the NA from representative pandemic influenza A/England/195/09 were assessed for their ability to
catabolize mono- and multivalent substrates. The MuNANA substrate was used to determine IC50 values for two NA inhibitors and assess enzyme
Km values. IC50 and Km values are given as the mean of two determinations, and the SEM is indicated for Km values. For red cell elution, chicken
erythrocytes were first mixed in equal volumes with 2-fold serially diluted virus and incubated on ice to determine haemagglutination titres. The
microtitre plate was then moved to 378C to allow NA to cleave sialic acid residues and reverse haemagglutination. The geometric mean titre
derived from duplicate wells shown is the last dilution at which an effect was seen. A lower desialylation titre indicates a reduced ability of the
NA to cleave sialic acid and reverse haemagglutination.
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performing infections at low multiplicity. Both viruses replicated
efficiently in either cell culture system. Although there was an
�0.75 log10 decrease in the amount of mutant virus released
from HAE cells at 72 h post-infection, this was not statistically
significant (Figure 1a and b).

The two viruses were used to co-infect triplicate wells of either
MDCK or HAE cells at defined ratios and after 72 h released virus
was analysed for the presence of H275Y mutation. Pyrosequence
analysis showed that in MDCK cells there was no growth advan-
tage for virus with either H or Y at residue 275 (Figure 2). The
output virus from all three wells of MDCK cells contained the
same mixture of wild-type and mutant genomes as the input.
Thus, the mean percentage of wild-type genotype (H275)

following inoculation of the 50:50 mixture was 50.3% and after
inoculation of the 80:20 mutant:wild-type mixture this value
was 21.4%. In contrast, after 72 h of propagation in HAE cells
where mucus could accumulate, the wild-type oseltamivir-
susceptible H275 genotype accumulated to a higher degree in
two out of three wells than did the drug-resistant variant
(Figure 2c). The mean percentage of wild-type genome in the
mixture after 72 h was 59%. The standard deviation of the pyrose-
quencing assay using this primer set was calculated by performing
triplicate runs on six different extracted mixtures and was
measured at ,1% (data not shown). Thus, the observed enrich-
ment of wild-type genome after propagation in HAE cells was
not a result of assay variation but rather indicative of a selective
advantage of H275 in this system.

Discussion
The biological consequences of the H275Y mutation in the NA
gene of pH1N1 influenza virus, which confers resistance to osel-
tamivir, are important because the drug is a first-line treatment
for patients who present with pandemic influenza infection. Drug
resistance was already observed in infected individuals in the
community and in the clinic during the first and second waves
of the swine flu pandemic4,13 although it did not spread
widely. Whether oseltamivir-resistant pH1N1 viruses might dis-
seminate in subsequent waves through the community is key
to future public health planning.

The NA gene of the new pandemic H1N1 virus was acquired
from Eurasian swine influenza H1N1 virus, a lineage of virus
that crossed from bird to pigs in the late 1970s. In this back-
ground, the small compromise in enzyme affinity for sialic acid
substrate (observed by a 1.3-fold increase in the NA Km value)
and the decrease in cell surface expression that results from
the H275Y mutation,14 had no effect on virus growth in MDCK
cell culture. On the other hand, in vivo NA must cleave
complex substrates to mediate virus release from an infected
airway cell and gain access through a complex layer of mucins
to the new target cell. Subtle decreases in NA activity or cell
surface expression may have more profound consequences in
the airway than in monoculture. To probe this, we tested the
NA activity of the mutated virus in assays that presented large
sialylated substrates: in a red cell elution assay we detected a
4-fold compromise in the ability of the virus with H275Y
mutation to mediate desialylation of chicken erythrocytes,
although the biological significance of this assay is not entirely
clear. In differentiated cultures of human airway cells, the differ-
ence detected in replication of wild-type and mutant virus was
not statistically significant on either of two separate occasions
(Figure 1 and data not shown). However, in competition assays
in HAE cultures, the wild-type virus out-competed growth of
the drug-resistant strain suggesting that, in the absence of
drug, the 275Y motif carries a fitness cost in the environment
of the human airway.

In both recent seasonal H1N1 strains and in H5N1 highly
pathogenic viruses, mutations that increase the NA activity,
protein stability or cell surface transport likely compensate for
the effects of the mutation at 275 that would otherwise
decrease the function of the enzyme.8,9,14,15 Examples of such
mutations are D344N,9 and V235M and/or R223Q.14 Neither of
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Figure 1. Recombinant A/England/195/09 viruses containing wild-type or
mutated H275Y NA segments were inoculated onto cells. (a) Viruses were
inoculated in triplicate onto six-well plates of MDCK cells at an moi of
0.01. Samples of supernatant were collected at 12, 24, 48 and 72 h
post-infection and plaqued on MDCK cells to assess viral titre. (b)
Viruses were inoculated onto the apical surface of 24-well plates of
HAE cells for 1 h at an moi of 0.01 before being removed and washed
once with PBS. Cells were left at the air–liquid interface for the
remainder of the experiment and virus released from the apical surface
at 24, 48, 72, 96 and 120 h post-infection was collected by adding
‘virus diluent’ (0.35% BSA, 1% penicillin/streptomycin in PBS) to the
cells for 5 min. These virus harvests were plaqued on MDCK cells as
above. Each of the figures is representative of data obtained in
triplicate on two separate occasions.
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the latter two mutations currently exist in the NA protein of
pH1N1 isolates, but further circulation of the pH1N1 virus in
humans may select for these or other NA or haemagglutinin
(HA) mutations that better prime the virus to accommodate or
even select for the H275Y mutation.

For contemporary pH1N1 viruses, the cost or advantage of
drug resistance is so subtle that different groups have come to
different conclusions about its relevance. In a hospital setting
there have been reports that suggest that patient-to-patient
transmission of drug-resistant virus has occurred amongst
immunocompromised individuals.16 Hamelin et al.17 showed
that oseltamivir-resistant pH1N1 virus was equally virulent as
its wild-type counterpart in mice and ferrets and did transmit
to co-housed animals, though they did not assess droplet trans-
mission. Seibert et al.18 used guinea pigs and ferrets in both
contact and droplet transmission studies and concluded that
the drug-resistant mutant could potentially circulate in the com-
munity. However, a detailed analysis of their data reveals that for
one of the viruses they tested, there was a 2 day delay in trans-
mission to half the contact-exposed guinea pigs and for the
other strain of pH1N1 there was a reduction in droplet trans-
mission to 88% rather than 100% of exposed sentinels. The
ferret experiments were conducted with n¼1 so it is difficult to
be sure of their significance. Similarly, in the manuscript from
Kiso et al.,19 the conclusion is again that the H275Y mutant
transmits through the air between ferrets, but there is a 2 day
delay in transmission of one of the mutant strains of virus
studied. Conversely, Duan et al.20 found that the drug-resistant

virus did not transmit between ferrets by the respiratory
droplet route and that in co-infected animals, the wild-type
virus outgrew the resistant mutant and was uniquely trans-
mitted to contact animals. Thus, the current picture from
animal experiments is confused and discrepant. This might be
partly due to the use of different strains of pH1N1 virus as well
as different experimental protocols used by the various investi-
gators. Anecdotal evidence from the clinic shows that, in most
instances, contemporary drug-resistant variants of pH1N1 were
replaced by drug-susceptible variants when the selective
pressure of oseltamivir was removed, suggesting that wild-type
isolates are fitter in vivo in humans.21 Whether the subtle
fitness deficit reported here for one particular strain of
drug-resistant mutant pH1N1 virus explains the epidemiological
observation that mutant virus has not circulated through the
community is not clear, since many other factors including het-
erogeneous mixing of populations and stochastic effects may
influence whether a particular virus mutant predominates.
Nonetheless the virus competition assay conducted in HAE cul-
tured cells described here offers an alternative biologically rel-
evant model as a useful adjunct to animal studies and this
system may more accurately reflect the environment in which
virus replicates in otherwise healthy humans. Information from
a variety of model systems should be combined to guide the
appropriate use of oseltamivir. Such knowledge clearly needs
to be revised specifically for each novel influenza virus that
emerges either as a seasonal strain by drift or as a pandemic
virus by antigenic shift.

Nucleotide

273 N

A A T T A T – A C T A T

A A T T A T C A C T A T

A A T T A T T A C T A T

A A T T A T C A C T A T

274 Y 275 H/Y 276 Y

C(a)

(b)

(c)

51.5 49.4 49.9 50.3

T 48.5 50.6 50.1 49.7

C 22.1 21 21.2 21.4

T 77.9 79 78.8 78.6

C 60.2 51.4 65.5 59

T 39.8 48.6 34.5 41

Abundance (%) Mean (%)

Figure 2. MDCK or HAE cells were infected at an moi of 0.01 with a defined mixture (50:50 or 20:80) of the isogenic A/England/195/09 viruses with
either 275H or 275Y in the NA. After 72 h, virus released from the cells was collected, RNA extracted and the NA gene amplified by RT–PCR. PCR
products were then sequenced. The sequence chromatogram shows the region spanning codon 275 in which a C nucleotide results in the
wild-type 275H amino acid and a T nucleotide results in the drug-resistant 275Y genotype. The experiment was performed in triplicate and results
from an individual well are displayed. To quantify these results, the supernatants were then subjected to pyrosequencing analysis to determine
the abundance of each NA phenotype in the mixture. The percentage genotype measured by pyrosequencing for each of three individual wells is
shown along with the mean. (a) Virus released from MDCK cells infected with a 50:50 mixture of 275H and 275Y virus. (b) Virus released from
MDCK cells infected with a 20:80 mixture of 275H and 275Y virus. (c) Virus released from HAE cells infected with a 50:50 mixture of 275H and
275Y virus.
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