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Effective antiviral drugs are essential for early control of an influenza pandemic. It is therefore crucial to
evaluate the possible threat posed by neuraminidase (NA) inhibitor-resistant influenza viruses with pandemic
potential. Four NA mutations (E119G, H274Y, R292K, and N294S) that have been reported to confer resistance
to NA inhibitors were each introduced into recombinant A/Vietnam/1203/04 (VN1203) H5N1 influenza virus.
For comparison, the same mutations were introduced into recombinant A/Puerto Rico/8/34 (PR8) H1N1
influenza virus. The E119G and R292K mutations significantly compromised viral growth in vitro, but the
H274Y and N294S mutations were stably maintained in VN1203 and PR8 viruses. In both backgrounds, the
H274Y and N294S mutations conferred resistance to oseltamivir carboxylate (50% inhibitory concentration
[IC50] increases, >250-fold and >20-fold, respectively), and the N294S mutation reduced susceptibility to
zanamivir (IC50 increase, >3.0-fold). Although the H274Y and N294S mutations did not compromise the
replication efficiency of VN1203 or PR8 viruses in vitro, these mutations slightly reduced the lethality of PR8
virus in mice. However, the VN1203 virus carrying either the H274Y or N294S mutation exhibited lethality
similar to that of the wild-type VN1203 virus. The different enzyme kinetic parameters (Vmax and Km) of
avian-like VN1203 NA and human-like PR8 NA suggest that resistance-associated NA mutations can cause
different levels of functional loss in NA glycoproteins of the same subtype. Our results suggest that NA
inhibitor-resistant H5N1 variants may retain the high pathogenicity of the wild-type virus in mammalian
species. Patients receiving NA inhibitors for H5N1 influenza virus infection should be closely monitored for the
emergence of resistant variants.

The highly pathogenic H5N1 influenza viruses have severely
affected the poultry industry and posed a serious threat to
human health, resulting in �50% fatality among more than
300 confirmed human cases (49). Although these viruses have
yet to acquire efficient transmissibility between humans, their
wide geographical dissemination, broad host range, and high
pathogenicity raise concern about the severity of a possible
pandemic. In the early stage of an influenza pandemic, unless
antigenically matched vaccines are available, antivirals offer
the best hope of preventing the spread of infection. The two
classes of antivirals available for influenza prophylaxis and
treatment are the adamantanes (amantadine and rimanta-
dine), which target the M2 ion channel of influenza A virus,
and neuraminidase (NA) inhibitors (NAIs) (oseltamivir and
zanamivir), which target the NA glycoproteins of influenza A
and B viruses.

One of the disadvantages of antiviral therapy is the emer-
gence of drug-resistant variants. Fully pathogenic and trans-
missible adamantane-resistant H1N1 and H3N2 influenza virus
variants emerge rapidly posttreatment (15, 17). Further, a high
percentage of the recently isolated human H3N2 (4) and avian

highly pathogenic H5N1 (23, 42) influenza viruses contain M2
amino acid changes that could confer resistance to adaman-
tanes. Zanamivir-resistant influenza A virus variants have been
isolated only from immunocompromised patients (11, 24). De-
pending on the detection method, oseltamivir-resistant vari-
ants have been identified in approximately 5% to 18% of
children and fewer than 1% of adults during treatment and in
approximately 0.5% of 2,287 worldwide community isolates
(16, 27, 33, 43, 48). It is not clear at what frequency oseltamivir-
resistant variants emerge during treatment in patients infected
with H5N1 viruses. To date, only a few reports are available;
they describe the emergence of variants with H274Y or N294S
NA amino acid substitutions in five oseltamivir-treated pa-
tients with H5N1 virus infection (8, 29, 35, 40).

The clinical relevance of NAI-resistant H5N1 variants is
unknown, and it is not clear whether their phenotype will
resemble that of resistant H1N1 variants. NAI-resistant vari-
ants have been reported to have compromised viral fitness (5,
12, 18, 25, 44). In the N1 subtype, an oseltamivir-resistant
A/Texas/36/91 (H1N1) clinical isolate with an H274Y NA mu-
tation was less infectious than the wild-type virus in vitro and
in vivo (25). However, a recombinant A/WSN/33 (H1N1) virus
with the H274Y NA mutation showed compromised replica-
tion efficiency only at early time points in vitro (1, 2) and was
as lethal to mice as the wild-type virus (1). In the three case
reports describing the emergence of NAI-resistant H5N1 vari-
ants in five patients, the clinical outcomes differed. In one case,
a subpopulation of variants containing H274Y or N294S NA
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mutations was identified in a patient with H5N1 virus in Viet-
nam receiving a prophylactic dose (75 mg once daily) of osel-
tamivir; the therapeutic dose (75 mg twice daily) was then
given, and the patient survived (29). The second report de-
scribed the identification of H274Y NA mutants as the domi-
nant virus population in two other H5N1-infected patients in
Vietnam during or shortly after oseltamivir treatment; both
patients succumbed (8). The most recent report described the
detection of the N294S NA mutation from specimens collected
from two patients with H5N1 virus in Egypt before and after
oseltamivir treatment; the source of the NA mutation is under
investigation, and both patients succumbed to infection (40).

Because of the importance of optimal pandemic prepared-
ness, it is essential to determine whether oseltamivir-resistant
H5N1 variants retain their infectivity and pathogenicity in
mammalian hosts. The potential clinical significance of such
variants as evaluated using small animal models may provide
insights for clinical management of human H5N1 infection.
We used mutagenesis and plasmid-based reverse genetics (20,
41) to generate recombinant A/Vietnam/1203/04 (H5N1) in-
fluenza viruses (VN1203) containing either the wild-type NA
or a single amino acid change at NA residue 119 (E3G), 274
(H3Y), 292 (R3K), or 294 (N3S). For comparison, we
generated recombinant A/Puerto Rico/8/34 (H1N1) influ-
enza viruses (PR8) carrying the same NA mutations. The
fitnesses and pathogenicities of the recombinant viruses
were characterized in vitro and in vivo.

MATERIALS AND METHODS

Compounds. The NAI oseltamivir carboxylate (oseltamivir) [(3R,4R,5S)-4-
acetamido-5-amino-3-(1-ethylpropoxy)-1-cyclohexene-1-carboxylic acid] was pro-
vided by F. Hoffmann-La Roche, Inc. (Basel, Switzerland); zanamivir (4-gua-
nidino-Neu5Ac2en) was provided by the R.W. Johnson Pharmaceutical
Research Institute (Raritan, NJ). The compounds were dissolved in distilled
water, and aliquots were stored at �20°C until they were used.

Cells. Madin-Darby canine kidney (MDCK) cells and human embryonic kid-
ney cells transformed with large T antigen (293T cells) were obtained from the
American Type Culture Collection (Manassas, VA). MDCK cells transfected
with cDNA encoding human 2,6-sialyltransferase (MDCK-SIAT1 cells) were
kindly provided by Mikhail N. Matrosovich and maintained as described previ-
ously (32, 50).

Generation of recombinant influenza viruses. The construction of plasmids
containing the full-length cDNA of PR8 (H1N1) or VN1203 (H5N1) influenza
viruses was described previously (19, 41). Mutations encoding substitutions at
conserved NA residues (E119G, H274Y, R292K, and N294S) were separately
introduced into the NA plasmids by using a QuikChange site-directed mutagen-
esis kit (Stratagene, La Jolla, CA). The constructed plasmids were sequenced to
ensure their identity to the field strain. Recombinant viruses were rescued by
transfecting 293T cells (20). One passage in MDCK cells (at a multiplicity of
infection [MOI] of 0.01 to 0.001 PFU/cell with incubation at 37°C for 72 h) was
used to prepare stocks of all recombinant viruses except the recombinant
VN1203 wild-type virus, which was prepared in 10-day-old embryonated chicken
eggs (0.1 ml transfection supernatant was injected into the allantoic cavities of
the eggs and incubated at 35°C for 48 h). The hemagglutinin (HA) and NA gene
sequences of all stock recombinant viruses were verified. All experiments with
recombinant VN1203 (H5N1) viruses were conducted in a USDA-approved
biosafety level 3� containment facility.

Infectivity. The 50% tissue culture infectious dose (TCID50) was determined
in MDCK and MDCK-SIAT1 cells with 10-fold serially diluted viruses incubated
at 37°C for 72 h. The 50% egg infectious dose (EID50) was determined in
10-day-old embryonated chicken eggs with 10-fold serially diluted viruses incu-
bated at 35°C for 48 h. The TCID50 and EID50 values were calculated by the
Reed-Muench method (38).

Replication kinetics. To determine multistep growth curves, MDCK and
MDCK-SIAT1 cells were infected with viruses at an MOI of 0.0001 PFU/cell.
After incubation, the cells were washed and overlaid with infection medium

[minimal essential medium with 0.3% bovine serum albumin and 1 �g/ml L-
(tosylamido-2-phenyl)ethylchloromethylketone (TPCK)-treated trypsin]. TPCK-
trypsin was not added for infection with recombinant H5N1 viruses, which have
a multiple-basic-amino-acid motif at the HA cleavage site. Supernatants were
collected 12, 24, 36, 48, and 60 h postinfection and stored at �70°C for titration.

Plaque assays. Confluent MDCK cells were incubated at 37°C for 1 h with
10-fold serial dilutions of virus in 1 ml infection medium. The cells were then
washed and overlaid with freshly prepared minimal essential medium containing
0.3% bovine serum albumin and 0.9% Bacto agar, with or without 1 �g/ml
TPCK-trypsin, and incubated at 37°C for 72 h. The plaques were stained with
0.1% crystal violet solution containing 10% formaldehyde, and the PFU per ml
were determined.

NA activity. A modified fluorometric assay was used to determine the NA
activities of the recombinant viruses (13, 36). We measured the NA enzyme
kinetics at pH 6.5 with 33 mM 2-(N-morpholino)ethanesulfonic acid hydrate
(MES) (Sigma-Aldrich, Inc., St. Louis, MO), 4 mM CaCl2, and fluorogenic
substrate 2�-(4-methylumbelliferyl)-�-D-N-acetylneuraminic acid (MUNANA)
(Sigma-Aldrich, Inc., St. Louis, MO), with a final substrate concentration of 0 to
3333.3 �M. All recombinant viruses were standardized to an equivalent dose of
107.5 PFU/ml. The reaction was conducted at 37°C in a total volume of 50 �l, and
the fluorescence of the released 4-methylumbelliferone was measured every 92 s
for 45 min in a Fluoroskan II instrument (Labsystems, Helsinki, Finland) using
excitation and emission wavelengths of 355 and 460 nm, respectively. The en-
zyme kinetic data were fit to the Michaelis-Menten equation by using nonlinear
regression (GraphPad Prism 4; GraphPad, San Diego, CA) to determine the
Michaelis constant (Km) and maximum velocity (Vmax) of substrate conversion.

NA inhibition assays. NA inhibition was assayed with viruses standardized to
equivalent NA enzyme activity. Viruses were first incubated with oseltamivir or
zanamivir at concentrations of 0.00005 to 10 �M at 37°C for 30 min, and the
mixtures were then incubated with MUNANA substrate at a final concentration
of 167 �M (13) at 37°C for 30 min. The reaction was stopped by adding 150 �l
stop solution (0.014 M NaCl and 0.1 M glycine in 25% ethanol, pH 10.7). The
drug concentration that inhibited 50% of the NA enzymatic activity (IC50) was
determined from the dose-response curve.

Reverse transcription-PCR and sequencing. The NA genes of viruses that
formed morphologically different plaques were analyzed as follows. The plaques
were visualized by staining with 0.01% neutral red and were individually picked
and incubated overnight at 4°C in 250 �l of phosphate-buffered saline (PBS).
The RNeasy kit (QIAGEN, Chatsworth, CA) was used to extract viral RNA, and
the one-step reverse transcription-PCR kit (QIAGEN) and universal primers
(21) were used for amplification. Amplified viral sequences obtained after pas-
sage in MDCK cells were analyzed by direct sequencing or with TOPO TA
cloning kit for sequencing (Invitrogen). The sequences were determined by the
Hartwell Center for Bioinformatics and Biotechnology at St. Jude Children’s
Research Hospital by using BigDye Terminator (version 3) chemistry and syn-
thetic oligonucleotides. Samples were analyzed on Applied Biosystems 3700
DNA analyzers.

Pathogenicity and lethality in BALB/c mice. To determine the 50% mouse
lethal dose (MLD50), we anesthetized groups of five female 6-week-old BALB/c
mice (Jackson Laboratories, Bar Harbor, ME) with isoflurane and intranasally
inoculated them with 50 �l of 10-fold serial dilutions of recombinant VN1203
(H5N1) or PR8 (H1N1) viruses in PBS. The MLD50 values were calculated after
a 21-day observation period by the Reed-Muench method (38). The determined
values for 1 MLD50 of the recombinant viruses were expressed as PFU. To
monitor survival, we inoculated groups of 15 and 10 mice, respectively, with
recombinant VN1203 (10 PFU/mouse) or PR8 (100 PFU/mouse) viruses. To
evaluate the replication kinetics and pathogenicities of the recombinant viruses
in vivo, we euthanized three mice on days 1, 3, and 6 after inoculation; removed
the lungs, brain, and blood; and homogenized the organs and suspended them in
1 ml of PBS. Virus titers in each organ and blood sample were determined by
inoculating embryonated chicken eggs with serial dilutions of the suspensions.
Titers were calculated by the method of Reed and Muench (38) and expressed
as mean log10 EID50/ml � standard deviation (SD). Animal use was conducted
under applicable laws and guidelines, with prior approval of the St. Jude Chil-
dren’s Research Hospital Animal Care and Use Committee.

RESULTS

Generation and in vitro characterization of the recombinant
viruses. We introduced the E119G, H274Y, R292K, and N294S
NA mutations into the background of recombinant VN1203
(H5N1) influenza virus (yielding the constructs VN1203-E119G,
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VN1203-H274Y, VN1203-R292K, and VN1203-N294S) and into
the background of recombinant PR8 (H1N1) influenza virus
(yielding the constructs PR8-E119G, PR8-H274Y, PR8-R292K,
and PR8-N294S). The recombinant VN1203-H274Y and
VN1203-N294S H5N1 virus constructs grew to comparable titers
in eggs, MDCK cells, and MDCK-SIAT1 cells (Table 1). They
formed homogeneous large plaques (diameter, 1.7 to 2.8 mm) in
MDCK cells, although the VN1203-H274Y plaques were smaller
than the VN1203 plaques (P � 0.05). Sequence analysis of the
stock virus and individual plaques obtained in MDCK cells re-
vealed that the introduced H274Y and N294S NA mutations
were stably maintained in the VN1203 virus, and no additional
HA mutations were observed (data not shown). In contrast, the
growth of VN1203-E119G and VN1203-R292K viruses in eggs or
MDCK cells was approximately 1 to 3 logs lower than that of the
wild-type VN1203 virus (Table 1). In addition, the VN1203-
E119G and VN1203-R292K viruses formed a mixture of small
and large plaques in MDCK cells. Direct sequencing of the stock
VN1203-E119G virus or sequence analysis of individually picked
large and small plaques revealed that the E119G NA mutation
was stably maintained in both small and large plaques, but indi-
vidually picked large plaques contained a subpopulation with a
V3F amino acid change at residue 200 or an R3K change at
residue 212 of HA (numbering is based on the H5 HA glycopro-
tein throughout). The stock VN1203-R292K virus contained a
mixture of viruses with R or K at NA residue 292 as well as an
Y157H substitution in the HA. The yields of VN1203-E119G and
V1203-R292K viruses in cell culture were less than that of the
recombinant VN1203 virus (Table 1).

Of the recombinant PR8 (H1N1) viruses, only virus carrying
the N294S NA mutation showed growth comparable to that of
the PR8 virus in eggs, MDCK cells, and MDCK-SIAT1 cells
(Table 1). The PR8-H274Y virus formed smaller plaques (P �
0.05) and replicated to a lower titer in eggs than did PR8 virus
(Table 1). The PR8-E119G and PR8-R292K viruses showed
the most compromised growth and formed a mixture of small

and large plaques in MDCK cells, as had the VN1203-E119G
and VN1203-R292K viruses (Table 1). The genetic stability of
the PR8-H274Y and PR8-N294S viruses was further analyzed
with the TOPO TA cloning kit for sequencing (Invitrogen).
Ten plasmids of the NA genes were sequenced for each virus,
and all clones contained the introduced NA mutation.

Overall, our results suggested that the H274Y and N294S
NA mutations are stably maintained in the recombinant
VN1203 (H5N1) or PR8 (H1N1) virus background. Recombi-
nant VN1203 or PR8 viruses with these two mutations gener-
ally showed growth comparable to that of the homologous
wild-type virus, with the exception of 25-fold-reduced yields of
the PR8-H274Y virus in eggs. Clearly, the E119G and R292K
mutations cannot be stably maintained in either virus back-
ground. Therefore, recombinant viruses with these mutations
were not further characterized.

Susceptibility to NAIs in vitro. An enzymatic NA inhibition
assay was used to characterize the susceptibilities of recombi-
nant VN1203 (H5N1) and PR8 (H1N1) viruses to oseltamivir
and zanamivir (Table 2). The susceptibilities of VN1203-
H274Y and PR8-H274Y viruses to oseltamivir were markedly
reduced (mean IC50 increases, 1,672-fold and 292-fold, respec-
tively). NA inhibition assays showed that both viruses are sus-
ceptible to zanamivir. The susceptibilities of VN1203-N294S
and PR8-N294S viruses to oseltamivir were moderately re-
duced (mean IC50 increases, 21-fold and 83-fold, respectively).
A slightly reduced susceptibility of VN1203-N294S and PR8-
N294S viruses to zanamivir was detected by NA inhibition
assay (mean IC50 increase, threefold). Overall, our results con-
firmed that H274Y and N294S mutations in the N1 subtype
confer resistance to oseltamivir (1, 29); in addition, a slightly
reduced susceptibility to zanamivir was detected with the
N294S mutation.

Replication kinetics in vitro. To further evaluate the effect
of the H274Y and N294S NA mutations on viral growth, we
assayed the yields of the recombinant VN1203 (H5N1) and
PR8 (H1N1) viruses after multiple replication cycles in MDCK
cells (which exhibit more �-2,3-linked terminal sialic acid [SA]
than �-2,6-linked terminal SA on the cell surface) and MDCK-
SIAT1 cells (which exhibit more �-2,6-linked terminal SA than
�-2,3-linked terminal SA on the cell surface) (32). At 12 hours

TABLE 1. Growth of the recombinant H5N1 and H1N1
influenza viruses

Recombinant
virus

Viral yielda in:

Plaque sized

Eggsb MDCK
cellsc

MDCK-SIAT1
cellsc

H5N1 viruses
VN1203 9.4 � 0.4 8.7 � 0.2 8.9 � 0.3 2.8 � 0.3
VN1203-H274Y 9.1 � 0.1 9.0 � 0.2 8.8 � 0.7 1.7 � 0.4*
VN1203-N294S 9.2 � 0.0 8.7 � 0.1 8.7 � 0.4 2.1 � 0.3
VN1203-E119G 8.4 � 0.2 6.6 � 0.4* 5.4 � 0.1* Heterogeneouse

VN1203-R292K 8.0 � 0.6 7.8 � 0.2* 7.4 � 0.1* Heterogeneous

H1N1 viruses
PR8 10.0 � 0.4 8.4 � 0.1 8.4 � 0.1 0.9 � 0.1
PR8-H274Y 8.6 � 0.2* 7.8 � 0.2 7.7 � 0.3 0.5 � 0.1*
PR8-N294S 9.5 � 0.4 8.4 � 0.1 7.8 � 0.3 0.8 � 0.1
PR8-E119G 7.1 � 0.5* 5.8 � 1.1* 4.6 � 1.5* Heterogeneous
PR8-R292K 7.0 � 0.4* 5.3 � 1.5* 4.0 � 1.9* Heterogeneous

a *, P � 0.05 compared to value for wild-type virus.
b Values are the log10 EID50 � SD/ml from three independent determinations.
c Values are the log10 TCID50 � SD/ml from three independent determina-

tions.
d Plaque assays were performed in MDCK cells. Values are mean plaque

diameter (mm) � SD as measured by using the Finescale comparator (Los
Angeles, CA).

e Heterogeneous plaques ranged in size from pinpoints to the size of the
recombinant wild-type virus plaques.

TABLE 2. Susceptibility of the recombinant H5N1 and H1N1
influenza viruses to NAIs

Recombinant
virus

NA inhibition assay results for:

Oseltamivir Zanamivir

Mean IC50 �
SD (nM)a

Fold
changeb

Mean IC50 �
SD (nM)

Fold
change

H5N1 viruses
VN1203 0.3 � 0.1 1 1.4 � 0.4 1
VN1203-H274Y 501.7 � 135.4 1,672 2.4 � 0.7 2
VN1203-N294S 6.4 � 2.0 21 4.3 � 0.7 3

H1N1 viruses
PR8 4.2 � 0.9 1 0.7 � 0.1 1
PR8-H274Y 1,226.6 � 371.0 292 0.8 � 0.1 1
PR8-N294S 350.1 � 10.4 83 2.3 � 0.1 3

a The concentration of NAIs that reduced NA activity by 50% relative to a
reaction mixture containing virus but no inhibitor. Values are from three inde-
pendent experiments.

b Multiple of the value obtained for the recombinant wild-type virus.
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after infection, the yields of the VN1203 (H5N1) recombinant
viruses carrying the drug-resistant NA mutations H274Y and
N294S were only approximately 1 log lower than that of the
VN1203 (H5N1) virus in both MDCK and MDCK-SIAT1 cells
(Fig. 1A and B). However, at 24 h after infection, these viruses
reached titers comparable to those of the VN1203 (H5N1)
virus in both cell lines (Fig. 1A and B). The recombinant PR8
(H1N1) viruses did not show significantly altered replication
kinetics in either MDCK or MDCK-SIAT1 cells (Fig. 1C and
D). Therefore, neither the H274Y nor the N294S drug-resis-
tant NA mutation significantly impaired the replication effi-
ciency of the VN1203 (H5N1) or PR8 (H1N1) viruses in vitro,
regardless of avian-like (�-2,3-linked) or human-like (�-2,6-
linked) SA distribution on the cell surface.

We further verified the stability of H274Y and N294S mu-
tations after multiple cycles of replication in MDCK or
MDCK-SIAT1 cells. We analyzed the HA and NA sequences
of PR8-H274Y and PR8-N294S recombinant viruses at 60 h
postinfection at an MOI of 0.0001 PFU/cell. Direct sequencing
revealed the stability of the H274Y and N294S mutations in
the recombinant PR8 virus background, as no changes was
detected in the HA and NA genes.

Pathogenicity and lethality in vivo. Using a BALB/c mouse
model, we compared the lethalities of the NAI-resistant re-
combinant viruses with those of the VN1203 (H5N1) and PR8
(H1N1) viruses. The VN1203, VN1203-H274Y, and VN1203-
N294S viruses were all highly lethal at the inoculation dose of
10 PFU/mouse (1 MLD50 values for the VN1203, VN1203-

FIG. 1. Replication kinetics of the recombinant viruses in vitro. (A and B) Multistep growth curves for the recombinant VN1203, VN1203-
H274Y, and VN1203-N294S viruses in MDCK (A) and MDCK-SIAT1 (B) cells. (C and D) Multistep growth curves for the recombinant PR8,
PR8-H274Y, and PR8-N294S viruses in MDCK (C) and MDCK-SIAT1 (D) cells. Confluent cells were infected with recombinant viruses at an
MOI of 0.0001 PFU/cell. The virus yield was titrated in MDCK cells at 12, 24, 36, 48, and 60 h postinfection. Each data point represents viral yield
(log10 PFU � SD/ml) from three independent experiments. *, P � 0.05 compared to value for wild-type virus.
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H274Y, and VN1203-N294S viruses were approximately 1
PFU) (Fig. 2A). No significant differences were observed in the
survival rate or mean survival days (range, 9.2 � 0.3 to 9.8 �
0.2 days) between the three H5N1 viruses at inoculation dose
of 10 PFU/mouse (Fig. 2B). Virus titers in blood, brain, and
lungs on days 1, 3, and 6 postinoculation did not reveal signif-
icant differences in the replication kinetics of the three H5N1

viruses in vivo (Fig. 3A). Therefore, the recombinant VN1203
(H5N1) viruses with the H274Y or N294S NA mutation are
NAI resistant and show no loss of lethality or pathogenicity in
BALB/c mice.

The lethalities of the PR8-H274Y and PR8-N294S viruses
was 3.7-fold (P 	 0.24) and 7-fold (P � 0.05) less than that of
the recombinant PR8 (H1N1) virus, respectively. The mean
MLD50s � SD of the PR8, PR8-H274Y, and PR8-N294S vi-
ruses were 74 � 34, 277 � 122, and 546 � 80 PFU, respectively
(Fig. 2A). After inoculation with 100 PFU of virus, the survival
rates were 0% for PR8, 90% for PR8-H274Y, and 80% for
PR8-N294S virus (Fig. 2C). However, we found no significant
differences between the PR8, PR8-H274Y, and PR8-N294S
virus titers in mouse lungs on day 1, 3, or 6 postinoculation
(Fig. 3B). No virus was detected in the blood or the brains of
mice on days 1, 3, and 6 after inoculation with the PR8 (H1N1)
viruses (data not shown). When the inoculation dose was in-
creased to 1,000 PFU, no significant difference in survival rate
was observed between mice inoculated with the PR8, PR8-

FIG. 2. Lethality of the recombinant viruses in a BALB/c mouse
model. (A) MLD50s of the recombinant viruses (expressed in PFU �
SD). (B and C) Survival of BALB/c mice inoculated with 10 PFU of
recombinant VN1203, VN1203-H274Y, or VN1203-N294S virus (B) or
100 PFU of recombinant PR8, PR8-H274Y, or PR8-N294S virus (C).
*, P � 0.05 compared to value for wild-type virus.

FIG. 3. Virus titers in BALB/c mouse tissue at 1, 3, and 6 days after
inoculation (d.p.i.). (A) Titers (log10 EID50/ml) in blood, brain, and
lungs after inoculation with 10 PFU of recombinant VN1203, VN1203-
H274Y, or VN1203-N294S virus. (B) Titers (log10 EID50/ml) in lungs
after inoculation with 100 PFU of recombinant PR8, PR8-H274Y, or
PR8-N294S virus. Each data point represents the value in an inocu-
lated mouse, and the lines represent the mean values from three mice.
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H274Y, and PR8-N294S viruses (survival rate, 0% [data not
shown]).

Overall, we observed that the VN1203-H274Y and VN1203-
N294S viruses exhibit lethality or pathogenicity comparable to
that of the recombinant VN1203 (H5N1) virus in mice. In the
recombinant PR8 (H1N1) virus background, the H274Y and
N294S mutations slightly reduced the lethality of recombinant
PR8 (H1N1) viruses (3.7-fold and 7-fold reductions, respec-
tively).

NA enzyme kinetics. To evaluate the impact of the H274Y
and N294S mutations on NA enzyme activity, we determined
the NA enzyme Kms and Vmaxs of recombinant viruses stan-
dardized to an equivalent virus dose of 107.5 PFU/ml (Table 3).
The Km provides an approximation of the substrate concentra-
tion required for significant catalysis to occur, while the Vmax

provides an approximation for the NA enzyme activity at the
given standardized virus dose. The Km values determined with
MUNANA substrate concentrations of 0 to 3333.3 �M were in
general higher than the Km values reported for expressed
H1N1 (37, 47) or H5N1 (37) virus NA protein determined at a
substrate concentration of 5 to 100 �M. The Km values of the
PR8-H274Y and PR8-N294S NA were significantly higher
(P � 0.05) than that of PR8 NA, suggesting that activation of
catalysis by the mutant NA requires a higher substrate concen-
tration (Table 3). The N294S mutation increased the Km of
VN1203 NA, but the difference was not statistically significant
(Table 3). Interestingly, the H274Y mutation lowered the Km

of VN1203 NA, but again the difference was not statistically
significant (Table 3). Overall, the H274Y and N294S NA mu-
tations had less effect on the Km value of VN1203 NA than on
that of PR8 NA.

We determined the NA enzymatic Vmax of each recombinant
virus at a standardized amount of virus, and the ratios of the
Vmaxs of the recombinant virus and parental NA glycoproteins are
shown in Table 3. The Vmax ratio is used as an indicator for
relative NA activity between virus constructs. The Vmax ratio of
VN1203-H274Y versus VN1203 was 0.28, and that of VN1203-

N294S versus VN1203 was 0.33 (P � 0.05), suggesting that both
mutations significantly decrease VN1203 NA enzyme activity (Ta-
ble 3; Fig. 4A). The H274Y and N294S mutations also reduced
the activity of the PR8 NA (Vmax ratios, 0.88) (Table 3, Fig. 4B).
We then determined the NA enzymatic Vmax ratios of all viruses
in relation to VN1203 virus and observed that the ratio of the
Vmax of the PR8 (H1N1) viruses to that of VN1203 (H5N1) was
only 0.06 to 0.07 (Table 3 and Fig. 4A).

Overall, the Km values suggest that the VN1203 NA function
was less affected by the H274Y and N294S mutations than that
of the PR8 NA glycoprotein. We observed that the NA activity
of the avian-like VN1203 virus was significantly greater than
that of the human-like PR8 virus. Although the NA activity of
VN1203 virus was reduced by the H274Y or N294S mutation,
it remained sufficiently high to sustain the fitness of the NAI-
resistant mutants in vitro and in the BALB/c mouse model.

DISCUSSION

To evaluate whether oseltamivir-resistant H5N1 variants re-
tain their infectivity and pathogenicity in mammalian hosts, we
studied the effects of four NAI resistance associated NA mu-
tations in recombinant VN1203 (H5N1) and PR8 (H1N1) vi-
ruses. We observed that two introduced NA mutations (H274Y
and N294S) were stably maintained in N1 NA subtype, while
the other two NA mutations (E119G and R292K) were not
genetically stable. We further observed that the H274Y or
N294S NA mutation slightly reduced the lethality of PR8

FIG. 4. NA enzyme kinetics of the recombinant viruses, showing
the substrate conversion velocity (V0) of NA as a function of substrate
concentration. (A) Recombinant VN1203, VN1203-H274Y, VN1203-
N294S, and PR8 viruses; (B) recombinant PR8 viruses. The fluoro-
genic MUNANA substrate was used at final concentrations of 0 to
3333 �M. All recombinant viruses were standardized to an equivalent
virus dose of 107.5 PFU/ml. The reaction was conducted at 37°C, and
fluorescence was measured every 92 s for 45 min using excitation and
emission wavelengths of 355 and 460 nm, respectively.

TABLE 3. NA enzyme kinetics of the recombinant H5N1 and
H1N1 influenza viruses

Recombinant virus Mean Km � SE (�M)a

(95% CI)

Vmax ratio

Parental
NAb

VN1203
NAc

H5N1 viruses
VN1203 213.7 � 73.5 (47.48–379.9) 1.00 1.00
VN1203-H274Y 94.4 � 32.1 (21.74–167.1) 0.28 0.28
VN1203-N294S 266.0 � 58.9 (132.7–399.3) 0.33 0.33

H1N1 viruses
PR8 84.6 � 16.1 (48.26–121.0) 1.00 0.07
PR8-H274Y 275.5 � 28.5 (211.1–339.9) 0.88 0.06
PR8-N294S 359.2 � 40.1 (268.6–449.8) 0.88 0.06

a The substrate concentration that resulted in a half-maximal catalytic rate.
The enzyme kinetic data were fit to the Michaelis-Menten equation using Graph-
Pad Prism 4. Values are from triplicates of one representative experiment.

b Ratio of the NA Vmax of the respective recombinant viruses to the Vmax of the
parental VN1203 or PR8 NA.

c Ratio of the NA Vmax of the respective recombinant viruses to the Vmax of
VN1203 NA. The recombinant VN1203, VN1203-H274Y, VN1203-N294S, and
PR8 viruses were tested in parallel, and the ratios of PR8-H274Y and PR8-
N294S to VN1203 were calculated on the basis of parallel tests of PR8, PR8-
H274Y, and PR8-N294S viruses.
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(H1N1) recombinant viruses in BALB/c mice, while uncom-
promised lethality and pathogenicity were observed with the
VN1203 (H5N1) recombinant viruses carrying the H274Y or
N294S NA mutation. The potential ability of oseltamivir-resis-
tant H5N1 variants to retain their high pathogenicity in mam-
malian species should be taken into consideration in the clin-
ical management of infected patients, as the emergence of
resistant H5N1 variant should be closely monitored. The dif-
ferent enzyme kinetic parameters (Vmax and Km) of avian-like
VN1203 NA and human-like PR8 NA suggest that resistance-
associated NA mutations can cause different levels of func-
tional loss in NA glycoproteins of the same subtype.

The E119G and R292K NAI resistance mutations impaired
the growth of VN1203 (H5N1) and PR8 (H1N1) viruses in
vitro; plaques of heterogeneous size were formed, and se-
quence analysis revealed that a subpopulation of the viruses
had acquired HA mutations or had lost the introduced NA
mutation and reverted to the wild-type NA sequence. The
difficulty of rescuing recombinant A/WSN/33 (H1N1) virus
with the E119G or R292K mutation has been reported previ-
ously (1, 2). In contrast, in the N2 and N9 subtypes, E119G and
R292K are the NA mutations commonly reported to be asso-
ciated with NAI resistance (10, 14, 34). It is likely that struc-
tural differences between group 1 (N1, N4, N5, and N8 sub-
types) and group 2 (N2, N3, N6, N7, and N9) NA glycoproteins
(39) determine the instability of the E119G and R292K NA
mutations in the group 1 NA glycoproteins.

H274Y is the NA mutation most frequently associated with
NAI resistance in the N1 subtype (10), whereas the N294S
mutation was first discovered in H3N2 human influenza virus
isolated from oseltamivir-treated patients (27). Subpopula-
tions of variants carrying the H274Y or N294S mutation have
been identified in H5N1-infected patients after oseltamivir
treatment (8, 29, 35, 40). H274 and N294 are framework res-
idues that are conserved among all influenza virus NA subtypes
(6, 7). Previous reports have shown that amino acid changes at
conserved NA residues would decrease NA enzyme activity
and may affect viral fitness (12, 26, 34). We observed that
H274Y and N294S mutations decreased the enzymatic activity
of both VN1203 and PR8 NA glycoproteins; however, the
reduced NA activity caused only a slight reduction in lethality
of the PR8-H274Y and PR8-N294S viruses in BALB/c mice
and had no effect on the fitness of the VN1203-H274Y and
VN1203-N294S viruses. This observation may be explained by
(i) the significantly higher enzyme activity of the VN1203 NA
glycoprotein than of PR8 NA glycoprotein and (ii) the signif-
icant increase in Km values caused by these two mutations in
the PR8 NA glycoprotein but not in the VN1203 NA glyco-
protein. Sequence alignment identified 78 amino acid differ-
ences between the VN1203 and PR8 NAs. Structurally, the
VN1203 and PR8 NA glycoproteins have a 20-amino-acid de-
letion and a 15-amino-acid deletion in their stalk regions, re-
spectively, and the avian-like VN1203 NA has a potential sec-
ondary SA binding site (45). Further analysis is required to
clarify the molecular determinants that distinguish VN1203
and PR8 NA function. However, our results clearly show that
avian-like and human-like NA glycoproteins of the same sub-
type may undergo different levels of NA functional loss as the
result of resistance-associated NA mutations.

In virus preparations of similar concentration, Kobasa and

coauthors observed higher levels of NA activity in avian than in
human influenza viruses (28). A comparison of N2 NA enzyme
activities in duck and human influenza viruses isolated between
1957 and 1968 also showed significantly higher NA activity in
avian isolates (28). However, it is not completely clear whether
decreased NA activity is required for adaptation of avian in-
fluenza virus to mammalian hosts. On the other hand, a dele-
tion in the NA stalk region that reduces NA activity (30) has
been considered a molecular marker associated with adapta-
tion of avian influenza viruses to domestic poultry (3). With the
H274Y and N294S mutations that reduced the high NA enzy-
matic activity of H5N1 viruses without compromising the fit-
ness of the virus, it is not clear if these mutations may provide
an alternative route for adaptation of avian influenza virus to
domestic poultry. The VN1203 (H5N1) virus we studied was
isolated from a fatal human case of H5N1 infection and has
demonstrated high pathogenicity and lethality in both avian
(chickens and ducks) (22) and mammalian (mice and ferrets)
species (9, 31, 41). We have observed that VN1203 NA pos-
sesses significantly higher enzymatic activity than A/Hong
Kong/156/97 (H5N1) virus NA (unpublished results). It is not
clear whether H5N1 viruses have acquired increased NA ac-
tivity since 1997 or whether H5N1 influenza viruses of both
clades 1 and 2 have high NA enzymatic activity.

We observed that H274Y and N294S NA mutations in the
recombinant PR8 (H1N1) virus background resulted in 3.7-
and 7-fold reductions in virus lethality in mice, respectively.
Similar observations have been reported by Abed et al., using
recombinant A/WSN/33 (H1N1) virus: the recombinant virus
carrying the H274Y NA mutation showed lethality comparable
to that of the wild-type virus, and the recombinant virus car-
rying the N294S NA mutation had decreased virus titer in the
lungs as well as an approximately 1-log-reduced MLD50 value
(1). However, in the recombinant VN1203 (H5N1) virus back-
ground, we observed that neither the H274Y nor the N294S
NA mutation compromised the lethality or pathogenicity of
the virus. The fitness of oseltamivir-resistant H5N1 variants
has been evaluated in ferrets previously, and it was observed
that an oseltamivir-resistant H5N1 variant carrying an H274Y
NA mutation replicated less efficiently than the wild-type virus
in the ferret upper respiratory tract, as reflected by nasal wash
titers (29). The studied oseltamivir-resistant H5N1 variant was
derived from a patient who received a prophylactic dose of
oseltamivir. The patient recovered from H5N1 infection after
receiving the treatment dose of oseltamivir. The virus used in
the study, A/Honoi/30408/2005 (H5N1), is likely not highly
pathogenic in ferrets, as nasal washes can be obtained from
ferrets inoculated with 2 
 105 PFU at day 7 or 9 postinocu-
lation. In the present study, we used a human H5N1 isolate
(A/Vietnam/1203/04) that has been shown by several groups to
be highly lethal and pathogenic in mice and ferrets (9, 31). At
the inoculation dose of 2 
 105 PFU, ferrets inoculated with
A/Vietnam/1203/04 virus would have succumbed to infection
by day 9 postinoculation (9). It is likely that the differences in
virus pathogenicity may have contributed to the different ob-
servations described by Le et al. (29) and in the present study.
Further studies are required to characterize NAI-resistant
variants that emerged from H5N1 viruses with different patho-
genicities.

NAIs are being stockpiled in many countries to prepare for
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a potential H5N1 pandemic; however, the emergence of resis-
tant variants must be factored into any optimal preparedness
strategy. The high replication efficiencies of some of the H5N1
influenza viruses (41) and the high enzyme activities of the
avian-like NA glycoproteins suggest that NAI-resistant H5N1
influenza viruses may be more difficult to control than the
resistant seasonal human influenza virus variants. Identifica-
tion of the H274Y NA mutation in two avian H5N1 influenza
virus isolates (A/swan/Astrakhan/1/2005 and A/chicken/Hong
Kong/3123.1/2002; GenBank accession numbers DQ320136
and DQ250158, respectively) as well as in isolates from the two
H5N1 patients in Egypt prior to oseltamivir treatment (40)
further suggests that this mutation can be maintained stably in
nature. Current NAIs were designed on the basis of the group
2 NA structure (46), which differs from the group 1 NA struc-
ture (39). As a result, viral fitness may not be severely com-
promised in resistant variants with group 1 NA, as it is in some
resistant variants with group 2 NA (50). Future efforts should
focus on refining the design of current NAIs, developing new
classes of anti-influenza agents, and exploring possible combi-
nation therapy regimens. Meanwhile, the emergence of resis-
tant variants among H5N1-infected patients receiving NAI
treatment should be closely monitored.
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