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Highly pathogenic avian H5N1 influenza viruses remain a pandemic threat. Antiviral drugs such as neuraminidase (NA) inhibi-
tors will be crucial for disease control in the event of a pandemic. Should drug-resistant H5N1 viruses develop, all defense strate-
gies will be compromised. To determine the likelihood and mechanisms of emergence of NA inhibitor-resistant H5N1 variants
in humans, we serially passaged two H5N1 viruses, A/Hong Kong/213/03 and A/Turkey/65-1242/06, in normal human bronchial
epithelial (NHBE) cells in the presence of oseltamivir, zanamivir, or peramivir. To monitor the emergence of changes associated
with the adaptation of H5N1 viruses to humans, we passaged the strains in the absence of drugs. Under pressure of each NA in-
hibitor, A/Turkey/65-1242/06 developed mutations in the hemagglutinin (HA) (H28R and P194L/T215I) and NA (E119A) pro-
teins that reduced virus binding to �2,3-sialyl receptor and NA activity. Oseltamivir pressure selected a variant of A/Hong Kong/
213/03 virus with HA P194S mutation that decreased viral binding to �2,6 receptor. Under peramivir pressure, A/Hong Kong/
213/03 virus developed a novel NA mutation, R156K, that reduced binding to all three drugs, caused about 90% loss of NA
activity, and compromised replication in NHBE cells. Both strains were eliminated in NHBE cells when they were cultivated in
the absence of drugs. Here, we show for the first time that decreased NA activity mediated through NA inhibitors is essential for
the adaptation of pandemic H5N1 influenza virus to humans. This ability of decreased NA activity to promote H5N1 infection
underlines the necessity to optimize management strategies for a plausible H5N1 pandemic.

Highly pathogenic avian H5N1 influenza A viruses remain a
potential pandemic threat due to their high virulence and

lethality, global presence, and increasingly diverse avian reservoirs
(32, 41, 43). Human H5N1 infection differs substantially from
human seasonal influenza virus infection in its pathogenesis. Viral
pneumonia is considered the primary cause of death from H5N1
infection, but the virus also disseminates beyond the respiratory
tract and is accompanied by hypercytokinemia, leading to multi-
organ failure (3, 32, 45). Infectious virus has been isolated from
the upper and lower respiratory tract, brain, intestines, feces,
blood, cerebrospinal fluid, and even from the placentas and fe-
tuses of pregnant women infected with highly pathogenic H5N1
influenza virus (10). Although human-to-human transmission of
the virus has been rare to date, the mutation of the H5N1 virus to
allow transmission and rapid spread throughout the human pop-
ulation is still possible.

Vaccination, quarantine, personal protective equipment, and
antiviral prophylaxis and treatment are currently the most effec-
tive methods to control influenza virus infection. Although vacci-
nation is the preferred method of prophylaxis, at least 3 weeks and
two applications are required to produce immunity against cur-
rently known influenza viruses. As immunity is often quite strain
specific, an entirely new vaccine may have to be prepared against
emerging H5N1 antigenic variants. In the face of an emerging
pandemic, antiviral drugs will be one of our first control strategies
for prevention of influenza; however, our armamentarium is
small. To date, two classes of antivirals are licensed to treat influ-
enza virus infections, the adamantanes (amantadine and riman-
tadine), which target the M2 ion channel of influenza A virus,
and neuraminidase (NA) inhibitors (oseltamivir, zanamivir, and
peramivir), which target the NA glycoproteins of influenza A and
B viruses (11, 24, 27, 28, 39).

Notably, drug-resistant variants that emerge spontaneously or

as a consequence of using antiviral therapy can substantially com-
promise our already limited treatment options (7, 14, 19, 26, 29).
Recently, up to 95% of clade 1 avian H5N1 influenza viruses were
found resistant to adamantanes though most representatives from
other clades remain adamantane sensitive (5). Emergence of drug-
resistant H5N1 variants caused by NA natural drift variations or
by drug-induced selection pressure has also been reported (15,
25). The fitness of NA inhibitor-resistant H5N1 variants remains
unknown. Early studies suggested that seasonal influenza virus
resistant to NA inhibitors would be less infective and transmissible
in vivo (11, 23); however, the unexpected dominance (�98%) of
oseltamivir-resistant H1N1 viruses from 2007 to 2009 demon-
strated that NA inhibitor resistance could enhance fitness and
transmissibility (14, 29). Recent data have shown that NA inhibi-
tor-resistant H5N1 variants retain the replication efficiency and
pathogenicity of a wild-type virus in vitro and in mice (44), and
some data have suggested that NA inhibitor-resistant H5N1 vari-
ants are more virulent in a ferret animal model (17, 18). Under-
standing the mechanisms by which resistance to NA inhibitors
may contribute to virulence and transmissibility of H5N1 influ-
enza virus is a key defensive strategy to be prepared for an H5N1
pandemic. A first step toward this is to identify and characterize a
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number of NA inhibitor-resistant mutations that could arise in
highly pathogenic H5N1 viruses under drug-selective pressure in
humans.

However, use of the optimal model system must be considered
for assessing the emergence of NA inhibitor-resistant variants.
Previous studies have demonstrated that the functional balance
between the receptor-binding HA activity and receptor-destroy-
ing NA activity of the surface influenza virus glycoproteins deter-
mines the pattern of emergence of NA inhibitor resistance (24, 39,
40). The disparate hemagglutinin (HA)-NA balance and the dif-
ferences in sialic acid (SA) receptors between available continuous
cell lines and human respiratory epithelial cells significantly limit
the suitability of the commonly used cell cultures for phenotypic
characterization of NA inhibitor resistance (21, 24, 39). Here, we
used primary normal human bronchial epithelial (NHBE) cells,
which possess human respiratory tract SA receptors; i.e., they ex-
press high concentrations of SA-�2,6-galactose (Gal)-containing
receptors and lesser amounts of SA-�2,3-Gal receptors (22). Dif-
ferentiated NHBE cells functionally and morphologically recapit-
ulate human airway epithelium (22) and, therefore, can be con-
sidered an optimal model for assessing influenza virus fitness and
predicting the emergence of NA inhibitor-resistant variants
among H5N1 influenza viruses in humans. In the present study,
we generated drug-resistant mutants of two H5N1 influenza vi-
ruses, A/Hong Kong/213/03 (HK/213) and A/Turkey/65-1242/06
(TK/65), by serial passages in NHBE cells under NA inhibitor
drug-selective pressure and characterized their viral mutations,
growth potential, hemagglutinin receptor specificity, NA protein
cleavage activity, level of resistance to anti-influenza virus drugs,
and induction of inflammation in human cells. To monitor the
emergence of amino acid changes associated with the adaptation
of H5N1 viruses to human airway epithelium, the parental strains
were also passaged in the absence of drugs. Taken together, our
experiments allowed us to assess an important interplay between
two biological processes, the emergence of drug resistance and the
adaptation of H5N1 influenza virus to the human host.

MATERIALS AND METHODS
Cells, viruses, and compounds. Madin-Darby canine kidney (MDCK)
and human embryonic kidney (293T) cells were obtained from the Amer-
ican Type Culture Collection. MDCK cells transfected with cDNA encod-
ing human 2,6-sialyltransferase (MDCK-SIAT1 cells) were kindly pro-
vided by Mikhail N. Matrosovich. Primary NHBE cells were obtained
from Cambrex BioScience. All cell cultures were maintained as previously
described (16, 21, 22).

The H5N1 influenza viruses A/Hong Kong/213/03 and A/Turkey/65-
1242/06 were obtained from the World Health Organization’s collaborat-
ing laboratories. Viruses were plaque purified in MDCK cells and then
passaged once in the allantoic cavities of 10-day-old embryonated chicken
eggs for 32 h at 36°C to prepare a virus stock. For the reverse-genetics
generation of recombinant wild-type viruses, the eight gene segments of
A/Turkey/65-1242/06 (TK/65) virus were amplified by reverse transcrip-
tase PCR (RT-PCR) and cloned into plasmid vector pHW2000 (12); eight
plasmids carrying the eight gene segments of A/Hong Kong/213/03 (HK/
213) virus were kindly provided by D. J. Hulse-Post. Recombinant viruses
were generated by DNA transfection of 293T cells (12), and the point
mutations were inserted into the HA or NA genes of wild-type viruses by
using a QuickChange site-directed mutagenesis kit (Stratagene, La Jolla,
CA). Stock viruses were prepared in MDCK-SIAT1 cells at 37°C for 72 h,
and their entire HA and NA genes were sequenced to verify the presence of
the mutations. All experimental work with the H5N1 viruses was per-
formed in a biosafety level 3� laboratory approved for use by the U.S.

Department of Agriculture and the U.S. Centers for Disease Control and
Prevention.

The NA inhibitors oseltamivir carboxylate (oseltamivir) ([3R,4R,5S]-
4-acetamido-5-amino-3-[1-ethylpropoxy]-1-cyclohexene-1-carboxylic
acid), zanamivir (4-guanidino-Neu5Ac2en), and peramivir
([1S,2S,3R,4R,1=S]-3-[1=-acetylamino-2=-ethyl]butyl-4-[(aminoimino)-
methyl]amino-2-hydroxycyclopentane-1-carboxylicacid) were provided
by Hoffmann-La Roche, Ltd. The compounds were dissolved in sterile
distilled water, and aliquots were frozen at �70°C until used.

Drug susceptibility assay in NHBE cells. The drug susceptibility of
A/Hong Kong/213/03 (H5N1) and A/Turkey/65-1242/06 (H5N1) influ-
enza viruses was determined by virus reduction assay in NHBE cells (16).
NHBE cells were inoculated by exposure of the apical side to H5N1 viruses
at a multiplicity of infection (MOI) of 0.1 in the presence of oseltamivir (0,
0.001, 0.01, 0.1, 1, 10, or 100 �M), zanamivir (0, 0.001, 0.01, 0.1, 1, 10, or
100 �M), or peramivir (0, 0.001, 0.01, 0.1, 1, 10, or 100 �M). After a 1-h
incubation, the inoculum was removed, and the cells were incubated for
another 24 h. Viruses released into the apical compartment of NHBE cells
were harvested by the apical addition and collection of 300 �l of medium,
which was allowed to equilibrate for 30 min. The virus titer was deter-
mined as the number of PFU/ml in MDCK cells. The drug concentration
that caused a 50% decrease in the PFU titer, in comparison to control wells
without drug, was defined as the 50% effective concentration (EC50). The
results of three independent experiments were averaged.

Generation of the H5N1 influenza virus variants with decreased sus-
ceptibility to NA inhibitors after passages in NHBE cells. A/Hong Kong/
213/03 (H5N1) and A/Turkey/65-1242/06 (H5N1) influenza viruses were
cultivated in NHBE cells in the presence or absence of increasing concen-
trations of NA inhibitor (oseltamivir, zanamivir, or peramivir). The first
passage of the viruses under NA inhibitor-selective pressure was per-
formed at a concentration that was comparable to the EC50. Differentiated
NHBE cell cultures were washed extensively with sterile phosphate-buff-
ered saline (PBS) and then inoculated via the apical side with mixtures of
H5N1 virus at an MOI of 0.1 and NA inhibitor in 100 �l of inoculum.
After a 1-h incubation, the inoculum was removed, and the cells were then
incubated at 37°C for 72 h. Viruses released into the apical compartment
of NHBE cells were harvested by the apical addition and collection of 300
�l of medium and allowed to equilibrate for 30 min, and the HA titer was
determined using 0.5% turkey erythrocytes. After the first passage, the
cultured H5N1 viruses were repassaged in medium containing twice the
drug concentration used in the previous passage. Both viruses, A/Hong
Kong/213/03 (H5N1) and A/Turkey/65-1242/06 (H5N1), were main-
tained in culture a total of 15 times, at various concentrations of NA
inhibitor (drug concentrations ranged from 0.6 nM to 480 nM) (see Ta-
bles S1 and S2 in the supplemental material), with harvests and charac-
terization of virus stocks by the hemagglutination titer after each passage.
Viruses that had grown to a titer of at least 2 HA units were used to reinfect
NHBE cells at an increased drug concentration (2�); if no hemagglutina-
tion was observed, the passage was repeated with decreased concentra-
tions of NA inhibitor until a positive HA titer was detected. The parental
viruses were also passaged in parallel in the absence of NA inhibitors.

Infectivity of H5N1 influenza viruses. The infectivity of H5N1 viruses
was determined by PFU count and the 50% egg infectious dose (EID50).
Briefly, confluent MDCK-SIAT1 cells were incubated at 37°C for 1 h with
10-fold serial dilutions of virus. The cells were then washed and overlaid
with minimal essential medium containing 0.3% bovine serum albumin
and 0.9% Bacto agar. After 3 days of incubation at 37°C, the cells were
stained with 0.1% crystal violet in 10% formaldehyde solution, and the
PFU count per milliliter and plaque size of any 10 plaques were deter-
mined using a Finescale Comparator (Los Angeles, CA).

The EID50 was determined in 10-day-old chicken eggs with 10-fold
serially diluted viruses that were incubated for 48 h at 37°C and calculated
by the Reed-Muench method (35).

Replication kinetics. To determine multistep growth curves in NHBE
cells, triplicate cell cultures growing in 12-mm-diameter inserts were
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washed extensively with sterile PBS to remove mucus secretions on the
apical surface prior to infection and then were inoculated via the apical
side with each recombinant H5N1 virus at an MOI of 0.1. After a 1-h
incubation, the inoculum was removed. Viruses released into the apical
compartment of NHBE cells were harvested at the time points indicated
on the figures by the apical addition and collection of 300 �l of medium,
which was allowed to equilibrate for 30 min. The virus titers were deter-
mined as log10 PFU/ml in MDCK cells.

NA enzyme activity and kinetics. A modified fluorometric assay was
used to determine the NA activity of the recombinant H5N1 viruses (34).
We measured the NA enzyme kinetics at pH 6.5 with 33 mM 2-(N-mor-
pholino)ethanesulfonic acid hydrate (MES; Sigma-Aldrich, St. Louis,
MO), 4 mM CaCl2, and the fluorogenic substrate 2=-(4-methylumbel-
liferyl)-�-D-N-acetylneuraminic acid ([MUNANA] final substrate con-
centration, 0 to 2,000 �M; Sigma-Aldrich, St. Louis, MO). All H5N1
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 fluo-
rescence of released 4-methylumbelliferone was measured every 92 s for
45 min in a Fluoroskan II instrument (Labsystems, Vienna, VA) using
excitation and emission wavelengths of 355 nm and 460 nm, respectively.
To measure the inhibitory effect of oseltamivir, zanamivir, or peramivir
on NA activity, H5N1 viruses were preincubated for 30 min at 37°C in the
presence of various concentrations of the drugs (0.00005 to 100 �M). The
kinetic parameters Michaelis-Menten constant (Km), maximum velocity
of substrate conversion (Vmax), and inhibitory constant (Ki) of the NAs
were calculated by fitting the data to the appropriate Michaelis-Menten
equations by using nonlinear regression in the commercially available
GraphPad Prism, version 5, software (GraphPad Software, La Jolla, CA).

NA enzyme inhibition assay. Recombinant H5N1 viruses were stan-
dardized to equivalent NA activity and incubated for 30 min at 37°C with
NA inhibitors at concentrations of 0.00005 to 100 �M with MUNANA
(Sigma-Aldrich, St. Louis, MO) as a substrate. After 1 h, the reaction was
terminated by the addition of 14 mM NaOH, and fluorescence was quan-
tified in a Fluoroskan II (Labsystems, Vienna, VA) fluorometer. The 50%
inhibitory concentration (IC50) of the NA inhibitor was determined by
plotting the dose-response curve of inhibition of NA activity as a function
of the compound concentration. Values are the means of two to three
independent determinations.

Virus sequence analysis. Viral RNAs were isolated from virus-con-
taining cell culture fluid after transfection or after passages in NHBE cells
by using an RNeasy Minikit (Qiagen, Germantown, MD). Samples were
reverse transcribed and analyzed by PCR using universal primers specific
for the HA and NA gene segments, as described previously (13). Sequenc-
ing was performed by the Hartwell Center for Bioinformatics and Bio-
technology at St. Jude. The DNA template was sequenced by using rho-
damine or dichlororhodamine (drhodamine) dye terminator cycle
sequencing Ready Reaction Kits with AmpliTaq DNA Polymerase FS
(PerkinElmer Applied Biosystems, Waltham, MA) and synthetic oligonu-
cleotides. Samples were analyzed in a Perkin-Elmer Applied Biosystems
DNA sequencer (model 373 or 377). DNA sequences were completed
and edited by using a Lasergene sequence analysis software package
(DNASTAR).

Receptor-binding assay. The binding of recombinant H5N1 influ-
enza viruses to fetuin (containing �2,3- and �2,6-linked sialyl receptors)
was measured in a direct solid-phase assay using the immobilized virus
and horseradish peroxidase-conjugated fetuin, as described previously
(9). The affinity of viruses for synthetic 3=- and 6=-sialylglycopolymers
obtained by conjugation of a 1-N-glycyl derivative of 3=- or 6=-sialyllac-
tose (3=SL or 6=SL) or 3-aminopropylglycoside of 3=- or 6=-sialyllac-
tosamine (3=SLN or 6=SLN) with poly(4-phenylacrylate) (4) was mea-
sured in a competitive assay based on the inhibition of binding to
peroxidase-labeled fetuin (20). Association constant (Kass) values were
determined as sialic acid (Neu5Ac) concentration at the point Amax/2
(where Amax is maximum absorbance) on Scatchard plots.

Minigenome assay for polymerase activity. Subconfluent monolay-
ers of 293T cells (7.5 � 105 cells in 35-mm dishes) were transfected with
the luciferase reporter plasmid (enhanced green fluorescent protein
[EGFP] open reading frame in pHW72-EGFP replaced with the firefly
luciferase gene) (38) and a mix of PB2, PB1, PA and nucleoprotein (NP)
expression plasmids (HK/213, TK/65, or mutated) in quantities of 1, 1, 1,
and 2 �g, respectively. The plasmid pGL4.75(hRluc/CMV), which ex-
presses Renilla luciferase (Promega, Madison, WI), was used as an internal
control for a dual-luciferase assay. As a negative control, 293T cells were
transfected with the same plasmids, with the exception of the NP expres-
sion plasmid. After 24 h of incubation at 33°C, 37°C, or 39°C, cell extracts
were harvested and lysed, and luciferase levels were assayed with a dual-
luciferase assay system (Promega, Madison, WI) and a BD Monolight
3010 luminometer (BD Biosciences, San Diego, CA). Experiments were
performed in triplicate.

Statistical analysis. The EC50s, virus yield, plaque size, binding to
sialyl receptors, NA inhibitor susceptibility, NA enzyme kinetic parame-
ters (IC50, Km, Vmax, and Ki), and polymerase activities of ribonucleopro-
tein (RNP) complexes of wild-type and mutant H5N1 influenza viruses
were compared either by analysis of variance (ANOVA) or by unpaired t
test. A probability value of 0.05 was prospectively chosen to indicate that
the findings were not the result of chance alone.

RESULTS
Susceptibility of A/Hong Kong/213/03 (H5N1) and A/Turkey/
65-1242/06 (H5N1) influenza viruses to NA inhibitors in NHBE
cells. To test the susceptibility to NA inhibitors (oseltamivir, zana-
mivir, and peramivir) of two H5N1 influenza virus strains that
belong to different clades of the H5 HA phylogenetic tree (A/Hong
Kong/213/03 and A/Turkey/65-1242/06), we performed a virus
reduction assay in NHBE cells (16). A/Hong Kong/213/03 virus
was slightly more resistant to oseltamivir and zanamivir (mean
EC50 increase, 2.0-fold [P � 0.05] and 2.5-fold for oseltamivir and
zanamivir, respectively) and slightly more susceptible to perami-
vir (mean EC50 decrease, 1.7-fold; P � 0.05) than A/Turkey/65-
1242/06 virus (Fig. 1). Thus, the two viruses differed in their sus-
ceptibilities to the NA inhibitors in differentiated NHBE cultures.
The EC50 values were selected as the first-passage concentrations
of three antiviral agents to obtain drug-resistant mutants of both
H5N1 viruses in human cells (see Tables S1 and S2 in the supple-
mental material).

Generation of H5N1 mutants resistant to NA inhibitors in
NHBE cells. To determine whether drug-resistant H5N1 mutants
could be selected ex vivo, we serially passaged A/Hong Kong/
213/03 (H5N1) and A/Turkey/65-1242/06 (H5N1) strains 15
times in the presence of increasing concentrations of NA inhibi-
tors in NHBE cells to provide an opportunity for selection of effi-
ciently adapted and resistant phenotypes. We examined the HA
and NA mutations of the virus progenies by sequencing (see Ta-
bles S1 and S2 in the supplemental material) and their virus yields
by plaque assay in MDCK cells after each passage (Fig. 2). To
monitor the emergence of any adaptive amino acid changes, we
maintained the parental viruses in culture in parallel without any
selective pressure.

Analysis of the A/Hong Kong/213/03 virus following culture in
the presence of oseltamivir revealed the largest decrease in plaque
number at passage 12 (P12) (3.1 � 0.2 log10 PFU/ml) (Fig. 2A),
which was associated with the selection of a P194S HA mutation
(H5 HA numbering here and throughout the text). Passage of the
A/Hong Kong/213/03 virus in the presence of zanamivir caused
the largest reduction in plaque number at P11 (3.0 � 0.2 log10

PFU/ml) (Fig. 2A) but did not result in selection of any HA or NA
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mutations. Cultivation of A/Hong Kong/213/03 virus in the pres-
ence of peramivir generated an NA mutation at residue 156 (N2
numbering here and throughout the text), which was first de-
tected in a mixed viral population at P6 (see Table S1 in the sup-
plemental material). Importantly, when we cultivated A/Hong
Kong/213/03 virus in the absence of any NA inhibitor in NHBE
cells, a mixed viral population was detected by plaque morphology
in culture supernatants at P10 and P11 that were followed by com-
plete elimination of virus yield at P12. To assay whether the
A/Hong Kong/213/03 (H5N1) strain could still be adapted to hu-
man cells, we passaged P11 virus progeny once in embryonated
chicken eggs; however, no viable virus was detected after two fur-
ther passages in NHBE cells (Fig. 2A, black dashed line).

Analysis of the A/Turkey/65-1242/06 virus maintained in cul-
ture in the presence of oseltamivir in NHBE cells detected the
emergence of three mutations, H28R, G46E, and P194L, in the HA
protein at P3 (see Table S2 in the supplemental material). How-
ever, the G46E HA mutation was no longer detected after P7 when
mutation in the second surface glycoprotein NA at residue 119
became dominant. Passages of the A/Turkey/65-1242/06 strain in
the presence of zanamivir or peramivir generated two amino acid

changes in HA (H28R and T215I or H28R and P194L, respec-
tively), and one change in NA (E119A) by the end of the passaging
protocol; the observed changes became dominant as early as P3.
The largest decrease in virus yield was observed at P8 (Fig. 2B)
after three preceding passages that contained mixed viral popula-
tions, indicating that mutations in other genes may have been
selected. When we cultivated A/Turkey/65-1242/06 virus in the
absence of any drug, a viral population containing two HA muta-

FIG 1 NA inhibitors (oseltamivir, zanamivir, and peramivir) reduce the in-
fluenza virus yield in NHBE cells. Cells were infected with A/Hong Kong/
213/03 (H5N1) (A) or A/Turkey/65–1242/06 (H5N1) (B) virus at an MOI of
0.1 in the presence of NA inhibitors. After a 1-h incubation, the inoculum was
removed, and the cells were incubated for another 24 h. Viruses released into
the apical compartment of NHBE cells were harvested by the apical addition
and collection of 300 �l of medium allowed to equilibrate for 30 min. The virus
titer was determined by plaque assay in MDCK cells. The drug concentration
that caused a 50% decrease in the PFU titer in comparison to control wells
without drug was defined as the EC50. Values are the means � standard devi-
ations of three independent experiments.

FIG 2 Generation of variant influenza viruses with decreased susceptibility to
NA inhibitors in NHBE cells. Highly pathogenic H5N1 influenza viruses were
cultivated in NHBE cells in the presence or absence of increasing or decreasing
concentrations of NA inhibitor (oseltamivir, zanamivir, or peramivir).
A/Hong Kong/213/03-like (H5N1) (A) and A/Turkey/65-1242/06-like
(H5N1) (B) influenza virus variants with decreased susceptibility to NA inhib-
itors in NHBE cells were generated. At each passage, plaque assays were per-
formed in MDCK cells to test the infectivity (as log10 PFU/ml) of the viruses.
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tions (H28R and P194L) was detected in culture supernatants at
P5 (see Table S2). Because no viable virus was detected at P6, we
assayed whether A/Turkey/65-1242/06 (H5N1) virus could still be
recovered in NHBE cells by cultivating P5 virus progeny once in
chicken eggs, followed by passaging in human cells. Notably, as
with A/Hong Kong/213/03 (H5N1) strain, no virus was detected
after two further passages in differentiated NHBE cultures (Fig.
2B, black dashed line).

Sequence analysis of H5N1 selected variants. To monitor the
emergence of all amino acid changes that occurred in H5N1 in-
fluenza viruses during cultivation in NHBE cells, we sequenced
the complete genomes of eight selected variants by the end of the
passaging protocol (Table 1). Sequence analysis mapped the ac-
quired mutations to HA, NA, nucleoprotein (NP), matrix 1 (M1)
and all three polymerase proteins (PB1, PB2, and PA). A total of 11
amino acid substitutions affecting five viral proteins were in-
volved in the adaptation of A/Hong Kong/213/03 (H5N1) and
A/Turkey/65-1242/06 (H5N1) strains to human cells. Passage of
A/Hong Kong/213/03 virus in the presence of oseltamivir resulted
in the detection not only of a P194S HA mutation leading to ac-
quisition of the potential glycosylation site but also of two addi-
tional mutations, E177K in PB1 protein and T150A in M1 protein
(Table 1). The E6K PB2 mutation was observed in a mixed viral
population recovered after P11 in NHBE cells in the absence of
drug. Taking into consideration that we were unable to continue
further cultivation of A/Hong Kong/213/03 virus in human cells
after P11 (Fig. 2A), this PB2 substitution may have contributed to
an unviable phenotype in nature.

Sequence analysis of the whole genome of A/Turkey/65-
1242/06 (H5N1) virus passaged in the presence of oseltamivir
identified two mutations (H28R and P194L) in HA, one mutation
(E119A) in NA, and one mutation (K142E) in PA proteins (Table
1). Because the same mutations were selected in the HA and PA
proteins when H5N1 virus was cultivated ex vivo without any se-
lective pressure, we concluded that K142E PA and H28R P194L
HA changes are necessary for the adaptation of A/Turkey/65-
1242/06 virus to replicate in human cells. We also identified addi-
tional amino acid substitutions in PB2 (V485I) and NP (R118K)

proteins in the variant selected after 15 passages in the presence of
peramivir (Table 1).

Effect of HA amino acid substitutions on viral growth and
receptor specificity. To study the effect of HA amino acid substi-
tutions that were acquired during passages of H5N1 viruses in the
presence or absence of NA inhibitors in NHBE cells on viral bio-
logical properties, we used the reverse-genetics technique to gen-
erate recombinant viruses carrying these HA mutations. Specifi-
cally, we introduced the P194S mutation into the background of
recombinant A/Hong Kong/213/03 (HK/213) influenza virus
(yielding the construct HK/213-HAP194S) and H28R P194L and
H28R T215I changes into the background of recombinant A/Tur-
key/65-1242/06 (TK/65) influenza virus (yielding the constructs
TK/65-HAH28R,P194L and TK/65-HAH28R,T215I). All recombinant
viruses were successfully rescued from transfected 293T cells, and
virus stocks were prepared in MDCK-SIAT1 cells, which exhibit
more �2,6-linked terminal SA than �2,3-linked terminal SA on
the cell surface (21), rather than in MDCK cells to avoid any “avi-
an-type” background exposure. Sequence analysis of the stock vi-
ruses and individual plaques obtained in MDCK-SIAT1 cells re-
vealed that the introduced HA mutations were stably maintained
in all viruses, and no additional HA or NA mutations were ob-
served (data not shown).

We first studied the growth of HK/213-HAP194S, TK/65-
HAH28R,P194L, and TK/65-HAH28R,T215I variants in eggs and
MDCK-SIAT1 cells (Table 2). None of the variants grew to signif-
icantly higher titers in eggs than their respective wild-type viruses
(P � 0.05). However, the yields and plaque sizes of HK/213-
HAP194S and TK/65-HAH28R,T215I viruses increased in MDCK-
SIAT1 cells (1.1- and �2.9-fold, respectively) compared to those
of their parental wild-type strains (P � 0.05) (Table 2). To further
evaluate the replication ability of recombinant H5N1 viruses car-
rying different HA mutations, we assayed their viral yields in com-
parison with respective wild-type strains after multiple replication
cycles in NHBE cells (Fig. 3A). The replication ability of the HK/
213-HAP194S variant did not differ from that of the HK/213 wild-
type virus. TK/65-HAH28R,P194L grew to significantly higher titers
than TK/65 only at 6 and 12 h after infection (�0.8 logs; P � 0.05),

TABLE 1 Amino acid substitutions identified in selected H5N1 influenza viruses

H5N1 virus and/or
treatment

Amino acid residue in the indicated protein at position no.:b

PB2

PB1 177 PA 142

HAa

NP 118

NAa

M1 1506 485 28 194 215 119 156

A/Hong Kong/213/03
Original strain E V E K H P T R E R T
� Oseltamivir E V K K H Sb T R E R A
� Zanamivir E V E K H P T R E R T
� Peramivir E V E K H P T R E K T
No inhibitor K V E K H P T R E R T

A/Turkey/65-1242/06
Original strain E V E K H P T R E R T
� Oseltamivir E V E E R L T R A R T
� Zanamivir E V E K R P I R A R T
� Peramivir E I E E R L T K A R T
No inhibitor E V E E R L T R E R T

a H5 and N2 numbering (6, 30).
b Underlining indicates that the residue contains an N-glycosylation site. Mutated residues are shaded.
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and the yield of the TK/65-HAH28R,T215I mutant was significantly
higher than that of wild-type virus at all postinfection time points
(P � 0.05) (Fig. 3A).

To determine whether identified HA mutations affect the HA
affinity to sialyl receptors, we next measured the receptor specific-
ity of generated recombinant H5N1 viruses to synthetic sialic sub-
strates (3=SL/N and 6=SL/N) (Fig. 3B). HK/213-HAP194S virus
showed significantly less binding to “human-type” 6=SL receptor
than did wild-type HK/213 virus (2.5-fold difference; P � 0.01).
The binding pattern to the second human-type receptor (6=SLN)
was negligible among all viruses tested (data not shown). Further-
more, as shown by the Kass values, TK/65-HAH28R,P194L and TK/
65-HAH28R,T215I variants exhibited a significant decrease in affin-
ity toward avian-type 3=SLN polymer from that of the wild-type
TK/65 (�2.4-fold; P � 0.05) (Fig. 3B).

Effect of NA amino acid substitutions on viral growth, NA
inhibitor susceptibility, and NA enzyme kinetics. To study the
impact of NA amino acid substitutions that were acquired during
passages of A/Hong Kong/213/03 (H5N1) and A/Turkey/65-
1242/06 (H5N1) viruses in the presence or absence of NA inhibi-
tors in NHBE cells on viral biological properties, we introduced
the R156K mutation into the background of HK/213 virus (yield-
ing the construct HK/213-NAR156K) and the E119A mutation into
the background of TK/65 virus (yielding the construct TK/65-
NAE119A). Similar to H5N1 recombinant viruses carrying muta-
tions in the HA protein, HK/213-NAR156K and TK/65-NAE119A

recombinant viruses were successfully rescued from transfected
293T cells, and virus stocks were prepared in MDCK-SIAT1 cells.
Sequence analysis of the stock viruses and individual plaques ob-
tained in MDCK-SIAT1 cells suggested that R156K and E119A
NA mutations were stably maintained in the respective HK/213
and TK/65 virus backgrounds, and no additional HA or NA mu-
tations were observed (data not shown).

We first assessed whether the introduced NA changes affected
growth of recombinant H5N1 viruses in vitro (Table 2). HK/213-
NAR156K replicated to significantly lower titers both in eggs and
MDCK-SIAT1 cells than did wild-type HK/213 virus (1.4 to 2.0
logs; P � 0.05). The TK/65-NAE119A mutant grew comparably in
cell culture and to significantly higher titers in eggs than TK/65
(P � 0.05) (Table 2). Multistep growth curves showed comparable
titers of TK/65 and TK/65-NAE119A viruses in differentiated cul-

tures of NHBE cells at all time points (Fig. 4A). In contrast, the
yield of HK/213-NAR156K was only approximately 81% of that of
the recombinant wild-type HK/213 at 24, 48, and 72 h after infec-
tion (P � 0.01) (Fig. 4A).

An enzymatic NA inhibition assay was used to characterize the
susceptibilities of H5N1 recombinant HK/213, HK/213-NAR156K,
TK/65, and TK/65-NAE119A viruses to NA inhibitors. HK/213-
NAR156K and TK/65-NAE119A viruses were moderately more resis-
tant to oseltamivir and peramivir (2.2- to 67.4-fold increase in
mean IC50 values) and markedly more resistant to zanamivir
(�245-fold increase in mean IC50) than were respective wild-type
viruses (Table 3). We observed that NA proteins harboring the
E119A and R156K mutations exhibited significantly lower affini-
ties for the substrate (mean Km decrease, 8.4-fold) than the respec-
tive wild-type virus NAs (Table 3) (P � 0.01). The inhibition
constant (Ki) values of all NA glycoproteins were consistent with
their IC50s, clearly indicating that the reduced susceptibility to the
NA inhibitors was caused by decreased affinity of the mutant NAs
to the antiviral drugs. We also determined NA enzymatic activity
(Vmax) values for each of the generated recombinant H5N1 viruses
(Fig. 4B) and calculated their Vmax ratios in relation to that of the
respective wild-type virus NA (Table 3). NA proteins with muta-
tions at residues 119 and 156 significantly reduced the NA activi-
ties of the respective wild-type viruses (Vmax ratios 0.5 and 0.1,
respectively) (Table 3 and Fig. 4B).

Effect of amino acid substitutions in the RNP complex on
viral polymerase activity. To investigate whether the mutations
observed in the ribonucleoprotein (RNP) complexes of A/Hong
Kong/213/03 (H5N1) and A/Turkey/65-1242/06 (H5N1) viruses
that had been passaged in NHBE cells in the presence or absence of
NA inhibitors changed viral transcription and replication activity,
we analyzed reconstituted RNP complexes in 293T cells by lucif-
erase minigenome assay. We observed that the PB1 E177K amino
acid substitution significantly increased polymerase activity of
A/Hong Kong/213/03 polymerase complex approximately 117%
at 33°C and 37°C but did not change the activity at 39°C(P �
0.05), indicating that PB1 E155K is a temperature-sensitive muta-
tion (Fig. 5A). In contrast, amino acid change E6K in the PB2
protein significantly reduced polymerase activity by 24% at 33°C
and 37°C (P � 0.05). Furthermore, single point mutations PA
K142E and NP R118K increased polymerase activity of A/Turkey/

TABLE 2 Growth characteristics of recombinant H5N1 influenza viruses

H5N1 virus

Virus yield in:

Plaque size
(mm)c

Eggs
(log10 EID50/ml � SD)a

MDCK-SIAT1 cells
(log10 PFU/ml � SD)b

HK/213 8.3 � 0.1 6.9 � 0.1 0.4 � 0.1
HK/213-HAP194S 7.3 � 0.1*d 7.6 � 0.5* 1.3 � 0.2*
HK/213-NAR156K 6.3 � 0.1* 5.5 � 0.3* 0.3 � 0.1
TK/65 7.5 � 0.1 5.4 � 0.1 0.8 � 0.2
TK/65-HAH28R,P194L 6.9 � 0.3* 4.9 � 0.1* 0.9 � 0.2
TK/65-HAH28R,T215I 7.3 � 0.1 6.0 � 0.2* 1.9 � 0.3*
TK/65-NAE119A 7.9 � 0.1* 5.3 � 0.2 0.5 � 0.4
a Values are from three independent determinations. The EID50 was determined in 10-day-old chicken eggs with 10-fold serially diluted viruses that were incubated for 48 h at 37°C
and calculated by the Reed-Muench method (35).
b Values are from three independent determinations. The PFU count was determined in MDCK-SIAT1 cells by plaque assay after 3 days of incubation at 37°C with 10-fold serially
diluted viruses.
c Values are mean plaque diameter � standard deviation as measured by using a Finescale Comparator.
d *, P � 0.05 compared with value for respective wild-type virus (one-way ANOVA).
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65-1242/06 RNP complex as much as 170% and 130%, respec-
tively, at all temperatures studied (P � 0.01); however, their step-
wise combination did not lead to a further rise (Fig. 5B). In
contrast, the amino acid change V485I in the PB2 protein sup-
pressed enzymatic activity by about 40% when it was introduced
alone or in any combination, indicating that PB2 V485I is a down-
regulating mutation.

DISCUSSION

NA inhibitors are an important component of influenza pan-
demic preparedness. They have broad antiviral spectrum and po-
tency, prophylactic and therapeutic effectiveness, favorable phar-

macokinetics, tolerability, and safety (1, 11, 24, 27, 28, 33, 36, 39).
However, concerns exist that drug resistance may occur and will
reduce the effectiveness of antiviral therapy. The picture would be
even starker if drug resistance is linked to enhanced transmissibil-
ity or virulence. With the H5N1 influenza virus, such an event
could lead to the spread of life-threatening infection, with little
benefit from existing NA-inhibitor stockpiles. It is not clear at
what frequency NA inhibitor-resistant variants emerge during
treatment of patients infected with H5N1 viruses.

In the present study, we demonstrated four patterns of devel-
opment of HA and NA mutations in two H5N1 strains, A/Hong
Kong/213/03 and A/Turkey/65-1242/06, under drug-selective
pressure (1). A/Turkey/65-1242/06 strain developed concomitant
mutations in the HA (H28R and P194L/T215I) and NA (E119A)
genes. Taking into account the balance between the functions of
the HA and NA glycoproteins (40), we surmise that this mecha-
nism of resistance involved compensating HA mutations because
they resulted in reduced virus binding for the cell receptor 3=SLN
and, as a consequence, led to the increased efficiency of viral re-

FIG 3 Replication and receptor specificity of drug-resistant H5N1 viruses.(A)
Replication of HK/213, HK/213-HAP194S, TK/65, TK/65-HAH28R,P194L, and
TK/65-HAH28R,T215I viruses in NHBE cells. NHBE cell cultures were infected
via the apical side with each virus at an MOI of 0.1. The progeny viruses
released from the apical surface of infected cultures were collected at the indi-
cated time points and titrated in MDCK cells by plaque assay. Representative
results expressed as log10 PFU/ml from three independent experiments are
shown. *, P � 0.05; °, P � 0.01 (compared with the value for respective wild-
type virus, unpaired t test, or one-way ANOVA). (B) Receptor specificity of
HK/213, HK/213-HAP194S, TK/65, TK/65-HAH28R,P194L, and TK/65-
HAH28R,T215I viruses. Association constants (Kass) of virus complexes with syn-
thetic sialylglycopolymers conjugated to 3=SL(N) and 6=SL are shown. Higher
Kass values indicate stronger binding. Values are the means � standard devia-
tions of four independent experiments.*, P � 0.05; °, P � 0.01 (compared with
the value for respective wild-type virus, unpaired t test, or one-way ANOVA).

FIG 4 Replication and neuraminidase activity in drug-resistant H5N1 viruses.
(A) Replication of HK/213, HK/213-NAR156K, TK/65, and TK/65-NAE119A vi-
ruses in NHBE cells. NHBE cell cultures were infected via the apical side with
each virus at an MOI of 0.1. The progeny viruses released from the apical
surface of infected cultures were collected at the indicated time points and
titrated in MDCK cells by plaque assay. Representative results expressed as
log10 PFU/ml from three independent experiments are shown. °, P � 0.01,
compared with the value for respective wild-type virus by an unpaired t test.
(B) NA enzyme kinetics of the recombinant HK/213, HK/213-NAR156K, TK/
65, and TK/65-NAE119A viruses. Substrate conversion velocity (V0) of NA
is shown as a function of substrate concentration. Fluorogenic MUNANA
substrate was used at a final concentration of 0 to 2,000 �M. The viruses were
standardized to an equivalent dose of 107.5 PFU/ml. Fluorescence was mea-
sured every 92 s for 45 min at 37°C, using excitation and emission wavelengths
of 355 and 460 nm, respectively.
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lease from the infected cell, with less dependence on the reduced
NA function (2). Oseltamivir pressure selected a variant of
A/Hong Kong/213/03 virus with mutation in the HA gene
(P194S), which decreased viral binding affinity to 6=SL (3). Under
peramivir selective pressure, A/Hong Kong/213/03 (H5N1) virus
developed NA mutation R156K. This NA substitution resulted in
a 4- to 441-fold reduction in binding to all three NA inhibitors
(P � 0.01) and in at least 90% loss of enzyme catalytic activity and
was associated with a reduction in replication in eggs, MDCK-
SIAT1 cells, and NHBE cells (P � 0.05) (4). No amino acid sub-
stitutions were selected in the HA or NA genes of A/Hong Kong/
213/03 virus under zanamivir pressure that could lead to overall
viral suppression, and no mechanism of resistance was observed.
However, because the virus was maintained after 15 sequential
passages, we conclude that decreased NA activity mediated by the
presence of NA inhibitor is important for H5N1 virus viability in
human cells.

To monitor the emergence of amino acid changes associated
with the adaptation of highly pathogenic influenza viruses to hu-
man airway epithelium, we passaged the parental viruses in paral-
lel in the absence of antivirals. We identified two mutations in the
HA protein, H28R and P194L, one mutation in the PA protein,
K142E, and one change in the PB2 protein, E6K, that partially and
more likely independently controlled adaptation of pandemic vi-
ruses to airway epithelium. When we cultured H5N1 viruses in the
absence of any NA inhibitor, A/Hong Kong/213/03 and A/Tur-
key/65-1242/06 viruses were completely eliminated after P11 and
P5, respectively. This result indicates that neither virus was able to
adapt to the human cells. However, since both viruses were stably
maintained after 15 sequential passages in the presence of antivi-
rals, NA inhibitors are probably necessary for the adaptation of
H5N1 influenza virus to human epithelium. Taken together, our
results show that NA inhibitor resistance arises in NHBE cell cul-
tures due to the development of NA mutations that decrease NA
inhibitor-binding affinity and enzyme catalytic activity. These
mutations arise with or without concomitant HA mutations,
which decrease virus receptor-binding affinity. Highly pathogenic
H5N1 viruses can adapt to human airway epithelium because of
the reduced NA enzyme activity (achieved either by acquisition of
NA mutation [E119A] or the presence of NA inhibitor [zanami-

FIG 5 Polymerase activity of ribonucleoprotein complexes of wild-type
A/Hong Kong/213/03 (H5N1) (A) and A/Turkey/65–1242/06 (H5N1) (B) vi-
ruses and their variants with single point mutations. Amino acid mutations are
indicated by shading of a residue below each plot. The polymerase activities
were determined by dual-luciferase reporter assay in three independent exper-
iments. The 293T cells were transfected in triplicate with luciferase and Renilla
reporter plasmids, with plasmids expressing PB2, PB1, PA, and NP from HK/
213, TK/65, or mutated viruses. Cells were incubated at 33°C, 37°C, or 39°C for
24 h, and cell lysates were analyzed to measure firefly luciferase and Renilla
activities. The latter was used to normalize transfection efficiency. Values
shown represent the means � standard deviations of activities of each RNP
complex relative to that of the respective wild-type virus. *, P � 0.05; °, P �
0.01 (compared with the value for respective wild-type virus by one-way
ANOVA).

TABLE 3 Enzymatic properties of the neuraminidase of recombinant H5N1 influenza viruses

H5N1
recombinant
virus

Kinetics of NA

Mean IC50 � SD (nM) with:a

Mean Km �
SD (�M)b

Vmax

ratioc

Mean Ki � SD (nM) with:d

Oseltamivir
carboxylate Zanamivir Peramivir

Oseltamivir
carboxylate Zanamivir Peramivir

HK/213 12.2 � 1.3 4.4 � 0.1 1.7 � 0.1 110.5 � 28.5 1.0 4.8 � 0.5 1.8 � 0.1 0.7 � 0.1
HK/213-NAR156K 26.5 � 1.3*e 1049.0 � 5.3* 59.1 � 0.8* 520.3 � 36.2* 0.1 20.0 � 1.0* 794.0 � 3.8* 44.8 � 0.6*
TK/65 39.0 � 3.4 8.3 � 0.7 2.8 � 0.1 78.9 � 7.3 1.0 12.5 � 1.1 2.7 � 0.2 0.9 � 0.1
TK/65-NAE119A 380.6 � 9.7* 2116.3 � 53.3* 188.8 � 16.0* 528.1 � 76.0* 0.5 289.2 � 7.4* 1607.7 � 40.5* 143.4 � 12.2*
a The NA inhibition assay was performed with H5N1 viruses standardized to equivalent NA activity and incubated with NA inhibitors (0.00005 to 100 �M) and MUNANA
substrate. IC50 was determined by plotting the dose-response curve of inhibition of NA activity as a function of the compound concentration. Values represent three independent
determinations.
b The Km represents a half-maximal catalytic rate. The enzyme kinetic data were fit to the Michaelis-Menten equation using GraphPad Prism, version 5. Values are the means �
standard deviations from one representative experiment done in triplicate.
c Ratio of the mutant virus NA Vmax to the Vmax of the respective recombinant wild-type virus NA. The Vmax was calculated using a nonlinear regression of the curve according to
the Michaelis-Menten equation.
d Determined by enzymatic kinetic analysis and calculated using nonlinear regression of the plot of initial velocity as a function of inhibitor concentration.
e *, P � 0.01, compared to respective recombinant wild-type virus (unpaired t test).
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vir]) with or without the acquisition of HA amino acid changes
that reduce viral binding to the respective cellular receptors.
Therefore, we conclude that interplay between two biological pro-
cesses, the emergence of resistance and adaptation of H5N1 influ-
enza virus to the human host, could play a role in the emergence of
a pandemic.

HA amino acid substitutions identified in this study were lo-
cated either next to the HA receptor-binding pocket (positions
194 and 215) or in the HA stem domain (position 28) (42). Two
HA mutations observed at the same position, P194S and P194L,
were associated with the acquisition of a potential glycosylation
site. HA glycosylation affects the specificity or affinity of influenza
viruses for cellular receptors (2, 8, 31). The introduction of carbo-
hydrate side chains adjacent to the receptor-binding site decreases
the capacity of the virus to bind to the host cells (31). The most
likely explanation is that the acquisition of an oligosaccharide at-
tachment site next to the tip of the HA1 subunit creates steric
hindrance that limits the accessibility of the receptor pocket to the
cellular SA-containing receptor by this oligosaccharide, thereby
reducing the efficiency of virus binding (31). Thus, we speculate
that the P194S mutation identified in the HA gene of A/Hong
Kong/213/03 (H5N1) virus results in a weak binding affinity to the
6=SL human-type receptor most likely due to the attachment of a
carbohydrate residue. Our results also suggest that the decrease in
virus binding of TK/65-HAH28R,P194L to 3=SLN was mediated by
the single point mutation P194L in HA.

Two amino acid changes in the NA protein, one at the frame-
work residue 119 and the other at the framework residue 156, were
selected in H5N1 viruses after passaging in NHBE cultures in the
presence of NA inhibitors. The R156K NA substitution is a novel
mutation that has not been previously reported to confer resis-
tance to NA antiviral drugs. We observed that both NA mutations
were viable and genetically stable and were associated with similar
moderate resistance to oseltamivir and peramivir (2.2- to 67.4-
fold increase in mean IC50s, which were far below the expected
plasma concentrations of 1,244 nM and 30,488 nM, respectively
[1, 26]) and substantial resistance to zanamivir (�245-fold in-
crease in mean IC50, which far exceeded the expected plasma con-
centration of 142 nM [33]), indicating that E119A and R156K NA
changes might result in reduced clinical efficacy of zanamivir but
not of peramivir or oseltamivir.

Previous reports have demonstrated that N1 NAs contain a
large cavity (150-cavity) adjacent to the active site, which is about
10 Å long and 5 Å wide and deep (37). Both NA mutations, E119A
and R156K, occurred at positions that play an important role in
the conformation of this cavity. The acidic residue Glu 119 defines
the width of the 150-cavity (37). The conserved Arg 156, the side
chain of which is located approximately midway between the two
other acidic residues, is located at the base of the 150-cavity; there-
fore, it defines the entrance from the active site into the 150-cavity
(37). The NA inhibitor-resistant mutations E119A and R156K could
lead to changes in the size and/or structure of the N1 NA 150-cavity.
Ala and Lys have shorter side chains than Glu and Arg, respectively;
this difference may impede the interaction between HK/213-
NAR156K and TK/65-NAE119A mutants and NA inhibitors.

Additionally, our data showed that E119A and R156K changes
significantly reduced the activities of the respective mutant NA
enzymes (Vmax ratios of 0.5 and 0.1, respectively). However, viral
growth was compromised only in the HK/213-NAR156K mutant
observed in cultures of MDCK-SIAT1 and NHBE cells, whereas

TK/65-NAE119A grew comparably in cell culture and to a signifi-
cantly higher titer in eggs than wild-type TK/65 (P � 0.05). In our
previous study in the ferret model, in which the influenza virus
pathogenesis closely resembles that of humans, we demonstrated
that A/Turkey/15/06 (H5N1) virus carrying the E119A NA muta-
tion was more virulent (i.e., lethal in 1 of 3 animals) and was
associated with significantly higher titers in the lungs and liver and
inflammation in the lungs (17). The impact of an NA amino acid
substitution at residue 156 on the fitness of highly pathogenic
A/Hong Kong/213/03 (H5N1) virus should be the subject of fur-
ther investigation.

Mutations at five points of the RNP complex (namely E6K and
V485I in PB2, E177K in PB1, K142E in PA, and R118K in NP) and
one mutation in M1 protein (T150A) were involved in the adap-
tation of highly pathogenic H5N1 isolates to human airway epi-
thelium. To investigate whether these amino acid changes occur in
other highly pathogenic isolates, we analyzed the H5N1 sequences
deposited in the Influenza Research Database (data were obtained
from the National Institute of Allergy and Infectious Diseases da-
tabase [http://www.fludb.org]). Two amino acid substitutions,
E6K in PB2 and T150A in M1, were not present in any H5N1
strains examined. This can be partially explained by the fact that
we were unable to rescue A/Hong Kong/213/03 (H5N1) virus car-
rying mutation E6K in PB2 from transfected 293T cells in three
independent experiments (data not shown). The remaining four
mutations (V485I in PB2, E177K in PB1, K142E in PA, and R118K
in NP) were found in 0.1% to 0.4% of contemporary H5N1 iso-
lates. We found that substitutions in only the PB1, PA, and NP
proteins are sufficient to significantly enhance the transcription
and replication activity of viral polymerase complexes. An amino
acid change of the same residue 142 in PA occurred in the A/Tur-
key/65-1242/06 (H5N1) strain in three independent experiments,
indicating that this event is not a chance of fluctuation; rather, it is
one of the strong viral determinants of the virulence and replica-
tion of highly pathogenic H5N1 viruses in humans. We speculate
that the increased polymerase activity caused by the identified
mutations is necessary for optimized interaction of the H5N1 viral
polymerase with the host proteins. In contrast, amino acid
changes in the PB2 protein (E6K and V485I) significantly sup-
pressed the polymerase activity of H5N1 RNP complexes, indicat-
ing that these changes compromise the infectivity of H5N1 viruses
due to the downregulation of their replication ability.

In conclusion, we identified E119A and R156K as the major
viral NA amino acid substitutions that are involved in the profile
of NA inhibitor resistance of H5N1 influenza viruses. Complete
characterization of genetic stability, infectivity, and pathogenicity
of identified NA inhibitor-resistant H5N1 viruses in an appropri-
ate animal model is warranted to more accurately predict the out-
comes of antiviral treatment in H5N1 virus-infected patients. We
also provided for the first time direct evidence that decreased NA
activity, mediated through NA inhibitors, is essential for the ad-
aptation of pandemic H5N1 influenza virus to the human airway
epithelium. It is worth mentioning that we used primary cultures
of NHBE cells, which lack a functional adaptive immune system,
which would definitely play a role in virus adaptation and could
affect H5N1 influenza virus evolution scenarios. The observed
ability of decreased NA enzymatic activity to promote H5N1 in-
fection underlines the necessity for further preclinical studies,
which are the only available option for optimizing the prophylac-
tic use of NA inhibitor compounds for persons at high risk of
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infection with avian influenza viruses. We believe that the ob-
tained results are essential for devising appropriate preventive
measures for a plausible H5N1 pandemic.
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