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N2 neuraminidase (NA) genes of the 1957 and 1968 pandemic influenza virus strains possessed avian-like
low-pH stability of sialidase activity, unlike most epidemic strains. We generated four reverse-genetics viruses
from a genetic background of A/WSN/33 (H1N1) that included parental N2 NAs of 1968 pandemic (H3N2) and
epidemic (H2N2) strains or their counterpart N2 NAs in which the low-pH stability of the sialidase activity was
changed by substitutions of one or two amino acid residues. We found that the transfectant viruses bearing
low-pH-stable sialidase (WSN/Stable-NAs) showed 25- to 80-times-greater ability to replicate in Madin-Darby
canine kidney (MDCK) cells than did the transfectant viruses bearing low-pH-unstable sialidase (WSN/
Unstable-NAs). Enzymatic activities of WSN/Stable-NAs were detected in endosomes of MDCK cells after 90
min of virus internalization by in situ fluorescent detection with 5-bromo-4-chloro-indole-3-yl-�-N-acetylneura-
minic acid and Fast Red Violet LB. Inhibition of sialidase activity of WSN/Stable-NAs on the endocytic pathway
by pretreatment with 4-guanidino-2,4-dideoxy-N-acetylneuraminic acid (zanamivir) resulted in a significant
decrease in progeny viruses. In contrast, the enzymatic activities of WSN/Unstable-NAs, the replication of
which had no effect on pretreatment with zanamivir, were undetectable in cells under the same conditions.
Hemadsorption assays of transfectant-virus-infected cells revealed that the low-pH stability of the sialidase
had no effect on the process of removal of sialic acid from hemagglutinin in the Golgi regions. Moreover, high
titers of viruses were recovered from the lungs of mice infected with WSN/Stable-NAs on day 3 after intranasal
inoculation, but WSN/Unstable-NAs were cleared from the lungs of the mice. These results indicate that
sialidase activity in late endosome/lysosome traffic enhances influenza A virus replication.

Influenza A viruses possess two viral surface glycoproteins,
hemagglutinin (HA), which is able to bind to cell surface sialo-
glycoconjugates (33), and neuraminidase (NA), which has siali-
dase enzymatic activity that removes sialic acid from the cell
surface glycoconjugates and facilitates the budding of progeny
virions from the host cell surface (18). The biological impor-
tance of viral NA is not only its enzymatic property of remov-
ing the virus receptor in the budding stage but also its role in
determination of host range restriction on replication and vir-
ulence for the virus-infected host (3, 6, 9, 14, 23).

Human influenza A viruses with N2 subtypes have caused
two pandemic outbreaks, in 1957 and 1968. In a previous study,
we found that the 1957 H2N2 and 1968 H3N2 pandemic strains
as well as duck viruses but not most of the epidemic strains
isolated after 1968 possessed sialidase activity under low-pH
conditions (27, 28). Molecular analysis of the chimeric NAs
expressed in 293T cells showed that consensus amino acid
regions responsible for low-pH stability did not exist between
the 1957 and 1968 pandemic strain NAs but that substitutions

of both amino acid Arg to Lys at position 344 and amino acid
Phe to Leu at position 466 in the low-pH-stable A/Hong Kong/
1/68 (H3N2) NA and a single substitution of amino acid Leu to
Phe at position 466 in the low-pH-unstable A/Texas/68 (H2N2)
NA resulted in significant change in the low-pH stability of the
sialidase activities (29).

In the present study, we therefore generated four influenza
viruses that included parental N2 NAs of pandemic A/Hong
Kong/1/68 (H3N2) or epidemic A/Texas/68 (H2N2) and their
counterpart N2 NAs in which the low-pH stability of the siali-
dase activities were changed by substitutions of one or two
amino acid residues at positions 344 and 466 by using a plas-
mid-based reverse-genetics system from a genetic background
of A/WSN/33 (H1N1). By characterization of the reverse-ge-
netics viruses and in situ fluorescent detection of their sialidase
activity, we showed that the low-pH stability of influenza A
virus sialidase is functionally linked to virus entry via the en-
docytic pathway and contributes to the ability of virus replica-
tion in both Madin-Darby canine kidney (MDCK) cells and
lungs of mice.

MATERIALS AND METHODS

N-Acetylneuraminic acid derivatives. 4-Guanidino-2,4-dideoxy-N-acetyl-neur-
aminic acid (zanamivir) was provided by Glaxo Smith Kline (Tokyo, Japan).
5-Bromo-4-chloro-indole-3-yl-�-N-acetylneuraminic acid (X-Neu5Ac) was pro-
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vided by K. Ikeda (Shizuoka, Japan). 2�-(4-Methylumbelliferyl)-�-D-N-acetyl-
neuraminic acid (4-MU�-Neu5Ac) was obtained from Sigma-Aldrich (St. Louis,
MO).

Cells and antibodies. 293T cells were cultured in high-glucose Dulbecco’s
modified Eagle’s minimum essential medium supplemented with 10% heat-
inactivated fetal bovine serum (FBS) (Sigma-Aldrich, St. Louis, MO). MDCK
cells were cultured in Eagle’s minimum essential medium (MEM) supplemented
with 5% heat-inactivated fetal bovine serum. Anti-N2 NA monoclonal antibodies
(SIZ-1, UO-2, K-3, and A-4) were prepared from culture supernatants of each
hybridoma established by a procedure described previously (13).

Cloning of NA genes. Viral RNA was isolated from virus particles with TRIzol
reagent (Invitrogen Corp., Carlsbad, CA), which was used according to the
manufacturer’s instructions. Full-length cDNAs of the NA genes were amplified
by using a reverse transcription-PCR kit (version 2.0; Takara Bio Inc., Otsu,
Japan). The full-length PCR products of the NA genes from A/Texas/68 (H2N2)
and A/Hong Kong/1/68 (H3N2) were subcloned into the plasmid expression
vector pCAGGS/MCS (17) to generate pCATx68NA and pCAHK68NA and
their counterpart constructs in which the low-pH stability of the sialidase activ-
ities were changed by substitutions of one or two amino acid residues at positions
344 and 466 as described previously (29).

Generation of transfectant influenza A viruses. The 12-plasmid system for
generation of the virus A/WSN/33 (H1N1) was used essentially as reported
previously (15, 16). NA cDNAs from pCAHK68NA, pCATx68NA, and their
counterpart constructs were amplified by PCR and subcloned into the two
BsmBI sites of the pHH21 vector (designated pPolI-HK68NA, pPolI-Tx68NA,
pPolI-CHKNA, and pPolI-CTxNA). Each transfectant virus (H1N2) (WSN-
HK68NA, WSN-Tx68NA, WSN-CHKNA, or WSN-CTxNA) was generated by
transfection to 293T cells with the 11 plasmids added to pPolI-HK68NA, pPolI-
Tx68NA, pPolI-CHKNA, or pPolI-CTxNA. The virus stocks (1 � 105 to 1 � 107

PFU/ml) were grown in MDCK cells after plaque purification on the cells.
Confirmation of engineered NA in each of the recovered transfectant virus
stocks was done by nucleotide sequencing of reverse transcription-PCR products
derived from viral RNA. Each recovered virus was plaque purified and used for
infection experiments using mice within two passages.

Low-pH stability of sialidase activities of transfectant viruses. The amount of
each transfectant virus was determined by Western blotting techniques with
anti-N2 NA monoclonal antibodies (a cocktail mixed with SIZ-1, UO-2, K-3, and
A-4) after sodium dodecyl sulfate-polyacrylamide gel electrophoresis on a 10%
gel. P50 virus (H1N2) (10 �g) was used as a control for sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. Five microliters of each virus was mixed with
an equal amount of 20 mM acetate buffer (pH 4.0 or 5.0) or 20 mM phosphate
buffer (pH 6.0) and stored at 37°C for 5 min. The low-pH stability of each
transfectant virus sialidase was examined by using 4-MU�-Neu5Ac as previously
described (28, 29).

Virus growth in MDCK cells. MDCK cells in wells that were 3.5 cm in
diameter were infected in duplicate with WSN-HK68NA, WSN-CHKNA, WSN-
Tx68NA, or WSN-CTxNA at an multiplicity of infection (MOI) of 0.002. After
incubation for 1 h, the inocula were removed and the cells were washed once with
phosphate-buffered saline (PBS). Cultures were grown in 1.5 ml of MEM for 13,
19, 24, 37, 48, and 72 h postinfection. The supernatant was collected at selected
times. MDCK cells in 12-well plates were incubated with 0.5 ml of 10-fold serial
dilutions of the supernatant for 1 h at 34.5°C. Infected monolayers were overlaid
with 2 ml of a solution of MEM containing acetylated trypsin (1 �g/ml) and 0.8%
agarose. After incubation for 3 days at 34.5°C, plaques were fixed with an
ethanol-acetic acid (5:1; vol/vol) solution and stained with 0.5% amide black in
an ethanol-acetic acid-water (45:10:45; vol/vol/vol) solution. Small plaques were
detected by immunostaining as described previously (26) using mouse anti-N2
monoclonal antibodies and horseradish peroxidase-labeled goat anti-mouse im-
munoglobulin G plus M (IgG�M) antibody. The virus titers were determined on
the basis of numbers of PFU after treatment with acetylated trypsin (1 �g/ml) at
37°C for 30 min before the assay.

Release of progeny viruses from MDCK cells. Confluent MDCK cells were
infected with the transfectant viruses at an MOI of 1 PFU/cell. The culture media
without acetylated trypsin were harvested at 13 and 24 h postinfection, followed
by treatment with acetylated trypsin (1 �g/ml) at 37°C for 30 min, and then virus
titers in the media were determined by plaque assays on MDCK cells. In parallel,
MDCK cells equally infected for 13 or 24 h were treated with 25 mU of Vibrio
cholerae sialidase (Sigma-Aldrich, St. Louis, MO) and 10 mU Arthrobacter urea-
faciens sialidase (Sigma-Aldrich, St. Louis, MO) per ml of medium for 1 h at
37°C to release all budded viruses from the cell surface. Virus titers in the media
were also determined by plaque assays on MDCK cells. Infections for plaque
assays were performed on ice to inhibit the bacterial sialidases. Virus release at
13 or 24 h postinfection was calculated as a percentage of virus titers regarded as

the maximum virus yield with treatment of the bacterial sialidases, as reported
before (32).

Hemadsorption assay. Confluent monolayers of MDCK and COS7 cells in
24-well plates (Corning Costar Corp., Cambridge, MA) were infected with 250 �l
of MEM containing the transfectant viruses at an MOI of 0.02 PFU/cell at 37°C.
After 30 min, the inoculum was removed from each well, and the monolayers
were washed three times with PBS and incubated for 13 h at 34°C in 350 �l of
MEM containing or not containing 5 �M zanamivir. The monolayers in each well
were incubated on ice for 5 min. After the monolayers were washed three times
with PBS, a 1% (vol/vol) suspension of guinea pig erythrocytes was added to each
well, and the monolayers were incubated for 15 min on ice. Unadsorbed eryth-
rocytes were removed by repeated gentle washing with cold PBS. Bound eryth-
rocytes were lysed by adding 400 �l of distilled water, and absorbance of the
clarified supernatant was measured at 545 nm.

Fluorescence microscopy. MDCK cells grown on Teflon-printed glass slides
(ADCELL; Erie Scientific Comp., Portsmouth, NH) were adsorbed with each
transfectant virus at an MOI of 100 PFU/cell on ice for 90 min. After incubation
for 5 or 90 min at 37°C, the cells were fixed and permeabilized with cold
methanol for 5 min. To visualize the in situ enzymatic activity of influenza virus
NA adsorbed on or after invasion into cells, cells at 5 or 90 min postinfection
were incubated with 0.01 mM X-Neu5Ac and Fast Red Violet LB (1 �g/ml)
(ICN Biomedicals Inc., Aurora, Ohio) in 0.1 M sodium acetate buffer (pH 5.0)
for 1 h at 37°C (20). Endosomes were detected by a monoclonal antibody against
early endosome antigen 1 (EEA1) (BD Biosciences Clontech, Palo Alto, CA).
The secondary antibody used was fluorescein isothiocyanate (FITC)-conjugated
goat anti-mouse IgG�M antibody (Jackson ImmunoResearch Laboratories Inc.,
West Grove, PA). Cellular nuclei were detected with 1 �g/ml 4�,5-diamino-2-
phenylindole, dihydrochloride (DAPI) (Dojindo Co., Kumamoto, Japan). To
establish the sialidase activity of influenza virus, the fixed cells were incubated
with 5 �M zanamivir in 0.1 M sodium acetate buffer (pH 5.0) for 5 min before
incubation with X-Neu5Ac and Fast Red Violet LB. The cells were observed
with an LSM 510 laser scanning confocal microscope (Carl Zeiss, Germany).

Fluorescence-activated cell sorter (FACS) analysis. MDCK cells were ad-
sorbed with each transfectant virus (MOI of 10 or 20 PFU/cell) on ice for 90 min.
The cells were harvested with treatment of 0.125% trypsin-PBS just after ad-
sorption and after 90 min postinfection at 37°C. The cells just after adsorption on
ice were washed with PBS and then fixed with 4% paraformaldehyde (Sigma-
Aldrich, St. Louis, MO) in PBS for 5 min. The cells at 90 min postinfection were
permeabilized with 0.05% Triton X-100 in PBS for 5 min and fixed with 4%
paraformaldehyde in PBS for 5 min after being washed with PBS three times.
Viral sialidase activities in the cells after 90 min postinfection were detected with
X-Neu5Ac and Fast Red Violet LB as described above. The transfectant viruses
adsorbed to the cells were stained with anti-P50 (H1N2) rabbit polyclonal anti-
body for 30 min followed by FITC-labeled goat anti-rabbit IgG antibody for 30
min. After the cells were washed with PBS three times, their fluorescence inten-
sity was analyzed with the 488-nm line of an argon laser on an EPICS XL system
II (Beckman Coulter, Inc., Fullerton, CA).

Zanamivir treatment of influenza virus under the conditions of endocytosis.
MDCK cells cultured to confluence in 12-well plates were treated with 500 �l of
MEM containing 5 �M zanamivir and 0.001% DEAE-dextran (Sigma-Aldrich,
St. Louis, MO) for 15 min at 37°C. The cells were cooled on ice and incubated
with 200 �l of 20,000 to 40,000 PFU of each transfectant virus for 90 min on ice.
After being washed with MEM three times, the cells were incubated with 500 �l
of MEM containing 5 �M zanamivir and 0.001% DEAE-dextran for 3.5 h at
37°C. After being washed with MEM three times, the cells were incubated with
500 �l of MEM for 18 h at 34.5°C. In parallel, an experiment without treatment
with zanamivir was performed as a control. Virus titers in the media were
determined by plaque assays on MDCK cells. To determine the number of
viral-antigen-positive cells in each well, the cells were fixed with cold methanol
for 5 min and incubated with mouse anti-N2 monoclonal antibodies at room
temperature for 30 min. After the plates had been washed three times with PBS,
the wells were incubated with horseradish peroxidase-labeled goat anti-mouse
IgG�M antibody for 30 min at room temperature. The number of viral-antigen-
positive cells in each well were detected by incubation with 0.5 ml of immuno-
staining reagent as described previously (26) and calculated from that of the cells
per square centimeter and the area of a well. The effect of treatment with
zanamivir is shown as a percentage relative to the counterpart control. The
infectivities of the viruses upon treatment with zanamivir were calculated from
numbers of PFU per number of viral-antigen-positive cells.

Inoculation to mice and virus titrations. Six- to 7-week-old male C57B6 mice
were purchased from Japan LSC, Inc. Groups of three mice were each housed in
individual cages within separate negative-pressure high-containment biosafety
level 3 stainless steel isolators. Mice anesthetized with ether were inoculated
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intranasally with 100 �l of 104 PFU of each transfectant virus isolate. All mice
were sacrificed on day 3 after infection. MDCK cells in 12-well plates were
incubated with 0.5 ml of log dilutions of the tissue homogenates in MEM for 1 h
at 34.5°C. The virus titers in each tissue were determined by plaque-forming
assays as described above.

RESULTS

Characterization of influenza A viruses bearing either low-
pH-stable sialidase or low-pH-unstable sialidase. To investi-
gate the effect of the low-pH stability of the sialidase activity on
the infection of influenza A virus in vitro and vivo, we gener-
ated four influenza viruses (WSN-HK68NA, WSN-CHKNA,
WSN-Tx68NA, and WSN-CTxNA) that included parental N2
NA (HK68NA or Tx68NA) of pandemic A/Hong Kong/1/68
(H3N2) or epidemic A/Texas/68 (H2N2) or their counterpart
N2 NAs (CHKNA or CTxNA) in which the low-pH stability of
the sialidase activity was changed by using a plasmid-based
reverse-genetics system from a genetic background of
A/WSN/33 (H1N1) (15, 16). The low-pH stability of the siali-
dase activities of the counterpart N2 NAs was changed by
substitutions of one or two amino acid residues at positions 344
and 466 as reported previously (29). The low-pH stability of
each reverse-genetics virus sialidase was determined by a flu-
orometric assay using 4-MU�-Neu5Ac (Fig. 1). The sialidase
activities of WSN-Tx68NA, which included NA of epidemic
A/Texas/68 (H2N2), and WSN-CHKNA, which included the
counterpart NA of pandemic A/Hong Kong/1/68 (H3N2), de-
creased after incubation at pH 5.0 and were almost lost at pH
4.0 in comparison with what occurred after incubation at pH
6.0. On the other hand, WSN-HK68NA, which included NA of
pandemic A/Hong Kong/1/68 (H3N2), and WSN-CTxNA,

which included the counterpart NA of epidemic A/Texas/68
(H2N2), still retained their sialidase activities after incubation
at pH 4.0.

Effect of the low-pH stability of sialidase activity on repli-
cation of influenza A viruses in MDCK cells. MDCK cells were
infected with each transfectant virus at an MOI of 0.002 PFU/
cell. Supernatants were collected from 13 to 72 h postinfection,
and plaque assays were performed for each sample in duplicate
(Fig. 2). WSN-HK68NA and WSN-CTxNA showed a 25- to
80-times-greater ability to replicate in MDCK cells than did
WSN-CHKNA or WSN-Tx68NA.

It is known that the sialidase activity of influenza virus NA
acts as a receptor-destroying enzyme by catalyzing the removal
of sialic acids from the host cell surface and therefore pro-
motes the release of progeny viruses from host cells (18). To
determine whether the low-pH stability of viral sialidase
affects the release of progeny viruses from the host cell
surface, we determined the release of progeny viruses from
virus infected-MDCK cells by treatment with bacterial siali-
dases as described previously (32). MDCK cells were in-
fected with transfectant viruses at an MOI of 1 PFU/cell.
Before the culture media were harvested at 13 or 24 h
postinfection, virus-infected cells were treated with Vibrio

FIG. 1. Low-pH stability of sialidase activities of transfectant vi-
ruses generated by a reverse-genetics system. The amount of each
transfectant virus (WSN-HK68NA, WSN-CHKNA, WSN-Tx68NA,
and WSN-CTxNA) tested was determined by Western blotting tech-
niques with anti-N2 NA monoclonal antibodies. The low-pH stability
of sialidase activities of the viruses at pH 4.0, 5.0, or 6.0 was examined
by using 4-MU�-Neu5Ac as described in Materials and Methods. FIG. 2. Growth kinetics of the transfectant viruses on MDCK cells.

MDCK cells were infected with each transfectant virus at an MOI of
0.002 PFU/cell, and the culture media were harvested at indicated
times after infection. The virus titers at each time point are the aver-
ages and the standard deviations of results of duplicate experiments.
(A) Growth curves of the transfectant viruses, including parental N2
NA of pandemic A/Hong Kong/1/68 (H3N2) (F; WSN-HK68NA) or
including its counterpart N2 NA (E; WSN-CHKNA); (B) growth
curves of the transfectant viruses, including parental N2 NA of epi-
demic A/Texas/68 (H2N2) (■ ); WSN-CTx68NA) or including its coun-
terpart N2 NA (�; WSN-CTxNA).
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cholerae and Arthrobacter ureafaciens sialidase mixtures at
37°C for 1 h to entirely release the viruses budded from the
cell surface. The titers of the progeny viruses, which were
released from MDCK cells by treatment with bacterial siali-
dases after 13 or 24 h postinfection, were not significantly
different from the progeny viruses released in the absence of
bacterial sialidases (Fig. 3). Thus, a difference in the low-pH
stability of the viral sialidases had no effect on the process of
the release of progeny viruses.

Plaque formation of transfectant viruses on MDCK cells.
The plaque size of each transfectant virus on MDCK cells was

examined. The sizes of WSN-HK68NA and WSN-CTxNA
plaques were much lager than those formed by WSN-CHKNA
and WSN-Tx68NA (Fig. 4). Theses results indicate that low-
pH-stable sialidases of the viruses promoted expansion of the
sizes of virus plaques formed on MDCK cells but had no
relation to either the relative specific activities of the sialidases
or the release of progeny viruses from the cell surface as
described above.

In situ fluorescent detection of viral sialidase activity. The
low-pH condition under endocytosis, which is known as an
internalization pathway for influenza A virus, is necessary for
the acquisition of the fusogenic capacity of virus HA into the
cell membrane (22, 24). In the present study, the low-pH sta-
bility of influenza virus sialidase gave rise to a distinct differ-
ence in virus replication and plaque size on MDCK cells, and
we therefore suspected that this property is associated with
some intracellular acidic compartments, such as lysosome, en-
dosome, and the trans Golgi network. We applied fluorescent
cytochemical detection using X-Neu5Ac and Fast Red Violet
LB (20) to detect the sialidase activity of influenza virus under
the condition of endocytic trafficking. MDCK cells were inoc-
ulated with each transfectant virus at an MOI of 100 PFU/cell
on ice. After incubation for various periods at 37°C, the siali-
dase activity of incoming virus particles in the cells was de-
tected by laser scanning confocal microscopy (Fig. 5A).

It has been reported that influenza viruses reach the early
endosome after approximately 10 min of infection and the late
endosome with a low pH after 40 to 60 min (24). The sialidase
activities of all viruses tested were detected with EEA1 in early
endosomes of cells after 5 min of virus internalization. How-
ever, the sialidase activity of WSN-Tx68NA or WSN-CHKNA
was not observed in any area of the cells after 90 min of virus
internalization. Interestingly, the sialidase activities of both
WSN-HK68NA and WSN-CTxNA were still clearly detected
in cytoplasmic areas of the cells after 90 min of virus internal-
ization. Moreover, the sialidase activities after virus internal-
ization were completely inhibited by treatment with 5 �M
zanamivir (30, 31), a specific inhibitor of influenza virus NA
(Fig. 5B). The results showed that influenza viruses bearing
low-pH-stable sialidase maintained high levels of sialidase ac-
tivity even under low-pH conditions (generally pH 5.0 or less)
of lysosomes and late endosomes (1, 12) in the cells. We also
examined the sialidase activities of transfectant viruses in Golgi
regions of the cells after 7 h of virus internalization but could
not find a point of obvious differences among the viruses (data
not shown). The results indicate that the low-pH-stable siali-
dases of viruses probably function in lysosomes and late endo-
somes of the cells through the endocytic pathway rather than in
the Golgi regions through the exocytic pathway, in terms of the
cellular acidic compartments. To evaluate a difference in the
sialidase activities of the transfectant viruses bearing either
low-pH-stable sialidase or low-pH-unstable sialidase on the
endocytic pathway, we determined the adsorption of the vi-
ruses to MDCK cells and their sialidase activities under the
endocytic pathway by FACS analysis with indirect immunoflu-
orescence using an anti-H1N2 polyclonal antibody and the in
situ detection for sialidase activity described above. The fluo-
rescence intensities of cells that adsorbed with WSN-
HK68NA, WSN-CHKNA, WSN-Tx68NA, or WSN-CTxNA on

FIG. 3. Release of transfectant viruses from MDCK cells. MDCK
cells were infected with each transfectant virus at an MOI of 1 PFU/
cell. As controls, MDCK cells, which were infected with each trans-
fectant virus under the same conditions, were treated with bacterial
sialidases for 1 h at 37°C to release all budded viruses from the cell
surface. Virus titers in each supernatant were determined by a plaque
assay on MDCK cells. The amount of virus released at 13 h (A) or 24 h
(B) postinfection was calculated as a percentage of virus titers with
treatment of bacterial sialidases.
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ice showed no meaningful differences among the viruses in
comparison with mock infections (Fig. 6A).

On the other hand, the sialidase activities under the endo-
cytosis pathway of MDCK cells that had been infected with
WSN-HK68NA, WSN-CHKNA, WSN-Tx68NA, or WSN-
CTxNA showed a distinct difference between the viruses bear-
ing low-pH-stable sialidase and low-pH-unstable sialidase. As
expected, both WSN-HK68NA and WSN-CTxNA, which in-
cluded low-pH-stable sialidase, exhibited significant sialidase
activities under endocytosis, but neither WSN-Tx68NA nor
WSN-CHKNA, which included low-pH-unstable sialidase, ex-
hibited a detectable level of the sialidase activity in comparison
with mock infections (Fig. 6B). Quantitative FACS analysis
also indicates that the low-pH stability of the virus sialidases
confers a high level of enzymatic activity even under low-pH
conditions of endocytic trafficking.

Suppression of infectious progeny virus by inhibition of the
sialidase activities of influenza A viruses bearing low-pH-sta-
ble sialidase under endocytosis. It is known that influenza virus
is capable of completely releasing viral ribonucleoprotein into

the cellular nucleus after 4 h of virus infection at 37°C (24). To
elucidate the biological significance of the sialidase activities of
influenza A viruses bearing low-pH-stable sialidase under en-
docytosis, MDCK cells were infected with each transfectant
virus on ice and then treated with zanamivir at 37°C for 3.5 h.
After treatment with zanamivir, the cells were washed thor-
oughly to exclude residual zanamivir, which inhibits any prog-
eny virus release from the cell surface. At 18 h postinfection,
virus titers in the media were determined by plaque assays on
MDCK cells, and the number of infected cells was counted by
immunostaining with N2 monoclonal antibody. The progeny
viruses in the media of the cells infected with WSN-HK68NA
or WSN-CTxNA were reduced to 15.7% or 25.1%, respec-
tively, by treatment with zanamivir. In contrast, the virus titers
in the media of the cells infected with WSN-CHKNA or WSN-
Tx68NA under the same conditions showed a 92.8% or 97.5%
reduction, respectively (Fig. 7A). Progeny virus titers per the
viral-antigen-positive cells were calculated to estimate the ef-
fect of zanamivir on viral replication among four transfectant
viruses (Fig. 7C). Inhibition of the sialidase activities of the

FIG. 4. Plaque formation by the transfectant viruses on MDCK cells. MDCK cell monolayers were infected with each transfectant virus.
Infected monolayers were overlaid with 2 ml of a solution of MEM containing acetylated trypsin (1 �g/ml) and 0.8% agarose. After incubation
for 3 days at 34.5°C, plaques were fixed and stained with 0.5% amide black solution.
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FIG. 5. In situ fluorescent detection of sialidase activity of the transfectant virus NA in MDCK cells. (A) MDCK cells grown on glass coverslips
were adsorbed with each transfectant virus at an MOI of 100 PFU/cell on ice for 90 min. After incubation at 37°C for 5 min or 90 min, the cells
were fixed and permeabilized with cold methanol for 5 min. (B) MDCK cells were adsorbed with WSN-HK68NA or WSN-CTxNA in the same
way. After incubation at 37°C for 90 min, the cells were fixed and incubated with or without 5 �M zanamivir in 0.1 M sodium acetate buffer (pH
5.0) for 5 min. The cells were observed with a laser scanning confocal microscope. Viral sialidase activities (red) were detected with X-Neu5Ac
and Fast Red Violet LB as described in Materials and Methods. Early endosomes (green) were detected by a monoclonal antibody against EEA1
and FITC-conjugated goat anti-mouse IgG�M antibody. The nuclei (blue) were visualized by DAPI staining.
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viruses bearing low-pH-stable sialidase under endocytic traf-
ficking resulted in a significant decrease of progeny virus from
infected cells. However, the replication levels of the viruses
bearing low-pH-unstable sialidase were not affected by treat-
ment with zanamivir. In contrast, the inhibition of the viral
sialidases had no effect on the number of virus-infected cells
(Fig. 7B). To confirm that the transfectant viruses had suscep-
tibilities to zanamivir, MDCK cells infected with each trans-
fectant virus were treated with zanamivir after 4 h of virus
infection at 37°C. The growth of the viruses tested after 18 h of
virus infection were remarkably inhibited by zanamivir (Fig.
7D). The results indicate that the maintenance of the sialidase
activity of influenza virus under endocytic trafficking consider-
ably contributes to virus replication in MDCK cells.

Effect of the low-pH stability of sialidase activity on the
process of the removal of sialic acid from HA in the Golgi
regions of virus-infected cells. NA is also known to prevent the
aggregation of progeny virions by removing sialic acid from
N-linked oligosaccharides of newly synthesized HA and NA
(18). The effects of the low-pH stability of viral sialidase on the
process of the removal of sialic acid from HA in the Golgi
regions and on the plasma membranes of MDCK and COS7
cells were examined by inhibition of zanamivir on the hemad-
sorption activity of the virus-infected cells as previously de-
scribed (10). The hemadsorption activities of both MDCK and
COS7 cells infected with WSN-HK68NA, WSN-CHKNA,
WSN-Tx68NA, or WSN-CTxNA showed that NA of each
transfectant virus removed sialic acid from approximately half

FIG. 6. Comparison of the levels of adsorption of transfectant viruses to MDCK cells and their sialidase activities under the endocytosis
pathway by FACS analysis. MDCK cells were adsorbed with each transfectant virus on ice for 90 min. The cells were fixed and permeabilized just
after adsorption and after 90 min postinfection at 37°C as described in Materials and Methods. (A) The transfectant viruses adsorbed to the cells
were detected with anti-H1N2 polyclonal antibody. (B) Viral sialidase activities in the cells at 90 min postinfection were detected with X-Neu5Ac
and Fast Red Violet LB. Each experiment was performed twice; representative data are shown. The mean and median fluorescence intensities are
shown in the panels. WSN-HK68NA, red; WSN-CHKNA, blue; WSN-Tx68NA, green; WSN-CTxNA, yellow; mock, black.
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of the newly synthesized HA in the Golgi regions of MDCK
cells, similar to what occurred with COS cells. The data indi-
cate no significant differences among the viruses from what
occurred in the presence of zanamivir (Fig. 8).

Effect of low-pH-stable sialidase on the replication of influ-
enza A virus in mice. We investigated whether the low-pH

stability of influenza virus sialidase affects the replicative po-
tential of influenza A virus in mice. We determined virus titers
in various organs of three additional mice after intranasal
inoculation with 104 PFU of each of the transfectant viruses
(Table 1). The average titers of WSN-HK68NA and WSN-
CTxNA were approximately 9.2 � 106 and 7.2 � 104 PFU/g

FIG. 7. Suppression of infectious progeny virus by inhibition of sialidase activities of transfectant virus NAs under endocytosis. MDCK cells
were treated with 5 �M zanamivir and 0.001% DEAE-dextran up to 3.5 h postinfection. After treatment with zanamivir, the cells were washed
thoroughly to exclude residual zanamivir. The culture media (A) were harvested at 18 h after the infection of each transfectant virus, and the cells
were fixed with cold methanol. As controls, MDCK cells were treated with zanamivir after 4 h of virus infection, and the media (D) were harvested
at 18 h after infection. Progeny virus titers in the media (A and D) and the viral-antigen-positive cells (B) are shown as percentages of that of each
counterpart control without zanamivir. Progeny virus titers per viral-antigen-positive cell (C) were calculated to estimate the effect of zanamivir
on viral replication among the four transfectant viruses.
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tissue, respectively, in lungs on day 3 after inoculation. Repli-
cation of the viruses was limited to the lungs. In contrast,
WSN-Tx68NA and WSN-CHKNA infection were rapidly
cleared in all organs tested on day 3 after inoculation. The
results indicate that the low-pH stability of influenza A virus
sialidase should promote the ability of a virus to replicate in
lungs.

DISCUSSION

We found that sialidase activities in the 1957 and 1968 pan-
demic influenza A virus strains, A/Singapore/1/57 (H2N2),
A/Japan/305/57 (H2N2), A/Aichi/2/68 (H3N2), and A/Hong
Kong/1/68 (H3N2), as well as in duck viruses were maintained
under low-pH conditions and that consensus amino acid re-
gions responsible for low-pH stability did not exist in pandemic
NAs but that two amino acid substitutions in the low-pH-stable
A/Hong Kong/1/68 (H3N2) NA and a single substitution in the
low-pH-unstable A/Texas/68 (H2N2) NA resulted in a signifi-
cant change in low-pH stability (27, 29).

In this study, we therefore generated four reverse-genetics
viruses (WSN-HK68NA, WSN-CHKNA, WSN-Tx68NA, and
WSN-CTxNA) from the genetic background of A/WSN/33
(H1N1) and examined whether the low-pH stability of virus
sialidase activity has an effect on virus replication in MDCK
cells and in mice. Virus growth kinetics and plaque size on
MDCK cells showed that WSN-Tx68NA and WSN-CHKNA
(with alterations in two amino acids of A/Hong Kong/1/68
NA), which had low-pH-unstable sialidase, exhibited a highly
attenuated phenotype in virus replication on MDCK cells, in
comparison with WSN-HK68NA and WSN-CTxNA (with an
alteration of one amino acid in A/Texas/68 NA), which had
low-pH-stable sialidase. Surprisingly, in the mouse lung, WSN-
HK68NA and WSN-CTxNA exhibited the ability to replicate,
but WSN-Tx68NA and WSN-CHKNA were cleared from the
lungs. In a mouse model of H5N1 and WSN virulence, virus
was isolated from systemic organs, such as the brain, spleen,
kidney, and liver (2, 4). In this study, the transfectant viruses
were isolated from the lung but not other organs. A/WSN/33
(H1N1) HA does not have a multibasic cleavage site such as
H5 HA. Goto and Kawaoka showed that A/WSN/33 (H1N1)
virus NA can sequester plasminogen in serum, providing a
mechanism for the enhancement of WSN HA cleavage. In
contrast, other virus NAs, including A/Hong Kong/1/68
(H3N2) NA, in which the low-pH stability of sialidase activity
has been found, could not promote WSN HA cleavage in the
presence of FBS or either bovine or human plasminogen (3).
We also demonstrated that transfectant viruses bearing low-

FIG. 8. Effect of zanamivir on hemadsorption of MDCK and COS7
cells infected with the transfectant viruses. MDCK and COS7 cells
were infected with each transfectant virus. After incubation with 5 �M
zanamivir for 13 h, hemadsorption of the cells was determined by
absorbance at 545 nm and is shown as a percentage relative to the
hemadsorption of cells incubated without zanamivir. Each value is the
mean from triplicate experiments.

TABLE 1. Determination of virus titers in tissues of mice
inoculated intranasally with the transfectant viruses

Transfectant virus Mouse
lot

Virus titer (log PFU/g) ina:

Lung Brain Kidney Liver Spleen

WSN-HK68NA 1 6.10 — — — —
2 7.27 — — — —
3 6.89 — — — —

WSN-CHKNA 1 — — — — —
2 — — — — —
3 — — — — —

WSN-Tx68NA 1 — ND ND ND ND
2 — ND ND ND ND
3 — ND ND ND ND

WSN-CTxNA 1 4.87 ND ND ND ND
2 4.77 ND ND ND ND
3 4.95 ND ND ND ND

a Mice were inoculated intranasally with 100 �l of 104 PFU of each transfec-
tant virus. All mice were sacrificed on day 3 after infection. The virus titers in
each tissue were determined by the plaque-forming assay. —, no virus could be
detected. ND, not determined.
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pH-stable sialidase enhanced the replicative ability in MDCK
cells by using a medium without FBS. Our results indicate that
the low-pH stability of the virus sialidase contributes to the
promotion of virus replication in the lung.

To determine whether the low-pH stability of virus sialidase
is associated with some intracellular acidic compartments, such
as lysosome, endosome, and the trans Golgi network, we used
an in situ fluorescent assay with X-Neu5Ac and Fast Red
Violet LB to detect the enzymatic activity of influenza virus
sialidase in cultured cells. We demonstrated, by using laser
scanning confocal microscopy and FACS analysis of virus-in-
fected MDCK cells, that the sialidase activity of the transfec-
tant viruses bearing low-pH-unstable sialidase under endocy-
tosis decreased to the mock level. In contrast, the transfectant
viruses bearing low-pH-stable sialidase maintained the enzyme
activity even under low-pH conditions of endosomal compart-
ments. Inhibition of sialidase activity of the viruses bearing
low-pH-stable sialidase under endocytic trafficking resulted in
a significant decrease of progeny virus from infected cells.
However, the replication level of the viruses bearing low-pH-
unstable sialidase was not affected by treatment with zanami-
vir. These findings indicate that the continuous sialidase activ-
ity of influenza virus bearing low-pH-stable NA during the
endocytic pathway contributed to an increase in progeny virus
titers from infected cells.

We demonstrated by hemadsorption assays of transfectant
virus-infected cells that the difference in the low-pH stabilities
of the viral sialidases had no effect on the process of the
removal of sialic acid from newly synthesized HA in the Golgi
regions. In the trans Golgi network, proton channel activity of
newly synthesized M2 protein, which causes equilibration of
the acidic pH of the lumen of the Golgi apparatus with the
cytoplasm (5, 21), may prevent inactivation of the low-pH-
unstable sialidase.

Recently, Matrosovich et al. reported that influenza virus
NA was important for the initiation of influenza virus infection
in cultures of primary human tracheobronchial and nasal epi-
thelial cells (11). In that study, the NA inhibitor oseltamivir
carboxylate remarkably reduced the infection of not only avian
influenza viruses but also 1996 and 1997 human influenza vi-
ruses, in which low-pH-unstable sialidases are probably main-
tained. On the other hand, our results showed that inhibition
of the sialidase activities of viruses bearing low-pH-stable siali-
dase under endocytic trafficking resulted in a significant de-
crease in progeny virus from infected MDCK cells. However,
the replication level of the viruses bearing low-pH-unstable
sialidase was not affected by treatment with zanamivir. Human
airway epithelial cells but not MDCK cells secrete mucins that
protect them from pathogenic insult (25). These differences
may indicate that influenza virus NA functions mainly in the
removal of decoy receptors on mucins at the initial stage of
influenza virus infection in cultures of primary human tracheo-
bronchial and nasal epithelial cells. In addition, pH conditions
of the endosomal compartments in MDCK cells and mouse
pulmonary tissues may be different from that of primary hu-
man tracheobronchial and nasal epithelial culture cells.

We investigated whether the maintenance of the sialidase
activity of influenza virus under endocytic trafficking enhances
hemagglutinin-mediated fusion (7) and release of viral ribo-
nucleoproteins. However, we could not find distinct differences

among the viruses in the transport of viral RNPs to the nucleus
by observation with a laser scanning confocal microscope using
an anti-NP monoclonal antibody (data not shown). It has been
reported that influenza virus NA functioned as an inducer of
apoptosis in MDCK cells and human monocyte U937 cells (14,
19) and that virus-induced apoptosis executed by caspase 3
activation was a crucial event for efficient influenza virus prop-
agation (34). In addition, lysosomal sialidase of cultured hu-
man colon cancer cells was up-regulated in the process of
apoptosis (8). Our findings therefore indicate that efficient
influenza virus propagation in the mouse lung and MDCK cells
infected with the transfectant viruses bearing the low-pH-sta-
ble sialidase may be related to apoptosis induced by the virus
sialidase maintained under low-pH conditions of the endoso-
mal compartments. This hypothesis is supported by the results
of our recent study in which FACS analysis using annexin V
showed that apoptosis induced in human monocyte U937 cells
infected with each transfectant virus is obviously different be-
tween low-pH-stable and -unstable sialidases (unpublished
data). We speculate that the low-pH stability of sialidase ac-
tivity maintained in avian (duck)-like NA of human pandemic
influenza viruses facilitates viral pathogenicity and transmis-
sion. Additional studies of viral propagation should be carried
out in the future.
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