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We have used a neuraminidase-deficient influenza virus, NWS-Mvi, which was selected by supplying bac-
terial neuraminidase in the medium (C. Liu and G. M. Air, Virology 194:403–407, 1993), to define the role of
neuraminidase in influenza virus replication. Electron microscopy showed that virions of the NWS-Mvi mutant
assembled normally and formed large aggregates associated with cell surfaces. The NWS-Mvi virus grown in
the absence of neuraminidase was able to carry out a second round of replication in MDCK cells without added
neuraminidase, indicating that the virus particles contained in these aggregates were infectious. Aggregates of
virus were also found in cytoplasmic vacuoles. When virus-infected cells were incubated in the presence of
ferritin, such aggregates were found to be labeled with ferritin, indicating that they are derived from uptake
at the cell surface. When the neuraminidase-deficient virus was administered intranasally to C57BL/6 mice,
low titers of virus were recovered from the lungs and major histocompatibility complex class I-restricted
cytotoxic T cells were generated: evidence that cells were infected in vivo. In C57BL/6 nu/nu mice, the low level
of virus persisted for at least 28 days but never increased. These results suggest that neuraminidase is not
required for influenza virus entry, replication, or assembly in cell culture or in mice.

Influenza type A and B viruses contain two major surface
glycoproteins embedded in the viral membrane, hemagglutinin
(HA) and neuraminidase (NA). The HA mediates binding of
influenza virus to its receptor, sialic acid, on the cell surface
and a fusion process between viral and endosomal membranes.
The NA has a receptor-destroying activity to cleave the a-ke-
tosidic linkage between terminal sialic acid and an adjacent
sugar residue. Influenza virus HA and NA are both glycosy-
lated proteins, but the terminal sialic acids are cleaved away by
the enzymatic activity of NA (reviewed in references 1 and 12).
Results from early studies with antisera that inhibited NA

activity suggested that influenza virus NA may function in the
final stage of infection (11, 21). When the activity of NA was
abrogated by antibody (5), inhibitors (15), or temperature-
sensitive mutation at nonpermissive temperature (16, 18),
sialic acids were not cleaved and remained linked to the com-
plex carbohydrate of the HA and NA. Under these conditions,
viral particles attached to each other or to the cell surface to
form large aggregates. Formation of these aggregates could be
prevented by addition of bacterial NA into the medium (16).
From these results, Palese and Compans (16) proposed that
the function of NA in influenza virus replication is to prevent
formation of virus aggregates by removing sialic acids from the
virus envelope. Another proposed role for the NA is to release
newly assembled virus particles from the cell surface (16, 19),
although concentration effects have to be invoked to explain
why the receptor-destroying activity of the NA does not pre-
clude attachment of the virus to cellular receptors. A third
hypothesized role for the NA was to remove sialic acids in

mucin to lower the viscosity and allow the virus to reach the
epithelial cells (3).
It has been shown for the neurovirulent variant, A/WSN/33,

that the growth properties of this virus conferred by the NA
gene are the result of increased cleavability of the HA and that
this can be modified by glycosylation of the NA (13, 17). In
some influenza viruses, NA may also play a role in virus-
mediated membrane fusion under certain conditions (8, 9).
The experiments used fowl plague virus (H7N5) in a system in
which fusion was observed between liposomes containing de-
fined proteins and erythrocytes. It was reported that in addi-
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FIG. 1. Productive infection by the NWS-Mvi mutant virus that has not been
exposed to NA. The medium and cell debris from a first round of NA-free
infection with NWS-Mvi mutant virus were sonicated and used to infect MDCK
cells in the absence of NA. At 1, 3, 5, and 7 h postinfection, viral proteins were
radiolabeled, immunoprecipitated, and separated as described in Materials and
Methods. An autoradiograph of the SDS-gel of the precipitated viral proteins
from MDCK cells infected with NWS/G70c (wild type) or NWS-Mvi (NA defi-
cient) is shown. Influenza viral proteins HA, NA, NP, and M1 are indicated. The
sizes of molecular mass markers (in kilodaltons) are indicated.
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FIG. 2. Assembly of the NA-deficient NWS-Mvi virus particles. MDCK cells were infected with either wild-type NWS/G70c virus or NWS-Mvi mutant virus. At 10
h postinfection, the cells were processed for electron microscopy as described in Materials and Methods. (A) Low-magnification view of a cell showing aggregates of
the NA-deficient NWS-Mvi mutant virus (arrows) at the cell surface. Bar, 5 mm. (B) Higher magnification of a large aggregate associated with the cell surface. Bar,
1 mm. (C) NWS-Mvi virus in the presence of NA. Bar, 0.5 mm. (D) NWS/G70c virus. Bar, 1 mm.
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FIG. 2—Continued.
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tion to HA, liposome-bound or soluble NA was required for
the fusion. However, when transiently expressed in CV1 cells,
influenza virus HA (from A/Japan/305/57, H2N2) was neces-
sary and sufficient for pH-dependent fusion between cells ex-
pressing HA (22), suggesting that NA plays no role during
fusion.
An NA-deficient influenza virus mutant, NWS-Mvi, has

been selected by growth in a medium containing bacterial NA
and polyclonal serum against the viral NA (14). This mutant
virus contains a large internal deletion in its NA gene and
depends completely on addition of NA for productive growth.
The purpose of the present study was to more precisely define
the role of influenza virus NA in viral replication by examining
the NWS-Mvi mutant virus for (i) binding, entry, protein syn-
thesis, and virion assembly in cell culture and (ii) infection and
replication in a mouse model.

MATERIALS AND METHODS

Virus and cells. The NA-deficient NWS-Mvi virus has been described previ-
ously (14). Madin-Darby canine kidney (MDCK) cells were maintained in Dul-
becco’s modified Eagle’s medium supplemented with 1% glutamine (200 mM;
Gibco), 2% amino acids (MEM350; Gibco), 1% vitamins (MEM3100; Gibco),
5% defined supplemented calf serum (Hyclone), and 1% penicillin-streptomycin
(5,000 IU/ml; 5,000 mg/ml). The pH was adjusted to about pH 7.2 with sodium
bicarbonate (7.5%). MDCK cells were infected with the viruses as described
previously (14).
Virus purification. The reassortant influenza virus A/NWS/33HA-A/tern/Aus-

tralia/G70c/75NA (H1N9, referred to as NWS/G70c) was grown in 11-day-old
embryonated eggs or in MDCK cells. From eggs, the allantoic fluid was harvested
and clarified by centrifugation at 8,000 rpm for 10 min (JA-10 rotor in a Beckman
J2-21 centrifuge). The volume of the allantoic fluid was reduced in an Amicon
CH2 Concentrator with a Spiral Ultrafiltration Cartridge, operating at a pressure
between 15 and 20 lb/in2 in a cold room. The concentrated fluid was centrifuged
(type 21 rotor) in a Beckman L8-70 ultracentrifuge at 17,000 rpm for 3 h at 48C.
The virus pellet was resuspended in CaMg-saline (0.8 mMMgCl2, 0.2 mMCaCl2,
0.15 mM NaCl) overnight. The virus suspension was then loaded onto a contin-
uous 10 to 40% sucrose gradient and centrifuged in the SW28 rotor at 17,000
rpm for 40 min at 48C. The virus band was located either visually or by HA
titration of fractions. The fractions containing the virus main band were pooled,
diluted with CaMg-saline, and centrifuged in the SW28 rotor for 3 h at 25,000
rpm to collect the purified virus. The NWS-Mvi mutant virus was grown in
MDCK cells with the addition of bacterial NA to the medium (14). The virus was
purified from the medium by the same procedure as described above, except that
the initial concentration was omitted and the sucrose gradient was centrifuged in
the TLS-55 rotor at 35,000 rpm for 15 min at 48C in a Beckman TL-100 ultra-
centrifuge.
Infection with NA-deficient NWS-Mvi virus and radioactive labeling of viral

proteins in the absence of NA. The NWS-Mvi mutant virus grown in MDCK cells
was purified away from the bacterial NA as described previously (14). MDCK
cells in a 35-mm plate were infected with 200 ml of diluted NWS-Mvi virus
(;25 HA units) at room temperature for 30 min, and the cells were washed
once with phosphate-buffered saline (PBS) containing 0.9 mM CaCl2 and 0.5
mM MgCl2 (CaMg-PBS). Then 2 ml of infection medium (Dulbecco’s modified
Eagle’s medium-Ham’s F12 [1:1] with ITS1 [Collaborative Research] at the
recommended concentration and 0.5 mg of trypsin per ml) was added to the
plate (no addition of bacterial NA), and the mixture was incubated at 378C

with 5% CO2. Cytopathic effect was seen 24 h postinfection for most of the cells.
The infection medium and cell debris were collected, sonicated twice for 2 min
each, and briefly centrifuged. The supernatant was then used to infect MDCK
cells.
For the second round of NA-free infection, 400 ml of the supernatant de-

scribed above was used to infect MDCK cells in a 35-mm plate at room tem-
perature for 30 min. The infection was repeated with another 400 ml of inoculum.
The cells were washed once with CaMg-PBS to remove unattached virus and
incubated at 378C in infection medium without addition of trypsin or bacterial
NA. At the indicated time points, the cells were starved for 1 h before being
labeled with trans-[35S]Cys/Met (NEN/Dupont) protein labeling mix for 1 h. At
the end of the labeling, the cells were lysed on the plate, and immunoprecipita-
tion was performed. The antibody for the immunoprecipitation was a mixture of
rabbit sera made against A/PR/8 cores, NWS HA (H1), and NWS/G70c NA (N9)
in a ratio of 2:1:1. The anti-A/PR/8 core serum recognized influenza virus A
polymerase proteins and nucleocapsid protein; it also bound to the matrix pro-
tein to a lesser extent (23). The precipitated viral proteins were analyzed by
sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis.
Electron microscopy. The infected cells were washed three times with PBS,

fixed with 1% glutaraldehyde in PBS for 30 min at room temperature, and
postfixed with 1% osmium tetroxide. The fixed cells were dehydrated with in-
creasing concentrations of ethanol from 50 to 100% and embedded in an epoxy
resin mixture. Polymerization was done at 608C for 72 h. The ultrathin sections
were stained with uranyl acetate and lead citrate. The sections were viewed and
photographed with a Philips 410 transmission electron microscope.
Ferritin labeling. Confluent MDCK cells on 35-mm plates were infected with

10 ml of NA-free NWS-Mvi mutant virus. After 30 min at room temperature, the
cells were washed with CaMg-PBS. The infected cells were incubated at 378C in
2 ml of infection medium without trypsin or bacterial NA. At 4 or 6 h postin-
fection, the medium was replaced with 2 ml of infection medium containing 0.1
mg of ferritin (no. 08689; Polyscience, Inc., Warrington, Pa.) per ml. The cells
were incubated for a further 4 h before being processed for electron microscopy.
Infection of mice with influenza virus. Female C57BL/6J (B6) mice were

purchased from Jackson Laboratories, Bar Harbor, Maine. B6 nu/nu mice were
bred in the Animal Resource Center, St. Jude Children’s Research Hospital. All
mice were maintained under specific-pathogen-free conditions and first exposed
to virus at 8 to 10 weeks of age. Groups of mice were anesthetized and exposed
intranasally to 30 ml of PBS containing virus (2) at a dilution indicated in the text.
The infected mice were sacrificed at 4 days postinfection or at the time indicated
in the text. Lungs were homogenized, and virus titers were determined to obtain
the 50% tissue culture infective dose (TCID50) in MDCK cells.
The infectious virus obtained from the lungs was characterized as the NWS-

Mvi mutant virus by the hemagglutinin inhibition assay and dependence of
growth on addition of NA.
Virus titer determination to obtain TCID50. Viruses were diluted in 10-fold

series in CaMg-PBS, and 50 ml of the diluted virus was used to infect MDCK cells
in quadruplicate wells of 96-well plates. Viruses were allowed to attach to and
infect cells by incubation for 1 h at 378C. Then, an equal volume of minimal
essential medium containing 2% bovine serum albumin, 0.5 mg of trypsin per ml,
and gentamicin was added, and the plates were incubated for 72 h at 378C. For
the NWS-Mvi mutant virus, 2 mU of NA per ml was also added to the infection
medium. Hemagglutination was performed with 25 ml of the supernatant from
the infection, 25 ml of PBS, and 50 ml of 0.5% chicken erythrocytes. The end
points were read after 60 min at 48C. The TCID50 is the antilog of the dilution
at which 50% of the wells were positive for virus.
Immunofluorescence staining. The lungs from infected mice were divided as

follows. The right lobe was frozen for virus titer determination, and the left lobe
was embedded in O.C.T. compound (Miles Inc., Elkhart, Ind.) to make tissue
sections for immunofluorescence staining. The sections were stained with either
a polyclonal rabbit serum against H1N2 or a nonspecific rabbit antiserum, fol-
lowed by fluorescein isothiocyanate-labeled secondary goat antiserum against
rabbit immunoglobulin G.
Cytotoxic T-cell response in mice infected with the NWS-Mvi mutant vi-

rus. Cells were isolated from mediastinal lymph nodes and by bronchoalveolar
lavage as described previously (2). The phenotype of cells was determined by
labeling with appropriate antibodies and fluorescence-activated cell sorter anal-
ysis. Cells were cultured in the presence of syngeneic splenocytes which had
been infected with an H3N2 influenza A virus, X-31 (10), to stimulate the
growth of any nucleoprotein-specific T cells. Cytotoxic activity of the cultured
populations was measured on MC57G target cells that were infected with either
X-31 or B/HK/8/73 virus. Effector-to-target cell ratios of 20:1 and 10:1 were
used.

RESULTS

Infection of MDCK cells with NA-deficient influenza virus
in the absence of NA. Growth of the NA-deficient NWS-Mvi
virus depended on addition of NA. After purification through
two rounds of sucrose gradient centrifugation, the NWS-Mvi
virus was able to infect MDCK cells in the absence of added

TABLE 1. Quantitation of virus aggregates and virus
particles on infected cellsa

Parameter
Value for:

NWS-Mvi NWS/G70c

Total no. cells expressing virus 47 48
Total no. of virus particles 3,561 1,501
Total no. of clusters 103 0
No. of clusters/cell 2.2 0
No. of particles/cluster 20.46 13.5 0
No. of virus particles/cell 1146 21.2 54 6 20.5

aMDCK cells infected with control or NA-deficient virus were examined by
electron microscopy at 10 h postinfection. The number of virus sections and
aggregates (more than five particles per cluster) were quantitated.
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FIG. 3. Endocytosis of the NWS-Mvi virus into infected cells in the absence of NA. (A) Vesicles containing virus particles inside the cells infected with the NWS-Mvi
mutant virus. Some vesicles appeared to be swollen or disrupted. Bar, 0.5 mm. (B and C) Ferritin clusters from surface labeling associated with virus particles inside
the vesicles. Bars, 0.5 mm (for panel B) and 0.25 mm (for panel C).
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NA (14). When such an infection was at high multiplicity of
infection, a cytopathic effect was observed but no virus could
be detected by HA titration. To examine whether particles
generated in the absence of NA were infectious, the medium
with cell debris from the NA-free infection was sonicated. The
supernatant from the sonication was used to infect MDCK
cells in a second round of NA-free infection. The time course
and extent of viral protein synthesis in the second infection
with NWS-Mvi mutant virus was similar to that with wild-type
NWS/G70c virus (Fig. 1). Because the virus used for the sec-
ond round of infection had never been exposed to any NA, this
result clearly demonstrated that infectious virus was produced
in the absence of NA activity and that neither NA activity nor

FIG. 4. Infection and replication of NA-deficient NWS-Mvi mutant influenza virus in mice as detected by immunofluorescence. The C57BL/6 mice were infected
with either the NA-deficient NWS-Mvi mutant or wild-type NWS/G70c virus. At 4 days postinfection, sections of lung and trachea were prepared from infected mice
and stained with either a rabbit antiserum against the HA of NWS/G70c virus (A, C, E, and G) or a nonspecific rabbit serum (B, D, F, and H). The second antibody
was fluorescein isothiocyanate-labeled goat anti-rabbit Ig antiserum. Panels A to D were trachea sections; panels E to H were lung sections. The tissues in panels A,
B, E, and F were prepared from mice infected with NWS/G70c virus, and the tissues in panels C, D, G, and H were from mice infected with the NWS-Mvi mutant.

TABLE 2. Infection of C57BL/6 normal or nu/nu mice
with NA-deficient NWS-Mvi or parental

NWS/G70c influenza virus

Virus and
mouse

Log10 TCID50 in lungs of mice ona:

Day 3 Day 5 Day 7 Day 28 Day 50

NWS/G70c (C57BL/
6 mice)

6.0 6 0.4 6.1 6 0.1 4.3 6 0.8 ,3.0b

NWS-Mvi 4.4 6 0.1 3.3 6 0.6 ,3.0 ,3.0
C57BL/6 mice

NWS-Mvi 5.6 6 0.2 5.2 6 0.6
nu/nu mice

a The numbers are mean values for three mice 6 standard deviations. The
infecting dose was 1.2 3 105 TCID50 per mouse for NWS-Mvi mutant virus and
6.7 3 105 TCID50 per mouse for NWS/G70c virus.
b ,3.0, undetectable.
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exposure to NA is required for virus binding to its receptor,
entry into the infected cells, or subsequent fusion of the viral
membrane with endosome to release replication-competent
viral RNA into the cell.
Assembly of the NA deficient NWS-Mvi mutant influenza

virus. In the absence of NA, virus particles of the NWS-Mvi
mutant were indeed assembled and budded as seen by electron
microscopy, although they formed large aggregates (Fig. 2A
and B). In contrast, in cells incubated with Micromonospora
viridifaciens NA in the medium, individual virions but no viral
aggregates were observed on the cell surface (Fig. 2C). Simi-
larly, in cells infected with wild-type virus (Fig. 2D), only in-
dividual virions were found associated with the cell surface.
Morphologically, no difference was seen between the mutant
and wild-type virus particles. The number of virus particles
associated with surfaces of cells infected with the NWS-Mvi
virus was somewhat larger than the number associated with
cells infected with the wild-type virus (Table 1). Most of the
virus particles appeared to exhibit an elongated morphology.
Most of the contacts between the mutant virus particles were
longitudinal. When sectioned perpendicularly to the longitu-
dinal axis, the virus particles appeared in regular hexagonal
arrays.
Reentry of viral aggregates into cells by endocytosis. In

addition to viral aggregates at the cell surface, a number of
large vesicles containing many viral particles in the MDCK
cells infected with NWS-Mvi mutant virus were observed (Fig.
3A). Most of the viral particles within the vesicles were closely
associated with the vesicle membrane. In some cases, the ves-
icle membrane appeared to be partially disrupted.
To differentiate whether these vesicles containing viral par-

ticles were the result of budding from internal cellular mem-
branes or virus aggregates that had reentered the infected cells
from the surface, the infected cells were exposed to ferritin,
further incubated for 4 h, and examined by electron micros-
copy. As shown in Fig. 3B and C, ferritin particle clusters were
associated with virions within the vesicles. These results indi-
cate that such vesicles are formed by endocytosis of the virus
associated with cell surfaces. Conceivably, such particles could
be infectious, but there is no evidence to suggest that uncoating
rather than degradation is occurring.
Infection of mice with the NA-deficient mutant virus.

Groups of C57BL/6 mice were infected with either the NA-
deficient NWS-Mvi mutant virus or the parental NWS/G70c
virus. At 3 and 5 days postinfection, virus was present in the
lungs of the mice infected with either the NWS-Mvi mutant
virus or NWS/G70c virus (Table 2), but the yield of mutant
virus (whose titer was determined in the presence of bacterial
NA) was nearly 1,000 times less than that of wild-type virus at
day 5 postinfection. Characterization of the virus from the
lungs confirmed that it was the NA-deficient mutant virus as

used for the infection (data not shown). At 7 days postinfec-
tion, infectious virus was undetectable in mice infected with the
NWS-Mvi mutant virus. Viral infection and replication in mice
infected with the NWS-Mvi mutant virus were also examined
by indirect immunofluorescence staining of the lung and tra-
chea from these mice (Fig. 4). The positively stained cells from
mice infected with the NWS-Mvi mutant or NWS/G70c virus
showed similar levels of fluorescence, indicating that the NWS-
Mvi mutant virus infected and replicated in mice.
The dose response to the NWS-Mvi mutant and wild-type

virus in mice is shown in Table 3. The NA-deficient NWS-Mvi
virus replicated to a lower level that was independent of the
infecting dose (Tables 2 and 3) and was cleared earlier than
wild-type virus (Table 2). The parental strain NWS/G70c has
not been adapted to mice; therefore, the output virus titers are
not much above input levels. To demonstrate that the virus
titers were the result of replication rather than persistence of
infecting virus, the NWS-Mvi mutant or NWS/G70c virus was
treated with polyclonal antiserum against the HA before in-
fection. No virus was detected in the mice infected with neu-
tralized virus (results not shown).
Clearance of influenza virus infection is normally mediated

by major histocompatibility complex class I-restricted CD81

cytotoxic T cells (6). The lymphocyte subsets present in the
lungs and mediastinal lymph nodes of mice infected with the
NA-deficient virus were similar to those present in mice in-
fected with the wild-type virus (Table 4); these subset ratios are
similar to those obtained with the X-31 virus (2). The influx of
CD81 T cells into the lung (Table 4) suggests that virus-
specific cytolytic cells were present. The cytotoxic T-cell re-
sponse against influenza virus in C57BL/6 mice is directed
predominantly to a peptide of the NP protein (20). The gen-
eration of influenza virus-specific major histocompatibility
complex class I-restricted T cells therefore indicates that cells
which contain replicating virus are present. To determine
whether the wild-type or mutant virus could generate such a
response, cells from infected mice were stimulated with an
H3N2 influenza virus and the cytotoxicity of the cultured cells
was determined with a major histocompatibility complex class
I1 II2 target cell and an effector/target ratio of 20:1. The
cytolytic activity was measured as release of 51Cr from MC57G
target cells infected with A/X-31 or B/HK/8/73. The percent
release from target cells infected with A/X-31 is 15% for NWS/
G70c and 10% for NWS-Mvi; the percent release for target
cells infected with B/HK/8/73 is 3% for NWS/G70c and 0% for
NWS-Mvi. Responses were seen following both wild-type and
NWS-Mvi infections, further indicating that virus replication
had occurred.

TABLE 3. Dose response of mice infected with NA-deficient
NWS-Mvi or parental NWS/G70c virus

Virus Infecting dose
(log10 TCID50)

Virus yield in lungs
(log10 TCID50)a

NWS-Mvi 3.0 3.9 6 0.9
4.0 4.8 6 1.0
5.0 4.6 6 0.1

NWS/G70c 3.2 4.6 6 0.6
4.2 7.0 6 0.3
5.2 7.5 6 0.3

a Average value for three mice 6 standard deviation.

TABLE 4. T-cell responses in mice infected with NWS/G70c or
NWS-Mvi virus as shown by the percentage of cells

staining for lymphocyte subset markers

Tissue Marker

% of cells staining for markers
in mice infected with:

NWS/G70c NWS-Mvi

Lymph nodes Thy1 53 43
CD4 30 25
CD8 20 16
B220 45 52

Bronchial lavage Thy1 53 63
CD4 11 20
CD8 30 26
B220 5 8
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To confirm that the low levels of the NA-deficient NWS-Mvi
virus were the result of replication and that clearance was by
immune mechanisms rather than just inability to replicate, we
determined whether NWS-Mvi virus could establish a persis-
tent infection in the absence of an intact immune response.
C57BL/6 nu/nu mice were infected, and the lungs were exam-
ined for titers of infectious particles at days 3 and 28 postin-
fection. In contrast to the results obtained with normal
C57BL/6 mice, infectious virus was still present at 28 days
postinfection (Table 2). The amount of virus found on day 28
was approximately the same as that on day 3. The prolonged
infection with NWS-Mvi mutant virus in the nu/nu mice pro-
vided further evidence that the NA-deficient virus replicated in
the lungs of infected mice.

DISCUSSION

The selection of a virus with a massive deletion in NA coding
capacity has given us the opportunity to define the role of
influenza virus NA in virus replication. In the absence of NA,
the NWS-Mvi mutant virus carried out a complete round of
infection in MDCK cells. The electron microscopy results
showed that NWS-Mvi virions were assembled normally and
formed virus aggregates without NA. When dispersed by son-
ication, virions contained in these aggregates were able to
infect MDCK cells in a second round of NA-free infection
(Fig. 1), demonstrating that the aggregated virions were infec-
tious. Because the aggregated progeny virions had never con-
tacted NA, this result indicated that exposure to NA was not
required for virus binding to its receptor, entry into the in-
fected cells, and subsequent fusion of the virus and endosome
membrane to release viral RNA.
Influenza virus aggregates have been observed when the

activity of NA was reduced by antibody (5), inhibitors (15), or
temperature-sensitive mutation at nonpermissive temperature
(7, 16, 18). The results presented in this paper show that
formation of aggregates inhibits multiple-round replication of
the NWS-Mvi mutant virus and that this inhibition can be
overcome by addition of NA to the medium. In cell culture, the
only defect of the NWS-Mvi mutant that we have been able to
identify is formation of virus aggregates as a result of absence
of NA activity. Virus replication is inhibited because progeny
viruses cannot leave the infected cell to spread into new cells.
The NWS-Mvi virus infected and replicated in mice but at a

low level compared with wild-type virus. A cytotoxic T-lym-
phocyte response was generated that apparently cleared the
virus as in a normal influenza virus infection. In nu/nu mice,
the NWS-Mvi mutant virus persisted for at least 28 days, con-
firming both the role of T cells in clearance and the notion that
the low levels of virus detected are indeed the result of a
limited infection. These results demonstrate that the NA is not
required for influenza virus infection in the respiratory tract of
an animal, suggesting that removal of sialic acid from mucin to
lower the viscosity (4) is not a critical role of the enzyme.
However, infection with an NA-deficient virus is much less
productive, as would be expected if virus spread is reduced by
the absence of NA.
In summary, the results presented in this paper show that

NA activity is not required for influenza virus entry, replica-
tion, or assembly in cell culture or in mouse models. The block

to multicycle infection in the absence of NA is only due to a
shortage of released particles.

ACKNOWLEDGMENTS

This work was supported in part by grants AI-19084 and AI-12680
from NIH and by ALSAC.
We thank R. G. Webster for antisera and Lawrence Melsen and

Eugene Arms for the electron microscopy.

REFERENCES

1. Air, G. M., and W. G. Laver. 1989. The neuraminidase of influenza virus.
Proteins Struct. Funct. Genet. 6:341–356.

2. Allan, W., Z. Tabi, A. Cleary, and P. C. Doherty. 1990. Cellular events in the
lymph node and lung of mice with influenza. J. Immunol. 144:3980–3984.

3. Burnet, F. M., and J. D. Stone. 1947. The receptor-destroying enzyme of V.
cholerae. Aust. J. Exp. Biol. Med. Sci. 25:227–233.

4. Colman, P. M., and C. W. Ward. 1985. Structure and diversity of influenza
virus neuraminidase. Curr. Top. Microbiol. Immunol. 114:178–254.

5. Compans, R. W., N. J. Dimmock, and H. Meier-Ewert. 1969. Effect of
antibody to neuraminidase on the maturation and hemagglutinating activity
of an influenza A2 virus. J. Virol. 4:528–534.

6. Doherty, P. C., W. Allan, and M. Eichelberger. 1992. Roles of ab and gd T
cell subsets in viral immunity. Annu. Rev. Immunol. 10:123–151.

7. Griffin, J. A., S. Basak, and R. W. Compans. 1983. Effects of hexose starva-
tion and the role of sialic acid in influenza virus release. Virology 125:324–
334.

8. Huang, R. T. C., E. Dietsch, and R. Rott. 1985. Further studies on the role
of neuraminidase and the mechanism of low pH dependence in influenza
virus-induced membrane fusion. J. Gen. Virol. 66:295–301.

9. Huang, R. T. C., R. Rott, K. Wahn, H.-D. Klenk, and T. Kohama. 1980.
Function of neuraminidase in membrane fusion induced by myxoviruses.
Virology 107:313–319.

10. Kilbourne, E. D. 1969. Future influenza vaccines and the use of genetic
recombinants. Bull. W. H. O. 41:643–645.

11. Kilbourne, E. D., W. G. Laver, J. L. Schulman, and R. G. Webster. 1968.
Antiviral activity of antiserum specific for an influenza virus neuraminidase.
J. Virol. 2:281–288.

12. Lamb, R. A., and P. W. Choppin. 1983. The gene structure and replication of
influenza virus. Annu. Rev. Biochem. 52:467–506.

13. Li, S., J. Schulman, S. Itamura, and P. Palese. 1993. Glycosylation of neur-
aminidase determines the neurovirulence of influenza A/WSN/33 virus. J.
Virol. 67:6667–6673.

14. Liu, C., and G. M. Air. 1993. Selection and characterization of a neuramin-
idase-minus mutant of influenza virus and its rescue by cloned neuramini-
dase genes. Virology 194:403–407.

15. Palese, P., and R. W. Compans. 1976. Inhibition of influenza virus replication
in tissue culture by 2-deoxy-2,3-dehydro-N-trifluoroacetylneuraminic acid
(FANA): mechanism of action. J. Gen. Virol. 33:159–163.

16. Palese, P., K. Tobita, M. Ueda, and R. W. Compans. 1974. Characterization
of temperature-sensitive influenza virus mutants defective in neuraminidase.
Virology 61:397–410.

17. Schulman, J. L., and P. Palese. 1977. Virulence factors of influenza A
viruses: WSN virus neuraminidase required for plaque production in MDBK
cells. J. Virol. 24:170–176.

18. Shibata, S., F. Yamamoto-Goshima, K. Maeno, T. Hanaichi, Y. Fujita, K.
Nakajima, M. Imai, T. Komatsu, and S. Sugiura. 1993. Characterization of
a temperature-sensitive influenza B virus mutant defective in neuraminidase.
J. Virol. 67:3264–3273.

19. Tabak, L. A., M. J. Levine, I. D. Mamdel, and S. A. Ellison. 1982. Role of
salivary mucins in the protection of the oral cavity. J. Oral Pathol. 11:1–17.

20. Townsend, A. R., J. Rothbard, F. M. Gotch, G. Bahadur, D. Wraith, and A. J.
McMichael. 1986. The epitopes of influenza nucleoprotein recognized by
cytotoxic T lymphocytes can be defined with short synthetic peptides. Cell
44:959–968.

21. Webster, R. G., and W. G. Laver. 1967. Preparation and properties of
antibody directed specifically against the neuraminidase of influenza virus. J.
Immunol. 99:49–55.

22. White, J., A. Helenius, and M.-J. Gething. 1982. Haemagglutinin of influenza
virus expressed from a cloned gene promotes membrane fusion. Nature
(London) 300:658–659.

23. Zhang, H., and G. M. Air. Unpublished results.

1106 LIU ET AL. J. VIROL.


