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Primary differentiated respiratory epithelial cell cultures closely model the in vivo environment and allow for
studies of innate immune responses generated specifically by epithelial cells, the primary cell type infected by
human influenza A virus strains. We used primary murine tracheal epithelial cell (mTEC) cultures to
investigate antiviral and cytokine responses to influenza A virus infection, focusing on the contribution of the
RNA binding domain of the NS1 protein. rWSN NS1 R38A replication is attenuated in mTEC cultures;
however, viral antigen is detected predominantly in ciliated cells, similar to wild-type virus. NS1 and NS1 R38A
proteins display a primarily cytoplasmic localization in infected mTEC cultures. Increased production of
tumor necrosis factor alpha, interleukin-6, and beta interferon is observed during rWSN NS1 R38A infection,
and cytokines are secreted in a directional manner. Cytokine pretreatment of mTEC cultures and Vero cells
suggest that rWSN NS1 R38A is more sensitive to the presence of antiviral/inflammatory cytokines than
wild-type virus. Our results demonstrate that the RNA binding domain is a critical regulator of both cytokine
production and cytokine sensitivity during influenza A virus infection of primary tracheal epithelial cells.

Influenza A virus is a significant cause of morbidity and
mortality in human and animal populations each year (2, 12,
14, 43, 127). The virus is in the Orthomyxoviridae family, and its
genome consists of eight single-stranded, negative-sense RNA
segments that, depending on the virus strain, encode 10 or 11
major proteins. The primary site of replication during influ-
enza A virus infection of humans is the epithelia of the respi-
ratory tract (133).

Primary lung and airway epithelial cell cultures have been
used to investigate cellular responses to infection with many
respiratory viruses, including influenza A virus (3, 7, 11, 20, 39,
42, 49, 64, 65, 78, 106, 117, 120, 129), respiratory syncytial virus
(RSV) (69, 135), hantavirus (95), human coronaviruses (104,
105, 121), human parainfluenza virus type 3 (134), and adeno-
virus (85, 86, 110, 131, 132). Unlike conventional transformed
cell lines, primary airway cultures, when differentiated fully,
can mirror the in vivo tissue by being organized into a multi-
layered, polarized culture consisting of multiple cell types (7,
42, 85, 110, 117, 134, 135).

Studies with influenza A virus strains and human primary
airway cultures have characterized the distribution of virus
receptors (�-2,3 and �-2,6 sialic acid), cell tropism of both
human and avian virus strains (42, 49, 65, 106, 117), virus-
induced cytokine secretion (3, 7, 11, 120), and the importance
of neuraminidase for virus entry (64). The laboratory mouse
model for influenza A virus infection has been used extensively
(58, 80), and primary murine tracheal epithelial cell (mTEC)

cultures support influenza A virus (42) replication and provide
the opportunity to study the epithelial cell-specific innate im-
mune responses to virus infection.

Cytokine production during influenza A virus infection is
believed to be a key mediator of pathology and disease severity
(46) and is especially important in infections with avian H5N1
viruses, where heightened cytokine production is thought to be
responsible in part for the increased mortality observed in
patients (9, 13, 83, 111). The viral nonstructural protein 1
(NS1) is known to be an important regulator of innate and
adaptive immunity (4, 22, 36, 72, 73, 81, 113, 114) and inhibits
host immune responses through two functional domains: an
N-terminal RNA binding domain (88) and a C-terminal effec-
tor domain (53). The RNA binding domain consists of a six-
helix bundle that, when present in a homodimer (10, 57, 76),
can interact with various forms of RNA (35, 59, 76, 88–90, 122)
through electrostatic interactions of basic amino acid residues
(123). Mutational studies within the RNA binding domain
demonstrated that the arginine at amino acid position 38 in
NS1 is absolutely critical for RNA binding (123). However, this
amino acid may also constitute part of a nuclear localization
signal (NLS) in some virus strains (31, 53, 68, 73). The effector
domain interacts with proteins involved in 3� end cellular
mRNA processing, inhibits mRNA export and pre-mRNA
splicing of host cell transcripts (1, 8, 24, 59, 75, 79, 87, 89, 90),
and interacts with components of the nuclear pore complex as
well as the mRNA export machinery (97). Finally, the NS1
protein inhibits the activation and/or signaling of antiviral pro-
teins, such as retinoic acid-induced gene I product (RIG-I) (32,
72, 81), protein kinase R (PKR) (4, 36, 52, 114), 2�,5� oligo-
adenylate synthetase/RNase L (73), activators of mitogen-ac-
tivated protein kinase (18, 33, 103), and transcription factors
involved in type I interferon and inflammatory cytokine signal-
ing (60, 113, 125). While NS1 combats the host cell innate
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immune response at many levels, strain-specific functions may
exist (38, 43, 79, 113, 125). It was recently demonstrated that
there are differential requirements for the NS1 N- and C-
terminal domains among certain strains, and this in part de-
termines the specific antiviral molecules/interferon pathway(s)
affected most profoundly by each virus (48).

We are using differentiated, primary mTEC (130) cultures to
investigate epithelial cell-specific cytokine responses to influ-
enza A virus infection, specifically focusing on the contribution
of the NS1 R38A mutation in regulating host innate immune
responses. We demonstrate that rWSN NS1 R38A infection of
mTEC cultures leads to increased production of beta inter-
feron (IFN-�) and the inflammatory cytokines tumor necrosis
factor � (TNF-�) and interleukin-6 (IL-6). Furthermore,
rWSN NS1 R38A replication is sensitive to cytokine pretreat-
ment, suggesting a critical role for NS1 R38 in the regulation
of both cytokine production and cytokine sensitivity during
influenza A virus infection.

MATERIALS AND METHODS

Reagents and antibodies. The components in TEC basic medium (TEC basic),
proliferation medium (TEC plus), and maintenance medium (TEC MM) have
been described previously (94, 130). The mouse anti-NS1 antibody (hybridoma
1A7CL; 1:100 immunofluorescence) was a kind gift of Robert Webster (6).
Other primary antibodies purchased and used were mouse anti-� tubulin IV
(1:100 immunofluorescence; BioGenex, San Ramon, CA), goat anti-H1 hemag-
glutinin (HA-H0 subtype) A/PR8/34 sera (1:500 immunofluorescence; NIH/
NIAD reference reagent V314-511-157), sheep antiserum to mouse IFN-�/�
(NIH/NIAD reference reagent G024-501-568), control sheep sera (NIH/NIAD
reference reagent G025-501-568), recombinant mouse IFN-� (1 � 106 U/ml;
PBL Biomedical Laboratories, Piscataway, NJ), recombinant human IFN-� (1 �
106 U/ml; PBL Biomedical Laboratories). Secondary antibodies used in this
study for immunofluorescence were donkey anti-mouse Alexa Fluor 488 (1:500)
and anti-nuclear stain TO-PRO-3, purchased from Molecular Probes (Eugene,
OR). The following antibodies were purchased from Jackson ImmunoResearch
(West Grove, PA): goat anti-mouse conjugated to fluorescein isothiocyanate
(1:250) and donkey anti-goat conjugated to rhodamine (1:250).

Cell lines. Madin-Darby canine kidney cells (MDCK; American Type Culture
Collection, Manassas, VA), Vero cells (Vero; American Type Culture Collec-
tion), and L929 murine fibroblasts (kindly provided by Michael Diamond, Wash-
ington University, St. Louis, MO) were cultured in Dulbecco’s modified Eagle
medium (DMEM; Sigma, St. Louis, MO) containing 10% fetal bovine serum
(Atlanta Biologics, Atlanta, GA) with 100 U/ml of penicillin and 100 �g/ml of
streptomycin (Invitrogen, Grand Island, NY) and maintained at 37°C in a hu-
midified environment containing 5% CO2.

Antibody collection for anti-NS1 1A7CL was conducted as previously de-
scribed (67).

Viruses. Recombinant influenza viruses in the A/WSN/33 genetic background
(rWSN) were generated using the 12-plasmid rescue system in 293T cells as
described previously (77). Nucleotide changes (CGA at nucleotides 138 to 140
mutated to GCG) were introduced into the NS segment coding region of WSN
(GenBank sequence M12597) by two-step PCR mutagenesis. The same mutation
was introduced into the NS segment coding region of A/Udorn/73 (112). The
absence of other nucleotide changes in the NS coding region was confirmed by
DNA sequencing. Virus stocks were generated, and infectious virus was quan-
tified by plaque assay using MDCK cells as previously described (66, 82).

Vesicular stomatitis virus (VSV) with an additional transcription unit for green
fluorescent protein (GFP) expression (VSV-GFP) was a kind gift from John
Rose (5).

mTEC cultures and virus infection. The isolation, culture, and differentiation
of mTEC cultures were performed as previously described (94, 130) by using 5-
to 10-week-old female BALB/c mice. When the cultures reached a transepithelial
resistance of more than 1,000 � � cm2, the apical medium was removed to create
an air-liquid interface and the cultures were allowed to differentiate for 10 to 14
days before virus infection.

mTEC cultures were infected via the apical chamber with 3,600 PFU of virus
diluted in warm DMEM containing penicillin-streptomycin in a total volume of
100 �l. If all cells in the culture were susceptible to influenza virus infection, this

would correspond to a multiplicity of infection (MOI) of approximately 0.01.
Since the cultures are pseudostratified, not all cells in the culture will be exposed
to the apically administered virus inoculum, nor are all the cells in the culture
susceptible to infection (42). The cells were incubated with virus at 37°C for 1 h,
the inoculum was removed, and cells were washed three times with 200 �l of
DMEM containing penicillin-streptomycin. After washing, 100 �l of DMEM
containing penicillin-streptomycin and 500 �l of TEC MM (94) was placed in the
apical and basolateral chambers, respectively. Apical and basolateral superna-
tants were collected at the indicated times postinfection and stored at �70°C.

Naı̈ve mTEC cultures were pretreated via the basolateral chamber with 500 �l
of basolateral supernatant from rWSN NS1 R38A-infected mTEC cultures at
day 3 postinfection. After overnight pretreatment, basolateral chambers were
washed twice with 500 �l DMEM containing penicillin-streptomycin and re-
placed with fresh TEC MM (94). The mTEC cultures were infected via the apical
chamber with 3,600 PFU as described above. Apical and basolateral supernatants
were collected at the indicated times postinfection and stored at �70°C. Virus
was not detected in the basolateral supernatants used for pretreatment.

Indirect immunofluorescence confocal microscopy. At the indicated times
postinfection, mTEC cultures or MDCKs were washed three times with phos-
phate-buffered saline (PBS; GIBCO, Inc., Carlsbad, CA) and fixed in PBS
containing 2% paraformaldehyde for 15 min at room temperature. Cells were
washed three times and permeabilized with PBS containing 0.2% Triton X-100
and 0.1% sodium citrate for 10 min at room temperature. Cells were washed with
PBS and incubated in PBS containing 3% normal goat or normal donkey serum
and 0.5% bovine serum albumin (blocking buffer) for 30 min at room temper-
ature. Cells were washed again, incubated with blocking buffer containing pri-
mary antibodies for 1 h at room temperature, washed again, and incubated with
blocking buffer containing secondary antibodies for 45 min. Where indicated, the
nuclear stain TO-PRO-3 (Molecular Probes, Invitrogen) was included in the
secondary antibody incubation. The wash solution for all steps is PBS with 0.2%
Tween 20. Transwell-Clear membranes were mounted using 10 �l of Molecular
Probes ProLong antifade (Molecular Probes, Invitrogen), and slides were im-
aged using a Zeiss LSM 510 Meta confocal microscope. Images for Fig. 3 were
obtained with a 63� oil objective, and shown are flattened reconstructions from
a 10-�	 Z stack with 0.6-�M slices. Images for Fig. 4 were obtained with a 100�
oil objective with a 2.5� digital zoom. NS1 images in the top two panels of Fig.
4 are single-slice images from an 8-�M Z stack with 0.6-�M slices. The filamen-
tous NS1 image (Fig. 4, lower panels) shown is a flattened reconstitution from a
10-�M Z stack with 0.6-�M slices.

Detection of lectin binding. The DIG glycan differentiation kit (Roche, Indi-
anapolis, IN) was used according to the manufacturer’s instructions. Sialic acid
linked to the penultimate galactose or N-acetylgalactosamine via an �-2,3 linkage
was detected with digoxigenin-conjugated Maackia amurensis agglutinin (MAA)
lectin, and �-2,6-linked sialic acid was detected with digoxigenin-conjugated
Sambucus nigra agglutinin lectin. Sheep anti-digoxigenin-fluorescein Fab frag-
ments (1:50; Roche) were used to detect lectins for immunofluorescence.

Mouse IFN-� ELISA. Concentrations of IFN-� were determined by using the
mouse IFN-� enzyme-linked immunosorbent assay (ELISA) kit (PBL Biomed-
ical Laboratories) according to the manufacturer’s instructions. For mTEC cul-
ture experiments, 100 �l of supernatant from the apical and basolateral cham-
bers was assayed by ELISA. Because of the volume differences in the apical
versus basolateral chambers, the data are presented as total picograms per
sample.

Cytokine bead arrays. The mouse inflammation cytokine bead array kit (BD
Biosciences, San Jose, CA), containing antibodies to IL-6, IL-10, monocyte
chemoattractant protein 1 (MCP-1), IFN-
, TNF-�, and IL-12p70, was used to
detect cytokines in the supernatants of mTEC cultures. Fifty microliters of apical
or basolateral supernatant from the indicated days were processed according to
the manufacturer’s instructions by flow cytometry. Because of the volume dif-
ferences in the apical and basolateral chambers, the data are presented as total
picograms per sample.

VSV-GFP L929 bioassay. L929 murine fibroblasts were pretreated overnight
with recombinant mouse IFN-� (PBL Biomedical Laboratories) or basolateral
supernatants from mTEC culture infections. Pretreatment inoculum was re-
moved; cells were washed twice with PBS and infected with VSV-GFP at an MOI
of 10. Ten hours postinfection, cells were detached with PBS containing 2�
trypsin (Sigma, St. Louis, MO), washed twice with PBS, and fixed in PBS con-
taining 1% methanol-free formaldehyde for 15 min at room temperature. Cells
were analyzed by flow cytometry (FACSCalibur dual laser flow cytometer; Bec-
ton Dickinson) using CellQuest software. Where indicated, 2 �l of antiserum to
mouse IFN-�/� (or control sera) was preincubated with basolateral supernatants
or recombinant mouse IFN-� for 30 min at room temperature prior to overnight
pretreatment.
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Infection of BALB/c mice. Six- to 9-week-old female BALB/c mice were used.
Mice were anesthetized with 100 �l of a ketamine (100 mg/kg of body weight)-
xylazine (20 mg/kg) cocktail administered via intraperitoneal injection. Mice
received a 30-�l intranasal inoculation of virus (virus dosage is indicated in
figures) diluted in DMEM with penicillin-streptomycin and 2 �g/ml N-acetyl
trypsin (Sigma). Animals were monitored for 21 days postinfection for morbidity
and mortality. Mice were weighed daily, and the data were graphed as the
percent of weight at the time of infection.

Lung titers of influenza A virus-infected mice. Whole-lung tissue was har-
vested from female BALB/c mice infected with 1 � 104 PFU on days 2, 4, and 6
postinfection. Mice were euthanized with 100 �l of a 390-mg/ml solution of
sodium pentobarbital via intraperitoneal injection. Tissues were excised and
homogenized in a 10% wt/vol solution of PBS (GIBCO, Inc.) and centrifuged
twice at 1,200 rpm for 5 min to remove debris. Infectious virus titers were
determined by using MDCK cells as previously described (66, 82).

RESULTS

rWSN NS1 R38A is attenuated in growth and plaque size on
MDCK cells. The replication of rWSN NS1 R38A in MDCK
cells, a cell line routinely used to grow and plaque influenza A
virus, was characterized (Fig. 1A) by performing a multistep
growth curve. The rWSN NS1 R38A virus-infected cells pro-
duced slightly lower amounts of infectious virus particles than
rWSN virus-infected cells did, with titer decreases being more
pronounced at 36 and 48 h postinfection (Fig. 1A). Using flow
cytometry, the expression levels of NS1 protein at 6 and 9 h
postinfection with an MOI of 5 were equivalent in rWSN- and
rWSN NS1 R38A-infected cells, indicating that the R38A sub-
stitution did not alter NS1 protein expression (data not

shown). There was also a small but significant reduction in
plaque size for rWSN NS1 R38A compared to that for rWSN
(rWSN diameter [� standard deviation {SD}], 0.9346 mm �
0.03813; rWSN NS1 R38A diameter [� SD], 0.6584 mm �
0.02110; P � 0.001, two-tailed unpaired t test) (Fig. 1B). These
data indicate that values for replication and plaque size in

FIG. 2. rWSN NS1 R38A infection of BALB/c mice. Dose-depen-
dent lethality of (A) rWSN and (B) rWSN NS1 R38A in female
BALB/c mice. Virus was administered intranasally with the indicated
PFU in a volume of 30 �l, and mice were monitored for mortality for
14 days. (C) Weight loss of rWSN- and rWSN NS1 R38A-infected
mice after infection with 1 � 104 PFU. Individual mice were weighed
daily, and values are expressed as percents of weight at the time of
infection. (D) Lung titers of rWSN- and rWSN NS1 R38A-infected
mice after infection with 1 � 104 PFU. Error bars indicate standard
errors of the means. The dashed horizontal line indicates the limit of
detection. Results were reproduced twice.

FIG. 1. rWSN NS1 R38A replication in MDCK cells. (A) Multistep
growth curve of rWSN and rWSN NS1 R38A. MDCK cells were
infected at an MOI of 0.01, supernatants were collected at the times
indicated, and infectious virus titers were determined by 50% tissue
culture infective dose (TCID50) assays. The data points are average
titers from three separate experiments, and error bars indicate stan-
dard errors of the means. The dashed horizontal line indicates the limit
of detection. (B) Plaque diameters for rWSN and rWSN NS1 R38A on
MDCK cells. The solid line indicates the average plaque size for each
group.
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MDCK cells for rWSN NS1 R38A were reduced compared to
those for rWSN.

rWSN NS1 R38A is attenuated in BALB/c mice. Introducing
mutations into the NS1 protein of influenza A virus can lead
to dramatic changes in virus virulence (4, 8, 16–18, 21, 22,
24, 30, 32, 33, 36, 37, 41, 52, 54, 59, 60, 72, 73, 75, 79, 81, 87,
91, 97, 99, 100, 103, 103, 107, 108, 113, 114, 118, 124, 125).
To determine the effects of the NS1 R38A mutation on
influenza A virus virulence, female BALB/c mice were in-
fected by intranasal inoculation with varying doses of rWSN
or rWSN NS1 R38A in a volume of 30 �l and were observed
for 21 days for lethality and weight loss. The 50% lethal dose
for rWSN NS1 R38A (3.0 � 105 PFU) (Fig. 2B) was ap-
proximately 2 log units higher than that for rWSN (5.8 � 103

PFU) (Fig. 2A). Transient weight loss was observed in
rWSN NS1 R38A-infected mice with original weight levels
being reached as early as day 12 postinfection (Fig. 2C). In
contrast, rWSN-infected mice displayed marked weight loss
and complete mortality by day 9 postinfection at the same
virus dose (Fig. 2A and C). The first day of a clear separa-

tion in weight loss between the two groups was at day 3
postinfection (mean weight [� SD] for rWSN NS1 R38A,
93.90% � 1.860%; mean weight [� SD] for rWSN 86.44% �
0.8570%; P 
 0.0013; two-tailed unpaired t test).

To specifically address the contribution of the NS1 R38A
mutation to virus replication in the respiratory tract, we deter-
mined virus lung titers at days 2, 4, and 6 postinfection (Fig.
2D). Compared to wild-type virus, rWSN NS1 R38A viral titers
were similar at day 2 postinfection but had declined by several
log units on days 4 and 6 postinfection. These data confirm that
the NS1 R38A mutation decreases virus mortality and weight
loss during infection of BALB/c mice, and rWSN NS1 R38A
replication appears to be attenuated in the respiratory tract at
later times postinfection. These results are consistent with pre-
vious reports demonstrating that mutations in the NS1 RNA
binding domain reduce virus virulence in vivo (16).

rWSN NS1 R38A replication and cell tropism in mTEC
cultures. Since rWSN NS1 R38A replication is attenuated in
vivo, it is possible that the innate immune responses of the
virus-infected epithelial cells could be contributing to the de-

FIG. 3. rWSN NS1 R38A replication, antigen expression, and tropism in mTEC cultures. (A) Replication of rWSN and rWSN NS1 R38A in
mTECs. Cells were infected at days 10 to 14 after the air-liquid interface with a low MOI (3,600 PFU) and were monitored for the presence of
virus in apical and basolateral chambers. Shown are the apical chamber virus titers. Virus was not detected in the basolateral supernatants at any
time point. Data points are the averages of four separate experiments, and error bars indicate standard errors of the means. (B) rWSN and rWSN
NS1 R38A antigen expression (upper panels) at day 3 postinfection. Red, HA; green, �-tubulin IV. (Lower panel) Expression of �2,3-linked sialic
acid (MAA lectin, green) and �-tubulin IV (red) in mTEC cultures. All images were taken at �63 magnification and are reconstructed from serial
optical sections. (C and D) Quantitation of antigen-positive cells for rWSN and rWSN NS1 R38A. Cells in 10 to 15 fields were counted in three
separate experiments. The data points are average values with standard errors of the means (error bars).
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cline in virus replication. In order to evaluate the epithelial-
specific innate immune responses generated during influenza
A virus infection, we utilized mTEC cultures. We first com-
pared the abilities of rWSN and rWSN NS1 R38A to infect and
replicate in mTEC cultures. Differentiated mTEC cultures
were infected with a low MOI (3,600 PFU) of rWSN or rWSN
NS1 R38A, and infectious virus production in the apical and
basolateral supernatants was monitored over a 6-day time
course. Influenza A virus budding occurs via the apical surface
of polarized airway cells (93), and we have previously reported
the detection of virus only in the apical supernatants of mouse
and hamster TEC cultures (42, 94). Virus production in the
apical supernatant peaked at day 3 postinfection for both vi-
ruses and declined thereafter (Fig. 3A). rWSN NS1 R38A-
infected cells produced 5-fold-lower to 10-fold-lower amounts
of infectious virus particles than did rWSN. Viral antigen (HA)
was predominantly expressed in ciliated cells (�-tubulin IV)
during infection with either virus (Fig. 3B, upper panels), and
there was no significant difference in the number of rWSN NS1
R38A- or rWSN-infected cells (Fig. 3C and D). �2,3-Linked
sialic acid, as detected by binding of MAA lectin, is expressed
preferentially in mTEC cultures (Fig. 3B, lower panels), and its
expression appears to be predominantly in ciliated cells or cells

differentiating into a ciliated cell phenotype (42) and is one
factor that may limit influenza A virus tropism in mTEC
cultures. The rWSN virus preferentially binds to �2,3-linked
sialic acid (27, 28, 63), but influenza A virus cell tropism may
also be affected by IFN (29, 51) and mutations in the NS1
protein can lead to increased IFN production and signaling
(4, 16, 22, 30, 32, 33, 60, 72, 79, 81, 84, 103, 107, 113, 124,
125). Since there are no significant changes in the number of
infected cells or in the cell types infected, we conclude that
the NS1 R38A mutation does not alter influenza A virus cell
tropism but does attenuate virus replication in mTEC cul-
tures.

NS1 subcellular localization in mTECs. The subcellular lo-
calization of NS1 may play an important role in modulating
NS1 function and also help explain virus strain-specific activi-
ties of the protein (38, 54, 68, 73). The subcellular localization
of NS1 and NS1 R38A in mTEC cultures was analyzed by
confocal microscopy at day 3 postinfection. WSN NS1 localizes
mainly to the cytoplasm of infected cells (Fig. 4, upper panels),
and this pattern was also observed with WSN NS1 R38A (Fig.
4, middle panels). These results are in contrast to the NS1
localization patterns observed in MDCK cells, where both NS1
and NS1 R38A localize to both the nucleus and the cytoplasm

FIG. 4. NS1 subcellular localization in infected mTEC cultures. NS1 subcellular localization in mTEC cultures at day 3 postinfection. Cells were
immunostained with anti-NS1 antibody and the nuclear counterstain TO-PRO-3. (Upper panels) NS1 expression in rWSN-infected cells. (Middle
panels) NS1 expression in the majority of rWSN NS1 R38A-infected cells. (Lower panels) Filamentous structures present in a minority of cells
infected with rWSN NS1 R38A. All images were taken at �100 magnification with a 2.5� digital zoom. NS1 images in the top two panels are
single-slice images from an 8-�M Z stack with 0.6-�M slices. The filamentous NS1 image (lower panel) shown is a flattened reconstitution from
a 10-�M Z stack with 0.6-�M slices in order to highlight the filamentous structures.
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at 3 h postinfection irrespective of the virus strain used (Fig. 5).
Infrequently but consistently, the WSN NS1 R38A protein was
detected in filamentous structures in the cytoplasm of infected
cells (Fig. 4, lower panels). However, the majority of the rWSN
NS1 R38A-infected cells displayed a NS1 localization pattern
indistinguishable from that observed in rWSN-infected cells at
this particular time postinfection, suggesting that the NS1
R38A mutation does not significantly alter the subcellular lo-
calization of the protein under the assayed conditions in in-
fected mTEC cultures. This is in contrast to the NS1 localiza-
tion patterns observed in MDCK cells, where both NS1 and
NS1 R38A localize to both the nucleus and the cytoplasm at
3 h postinfection irrespective of the virus strain used (Fig. 5).

Increased cytokine production during rWSN NS1 R38A in-
fection. The NS1 protein is the major viral protein responsible
for inhibiting the host cell response to influenza A virus infec-
tion (4, 8, 16, 18, 22, 24, 32, 33, 36, 53, 56, 59, 60, 72, 73, 79, 81,
89, 99, 100, 103, 108, 113, 114, 125). To assess the effect of the
NS1 R38A mutation on virus-induced cytokine production,
apical and basolateral supernatants from rWSN- and rWSN
NS1 R38A-infected mTEC cultures were monitored for the
secretion of inflammatory cytokines and IFN-�. The cytokines
IL-10, MCP-1, IFN-
, and IL-12p70 were not induced by in-
fection with either virus (data not shown). Infection with either
virus resulted in increased production of TNF-� (Fig. 6A and
B), IL-6 (Fig. 6C and D), and IFN-� (Fig. 6E and F), but
significantly higher cytokine levels were found in rWSN NS1
R38A-infected cultures. The peak in production for all three
cytokines occurred at day 3 postinfection, correlating with the
peak viral titer (Fig. 3). Interestingly, the cytokines appeared
to be secreted in a polarized manner, with IFN-� and TNF-�
being predominantly detected in the basolateral supernatants

(Fig. 6B and F), while IL-6 was secreted primarily into the
apical supernatant (Fig. 6C). Taken together, the data indicate
that infection with rWSN NS1 R38A leads to dramatic changes
in the expression of certain proinflammatory and antiviral cy-
tokines.

Antiviral activity of influenza A virus-induced cytokines.
Cytokines such as TNF-� and IFN-� are known to possess
antiviral activities (25, 26, 44, 45, 62, 70, 71, 101, 119, 128). In
order to determine whether the cytokines secreted in response
to influenza virus infection had antiviral activities, we exam-
ined the effects of pretreatment with cytokine-rich, basolateral
supernatants from influenza virus-infected mTEC cultures on
the replication of VSV-GFP. VSV replication is known to be
sensitive to the presence of type I interferon (23, 34, 109) and,
thus, is a useful tool for determining the amount of IFN activity
present in virus-infected supernatants. Mouse fibroblast L929
cells were pretreated overnight with recombinant murine
IFN-� or with samples of basolateral supernatants from
rWSN- or rWSN NS1 R38A-infected mTEC cultures and were
infected with a high MOI of VSV expressing GFP (5), and
GFP expression was quantified by flow cytometry at 10 h
postinfection. The inhibition of VSV gene expression was ob-
served with recombinant IFN-�, and a dose response curve was
determined (data not shown). By comparing the amount of
VSV inhibition observed with the standardized amounts of
IFN-� to the inhibition observed after pretreatment with vary-
ing volumes of pooled mTEC cytokine-rich supernatants from
day 3, a relative measure of IFN-� activity present in rWSN- or
rWSN NS1 R38A-infected cell supernatants was determined
(Fig. 7B). For example, 10 �l of supernatant from rWSN-
infected mTEC cultures had modest effects on the replication
of VSV-GFP (Fig. 7C, panel c), while the same amount of
supernatant from rWSN NS1 R38A-infected cultures resulted
in a dramatic reduction of VSV-GFP replication (Fig. 7C,
panel d). IFN-� activity increased 3.5- to 5-fold overall for day
3 basolateral supernatants from rWSN NS1 R38A-infected
cells relative to those from rWSN-infected cells. IFN-� ap-
peared to be the cytokine primarily responsible for this effect,
as the addition of type I IFN neutralizing serum restored
VSV-GFP gene expression (Fig. 7C, panels e and g) compared
to the case for the control serum (Fig. 7C, panels f and h).
Taken together, these data indicate that IFN-� production
during rWSN NS1 R38A infection is increased in amount (Fig.
7A) and biological activity (Fig. 7B and C) and that the addi-
tional cytokines detected (TNF-� and IL-6) appear to have a
minimal effect on VSV-GFP replication in L929 cells.

rWSN NS1 R38A is sensitive to cytokine pretreatment. Cy-
tokines such as IFN-� have clearly defined antiviral activities,
while cytokines such as TNF-� and IL-6 may alter virus repli-
cation directly (101, 119) but also serve to recruit or activate
immune cells. To determine the effects of cytokine pretreat-
ment on influenza A virus replication, naı̈ve mTEC cultures
were pretreated overnight with cytokine-rich supernatants
from rWSN NS1 R38A-infected cells, infected with a low MOI
of rWSN or rWSN NS1 R38A, and monitored for infectious
virus production. Pretreatment had minimal effects on rWSN
replication (Fig. 8A), but rWSN NS1 R38A titers were drasti-
cally reduced at all times sampled, indicating that the cytokine-
rich supernatant was capable of attenuating only rWSN NS1
R38A infection (Fig. 8A).

FIG. 5. NS1 subcellular localization in MDCK cells. MDCK cells
were infected at an MOI of 5 with (A) rWSN, (B) rWSN NS1 R38A,
(C) rUdorn, or (D) rUdorn NS1 R38A, fixed at 3 h postinfection,
immunostained with anti-NS1 antibody, and analyzed by confocal mi-
croscopy. All images were taken at �63 magnification. The R38A
mutation was introduced into the NS segment of rUdorn according to
established protocols (112).
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Since IFN-� has known antiviral activity, we wanted to de-
termine whether this cytokine could be responsible for the
inhibition of rWSN NS1 R38A infection. Vero cells lack the
type I interferon � and � genes (15, 19, 74) but can respond to
exogenous interferon. Therefore, the initial effects of inter-
feron pretreatment versus the subsequent effects of type I
interferon autocrine and paracrine signaling can be separated.
Unlike other cell types (Fig. 1A and 3A), the viruses replicated
to equivalent titers on Vero cells (Fig. 8B), suggesting that the
endogenous production of type I interferon may be important
in limiting rWSN NS1 R38A replication. Overnight treatment
of Vero cells with human recombinant IFN-� resulted in de-
creased replication with both viruses; however, the rWSN NS1
R38A virus titers were reduced to a larger extent than those of
rWSN (Fig. 8B). The magnitude of virus replication inhibition
was not as great as that observed in the mTEC cultures, sug-
gesting either that there is a role for other cytokines and/or
endogenous IFN-� production in inhibiting rWSN NS1 R38A
replication or that there are cell type-specific effects of IFN-�

on influenza A virus replication. The pretreatment experi-
ments on both mTEC cultures and Vero cells demonstrate that
rWSN NS1 R38A is more sensitive to the effects of cytokines
such as IFN-� and that the autocrine and paracrine IFN-�
signaling pathways may be important for enhancing these ef-
fects in mTEC cultures.

DISCUSSION

Primary airway epithelial cell models have been used to
identify important features of virus replication for a number of
respiratory viruses (3, 7, 11, 20, 39, 42, 49, 64, 65, 69, 78, 85, 86,
95, 104–106, 110, 117, 121, 129, 131, 132, 134, 135), and here
we present the first study using primary airway epithelial cell
cultures to analyze influenza A virus NS1 function in the reg-
ulation of airway innate immune responses. Increased produc-
tion of TNF-�, IL-6, and IFN-� during rWSN NS1 R38A
infection of mTEC cultures suggests that NS1 is a critical
regulator of cytokine induction in primary airway cells and

FIG. 6. Cytokine production in virus-infected mTEC cultures. Apical and basolateral supernatants were analyzed for the presence of TNF-�,
IFN-
, IL-6, IL-10, MCP-1, and IL-12p70 by cytokine bead array and for the presence of IFN-� by ELISA. Shown are results for TNF-� (A and
B), IL-6 (C and D), and IFN-� (E and F) cytokine production in the apical (A, C, and E) and basolateral (B, D, and F) chambers. All other
cytokines tested were at levels indistinguishable from those of mock-infected cultures (data not shown). The levels of cytokines present in the apical
(left column) and basolateral (right column) chambers were normalized to total picograms to account for the differences in apical (100 �l) and
basolateral (500 �l) chamber volumes. Data points are the averages from one experiment, and standard errors of the means (error bars) are shown.
Results were replicated at least four times.
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likely regulates multiple pathways to achieve its inhibitory ef-
fects.

The NS1 RNA binding domain is important for the inhibi-
tion of transcription factors IRF-3 (113), NF-�B (125), and
ATF2/c-Jun (60), components that are necessary (along with
IRF-7) to fully activate the IFN-� promoter (47, 55, 61, 96, 98,
115, 116, 126). The activation of NF-�B also leads to transcrip-
tional upregulation of proinflammatory cytokines, including
TNF-� and IL-6 (40, 50). The activation of NF-�B and IRF-3
can occur through multiple signaling pathways, including Toll-
like receptor 3, RIG-I, melanoma differentiation-associated
gene MDA-5, and PKR (NF-�B only) (40, 102). NS1 can
interact with RIG-I and inhibit the RIG-I/IPS-1:CARD/IRF-3
signaling pathway (72), along with inhibiting the activation of
PKR (52, 114). Studies of cell lines or mouse strains that are
deficient in these signaling pathways have shown that all are
important sensors of virus infection, though some of the path-
ways are particularly sensitive to a select group of viruses.
Whether there are any cell type-specific roles for the cellular
RNA sensors is not yet clear, but mTEC cultures should pro-
vide a useful platform for determining the role of these path-
ways in the antiviral response of respiratory epithelium to
influenza virus.

The NS1 protein is localized primarily in the cytoplasm of
virus-infected mTEC cultures. Previous reports examining NS1
localization in MDCK cells have found that the protein is both
in the cytoplasm and in the nucleus during infection (31, 68,
73). We analyzed NS1 localization during infection of MDCK
cells using rWSN and rUdorn and found that NS1 subcellular
localization is dependent on several factors, including the virus
strain used, the amount of NS1 present, the cell type utilized
and the time postinfection (Fig. 5 and data not shown). The
most conserved NLS of the NS1 protein appears to coincide
with the RNA binding domain (31, 123). Mutating basic amino
acid residues in the NLS/RNA binding region have been re-
ported to affect nuclear versus cytoplasmic localization differ-
ently in rWSN versus rUdorn, owing to a second NLS (NLS2)
sequence near the carboxy terminal of the NS1 encoded by
rUdorn (31, 68, 73). While mutations in the NLS of WSN NS1

FIG. 7. Antiviral activity of basolateral supernatants from rWSN- and
rWSN NS1 R38A-infected mTEC cultures. (A) IFN-� ELISA of pooled
basolateral samples from rWSN- and rWSN NS1 R38A-infected cultures
at days 3 and 4 postinfection. (B) Calculated units of type I IFN

activity in rWSN- and rWSN NS1 R38A-infected mTEC culture baso-
lateral supernatants from day 3 postinfection. L929 murine fibroblasts
were pretreated overnight with the indicated volumes of basolateral
supernatant, infected with VSV-GFP at an MOI of 10, and harvested
10 h postinfection for analysis by flow cytometry. The amount of
VSV-GFP inhibition observed with basolateral supernatants was com-
pared to that with a mouse recombinant IFN-� standard curve (not
shown) to calculate approximate units of type I interferon. (C) Flow
cytometry for VSV-GFP gene expression. (Panel a) Untreated L929
cells. (Panel b) VSV-GFP gene expression on L929 cells. (Panels c and
d) Pretreatment with 10 �l of basolateral supernatant from (c) rWSN-
or (d) rWSN NS1 R38A-infected mTEC cultures. (Panel e) Pretreat-
ment with 50 U of mouse recombinant IFN-� and type I interferon
neutralizing sera. (Panel f) Pretreatment with 50 U of recombinant
mouse IFN-� and control sera. (Panel g) Pretreatment with 50 �l of
rWSN NS1 R38A basolateral supernatants and type I interferon neu-
tralizing sera. (Panel h) Pretreatment with 50 �l of rWSN NS1 R38A
basolateral supernatants and control sera. These experiments were
replicated in triplicate using two different pools of basolateral super-
natant. pt, pretreatment; sn, supernatant; nab, type I interferon neu-
tralizing antibody; cs, control serum.
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lead to a greater amount of cytoplasmic NS1, the protein is not
entirely excluded from the nucleus (68, 73), suggesting that
there are other yet undefined sequences in NS1 that play a role
in nuclear localization. In addition, because NLS2 is not
present in a significant number of pathogenic influenza A virus
strains (68), it is difficult to determine how critical this se-
quence is to viral pathogenesis. It is also possible, if not likely,
that the subcellular localization of NS1 will be cell type depen-
dent. Factors such as the state of cell polarity as well as the
expression of cell type-dependent proteins may significantly
alter NS1 subcellular localization. Since changes in intracellu-
lar localization as well as in the double-stranded RNA binding

activity of NS1 can be attributed to the same protein se-
quences, discerning the individual contributions of both activ-
ities to a specific phenotype will be a difficult but important
task.

Influenza A virus infection of mTEC cultures may lead to
the production of other as-yet-unknown cytokines. While three
important antiviral/proinflammatory components have been
identified, we have taken a targeted approach to cytokine
screening in this study. Experiments are underway to provide a
more comprehensive view of the cytokines and antiviral mol-
ecules produced in mTEC cultures infected with both wild-type
and genetically engineered influenza A viruses. An additional
likely candidate is IL-8, which is secreted during influenza A
virus infection of primary human airway cells (3, 11). However,
whether NS1 protein is important for the regulation of IL-8 (or
the murine equivalents KC and MIP-2) in airway cells, as it
seems to be for IFN-�, TNF-�, and IL-6, is not known. IL-8
induction occurs via an NF-�B-dependent pathway (92), and it
is therefore possible that NS1 may globally regulate TNF-�,
IL-6, and IL-8 production by inhibiting NF-�B signaling path-
ways.

IFN-�, TNF-�, and IL-6 are released in a directional man-
ner during rWSN NS1 R38A mTEC culture infection. Polar-
ized secretion of cytokines during virus infection has been
reported for similar primary differentiated airway systems (69),
and this again highlights an advantage of primary airway sys-
tems over cell lines. Transformed cell lines used for virus-
induced cytokine studies often lack the unique properties of
polarization and cell type heterogeneity that the primary dif-
ferentiated cultures provide. In addition, polarized cytokine
secretion in primary cultures provides a framework to consider
how immune cells might be directionally recruited to the site of
infection in vivo (39), i.e., from the lumen of the lung versus
the basement membrane and underlying vascular system. The
specific cell type(s) responsible for inflammatory cytokine pro-
duction during rWSN NS1 R38A infection of mTEC cultures is
not known at this time. Ciliated cells were identified as the
inflammatory cytokine secretors during RSV infection (69),
and RSV exclusively infects ciliated cells in that system. Thus,
it is possible, if not likely, that the influenza virus-infected
ciliated cells are secreting the antiviral/inflammatory cytokines.

Our studies suggest that, in addition to a reduced ability to
inhibit cytokine production, rWSN NS1 R38A is more sensitive
to cytokine pretreatment than wild-type virus is in both the
mTEC cultures and the Vero cell line. This result is in agree-
ment with those of similar studies that found that the NS1
R38A mutation in the rUdorn background resulted in a virus
more sensitive to IFN-� pretreatment on A549 cells, a type II
pneumocyte-derived cell line (73). Thus, it appears that the
cytokine sensitivity resulting from the R38A mutation is not
strain or cell line specific and is perhaps a general property of
all NS1 proteins. Whether the mechanism(s) responsible for
increased cytokine production in rWSN NS1 R38A-infected
cultures is also involved in the increased sensitivity of this virus
to cytokine pretreatment is not clear. It is clear, however, that
type I interferon pretreatment is inhibitory to viruses possess-
ing the NS1 R38A mutation (this study; 73), and further stud-
ies will be needed to determine the effects of NS1 function
during pretreatment versus naı̈ve infection. The use of differ-
entiated, primary cell cultures, such as murine, hamster, and

FIG. 8. Influenza A virus sensitivity to cytokine pretreatment.
(A) Cytokine pretreatment in mTEC cultures. Naı̈ve mTEC cultures
were pretreated overnight with 500 �l of the day 3 basolateral super-
natants from rWSN NS1 R38A infection. Cells were then infected with
rWSN or rWSN NS1 R38A at an MOI of 0.01 (3,600 PFU), and
infectious virus production was monitored for 4 days. Infectious virus
titers were determined by 50% tissue culture infective dose (TCID50)
assay. Shown are the apical titers for each virus. Virus was not detected
in the basolateral supernatants during infection or in the supernatants
used for pretreatment. Data points are the averages of three replicates,
shown with standard errors of the means. Pretreatment had minimal
effects on rWSN replication (gray bars versus gray hatched bars), but
rWSN NS1 R38A titers were drastically reduced at all times sampled,
indicating that the cytokine-rich supernatant was capable of attenuat-
ing only rWSN NS1 R38A infection (white bars versus white hatched
bars). (B) Vero cells were pretreated overnight with 200 U of recom-
binant human IFN-� and then infected with rWSN or rWSN NS1
R38A at an MOI of 0.01. Infectious virus titers were determined by
TCID50 assay at the times indicated, and standard errors of the means
(error bars) are shown. The data was replicated twice.
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human TECs in studies of influenza A virus replication as well
as host response to infection should provide a wealth of rele-
vant information that will increase our understanding of virus-
epithelial cell interactions.
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