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It has been shown previously that the nonstructural protein NS1 of influenza virus is an alpha/beta
interferon (IFN-o/f3) antagonist, both in vitro and in experimental animal model systems. However, evidence
of this function in a natural host has not yet been obtained. Here we investigated the role of the NS1 protein
in the virulence of a swine influenza virus (SIV) isolate in pigs by using reverse genetics. The virulent wild-type
A/Swine/Texas/4199-2/98 (TX/98) virus and various mutants encoding carboxy-truncated NS1 proteins were
rescued. Growth properties of TX/98 viruses with mutated NS1, induction of IFN in tissue culture, and
virulence-attenuation in pigs were analyzed and compared to those of the recombinant wild-type TX/98 virus.
Our results indicate that deletions in the NS1 protein decrease the ability of the TX/98 virus to prevent IFN-o/3
synthesis in pig cells. Moreover, all NS1 mutant viruses were attenuated in pigs, and this correlated with the
amount of IFN-«o/f3 induced in vitro. These data suggest that the NS1 protein of SIV is a virulence factor. Due
to their attenuation, NS1-mutated swine influenza viruses might have a great potential as live attenuated

vaccine candidates against SIV infections of pigs.

Swine influenza is an acute respiratory disease of swine
caused by type A influenza viruses. Its severity depends on
many factors, including host age, virus strain, and secondary
infections (11). Influenza A viruses are segmented negative-
strand RNA viruses and can be isolated from a number of
other animal host species, including birds, humans, horses,
whales, and mink. Although whole influenza viruses rarely
cross the species barrier, gene segments can cross this barrier
through the process of genetic reassortment, or genetic shift.
Since pigs support the replication of both human and avian
influenza A viruses (25), they have been postulated to play an
important role in interspecies transmission by acting as a “mix-
ing vessel” for reassortment between viruses specific to differ-
ent host species (41). This may lead to the generation of novel
influenza viruses capable of crossing the species barrier to
humans. There are three subtypes of swine influenza viruses
(SIVs) currently circulating in pigs in the United States: HINT,
H3N2, and HIN2 (22, 23, 34, 35, 53, 54, 57). Before 1998,
mainly “classical” HIN1 SIVs were isolated from swine in the
United States (5, 20). In 1998, SIVs of the subtype H3N2 were
isolated in multiple states in the United States. These viruses
were generated by reassortment between human, avian, and
classical swine viruses (57). They are undergoing rapid evolu-
tion, and genetic characterization of swine viruses in the last
several years has shown that the H3N2 viruses have undergone
further reassortment with the classical HIN1 viruses, resulting
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in novel HIN2 and HIN1 SIVs (52). The ongoing reassort-
ment of swine influenza viruses has implications both for the
future surveillance of U.S. swine herds and for the efficacy of
current vaccines.

Pathogenicity of influenza viruses is dependent on multiple
virus and host factors. Among the host factors that fight virus
infections, the alpha/beta interferon (IFN-o/B) system repre-
sents a powerful antiviral innate defense mechanism which was
established relatively early in the evolution of eukaryotic or-
ganisms (15). The antiviral IFN-«/B system involves three ma-
jor steps: (i) detection of viral infection and IFN-«/B secretion,
(ii) binding of IFN-a/B to its receptors and transcriptional
induction of IFN-a/B-stimulated genes, and (iii) synthesis of
antiviral enzymes and proteins. Most viruses, however, have
acquired specific genetic information encoding IFN-o/p antag-
onist molecules, which effectively block one or more steps of
the antiviral IFN-o/p system. Influenza A viruses express a
nonstructural protein in infected cells, the NS1 protein, which
counteracts the cellular IFN-«/B response (17).

The NS1 protein of influenza A virus binds to double-
stranded RNA (dsRNA), prevents dsRNA-mediated activa-
tion of protein kinase R (2, 19, 29), and prevents the synthesis
of IFN-a/B (10, 15, 49). These properties have been mapped to
the amino-terminal domain of the NS1 protein (51). In addi-
tion, the carboxy-terminal domain of the NS1 also contributes
to its IFN-antagonistic properties, possibly by enhancing NS1
stability and dimerization (32, 50) and by attenuating host gene
cell expression (33). The interplay of the influenza virus NS1
protein with the antiviral immune defense of the cell is likely to
play a major role in the virulence of the virus and most likely
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also regulates virus replication in the host. Several studies have
shown a role of the NS1 protein in contributing to enhanced
virulence in animal models (12, 49). However, these studies
were performed mostly with mouse-adapted influenza viruses,
and definitive proof of NS1 function in a natural host is lack-
ing. Here we show that mutations in the NS1 of an H3N2 SIV
resulted in attenuation of viral replication both in vitro and in
vivo. Attenuation correlated with a loss of NS1 potency in
inhibiting IFN-o/B synthesis during viral infection. These re-
sults demonstrate that the NS1 protein of SIV is a virulence
factor in its natural host mediated via its IFN-o/B antagonist
properties.

MATERIALS AND METHODS

Cells and viruses. Pig kidney-15 (PK-15), swine testis, and Madin-Darby ca-
nine kidney (MDCK) type II cells were grown in minimal essential medium
(MEM) supplemented with 10% fetal bovine serum. Baby hamster kidney, 293T,
and A549 cells were grown in Dulbecco’s modified Eagle’s medium with 10%
fetal bovine serum. The influenza A/swine/Texas/4199-2/98 (TX/98, H3N2 sub-
type) virus was obtained from the repository at St. Jude Children’s Research
Hospital, Memphis, TN. Influenza viruses were grown in the allantoic cavities of
embryonated chicken eggs or in MDCK cells. Viral stocks were prepared in
7-day-old embryonated chicken eggs, which lack the ability to produce IFN-o/B
(43, 44). Recombinant vesicular stomatitis virus expressing green fluorescent
protein (VSV-GFP) (48) was grown and titrated in baby hamster kidney cells.
This virus was used in IFN bioassays and was kindly provided by John Hiscott.

Construction of plasmids. Ten-day-old embryonated eggs were infected with
TX/98 virus, and total RNA was extracted by using TRIzol reagent (Invitrogen).
The eight reverse genetics plasmids pHW-Sw-PB2, pHW-Sw-PB1, pHW-Sw-PA,
pHW-Sw-HA, pHW-Sw-NP, pHW-Sw-NA, pHW-Sw-M, and pHW-Sw-NS were
constructed by reverse transcription-PCR (RT-PCR) amplification of single viral
RNA segments and cloning of the resulting cDNAs into the vector pHW2000
(21). In this system, influenza viral cDNA is inserted between the RNA poly-
merase I (pol I) promoter and terminator sequences. This entire RNA pol I
transcription unit is flanked by an RNA pol II promoter and a polyadenylation
site. The orientation of the two promoters allows the synthesis of negative-sense
viral RNA and positive-sense mRNA from one viral cDNA template. pHW-Sw-
NS-73, pHW-Sw-NS-99, and pHW-Sw-NS-126 are derivatives of pHW-Sw-NS.
They contain a deletion in the NS1 sequence, plus the insertion of four stop
codons in the three frames after this deletion (Fig. 1A). While the nuclear export
protein (NEP) open reading frame is not altered in these constructs, the NS1
open reading frames encode only the first 73, 99, and 126 amino acids (aa) of the
wild-type NS1 protein, respectively. Primer sequences used in the construction of
these plasmids can be provided upon request.

Transfection-mediated recovery of recombinant SIV. Rescue of influenza vi-
ruses from plasmid DNA was performed as previously reported using an eight-
plasmid system (21). To generate the recombinant wild-type (rWT) TX/98 virus,
1.0 ug of each of the eight plasmids was transfected into 293T-MDCK cocultures
using the TransIT LT-1 reagent (Panvera, Madison, WI). The NSI-truncated
mutant viruses were generated in the same way but substituting the pHW-Sw-NS
plasmid by the corresponding mutant one to recover the 1-73, 1-99, or 1-126 virus
mutants. The resulting viruses were passaged and cloned by plaque purification
into MDCK cells. Virus stocks were grown in 7-day-old embryonated chicken
eggs. The identity of the recombinant SIVs was verified by gel electrophoretic
analyses of RT-PCR products derived from viral RNA using oligonucleotides
specific for the common noncoding regions. The wild-type NS gene or the
deleted versions were further confirmed by sequencing.

Virus growth curves. To analyze viral replication, confluent PK-15 cells were
infected at the indicated multiplicity of infection (MOI) and incubated for
different periods of times at 37°C in MEM containing 0.3% bovine albumin
(MEM/BA) and 5% allantoic fluid. Virus titers were determined by plaque assay
on MDCK cells in MEM/BA supplemented with 1 pg/ml of TPCK trypsin. Titers
were expressed as PFU per ml.

Bioassay to measure IFN production. Levels of IFN secreted by virus-infected
cells were determined as previously described (10, 36), with some variations.
Confluent PK-15 cells seeded in 22-mm dishes were either mock treated or
infected with rWT, 1-73, 1-99, or 1-126 viruses at an MOI of 2. Following
infection, cells were incubated with MEM containing 0.3% bovine serum albu-
min and 5% allantoic fluid, and at different time points postinfection (p.i.)
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FIG. 1. Generation of plasmid-derived Sw/Tx/98 influenza viruses
with mutated NS1 proteins. (A) Schematic diagram of the wild-type
and mutated NS influenza virus gene segments. The NS gene segment
was modified to create mutated NS1 genes encoding 73, 99, and 126 aa,
respectively. NS1 mutations did not affect the sequence of the NEP.
Underlined sequences were introduced to generate stop codons (in
bold). (B) RT-PCR analysis of the rWT and NSI deletion mutant
viruses. Influenza viral RNA segments were amplified using primers
specific for the noncoding regions of all eight influenza virus segments.
Arrows indicate the decreasing size of the NS segment. Dots indicate
a product corresponding to the 3" end of the HA gene segment due to
internal binding of the forward primer. Size markers (in nucleotides)
are indicated on the left.

supernatants were harvested. Viruses present in the supernatant were UV inac-
tivated by placing samples on ice 6 in. below an 8-W UV lamp (Fisher) for 15 min
with constant stirring. New PK-15 cells were seeded in 96-well plates the day
before and incubated with the UV-inactivated supernatants for 24 h. The pre-
incubated PK-15 cells were then infected with VSV-GFP (MOI = 0.1). The cells
expressing GFP were visualized by fluorescence microscopy 16 h p.i. The
amounts of IFN present in the supernatants were estimated based on their
abilities to induce an antiviral state in PK-15 cells and inhibit VSV-GFP repli-
cation, compared with known amounts of recombinant human IFN-B (Calbio-
chem).

Analysis of IFN-f3 and TNF-a mRNA by RT-PCR. PK-15 cells were infected at
an MOI of 2 and, at 24 h p.i., total RNA was extracted using the Absolutely RNA
RT-PCR miniprep kit (Stratagene). RT was performed by using oligo(dT) as the
primer. PCR was conducted using specific pairs of primers for swine IFN-B
(5-SWIFNB+, GGCCATGGCTAACAAGTGCATCC, 3-SWIFNB, CCGGTC
AGTTCCGGAGGTAATC) and tumor necrosis factor alpha (TNF-«) (5'SW-
TNFA, ATGAGCACTGAGAGCATG; 3'SW-TNFA, TCACAGGGCAATGA
TCCC) mRNAs (GenBank accession numbers M86762 and X57321). As control,
specific primers for B-actin (10) were used to amplify a 550-bp fragment of swine
B-actin. The products were sequenced and confirmed to be derived from the
expected mRNAs.

Metabolic labeling. Confluent PK-15 cells seeded in 22-mm dishes were either
mock infected or infected with rWT, 1-73, 1-99, or 1-126 TX/98 viruses at an
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MOI of 2. Cells were incubated in MEM/BA at 37°C for various times and
subsequently labeled for 2 h with 10 wCi of [**S]Met-Cys in MEM lacking
Met-Cys. Cells were washed with ice-cold phosphate-buffered saline and lysed,
and total cell extracts were separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis. The proteins were visualized by autoradiography.

Antisera. Antibodies against the first 73 amino acids of NS1 TX/98 were raised
as follows. We overproduced the protein in Escherichia coli BL21(DE3) cells
from plasmid pGEX-6P-1-(1-73)Sw. This plasmid encodes a protein consisting of
glutathione S-transferase (GST) fused to the N terminus (aa 1 to 73) of NS1Tx/
98. After expression, the 1-73NS1TX/98 protein was cleaved with the PreScission
protease (Amersham) from the GST fusion to inject rabbits (Cocalico Biologi-
cals). Antisera raised against PR8 virus were used to detect NPTX/98.

Western blot analysis. Dishes (diameter, 22 mm) of confluent PK-15 cells were
mock infected or infected with the rWT TX/98 and the different deletion mutants
at an MOI of 2. Every 2 h p.i,, cells were lysed. Cell lysates were subjected to
Western blot analysis by using anti-1-73NS1TX/98 or anti-PR8 antibodies.

Infection of pigs. Out-bred specific-pathogen-free pigs were obtained from a
commercial hog farm in Iowa. Sera from these pigs were confirmed to be
negative for the presence of hemagglutination inhibition antibodies against
H3N2 (Sw/TX/98 and Sw/CO/99) and HIN1 (Sw/IA/30) SIV. Groups of four to
five 4-week-old pigs were housed in separate isolation rooms. The methods for
intratracheal infection (using 1 ml of virus solution containing 1 X 10° PFU per
pig), clinical observation, necropsy, and macroscopic lung lesion scoring of the
pigs were performed as described recently (38). At necropsy, the nasal turbi-
nates, trachea, and right cardiac lobe were removed and formalin fixed for
further histopathologic evaluation. Blood, bronchoalveolar fluid (BALF), and
nasal swabs were also collected during necropsy. All animal experiments were
conducted at the National Animal Disease Center in compliance with the Insti-
tutional Animal Care and Use Committee.

Virus titrations from nasal swabs and BALF. Nasal swabs and BALF were
tested to determine virus load. Ten-fold serial dilutions were prepared in Mc-
Coy’s medium without serum and supplemented with 5 pg/ml trypsin. MDCK
cells were inoculated with the dilutions and incubated with medium plus trypsin
in microtiter plates at 37°C for 72 h. The plates were examined for cytopathic
effects after 72 h. Virus titers were calculated by the Reed and Muench method
37).

Histopathological evaluation. The nasal turbinates and trachea samples were
stained with hematoxylin and eosin and examined under the microscope for
epithelial changes and subepithelial inflammation. The lungs were examined for
bronchiolar epithelial changes and peribronchiolar inflammation in large, me-
dium, and small or terminal bronchioles. The alveoli were also evaluated for
inflammatory changes. Because lesions were found most consistently in medium-
sized airways, data obtained from the medium bronchioles were used for com-
parisons (38). Lesion severity was scored by the distribution or extent of lesions
within the sections examined as follows: 0, no airways affected; 1, only a few
isolated airways affected; 2, approximately 50% of airways affected; 3, greater
than 75% of airways affected. One trained examiner was utilized for evaluation
of tissue sections. The examiner was unaware of which group of animals the
tissues were derived from.

HI assay. Hemagglutination inhibition (HI) titers were measured in sera from
pigs inoculated with recombinant influenza A viruses by determining the highest
serum dilution with the ability to inhibit hemagglutination of chicken red blood
cells by WT TX/98 virus.

Statistical analysis. Mean body temperatures, extent of gross and histopatho-
logic changes, and virus replication in infected and control groups were com-
pared by using the two-sided Student’s ¢ test. Probability (P) values of <0.05 were
considered to indicate a statistically significant difference between groups.

RESULTS

Generation of plasmid-derived Sw/TX/98 viruses encoding
truncated NS1 proteins. To generate SIV using reverse genet-
ics, we cloned the eight viral RNAs from TX/98 virus into
ambisense expression plasmids for viral rescue (21). Upon
transfection of these plasmids in 293T-MDCK-cocultured
cells, we recovered infectious viruses. The parental (WT) and
the plasmid-derived wild-type (rWT) SIVs grew to similar ti-
ters in MDCK cells and embryonated eggs (unpublished data).
When inoculated into pigs, the tWT virus produced similar
lesions as the parental WT virus (unpublished data). We also
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FIG. 2. Characterization of plasmid-derived wild-type and NSI
mutant Sw/TX/98 viruses in tissue culture. (A) Multicycle growth
curves in PK-15 cells. (B) Single-cycle growth curves in PK-15 cells.
(C) Plaque size in MDCK cells at 3 days p.i.

generated three NS1-truncated SIV mutants encoding NS1
proteins of 73, 99, and 126 aa and compared them to the
wild-type full-length, 219-aa-long NS1 protein (Fig. 1A). RT-
PCR and sequencing analyses confirmed the presence of the
truncated NS1 genes in the rescued virus preparations (Fig. 1B
and unpublished data).

NS1 mutant Sw/TX/98 viruses are replication attenuated in
pig epithelial cells. In order to investigate the multicycle
growth properties of the mutant NS1 viruses, confluent pig
cells (PK-15) were infected at a low MOI (MOI = 0.001).
Supernatants from infected cells were titrated at different time
points p.i. by plaque assay on MDCK cells. The growth kinetics
of the NS1 deletion mutants in PK-15 cells were clearly differ-
ent compared to the wild-type virus. Interestingly, the 1-126
mutant virus was the most compromised in growth, followed by
the 1-99 and the 1-73 mutants (Fig. 2A). Plaque sizes in
MDCK cells correlated with the growth differences in PK-15
cells (Fig. 2C). These results indicate that deletions in the NS1
protein of Sw/TX/98 virus result in attenuation of viral growth,
both in PK-15 and MDCK cells. In contrast, when NS1 mutant
viruses were grown at a high MOI (MOI = 2) in PK-15 cells,
major differences in growth kinetics were not detected (Fig.
2B).
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FIG. 3. Induction of IFN-a/B in PK-15 cells infected with plasmid-
derived wild-type and NS1 mutant Sw/TX/98 viruses. (A) Schematic
representation of the IFN bioassay. (B) Time course of IFN-o/B syn-
thesis. Fresh PK-15 cells were treated for 24 h with UV-inactivated
supernatants (harvested at different times p.i. as indicated) from PK-15
cells which were infected with the indicated viruses, followed by VSV-
GFP infection. Sixteen hours p.i., cells expressing GFP were visualized
by fluorescence microscopy. (C) RT-PCR analysis of TNF-a-, IFN-B-,
and B-actin-specific mRNAs in virus-infected PK-15 cells.

NS1 mutant Sw/TX/98 viruses induce IFN-o/f3 in pig epi-
thelial cells. The NS1 protein of influenza virus has previously
been shown to act as an IFN-a/f antagonist (17). In order to
see whether the observed attenuation of growth in vitro of the
NS1-truncated viruses was directly correlated with the ability
of these viruses to inhibit the IFN-o/B system, the induction of
IFN in cells infected with the recombinant Sw/TX/98 viruses
was investigated. Supernatants of infected PK-15 cells were
used to determine the levels of secreted IFN-o/p in a bioassay
based on inhibition of VSV-GFP replication (Fig. 3A). For this
purpose, PK-15 cells were infected (MOI = 2) with rWT and
NS1 mutant SIVs and supernatants were collected for IFN
determinations every 2 h for 10 h. The results are shown in Fig.
3B. Supernatants from mock-infected cells caused no inhibi-
tion of GFP expression by VSV-GFP in PK-15 cells. In con-
trast, VSV-GFP replication was completely abolished in cells
pretreated with the supernatant of 1-126 virus-infected cells at
10 h p.i. IFN-o/B was barely detected by this assay in super-
natants of cells infected with rWT virus at any time point
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FIG. 4. Levels of rWT and mutant NS1 TX/98 proteins determined
by metabolic labeling and Western blotting. (A) Metabolic labeling
with [*3S]Met-Cys of PK-15 cells infected with the rtWT and deleted
mutants (MOI = 2), from 8 to 10 h p.i. (B) Immunoblot with antibod-
ies specific for NS1 and NP in PK-15 cells infected with rWT and the
different mutants at 10 h p.i.
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analyzed. All NS1-truncated viruses induced detectable levels
of IFN-o/B by 6 h p.i., with 1-126 virus being the stronger
IFN-«/B inducer, followed by 1-99 and 1-73 viruses. Similar
experiments were performed using other virus-infected swine
testis and human (A549) cell lines, with basically identical
results (unpublished data). The level of IFN-«/B present in the
supernatants of virus-infected PK-15 cells at 10 h p.i. was
quantified by performing serial dilutions of the samples and
comparing their antiviral activities with standard amounts of
recombinant human IFN-B. The amount of IFN-a/B induced
by the rWT, 1-126, 1-99, and 1-73 viruses corresponded to
approximately 100 U/ml, 10,000 U/ml, 4,000 U/ml, and 1,000
U/ml, respectively.

These results also correlated with the ability of the NS1
mutant viruses to induce expression of IFN-B mRNA. Specif-
ically, RT-PCR analysis of IFN-B and TNF-« transcripts re-
vealed the induction of the expression of the mRNA of these
cytokines in PK-15 cells infected with NS1 mutant viruses,
especially in 1-126 virus-infected cells (Fig. 3C). Overall, our
data indicate that the potency of inhibition of IFN production
by the recombinant Sw/TX/98 viruses is as follows: tWT > 1-73
> 1-99 > 1-126.

NS1 mutant Sw/TX/98 proteins are detected at lower levels.
In order to compare the levels of expression of the viral pro-
teins in the different viruses, we labeled virus-infected PK cells
(MOI = 2) with [**S]Met-Cys metabolically for 2 hours at
different time points p.i. (only one time point, 8 to 10 h, is
shown as a representative sample). The gel revealed no differ-
ences in the kinetics of NP protein synthesis among the 1-73,
1-99, and 1-126 mutant viruses compared to rWT (Fig. 4A). As
previously shown with other strains of influenza viruses, trun-
cations in the NS1 protein resulted in reduced expression of
the viral proteins M1 and hemagglutinin (HA) in virus-infected
cells (12-14, 39). We were not able to detect the NS1 mutant
proteins produced by the 1-73, 1-99, and 1-126 mutant viruses
with the [>*S]Met-Cys labeling method (Fig. 4A). In addition,
antibodies against the first 73 aa of the NSI protein of Sw/
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TX/98 were produced. Cells were infected with the rWT or the
deletion mutants at an MOI of 2. At different times p.i. (steady
state), cells were lysed and the cell extracts were analyzed by
Western blotting; only one time point (10 h p.i.) is shown as a
representative sample (Fig. 4B). Western analysis revealed
that the levels of the NS1-truncated proteins are considerably
reduced in comparison to WT NS1, with the 1-126 mutant
showing the weakest signal. As a control, no differences were
found in the expression of NP protein between these viruses.

NS1 mutant Sw/TX/98 viruses are attenuated in pigs. Forty
seven 4-week-old outbred pigs were purchased from a com-
mercial hog farm in Iowa. Groups of 10 4-week-old outbred
pigs were intratracheally infected with 10° PFU of rWT and
NS1 mutant Sw/TX/98 viruses. Seven animals were mock in-
fected with medium only. The mean rectal temperature in-
creased to =39.7°C in the rtWT group 2 to 5 days p.i. and in the
1-73, 1-99, and 1-126 groups predominantly on days 2 and 3 p.i.
(unpublished data). Additional clinical signs like nasal secre-
tion, depression, sneezing, coughing, and dyspnea were ob-
served starting on day 2 p.i. throughout day 5 p.i., with maximal
signs on days 3 and 4 p.i. in the rWT virus-infected group. In
the 1-99 and 1-73 virus-infected cohorts, only nasal secretions
were found, primarily on days 3 to 5 p.i. In the 1-126 virus-
infected pigs, besides elevated body temperature on days 2 and
3 p.i., nasal discharge was observed only on day 5 p.i. in about
50% of the pigs.

During necropsy at day 5 p.i., the percentage of each lung
surface with macroscopic lesions was estimated. As shown in
Fig. 5A, the mock-infected and the 1-126-infected pigs had no
or minimal macroscopic lung lesions. Pigs infected with the
rWT Sw/Tx/98 virus showed a significantly higher percentage
of macroscopic lung lesions than pigs infected with the NS1
deletion mutant viruses 1-73 (P = 0.018), 1-99 (P = 0.008), or
1-126 (P = 0.0006). In general, the gross lesions we observed
were marked, plum-colored, consolidated areas on individual
lobes. The diaphragmatic lobes were less involved than the
other lobes. The mediastinal lymph nodes were usually hyper-
emic and enlarged.

Attenuation of epithelium in nasal turbinates was mild, fo-
cal, and inconsistently present in all groups; subepithelial lym-
phocyte infiltration in nasal turbinates was nearly universal and
without correlation to overlying epithelial damage. Tracheal
lesions (epithelial attenuation and subepithelial inflammation)
were present at all levels of the trachea in all rWT-infected pigs
but inconsistently present in pigs infected with the various NS1
mutants.

Virus damage to bronchiolar epithelium varied from acute
necrosis and sloughing of epithelial cells, to attenuation of the
epithelial layer as remaining cells spread out to cover the
defect resulting from loss of necrotic cells, to irregular reactive
proliferation of the epithelial lining of the airway. Peribron-
chiolar inflammation of each airway tended to correspond to
damage to the epithelial lining. Thickening of alveolar walls
(interstitial pneumonia) and accumulation of leukocytes in al-
veolar lumens were minimal and were most evident in lungs
with extensive bronchiolar damage. Consistent with previous
studies of SIV infection in swine, in pigs infected with rtWT
virus in this study bronchiolar damage rarely affected all air-
ways in the sections examined. Lesions were observed most
consistently in medium-sized airways; thus, data obtained for
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FIG. 5. Infection of 4-week-old pigs with plasmid-derived wild-type
and NS1 mutant Sw/TX/98 viruses on day 5 p.i. (A) Mean percentage
(= standard error of the mean [SEM]) of lung surface with macro-
scopic lesions. (B) Microscopic lesions (= SEM) in the medium-sized
bronchioles. (C) Virus titers (= SEM) in BALF.

the medium bronchioles were used for comparison of rWT and
NS1 mutant viruses (Fig. 5B).

Mock-infected animals as well as 1-126 virus-infected pigs
showed no or minimal lesions, whereas moderate to severe
lesions were detected in animals infected with the rWT and the
1-99 and 1-73 Sw/TX/98 viruses (Fig. 4A and B, 6, and 7). All
animals infected with the parental wild type and some infected
with the 1-73 and 1-99 viruses had high scores, reflecting wide-
spread damage to bronchioles. Most animals infected with
either 1-73 or 1-99 virus had a moderate score, reflecting dis-
tribution of bronchiolar damage that was intermediate be-
tween the extensive damage in rWT-infected pigs and the
minimal damage in pigs infected with 1-126. The lungs of
animals infected with the NS1 deletion mutant 1-126 virus
were nearly devoid of lesions. As in the macroscopic lung
lesions, 1-126- and 1-99-infected pigs showed significantly less
damage than rWT-infected pigs (1-126, P < 0.0001; 1-99, P =
0.0002). Interestingly, microscopic lesions in bronchioles of
pigs infected with the 1-73 mutant virus were also significantly
less than with the parental rWT virus (P = 0.02).

Virus titers in the BALF were also analyzed at day 5 p.i. All
viruses replicated in the respiratory tract of pigs, and the virus
titers in animals infected with parental rWT virus were signif-
icantly higher (P < 0.01) than with the NS1 deletion mutants
(Fig. 5C). This finding correlates with significantly less-exten-
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FIG. 6. Histopathological examination of lungs from pigs infected with plasmid-derived wild-type and NS1 mutant Sw/TX/98 viruses. Magni-
fication, X200. (Mock) Medium-sized bronchiole from the lung of a mock-infected control pig. (rfWT) Severe acute necrotizing bronchiolitis and
interstitial pneumonia characteristic of the widespread lesion induced by infection with rWT TX/98 virus. (1-99) One normal bronchiole and one
affected bronchiole in early recovery from infection with deletion mutant 1-99 virus. (1-126) Normal bronchiole and surrounding alveoli from the

lung of a pig inoculated with the 1-126 virus. Bar, 50 pm.

sive gross and microscopic disease observed in pigs infected
with NS1 deletion mutants versus wild-type Sw/Tx/98 viruses.

Nasal swabs were taken on days 4 and 5 p.i. from five pigs
each infected with rWT, 1-73, 1-99, and 1-126 viruses. All five
pigs infected with rWT virus were virus positive at days 4 and
5 p.i., whereas no virus was recovered from the pigs infected
with 1-99 and 1-126 viruses (starting dilution for virus titration,
1:25). Virus was recovered from pigs infected with the 1-73
virus on day 4 (1/5) and 5 (3/5) p.i.

When we analyzed the presence of antibodies against wild-
type Sw/Tx/98 virus in sera from infected pigs by the HI assay,
we found that rWT as well as the attenuated 1-99 and 1-126
NS1 mutant viruses induced detectable HI antibodies in four
out of four animals by day 8 p.i., with average HI titers of 80
(rWT), 30 (1-99), and 45 (1-126) at day 14 p.i. Thus, 1-99 and
1-126 viruses appear to be immunogenic despite their lower
levels of replication in pigs. Similarly, a mouse-adapted influ-
enza virus strain (A/PR/8/34 virus) containing NS1 mutations
was also immunogenic in mice despite limited replication in
lungs (12, 49, 50).

DISCUSSION

Nonspecific innate immune responses to viruses include the
production of cytokines, particularly IFN-o/8. However, most
viruses have developed different mechanisms to evade the host
IFN-mediated antiviral response (27). In the case of influenza
A virus, the NS1 protein appears to have a prominent role in
inhibiting the IFN system by attenuating the production of
IFN-o/B during viral infection (8, 16, 51). However, these stud-
ies have mostly been conducted in vitro or using rodent models
of influenza virus infection. While informative, it remained to
be demonstrated whether the IFN-antagonistic properties of
the NS1 protein have a role in the pathogenicity of influenza
virus in humans or other natural hosts. To investigate the role
of this viral protein in the pathogenicity of influenza virus in a
natural host, we used a swine model of influenza virus infec-
tion. Pigs are a natural host for influenza virus infections, and
swine influenza disease is closely related to human influenza
(11, 24, 40, 55). The disease consists of an acute febrile respi-
ratory disease characterized by fever, apathy, anorexia, and
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fication, X500. (Mock) Epithelial lining of a larger bronchiole from the lung of a mock-infected control pig. (rtWT) Epithelial lining from a larger
bronchiole from the lung of a pig infected with TX/98 rWT virus. (1-99) Large bronchiole and smaller branching airway from the lung of a pig
infected with deletion mutant 1-99 virus. (1-126) Normal epithelial lining from the lung of a pig inoculated with 1-126 virus. Bar, 200 pwm.

labored breathing. The gross lesions found in uncomplicated
swine influenza are mainly those of a viral pneumonia and are
most often limited to the apical and cardiac lobes of the lungs,
although in severe cases more than a half of the lung may be
affected. In our studies we have used a naturally occurring
strain of swine influenza virus, influenza A/Swine/Texas/4199-
2/98 virus, that has undergone only a very limited number of
passages in vitro.

We first generated a recombinant wild-type TX/98 SIV from
plasmid DNA. The recombinant wild-type virus induced clin-
ical symptoms and respiratory lesions indistinguishable from
the parental virus in experimentally infected pigs (unpublished
data). Three recombinant TX/98 SIVs encoding partially car-
boxy-terminally truncated NS1 proteins of 73, 99, and 126 aa in
length were then generated. All NS1-truncated SIVs were at-
tenuated in replication in vitro and in vivo, and the level of
attenuation correlated with the amounts of IFN-o/f induced
by the respective NS1-mutated viruses, demonstrating a role of
the NS1 of SIV in virulence in its natural host. These data
support the concept that highly virulent influenza virus strains,
such as the 1918 “Spanish” influenza virus and the HSN1 Hong

Kong viruses isolated in 1997, express NS1 proteins with strong
IFN-antagonistic properties (18, 45).

Using mouse-adapted influenza virus strains, the length of
the NS1 protein has been shown to be correlated with atten-
uation of replication in vitro and in mice (12, 49, 50). However,
in the case of Sw/TX/98 virus, the degree of attenuation did not
correlate with the length of the NS1 protein, since the mutant
SIVs encoding the shorter NS1 proteins (1-73 and 1-99) were
significantly more virulent than the 1-126 virus. All NS1 mutant
SIVs express the dsRNA-binding domain of NSI1, located
within the first 73 amino acids (6, 7), which mediates inhibition
of IFN synthesis (49, 50), and lack the NSI1 effector domain
involved in general inhibition of gene expression (31). Inter-
estingly, the wild-type NS1 protein of Sw/TX/98 virus has only
219 amino acids and lacks the poly(A)-binding protein binding
domain that has been shown to be involved in inhibition of host
cell mRNA polyadenylation (26). In addition, the NS1 proteins
from the 1-126 and 1-99 viruses, but not the 1-73 virus, contain
a domain that has been shown to bind to eukaryotic initiation
factor 4GI and stimulate translation of viral mRNAs (1, 4).
Another function that has recently been shown is that the
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carboxy-terminal domain of the NS1 protein of influenza virus
stabilizes NS1 dimerization, which is necessary for its IFN-
antagonistic function (50). A possible explanation for the dif-
ferent degree of virulence of the NS1 mutant SIVs is that
truncated Sw/TX/98 NS1 proteins of 73 and 99 aa are more
stable than the truncated NS1 of 126 aa. Interestingly, by
metabolic labeling we could not detect the truncated NS1 in
1-126 virus-infected cells (Fig. 4A), despite the fact that this
mutant NS1 protein retains all the methionines and cysteines
of the wild-type NS1 protein. By Western blotting we have
determined that while the expression level of NP is similar in
cells infected with the WT and the mutant viruses, the amount
of the 1-126 NS1 protein is very low. This suggests that a
truncated Sw/TX/98 virus NS1 protein of 126 amino acids is
highly unstable in infected cells. Why this truncated protein is
less stable in the STV TX/98 virus than the same-length protein
in WSN (50) needs to be further studied. Alternatively, the
mutations inserted in the NS gene might have differentially
affected the levels of replication, transcription, splicing, or sta-
bility of the NS-derived RNAs, affecting the levels of NS1 and
maybe also of NEP expression. We do not favor this explana-
tion, since our deletion strategy did not affect any known RNA
cis-acting signal in the NS gene. In any case, we conclude from
our studies that not only the functional domains present in the
NS1-deleted proteins but also the absolute amount of the mu-
tated NS1 proteins present in infected cells are determinants of
virulence, i.e., the ability to antagonize the host IFN response.
This also appears to be the case when NS1 truncations are
made in the context of equine influenza A viruses (P. Palese,
personal communication).

The NSI1 mutant SIVs not only induced higher levels of
IFN-o/B, but also of TNF-a, a cytokine that has also been
shown to possess antiviral activity against influenza viruses (46,
47). Although the mechanism of NS1-mediated inhibition of
TNF-«a expression is unclear at the moment, TNF-« inhibition
might also contribute to the attenuated phenotype of the NS1
mutant viruses. Finally, we cannot exclude that the loss of
additional NS1 functions might be partly responsible for the
phenotype of the NS1 mutant SIVs. Interestingly, it has re-
cently been found that NS1 is able to inhibit RNA silencing in
insects and plants (3, 9, 28), and this may indicate that animals
may have also evolved antiviral small inhibitory RNA systems
that are inhibited by the NS1 protein of influenza virus.

Swine influenza is widespread and endemic in pig popula-
tions worldwide and is part of the porcine respiratory disease
complex. The high morbidity associated with swine influenza
has serious economic consequences (24). In addition to the
severe disease that the virus causes in swine, pigs may act as an
intermediate host and “mixing vessel” for genetic reassortment
between human and avian viruses (42), facilitating the gener-
ation of novel human influenza virus strains and the initiation
of influenza pandemics. Although killed SIV vaccines are avail-
able, live attenuated vaccines may afford better and faster
protection. For instance, live attenuated vaccines based on
cold adaptation in tissue culture have been developed for both
human and equine influenza viruses (30, 56). NS1-truncated
influenza virus mutants have been proven attenuated and im-
munogenic in mice (49) and in pigs (this study). Future studies
aimed towards a more detailed immunogenic characterization
of mutant NS1 SIVs in pigs are planned to evaluate the po-
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tential efficacy of these viruses as vaccines against swine influ-
enza.
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