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Equine influenza is a common disease of the horse, causing significant morbidity worldwide. Here we
describe the establishment of a plasmid-based reverse genetics system for equine influenza virus. Utilizing this
system, we generated three mutant viruses encoding carboxy-terminally truncated NS1 proteins. We have
previously shown that a recombinant human influenza virus lacking the NS1 gene (delNS1) could only
replicate in interferon (IFN)-incompetent systems, suggesting that the NS1 protein is responsible for IFN
antagonist activity. Contrary to previous findings with human influenza virus, we found that in the case of
equine influenza virus, the length of the NS1 protein did not correlate with the level of attenuation of that virus.
With equine influenza virus, the mutant virus with the shortest NS1 protein turned out to be the least
attenuated. We speculate that the basis for attenuation of the equine NS1 mutant viruses generated is related
to their level of NS1 protein expression. Our findings show that the recombinant mutant viruses are impaired
in their ability to inhibit IFN production in vitro and they do not replicate as efficiently as the parental
recombinant strain in embryonated hen eggs, in MDCK cells, or in vivo in a mouse model. Therefore, these
attenuated mutant NS1 viruses may have potential as candidates for a live equine influenza vaccine.

Equine influenza virus belongs to the Orthomyxoviridae fam-
ily and is an enveloped, negative-sense RNA virus with a seg-
mented, single-stranded genome. There are two distinct sub-
types of equine influenza virus: subtype 1, H7N7, first isolated
in Prague in 1956 (32), and subtype 2, H3N8, first isolated in
Miami in 1963 (36). It is believed that subtype 1 is no longer in
circulation, as the last confirmed outbreak caused by this virus
was in 1978 (38).

Equine influenza has been recognized as a common malady
of the horse for centuries and is considered the most econom-
ically important respiratory disease of the equine in countries
with substantial breeding and racing industries. In a 1998 study
of infectious upper respiratory tract disease in 151 horses in
Colorado, it was found that the pathogen was responsible for
two-thirds of equine viral respiratory infections (18).

Vaccination is the most effective method of prophylaxis
against influenza, designed to elicit a protective antibody re-
sponse and resistance to reinfection. The most widely used
vaccines are inactivated (killed) whole equine influenza virus
preparations. However, the ability of some of these vaccines to
provide protection against disease has been proven to be quite
poor in efficacy studies. In one study, Morley et al. (17) dem-
onstrated that horses vaccinated with an inactivated aluminum
phosphate-adjuvanted vaccine did not differ significantly from
those given a placebo in the severity of the clinical disease they
suffered during an influenza epidemic. A cold-adapted, modi-

fied-live attenuated influenza virus vaccine (Flu-Avert I.N.;
Heska Corp.) has shown more promising results. Efficacy trials
of this vaccine showed animals were clinically protected 3
months after vaccination (14) and had reduced severity of
disease with significant clinical protection 6 months after vac-
cination (35).

Live vaccines which are administered intranasally may have
advantages over their inactivated counterparts. First, live vac-
cines are thought to induce improved cross-reactive cell-medi-
ated cytotoxicity as well as a humoral antibody response, pro-
viding better protection than inactivated vaccines (6, 7).
Second, protective immunity to equine influenza is likely to
involve a mucosal immunoglobulin A (IgA) response which is
not seen with traditional intramuscularly administered vac-
cines (19). Equine influenza virus replicates in the nasal mu-
cosa, and thus an intranasally administered vaccine may be a
preferable route of inoculation to elicit this response (31).
Finally, live vaccines also have the advantage of intranasal
administration, which avoids the swelling and muscle soreness
occasionally associated with the intramuscular administration
of inactivated adjuvanted vaccines.

Influenza viruses undergo continual antigenic variation of
the surface glycoproteins hemagglutinin (HA) and neuramin-
idase (NA). Thus, in order to be effective, influenza vaccines
require frequent updating to include relevant circulating
strains of equine influenza virus. Using reverse genetics, influ-
enza viruses can be created entirely from cloned plasmid DNA
(4, 8, 21). This technology could potentially allow rapid gen-
eration of vaccine candidates by employing a master strain that
can be rescued easily. This strain could then be updated with
relevant surface antigens (HA and NA) of circulating virus, an
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adaptation to the classical “6:2 reassortant” approach used to
create cold-adapted live vaccines for humans (15).

The NS1 protein of influenza A virus is a multifunctional
protein with three domains that have been reported to have a
number of regulatory functions during influenza virus infec-
tion. The amino-terminal 73 amino acids are responsible for
binding to RNAs (26), in particular double-stranded RNAs,
conferring on the virus the ability to escape the alpha/beta
interferon (IFN) response (2). The central portion of the pro-
tein interacts with the eukaryotic translation initiation factor
4GI, facilitating preferential translation of viral mRNAs over
host mRNAs (1). The carboxy terminus or the effector domain
has been shown to inhibit host mRNA processing, specifically
host mRNA polyadenylation (20), binding to poly(A) tails of
mRNA preventing nuclear export (27), and pre-mRNA splic-
ing (13).

Studies of a human recombinant influenza virus lacking the
NS1 gene (delNS1) showed that this virus could only replicate
in IFN-incompetent systems such as STAT1�/� mice or Vero
cells, and thus the NS1 protein is responsible for IFN antago-
nist activity (5). Also, it has been shown that human influenza
viruses with truncated NS1 proteins are attenuated in mice (3)
and provide protection against wild-type challenge (34). Alter-
natively, mutations in the full-length NS1 protein may increase
viral pathogenicity. For example, it was recently shown that the
NS1 protein plays a role in virulence of the highly pathogenic
H5N1 influenza virus strains via a glutamic acid at position 92
which confers on the virus resistance to antiviral cytokines (30).

Here, we describe the establishment of a reverse genetics
rescue system for equine influenza virus and the construction
of three recombinant equine influenza viruses with truncations
in their NS1 genes. These recombinant viruses are attenuated
in their ability to inhibit IFN production and in their ability to
replicate both in vitro and in vivo. Therefore, these viruses may
be good candidates for a live equine influenza vaccine.

MATERIALS AND METHODS

Cells and viruses. Fetal equine kidney (FEK) cells (S. Cook, University of
Kentucky) and Madin-Darby canine kidney (MDCK) cells (American Type Cul-
ture Collection, Manassas, VA) were grown in minimal essential medium
(MEM) supplemented with 10% fetal calf serum and 1% penicillin/streptomycin.
Human embryonic kidney 293T cells (American Type Culture Collection) were
grown in Dulbecco’s modified Eagle’s medium, also supplemented with 10%
fetal calf serum and 1% penicillin/streptomycin. The equine influenza virus
A/eq/KY/5/02 was isolated in 2002 from a nasopharyngeal swab from a diseased
horse in Lexington, Kentucky. A stock of virus was propagated following a total
of three passages in embryonated hen eggs (SPAFAS Avian Product Services,
CT) and had an HA titer of 128. Recombinant vesicular stomatitis virus tagged
with green fluorescent protein (VSV-GFP) (33) was kindly provided by John
Hiscott, McGill University, Montreal, Canada.

Gene end sequence determination. Viral RNA was extracted from 300 �l of
allantoic fluid using the Qiagen RNeasy Mini kit (Qiagen, Valencia, CA) ac-
cording to the protocol provided. To determine 3� viral RNA end sequences, an
adenosine tail was added to viral RNA using a poly(A) polymerase enzyme
(Ambion, Austin, TX) and then reverse transcribed using an oligo(dT) primer
(primer sequences are available upon request). Reverse transcription reactions
were carried out with Superscript II reverse transcriptase enzyme (Invitrogen,
Carlsbad, CA). PCRs were carried out using the same oligo(dT) primer and a
conserved gene-specific primer for each viral segment. For sequence determina-
tion of the 5� viral RNA ends, PCRs were carried out using a primer recognizing
the 5� viral RNA noncoding region common to all eight influenza virus segments
and a conserved gene-specific primer for each viral segment. PCR products were
sequenced (Mount Sinai DNA Sequencing Facility), and based on the sequences

obtained, cloning primers for each segment were designed that included a SapI
recognition sequence and the first 15 to 25 nucleotides of the viral RNA ends.

Construction of plasmids. Full-length cDNAs were generated for each viral
segment by reverse transcribing viral RNA using a Forward SapI primer for the
noncoding region of each segment followed by PCR with the designed cloning
primers. The ambisense cloning vector pDZ was derived from protein expression
plasmid pCAGGS, provided by J. Miyazaki, Osaka University, Osaka, Japan
(22). The pCAGGS vector was modified to additionally produce viral RNA from
the cDNA template by insertion of a human RNA polymerase I promoter
sequence and a mouse terminator sequence with adjacent SapI recognition
sequences.

Purified vector pDZ and the individual SapI -digested cDNA inserts (molar
ratio of 1:3 except for PB2 1:7) were ligated using the Roche Rapid DNA ligation
kit (Roche Applied Science, Indianapolis, IN) according to the manufacturer’s
recommendations. A genetic tag was inserted into the NS-encoding plasmid by
silent mutagenesis. Nucleotides 447 to 452 (5�-CTGGAA-3�) were replaced with
5�-CTCGAG-3�, resulting in two silent mutations and the creation of a novel
XhoI restriction enzyme site. Escherichia coli DH5� cells (Invitrogen) were
transformed and screened for correct constructs using the Qiagen miniprep
system. All constructs were sequenced at the Mount Sinai DNA Core Sequenc-
ing facility.

Stocks of DNA were prepared by transforming bacterial cells with approxi-
mately 20 ng of the miniprep DNA and purifying with the Qiagen plasmid
maxiprep system. Plasmid pPOLI has a truncated human polymerase I promoter
and a hepatitis delta virus ribozyme separated by two SapI sites (24). This
plasmid was used for construction of the three NS1 mutants pPOLI-Eq-NS1-126,
pPOLI-Eq-NS1-99, and pPOLI-Eq-NS1-73. The coding region of A/eq/KY/5/02
NS segment is 657 nucleotides long (219 amino acids). The name of the mutated
NS1 construct corresponds to the length of the protein that is expressed from the
plasmid. Desired deletions were introduced by PCR of the pDZ-Eq-NS con-
struct, and the primers used were designed to introduce stop codons in each
reading frame and unique restriction sites into each segment (Fig. 1a). The
Eq-NS1-126 construct has a deletion of nucleotides 405 to 482, an introduction
of four stop codons, a BglII site, and a PacI site. The Eq-NS1-99 construct has
a deletion of nucleotides 324 to 482, an introduction of three stop codons, an
AseI site, and a PacI site. The Eq-NS1-73 construct has a deletion of nucleotides
246 to 482, an introduction of three stop codons, a HindIII site, and a PacI site.
The three constructs were sequenced across the entire NS gene to confirm the
novel changes.

Rescue of infectious virus from cDNA. We diluted 0.5 �g of each of the eight
ambisense plasmids (pDZ-Eq-PB2, pDZ-Eq-PB1, pDZ-Eq-PA, pDZ-Eq-HA,
pDZ-Eq-NP, pDZ-Eq-NA, pDZ-Eq-M, and pDZ-Eq-NS) and 1.0 �g of each of
five protein expression plasmids (pCAGGS-WSN-PB1, pCAGGS-WSN-PB2,
pCAGGS-WSN-PA, pCAGGS-WSN-NP, and pCAGGS-Eq-NS1) to a total vol-
ume of 50 �l in OptiMEM (GIBCO, Invitrogen). Expression plasmids for the
H1N1 virus A/WSN/33 were included to improve rescue efficiency. The DNA
solution was added to a mix of 10 �l of cationic liposomal reagent Lipofectamine
2000 (Invitrogen) in 240 �l of OptiMEM. The transfection mixture was incu-
bated at room temperature for 30 min. One milliliter of OptiMEM was added to
the transfection mixture and then mixed with 250 �l of freshly trypsinized 293T
cells resuspended in OptiMEM, enough for �50% confluence in 35-mm dishes.
After 6 h of incubation at 37°C, 5% CO2, the transfection supernatant was
removed and 1 ml of freshly trypsinized MDCK cells resuspended in OptiMEM
with 0.3% bovine albumin (Sigma-Aldrich, St. Louis, MO) and 1% penicillin/
streptomycin (GIBCO) were added. Twelve hours later, 1 ml of OptiMEM
containing 1 �g/ml of TPCK (tosylsulfonyl phenylalanyl chloromethyl ketone)-
trypsin was added to the dish. Another 1 �g of TPCK-trypsin was added 24 h
later. Seventy-two hours posttransfection, 100 �l of the supernatant was used to
inoculate 7- to 10-day-old embryonated chicken eggs at 37°C, 5% CO2, for 48 h.
NS1 mutant viruses were propagated in 7-day-old eggs which do not have a
competent interferon system; full-length recombinant A/eq/KY/5/02 virus was
propagated in 8- to 11-day-old eggs. Harvested allantoic fluid was serially diluted
in phosphate-buffered saline (PBS; GIBCO) and assayed for hemagglutination of
0.5% Cox hen red blood cells (CBT Farms, Chestertown, MD) in v-bottomed,
96-well plates.

Western blot analysis. Cell extracts were made in a lysis buffer containing
0.5% NP-40, 150 mM NaCl, 20 mM HEPES, pH 7.4, 1 mM EDTA, 1 mM
EGTA, 10% glycerol, and Complete protease inhibitor cocktail (Roche). Ten or
twenty microliters of protein lysate was loaded onto a 12% sodium dodecyl
sulfate (SDS)-polyacrylamide gel. Separated proteins were probed for analysis of
the NS1 protein with a rabbit polyclonal antibody generated against the first 73
amino acids of the protein (unpublished data). A mouse monoclonal antibody
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against the viral M1 protein (ATCC hybridoma M2-1C6-4R3, 0.8 mg/ml, used at
1:1,000) was also included as a positive control.

Bioassay for IFN production. To determine the amount of IFN produced in
cells infected with the different recombinant viruses, we modified a bioassay
described previously (23). Six-well dishes of confluent FEK cells were infected at
a multiplicity of infection (MOI) of 1.5 with each of the four equine recombinant
viruses Eq-rWT, Eq-NS1-126, Eq-NS1-99, and Eq-NS1-73 for 11 h. The infected
cells were maintained in MEM supplemented with 0.3% bovine albumin, 1%
penicillin/streptomycin, and 6% allantoic fluid. At 2-hour intervals postinfection,
100 �l of supernatant was collected, and any virus present was UV inactivated in
plates 6 in. (ca. 15 cm) from an 8-watt UV lamp (UVP, Upland, CA) for 20 min.
Flat-bottomed, 96-well plates of confluent FEK cells were treated with the
inactivated supernatants for 24 h and then infected with VSV-GFP at an MOI of
0.1. For controls, the cells were also mock treated or treated with 1 unit/ml of
universal alpha/beta interferon (PBL Biomedical Laboratories, NJ). At 20 h
postinfection, the cells were examined for GFP under a fluorescence microscope
(Olympus IX70).

Real-time quantitative PCR. To quantify the relative levels of IFN-� mRNA
produced in FEK cells infected with the recombinant viruses, we used a real-time
quantitative PCR assay for IFN-�. Thirty-five-millimeter dishes of confluent
FEK cells were infected with each of the recombinant viruses at an MOI of 1.5.
At different time points postinfection, the infected cells were collected and RNA
was extracted using the RNA miniprep kit (Stratagene) according to the man-
ufacturer’s protocol. For real-time reverse transcription (RT)-PCR analysis, two
separate reactions were carried out in the LightCycler (Roche) utilizing oligo-
nucleotides specific for equine IFN-� and equine �-actin. The 20-�l reaction

mixture volume in a glass capillary tube contained 2 �l of RNA (50 ng), SYBR
green I (Molecular Probes), 0.5 �M of each primer, 400 �M dUTP, 200 �M each
dCTP, dATP, and dGTP, 4 mM MgCl2, 4 �l of 5x AccuRT buffer, and 0.7 �l of
AccuRT enzyme (Applied Biosciences).

Reaction conditions were chosen according to a standard LightCycler protocol
and were 30 min at 60°C, followed by denaturation at 95°C for 9 min and 45
cycles of 30 s at 95°C and 30 s at 60°C. Fluorescence increase, i.e., creation of
specific product, was measured during the extension step at 60°C. A melting
curve analysis was performed after the last amplification cycle with 95°C for 0 s,
60°C for 30 s, and 95°C for 0 s. Temperature change rates were 20°C/s for all but
the last step, where the rate was 0.1°C/s. Relative levels of IFN-� mRNA were
normalized to �-actin mRNA. Final results are presented as relative induction
units, where the sample with the highest IFN-� mRNA induction was arbitrarily
set at 1,000. The results represent a mean of two separate experiments.

Viral growth kinetics. A comparison of viral growth kinetics for the recombi-
nant wild-type and the three NS1 mutant viruses was undertaken in MDCK cells
and embryonated hen eggs. Nearly confluent 12-well plates of MDCK cells were
infected with each of the viruses at MOIs of 0.1, 0.01, and 0.001. Infected cells
were maintained in MEM supplemented with 0.3% bovine albumin, 1% peni-
cillin/streptomycin, and 1 �g/ml TPCK-trypsin. The viral titer in the supernatant
of infected cells was examined daily for 5 days by the hemagglutination assay as
previously described. The allantoic cavities of 7-, 9-, and 11-day-old embryonated
eggs were also infected with 1,000 PFU of each of the recombinant equine
viruses. Six eggs were infected with 100 �l of each virus per egg age group.
Allantoic fluid was withdrawn from each of the eggs at 24, 48, and 72 h postin-
fection and examined for hemagglutination.

FIG. 1. Generation of equine influenza viruses with truncated NS1 proteins. (a) Schematic diagram of the wild-type and mutated influenza virus
NS gene segments. The coding region of the A/eq/KY/5/02 NS1 is 219 amino acids long. C-terminal truncations were made to this segment,
resulting in three constructs encoding the first 126, 99, or 73 amino acids of the NS1 protein. The nuclear export protein (NEP) open reading frame
was not altered in these constructs. The underlined sequences were introduced to generate stop codons and restriction sites in each construct. (b)
RT-PCR of NS segments of wild-type (WT) and recombinant (r) equine (Eq) influenza viruses. RNA was extracted from allantoic fluid of
HA-positive eggs. The sizes of the cDNAs generated confirmed the rescue of the specific viruses. The sizes of the DNA markers are indicated on
the left side of the figure, and the lengths of the RT-PCR products for each of the viruses are shown on the right.
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Viral replication in mouse lungs. Six-week-old female C57BL/6 mice (Jackson
Laboratories) were sedated with ether and infected intranasally with 50 �l of 105

PFU of equine influenza recombinant virus. Influenza A/WSN/33 virus and
sterile PBS were included as controls. Mice were sacrificed on days 2 and 4
postinfection: five mice per equine virus, four for WSN, and 1 for PBS on each
day. Lungs were removed, homogenized, and resuspended in sterile PBS. Viral
lung titers were determined by immunofluorescence. Briefly, a 96-well plate of
confluent MDCK cells was infected with 20 �l of limiting dilutions of virus. Seven
hours postinfection, the cells were fixed with 5% paraformaldehyde in PBS. A
rabbit polyclonal antibody against PR8 virus was used for detection of infected
cells, which were counted at the most limiting dilutions to determine the virus
titer. All procedures were conducted in accordance with National Institutes of
Health guidelines for the care and use of laboratory animals.

RESULTS

Construction of NS1 mutants. Plasmid pPOLI was used for
construction of the three equine influenza virus NS1 mutants
pPOLI-Eq-NS1-126, pPOLI-Eq-NS1-99, and pPOLI-Eq-NS1-
73, while plasmid pDZ was used for the construction of the
wild-type NS virus. The coding region of the A/eq/KY/5/02 NS
segment is 657 nucleotides long (219 amino acids). Sequential
C-terminal truncations were made to this segment, resulting in
three constructs encoding the first 126, 99, or 73 amino acids of
the NS1 protein. The nuclear export protein (NEP) open read-
ing frame was not altered in these constructs (Fig. 1a). Desired
deletions were introduced by PCR using the pDZ-Eq-NS con-
struct as the template. The primers used were designed to
introduce stop codons in each reading frame and unique re-
striction sites into each segment.

Rescue of recombinant equine influenza viruses. To gener-
ate an equine influenza virus using reverse genetics, the eight
viral RNAs from A/eq/KY/5/02 were cloned into the ambisense
plasmid pDZ. Upon transfection of these plasmids along with
five protein expression plasmids encoding WSN-PB1, WSN-
PB2, WSN-PA, WSN-NP, and Eq-NS1 in 293T/MDCK cocul-
tured cells and subsequent passage into embryonated eggs,
infectious virus was recovered. The three viruses with trun-
cated NS1 proteins were rescued in the same manner as the
full-length recombinant equine virus. NS1 mutant viruses were
propagated in 7-day-old eggs, which do not have a competent
interferon system, whereas full-length recombinant A/eq/KY/
5/02 was propagated in 8- to 11-day-old eggs. RT-PCR was
carried out on RNA extracted from allantoic fluid of HA-
positive rescued virus preparations.

The sizes of the generated cDNAs confirmed the rescue of
the specific viruses (Fig. 1b). The genetic tag in the recombi-
nant wild-type virus was used to confirm equine influenza virus
rescue from cloned cDNA and to rule out the possibility of
contamination with wild-type virus (data not shown). As pre-
viously described, each of the mutant viruses has a unique
restriction site. NS DNA from the mutant viruses was also
digested with these specific enzymes for additional proof that
each virus contained the correct NS segment (data not shown).

Expression of NS1 proteins. Thirty-five-millimeter dishes of
confluent MDCK cells were infected at an MOI of 1.5 with
each of the four equine recombinant viruses Eq-rWT, Eq-NS1-
126, Eq-NS1-99, and Eq-NS1-73 for 2, 4, 6, and 8 h. A poly-
clonal antibody against the amino terminus of the NS gene,
common to the parental wild-type virus and the three derived
NS1 mutants, was used to probe for the protein. Expression of
the viral M1 protein was also examined as a control (Fig. 2a).

Expression of the recombinant wild-type NS1 protein can be
seen as early as 4 hours postinfection, with levels increasing up
to 8 h. NS1-73 virus protein expression was detectable at 6 h
postinfection. Cells infected with the NS1-99 virus had visible
NS1 protein expression at 8 h postinfection. Expression of the
NS1-126 protein was undetectable at 8 h postinfection at this
MOI. Expression of the M1 protein at 6 and 8 h postinfection
was comparable for all recombinant mutant viruses, however,
cells infected with the NS1-126 virus were expressing M1 pro-
tein at earlier time points compared to NS1-99 and NS1-73. In
addition, cells were infected with each of the recombinant
viruses at a higher MOI (MOI � 5) for 8 h in order to see
expression of the NS1-126 protein (Fig. 2b). There was a clear
reduction in the level of NS1 protein expression in cells in-
fected with the mutant viruses compared to cells infected with
the recombinant wild-type virus. These data indicate that the
mutated NS1 viruses still express their truncated NS1 proteins,
albeit at lower levels compared to the recombinant wild-type
virus.

Induction of IFN by recombinant equine viruses. Next we
sought to compare the mutated equine viruses in their ability
to counteract the antiviral cytokine response (IFN) in equine
primary cells infected with equine influenza virus. For this
purpose, a bioassay which measured the production of IFN in
infected cells was employed (Fig. 3a). FEK cells were induced
to produce interferon by infection with the recombinant vi-
ruses. Supernatants of the infected cells were collected at dif-
ferent time points postinfection and UV inactivated. Fresh

FIG. 2. Expression of NS1 proteins in MDCK cells. (a) Cells were
infected with each of the recombinant viruses at an MOI of 1.5. Ten
microliters of 1.4 mg/ml total protein was loaded onto a 12% SDS-
polyacrylamide gel. Separated proteins were probed for analysis of the
NS1 protein with a rabbit polyclonal antibody generated against the
first 73 amino acids of the protein. A mouse monoclonal antibody
against the viral M1 protein was also included as a positive control to
monitor viral infection. (b) Expression of NS1 proteins in MDCK cells.
Cells were infected with each of the recombinant viruses at an MOI of
5. Twenty microliters of 2.0 mg/ml total protein was loaded onto a 12%
SDS-polyacrylamide gel. Separated proteins were probed for analysis
of the NS1 and M1 proteins. PI, postinfection.

8434 QUINLIVAN ET AL. J. VIROL.



cells were then treated with the supernatants for 24 h to induce
an antiviral state.

We characterized the antiviral cytokine response induced by
the different viruses by looking at VSV-GFP replication in the
cells treated with supernatants (Fig. 3b). The mutant viruses
were expected to induce different levels of IFN in the infected
FEK cells and subsequently promote an antiviral state in
treated fresh FEK cells. The level of inhibition of VSV-GFP
replication in these cells is a reflection of the amount of IFN
produced in cells infected with the equine viruses. VSV-GFP
replication was inhibited when cells were treated with as little

as 1 unit/ml of universal IFN. When comparing the levels of
IFN produced in the equine virus-infected cells, the recombi-
nant wild-type virus did not induce IFN until 9 h postinfection,
as shown by the ability of VSV to replicate in the treated cells
up until this point. In comparison to the recombinant wild-type
virus, the NS1-73 virus was attenuated in its ability to block the
antiviral response, as IFN was clearly being produced at 5 h
postinfection. The NS1-99 and NS1-126 viruses were also at-
tenuated in this respect, the latter more severely so.

To further determine whether the induction of the antiviral
state in the treated cells is correlated with the level of IFN-�

FIG. 3. Bioassay for production of IFN in FEK cells infected with recombinant wild-type (rWT) and NS1 mutant viruses. (a) Schematic diagram
of the bioassay for IFN production. FEK cells were infected with each of the four equine recombinant viruses. Supernatants were collected, and
any virus present was UV inactivated. Fresh FEK cells were treated with the inactivated supernatants and then infected with VSV-GFP at an MOI
of 0.1. (b) Time course of IFN production. Over an 11-h infection period, supernatants were taken at 2-h intervals as indicated. VSV-GFP-infected
cells were examined by fluorescence microscopy, and pictures of representative fields were taken. (c) Quantification of IFN mRNA synthesis by
real-time RT-PCR. Infected cells were collected at the time points indicated, and RNA was processed for real-time RT-PCR analysis for the
�-actin and IFN-� genes. The results represent relative IFN-� mRNA levels normalized to levels of �-actin mRNA.
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induction in FEK cells infected with the recombinant viruses,
we quantified the relative levels of IFN-� mRNA in the in-
fected cells by quantitative RT-PCR (Fig. 3c). Cells were col-
lected at different time points, and RNA was extracted and
analyzed for IFN-� and �-actin expression as described in
Materials and Methods. Induction of IFN-� expression was
seen as early as 40 min for the NS1-126 mutant virus and
increased for all viruses with time. At all time points the NS1-
126 mutant appeared to induce the highest levels of interferon,
followed by the NS1-99 and NS1-73 mutant viruses. At 9 h
postinfection the levels of IFN-� mRNA induced by the wild-
type virus are comparable to the levels of IFN-� mRNA in-
duced by the NS1-126 mutant at 3 hours (Fig. 3c). This reflects
the ability of the wild-type virus to block interferon induction
until 9 h, as was demonstrated by the bioassay (Fig. 3b).

Viral replication in MDCK cells. Growth of the recombi-
nant wild-type and the three NS1 mutant viruses was examined
in MDCK cells. Cells were infected with each of the viruses at
MOIs of 0.1, 0.01, and 0.001 (Fig. 4). Growth in the superna-

tant of infected cells was examined daily for 5 days by the
hemagglutination assay. At a higher MOI (0.1), the recombi-
nant wild-type virus replicated to the highest titers, with the
NS1-99 and NS1-73 viruses reaching lower HA titers. The
NS1-126 virus was severely attenuated in its replication. At an
MOI of 0.01, the same trend was seen with the NS1-99 and
NS1-73 viruses, which replicated at significantly lower titers
compared to the wild type. The NS1-126 virus did not replicate
at this MOI. Finally, at the lowest MOI of 0.001, the NS1
mutant viruses were highly attenuated in comparison to the
recombinant wild-type virus. The parental strain grew to an
HA titer of 16, but the mutant viruses did not grow to signif-
icant titers or were below the detection limit.

Viral replication in embryonated hen eggs. To assess viral
replication in embryonated eggs, the allantoic cavities of 7-, 9-,
and 11-day-old eggs were infected with 1,000 PFU of each of
the recombinant equine viruses. Allantoic fluid was withdrawn
from each of the eggs at 24, 48, and 72 h postinfection, and the
average HA titer from six eggs for each group was calculated,
as shown in Fig. 5a. Interestingly, in 7-day-old eggs, the mutant
viruses NS1-73 and NS1-99 actually grew better (HA titers of
107 and 64, respectively) than the recombinant wild-type virus,
which grew to an HA titer similar to that of NS1-126. However,
in 9- and 11-day-old eggs, the mutant viruses were much more
attenuated in their ability to replicate in comparison to the
recombinant wild-type virus. In these eggs the recombinant
wild-type virus grew to HA titers of 128 and 472, respectively,
which was significantly higher than the values for the best-
growing mutant virus, NS1-73.

To determine whether the viral HA titers accurately re-
flected the actual number of infectious viral particles, we fur-
ther examined the infectious titers of the viral stocks by im-
munofluorescence. The difference in HA units between the
recombinant viruses directly correlated with the actual viral
titers, suggesting that truncations in the NS1 protein did not
result in enhanced formation of defective viral particles (Fig.
5b).

Viral replication in mice. Lastly, we looked at the viral
growth kinetics for the recombinant wild-type and the three
NS1 mutant viruses in vivo by infecting 6-week-old female
C57BL/6 mice with 105 PFU of each of the viruses. Influenza
A/WSN/33 virus and sterile PBS were included as controls.
Viral titers in the lungs of the mice on days 2 and 4 postinfec-
tion were measured by immunofluorescence, and a mean titer
per group is shown in Fig. 6. All of the recombinant equine
viruses except for NS1-126 replicated in mouse lungs with a
decrease in titer from day 2 to day 4. As with the viral growth
kinetics seen in vitro, NS1-73 virus was the least attenuated of
the three mutant viruses, with �1.5 log lower growth in com-
parison to the recombinant wild-type virus. The NS1-99 virus
was more attenuated than the NS1-73 virus, being over 5 logs
lower than the recombinant wild-type virus on day 2 postin-
fection. The NS1-126 virus was the most attenuated of the
mutant viruses, as it was not detectable in mouse lungs on
either day lung titers were measured.

DISCUSSION

We have established a plasmid-based reverse genetics sys-
tem for equine influenza virus. Utilizing this method, we gen-

FIG. 4. Characterization of viral growth in MDCK cells. A com-
parison of viral growth was done for the recombinant wild-type (rWT)
and the three NS1 mutant viruses in MDCK cells. MDCK cells were
infected with each of the viruses at an MOI of 0.1 (a), 0.01 (b), or 0.001
(c). Viral growth in the supernatant of infected cells was examined
daily for 5 days by the hemagglutination assay.
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erated three recombinant equine influenza viruses encoding
carboxy-terminally truncated NS1 proteins of 73, 99, or 126
amino acids. Our previous studies of human influenza virus
lacking the entire NS1 gene showed it could only replicate in
IFN-incompetent systems, implicating the protein in IFN an-
tagonism (5). Thus, we made these mutations with the expec-
tation that influenza viruses with NS1 proteins of different
lengths would have different levels of IFN antagonist activity.
Indeed, our data show that in comparison to the recombinant

wild-type parental virus, the mutant NS1 viruses induce IFN
production at earlier time points in a primary equine cell
culture system. Specifically, the NS1-126 virus induces IFN
production earliest, followed by the NS1-99 and NS1-73 vi-
ruses.

We also found that the three mutated equine influenza vi-
ruses were attenuated in their replication in comparison to
wild-type virus in cell culture and in embryonated eggs. Again,
this attenuation of mutant NS1 viruses was seen as NS1-73
being least attenuated, followed by NS1-99 and NS1-126 being
most attenuated. In the growth curves in embryonated eggs, it
was expected that the older eggs would provide more of a
challenge to replication for the mutant viruses because the
IFN-�/� system in older eggs is more mature (16, 28, 29).
Consistent with our hypothesis, it was found that the mutant
viruses were attenuated in comparison to the wild-type virus in
9- and 11-day-old eggs. Interestingly, in 7-day-old eggs the
recombinant wild-type virus grew to lower titers in comparison
to the mutant viruses. We speculate that this reduction in HA
titer may have been due to the recombinant wild-type virus
killing the younger eggs early in infection, as they do not have
a competent IFN system. A similar phenomenon has been
observed in highly pathogenic H5 influenza virus strains, which
cannot be grown successfully in embryonated hen eggs for
vaccine production (11). The same pattern of attenuation in
replication seen with the three mutants (NS1-126 	 NS1-99 	
NS1-73) in eggs and tissue culture was also observed in vivo in
the mouse model. In this system the NS1-126 virus was unable
to replicate to detectable levels in the mouse lung. Our data
suggest that the NS1 protein of equine influenza virus plays a
role in virulence in vivo and may be useful for vaccine devel-
opment.

In our previous studies of human influenza viruses with
carboxy-terminally truncated NS1 proteins, we have demon-
strated that the length of the NS1 protein correlates with the
level of attenuation of the virus, i.e., the shorter the NS1
protein, the less virulent the virus (37). However, in the case of
equine influenza virus, we find that attenuation does not follow
the same pattern, in that the NS1-73 virus was the most viru-
lent of the mutants, followed by NS1-99 and NS1-126. We
speculate that the basis for attenuation of the equine NS1
mutants is related to their level of NS1 protein expression, as

FIG. 5. Characterization of viral growth in embryonated hen eggs.
(a) The allantoic cavities of 7-day-old (a), 9-day-old (b), and 11-day-old
(c) embryonated eggs were infected with each of the recombinant
equine viruses. The mean viral titer (
 SEM) was determined by
hemagglutination assay of allantoic fluid at 24, 48, and 72 h postinfec-
tion. (b) Recombinant viruses grown in eggs were titered by hemag-
glutination assay and immunofluorescence. Viral titers are represented
in hemagglutination units and PFU/ml.

FIG. 6. Viral replication in mouse lungs. Six-week-old female
C57BL/6 mice were infected intranasally with 105 PFU of each recom-
binant equine influenza virus and A/WSN/33 virus. Mice were sacri-
ficed on days 2 and 4 postinfection, and viral titers in the lung were
determined by immunofluorescence in MDCK cells. The graph repre-
sents the mean viral titer (
 SEM) for each group.
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seen from the Western blot analysis (Fig. 2). Cells infected
with NS1-73 and NS1-99 viruses had higher levels of NS1
protein expression than cells infected with the NS1-126 virus.
The different amounts of NS1 protein expressed by the mutant
viruses may be due to decreased protein stability as a result of
the C-terminal truncations that were made. Additional studies
to determine the precise mechanism of decreased protein ex-
pression in the mutant viruses will be required.

Similar truncations of the NS1 protein in swine influenza
viruses generated comparable results, in that viruses with
shorter NS1 proteins were least attenuated (Solórzano et al., in
press). Kittel et al. demonstrated that influenza virus may cir-
cumvent the antiviral IFN system via the NS1 protein’s RNA
binding domain (RBD) (9). Viruses with an intact RBD (wild-
type influenza virus and NS1-125) replicated to normal titers in
Vero cells treated with IFN-�, whereas influenza viruses with
mutations in the RBD (delNS1 and NS1-del40-80) were atten-
uated. This suggests that there may be other viral factors or
domains besides the RBD that are responsible for influenza
virus virulence to explain the attenuation effect seen in our
study. Alternatively, the recombinant wild-type NS1 protein is
in a more stable conformation than the mutant virus proteins,
which may be subject to differential degradation.

Equine influenza is a worldwide disease adversely affecting
the economies of countries with significant equine industries
through yearly epidemics. Although inactivated equine influ-
enza vaccines are available, the protective response they elicit
is short-lived and repeated vaccination of horses is necessary to
reduce the risk of influenza. It is anticipated that a live atten-
uated vaccine would be more effective than a killed vaccine, as
it would stimulate both humoral and cell-mediated immunity.
Moreover, a live vaccine generated by reverse genetics would
allow for more standardized production and may require less
virus per dose than the conventional equine influenza virus
vaccines. The vaccine master strain would be precisely defined
and could be easily updated with relevant circulating influenza
virus surface antigens.

Here, we propose equine influenza vaccine candidates that
are attenuated through truncations to the NS1 protein. Previ-
ous findings suggest that viruses with the entire NS1 gene
deleted or expressing only NS 1 to 99 are immunogenic in mice
(34). In addition, interferon-inducing influenza virus mutants
have been shown to be potent inducers of dendritic cell mat-
uration (12), which is an important event involved in initiation
of specific immune responses. Finally, the studies that exam-
ined the role of IFN in generating an antigen-specific adaptive
immune response showed that IFN possesses adjuvant activity
(10, 25). This implies that IFN-inducing influenza viruses such
as the NS1 mutants that we have generated would generate a
stronger immune response than an inactivated or cold-adapted
virus. Should these viruses also prove to be attenuated and
immunogenic in horses, they could become potential vaccine
candidates against equine influenza.
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