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Influenza A viruses encoding an altered viral NS1 protein have emerged as promising live attenuated vaccine platforms. A car-
boxy-terminal truncation in the NS1 protein compromises its interferon antagonism activity, making these viruses attenuated in
the host yet still able to induce protection from challenge with wild-type viruses. However, specific viral protein expression by
NSI1-truncated viruses is known to be decreased in infected cells. In this report, we show that recombinant H5N1 and HIN1 in-
fluenza viruses encoding a truncated NS1 protein expressed lower levels of hemagglutinin (HA) protein in infected cells than did
wild-type viruses. This reduction in HA protein expression correlated with a reduction in HA mRNA levels in infected cells. NS1
truncation affected the expression of HA protein but not that of the nucleoprotein (NP). This segment specificity was mapped to
the terminal sequences of their specific viral RNAs. Since the HA protein is the major immunogenic component in influenza vi-
rus vaccines, we sought to restore its expression levels in NS1-truncated viruses in order to improve their vaccine efficacy. For
this purpose, we generated an NS1-truncated recombinant influenza A/Puerto Rico/8/34 (rPR8) virus carrying the G3A C8U “su-
perpromoter” mutations in the HA genomic RNA segment. This strategy retained the attenuation properties of the recombinant
virus but enhanced the expression level of HA protein in infected cells. Finally, mice immunized with rPR8 viruses encoding a
truncated NS1 protein and carrying the G3A C8U mutations in the HA segment demonstrated enhanced protection from wild-

type virus challenge over that for mice vaccinated with an rPR8 virus encoding the truncated NS1 protein alone.

Vaccination remains the most effective way to protect against
influenza virus infection. To date, two types of influenza virus
vaccines are approved by the Food and Drug Administration for
human use: inactivated split virus vaccines and live attenuated
vaccines. Inactivated virus vaccines elicit protective immunity by
inducing the production of neutralizing antibodies directed
against the viral surface glycoproteins. On the other hand, live
attenuated vaccines elicit virus-specific neutralizing antibodies as
well as cross-reactive cell-mediated cytotoxicity against hetero-
typic influenza virus strains (12, 13). A clinical trial comparing
these two forms of vaccination in young children demonstrated
that the live attenuated vaccine had significantly better efficacy
against antigenically well matched and drifted viruses than the
inactivated vaccine (2).

Our group has previously developed influenza viruses express-
ing altered nonstructural protein 1 (NS1) as live attenuated viral
vaccine candidates (31). NS1 is the main factor by which influenza
viruses antagonize the host immune response (10). Influenza vi-
ruses encoding altered NS1 proteins have been shown to be highly
attenuated but are still able to induce a protective immune re-
sponse in mice, swine, equines, macaques, and poultry (1, 27, 29,
30), most likely due to their ability to stimulate dendritic cells (19).

The NS1 protein of influenza viruses has been extensively im-
plicated in the inhibition of the type I interferon (IFN) response in
infected cells (10, 14, 15). However, NS1 has also been associated
with numerous IFN-independent activities, such as temporal reg-
ulation of viral RNA synthesis (7, 33), enhancement of viral
mRNA translation, and control of viral mRNA splicing (6, 11).
Previous studies employing NSI1-truncated influenza viruses
found reductions in the expression of specific viral proteins, such
as hemagglutinin (HA) and matrix protein (M1), from that by
wild-type virus (29, 30).
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Concerns about the safety of live attenuated viral vaccines
might be addressed either by further attenuating the viral vector,
rendering the vaccine construct replication incompetent, or in-
creasing immunogenicity so that lower doses of the vaccine can be
administered while its protective effect is preserved. In this study,
we examine the impact of the NS1 protein on viral protein expres-
sion in the context of NS1-truncated influenza viruses. We ob-
serve that cells infected with NSI1-truncated viruses contain
smaller amounts of HA protein and lower HA mRNA levels than
wild-type viruses. Since the HA protein is an important constitu-
ent of influenza virus vaccines, an influenza A/Puerto Rico/8/34
(PR8) virus expressing C-terminally truncated NS1 (NSI 1-73)
and the G3A C8U “superpromoter” mutations in the HA genomic
segment was generated. This strategy rescued HA protein expres-
sion levels in infected cells while still retaining the growth attenu-
ation observed for viruses with truncated NS1. More importantly,
this increase in the level of HA expression enhanced the ability of
the NS1-truncated virus to induce a protective anti-influenza vi-
rus immune response in mice.

MATERIALS AND METHODS

Cells. 293T, A549, and Vero cells and chicken embryo fibroblasts (CEF)
were maintained in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal calf serum (HyClone). Madin-Darby canine kidney
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(MDCK) cells and MDCK-HA cells, which stably express WSN influenza
virus hemagglutinin (HA) protein (23), were maintained in modified Ea-
gle’s medium supplemented with 10% fetal calf serum (Gibco). All cells
were maintained at 37°C under 5% CO,.

Generation of recombinant influenza viruses and virus propaga-
tion. Recombinant A/Viet Nam/1203/04 (rVN1203) (H5N1) HALo in-
fluenza viruses encoding wild-type NS1 or a truncated protein (NS1 1-73)
were generated using reverse genetics as described previously (30). These
viruses had the wild-type HA multibasic cleavage site, associated with high
pathogenicity, replaced by that of an influenza virus of low pathogenicity.
A/Puerto Rico/8/34 (HIN1) (PR8) virus encoding wild-type NS1 or a
truncated NSI protein (NSI 1-73, NSI 1-113, or NS1 1-126) was gener-
ated by reverse genetics as described previously (31). A PR8 virus encod-
ing a truncated NS1 protein and carrying a G38 C8U “superpromoter” in
the HA segment was rescued using a helper virus, since we were unsuc-
cessful in rescuing this virus using the plasmid rescue method. To generate
the helper virus PR8-RFP-NS1 1-73 (a PR8 virus that expresses red fluo-
rescent protein [RFP] instead of HA and expresses a truncated form of its
NS1 protein), 0.5 pug of pDZ plasmids (27), encoding PR8 PB1, PB2, PA,
neuraminidase (NA), nucleoprotein (NP), matrix protein (M), mutant
NS (expressing truncated NS1 1-73 and a wild-type nuclear export protein
[NEP]), and RFP flanked by the HA packaging sequences, was transfected
into HEK 293T cells. Twenty-four hours later, the supernatant was used to
infect MDCK-HA cells. PR8-RFP-NS1 1-73 was further passaged three
times in MDCK cells expressing HA and was plaque purified. To rescue
PR3 virus encoding the 1-73 NS1 truncation and carrying the G3A C8U
superpromoter in the HA segment (S73), 293T cells were transfected with
4 g of a PDZ plasmid encoding the PR8 HA segment with G3A C8U
mutations in the promoter (pDZ-sHA). Eight hours after transfection,
cells were infected with the helper virus PR8-RFP-NS1 1-73 at a multiplic-
ity of infection (MOI) of 1. Twenty-four hours postinfection, the super-
natants containing the transfectant virus were inoculated into 10-day-old
embryonated eggs. Two days postinoculation, the allantoic fluid was har-
vested, and the virus was plaque purified on MDCK cells and sequenced.

All viral stocks were grown in 10-day-old embryonated chicken eggs,
and the titers were determined by plaque assays on MDCK cells.

Growth kinetics of virus in 10-day-old embryonated chicken eggs.
Ten-day-old embryonated chicken eggs were inoculated with recombi-
nant PR8-derived viruses. Allantoic fluid was harvested and was subse-
quently assayed for viral growth at 0, 24, 48, and 72 h postinfection (hpi).
The titer of virus present in allantoic fluid was determined by a plaque
assay on MDCK cells.

Determination of the MLD, of challenge virus. Groups of six to
eight week-old female BALB/c mice (Charles River Laboratories) were
anesthetized with a ketamine-xylazine mixture and were then inoculated
intranasally (n = 4) with 107, 10°, 10%, 10°, or 10° PFU of PR8 in 50 pl of
phosphate-buffered saline (PBS). Animals were monitored daily for mor-
tality, weight loss, or other signs of disease over a 2-week period. Animals
were sacrificed and were scored as dead if they had lost more than 25% of
their initial body weight. Fifty percent mouse lethal dose (MLD,) values
were calculated by the method of Reed and Muench (28).

Immunization and infection in mice. Six- to 8-week-old BALB/c
mice (Charles River Laboratories) were first anesthetized and then inoc-
ulated intranasally (n = 5) with 10 or 10> PFU of either PR8 NS1 1-73 or
§73 in 50 pl of PBS. Negative-control mice were inoculated with 50 pl of
PBS, whereas positive-control mice were inoculated with 10 PFU of wild-
type PR8 virus. Mice were monitored daily for weight loss or other signs of
disease over a 2-week period. Vaccinated mice were challenged 3 weeks
postvaccination with 100 MLD s of wild-type PR8 virus by the intranasal
route and were monitored daily for weight loss or other signs of disease
over a 2-week period. Additionally, sera were obtained from selected an-
imals at 3 weeks postvaccination.

Purification of virions by a sucrose gradient. Ten-day-old embryo-
nated chicken eggs were infected with 100 PFU of either wild-type PR8
virus, rVN1203 HALo virus, or rVN1203 HALo NSI1 1-73 virus. At 40 to
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48 h postinfection, the supernatant was harvested and clarified (at 2,600 X
g for 5 min at 4°C in a Sorvall RT6000D centrifuge). The clarified super-
natant was layered over a 20% sucrose cushion in NTE buffer (100 mM
NaCl, 10 mM Tris-Cl [pH 7.4], 1 mM EDTA), and the virus was concen-
trated by ultracentrifugation (at 112,600 X g for 2 h at 4°C in an SW28
rotor [Beckman Coulter, Fullerton, CA]). The concentrated virus was
purified over a 30-to-60% sucrose gradient (at 112,600 X gfor 3 hat 4°C),
and the banded virus was then collected, diluted with NTE buffer, pelleted
(at 112,600 X gfor 90 min at 4°C), and resuspended in approximately 1 ml
of NTE buftfer.

ELISA. Three weeks after vaccination, mice were bled, and serum was
separated from red blood cells by a 15-min spin at 13,000 X gin a micro-
centrifuge. Sera were stored at —20°C until the enzyme-linked immu-
nosorbent assay (ELISA) was performed. Wells of ELISA plates were
coated with 50 pl of sucrose gradient-purified PR8 virus at a concentra-
tion of 2 g per ml, and the plates were incubated overnight at 4°C. The
plates were then incubated with blocking buffer (1% bovine serum albu-
min [BSA] in PBS) for 1 h at room temperature, washed with an autoplate
washer, and incubated with 50 wl of serial dilutions of sera for 1 h at 37°C.
After three washing steps, the plates were incubated for 60 min with 50
wl/well of 1:500 dilutions of alkaline phosphatase-linked secondary anti-
bodies against mouse IgG (Zymed) at room temperature. The plates were
then washed and incubated with a substrate (p-nitrophenyl phosphate
[PNPP] substrate for alkaline phosphatase; Zymed) for 30 min at room
temperature. The reaction was stopped with 50 wl of 0.75 N NaOH per
well, and the plates were read at 405 nm in a plate reader.

Primer extension analysis. Total RNA was harvested from infected cells
using an RNeasy minikit (Qiagen). Five micrograms of RNA was subse-
quently used in a primer extension assay using avian myeloblastosis virus
(AMV) reverse transcriptase (Promega) according to the manufacturer’s in-
structions. The following primers were used: for HA mRNA/cRNA, GGTAA
CCAATGCAAATCTGATCAG; for HA viral RNA (VRNA), CCCTAGCA
CTGGCAATCATGG,; for NP mRNA/cRNA, CAGTAGCATTCTGGCGT
TCC; for NP vRNA, GAGGGCAGAACGTCTGACATG; and for 5S
rRNA, ACCAGGCCCGACCCTGCTTA.

Transcription products were analyzed on 8% polyacrylamide gels con-
taining 7 M urea in Tris-borate-EDTA (TBE) buffer and were detected by
autoradiography.

Protein analysis. Cell lysates and sucrose-purified virions were ana-
lyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) followed by Western blotting. The H5 hemagglutinin was detected
using a monoclonal antibody specific for H5 HA (anti-HALo) (30). The
PR8 hemagglutinin was detected using a monoclonal antibody specific for
PR8 HA (anti-PR8 HA). NP was detected using a rabbit polyclonal anti-
body raised against influenza virus NP (anti-NP). NSI protein was de-
tected using a monoclonal antibody specific for the NS1 protein (anti-
NS1; 1A7), and the NEP was detected using a polyclonal antibody
recognizing influenza virus NEP (anti-NEP) (31). The following mono-
clonal antibodies were also used: anti--actin (Sigma), anti-green fluores-
cent protein (anti-GFP) (Abcam), and anti-RFP (Cell Biolabs).

Generation of the pPol I-NP-GFP-NP and pPol I-HA-RFP-HA con-
structs. The pPol I vector was derived from the ambisense pDZ plasmid
by removing the pPol-II promoter (27). pPOL-I NP-GFP-NP was made
by first flanking the enhanced GFP (EGFP) gene (Clontech) with the 3’
171 nucleotides (nt) and 5" 145 nt of the NP packaging sequences and then
inserting this construct into the pPol-I vector. All the ATG codons up-
stream of the EGFP start codon were mutated to TTG codons by site-
directed mutagenesis. pPol-I HA-RFP-HA was derived from the pDZ HA-
NSmut-HA plasmid by subcloning the RFP gene in place of the original
NS open reading frame (ORF) and also removing the pPOL-II promoter
(4,9).

Minigenome reporter assay. Human embryo kidney 293T cells were
transfected with 4 pg of plasmid DNA by using Lipofectamine 2000 (In-
vitrogen). The plasmids used were pCAGGS-PB1, pCAGGS-PB2,
pCAGGS-PA, pCAGGS-NP, pCAGGS-NS1(PR8), an empty pCAGGS
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FIG 1 HA and NP levels in infected cells and purlﬁed virions. (A) A549 cells were infected at an MOI of 1 with either wild-type (WT) rVN1203 HALo virus or
rVN1203 HALo virus encoding a truncated NSI protein (NS1 1-73). Eight, 12, 24, and 36 h after infection, Western blotting was performed to detect HA, NP,
and actin levels. (B) A549 cells were infected with either WT rVN1203 HALo virus or rVN1203 HALo NS1 1-73 virus at the indicated MOI. Twelve hours
postinfection, Western blotting was performed to detect the levels of HA and NP. (C) A549 cells were infected with either WT PR8, PR8 NS1 1-73, PRENS1 1-113,
or PR8 NS1 1-126. Twelve hours postinfection, Western blotting was performed to detect the levels of HA, NP, and actin. (D and E) Vero cells (D) and CEF (E)
were either mock infected or infected with a virus at the indicated MOI. Twelve hours postinfection, Western blotting was performed to detect the levels of HA
and NP. (F) Western blot showing the levels of HA and NP in sucrose gradient-purified virions. HA0, uncleaved HA protein; HA1, HA1 subunit of cleaved HA

protein.

vector (3, 30), and pPol I-NP-GFP-NP and pPol I-HA-RFP-HA. The
polymerase and nucleoprotein plasmids (total, 1.2 .g) were used at an
NP/PB1/PB2/PA ratio of 10:2:1:2. A total of 0.6 g each of pPCAGGS-NSI,
pPol-I NP-GFP-NP, and pPoL-I HA-RFP-HA was used. The amount of
DNA transfected was kept constant at 4 pg by transfecting the empty
pCAGGS plasmid. Eighteen hours posttransfection, the cells were lysed,
and a Western blot assay was used to determine the levels of REP, GFP,
and NSI.

Statistical analysis. To assess statistical differences, a one-tailed un-
paired Student ¢ test was used. Welch’s correction was applied when vari-
ances were calculated to be statistically different. All analysis was per-
formed in Prism4 (GraphPad Software).

RESULTS

Levels of the HA protein are reduced in influenza viruses ex-
pressing a truncated NS1 protein. To determine the effect of NS1
truncation on the expression levels of the HA protein, A549 cells
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were infected with rVN1203 HALo encoding either a wild-type or
a truncated (NS1 1-73) NS1 protein at an MOI of 1. At different
time points after infection, HA and NP levels were determined by
Western blot assays (Fig. 1A). There were no major differences in
NP levels between cells infected with the different viruses; how-
ever, cells infected with the NS1-truncated virus exhibited HA
protein levels significantly lower than those in wild-type-infected
cells (Fig. 1A). HA expression levels in cells infected with the NS1-
truncated virus were below the limit of detection by Western blot-
ting (Fig. 1A). To find out whether the reduction in HA protein
levels could still be observed at a high MOI, A549 cells were in-
fected with increasing MOIs of r'VN1203 HALo viruses encoding
either a wild-type or a truncated NS1 protein (Fig. 1B). Twelve
hours after infection, the level of HA protein expressed in cells
infected with the NS1-truncated virus was significantly lower than
that in cells infected with the wild-type virus at an MOI as high as
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FIG 2 HA and NP RNA levels in infected cells. Vero (A) and A549 (B) cells were either mock infected (M) or infected with either wild-type (WT) rVN1203 HALo
or rVN1203 HALo NS1 1-73 virus at an MOI of 5. At the indicated time points, total RNA was harvested and was subjected to primer extension analysis.

15 (Fig. 1B). In order to ensure that the phenotype observed is not
strain and/or HA subtype specific, A549 cells were infected with a
PR8 virus (A/Puerto Rico/8/34 HIN1) encoding either a wild-type
or a truncated (NS1 1-73, NS1 1-113, or NS1 1-126) NS1 protein
(31) (Fig. 1C). Twelve hours postinfection, cells infected with the
NSI-truncated viruses displayed reductions of at least 3-fold in
HA protein expression levels, as evidenced by the fact that cells
infected with wild-type PR8 virus displayed more HA protein even
when diluted three times in lysates from mock-infected cells
(WT/3) (Fig. 1C).

The NS1 protein of influenza viruses is a multifunctional pro-
tein with a prominent role in counteracting the host IFN response
(13, 15, 16). Influenza viruses encoding a truncated NS1 protein
have been shown previously to be highly attenuated for replica-
tion, except in IFN-deficient cells, such as Vero cells (10). In order
to determine whether the reduction in HA protein levels in cells
infected with NS1-truncated viruses is directly related to the in-
ability of these viruses to antagonize the IFN-«/pB-dependent re-
sponses, Vero cells were infected with increasing MOIs of
rVN1203 HALo viruses encoding either a wild-type or a truncated
NS1 protein (Fig. 1D). At 12 h postinfection, HA protein levels
were still lower in Vero cells infected with an NS1-truncated virus
than in cells infected with a wild-type NS1 virus (Fig. 1D). To test
if the observed phenotype is specific to cells of mammalian origin,
we used primary chicken embryo fibroblasts (CEF). When CEF
were infected with viruses with either wild-type or truncated NS1
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at increasing MOIs, HA protein levels at 12 h postinfection were
significantly lower in cells infected with the NS1-truncated virus
(Fig. 1E). We next investigated the HA protein levels in a suspen-
sion of egg-grown, sucrose gradient-purified rVN1203 HALo vi-
rions. As shown in Fig. 1F, at similar amounts of NP, purified
rVN1203 HALo virus encoding a truncated NS1 protein exhibited
a smaller amount of HA protein than rVN1203 HALo encoding
wild-type NS1.

HA mRNA levels are reduced in cells infected with an
rVN1203 HALo virus expressing a truncated NS1 protein. Cells
infected with influenza viruses contain three types of virus-spe-
cific RNA. Two are RNAs of positive polarity, of which the first is
capped and polyadenylated and functions as an mRNA, while the
second is noncapped and nonpolyadenylated (cRNA) and serves
as a template for the synthesis of the third type of virus-specific
RNA (VRNA), which is of negative polarity (24). The NS1 protein
has been shown to be involved in viral RNA replication and trans-
lation; temperature-sensitive mutations in the NS gene reduced
VRNA levels in infected cells, and the temporal regulation of VRNA
synthesis was affected in NS1 mutant viruses (15, 33). In addition,
NS1 has been shown to interact with the 5" untranslated region (5
UTR) of viral mRNAs, enhancing their translation (6). The NS1
protein has also been shown to interact with the viral polymerase
complex (22). In order to investigate the effect of NS1 truncation
on the replication of HA and NP RNAs, Vero and A549 cells (Fig.
2A and B) were infected with rVN1203 HALo virus encoding ei-
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amounts of a plasmid (1 g, 2 g, or 3 pug) encoding PR NS1 protein (pCAGGS-NS1) (A) or PR8 NEP (pCAGGS-NEP) (B). The amount of DNA transfected
was kept constant at 4 pg by transfecting a plasmid encoding GFP (pCAGGS-GFP) as filler. Eight hours posttransfection, cells were infected with either rVN1203
HALo or rVN1203 HALo NS1 1-73 at an MOI of 2. (A and B) Twelve hours postinfection, cell lysates were harvested and were used in a Western blot assay to
detect the levels of HA, NP, NS1, NEP, and actin. M, mock infection. (C) The same HEK 293T cell lysates used for the HA protein expression experiments (for
which results are shown in panels A and B) were used for RNA extraction and primer extension analysis to detect the levels of HA mRNA. 5S rRNA was used as
aloading control. Cells were transfected with pCAGGS-NS1 (lanes 4 to 9) or pPCAGGS-NEP (lanes 10 to 15). Lane 1, mock-infected cells; lanes 2, 4 to 6, and 10
to 12, cells infected with the wild-type (WT) rVN1203 HALo virus; lanes 3, 7 to 9, and 13 to 15, cells infected with the rVN1203 HALo NS1 1-73 virus.

ther a wild-type or a truncated NS1 protein. Two, 4, 8, and 12 h
postinfection, total RNA was harvested and was used in a primer
extension assay to quantify vVRNA, cRNA, and mRNA levels for
both the HA and the NP segment. In both cell types, truncation of
the NS1 protein did not affect NP mRNA levels; however, HA
mRNA levels were substantially reduced in cells infected with the
NS1-truncated virus (Fig. 2A and B). HA cRNA levels were also
reduced in cells infected with the NS1-truncated virus. In contrast,
both HA and NP vRNA levels were slightly higher in cells infected
with the NS1-truncated virus (Fig. 2A and B).

Expression of NS1 in trans rescues HA protein and mRNA
expression from NS1-truncated viruses. Since a carboxy-termi-
nal truncation of the NS1 protein reduced the amount of HA
protein and mRNA in the context of a viral infection, we next
investigated whether expression of the full NS1 protein in trans
could rescue HA protein and mRNA levels in NS1-truncated vi-
rus-infected cells. HEK 293T cells were transfected with increasing
amounts of a plasmid encoding either the full NS1 protein or NEP
as a control. Cells were later infected with rVN1203 HALo virus
encoding either a wild-type or a truncated NS1 protein. As shown
in Fig. 3A, overexpression of the NS1 protein did increase the
levels of HA protein in cells infected with rVN1203 HALo NS1
1-73, as well as in cells infected with the wild-type virus. In con-
trast, overexpression of NEP did not increase HA protein levels in
infected cells (Fig. 3B). In order to correlate the increase in HA
protein expression with HA mRNA levels, total RNA was har-
vested and was used in a primer extension assay to detect HA-
specific mRNA (Fig. 3C). As expected, overexpression of NS1 but
not NEP increased HA mRNA levels in cells infected with the
NSI-truncated virus (Fig. 3C, compare lane 3 to lanes 7 to 9 and
lanes 13 to 15).

Taken together, C-terminal truncation of the NS1 protein re-
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duced the protein and mRNA levels of the HA but not the NP gene
in infected cells, and this reduction was rescued when the NS1
protein was supplied in trans.

The NS1 protein affects the expression of influenza virus
genes with HA terminal sequences but not NP terminal se-
quences. The influenza virus genomic RNA possesses segment-
specific RNA packaging signals that include both the 3’ and 5’
noncoding regions (NCRs), as well as adjacent terminal se-
quences, which are coding sequences at the two ends of each open
reading frame (ORF) (9). In order to investigate the role of these
terminal sequences in the observed NS1-dependent segment-spe-
cific phenotype (HA versus NP), we generated plasmid DNA-
based constructs where the RFP open reading frame and the GFP
open reading frame were flanked by the terminal sequences of HA
and NP, respectively (Fig. 4A and B). These constructs were under
the control of the polymerase I promoter and were cloned up-
stream of the 3" NCR in order to generate negative-sense VRNA
upon transfection into cells (Fig. 4A and B). Thus, GFP and RFP
would be expressed only when the three influenza virus poly-
merases (PB1, PB2, and PA) as well as the NP were supplied in
trans (Fig. 4C, lanes 7 and 8). The expression of the GFP gene,
which is flanked by the NP terminal sequences, was not affected by
the presence or absence of the NS1 protein (Fig. 4C lanes 3 and 4).
However, there was little RFP expression in the absence of the NS1
protein. Interestingly, when the latter protein was supplied in
trans, RFP expression increased significantly (Fig. 4C, lanes 1 and
2). In addition, when both the GFP and RFP constructs were
transfected together, the expression of the NSI1 protein correlated
with an increase in the expression of RFP but not of GFP (Fig. 4C,
lanes 5 and 6). These observations implicate the HA terminal se-
quences in the segment-specific gene regulation by the NS1 pro-
tein.

Journal of Virology


http://jvi.asm.org

A o

U V)
G—-C
GG

U e givgedos

A GG GUG...156

5A A HA
G_
U_
A A
G A

C

pPOLI-HA-RFP + + - -
pPOLI-NP-GFP _ _ 4
NS1 - o+ =

3POL+NP E A S

Attenuated Influenza Virus with Enhanced HA Expression

B-Actin
— >

1 2 3 4

5 6 7 8 9

FIG 4 NS1 protein affects the expression of genes with HA terminal sequences but not NP terminal sequences. (A and B) Schematic representations of the
negative-sense RNA encoding RFP flanked by HA terminal sequences (A) and GFP flanked by NP terminal sequences (B). (C) Western blot showing GFP and
RFP levels in transfected HEK 293T cells in the presence or absence of NS1 expression.

G3A C8U “superpromoter” mutations in the HA segment
increase the expression of HA protein in NS1-truncated virus-
infected cells while maintaining virus attenuation. Recombi-
nant influenza viruses expressing a truncated NS1 protein are
promising live attenuated vaccine candidates, since they elicit a
mucosal humoral and cell-mediated immune response (8, 31).
Since the HA protein of influenza virus is one of the major im-
munogens of influenza virus vaccines, and since the expression of
this protein is reduced in NS1-truncated viruses, we sought to
generate a live NS1-truncated virus vaccine that restores HA ex-
pression to wild-type levels without increasing the virulence of the
virus. Previous studies have demonstrated that the mutation of
two nucleotides (G3A C8U) in the promoter region of an influ-
enza A virus segment enhanced reporter gene expression in an
influenza virus minigenome assay (26). Therefore, we rescued an
influenza A/Puerto Rico/8/34 (HIN1) virus carrying the G3A
C8U mutations in the HA segment and encoding a truncated NS1
protein (S73 virus [see Materials and Methods]). Cells infected
with this virus had HA protein expression levels comparable to
those of cells infected with wild-type PR8 virus (Fig. 5A). The
replication of NS1-truncated viruses has been shown previously to
be attenuated in IFN-competent systems (10). To determine
whether the S73 virus is still attenuated, 10-day-old embryonated
chicken eggs were infected with 100 PFU of the PR8, PR8 NS1
1-73, or S73 virus. At different time points after inoculation, al-
lantoic fluid was harvested, and virus titers were determined (Fig.
5B). The S73 virus displayed growth kinetics similar to those of the
PR8 NSI1 1-73 virus: both exhibited significantly attenuated
growth patterns compared to those of the wild-type virus (Fig.
5B). In order to determine whether the S73 virus was also attenu-
ated in an animal model, mice were infected intranasally with 10°
PFU of wild-type PR8 virus or with 10° PFU of either the PR8 NS1
1-73 or the S73 virus. At day 3 and day 6 postinfection, lungs were
harvested, and viral titers were determined by plaque assays on
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MDCK cells (Fig. 5C). The two NS1-truncated viruses displayed
similar growth kinetics in mice, and their growth was significantly
attenuated compared to that of a wild-type PR8 virus (Fig. 5C).
Vaccination of mice with NS1-truncated viruses carrying a
“superpromoter” in the HA segment confers enhanced anti-in-
fluenza virus serum titers and improved survival following
challenge. Previous studies have demonstrated that influenza vi-
ruses encoding a C-terminally truncated NSI protein are non-
pathogenic in mice and can elicit a protective immune response
after influenza virus challenge (27, 30, 30, 31). In this study, we
investigated whether increased HA protein expression in the con-
text of an NS1-truncated virus offers a protective advantage for
mice. Mice either were immunized with various doses (10 or 100
PFU) of the S73 or PR8 NS1 1-73 virus or were inoculated with 10
PFU of wild-type PR8 virus as a positive control or with PBS as a
negative control. Three weeks postimmunization, serum from
mice vaccinated with the S73 virus displayed significantly more
anti-influenza virus antibodies than serum from mice immunized
with the PR8 NS1 1-73 virus (Fig. 6A). As expected, mice inocu-
lated with wild-type PR8 virus presented the largest amount of
virus-specific antibodies, reflecting the increased replication (lack
of attenuation) of the wild-type virus; however, despite similar
levels of replication for the PR8 NS1 1-73 and S73 viruses in mice
(Fig. 5C), only 10 PFU of the S73 virus was needed to induce an
antibody response similar to that induced by 100 PFU of the PR8
NS1 1-73 virus (Fig. 6A). The levels of antibody against a purified
PR8 HA protein in the sera of mice vaccinated with the S73 virus
were also higher than those for mice vaccinated with the PR8 NS1
1-73 virus (data not shown). Mice were subsequently challenged
with 100 MLD,s of wild-type PR8 virus. All mice vaccinated with
wild-type PR8 virus survived the challenge and did not lose weight
(data not shown). However, we observed significant differences in
survival between mice vaccinated with the different NS1-trun-
cated viruses (Fig. 6B and C). All mice vaccinated with 100 PFU of
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(4 mice per group).

the S73 virus survived the viral challenge, compared to only 40%
of the mice vaccinated with the same dose of the PR8 NSI 1-73
virus (73) (Fig. 6B). In addition, vaccination with 10 PFU of the
S73 virus resulted in an 80% survival rate, whereas none of the
mice vaccinated with the same dose of PR8 NS1 1-73 virus sur-
vived the challenge (Fig. 6C).

DISCUSSION

The activation of the type I IFN system constitutes one of the
earliest and most effective defense mechanisms mounted by the
host to limit the proliferation of invading viruses (20). However,
in order to establish an effective infection, viruses encode prod-
ucts that interfere with the IFN action of the host cell, allowing the
viruses to survive and replicate. The NS1 protein of influenza A
viruses has been consistently implicated in antagonizing the host
IFN response (15). In light of these observations, we and others
have generated influenza viruses encoding altered NS1 proteins as
promising live attenuated influenza virus vaccines (30-32). These
viruses have been proven to be highly attenuated yet still able to
provide a potent influenza virus-specific protective immune re-
sponse.

In this study, we first examined the impact of a truncated NS1
(NS1 1-73) protein on the expression of the HA protein in the
context of virus infection. Our results indicate that cells infected
with NS1-truncated viruses express lower levels of HA proteins
than do wild-type virus-infected cells (Fig. 1). The reduction of
HA protein expression is not the consequence of the attenuated
capacity of NS1-truncated viruses to replicate, since the levels of
NP (Fig. 1) and PB1 (data not shown) were comparable for cells
infected with the wild-type virus versus the NSI-truncated vi-
ruses. Since this phenotype cannot be rescued in an IFN deficient
system, such as Vero cells (Fig. 1D) (6), we conclude that the
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reduction of HA protein expression is not related to the inability
of the truncated NS1 protein to counteract the IFN response.
However, we cannot exclude a possible role for other cellular
stress responses that may be antagonized by a wild-type NS1 pro-
tein.

The C-terminal truncation of the NSI protein induced a re-
duction in the expression levels of the HA protein in transformed
mammalian cell lines, in primary chicken embryonic cells, and in
sucrose-purified virus (Fig. 1). This phenotype has also been ob-
served in a previous study employing A/Swine/Texas/4199-2/98
influenza viruses encoding truncated NSI proteins (29) and in
numerous other studies employing temperature-sensitive viruses
with mutations in the NS1 gene (7, 16, 33). These observations
implicate the NS1 protein of influenza virus in the regulation of
the expression of specific viral genes.

The NS1 protein has been shown previously to interact with
the viral RNA replication/transcription complex; in addition, NS1
protein exhibits binding to influenza virus vRNA (17, 18, 22). Our
results reveal that the C-terminal domain of the NS1 protein is
required during infection for the efficient transcription of the HA
gene; however, the transcription of the NP gene seems to be less
affected (Fig. 2). In addition, HA protein and mRNA expression
levels in cells infected with an NS1-truncated virus were increased
by supplying the NS1 protein in trans (Fig. 3). These observations
indicate that the NS1 protein regulates the transcription of viral
RNA in a segment-specific manner. Our results are in agreement
with a previous study by Ludwig et al. where a temperature-sen-
sitive influenza virus resulting from a point mutation in the NS1
gene exhibited reduced amounts of HA mRNA at the restrictive
temperature, whereas the NP mRNA levels were less affected (21).
However, not all temperature-sensitive mutations in the NS1 gene
induce a transcriptional block; different phenotypes have been
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FIG 6 Vaccination of mice with NSI-truncated viruses encoding a “superpromoter” in the HA segment confers enhanced serum anti-influenza virus titers and
improved survival following challenge. Mice (5 per group) were vaccinated with 10 PFU or 100 PFU of either the PR8 NS1 1-73 virus (73) or the PR8 NS1 1-73
virus encoding the G3A C8U mutations in the HA segment (S73). Positive-control mice were vaccinated with 10 PFU of the wild-type PR8 virus. Negative-
control mice were immunized with PBS. Three weeks postvaccination, mice were bled; then they were challenged with 100 MLD4s of the wild-type PR8 virus.
(A) Serum anti-influenza virus antibody titers 3 weeks postvaccination. Shown is the average titer (with the standard error) for 5 mice per group at a 1/800
dilution of the sera. OD, optical density. (B and C) Survival curves of mice vaccinated with 100 PFU (B) or 10 PFU (C) of the indicated viruses and challenged

with 100 MLD;s of wild-type PR8 virus 3 weeks postimmunization.

observed in a number of studies for different mutants, ranging
from a decrease in HA and M vRNA replication to various blocks
in posttranscriptional processes affecting mostly late gene expres-
sion (HA and M) 7, 16, 33). In addition, Min et al. demonstrated
that a mutant NS1 protein that is incapable of binding the protein
kinase R (PKR) protein enhanced viral RNA synthesis at early time
points after infection (25). Our results also indicate that a C-ter-
minal truncation in the NS1 protein slightly increased the vRNA
levels of the HA and NP segments in infected cells (Fig. 2); how-
ever, this increase was consistent throughout all time points after
infection and was specific to the vRNA only. These partial dis-
agreements can be attributed to the use of different virus strains
and/or different NS1 mutations; Nevertheless, the alteration of the
NS1 protein affected the expression of viral genes, especially the
HA and M genes, which are considered to be late viral genes.
Influenza virus genomic RNAs possess segment-specific pack-
aging signals that include both noncoding regions (NCRs) and
adjacent terminal coding region sequences (9). The truncation of
the NS1 protein has been shown previously not to affect the pack-
aging of viral RNA segments (30). In this study, we examined the
role of these terminal sequences in the regulation of viral gene
expression in the presence or absence of the NSI protein. In a
minigenome assay, the presence of the NS1 protein was shown to
be essential for the expression of a gene that is flanked by the HA
terminal sequences but not the NP terminal sequences (Fig. 4).
This observation implies a role for the NS1 protein in regulating
viral gene expression in a segment-specific manner, and this seg-
ment specificity can be mapped to the terminal (packaging) se-
quences of the influenza virus vVRNA. Further studies will be
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needed to address the precise mechanism behind these findings
and the question of whether other viral genes are affected in a
similar manner.

The amount of HA protein present in an influenza virus vac-
cine is critical for its efficacy. The HA protein is one of two surface
glycoproteins present on the viral envelope and is the target for
most of the neutralizing antibodies, making it an important im-
munogen. The observation that the truncation of the NS1 protein
leads to a reduced level of HA protein expression offered the pos-
sibility of improving the potency of this live attenuated influenza
virus vaccine candidate by increasing the level of HA expression.
Therefore, we generated a PR8-based vector encoding a truncated
NS1 protein (NS1 1-73) and carrying the G3A C8U “superprom-
oter” mutations in its HA segment (S73). The levels of HA expres-
sion in cells infected with this recombinant virus were comparable
to those in cells infected with a wild-type virus (Fig. 5A). The
increase in HA protein levels correlated with an increase in HA
mRNA levels (data not shown). More importantly, this increase in
HA protein levels does not alter the replication characteristics of
the virus in vitro or in vivo (Fig. 5B and C). Finally, in order to
demonstrate that the increase in HA expression offers an immu-
nogenic advantage, mice were vaccinated with NS1-truncated
PR8 viruses carrying either a “superpromoter” or a wild-type pro-
moter in the HA segment. Our results indicate that vaccination of
mice with the vector carrying the HA “superpromoter” induced
significantly higher virus-specific serum antibody titers (Fig. 6A),
which correlated with improved survival following lethal chal-
lenge (Fig. 6B and C).

A previous report established a positive correlation between
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the levels of antigen expression and antigen-specific protective
immune response in the context of a live viral vaccine (5). In this
study, we demonstrate that an increase in HA expression im-
proves the protective efficacy of NS1-truncated influenza viruses
and that this correlates with an enhanced antibody response.
However, we cannot attribute this enhanced protection from
challenge solely to an increase in HA-specific antibodies, since the
role of HA-specific cytotoxic T cells still needs to be investigated.
In addition, since influenza viruses encoding a “superpromoter”
appear to generate more immunostimulatory RNA, resulting in
increased induction of IFN, it is possible that this property might
also improve their immunogenicity (A. Belicha-Villanueva et al.
submitted for publication). In conclusion, the C-terminal trunca-
tion of the NSI protein reduces the levels of HA protein and
mRNA in infected cells, but the introduction of a “superprom-
oter” mutation in the HA segment rescues the levels of HA protein
expression and increases the immunogenicity of this live attenu-
ated influenza virus vaccine candidate without increasing its vir-
ulence.
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