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ABSTRACT Influenza A viruses (IAVs) cause seasonal epidemics and occasional pan-
demics, representing a serious public health concern. It has been described that one
mechanism used by some IAV strains to escape the host innate immune responses
and modulate virus pathogenicity involves the ability of the PA-X and NS1 proteins
to inhibit the host protein synthesis in infected cells. It was reported that for the
2009 pandemic H1N1 IAV (pH1N1) only the PA-X protein had this inhibiting capabil-
ity, while the NS1 protein did not. In this work, we have evaluated, for the first time,
the combined effect of PA-X- and NS1-mediated inhibition of general gene expres-
sion on virus pathogenesis, using a temperature-sensitive, live-attenuated 2009 pan-
demic H1N1 IAV (pH1N1 LAIV). We found that viruses containing PA-X and NS1 pro-
teins that simultaneously have (PAWT

�/NS1MUT
�) or do not have (PAMUT

�/NS1WT
�)

the ability to block host gene expression showed reduced pathogenicity in vivo.
However, a virus where the ability to inhibit host protein expression was switched
between PA-X and NS1 (PAMUT

�/NS1MUT
�) presented pathogenicity similar to that

of a virus containing both wild-type proteins (PAWT
�/NS1WT

�). Our findings suggest
that inhibition of host protein expression is subject to a strict balance, which can
determine the successful progression of IAV infection. Importantly, knowledge ob-
tained from our studies could be used for the development of new and more effec-
tive vaccine approaches against IAV.

IMPORTANCE Influenza A viruses (IAVs) are one of the most common causes of re-
spiratory infections in humans, resulting in thousands of deaths annually. Further-
more, IAVs can cause unpredictable pandemics of great consequence when viruses
not previously circulating in humans are introduced into humans. The defense ma-
chinery provided by the host innate immune system limits IAV replication; however,
to counteract host antiviral activities, IAVs have developed different inhibition mech-
anisms, including prevention of host gene expression mediated by the viral PA-X
and NS1 proteins. Here, we provide evidence demonstrating that optimal control of
host protein synthesis by IAV PA-X and/or NS1 proteins is required for efficient IAV
replication in the host. Moreover, we demonstrate the feasibility of genetically con-
trolling the ability of IAV PA-X and NS1 proteins to inhibit host immune responses,
providing an approach to develop more effective vaccines to combat disease caused
by this important respiratory pathogen.
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Influenza A viruses (IAVs) are enveloped viruses that belong to the Orthomyxoviridae
family and contain a genome that comprises eight single-stranded negative-sense

RNA segments that encode 10 to 14 proteins (1). The RNA-dependent RNA polymerase
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(RdRp) of IAV is a heterotrimeric complex consisting of the polymerase basic 1 and 2
(PB1 and PB2) and polymerase acidic (PA) proteins, which together with the viral
nucleoprotein (NP) are the minimal components required for viral genome replication
and gene transcription (2). In mammals, IAV is a respiratory pathogen that first infects
the upper respiratory tract and may lead to pathology when replication moves to the
lower respiratory tract (3). The temperature gradient between these two airways has
allowed the development of cold-adapted (ca), temperature-sensitive (ts), live-
attenuated (att) influenza viruses that replicate efficiently in the cooler upper respira-
tory tract but cannot damage the lower respiratory tract because the warmer temper-
ature restricts viral replication (4). This principle has been used to generate safe
live-attenuated influenza vaccines (LAIVs) with high protection efficacy, mediated
mainly by the humoral and cellular responses induced upon vaccination. For IAVs, these
ca, ts, and att properties have been mapped to five amino acid residues located in the
viral replication complex (PB2, N265S; PB1, K391E, D581G, and A661T; NP, D34G) of
A/Ann Arbor/6/60 H2N2 (A/AA/6/60) (5, 6). The attenuation mechanisms are not totally
understood but could involve several steps in the replication cycle of the virus (4).
Importantly, when the ts signature of A/AA/6/60 was introduced into three different
viruses (influenza virus A/Puerto Rico/8/34 H1N1 [PR8] [7, 8], canine influenza virus
H3N8 [9, 10], or pandemic influenza virus A/New York/1682/2009 H1N1 [11]), a similar
ts viral phenotype was observed in tissue culture cells and in mouse models of
infection. Moreover, ca, ts, and att viruses have been previously utilized to evaluate
additional mutations that can increase the safety profile of a vaccine candidate (7, 11).

Defense strategies provided by the innate immune system limit IAV replication (12),
so IAVs have to counteract host antiviral activities, especially the production of inter-
feron (IFN) and the activities of IFN-induced gene (ISG) proteins that inhibit virus
replication (13, 14). It was recently reported that segment 3 of IAV encodes the PA
protein but also a second protein, PA-X, which is translated as a �1 frameshift open
reading frame (ORF) within the PA viral segment (15). During the frameshift, PA-X
incorporates the first N-terminal 191 amino acids of the PA protein with a short
C-terminal sequence (either 61 or 41 codons) from the alternative translation (15).
Multiple functions have been attributed to PA-X, including degradation of host mRNA
that leads to inhibition of host protein synthesis and contributes to blocking the cellular
antiviral responses (15–19). Moreover, the PA-X protein has been shown to be involved
in modulating host inflammation, the immune response, and apoptosis (15, 17, 20–22).
Although PA and PA-X have the same N-terminal domain, PA-X has a much stronger
endonucleolytic activity, indicating that the C-terminal region is responsible for the
inhibition of the host protein expression (23).

The other prevalent IAV antiviral protein is the nonstructural protein 1 (NS1), which
is the primary transcript produced from the viral genome segment 8 (NS) (14). NS1 is
a multifunctional protein (14) that mainly counteracts the host innate immune re-
sponses by multiple mechanisms, allowing the virus to efficiently replicate in IFN-
competent systems (24–27). Moreover, NS1 has the ability to inhibit host gene expres-
sion, including preventing upregulation of ISGs with antiviral activity (14, 26, 28–30). For
that, the NS1 proteins from some IAV strains bind to the 30-kDa subunit of the cleavage
and polyadenylation specificity factor (CPSF30), blocking the processing of cellular
mRNAs (25, 31–33). However, the 2009 pandemic H1N1 IAV (pH1N1) NS1 has been
shown to lack CPSF30 binding ability and therefore does not block host gene expres-
sion, a property that could be restored by introduction of amino acid changes R108K,
E125D, and G189D (34). Interestingly, a recombinant pH1N1 expressing an NS1 with
these substitutions, which could inhibit host gene expression, was more efficient than
the wild-type (WT) virus in antagonizing the host innate immune response. However, in
vivo, the NS1 mutant pH1N1 virus grew to lower titers in mouse lungs and was slightly
less pathogenic (34).

Although the independent role of IAV PA-X and NS1 proteins in virulence has been
investigated previously, here we evaluated, for the first time, the impact of the interplay
between these two proteins in virus replication, pathogenesis, and regulation of innate
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and adaptive immune responses both in vitro and in vivo. To carry out this study, we
have generated a ca, ts, and att A/California/4_NYICE_E3/2009 H1N1 strain (referred to
here as pH1N1 LAIV virus) that provides three advantages: safety, sensitivity, and
potential as a vaccine candidate. First, because a recombinant pH1N1 harboring
inhibitory PA-X and NS1 proteins could lead to a more virulent virus (35–38), we
selected, for safety reasons, to use the ca, ts, and att pH1N1 LAIV virus. Second, we and
others have previously shown that LAIVs provide a more sensitive approach to study
mutations affecting overall viral replication and pathogenicity (5, 7, 9–11, 39). Finally,
the results obtained from our studies could be used to identify and develop more
efficient LAIV candidates with acceptable safety profiles by modulating the virus’ ability
to control the host immune responses (7, 11). Finding new LAIV candidates is important
because the effectiveness of the current (2012) quadrivalent LAIV has been shown to be
low, attributed mainly to the H1N1 IAV component. Based on its low effectiveness, the
Advisory Committee on Immunization Practices (ACIP) recommended that the quadri-
valent LAIV should not be used (40, 41).

Our studies indicate that viruses simultaneously encoding PA-X and NS1 proteins
that are either able (PAWT

�/NS1MUT
�) or unable (PAMUT

�/NS1WT
�) to block the host

gene expression are highly attenuated in vivo. In contrast, viruses in which only one of
the viral PA-X or NS1 proteins (i.e., PAWT

�/NS1WT
� or PAMUT

�/NS1MUT
�) is able to

inhibit host gene expression were less attenuated and better able to induce both
innate and adaptive immune responses in vivo. Altogether, these results suggest that
inhibition of host gene expression depends on a strict balance between the NS1 and
PA-X proteins. These results further demonstrate the feasibility of modifying the ability
of IAV PA-X and NS1 proteins to inhibit host immune responses for the development
of more effective vaccine approaches to prevent influenza viral infections.

RESULTS
Generation and characterization of a recombinant pH1N1 LAIV virus. In order to

generate a pH1N1 LAIV virus, we introduced four ts mutations identified in previous
studies into the PB2 (N265S) and PB1 (K391E, D581G, and A661T) ORFs of pH1N1 (Fig.
1A) (7, 9, 10, 39). No mutation was introduced into the viral NP, since pH1N1 NP already
contains a G at position 34. To confirm that the introduced mutations confer a ts
phenotype to the pH1N1 polymerase complex, we first performed a minigenome (MG)
assay at different temperatures (Fig. 1B). Both combinations of plasmids (WT and LAIV)
resulted in similar Gaussia luciferase (Gluc) expression levels at 33°C; however, Gluc
expression was significantly reduced at higher temperatures (37°C and 39°C) in cells
transfected with the pH1N1 LAIV plasmids, consistent with previous results shown for
other IAV LAIV strains (9–11). Importantly, Western blot analysis shows similar levels of
NP expression at each temperature for WT- and LAIV-transfected cells (Fig. 1C).

Next, we generated a pH1N1 LAIV virus and evaluated viral replication in a multi-
cycle growth kinetic study at different temperatures (33°C, 37°C, and 39°C) and com-
pared the results to those for the pH1N1 WT virus (Fig. 2A). To that end, MDCK cells
were infected at a low multiplicity of infection (MOI) (0.001), and viral titers in tissue
culture supernatants (TCS) were determined at the indicated times postinfection (p.i.).
At 33°C, pH1N1 WT and LAIV viruses reached similar titers at the peak of infection (48
to 72 h). However, at higher temperatures (37°C and particularly 39°C), pH1N1 WT
replicated at higher titers than pH1N1 LAIV. The ts phenotype of the pH1N1 LAIV virus
was further confirmed by plaque assay (Fig. 2B). As expected, the lysis plaques
produced by the pH1N1 LAIV virus were slightly smaller than those produced by pH1N1
WT at 37°C. Notably, these differences were more pronounced at 39°C, where only
point plaques were observed for the pH1N1 LAIV virus. These results demonstrate that
mutations introduced in PB2 and PB1 conferred a ts phenotype to pH1N1, as previously
described for other influenza viruses (4, 5, 7–11).

Interplay of effects of pH1N1 PA-X and NS1 on host gene expression. PA-X
expression occurs from a ribosomal frameshift to the �1 frame at a very conserved
sequence (UCC UUU CGU) that overlaps with the PA ORF (Fig. 3A). Several studies have
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reported that the PA-X protein is involved in the inhibition of host protein expression
(15, 16, 18, 20, 35, 42, 43). In order to generate a PA-X-deficient construct, the frameshift
sequence was changed to two different sequences to potentially inhibit PA-X expres-
sion (UCC UUC AGA or AGC UUC AGA) (Fig. 3A) (15, 16, 18, 20, 35, 42, 43). Importantly,
none of the approaches used for the abolition of the ribosomal frameshift motif
changed the PA amino acid sequence. First, we evaluated the effect of each of these
strategies on the inhibition of host protein expression (Fig. 4A to C). To this end, human
293T cells were cotransfected with pCAGGS plasmids expressing green fluorescent
protein (GFP) and Gluc together with pDZ plasmids encoding the different PA con-
structs (PAWT, PAPMUT, or PAMUT) or with empty plasmid as control. At 24 h posttrans-
fection (p.t.), GFP expression was evaluated using fluorescence microscopy (Fig. 4A),
and Gluc expression levels were quantified in a LumiCount luminometer (Fig. 4B). As
expected, based on previous data (35, 43), PAWT blocked the expression of both
reporter genes (Fig. 4A and B). However, whereas the PAPMUT construct still inhibited
reporter protein expression (both GFP and Gluc) at similar levels as PAWT, PAMUT was
unable to block the expression of either GFP or Gluc (Fig. 4A and B). These results could
be explained by differences in the efficiency of the frameshift between PAWT, PAPMUT,
and PAMUT (16, 35). According to these results, when PA protein expression levels were
evaluated by Western blotting, PAWT and PAPMUT, which efficiently blocked GFP and
Gluc expression, showed slightly lower PA protein levels than PAMUT (Fig. 4C). We were

FIG 1 Effect of temperature on the polymerase activity of the pH1N1 LAIV virus. (A) Schematic representation of
PB2 and PB1 viral segments. pH1N1 PB2 and PB1 WT (gray, top) segments with the residues mutated to generate
the LAIV virus (black, bottom) are indicated. Numbers on the right signify the amino acid (aa) length of the PB2 and
PB1 proteins. (B) Viral replication and transcription. Human 293T cells were transiently cotransfected, using
LPF2000, with the pH1N1 WT (gray bars) or LAIV (black bars) ambisense pDZ expression plasmids encoding the
minimal requirements for viral genome replication and gene transcription (PB2, PB1, and PA) and NP, together with
a vRNA-like expression plasmid encoding Gluc under the control of the human polymerase I promoter (hpPol-I
Gluc) and the SV40-Cluc plasmid to normalize transfection efficiencies. At 6 h p.t., cells were placed at 33°C, 37°C,
or 39°C, and viral replication and transcription were evaluated at 24 h by luminescence. Gluc (left) and Cluc (middle)
activity are represented. Gluc activity was normalized to that of Cluc, and the data were represented as relative
activity considering the activity of pH1N1 WT at each indicated temperature as 100% (right). Data represent the
means and SDs of the results determined from triplicate wells. *, P � 0.05 (WT versus LAIV) using Student’s t test
(n � 3 per time point) from Microsoft Excel. (C) NP protein expression levels from cell lysates were evaluated by
Western blotting using a specific monoclonal antibody against the viral NP. Sizes of molecular markers are noted
on the left.
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not able to detect PA-X expression by Western blotting, most likely due to the low
frameshift efficiency (around 1.3%) (15). However, taking into account that the PA-X
protein has a much stronger endonucleolytic activity than the PA protein (15, 18) and
that the amino acid sequence of the PA protein is the same in all the constructs, is very
likely that the mutations introduced in the frameshift of the PAMUT construct, but not
those introduced in the PAPMUT construct, decreased PA-X protein expression levels,
leading to a lower inhibition of general gene expression mediated by the PA-X protein.

FIG 2 Characterization of the pH1N1 LAIV virus. (A) Viral growth kinetics. TCS of MDCK cells infected at
a low MOI (0.001) with pH1N1 WT (gray bars) or LAIV (black bars) virus at 33°C, 37°C, and 39°C were
analyzed at the indicated times p.i. (12, 24, 48, and 72 h) by immunofocus assay using an anti-NP MAb
(HB-65). Data represent the means and SDs of the results determined from triplicate wells. The dashed
line indicates the limit of detection (200 FFU/ml). *, P � 0.05 (WT versus LAIV) using Student’s t test (n �
3 per time point) from Microsoft Excel. (B) Plaque assays. MDCK cells were infected with pH1N1 WT and
LAIV viruses and incubated at 33°C, 37°C, and 39°C for 3 days. The plaques phenotype was assessed by
immunostaining with an anti-NP MAb (HB-65).

FIG 3 Schematic representation of WT and mutant PA and NS1 proteins. (A) PA (top) and PA-X (bottom)
WT viral proteins (gray) and the different mutations (black) introduced into the frameshift motif (PAPMUT

or PAMUT) to abolish PA-X expression are shown. Numbers on the right indicate the lengths of the PA and
PA-X proteins. (B) NS1 WT (gray) and mutant (black) proteins containing amino acid substitutions
allowing binding to CPSF30 and inhibition of host protein expression (NS1MUT). Numbers on the right
signify the lengths of the WT and mutant NS1 proteins.
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One of the mechanisms used by the IAV NS1 protein to counteract innate immune
responses is the binding to CPSF30, which leads to host gene expression suppression,
including expression of IFN and ISGs with antiviral activities (28, 30). It has been shown
that the pH1N1 NS1 protein is unable to block host gene expression (34). However,
amino acid changes R108K, E125D, and G189D (Fig. 3B) restored the ability of pH1N1
NS1 to bind to CPSF30 and to block host gene expression (34). Therefore, we intro-
duced these amino acid changes into the NS1 of pH1N1 (NS1MUT) (Fig. 3B). To
demonstrate that these amino acid changes in pH1N1 NS1 lead to efficient blocking of
host gene expression, 293T cells were cotransfected with pCAGGS plasmids expressing
GFP and Gluc and with pDZ plasmids encoding NS1WT or NS1MUT, or with the empty
plasmid as an internal control (Fig. 4D to F). As previously shown (34), expression of the
NS1MUT protein inhibited expression of GFP (Fig. 4D) and Gluc (Fig. 4E), whereas the
NS1WT protein did not have an effect on reporter gene expression. These results were
further confirmed when NS1 expression levels were analyzed by Western blotting (Fig.
4F). As expected, the NS1MUT protein, which efficiently blocked host gene expression,
was not detected by Western blotting, whereas NS1WT expression was detected (Fig.
4F). These data confirmed that mutations R108K, E125D, and G189D restored the ability
of the pH1N1 NS1 protein to inhibit host gene expression (34).

Next, we evaluated the interplay between PA-X and NS1 to block host gene
expression in 293T cells transfected with both viral proteins (Fig. 5). To that end,

FIG 4 Ability of WT and mutant PA-X and NS1 proteins to block host protein expression. Human 293T cells
were transiently cotransfected, using LPF2000, with expression plasmids encoding GFP and Gluc under the
control of a polymerase II promoter (pCAGGS GFP and pCAGGS Gluc, respectively) together with pDZ
plasmids encoding WT or mutant (MUT) PA or NS1 proteins or empty (E) plasmid as a control. (A, B, D, and
E) At 24 h p.t., cells were analyzed by GFP expression under a fluorescence microscope (A and D) and by
Gluc activity from TCS (B and E). Representative images are shown. Scale bar � 100 �m. Results represent
the means and standard deviations of triplicate values. (C and F) Protein expression from cell lysates was
evaluated by Western blotting using specific antibodies for the viral PA and NS1 proteins or actin as loading
control. Molecular markers are indicated on the left.
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combinations of plasmids encoding PAWT
� or PAMUT

� and NS1WT
� or NS1MUT

� were
cotransfected, and expression of GFP (Fig. 5A) and Gluc (Fig. 5B) was determined.
Combinations containing PAWT

� or NS1MUT
� (PAWT

�/NS1WT
�, PAWT

�/NS1MUT
�, and

PAMUT
�/NS1MUT

�) were able to inhibit the expression of both reporter genes (Fig. 5A
and B). On the other hand, when PAMUT

�/NS1WT
� were cotransfected together, an

inhibition on the expression of either GFP or Gluc was not observed (Fig. 5A and B).
Moreover, similar results were obtained when PA and NS1 protein expression levels
were evaluated by Western blotting (Fig. 5C), confirming that PAWT

� and NS1MUT
� in

combination were able to inhibit host gene expression.
Effect of PA-X and NS1 on the activity of the viral polymerase. To assess whether

changes in PA-X expression due to mutations in the frameshift (Fig. 3A) could influence
viral polymerase activity in the context of the generated pH1N1 LAIV viruses, a reporter
MG assay was performed (Fig. 6A). pDZ plasmids encoding PB2LAIV, PB1LAIV, PAWT, or
PAMUT and NP were cotransfected in 293T cells, and Gluc expression was determined
at 24 h p.t. We did not observed differences in Gluc expression in the MG assay,
indicating that the activity of the polymerase complex containing either PAWT or PAMUT

was similar in both cases. Next, to determine whether the NS1 protein could affect the
polymerase activity, the MG assay was performed in the presence of PAWT or PAMUT

together with NS1WT or NS1MUT (Fig. 6A). Under these conditions, a slight but signifi-
cant reduction in the activity of the viral polymerase was observed when PAMUT was
present in the polymerase complex (PAMUT

�/NS1WT
� and PAMUT

�/NS1MUT
�). More-

over, protein expression levels for the components of the viral polymerase complex
(PB2, PB1, and PA), NP, and NS1 were evaluated by Western blotting (Fig. 6B). Alto-
gether, these findings suggest that the PA-X protein interplay with the NS1 protein can
slightly affect the viral polymerase activity, at least in the context of the pH1N1 LAIV
virus backbone. However, the mechanism involving the reduction in the activity of the
viral polymerase complex is not totally understood and could involve the interaction of
the viral proteins with cellular host factors (18, 44, 45).

Generation and characterization of recombinant pH1N1 LAIV viruses with
different abilities to inhibit host gene expression. We next wanted to ascertain
whether recombinant pH1N1 LAIV viruses encoding combinations of PA-X and NS1

FIG 5 Ability of PA-X and NS1 proteins to block host protein expression in combination. Human 293T cells were
transiently cotransfected, using LPF2000, with pCAGGS GFP and pCAGGS Gluc together with the indicated
combination of pDZ plasmids encoding WT or mutant (MUT) PA or NS1 proteins or empty (E) plasmid as a control.
(A and B) At 24 h p.t., cells were analyzed for GFP expression under a fluorescence microscope (A) and for Gluc
activity from TCS (B). Representative images are shown. Scale bar � 100 �m. Results represent the means and
standard deviations of triplicate values. (C) Protein expression from cell lysates was evaluated by Western blotting
using specific antibodies for the viral PA and NS1 proteins. Actin was used as a loading control. Molecular markers
are noted on the left.
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proteins with different abilities to block host gene expression or not could be rescued,
as well as to assess the effect of the interplay between these two proteins in viral
replication and pathogenesis. Therefore, we generated three more recombinant pH1N1
LAIV viruses containing PAMUT

�/NS1WT
�, PAWT

�/NS1MUT
�, or PAMUT

�/NS1MUT
� (Fig. 7

and Table 1). We did not generated recombinant viruses containing only PAMUT, based
on the results shown in Fig. 4A to C. To analyze the replication properties of the
recombinant pH1N1 LAIV viruses, we performed multicycle growth curves in MDCK
(MOI, 0.001) or human A549 (MOI, 0.1) cells at 33°C (Fig. 7A and B, respectively). In
MDCK cells, all viruses grew with similar titers, although the PAMUT

�/NS1WT
� (which

lacks the ability to inhibit host gene expression mediated by both viral proteins [Table
1]) and PAWT

�/NS1MUT
� (expressing both viral proteins being able to counteract host

gene expression [Table 1]) viruses replicated at slightly lower titers than the PAWT
�/

NS1WT
� and PAMUT

�/NS1MUT
� viruses (Fig. 7A). The phenotypes of the recombinant

pH1N1 LAIV viruses were further confirmed by plaque assay (Fig. 7C). Correlating with
the multicycle growth kinetics in MDCK cells, the plaques of the PAMUT

�/NS1WT
� and,

more noticeably, PAWT
�/NS1MUT

� viruses were smaller than those of the PAWT
�/

NS1WT
� or PAMUT

�/NS1MUT
� viruses, where the ability to inhibit host gene expression

was exchanged (Table 1). To evaluate if the pH1N1 LAIV viruses generated showed
different replication kinetics in a cell line that more accurately represents the cells
targeted in a natural human infection, we used A549 human lung epithelial cells (46,

FIG 6 (A) Effects of WT and mutant PA alone or in combination with NS1 on polymerase viral replication and transcription.
Human 293T cells were transiently cotransfected, using LPF2000, with the pH1N1 LAIV ambisense pDZ expression plasmids
encoding the minimal requirements for viral genome replication and gene transcription (PB2, PB1, and PA) and NP, together
with the vRNA-like expression plasmid hpPol-I Gluc and the SV40-Cluc plasmid to normalize transfection efficiencies. Viral
replication and transcription were evaluated at 24 h by Gluc expression. Gluc activity was normalized to that of Cluc. Data for
Gluc (top), Cluc (middle), and Gluc activity normalized to that of Cluc (bottom) are shown. Data represent the means and SDs
of the results determined from triplicate wells. *, P � 0.05 using Student’s t test from Microsoft Excel. (B) Analysis of protein
expression by Western blotting. Protein expression levels from cell lysates were evaluated by Western blotting using specific
antibodies for the viral PB2, PB1, PA, NP, and NS1 proteins. Actin was used as a loading control. Molecular markers are noted
on the left.
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47) (Fig. 7B). Interestingly, PAMUT
�/NS1MUT

� virus, where NS1 but not PA-X is able to
block host gene expression (Table 1), reached the highest titers. The PAWT

�/NS1WT
�

and PAMUT
�/NS1WT

� viruses grew at slightly lower titers (5- to10-fold lower) than the
PAMUT

�/NS1MUT
� virus. On the other hand, and similar to the situation in MDCK cells

(Fig. 7A), we observed a 100-fold decrease in viral titers for the PAWT
�/NS1MUT

� virus,
in which both PA-X and NS1 are able to inhibit the protein expression (Table 1).
Altogether, these data suggest that the cooperation between the PA-X and NS1
proteins to block host gene expression can affect virus fitness in cells targeted during
natural human infection.

FIG 7 Multicycle growth kinetics and plaque assay of pH1N1 LAIV viruses. (A and B) Viral growth kinetics.
Canine MDCK (A) or human A549 (B) cells were infected (MOI of 0.001 for MDCK cells or 0.1 for A549 cells)
with the indicated pH1N1 LAIV viruses and incubated at 33°C. TCS were collected at multiple times p.i.,
and viral titers were determined by immunofocus assay using an anti-NP MAb (HB-65). Data represent
the means and SDs of the results determined from triplicate wells. The dashed line indicates the limit of
detection (200 FFU/ml). (C) Plaque assays. MDCK cells were infected with the indicated pH1N1 LAIV
viruses and incubated at 33°C for 3 days. Plaque phenotypes were assessed by immunostaining with the
anti-NP monoclonal antibody HB-65. PAWT

�/NS1WT
�, virus containing WT PA and NS1 proteins. PAMUT

�/
NS1WT

�, virus containing a mutant PA (PAMUT) affecting its ability to inhibit host protein expression and
a WT NS1. PAWT

�/NS1MUT
�, virus containing a WT PA and a mutant NS1 allowing inhibition of host

protein expression. PAMUT
�/NS1MUT

�, virus containing both PA and NS1 mutants. In the virus illustrations,
WT and mutant segments are indicated with gray and black lines, respectively.

TABLE 1 Properties of pH1N1 LAIV viruses

Property PAWT
� NSWT

� virus PAMUT
� NSWT

� virus PAWT
� NS1MUT

� virus PAMUT
� NS1MUT

� virus

Inhibition of host gene expressiona � � � � � � � �
Viral replication in vitro High Low Low High
MLD50 (PFU/mouse)b 681 68,129 �105 2,371
Viral replication in mouse lungs High Low Low High
Induction of innate immune response in mice � � � �
Induction of adaptive immune response in mice � � � �

aPA (left) and NS1 (right) proteins with (�) or without (�) the ability to inhibit host gene expression.
bMortality was determined over 2 weeks (n � 5).
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Induction of IFN by recombinant pH1N1 LAIV viruses. One of the main functions
of the IAV NS1 and PA-X proteins is to counteract the IFN and host inflammatory
responses during viral infection (12–14, 24, 27). Thus, to investigate the impact of the
interplay between PA-X and NS1 to escape the antiviral response induced by cells after
viral infection, we used two complementary cell-based and virus-based bioassays (Fig.
8). The cell-based assay involves MDCK cells constitutively expressing GFP and the
firefly luciferase (Fluc) reporter gene under the control of the IFN-� promoter (MDCK
IFN-�-GFP/IFN-�-Fluc) (48). Cells were mock infected or infected (MOI, 3) with the
pH1N1 LAIV viruses or a PR8 NS1-deficient (ΔNS1) virus, a good inducer of IFN
responses (13), and IFN-� promoter activation was evaluated. Importantly, comparable
levels of viral infection were confirmed by immunofluorescence (Fig. 8A). As expected,
Fluc expression was higher in cells infected with the ΔNS1 virus (Fig. 8B). However,
although Fluc induction was inhibited upon infection with all the pH1N1 LAIV viruses,
we observed slight differences in the activation of the IFN-� promoter. IFN-� promoter
activation was slightly lower (about 2-fold) in cells infected with the PAMUT

�/NS1WT
�,

PAWT
�/NS1MUT

�, or PAMUT
�/NS1MUT

� virus than in PAWT
�/NS1WT

� virus-infected cells,
suggesting that all viruses were able to counteract IFN-� induction. Next, we evaluated
the presence of IFN in TCS from the same virus-infected MDCK cells using a virus-based
assay, where inhibition of infection with recombinant Newcastle disease virus express-
ing GFP (rNDV-GFP) was evaluated (49). In this assay, the level of IFN in TCS from
virus-infected cells results in inhibition of NDV infection and therefore GFP expression
(50, 51). In cells pretreated with UV-inactivated TCS from mock- and PAWT

�/NS1MUT
�-

infected cells, rNDV-GFP replicated efficiently (Fig. 8C), as expected based on the levels
of IFN-� promoter activation (Fig. 8B). However, levels of rNDV-GFP infection decreased
in MDCK cells pretreated with TCS from PAWT

�/NS1WT
�, PAMUT

�/NS1WT
�, or PAMUT

�/
NS1MUT

� virus-infected cells (Fig. 8C). Inhibition of NDV was more evident, as expected,
in cells pretreated with TCS from ΔNS1 virus-infected MDCK cells. Altogether, these
data suggest that pH1N1 LAIV viruses inhibit the antiviral states induced in infected

FIG 8 Induction of IFN by pH1N1 LAIV viruses. MDCK cells constitutively expressing GFP-CAT and Fluc reporter
genes under the control of the IFN-� promoter (MDCK IFN-�-GFP/IFN-�-Fluc) were infected (MOI, 3) with the
different pH1N1 LAIV viruses. Cells infected with an NS1 deficient PR8 virus (ΔNS1) were used as internal control.
(A) Viral infections were evaluated by immunofluorescence using an anti NP MAb (HB-65). (B) At 16 h p.i., IFN-�
promoter activation was determined by Fluc expression. (C) Supernatants from infected MDCK IFN-� GFP-CAT/Fluc
cells were collected at the same time p.i. and, after UV virus inactivation, used to treat fresh MDCK cells for 24 h
prior to infection with rNDV-GFP. GFP expression from infected cells was determined at 24 h p.i. using a microplate
reader. *, P � 0.05 using Student’s t test from Microsoft Excel.
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cells to different extents. Viruses encoding PA-X and NS1 proteins that inhibit general
gene expression (PAWT

�/NS1MUT
�) (Table 1) are the ones that best inhibit the IFN

response, as expected.
Virulence of pH1N1 LAIV viruses in vivo. As the pH1N1 LAIV viruses showed

differences in growth in vitro (Fig. 7), we also compared the virulence of pH1N1 LAIV
viruses in mice (Fig. 9). To ascertain whether the ability of the PA-X and NS1 proteins
to inhibit host gene expression could impact the course of an in vivo infection, groups
of mice (n � 5) were inoculated with 102, 103, 104, or 105 PFU of the PAWT

�/NS1WT
�

(Fig. 9A), PAMUT
�/NS1WT

� (Fig. 9B), PAWT
�/NS1MUT

� (Fig. 9C), or PAMUT
�/NS1MUT

� (Fig.
9D) virus and monitored for 14 days for body weight loss (left panels) and mortality
(right panels). As expected, viruses containing the segment PAMUT or NS1MUT showed
levels of attenuation and pathogenicity different from those for the PAWT

�/NS1WT
�

virus (Table 1), and the increased morbidity and mortality correlated with virus dose
(Fig. 9). All mice infected with 104 to 105 PFU of the PAWT

�/NS1WT
� virus rapidly lost

weight, and none survived by day 8 or 10 p.i., respectively, while 40% of mice survived
infection with 103 PFU (Fig. 9A). In contrast, the PAMUT

�/NS1WT
� and PAWT

�/NS1MUT
�

viruses showed high levels of attenuation (Fig. 9B and C, respectively). Only mice
inoculated with 105 PFU of the PAMUT

�/NS1WT
� virus lost weight and succumbed (60%)

to viral infection (Fig. 9B). Remarkably, none of the mice infected with the PAWT
�/

NS1MUT
� virus showed signs of weight loss or mortality (Fig. 9C). Interestingly, mice

infected with the PAMUT
�/NS1MUT

� virus (Fig. 9D) showed similar body weight loss and
mortality as mice infected with the same doses of PAWT

�/NS1WT
� virus (Fig. 9A). From

these experiments, the 50% mouse lethal doses (MLD50) (52) for the pH1N1 LAIV viruses
were 681 PFU for PAWT

�/NS1WT
� (Fig. 9A), 68,129 PFU for PAMUT

�/NS1WT
� (Fig. 9B),

greater than 105 PFU for PAWT
�/NS1MUT

� (Fig. 9C), and 2,371 PFU for PAMUT
�/NS1MUT

�

(Table 1).
To analyze whether the observed attenuation correlated with virus replication, we

also evaluated viral titers in the lungs of infected mice (Fig. 10A and Table 1). To that
end, groups of mice (n � 3) were inoculated with 103 PFU of the different pH1N1 LAIV
viruses, and viral titers were calculated at days 1, 3, and 5 p.i. Animals infected with the
PAWT

�/NS1WT
� or PAMUT

�/NS1MUT
� virus showed similar viral titers at all days evalu-

ated (Fig. 10A). Notably, virus replication in mouse lungs was limited after infection with
the PAMUT

�/NS1WT
� or PAWT

�/NS1MUT
� virus (Fig. 10A), correlating with the very low

morbidity and mortality observed (Fig. 9). We were not able to detect PAWT
�/NS1MUT

�

infectious particles at any day p.i., and we were able to detect PAMUT
�/NS1WT

�

infectious particles only at day 5 p.i. (Fig. 10A). We also measured mRNA expression
levels of the viral M1 in the lungs of infected mice (Fig. 10B). While all the viruses were
able to replicate in the lungs, correlating with the viral titers (Fig. 10A), the PAWT

�/
NS1WT

� and PAMUT
�/NS1MUT

� viruses showed higher viral M1 mRNA expression levels
than the PAMUT

�/NS1WT
� and PAWT

�/NS1MUT
� viruses (Fig. 10B). Overall, these data

suggest that pH1N1 LAIV viruses that simultaneously encode PA-X and NS1 proteins
that contain (PAWT

�/NS1MUT
�) or do not contain (PAMUT

�/NS1WT
�) the ability to block

host gene expression are highly attenuated in vitro and in vivo (Table 1). On the other
hand, the ability to inhibit host gene expression can be exchanged between PA-X and
NS1 (PAWT

�/NS1WT
� and PAMUT

�/NS1MUT
�) without significantly affecting pathogen-

esis and viral replication in vitro and in vivo (Table 1).
Induction of innate and humoral immune responses. The host response to virus

infection has an important role in viral pathogenicity, and an exacerbated inflammatory
response after IAV infection can be adverse to host survival (53, 54). To determine the
impact of different expressions of PA-X in combination with the NS1WT or NS1MUT

protein on the host antiviral immune response, we assessed the expression of cytokine
genes in the lungs of infected mice (Fig. 11). Groups of mice (n � 3) inoculated with 103

PFU of the different pH1N1 LAIV viruses were sacrificed at 1, 3, and 5 days p.i., and the
induction of IFN-� (Fig. 11A), tumor necrosis factor alpha (TNF-�) (Fig. 11B), and
chemokine (C-C motif) ligand 2 (CCL2) (Fig. 11C) mRNAs in the lungs was evaluated by
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reverse transcription-quantitative PCR (RT-qPCR). The PAWT
�/NS1WT

� and PAMUT
�/

NS1MUT
� viruses, where the ability to block the gene expression was switched between

the PA-X and the NS1 proteins (Table 1), induced strong cytokine responses in vivo at
days 3 and 5 p.i. On the other hand, the PAMUT

�/NS1WT
� and PAWT

�/NS1MUT
� viruses

FIG 9 Virulence of pH1N1 LAIV viruses. Six- to 8-week-old female C57BL/6 mice (n � 5) were infected i.n. with the
indicated PFU of pH1N1 LAIV PAWT

�/NS1WT
� (A), PAMUT

�/NS1WT
� (B), PAWT

�/NS1MUT
� (C), and PAMUT

�/NS1MUT
� (D)

viruses and then monitored daily for 2 weeks for body weight loss (left) and survival (right). Mice that lost 25% of
their initial body weight were sacrificed. Data represent the means and SDs of the results determined for individual
mice (n � 5).
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barely induced detectable levels of IFN-� or inflammatory immune responses at any
day p.i. This is most likely due to the PAWT

�/NS1WT
� and PAMUT

�/NS1MUT
� pH1N1 LAIV

viruses actively replicating in the lungs to induce significant inflammatory responses,
whereas replication of the PAMUT

�/NS1WT
� and, more notably, PAWT

�/NS1MUT
� pH1N1

LAIV viruses is highly attenuated (Fig. 10).
In addition, we also evaluated humoral immune responses in sera collected 21 days

after infection (dose of 102 PFU) by enzyme-linked immunosorbent assay (ELISA) (Fig.
12 and Table 1), using cell extracts from pH1N1 virus-infected MDCK cells (Fig. 12A) or
pH1N1 purified hemagglutinin (HA) (Fig. 12B) or NA (Fig. 12C) viral proteins. As
expected, antibodies specific to total viral proteins, HA, and NA were detected at similar
levels in sera from mice infected with the PAWT

�/NS1WT
� and PAMUT

�/NS1MUT
�

viruses. However, and consistent with the data shown in Fig. 10 and 11, antibody levels

FIG 10 Replication of pH1N1 LAIV viruses in mouse lungs. Six- to eight-week-old female C57BL/6 mice
(n � 9) were infected i.n. with 1 � 103 PFU of the indicated pH1N1 LAIV viruses. (A) Viral replication in
the lungs of infected mice was evaluated at 1, 3, and 5 days p.i. (dpi) (n � 3) by immunofocus assay using
an anti-NP MAb (HB-65). Symbols represent data from individual mice. Bars represent the geometric
means of lung viral titers. The dotted line represents the limit of detection of the assay (200 FFU/ml). *,
P � 0.05 using Student’s t test (n � 3 per time point) from Microsoft Excel. (B) mRNA expression levels
of the viral M1 in lungs of infected mice were quantified by RT-qPCR analysis. Fold expression changes
in each mouse group were calculated relative to the control group of mock (PBS)-infected mice. Data
represent the averages and SD values for three mice in each group on the days indicated.
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were lower in serum samples from mice infected with the PAMUT
�/NS1WT

� virus or
undetectable in mice infected with the PAWT

�/NS1MUT
� virus. Additionally, we per-

formed hemagglutination inhibition (HAI) assays to examine the presence of neutral-
izing antibodies in the sera of immunized mice (Fig. 12D). Protective HAI titers against
pH1N1 virus were observed only in animals infected with the PAWT

�/NS1WT
� and

PAMUT
�/NS1MUT

� viruses. Altogether, these data suggest that the interplay of the PA-X
and NS1 proteins to block host gene expression is important for viral replication and to
regulate both innate and humoral host immune responses.

DISCUSSION

Since the influenza virus PA-X and NS1 proteins were identified, multiple functions
for these viral factors have been described (14, 15, 18, 29). Notably, the PA-X and NS1
from some IAV strains have the synergistic ability to block the host protein synthesis,
although to do that, PA-X and NS1 use different mechanisms (14, 15, 17, 18, 29). It has
been previously shown that the PA-X and NS1 proteins from pH1N1 can and cannot,
respectively, suppress host protein expression, and a correlation between their indi-
vidual function and viral replication and pathogenesis has also been described (34, 35,
43). Studies on the contribution of PA-X to viral pathogenicity showed IAV strain-
specific differences (15, 20, 22, 35, 42, 43). Jagger et al. showed that PA-X expression
reduced the viral pathogenicity of 1918 H1N1 IAV (15). Similarly, Gao et al. (43) and Hu
et al. (16) reported that loss of PA-X expression increased viral replication and patho-
genicity of pH1N1 and H5N1 IAVs. In contrast, recent work has described that loss of
PA-X in pH1N1 or H9N2 viruses leads to a reduction in viral pathogenicity (21, 35). In
addition, IAV strain-specific differences in the ability to block the cellular protein
synthesis have also been reported (25, 31–33).

In contrast to preceding work, where the functions of these two proteins were
studied individually, in this work we have investigated the interplay between PA-X and
NS1 and the impact of their coordinated ability to block, or not, host gene expression

FIG 11 Induction of innate immune responses by pH1N1 LAIV viruses. mRNA expression levels of IFN-�, TNF-� and
CCL2 in lungs of mice infected with 1 � 103 PFU of the indicated pH1N1 LAIV viruses at 1, 3, and 5 dpi (n � 3) were
quantified by RT-qPCR analysis. Fold expression changes in each mouse group were calculated relative to the
control group of mock (PBS)-infected mice. Data represent the averages and SD values for three mice in each group
on the days indicated.
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in the pathogenesis of IAV. To that end, we took advantage of a pH1N1 LAIV virus
backbone (Fig. 1 and 2). The pH1N1 LAIV model allowed us to assess the contributions
of PA-X and NS1 in vitro and in vivo while bypassing biosafety concerns and presenting
a clearer phenotype. Moreover, pH1N1 WT is highly pathogenic in mice (55), and
therefore it is difficult to measure subtle phenotypic differences, contrary to the
situation with the pH1N1 LAIV variant that is less pathogenic in vivo (Fig. 9 and Table
1). Our results showed that simultaneous expression of both proteins that have the
ability (PAWT

�/NS1MUT
�) (Table 1)or do not have the ability (PAMUT

�/NS1WT
�) (Table 1)

to block host gene expression (Fig. 3 to 5) severely reduces viral replication in vitro (Fig.
7) and in vivo (Fig. 10) as well as pathogenicity in a mouse model of infection (Fig. 9 and
Table 1). In contrast, when the ability to inhibit host protein synthesis switched
between the PA-X and NS1 proteins, the new virus (PAMUT

�/NS1MUT
�) (Table 1)

displayed viral replication in vitro and in vivo (Fig. 7 and 9, respectively) and virulence
in vivo (Fig. 9 and Table 1) that were similar to those observed with a virus expressing
both WT proteins (PAWT

�/NS1WT
�) (Table 1).

Our results show that a virus not expressing PA-X protein (PAMUT
�/NS1WT

�) (Fig. 7)
and therefore lacking the ability to inhibit host gene expression by either PA-X or NS1
(Fig. 4 and 5 and Table 1) is attenuated compared to a virus expressing the WT PA-X and
NS1 proteins (PAWT

�/NS1WT
�) (Fig. 9 and Table 1). These data are consistent with

previous findings describing that a pH1N1 WT virus showed a slightly increased
virulence in mice compared to a virus expressing lower levels of the PA-X protein (21,
35). Remarkably, by using our pH1N1 LAIV virus, we have observed greater differences
in virus pathogenicity than those observed using pH1N1 WT, suggesting that the LAIV
virus backbone is better suited to detect differences in pathogenicity than the WT
backbone. On the other hand, contrary to other studies (35), we did not observe a
higher innate (Fig. 11) or humoral (Fig. 12) response with the PA-X-deficient virus in
mice. This is most likely due to the very reduced viral replication in mouse lungs

FIG 12 Humoral responses to pH1N1 LAIV viral infections. Six- to 8-week-old female C57BL/6 mice (n � 5) were
infected i.n. with 1 � 102 PFU of the indicated pH1N1 LAIV viruses. (A to C) At 21 days p.i., mice were bled and sera
were collected and evaluated by ELISA for IgG antibodies against total influenza virus proteins using cell extracts
of pH1N1 virus-infected MDCK cells (A) or recombinant pH1N1 HA (B) or NA (C) protein. OD, optical density. (D) HAI
titers from mock (PBS)-infected or infected mouse sera were calculated.
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observed for the PAMUT
�/NS1WT

� virus (Fig. 10), which could be explained, at least in
part, by the lower levels of polymerase activity observed with the PAMUT protein than
with PAWT in the presence of the NS1 protein (Fig. 6).

Furthermore, we evaluated the virulence of a virus harboring two proteins with the
ability to inhibit the protein synthesis in the host (PAWT

�/NS1MUT
�) (Fig. 7 and Table 1).

We observed that the virus replicated at lower levels in human A549 cells (Fig. 7),
despite being able to efficiently control IFN-� production induced after infection (Fig.
8). This phenotype could be a consequence of an excessive inhibition of host protein
synthesis, which could be affecting the expression of multiple host factors required for
efficient virus replication.

Accordingly, the PAWT
�/NS1MUT

� virus was also highly attenuated in vivo (Fig. 9),
inducing poor IFN and inflammatory (Fig. 11) or humoral (Fig. 12) responses, most likely
because of its impaired replication in mouse lungs (Fig. 10). Previously, Hale et al.
showed that a pH1N1 including three mutations in the NS1 protein (the same used in
this work) that restored NS1’s ability to block host gene expression induced less IFN-�
(as well as other cytokines) during infection (34). However, using an in vivo mouse
model of infection, the virus was slightly less pathogenic, and it appeared to be cleared
faster than the pH1N1 WT virus (34). Although those data correlate with our observa-
tions, using our pH1N1 LAIV model, this phenotype was more evident, reinforcing the
idea that the LAIV virus backbone may represent a better approach to elucidating small
differences in pathogenicity. Interestingly, a pH1N1 LAIV virus in which the ability to
inhibit the host gene expression was interchanged between the PA-X and the NS1
proteins (PAMUT

�/NS1MUT
�) (Fig. 3 and Table 1) showed virulence (Fig. 9) and ability to

replicate in vitro (Fig. 7) and in vivo (Fig. 10) similar to those of the pH1N1 LAIV WT virus
(Table 1). Moreover, PAMUT

�/NS1MUT
� pH1N1 LAIV virus was able to induce levels of

IFN and cytokines (Fig. 11), as well as humoral responses (Fig. 12), similar to those for
the pH1N1 LAIV WT virus, suggesting that inhibition of host gene expression is subject
to a strict balance and that this function can be exchanged between the IAV PA-X and
NS1 proteins.

Viruses need to hijack the cellular machinery for the progression of infection.
Therefore, an exacerbated (PAWT

�/NS1MUT
�) blocking of host protein synthesis may

compromise successful viral infection. Several cellular host factors have been described
to be important for viral replication (56, 57). Thus, a strong inhibition of the expression
of these cellular host factors could have a negative effect on viral replication. On the
other hand, to replicate in the host, viruses have developed multiple mechanisms to
counteract the innate immune response and the antiviral state produced in the
infected cell and in the neighborhood cells. Thus, inhibition of host protein synthesis
could contribute to dampening the antiviral response as well as to diverting the cellular
resources toward viral replication. Taken together, our findings suggest that an optimal
control of host gene expression mediated by PA-X and NS1 is required for the efficient
viral replication in IFN-competent systems, showing that too much (PAWT

�/NS1MUT
�)

or too little (PAMUT
�/NS1WT

�) inhibition of host protein expression can be deleterious
for influenza viruses (Table 1).

Importantly, our findings suggest that the role of PA-X together with NS1 can be
important to understand virus pathogenicity. In fact, the characterization of these two
viral proteins could help to predict the virulence of new IAV strains with pandemic
potential. Likewise, a balance of inhibition of host gene expression mediated by PA-X
and/or NS1 would be required for efficient replication of LAIV viruses, without impairing
their safety profile, to induce protective innate and humoral responses upon successful
infection. However, more in-depth studies will be required in the future to fully
understand the mechanism(s) underlying these changes in host gene expression
mediated by the cooperative functions of the PA-X and NS1 proteins. Moreover, other
IAV proteins (e.g., PB2 or PB1-F2) have been shown to play a role in inhibiting innate
immune response (12, 27, 58) and should be further analyzed in the context of WT or
mutant PA-X and NS1 proteins.
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MATERIALS AND METHODS
Cells and viruses. Human embryonic kidney (293T; ATCC CRL-11268), human lung epithelial

carcinoma (A549; ATCC CCL-185), and Madin-Darby canine kidney (MDCK) (ATCC CCL-34) cells were
grown in Dulbecco’s modified Eagle’s medium (DMEM) (Mediatech, Inc.) supplemented with 10% fetal
bovine serum (FBS) (Atlanta Biologicals) and 1% penicillin (100 U/ml)–streptomycin (100 �g/ml)–2 mM
L-glutamine (P-S-G) (Mediatech, Inc.) at 37°C in air enriched with 5% CO2. MDCK cells constitutively
expressing the green fluorescent protein (GFP) and firefly luciferase (Fluc) reporter genes under the
control of the IFN-� promoter (MDCK IFN-�-GFP/IFN-�-Fluc) were described previously (48).

Recombinant wild-type (WT) pandemic H1N1 influenza virus A/California/4_NYICE_E3/2009 (pH1N1)
has been previously described (55). The recombinant pH1N1 LAIV virus was generated using plasmid-
based reverse genetics techniques (39, 59). WT and LAIV pH1N1 viral titrations and stocks were produced
at 33°C. Influenza virus A/Puerto Rico/8/34 H1N1 NS1-deficient (ΔNS1) virus (13) and the recombinant
Newcastle disease virus expressing GFP (rNDV-GFP) were previously described (60).

Plasmids. To generate all the recombinant pH1N1 LAIV viruses, the PB2, PB1, PA, and NS viral
segments were subcloned into a pUC19 plasmid (New England BioLabs). To generate PB2LAIV and PB1LAIV,
the ts mutations in PB2 (N265S) and PB1 (K391E, D581G, and A661T) were introduced by site-directed
mutagenesis (7, 9, 10, 39). pH1N1 already contained the amino acid change D34G in the viral NP.
PA-X-deficient plasmids were created by mutating the frameshift motif from UCC UUU CGU (WT) to UCC
UUC AGA (PAPMUT) or AGC UUC AGA (PAMUT) (15, 16, 18–23, 35, 42, 43). Three amino acid substitutions
(R108K, E125D, and G189D) were introduced into the NS segment to mutate the NS1 protein (34).
Mutated PB2 (PB2LAIV), PB1 (PB1LAIV), PA (PAPMUT and PAMUT), and NS1 (NS1MUT) viral segments were
subcloned from pUC19 into the ambisense pDZ plasmid for virus rescues (61). To test the polymerase
activity using a minigenome (MG) assay, we engineered a pPolI plasmid containing the human RNA
polymerase I (Pol-I) promoter and the mouse Pol-I terminator separated by SapI endonuclease restriction
sites (hpPol-I). The Gaussia luciferase (Gluc) reporter gene ORF containing the 3= and the 5= noncoding
regions of the NP viral RNA (vRNA) was cloned into the hpPol-I plasmid to generate the hpPol-I Gluc
reporter plasmid. All plasmids were confirmed by sequencing (ACGT Inc.). Primers for the generation of
the different plasmid constructs are available upon request.

Rescue of recombinant pH1N1 LAIV viruses. Virus rescues were performed as previously described
(49, 62, 63). Cocultures (1:1) of 293T and MDCK cells in 6-well plates were cotransfected in suspension
with 1 �g of each of the ambisense plasmids (pDZ-PB2 or PB2LAIV, -PB1 or PB1LAIV, -PAWT or PAMUT, -HA,
-NP, -NA, -M, and NSWT or NS1MUT) using Lipofectamine 2000 (LPF2000) (Invitrogen). At 12 h posttrans-
fection (p.t.), the transfection medium was replaced with DMEM containing 0.3% bovine serum albumin
(BSA), 1% P-S-G, and 0.5 �g/ml of N-tosyl-L-phenylalanine chloromethyl ketone (TPCK)-treated trypsin
(Sigma). At 72 h p.t., tissue culture supernatants (TCS) were collected, clarified, and used to infect fresh
MDCK cells (106 cells/well, 6-well plate format). At 3 to 4 days postinfection (p.i.), recombinant viruses
were plaque purified and scaled up in MDCK cells (49). Stocks were titrated by immunofocus assay
(focus-forming units [FFU] per milliliter) on MDCK cells (49, 63). Virus stocks were confirmed by
sequencing the PB2, PB1, PA, and NS1 ORFs using purified total RNA (TRIzol reagent; Invitrogen) from
infected MDCK cells (106 cells/well, 6-well plate format) according to the manufacturer’s specifications.

Inhibition of host gene expression. To evaluate the effect of pH1N1 NS1 and PA-X proteins on host
protein synthesis, 293T cells (2.5 � 105 cells/well, 24-well plate format, triplicates) were transiently
cotransfected in suspension, using LPF2000, with 1 �g/well of the indicated pDZ plasmids encoding WT
or mutant PA (PAPMUT and PAMUT) proteins, NS1 WT and mutant (NS1MUT) proteins, or empty (E) plasmid
as control, together with 25 ng/well of pCAGGS plasmids expressing GFP (29) or Gluc (64). At 24 h p.t.,
cells were analyzed for GFP expression under a fluorescence microscope, and Gluc activity was quantified
from TCS using a Biolux Gaussia luciferase reagent (New England BioLabs) and a Lumicount luminometer
(Packard). The mean value and standard deviation (SD) were calculated using Microsoft Excel software.

MG assays. To evaluate the effect of WT and mutant NS1 and PA-X proteins on viral polymerase
activity, 293T cells (2.5 � 105 cells/well, 24-well plate format, triplicates) were transiently cotransfected
in suspension, using LPF2000, with 125 ng of each ambisense pDZ plasmids encoding the PB2LAIV,
PB1LAIV, PA (PAWT or PAMUT), NP, and NS (NSWT or NS1MUT) plasmids, together with 250 ng of the hpPol-I
Gluc plasmid. A Cypridina luciferase-encoding plasmid (simian virus 30 [SV40]-Cluc, 50 ng) was also
included to normalize transfection efficiencies (65, 66). Cells transfected in the absence of pDZ NP were
used as a negative control. At 24 h p.t., Gluc and Cluc expression levels were determined using Biolux
Gaussia or Cypridina luciferase assay kits (New England BioLabs) and a Lumicount luminometer (Packard).
The mean value and standard deviation were calculated using Microsoft Excel software.

Protein gel electrophoresis and Western blot analysis. Proteins from transfected cell lysates were
separated by denaturing electrophoresis using 10% SDS-polyacrylamide gels and transferred to a
nitrocellulose membrane (Bio-Rad) with a Bio-Rad Mini Protean II electroblotting apparatus at 100 V for
2 h. Membranes were blocked for 1 h with 5% dried skim milk in phosphate-buffered saline (PBS)
containing 0.1% Tween 20 (T-PBS) and incubated overnight at 4°C with primary rabbit or goat polyclonal
antibodies (PAbs) against NS1 (67), PA (ABIN398948; Antibodies-Online), NP (67), PB2 (SC17603; Santa
Cruz Biotechnology), or PB1 (SC117601; Santa Cruz Biotechnology) or a mouse monoclonal antibody
(MAb) against NP (ATCC HB-65). Mouse MAb against actin (A1978; Sigma) was used as an internal loading
control. Bound primary antibodies were detected with horseradish peroxidase (HRP)-conjugated anti-
bodies against the different (mouse, rabbit, or goat) species (GE Healthcare). Proteins were detected by
chemiluminescence (Thermo Fisher Scientific) following the manufacturer’s recommendations and pho-
tographed using a Kodak ImageStation.
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Virus growth kinetics. To determine virus growth kinetics in vitro, triplicate wells of confluent
monolayers of MDCK or A549 cells (4 � 105 cells/well, 12-well plate format) were infected at a multiplicity
of infection (MOI) of 0.001 (MDCK) or 0.1 (A549). After 1 h of virus adsorption at room temperature, cells
were overlaid with DMEM containing 0.3% BSA, antibiotics, and TPCK-treated trypsin (1 �g/ml for MDCK
cells and 0.25 �g/ml for A549 cells) and incubated at 33°C, 37°C, or 39°C. At the indicated times p.i. (12,
24, 48, 72, and 96 h), TCS were collected and viral titers were determined by immunofocus assay (FFU/ml)
as previously described (49, 63). Briefly, confluent wells of MDCK cells (104 cells/well, 96-well plate format,
triplicates) were infected with 10-fold serial dilutions of TCS. At 12 h p.i., cells were fixed and permeab-
ilized (4% formaldehyde and 0.5% Triton X-100 in PBS) for 15 min at room temperature. The cells were
then incubated in blocking solution (2.5% BSA in PBS) for 1 h at room temperature and incubated with
the influenza virus NP MAb HB-65 for 1 h at 37°C. After washing with PBS, cells were incubated with a
fluorescein isothiocyanate (FITC)-conjugated rabbit anti-mouse IgG secondary antibody (Dako) for 1 h at
37°C. NP-expressing positive cells were enumerated to determine the virus titer (FFU/ml) (49, 63). The
mean value and standard deviation (SD) were calculated using Microsoft Excel software.

Plaque assay and immunostaining. Confluent monolayers of MDCK cells (106 cells/well, 6-well plate
format) were infected for 1 h at room temperature, and after virus adsorption, cells were overlaid with
agar and incubated at 33°C, 37°C, or 39°C. At 3 days p.i., cells were fixed with 4% paraformaldehyde for
15 min at room temperature. After the overlays were removed, cells were permeabilized (0.5% Triton
X-100 in PBS) for 15 min at room temperature and prepared for immunostaining as previously described
(63, 68), using the NP MAb HB-65 and vector kits (Vectastain ABC kit and DAB HRP substrate kit: Vector)
following the manufacturer’s specifications.

Bioassay to evaluate IFN production. To evaluate the levels of IFN produced by infected cells,
monolayers (2.5 � 105 cells/well, 24-well plate format, triplicates) of MDCK cells constitutively expressing
GFP and Fluc reporter genes under the control of the IFN-� promoter (MDCK IFN-�-GFP/IFN-�-Fluc) (48)
were mock infected or infected (MOI of 3) with the pH1N1 LAIV viruses. At 16 h p.i., activation of the IFN-�
promoter was determined by Fluc expression in cell lysates using a Promega luciferase reporter assay and
a Lumicount luminometer. Influenza virus infection levels were evaluated by immunofluorescence using
an anti-NP MAb (HB-65) as described above. In addition, TCS of infected MDCK cells were collected, and
viruses were UV inactivated by exposure to short-wave (254-nm) UV radiation (Mineralight UV lamp, UV
S-68; Ultra-Violet Products) for 40 min at a distance of 6 cm as previously described (25, 26, 49). Fresh
MDCK cells seeded in 96-well plates (104 cells/well, triplicates) were then treated with the UV-inactivated
TCS for 24 h and infected with rNDV-GFP (MOI, 3). The GFP intensity was measured, at 24 h p.i., with a
microplate reader (DTX880; Beckman Coulter). GFP expression by mock-treated cells was considered to
have a value of 100%. Mean values and standard deviations were calculated using Microsoft Excel
software.

Mouse experiments. Female 6- to 8-week-old C57BL/6 mice were purchased from the National
Cancer Institute (NCI) and maintained in the animal care facility at the University of Rochester under
specific-pathogen-free conditions. All animal protocols were approved by the University of Rochester
Committee of Animal Resources and complied with the recommendations in the Guide for the Care and
Use of Laboratory Animals of the National Research Council (69). Mice were anesthetized intraperitoneally
with 2,2,2-tribromoethanol (Avertin; 240 mg/kg of body weight) and then inoculated intranasally (i.n.)
with 30 �l of the indicated pH1N1 LAIV virus. Mice were monitored daily for morbidity (body weight loss)
and mortality (survival). Mice showing 25% loss of their initial body weight were considered to have
reached the experimental endpoint and were humanely euthanized. The 50% mouse lethal doses
(MLD50) for the recombinant pH1N1 LAIV viruses was determined using the method of Reed and Muench
(52). Virus replication was evaluated by determining viral titers in the lungs at 1, 3, and 5 days p.i. To that
end, three mice in each group were sacrificed, and lungs were extracted and homogenized. Virus titers
were determined by immunofocus assay (FFU/ml) as indicated above. Geometric mean titers (GMTs)
were performed using GraphPad Prism software. Levels of IFN-�, TNF-�, and CCL2 induction were
analyzed in mouse lungs at 1, 3, and 5 days p.i. To that end, mice (n � 3) were sacrificed, and lungs
were extracted and incubated in RNAlater (Ambion) at 4°C for 24 h prior to freezing at �80°C. Lungs were
homogenized in lysis buffer using a gentleMACS dissociator (Miltenyi Biotec), and total RNA was
extracted using an RNeasy minikit (Qiagen). Reverse transcriptase reactions were performed at 37°C for
2 h using the high-capacity cDNA transcription kit (Applied Biosystems) and an oligo(dT) primer to
amplify mRNAs, starting from 300 ng of total RNA. Quantitative PCRs (qPCRs) were performed using a
TaqMan gene expression assay (Applied Biosystems) specific for the viral M1 mRNA (NR-15592, Influenza
Virus Real-Time RT-PCR Assay Influenza A & B viruses; Biodefense and Emerging Infectious Research
Resources Repository [BEI Resources]), IFN-� (Mm00439552_s1; Applied Biosystems), chemokine (C-C
motif) ligand 2 (CCL2) (Mm00441242_m1; Applied Biosystems), and tumor necrosis factor alpha (TNF-�)
(Mm00443258_m1; Applied Biosystems) murine genes. Quantification was achieved using the 2�ΔΔCT

method (70).
ELISA. Mouse sera were collected by submandibular bleeding at 21 days p.i. and evaluated for the

presence of influenza virus-specific antibodies by enzyme-linked immunosorbent assay (ELISA) as
previously described (49). Briefly, 96-well plates were coated for 16 h at 4°C with lysates from mock- or
pH1N1 WT virus-infected MDCK cells. Alternatively, plates were coated with pH1N1 virus HA (200 ng per
well) (FR-180 IRR) or NA (200 ng per well) (NR-19234; BEI Resources) recombinant protein. After washing
with PBS, coated wells were blocked with PBS containing 1% BSA and then incubated with 1:2 dilutions
(starting dilution of 1:100) of mouse serum at 37°C. After 1 h of incubation, plate wells were washed with
H2O and incubated with HRP-conjugated goat anti-mouse IgG (GE Healthcare) for 30 min at 37°C. The
reactions were developed with tetramethylbenzidine (TMB) substrate (BioLegend) for 10 min at room
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temperature, quenched with 2 N H2SO4, and read at 450 nm (Vmax kinetic microplate reader; Molecular
Devices).

HAI assays. Hemagglutination inhibition (HAI) assays were used to assess the presence of neutral-
izing antibodies (49). To that end, mouse sera were treated with receptor-destroying enzyme (RDE)
(Denka Seiken) and heat inactivated for 30 min at 56°C. Sera were then serially 2-fold diluted (starting
dilution of 1:20) in 96-well V-bottom plates and mixed 1:1 with 4 hemagglutinating units (HAU) of pH1N1
WT virus for 60 min at room temperature. The HAI titers were determined by adding 0.5% turkey red
blood cells (RBCs) to the virus-antibody mixtures for 30 min on ice, as previously described (49).
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