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Strain-Specific Contribution of NS1-Activated Phosphoinositide
3-Kinase Signaling to Influenza A Virus Replication and Virulence
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We generated influenza A viruses expressing mutant NS1 proteins unable to activate phosphoinositide 3-kinase (PI3K) in two
mouse-lethal strains. The recombinant A/Puerto Rico/8/34 (rPR8) mutant virus strain was attenuated and caused reduced mor-
bidity/mortality. For the recombinant A/WSN/33 (rWSN) virus strain, the inability to stimulate PI3K had minimal impact on
replication or morbidity/mortality. Cell-based assays revealed subtly distinct intracellular sites of NS1 localization and PI3K
activation between the strains. We hypothesize that specific spatially regulated NS1-activated PI3K signaling, rather than simply
the total level of active PI3K, is important for virus replication and virulence.

I nfluenza A virus NS1 protein is a multifunctional virulence fac-
tor with well-characterized abilities to counteract host antiviral
defenses (10). NS1 also binds directly to the p85f3 regulatory sub-
unit of the cellular lipid metabolism enzyme phosphoinositide
3-kinase (PI3K), thereby stimulating activation of PI3K/Akt sig-
naling (2, 8, 17). A crystal structure of the NS1-p858 interaction
interface, combined with mutagenesis and biochemical studies,
has confirmed several key residues of NSI that are essential for
binding and activating PI3K (8, 9, 16). Among these, tyrosine 89 is
at the very center of the interface, and its conservative substitution
to phenylalanine (Y89F) completely abrogates the NS1-p85f in-
teraction without detectably affecting its ability to antagonize host
interferon production (7-9). The biological reasons for NS1 acti-
vation of this specific p853-PI3K pathway are not understood,
and there is debate in the literature as to whether this NS1 function
acts to delay virus-induced apoptosis (2, 12, 18) or has another
role, such as regulating lung epithelium cation currents (6).

Using reverse genetics (3), we generated recombinant wild-
type (WT) and NS1-Y89F viruses with the mouse-lethal A/Puerto
Rico/8/34 (PR8) and A/WSN/33 (WSN) influenza virus strains.
The four viruses (rPR8 WT, rPR8 NS1-Y89F, rtWSN WT, and
rWSN NS1-Y89F) were plaque purified, and virus stocks were
grown and titrated in MDCK cells using serum-free medium.
RNA was extracted from stock aliquots, and the eight genomic
segments of each virus were fully sequenced after segment-specific
reverse transcription-PCR (RT-PCR) to ensure the absence of un-
desired mutations. Compared to the rPR8 WT virus, the rPR8
NS1-Y89F virus was clearly attenuated, forming smaller plaques
on MDCK cells (Fig. 1A) and growing to ~10-fold-lower titers in
the A549 human lung epithelial cell line during multicycle repli-
cation assays (Fig. 1B). In contrast, we were unable to discern any
obvious difference between the rWSN WT virus and the rWSN
NS1-Y89F virus; the two viruses formed similar plaque pheno-
types on MDCK cells (Fig. 1C) and grew with identical replication
kinetics in A549 cells (Fig. 1D).

To assess the contribution of NS1-activated PI3K to influenza A
virus replication and pathogenicity in vivo, we determined the 50%
mouse lethal dose (MLDy,,) values for all four viruses by intranasally
infecting ketamine-xylazine-anesthetized 6- to 8-week-old C57BL/6
mice (Jackson Laboratory, ME) with 5-fold serial dilutions of virus (5
mice/group) and monitoring body weight changes for 14 days. All
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procedures were performed in accordance with the Institutional An-
imal Care and Use Committee guidelines of Mount Sinai School of
Medicine, and animals showing more than 25% weight loss were
considered to have reached the experimental endpoint and were hu-
manely euthanized. MLDs, values were subsequently calculated ac-
cording to the method of Reed and Muench (Table 1). In the rPR8
virus background, the NS1-Y89F mutation led to a >8-fold increase
in MLDs, (MLDs, values were 7.3 PFU for the rPR8 WT virus and
59.3 PFU for the rPR8 NS1-Y89F virus) (Table 1 and Fig. 2A), and
mice infected with the rPR8 NS1-Y89F virus exhibited less morbidity
(as determined by weight loss) than mice infected with the WT (Table
1 and Fig. 2B). Notably, even when comparable MLD5, values were
used, there was an ~2-day delay in the onset of disease symptoms and
death with the rPR8 NS1-Y89F virus compared to results with the
WT (Table 1 and data not shown). In stark contrast, the -WSN WT
and rWSN NS1-Y89F viruses had similar MLD5, values (~1.8-fold
difference; MLD5, values were 593 PFU for the rWSN WT and 1,050
PFU for the rtWSN NS1-Y89F virus) (Table 1 and Fig. 2C), and the
weight loss profiles associated with the two viruses were almost iden-
tical (Fig. 2D).

To assess viral replication in vivo, mice were intranasally in-
fected with 1,250 PFU of each virus, and lungs were excised on
days 2 and 4 postinfection. Following homogenization and cen-
trifugation (10,000 X g, 5 min, 4°C) steps, the supernatants were
used to determine viral titers. As shown in Fig. 3A and B, the rPR8
NS1-Y89F virus replicated to titers ~10-fold lower than those of
the rPR8 WT at both day 2 and day 4, while no differences in viral
titer were observed between rWSN WT and rWSN NS1-Y89F vi-
ruses. The NS segments of all four viruses were fully sequenced
after RT-PCR of homogenate samples to ensure the absence of
revertants.

To confirm that the NS1-Y89F mutation in both the rPR8 and
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FIG 1 Replication of WT and NS1-Y89F viruses in tissue culture. Plaque phenotypes of rPR8 WT and rPR8 NS1-Y89F viruses (A) or -WSN WT and rWSN
NS1-Y89F viruses (C) in MDCK cells. Multicycle growth analysis of rPR8 WT and rPR8 NS1-Y89F viruses (B) or rWSN WT and rWSN NS1-Y89F viruses (D)
in a human lung epithelial cell line, A549 (infection at an MOI of 0.01 PFU/cell). Data points show mean values from three replicates, and error bars represent

standard deviations (SD).

rWSN virus backgrounds is sufficient to abrogate activation of
PI3K, individual A549 monolayers were infected at a multiplicity
of infection (MOI) of 5 PFU/cell with each of the four viruses, and
total cell lysates were harvested after 8 h. Following SDS-PAGE (4
to 12% NuPAGE gels; Invitrogen) and polypeptide transfer to
polyvinylidene difluoride (PVDF) membranes, Western blotting
was used to analyze the phosphorylation status of cellular Akt at
serine 473 (mouse monoclonal antibody [MAb] 587F11; Cell Sig-

naling Technology), a previously described marker for NS1-acti-
vated PI3K (8). As shown in Fig. 4A, infection with both rPR8 WT
and rWSN WT viruses resulted in increased levels of pAkt com-
pared to that in mock-infected cells. Furthermore, despite similar
expression levels of NS1 between the WT and NS1-Y89F virus
pairs, levels of pAkt in both NSI1-Y89F virus-infected samples
were comparable to that in the mock-infected sample, suggesting
an inability of these mutants to activate PI3K signaling. This result

TABLE 1 Characterization of WT and NS1-Y89F virus pathogenicity in vivo

% Survival (no. of
mice surviving/

Median no. of days with indicated

. % wt loss (range
Mean maximum wt (range)

Virus Dose (PFU) total no. tested) loss (%) (range) >10% >20%
rPR8 WT 10 60 (3/5) 21.4 (15.6->25) 5(3-9) 2 (2-8)
50 0 (0/5) >25 (>25) 10 (9-11) 8 (8-9)
250 0 (0/5) >25 (>25) 11(11) 10 (9-10)
1,250 0(0/5) >25 (>25) 12 (12) 11 (10-11)
rPR8 NS1-Y89F 10 100 (5/5) 10.1 (4.6-14.4) 1(0-2) 0(0)
50 80 (4/5) 16.4 (5.9->25) 4 (0-8) 0(2-7)
250 0 (0/4) >25 (>25) 9 (8-9) 7 (7-8)
1,250 0 (0/5) >25 (>25) 10 (10-11) 9 (8-9)
rWSN WT 20 100 (5/5) 3.3 (0.8-5.4) 0(0) 0(0)
100 100 (5/5) 5.0 (2.5-7.8) 0 (0) 0(0)
500 80 (4/5) 21.2 (16.4->25) 4 (4-8) 1(0-7)
2,500 0 (0/5) >25 (>25) 9 (9-10) 8 (7-8)
rWSN NS1-Y89F 20 100 (5/5) 4.9 (0.3-11.6) 0(0-2) 0(0)
100 100 (5/5) 6.8 (1.2-19.8) 0 (0-3) 0(0)
500 100 (5/5) 15.6 (8.5-19.4) 3 (0-3) 0(0)
2,500 20 (1/5) >25 (20.8->25) 9 (5-9) 7 (1-7)
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FIG 2 Characterization of WT and NS1-Y89F virus pathogenicity in vivo. (A and B) Survival data (A) and mean body weights (B) for 6- to 8-week-old C57/BL6
mice intranasally infected with the rPR8 WT and rPR8 NS1-Y89F viruses (50 PFU/mouse, n = 5). Error bars in panel B represent SD. (C and D) Survival data
(C) and mean body weights (D) for 6- to 8-week-old C57/BL6 mice intranasally infected with the rWSN WT and rWSN NS1-Y89F viruses (2,500 or 500

PFU/mouse, n = 5). Error bars in panel D represent SD.
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FIG 3 Replication of WT and NS1-Y89F viruses in vivo. Six- to eight-week-
old C57/BL6 mice were infected intranasally with 1,250 PFU of each virus.
Lung titers were determined on days 2 and 4 postinfection from 3 or 4 mice
per group. Bars represent mean values. (A) rPR8 WT and rPR8 NS1-Y89F
viruses. (B) rWSN WT and rWSN NS1-Y89F viruses. Results shown were
obtained in a single experiment and are representative of those of two
similar experiments.
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correlates with previous data showing that both PR8/NS1 and
WSN/NSI proteins can bind p853 (8) and indicates that in both
PR8 and WSN virus strains, the mutation of tyrosine 89 is suffi-
cient to prevent this interaction.

It is intriguing that both PR8/NS1 and WSN/NSI1 proteins are
capable of binding PI3K and inducing Akt phosphorylation in a
Y89-dependent manner, yet as viruses, the rPR8 and rWSN strains
show differential sensitivities to abrogation of this signaling axis.
We investigated possible phenotypic differences between PR8/
NS1 and WSN/NSI1 (which differ by only 7 amino acids) and
observed that the intracellular localization of these two proteins
was subtly distinct during infection (Fig. 4B). At 8 h postinfection,
both NSI proteins appeared predominantly nuclear, but at 24 h
postinfection, PR8/NS1 was either mostly nuclear or cytoplasmic,
and WSN/NSI was mostly cytoplasmic with a concentrated peri-
nuclear distribution. Notably, the Y89F mutation had little impact
on the localization of either NS1 protein at 8 h postinfection, but
it did exacerbate the cytoplasmic predominance of both PR8/NS1
and WSN/NSI at 24 h postinfection (Fig. 4B). Thus, the Y89F
mutation did not have a striking differential effect on the two virus
strains that could correlate with the virus replication data.

We were intrigued by the subtle differences in WT PR8/NS1
and WT WSN/NSI protein localizations and hypothesized that
these could lead to differential spatial activation of PI3K. To char-
acterize this, we established a cell-based assay to detect intracellu-
lar phosphatidylinositol (3,4,5)-trisphosphate [PtdIns(3,4,5)P;],
the membrane-bound lipid second-messenger product of PI3K
that is responsible for recruiting Akt to membranes. Initial exper-
iments using virus proved difficult to interpret, possibly because
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FIG 4 PI3K activation by influenza A virus NS1 proteins. (A) Phosphorylation of Akt during infection (or mock infection [-]) of A549 cells with rPR8 WT, rPR8
NSI1-Y89F, rWSN WT, and rWSN NSI1-Y89F viruses. Lysates were prepared 8 h postinfection (MOI, ~5 PFU/cell) and subjected to SDS-PAGE followed by
transfer to PVDF membranes. NS1 and phosphorylated Akt at serine 473 [pAkt (Ser*”*)] were detected using specific antibodies. -Actin served as a loading
control. (B) Indirect immunofluorescence of NS1 protein localization in A549 cells infected for the indicated times with rPR8 WT, rPR8 NS1-Y89F, rWSN WT,
and rWSN NS1-Y89F viruses (MOI, ~5 PFU/cell). Staining was performed using a polyclonal anti-NS1 serum (PAb 155). (C) Indirect immunofluorescence of
HeLa cells cotransfected with plasmids encoding p858/p110« and either PR8/NS1 or WSN/NSI. Costaining was performed using a monoclonal anti-
PtdIns(3,4,5)P; antibody (green) and a polyclonal anti-NS1 serum (PAb 155; red), together with 4,6’ -diamidino-2-phenylindole (DAPI) to stain nuclei (blue).
Imaging and processing settings were kept identical for all fields to allow comparisons. Arrows indicate PtdIns(3,4,5)P5-enriched plasma membrane microdo-
mains in PR8/NS1-transfected cells, which are not predominant in WSN/NSI1-transfected cells. Magnified insets are numbered. An asterisk shows an untrans-
fected cell with unstimulated levels of PtdIns(3,4,5)P; and background levels of NS1 staining. Images are composite Z-stacks of multiple optical slices. a-, anti-.
(D) Quantification of PtdIns(3,4,5)P; staining in PR8/NS1- and WSN/NS1-transfected p858/p110a-overexpressing HeLa cells (as in panel C). Bars represent the

mean percentages of manually assigned individual cells from five randomly selected fields of view (~20 cells per field; error bars represent SD).

PI3K activation has multiple reported roles at different stages of
the infection cycle (1, 5, 11, 14, 15). We also found that an en-
hanced signal-to-noise ratio could be achieved by providing cata-
Iytically active PI3K in trans. Thus, to characterize NS1-activated
PI3K in the absence of other potentially confounding viral factors,
HeLa cells were cotransfected for 16 h with plasmids encoding
human PI3K (p85B/p110a subunits), as well as PR8/NSI or
WSN/NSI1. Cells were then serum starved for 8 h, after which
fixation and processing for indirect immunofluorescence was per-
formed as described previously (13), except that permeabilization
was done with 0.5% saponin in order to limit permeabilization of
intracellular membranes. A monoclonal anti-PtdIns(3,4,5)P; an-
tibody (Echelon Biosciences) and a polyclonal anti-NS1 serum
(polyclonal antibody [PAb] 155) were used as primary antibodies,
and imaging was performed using a Zeiss LSM 510 Meta confocal
microscope. In this system, PR8/NS1 and WSN/NS1 appeared to
be expressed to similar levels, both were broadly detectable in the
cytoplasm, and both induced production of PtdIns(3,4,5)P; in a
large proportion (~80%) of transfected cells (Fig. 4C and D),
findings in agreement with the observation that both NS1 pro-
teins can interact with PI3K and promote Akt phosphorylation.
However, using this assay, we observed a clear spatial differ-
ence in PtdIns(3,4,5)P; accumulation between the two strains
(Fig. 4C). PR8/NS1-induced PtdIns(3,4,5)P; appeared to con-
centrate in distinct microdomains of the plasma membrane,
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possibly at the basal edges of the cell. In contrast, WSN/NS1-
induced PtdIns(3,4,5)P; was broadly distributed throughout
the cell membrane, with an apparent concentration only where
the membrane covered the perinuclear/nuclear area, some-
thing that was mostly absent for PR8/NS1. Quantification of
PtdIns(3,4,5)P; localization by scoring five randomly selected
fields of view totaling >100 cells per condition confirmed these
observations (Fig. 4D). Notably, we believe that the absence of
both NS1 proteins from nuclei in this transfection-based assay
is likely a consequence of permeabilization with saponin,
which inefficiently permeabilizes nuclei (4) but is necessary to
maintain membranes with PtdIns(3,4,5)P; embedded.

Here, we used the mouse-adapted rPR8 and rWSN viruses to
confirm the importance of tyrosine 89 for NS1-mediated PI3K
activation and demonstrate a strain-specific contribution of NS1-
activated PI3K to virus replication in tissue culture and in vivo: for
rPR8, NS1-activated PI3K is important, while for rWSN, it is not.
Our data, which suggest strain-specific differences in the abilities
of the respective NS1 proteins to define intracellular sites of PI3K
activation, provide a tempting correlation with the virus growth
data, although further mapping and mutagenesis work is clearly
necessary to confirm this. Nevertheless, we hypothesize that the
biological function of NS1-activated PI3K during infection may
not simply rely on total levels of PtdIns(3,4,5)P; or phosphory-
lated Akt but may also depend on their correct intracellular redis-

jviasm.org 5369


http://jvi.asm.org

Ayllon et al.

tribution by NS1 to certain signaling platform sites. It may there-
fore be that the particular PI3K phenotype activated by WT WSN/
NS1 is not in itself beneficial to the virus, thus explaining why
abrogation of such signaling in this viral strain does not signifi-
cantly impact replication. Future studies in this area, including the
identification and characterization of any NS1-specific signaling
platform, may improve our understanding of both influenza virus
biology and cellular PI3K signaling.
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