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Abstract PI3k-Akt and p53 pathways are known to play

anti- and pro-apoptotic roles in cell death, respectively.

Whether these pathways are recruited in influenza virus

infection in highly productive monkey (CV-1) and canine

(MDCK) kidney cells was studied here. Phosphorylation of

Akt (Akt-pho) was found to occur only early after infection

(5–9 h.p.i). Nuclear accumulation and phosphorylation of

p53 (p53-pho), and expression of its natural target p21/waf

showed low constitutive levels at this period, whereas

all three parameters were markedly elevated at the late

apoptotic stage (17–20 h.p.i.). Up-regulation of Akt-pho

and p53-pho was not induced by UV-inactivated virus

suggesting that it required virus replication. Also, mRNAs

of p53 and its natural antagonist mdm2 were not increased

throughout infection indicating that p53-pho was up-regu-

lated by posttranslational mechanisms. However, p53

activation did not seem to play a leading role in influenza-

induced cell death: (i) infection of CV1 and MDCK cells

with recombinant NS1-deficient virus provoked accelerated

apoptotic death characterized by the lack of p53 activation;

(ii) mixed apoptosis-necrosis death developed in influenza-

infected human bronchial H1299 cells carrying a tetracy-

cline-regulated p53 gene did not depend on p53 gene

activation by tetracycline. Virus-induced apoptosis and

signaling of Akt and p53 developed in IFN-deficient VERO

cells with similar kinetics as in IFN-competent CV1-in-

fected cells indicating that these processes were endocrine

IFN-independent. Apoptosis in influenza-infected CV-1

and MDCK cells was Akt-dependent and was accelerated

by Ly294002, a specific inhibitor of PI3k-Akt signaling,

and down-regulated by the viral protein NS1, an inducer of

host Akt. The obtained data suggest that influenza virus (i)

initiates anti-apoptotic PI3k-Akt signaling at early and

middle phases of infection to protect cells from fast

apoptotic death and (ii) provokes both p53-dependent and

alternative p53-independent apoptotic and/or necrotic (in

some host systems) cell death at the late stage of infection.
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Introduction

Influenza virus is a cytolytic virus that induces cell death in

most cell types by apoptosis [1–3] and, only in certain

cells, by necrosis [4–6]. Apoptosis kills infected cells by

caspase-dependent mechanisms at late stages of infection

[7–9]. Two types of virus-host interactions should be

considered in the development of apoptosis/necrosis. First,

apoptosis is induced only in infected cells by endocrine or

intrinsic mechanisms. Second, infected cells may trigger

paracrine or extrinsic apoptosis in non-infected neighbor-

ing cells through released signaling molecules. There are

also two concepts with respect to the role of apoptosis in

influenza virus replication. According to one of them
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cellular apoptotic factors, such as caspase 3 and NF-kB/

Fas/Trail, promote influenza virus replication [10–12],

whereas the other concept considers apoptosis as a host

defense mechanism limiting virus replication [13, 14]. In

either case, however, apoptosis is clearly regulated by virus

and host cell factors.

Viral factors play quite different roles in apoptosis.

Virus-specific RNAs serve as unique activators of host

protein kinase R (PKR) [15–18] and TLR3/TLR7, RIG-1,

MDA-5, and IPS-1 signaling that trigger NF-kB/IFN cas-

cades recruited into host pro- and anti-apoptotic pathways

[12, 19–21]. Viral neuraminidase (NA) was found to

facilitate activation of TGF-b, a known inducer of apop-

tosis, at the plasma membrane of infected cells [22, 23].

The recently discovered influenza protein PB1-f2 appears

to induce apoptosis in virus-infected cells by the formation

of ionic channels in mitochondria and release of host

proapoptotic intracellular mediators [24–26]. Influenza

virus matrix protein M1 seems to be involved in the

apoptotic process through interaction with caspase 8 [27,

28] and, when transiently expressed in cells from a DNA

plasmid, both M1 and the ionic channel protein M2 were

shown to provoke apoptosis [29]. The non-structural viral

protein NS1 was found to down-regulate apoptosis in

infected cells [9] probably through suppression of the

PKR/NF-kB/IFN signaling pathway [12, 30]. Whether

and how these viral factors interplay with each other in a

coordinated fashion remains unclear.

Host cell factors involved in the apoptotic process

include signaling molecules, such as Fas/FasL [17, 31, 32],

Bcl-2 [33], TGF-b [23, 34], mitogen-activated Raf/MEK/

ERK and AP-1/JNK [30, 35], NF-kB [12, 36], apoptosis

signal-regulating kinase (ASK-1) [37, 38], TLRs 3, 7 and 8

[39–41], tumor suppressor p53 [42, 43], chemokine CCL5-

CCR5 [44, 45], and nitric oxide [46], that are all up-reg-

ulated in influenza-infected cells. In general, these factors

indicate which signaling pathways might be involved in

apoptosis. Some of them, such as Raf/MEK/ERK [47],

NF-kB/Fas/Trail [12, 48], and caspase 3 [11], were found

to stimulate virus propagation, whereas others, such as

Bcl-2 [33], NF-kB [36], and AP-1/JNK [30], were reported

to impair or not influence it. Thus, apoptotic mechanisms

may trigger pro- and anti-viral programs. Moreover, it is

still unclear whether influenza virus initiates anti-apoptosis

pathways to maintain its own replication or whether the

host triggers pro-apoptotic ones as a programed anti-stress

response to eradicate virus infection.

Here we investigated anti- and pro-apoptotic cell sig-

naling pathways that could be recruited into influenza

virus replication in infected cells. Specifically, we have

analyzed the interaction of the cellular anti- and pro-

apoptotic mediators Akt and p53, respectively, with the

viral NS1 protein in monkey (CV-1) and canine (MDCK)

kidney cells as well as the human bronchial cell line

H1299 containing a tetracycline-regulated p53 promoter.

The following observations have been made: (i) anti-

apoptotic PI3k-Akt signaling was initiated at early and

middle phases after influenza virus infection, and viral

NS1 positively regulated this process; (ii) in contrast to

NS1, selective inhibition of PI3k-Akt signaling with

Ly294002 inhibitor accelerated development of apoptosis;

(iii) the proapoptotic p53 was found to be activated only

at the late apoptotic stage; (iv) influenza virus may

provoke p53-dependent as well as alternative p53-inde-

pendent cell death.

Materials and methods

Cells and viruses

Influenza strains A/PR/8/34 (H1N1), A/Aichi/2/68 (H3N2),

A/Texas/96 (H3N2) (mouse lung-adapted), A/WSN/33

(H1N1), A/tern/South Africa/61 (H5N3), and A/Singapore/

57 (H2N2) were grown in 10-day-old embryonated chicken

eggs. Strains A/Moscow/328/03 (H3N2) and A/Moscow/

343/03 (H3N2) were propagated in CACO-2 cells [6].

Influenza A/PR/8/34 (H1N1) wild type (wt) virus and its

isogenic mutant lacking the NS1 gene [49] were propa-

gated in 7-day-old embryonated chicken eggs. Virus titers

were measured by virus focus assay in MDCK cells [6].

Madin Darby canine kidney cells (line MDCK-II) (col-

lection of Institute of Virology, Marburg), monkey kidney

cells (lines CV-1 and VERO) (European Collection of Cell

Cultures; ECACC) were passaged in Dulbecco’s minimal

essential medium (DMEM) containing 10% bovine fetal

calf serum (FCS) (GIBCO-BRL, Karlsruhe, Germany). The

human lung carcinoma cell line H1299, containing the p53

wild type gene under a tetracycline-regulated promoter

[50], was propagated in DMEM supplemented with 10%

FCS and doxycycline at 5 lg/ml. For infection, 2-day-old

confluent cell monolayers were incubated with egg grown

influenza virus (5 PFU/cell) for 1 h at 37�C. After infec-

tion, cells were washed and incubated with DMEM without

serum at 37�C for different periods of time and were then

prepared either for light microscope examination, protein

gel electrophoresis, DNA fragmentation, or immunofluo-

rescent analysis.

Cell transfection experiments

pCAGGS vector containing combined chicken beta-actin/

rabbit beta-globin hybrid promoter and human cytomega-

lovirus immediate early promoter [51] was used for

expression of the NS1 protein. NS1 genes of A/PR/8/34
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(H1N1) and A/Aichi/2/68 (H3N2) viruses were cloned into

pCAGGS through the EcoRI site. Empty pCAGGS and

pCAGGS/NS1 DNAs were propagated in E. coli strain

XL1-blue and purified by Endotox-free kit (Promega). CV1

and 293T cells were grown on 30-mm dishes to 50–80%

confluency and transfected with 2.5 lg pCAGGS or

pCAGGS/NS1 using the superfect transfection reagent

(Qiagen) (7 ll) according to the manufacturers protocol.

DNA-superfect mixtures were prepared in opti-M medium

(GIBCO). Transfected cells were incubated in DMEM

containing 0.3% BSA, 0.1% FCS and ampicillin/strepto-

mycin for 25–48 h. After incubation, cells were subjected

to polypeptide analysis by WB-PAGE.

Polyacrylamide gel electrophoresis (PAGE)

Polypeptides were electrophoresed in 12% polyacrylamide

gels using Tris-glycine-SDS buffer followed by autoradi-

ography as previously described [52]. For gel staining with

Coomassie Brilliant Blue R-350, the protocol of Pharmacia

was applied. For electrophoresis, cellular polypeptides

were treated in dissociation buffer (2% SDS, 0.01 M

dithiotreitol, 0.02 M Tris-HCl, pH 6.8) for 5 min at 96�C.

To quantitatively normalize samples in a one set of PAGE-

western blot analysis the same amounts of protein were

loaded into gel wells.

Western Blot analysis (WB)

After SDS-PAGE the polypeptides were transferred from

the gel onto Protran-nitrocellulose membranes (pore-size

0.45 lm) (Schleicher & Schuell) by semidry electro-blot-

ting with Tris-glycine buffer (pH ~ 9.8) containing 15%

ethanol and 0.005% SDS. Membranes were washed with

150 mM phosphate-buffered saline (PBS) and incubated

for 1 h at 20�C in 5% dried milk in PBS. After washing

with PBS, membranes were incubated overnight at 4�C in

PBS containing 1% BSA, and specific antisera for Akt,

Akt-Ser476-pho (Cell Signaling), p53 (Calbiochem),

p53-Ser15-pho (Cell Signaling), p53-Ser46-pho (Cell

Signaling), WAF/p21 (Biosourse), H3 and H1 influenza

hemagglutinins (collection of the Institute of Virology,

Marburg, Germany), and caspase 3 (Pharmingen). Mouse

monoclonal antibodies against influenza virus NP (clones

A1 and A3; CDC, Atlanta), and M1 (Serotec) were also

used. After incubation with antibodies, membranes were

exposed to horseradish peroxidase (HRP)-conjugated

secondary anti-species antibodies (Dako), followed by

visualization of positive bands by ECL on Kodak BioMax

film. Protein bands were scanned and WB mem-

brane images were calculated with TINA program, version

2.09.

p53 and Mdm2 transcription assay

Total RNA was isolated from CV-1 infected cells with a

DNA-ase treatment step using the high pure RNA isolation

kit (Roche), and differences in intracellular mRNA levels

were determined by reverse transcription (RT) using Omni

script RT kit (Roche) and semiquantitative PCR, as widely

used previously [53]. For each gene assay, transcription

was started with the first (RT) gene-specific primer,

whereas PCR was carried out using the second gene-spe-

cific primer set and was performed using an initial 2-min

denaturation at 94�C, followed by 22 and 30 cycles. These

double-cycle programs were used to avoid comparison of

mRNA levels at saturated PCR conditions [53]. One PCR

cycle consisted of 20 s at 94�C, 30 s at 55�C, and 60 s at

72�C. Mdm2 specific primers were employed for RT (AAC

ATC TGT TGC AAT GTG ATG G) and for PCR Fo (TCA

GGA TTC AGT TTC AGA TCA G) and Re (CAT TTC

CAA TAG TCA GCT AAG G). p53-specific primers were:

RT (TCA CAA CCT CCG TCA TGT GCT GTG), and for

PCR Fo (CTT GCC GTC CCA AGC AAT GGA TGA) and

Re (TGT GGA ATC AAC CCA CAG CTG CAC).

DNA fragmentation analysis

For the isolation of cellular low molecular weight DNA,

the SDS-high salt extraction method has been used [9].

Mock-infected and influenza-infected cells were suspended

in PBS and gently mixed with 4 volumes of buffer con-

taining 10 mM Tris-HCl (pH 7.6), 10 mM EDTA, and

0.6% SDS. Cell lysates were incubated overnight at 4�C in

1 M NaCl, and centrifuged at 14,000 rpm for 20 min at

4�C. Supernatants were treated sequentially with RNAase

A (1 mg/ml) and proteinase K (0.2 mg/ml) for 20 min at

37�C, mixed with two volumes of ethanol, and left over-

night at –20�C. Precipitated DNA was resuspended in TE

buffer (10 mM Tris-HCl, 1 mM EDTA, pH 7.6), electro-

phoresed in 1.5% agarose-TBE buffer, and stained with

ethidium bromide (EB).

Immune fluorescent staining of cells

CV-1 cells were grown on 1 cm2 glass coverslips and then

infected with WT and delNS1 A/PR/8/34 viruses (MOI 1).

At different intervals after infection coverslips were fixed

at 4�C for 20 min with 2% paraformaldehyde prepared in

PBS and then cells were permeabilized for 10 min in

0.15% NP-40 in PBS. Permeabilized cells were incubated

with mouse monoclonal anti-p53 antibody (Ab-3; Calbio-

chem, USA) for 1 h at room temperature, washed 4 times

with PBS and incubated for 1.5 h in the dark with anti-

mouse secondary Fab2 conjugated with TRITC (Jackson

Immuno Research Inc., USA). Stained cells were washed
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with PBS, covered with moviol mount medium and ob-

served in a fluorescent microscope at magnification 400.

Propidium iodide (PI) staining of cells

PI staining of infected cells was used to estimate the level

of cell plasma membrane leakage as one of the hallmarks

differentiating necrosis from apoptosis [54]. Uninfected

and influenza-infected H1299 cells grown on 1 cm2 cov-

erslips with and without doxycycline were incubated in

darkness with DMEM containing 2 lg/ml of PI for 15 min

and fixed with 2% paraformaldehyde prepared in PBS at

4�C for 20 min. Fixed cells were twice washed with PBS,

covered with Moviol mount medium and observed in a

fluorescence microscope with a 600-EFLP filter.

Cell viability MTT test

The principle of the assay is the oxidation of yellow MTT

(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-

mide) to purple formazan that takes place only when

mitochondrial reductase is active. Colour formation is

therefore directly related to the number of viable cells [55].

H1299 cells were grown on 24-well plates in the presence

of doxycycline (5 lg/ml) to suppress p53 expression. To

induce p53, doxycycline was removed and confluent cell

monolayers were incubated overnight in DMEM. Then

cells were infected either with influenza viruses (MOI

about 5) and incubated for 24 and 48 h.p.i. At these times,

cells in separate wells were incubated with MTT (final

conc. 0.5 lg/ml) prepared in DMEM, for 2 h at 37�C to

allow the intracellular oxidation of MTT, washed with

DMEM, and then dissolved overnight in 25 mM solution

of HCl containing 5% of SDS (0.3 ml per well). Oxidized

formazan was measured spectrophotometrically at 570 nm

Results

Up-regulation of Akt in influenza virus-infected cells

Akt and p53 signaling was monitored in influenza-infected

MDCK and CV-1 cells. These cell lines are sensitive to

influenza virus infection and maintain high virus replica-

tion to titers of 106–108 p.f.u. per ml of medium. Cells were

infected with A/PR/8/34 (H1N1), A/Aichi/68 (H3N2) and

A/tern/South Africa/61 (H5N3) viruses, and intracellular

levels of Akt, its Ser473 phosphorylated form (Akt-pho),

p53 and its Ser15 phosphorylated form (p53-pho), as well

as p21/waf were monitored by WB technique at different

times after infection. The results are shown in Fig. 1. The

phosphorylated form of activated Akt was clearly detected

in infected CV1 cells, and there was a transient up-regu-

lation of Akt-pho at the early-middle phase of infection

(5–9 h.p.i) (Fig. 1A). Akt-pho up-regulation was clearly

seen in CV-1 cells infected with all virus strains studied.

Some variations were observed in amounts and transient

duration of Akt-pho up-regulation in infected cells.
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Fig. 1 Kinetics of virus production and patterns of Akt, Akt-pho,

p53, p53-pho, p21/waf and caspase 3 in CV-1, MDCK , and VERO

cells infected with influenza virus. CV-1 (A, D), MDCK (B, C), and

interferon-deficient VERO (E) cells were inflected with A/WSN/33

(A), A/tern/South Africa/61 (A), Aichi/68 (A–E) viruses at MOI 5

and incubated for different times after infection. At these intervals the

same amounts of cells were analyzed with PAGE-WB using

antibodies specific for Akt, Akt-pho, p53, p53-pho, p21/waf, caspase

3 and its activated form 3a. Positive bands were visualized with

secondary anti-species antibodies conjugated with HRP by ECL

procedure. Ponseau S-stained Actin protein in WB membrane (panel

1B) was outlined as a quantity reference. Virus titers in culture fluids

were measured by hemagglutination test at different times after

infection (C)
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However, these virus-dependent variations seemed to be not

so dramatic and were probably connected with well-known

differences in levels of virus protein synthesis and rates of

virus strain replication. It is important to mention that the

up-regulation of intracellular Akt-pho developed without an

increase of the total amount of Akt during infection

(Fig. 1B). Also, the dynamics of Akt-pho up-regulation in

infected MDCK cells were similar to those in CV-1 cells

also showing transient stimulation of Akt-pho in the

early-middle phase (5–9 h.p.i.) (Fig. 1B). Notably, Akt and

Akt-pho were controlled in parallel and in all experiments

only elevation of Akt-pho and a constant constitutive level

of Akt were observed indicating that Akt activation

occurred at the posttranslational level. It is worth to mention

that the time course of Akt stimulation in infected cells

correlated with the kinetics of virus growth (Fig. 1B and C).

This suggests that Akt protects cells from apoptotic death

during the early phases of productive virus replication.

Up-regulation of p53 in influenza virus-infected cells

Next, we have studied the dynamics of p53 phosphoryla-

tion in influenza virus-infected CV1 cells. To evaluate the

level of p53, WB analysis using antibody specific for this

protein was applied. To estimate the activation of p53, p53

phosphorylated on serine 15 (p53-pho) and p21/waf, a

natural reporter of p53 intracellular transcriptional activity,

were tested by WB using Ser15pho- and p21-specific

antibodies (Fig. 1D). The background level of p53 was not

markedly increased during the course of infection, whereas

p53-pho was drastically up-regulated at the late stage of

infection around 17–20 h.p.i. At this time, the cells had

gone into apoptosis as indicated by activation of caspase 3

and appearance of its cleaved 11 kD subunit (caspase 3a;

Fig. 1D bottom segment) and DNA degradation (Fig. 5E).

p21/waf was also significantly up-regulated at the late stage

in parallel with p53 phosphorylation supporting the con-

cept that p53 was activated. It was also noticed that p53

displayed a double band, and only the upper component

representing the phosphorylated form was dominant at the

late stage and recognized as phosphorylated form (Fig. 1D;

p53 and p53-pho segments). The significance of this phe-

nomenon will be discussed below. Taken together, these

data show that up-regulation and activation of cellular

transactivator p53 occurred only at the late apoptosis stage

in influenza virus-infected cells.

Up-regulation of Akt-pho and p53-pho requires virus

replication

Up-regulation of Akt-pho and p53-pho raised the question

of whether these processes were induced by virus adsorp-

tion to target cells alone or whether they required virus

replication. To discriminate between these possibilities

experiments with inactivated virus were done. Aichi/68

virus grown in chicken eggs was irradiated with a UV dose

that fully retained HA activity and totally destroyed

infectivity (2 min irradiation by a 15WT UV lamp at

18 cm distance). Incubation of CV-1 and MDCK cells with

UV-treated virus (equivalent to MOI 15) for 2 h followed

by incubation in DMEM at 37�C either for 7 or 15 h did

neither induce synthesis of viral polypeptides nor Akt-pho

and p53-pho stimulation in both cases (data not shown).

These data clearly showed that up-regulation of Akt-pho

and p53-pho required virus replication in infected cells.

Dynamics of up-regulation of Akt in IFN-deficient

VERO cells

Recently it was found that interferon of type I (IFN-I) may

be involved in stimulation of p53 in cells infected with

different viruses, such as Newcastle disease virus, vesicular

stomatitis virus, and herpesvirus [56]. We have therefore

analyzed whether endocrine IFN-I had an effect on the

up-regulation of Akt-pho and p53-pho in influenza-infected

cells. For this purpose IFN-deficient VERO cells [57], were

examined for the above markers at different intervals after

infection with influenza A/Aichi/68 virus. The results

obtained are shown in Fig. 1E. Transient Akt phosphory-

lation and late activation of p53 coupled with stimulation

of p21/waf were similar to those seen in IFN-competent

CV-1 cells. Notably, kinetic profile of p53-pho and coupled

p21/waf were characterized by earlier up-regulation than in

CV-1 and MDCK cells, p53-pho and p21/waf were seen in

VERO cells already at 6–10 h.p.i. as compared to

15–20 h.p.i. in CV 1 cells (Fig. 1D and E). The earlier p53

activation provoked by virus in the absence of mature IFN

in this cell line could be connected with the easier ampli-

fication of virus components in IFN-deficient host. These

data suggest that early transient recruitment of Akt and

following p53 signaling in cells infected with influenza

virus does not significantly depend on IFN-I. Specifically,

as in the case of CV-1 cells, p53 formed a double band of

which the lower band appeared earlier (6–10 h.p.i) than the

upper one (20 h.p.i.) (Fig. 1E). These differences in the

phosphorylation patterns of p53 in VERO and CV1 cells

might reflect multisite phosphorylation of p53 [58, 59] with

host-specific variations in IFN-competent (CV1) and

IFN-deficient (VERO) cells after influenza virus infection.

Up-regulation of p53 in virus-infected cells is not

transcriptional

It is well known that p53 and mdm2 are antagonistically

interlinked and regulated reciprocally both at the tran-

scriptional and posttranslational levels through feedback
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loop [60]. Thus, the next question was whether p53 was up-

regulated at the transcriptional level and whether this up-

regulation was linked to a positive transcriptional regula-

tion of mdm2. To determine p53 and mdm2 mRNAs at

different stages after virus infection, a semiquantitative

method using gene-specific primers and double-cycle reg-

imen to exclude comparison of mRNA levels at saturated

PCR conditions was applied. The results obtained in both

PCR regimens are shown in Fig. 2. It could be seen that

mRNAs of both p53 and mdm2 stayed virtually at the same

constitutive level during infection. These data suggest that

(i) p53 was not transcriptionally stimulated, and (ii) the

observed up-regulation of p53 late in infection did not re-

sult from transactivation of mdm2, but was due to post-

translational modification(s).

Apoptosis development and dynamics of Akt and p53

in cells infected with delNS1 virus

Previously we have shown that protein NS1 down-regu-

lates apoptosis in cells infected with influenza virus [9].

This implied that NS1 may interact with anti-apoptotic Akt

and/or pro-apoptotic p53 signaling in infected cells. To test

this hypothesis we have studied recombinant A/PR/8/34

virus lacking the NS1 gene (delNS1 virus). DelNS1 virus

was compared with its wild type (WT virus). In agreement

with our earlier data [9] we observed first that delNS1 virus

induced apoptosis more rapidly than WT virus. This was

clearly indicated by the earlier development of apoptotic

changes such as cell rounding and blebbing, host caspase

activation, DNA laddering, anexin V exposition, and cas-

pase-dependent cleavage of virus protein NP in delNS1

virus-infected cells [6, 9]. We have then estimated the

levels of the main viral proteins in infected cells. As ex-

pected, NS1 was absent in delNS1 infected cells. The late

viral proteins M1 and HA0 were reduced, whereas syn-

thesis of NP was normal when compared to WT-infected

cells (Fig. 3A). Cells infected with delNS1 showed earlier

and more apoptotic cleavage of the nucleocapsid protein

NP (Fig. 3A; lanes 12 h.p.i) and of caspase 3 (Fig. 3B).

Finally, the patterns of Akt-pho and p53-pho were found to

be significantly different in WT- and delNS1- infected cells

(Fig. 3B). (i) Phosphorylation of Akt was very distinct and

clear transient up-regulation of Akt-pho was achieved in

CV-1 cells infected with WT virus, whereas only back-

ground levels of Akt-pho were seen in delNS1-infected

cells (Fig. 3B, C). These data suggest that NS1 plays a role

in stimulation of anti-apoptotic Akt signaling in infected

cells that leads to a delay of apoptosis in comparison to the

delNS1-infected cells characterized by the lack of Akt

activation and accelerated apoptosis. (ii) Only minor levels

of p53/Ser15 and p53/Ser46 phosphorylation (Fig. 3B, C)

were observed in delNS1 virus-infected cells, contrary to

WT virus infected cells where both phosphorylation pro-

cesses were found to be clearly up-regulated. Additionally,

the level of p21/waf, a natural reporter of p53 activation,

was tested in infected cells. This protein was found to be

markedly up-regulated late after infection with WT virus,

whereas this was not the case in delNS1-infected cells

(Fig. 3C). Finally, to further estimate the levels of p53

activation, it’s nuclear accumulation was studied by im-

mune fluorescence at 15 h.p.i., when apoptosis was clearly

achieved in delNS1-infected cells and already started to

develop WT-infected cells. In both cases the major part of

cells was still attached to coverslips (Fig. 3D; upper

slides). Most of nuclei (~70%) of WT-infected cells

showed intensive accumulation of p53. In contrast, in

delNS1-infected cells as in mock-infected a minor fraction

of nuclei (~25%) showed distinct p53-specific staining

indicating only background activation of p53 (Fig. 3D;

bottom slides). The number of p53-positive nuclei at

7 h.p.i. both in WT- and delNS1-infected cells were similar

to background in mock-infected sample (not shown). The

negligible level of p53 activation and the development of

rapid apoptosis in delNS1 infected cells indicate that there

is an alternative pathway of p53-independent apoptosis in

this virus-host system.

Up-regulation of Akt in cells transfected with a DNA

vector expressing NS1

The above data showing the absence of Akt-pho up-regu-

lation in delNS1-infected cells suggested that influenza

NS1 protein could be responsible for this Akt stimulated

signaling in infected cells. This concept was further tested
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Fig. 2 Transcriptional levels of p53 and mdm2 in influenza virus-

infected cells. MDCK cells were infected with A/Aichi/2/68 virus at

MOI 5 and incubated for 10 and 20 h.p.i. Intracellular RNA was

isolated and used as template in RT-PCR, followed by semi-

quantitative PCR in two regimens with 22 (A) and 30 (B) cycles

using in both reactions two different sets of Mdm2- and p53-specific

primers, as described in methods. The levels of Mdm2- and

p53-specific fragments synthesized on the corresponding intracellular

mRNAs are shown in the top panel, the bottom panel outlines the

reference amounts of intracellular ribosome RNAs taken into the

RT-PCR reactions
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in NS1 transfection experiments. CV1 and 293T cells were

transfected either with empty pCAGGS or pCAGGS/NS1

plasmid DNAs, and intracellular levels of Akt-pho were

evaluated by WB technique. Transfection efficiency mea-

sured by immunostaining as the percentage of NS1 positive

cells in the monolayer at 25 h post transfection was found

to vary at the level 15–25% in different experiments.

Accumulation of Akt-pho appeared to be significantly

higher in cells transfected with the pCAGGS/NS1 vector

than with the empty one (Fig. 4). Interestingly, pCAGGS

constructs expressing viral HA and NP proteins, unlike

plasmids expressing NS1, did not induce Akt phosphory-

lation in CV1 transfected cells (not shown). Negligible

stimulation of Akt-pho in pCAGGS-transfected cells was

most probably provoked by lipophylic transfecting reagent

used in these experiments. The overall amounts of Akt

identified by anti-Akt antibody were equal in pCAGGS-

and pCAGGS/NS1-transfected cells (Akt lanes in Fig. 4),

but there was posttranslational up-regulation of Akt-pho

when NS1 protein was expressed. Importantly, there was

no apoptosis in cells transfected both with pCAGGS alone

and pCAGGS/NS1 (not shown). A similar up-regulation of

Akt-pho was observed in Cos7 and 293T cells expressing

NS1 of A/Aichi/2/68 and A/PR/8/34 viruses (not shown).

Interestingly, the Akt-stimulating activity of NS1, calcu-

lated as a Akt-pho/NS1 ratio (Fig. 4, bottom), was about

10 times higher in pCAGGS/NS1-transfected cells than in

virus-infected cells. Thus, there are redundant levels of

synthesis of NS1 and its Akt-stimulating potential in

infected cells to induce Akt phosphorylation, and low
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delNS1 viruses (MOI 1) were fixed at 15 h.p.i. and examined either

by light microscopy (·250; upper slides) or by immune fluorescent

analysis in an AxioVert 200M microscope using mouse anti-p53
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Transfected cells were incubated for 27 h and host Akt-pho and viral

NS1 protein were analyzed by WB-PAGE using Akt-pho(Ser473)-
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described in materials and methods, and the ratios are shown. Ponseau

S-stained host actin has been used as standard

Apoptosis (2007) 12:1419–1432 1425

123



amounts of the protein seem to be sufficient to saturate

intracellular Akt-signaling. However this redundancy may

be illusive, and big amounts of NS1 are necessary to

maintain its multiple functions in infected cells. All of

these data indicate that the NS1 protein has the ability to

induce activation of Akt both individually and in the

context of virus replication.

p53-independent death of human lung cells H1299

infected with influenza virus

Next, we addressed the question whether p53 activation

plays a role in the initiation of influenza-provoked cell

death or whether it is a secondary signaling in already

dying cells. For this purpose, a p53 null human lung car-

cinoma cell line H1299 carrying an exogenous wild type

p53 gene expressed under the control of a tetracycline

regulated promoter [50] was employed. This cell line was

found to be permissive for influenza viruses and maintain

virus replication to titers of about 105 p.f.u. per ml of

medium. These cells incubated with and without doxycy-

cline were infected with different influenza viruses, and

cell death was monitored by (i) cell viability with an MTT

test, (ii) plasma membrane integrity with Propidium iodide

test (PI) , (iii) DNA ladder formation, and (iv) WB analysis

of the activated form (3a) of caspase 3 and the apoptotic

form (aNP) of NP reflecting the intracellular level of

caspase activity (Fig. 5).

First, it can be seen that withdrawal of doxycycline from

culture medium initiated p53 expression and accumulation

in H1299 cells, whereas in the presence of doxycycline

only a trace leakage level of p53 was detected (Fig. 5A).

Second, the viability data clearly showed that the dynamics

of death development of H1299 cells infected with differ-

ent influenza viruses was independent of p53 expression.

The results of a typical experiment are shown in Fig. 5B.

Third, morphological examination and PI inclusion tests

revealed plasma membrane damage (Fig. 5C, D), and there

was no DNA ladder formation when chromatin degradation

was analyzed (Fig. 5E). These parameters developed sim-

ilarly in doxycycline-treated (p53–) and non-treated (p53+)

H1299 cell cultures. These data implied that influenza-in-

fected H1299 cells recruited necrotic mechanisms and their

death developed in a p53-independent fashion. Fourth,

caspase-dependent cleavages of caspase 3 (Fig. 5F) and NP

(Fig. 5G) were similar in influenza-infected H1299 cells

treated and non-treated with doxycycline. In these cells

infected with delNS1 virus caspase-dependent cleavages of

NP and caspase 3 were significantly higher than in cells

infected with WT virus, but also these cleavages were

principally on the same levels in p53- and p53+ cell sam-

ples (Fig. 5G). The observed caspase cleavage suggested

that death in H1299 infected cells was not only necrotic but

had also apoptotic characteristics which were more

prominent in delNS1-infected cells. These results are also

consistent with the concept that p53 does not play a leading

role in death of influenza-infected cells and in caspase

activation, one of the major mechanisms of cell killing.

Interplay of apoptosis and PI3k-Akt signaling in

influenza virus-infected cells

Akt is known to be activated by PI3k, and PI3k-Akt sig-

naling initiates an antiapoptotic program in cells [61].

Stimulation of this program after influenza virus infection

may increase cell resistance to virus stress and prevents

early apoptosis. On the other hand, suppression of the PI3k-

Akt pathway might promote earlier apoptosis and probably

interfere with virus replication. These hypotheses were

tested in an experiment where PI3k-Akt signaling was

suppressed by Ly294002, a cell permeable inhibitor [62].

Cell cultures were infected with influenza virus and incu-

bated with and without this inhibitor, and apoptosis

development and virus reproduction were examined

(Fig. 6). First, we have found that phosphoactivation of

Akt was effectively suppressed by Ly-294002 in influenza-

infected cells (Fig. 6A). Infected cells incubated with

Ly294002 failed to display Akt-pho indicating the role of

PI3K signaling in Akt activation in influenza-infected cells.

Second, apoptosis in infected CV-1 and MDCK cells

treated with Ly294002 developed markedly earlier than

in non-treated control cells. Apoptosis markers, such as cell

rounding and damage (Fig. 6B), reactivity with cyto-death

antibody (clone M30) (Fig. 6C), caspase-dependent

cleavage of viral nucleocapsid protein NP (Fig. 6D), cas-

pase 3 activating cleavage, and chromatin DNA laddering

(not shown), developed earlier in Ly-treated cells than in

non-treated control cells. Apoptosis markers appeared in

Ly-treated CV-1 cells as early as 10–12 h.p.i., whereas in

non-treated cells these markers were detectable only at

14–16 h.p.i. Ly294002 did not induce apoptotic signs by

itself in mock-infected cells indicating the provoking role

of virus replication in apoptosis enhancement when the

host Akt pathway was inhibited. A similar increase of

apoptosis was observed in influenza-infected MDCK cells

treated with Ly204002 (Fig. 6B; top segment). These data

support the concept that up-regulation of PI3k-Akt

signaling counteracts early apoptosis in influenza-infected

cells.

Discussion

Influenza virus is a cytolytic virus that kills cells either

through apoptosis [1–3] or necrosis [4–6]. Accordingly,

this virus was found to recruit in infected cells a number of

1426 Apoptosis (2007) 12:1419–1432

123



host proapoptotic signaling cascades, such as Fas/FasL,

FADD/caspase 8, PKR/INF, TLR/IRF3/NF-kB, Mapk/Erk,

Jun/AP-1, and p53 pathways (for review see [63]). As

pointed out in the introduction initiation of these pathways

leads to cell death late in infection when significant

amounts of progeny virus have already been produced.

Apoptosis and necrosis are determined by a complex

interplay of these pathways and the virus and host factors

involved. The data presented here show that PI3k-Akt

signaling is activated in the early and middle phases of

infection. Activation of the PI3k-Akt pathway through

CCL5-CCR5 chemokine signaling was recently found in

macrophages infected with Sendai or influenza viruses and

believed to have an anti-apoptotic role in these cells [45].

The CCL5-CCR5 chemokine tandem was reported to be

enhanced in influenza-infected cells at the late stage of

infection [44]. This implies that infected cells secreting

CCL5 might potentiate Akt signaling in neighboring

epithelial cells and macrophages in an infection locus in a

paracrine fashion. The Akt signaling pathway is known to

be one of the prominent anti-apoptotic programs in mam-

malian cells that leads to activation or inactivation of

numerous anti- and pro-apoptotic stimuli, respectively,

including inactivation of pro-apoptotic caspase 9, Bad,

Forkhead, p21/waf, and IkB, and activation of anti-apop-

totic NF-kB, Mdm2, and XIAP (summarized in Fig. 7).
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Fig. 5 Cell death development

and dynamics of p53 up-

regulation in H1299 cells

infected with influenza virus.

H1299 cells grown in the

presence of doxycycline to

suppress p53 expression were

incubated overnight in medium

lacking doxycycline to initiate

p53 synthesis. p53(+) and p53(–

) cells were infected with PR/8/

34 (wt), PR/8/34(delNS1) and

Aichi/68 viruses (MOI 5) and

incubated for different intervals

in medium with and without

doxycycline, respectively. At

these intervals, p53 (A), caspase

3/3a (F), NP/aNP (G) were

identified by PAGE-WB using

specific antibodies and ECL

technique. The levels of cell

death in monolayers infected

with different viruses were

evaluated by MTT test (B),

examination of cell morphology

(C) and PI inclusion test (D).

The amount of viable cells in

the infected cultures as

determined by the MTT test was

calculated in comparison to

mock-infected cell samples

(100%) manipulated in parallel.

(E) DNA ladder analysis of

H1299 cells was performed at

35 h.p.i. in 1% agarose gel

stained with EB, and CV1 cells

infected with Aichi virus

(23 h.p.i.) were used as a

control
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Our observation that Ly294002, a specific inhibitor of

PI3k, inhibited Akt phosphorylation and accelerated

apoptosis in influenza-infected cells is in a full agreement

with the concept that Akt has an anti-apoptotic function.

Activation of Akt at the beginning phase of the infection

process seems to permit influenza virus replication by

preventing apoptosis at this stage. However, we cannot

exclude that phosphorylated Akt is also involved in virus

assembly. The temporal coincidence of Akt stimulation

with the logarithmic phase of virus production in infected

cells is consistent with this concept.

In contrast to the antiapoptotic pattern, the proapoptotic

pattern was observed late in infection. At this stage many

apoptotic markers appeared, such as rounding and blebbing

of cells, caspase activation, chromatin DNA laddering, as

well as caspase-specific cleavage of viral and host proteins.

Only at this apoptotic stage the activating phosphorylation

of p53 and the coupled up-regulation of its natural trans-

activated target p21/waf were seen. This observation

indicated that p53, a well-known apoptotic mediator [64],

was predominantly activated in influenza virus-infected

cells late in infection. Our findings are consistent in part

with previous observations showing up-regulation and

activation of p53 in influenza virus-infected human epi-

thelial cells (line A549), mouse embryo fibroblasts [43],

and in mouse lungs [42]. These earlier data were inter-

preted to show that p53 plays an essential role in death of

influenza-infected cells [43]. In the light of our data this

interpretation of the p53 role in influenza infection process

cannot be considered as universal and obligatory for all

virus-host systems. First, our data are compatible with the

observed nuclear accumulation of p53 only in a part of

infected cells in mouse lungs [42], since the absence of p53

in some nuclei might reflect a pre-apoptotic stage and the

presence of p53 in other nuclei may indicate an apoptotic

stage. Second, in CV-1 and MDCK cells infected with

delNS1 virus accelerated apoptosis developed without

remarkable activation of p53. Moreover, our experiments

in human H1299 cells carrying a regulated p53 gene have

shown that infection mediated death characterized by a

mixed necrosis-apoptosis mechanism also developed

independently of whether p53 gene expression was swit-

ched on or off. The p53 activation observed at the late

infection stage in our experiments unlikely played a lead-

ing role in cell death. It rather seemed to be a secondary

product of the apoptotic process triggered by the alternative

p53-independent pathway. Thus, the role of p53 activation

in apoptosis induced by influenza virus may be distinct in

different host-virus systems. Notably, accelerated

p53-independent apoptosis induced in cells by delNS1

virus may be considered with respect to specific killing of

tumor cells [65]. Many of these cells are deficient of p53,

and their death requires p53-independent apoptosis. In this

context delNS1 virus seems to be a useful tool as an

oncolytic agent.

It was reported earlier that activation of p53 enhanced

apoptosis in cells infected with vesicular stomatitis virus

and some other including influenza viruses in an IFN-al-

pha/beta-depending fashion [56]. We therefore compared

the profiles of Akt-pho, p53-pho, and p21/waf in IFN-a/b-

deficient VERO and IFN-a/b-competent CV-1 cells after

infection with influenza virus. We did not observe

substantial differences in Akt-pho and p53-pho patterns

between these host systems, and only phosphorylation of

p53 was found to develop slightly earlier in IFN-deficient

VERO cells than in IFN-competent CV1 cells. This
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Fig. 6 Development of apoptosis in influenza-infected cells treated

with Ly294002. CV-1 and MDCK cells were infected with Aichi/

68(Ai) virus (MOI 2) and incubated in DMEM alone or for 13 h

(MDCK cells) and 19 (CV-1 cells) h in DMEM containing 10 lM of

freshly prepared Ly294002. To maintain the Ly294002 concentration

the culture media were changed in 6 h intervals. Growing cells were

photographed to visualize cell morphology (A) and then fixed with

2% paraformaldehyde and stained with cytodeath kit (Roche) using

apoptosis-specific M-30 antibody [70] and HRP-conjugated second-

ary anti-species antibodies, followed by staining of apoptotic cells

with water-insoluble substrate ‘‘True Blue’’ (KPL) (B). M30-stained

CV-1 cultures were photographed, and the average percentage of

M30-positive apoptotic cells in 10 microscopic fields was determined

(outlined at the bottom). Canine (MDCK) apoptotic cells were found

to be non-susceptible to M30 antibody. Apoptotic NP, Akt and Akt-

pho (D) in MDCK-infected cells were analyzed at 8 and 13 h.p.i.,

respectively, by PAGE-WB using antibody specific for NP, Akt, and

Akt-pho. The aNP/NP ratio was calculated from scanned WB

membrane images using the TINA program
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suggests that endocrine IFN-a/b does not play a significant

pro-apoptotic role in Akt and p53 signaling pathways in

influenza-infected cells. The different roles of IFN in virus-

induced apoptosis observed here and by Takaoka et al [56]

suggest that there is no universal host pathway recruited by

various viruses in different host systems. It rather appears

that various viruses may recruit sufficiently distinct and

alternative patterns of host signaling pathways in infected

cells. Finally, it is important to mention that in our

experimental design specifically the role of endocrine IFN

was studied, whereas in the experiments of Takaoka et al.

the mixed action of endo- and exocrine IFN was analyzed.

Initiation of PI3k-Akt signaling was found to depend on

the viral NS1 protein and was not observed in cells infected

with delNS1 virus. This observation is in a good agreement

with our previous findings that NS1 down-regulates

apoptosis in infected cells [9]. Taken together, these

observations indicate that NS1 down-regulates apoptosis in

infected cells acting through activation of the Akt antia-

poptotic program. It seems logical that NS1, synthesized as

one of the early viral proteins [66,67], initiates the Akt-

dependent anti-apoptotic program at the early-middle

phase of virus infection to protect cells from fast death and

promote virus replication at this period. The Akt-stimu-

lating function of NS1 was not coupled with its

IFN-antagonistic pathway, since it was also observed in

IFN-deficient VERO cells. The mechanism of how NS1

activates Akt-signaling in infected cells is not sufficiently

clear. Only recent data, published when our manuscript

was in preparation, shed light on this process [68, 69]. (i) It

was shown that NS1 activates PI3k [68] and acts through

the binding to p85-beta, a regulatory subunit of PI3k,

causing the phosphorylation of Akt. (ii) Furthermore, there

is evidence that the highly conserved tyrosine at residue 89

of the NS1 plays a role in the interaction with p85beta and

the activation of PI3K [69]. Thus, our data that acceleration

of apoptosis and activation of Akt require PI3K signaling

and NS1 expression are in a full agreement with these

results. On the other hand, it is not excluded that in infected

cells the role of NS1 is more complicated. Thus, it may

stimulate Akt indirectly by amplifying the synthesis of late

viral genes, such as M1 and HA, which in turn may

cooperate with the Akt-stimulating function of the NS1

protein. This notion is supported by the at least partial
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Fig. 7 Anti- and pro-apoptotic stages during influenza virus infec-

tion. Serine/threonine kinase Akt is activated by phosphatidylinositol-

3-kinase (PI3k)-dependent signaling that can be artificially blocked

by Ly294002. In mock-infected cells, PI3k initiated through a

receptor tyrosine kinase (RTK) generates phosphatidylinositol-tri-

phospate (pip3), whereas phosphotase PTEN reverses this reaction.

Pip3 mediates the translocation of Akt to plasma membrane where it

is activated by phosphoinositide-dependent kinase (PDK) 1 and 2 at

Thr309 and Ser473 [61]. In infected cells, influenza virus induces

synthesis of early proteins: NS1, NP, and polymerase proteins PB1,

PB2, PA [66, 67], so called the early phase of infection (0–5 h.p.i.). At

this period the Akt kinase signaling is initiated through the action of

host PI3k and the viral protein NS1. This direct Akt-stimulating

action of NS1 can be dominant at the early stage of infection and then

other viral proteins amplified by NS1 may be additionally involved in

the Akt pathway (shown by arrow). Akt signaling can promote a

numerous anti-apoptotic pathways, such as activation of anti-

apoptotic Mdm2, XIAP, and NF-kB, and down-regulate pro-apoptotic

Bad, Caspase 9, Forkehad, p21/waf, YAP, etc [61]. During the next

phase (5–10 h.p.i.) synthesis of late viral proteins (HA, NA, M1,

NEP, M2 and PB1-f2) is amplified and the logarithmic phase of virus

growth develops. Virus production ceases at 12–13 h.p.i. Pro-

apoptotic signaling then begins to overbalance anti-apoptotic signal-

ing, and at the late stage (15–20 h.p.i.) apoptosis develops either

through p53-dependent or alternative p53-independent pathways.

Time-periods in Figure are shown for highly sensitive for influenza

viruses MDCK cells. Symbols (›) and (>) show up- and down-

regulatory effects, respectively
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temporal overlap of Akt activation and the up-regulation of

these late viral proteins (Fig. 7).

Conclusion

Taken together our data support the concept that the

apoptotic process has two phases in influenza virus infec-

tion both of which play important, yet different roles in the

interplay between the virus and the host. By activating the

antiapoptotic Akt program the virus eliminates early in

infection an important defense mechanism of the host and,

thus, provides conditions for efficient replication. Once this

has been accomplished, apoptosis is up-regulated at the

final stage of the viral life cycle in both a p53-dependent

and an alternative p53-independent manner, thereby pro-

moting clearance of infected cells and initiating immune

response mechanisms.
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