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ABSTRACT

Viral infection activates a host’s cellular phosphatidylinositol 3-kinase (PI3K)/

Akt signaling pathway, which is involved in cell differentiation, growth, survival, 

and apoptosis. To elucidate molecular mechanisms in the pathogenesis of Newcastle 

disease virus (NDV), we demonstrated that NDV transiently activates the PI3K/Akt 

pathway in chicken cells at an early phase of infection. Its activation was observed 

as early as 15 min post-infection and gradually weakened after 24 h. Incubating cells 

with a PI3K inhibitor, LY294002 or wortmannin, prior to NDV infection decreased NDV 

progeny yields and suppressed Akt phosphorylation at early times post-infection. 

Akt activation is triggered by NDV-GM or NDV-F48E9 and is abolished by methyl 

β-cyclodextrin and chlorpromazine. Treatment following NDV-La Sota infection had 
no obvious effect. However, inhibiting PI3K activation promoted apoptotic responses 

during an early stage of NDV infection. The pan caspase inhibitor ZVAD-FMK mitigated 

the reduction in Akt phosphorylation by inhibiting PI3K activation, which indicates 

the signaling pathway promotes cell survival and, in turn, facilitates viral replication. 

By suppressing premature apoptosis upon NDV infection, the PI3K/Akt pathway 

enhances the anti-apoptotic response.

INTRODUCTION

Newcastle disease virus (NDV) is a negative-sense, 

single-stranded, RNA virus of the Paramyxoviridae family 

with a promising oncolytic agent against tumor cells in 

Phase I clinical studies [1, 2]. The NDV genome encodes at 

least six structural proteins: the nucleocapsid protein (NP), 

matrix protein (M), phosphoprotein (P), fusion protein 

(F), hemagglutinin–neuraminidase protein (HN), and 

large polymerase protein (L) [3]. The P gene additionally 

encodes the three proteins P, V, and W by way of RNA 

editing [4]. Earlier research has shown that the V and W 

proteins promote NDV replication and pathogenicity [5]. 

NDV binds to the sialic acid of cell surface receptors via 

the HN protein and, by analogy, to other paramyxoviruses’ 

pH-independent mechanisms mediating the membrane 

by F protein’s direct integration into host cells [6]. 

NDV enters a host’s infected cells via the pH-dependent 

mechanisms of receptor-mediated endocytosis, in which 

the virus envelope fuses with the cellular membrane, as 

also occurs with viruses in Togaviridae, Rhabdoviridae, 

Orthomyxoviridae, Flavivirus, and with false virus [7, 8]. 

The phosphatidylinositol 3-kinase (PI3K)/Akt 

signaling pathway stimulates a variety of cells’ activities, 
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including growth, proliferation, survival, migration, 

metabolism, and apoptosis [9]. When PI3K is activated by 

G protein-coupled receptors and tyrosine kinase receptors, 

phosphatidylinositol 3,4-bisphosphate phosphorylates 

3,4,5-tris phosphatidylinositol phosphate, which binds and 

recruits Akt to the cellular membrane. Thr308 and Ser473 

are phosphorylated by PDK1 and mTORC2, respectively, 

and this in turn activates the Akt and downstream 

signaling pathways [10, 11]. Various viruses, including 

the hepatitis C virus, vaccinia virus, avian leukemia 

virus, human cytomegalovirus, coxsackie B3 virus, and 

Sendai virus activate the PI3K/Akt signaling pathway by 

attaching to the host cell membrane surface. This activates 

virus internalization and endosomal sorting processes that 

facilitate viral replication [12]. Following the invasion of 

host cells, influenza virus A (H5N1) activates PI3K/Akt 
via NS1 protein, which promotes viral replication and 

inhibits apoptosis [13]. In the early stages of infection, the 

respiratory syncytial virus activates the PI3K/Akt pathway, 

Mdm-2 upregulation, and P53 degradation, thereby 

promoting cell survival [14]. Though PI3K/Akt promotes 

most viral replication, cell survival, and proliferation, it 

suppresses the replication of the hepatitis B virus [15]. No 

studies have reported whether NDV activates the PI3K/

Akt signaling pathway.

In NDV-infected cells or animals, especially in 

the early stages of infection, NDV can trigger apoptosis, 

thereby inhibiting proliferation. Specifically, the activation 
of caspase 3, caspase 8, and caspase 9 can induce 

apoptosis and increase the activity of members of the 

Bcl-2 family, including Bcl-2, Bcl-xL, Bax, and Bad [12]. 

Although many viruses activate the PI3K/Akt signaling 

pathway to promote cell survival and inhibit apoptosis, the 

relationship of the pathway and NDV remains unexplored. 

To better understand the mechanism of molecule 

pathogenesis in NDV infection, we used the CEF and 

DF-1 cell models to investigate the interaction among 

NDV, the PI3K/Akt signaling pathway, and apoptosis.

RESULTS

Transient activation of Akt by NDV

To determine whether NDV could affect the PI3K/

Akt pathway, we infected CEF and DF-1 cells with 

NDV strains GM, La Sota, or F48E9 at an MOI of 1, 

and analyzed Akt at different time points for 48 h after 

infection. NDV did not affect the overall protein level of 

Akt in infected cells, but it induced the phosphorylation 

of Akt at serine 473 between 2 and 24 h postinfection 

(hpi). By 24 hpi, the induction of Akt phosphorylation had 

declined and gradually become visible again (Figure 1A). 

This suppression of Akt phosphorylation by NDV was 

even more pronounced at 48 hpi. Since the induction of 

Akt phosphorylation became visible at 2 hpi in infected 

cells, we investigated the induction of Akt phosphorylation 

at earlier time points in response to NDV infection. Akt 

phosphorylation at serine 473 became detectable as early 

as 15 min postinfection (mpi) (Figure 1B). 

To verify whether the phosphorylation of Akt in 

CEF and DF-1 cells was PI3K dependent or independent 

following infection with NDV, the specific PI3K 
inhibitors LY294002 (10 and 20 µM) and wortmannin 

(0.2 and 1 µM) were incubated for 1 h prior to infection 

with NDV. Cells were harvested and lysed at 1 hpi, 

and then subjected to immunoblot analysis in order to 

detect Akt phosphorylation. NDV infection increased 

the induction of Akt phosphorylation, though the 

LY294002 or wortmannin pretreatment inhibited NDV 

from inducing Akt phosphorylation, yet without altering 

Akt’s overall protein level in infected cells (Figure 2). 

Such results demonstrated that NDV’s induction of 

Akt’s phosphorylation is involved in the PI3K-dependent 

molecular mechanism. 

Early endocytotic events of NDV infection 

involved in activating the PI3K/Akt pathway

NDV can enter infected cells via either receptor-

mediated endocytosis or the activation of the fusion 

protein, provided that the interaction of viral glycoproteins 

with the receptor is in the early stages of the NDV life 

cycle [6, 7]. To determine whether these entry mechanisms 

are involved in inducing Akt phosphorylation by NDV 

infection, we analyzed the effect of two inhibitors 

of clathrin- or caveolae-dependent endocytosis. 

Chlorpromazine is a cationic amphiphilic compound 

that at once prevents the recycling of clathrin and blocks 

clathrin-dependent endocytosis [16]. The sterol-binding 

drug MβCD that sequesters cholesterol also depletes 
cholesterol in the plasma membrane [17]. We investigated 

the effects of both chlorpromazine and MβCD on the 
activation of Akt phosphorylation induced by NDV 

infection. Pretreating cells with various concentrations of 

chlorpromazine decreased Akt phosphorylation induced 

by GM and F48E9 infection, but had no effect on Akt 

phosphorylation expression induced by the La Sota strain 

(Figure 3). Furthermore, preincubating cells with various 

concentrations of MβCD diminished the induction of Akt 
phosphorylation induced by GM and F48E9 infection, but 

not induced by the La Sota strain. Those results suggest 

that Akt activation induced by NDV infection via clathrin- 

and caveolae-mediated endocytosis is dependent on a very 

early event during NDV entry. 

Akt status triggered by NDV made Akt 

phosphorylation visible as early as 15 mpi, thereby 

indicating that the activation of PI3K/Akt signal 

transduction pathway is possibly involved in the 

interaction of NDV and its receptors at an early stage of 

viral infection. To validate that hypothesis, we infected 

CEF cells with UV light-irradiated NDV and harvested 

cell lysates at 1, 2, and 12 hpi for immunoblot analysis 
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with the anti-phospho-Akt antibodies. UV light irradiation 

did not affect the interaction of NDV and its receptors, but 

it inhibited viral genomic RNA replication and damaged 

the NDV life cycle soon after NDV entry. P protein with 

UV light-irradiated NDV was reduced compared to cells 

infected by only NDV at 1, 2, and 12 hpi (Figure 4). 

However, the UV treatment of CEF cells did not decrease 

Akt phosphorylation or its overall protein level at serine 

473 at those time points. This suggests that an initial event 

during NDV entry triggered the activation of Akt, and the 

activation of Akt phosphorylation was not required for 
virus replication. 

Inhibition of the PI3K/Akt pathway reduces 

viral replication

To evaluate whether activated Akt triggered by 

NDV was critical for virus replication, we detected and 

quantified the virus titers with or without incubation in 
the specific PI3K inhibitor LY294002 (20 µM) via plaque 
assay. CEF cells were pretreated with LY294002 for 1 h 

and infected with NDV-GM at an MOI of 1. Cell culture 

supernatants were harvested and quantified every 8 h for 
64 hpi using plaque assay. To further investigate the role 
of Akt in NDV infection and rule out the possibility of 

reduced viral yields in infected cells due to the cytotoxic 

effect of the drugs, cell viability in the presence of 

either LY294002 or DMSO was first determined by 
MTT assay. Compared to the DMSO control treatment, 

LY294002 treatment had no apparent effect (0.2–4.9%) 

on cell viability at the time points indicated (Figure 5A). 

However, viral yields in the presence of specific PI3K 
inhibitor LY294002 was lower than non-LY294002-treated 

positive controls at 8 h to 64 h postinfection (Figure 5B). 

These results further indicate that the PI3K/Akt signaling 

pathway promotes NDV replication. 

Suppression PI3K activity early in NDV life 

cycle inhibits viral progeny yields

To analyze at which time points PI3K activity 

occurred during the NDV life cycle, we preincubated CEF 

cells with either the specific PI3K inhibitor LY294002 
(20 µM) or DMSO for 1 h at -60, -30, 0, 30, 60, 120, 

and 240 mpi, respectively. At 24 hpi, the supernatants 

were harvested and quantified by standard plaque assay 
in order to calculate viral progeny yields. Compared to 

the DMSO control treatment, LY294002 inhibited viral 

progeny yields up to 60% at all timepoints except 240 mpi 

(Figure 6). Similarly, PI3K inhibitor wortmannin (1 µM) 

also suppressed virus replication at early time points of 

infection. These suggest that PI3K activity stimulates 

efficient replication of NDV early on in its life cycle.

Inhibition lysosomal acidification decreases Akt 
phosphorylation and NDV replication

To investigate whether inhibiting pattern recognition 

receptors such as Toll-like receptors (TLR) affects 

Akt phosphorylation and viral yields, we added the 

Figure 1: Transient activation of Akt by NDV. (A) CEF cells were infected with NDV-GM, NDV-La Sota, or NDV-F48E9 at an 

MOI of 1 for 0, 2, 4, 6, 9, 12, 24, 36, and 48 h. Cells were analyzed for Akt phosphorylation at serine 473 (pAkt 473), and overall Akt by 

western blot. (B) Cells were infected with NDV-GM, NDV-La Sota, or NDV-F48E9 at an MOI of 1, and cell lysates were harvested at 

15 min intervals until 2 hpi. Akt phosphorylation at serine 473 (pAkt 473) was analyzed by western blot.
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4-aminoquinoline drug chloroquine (CQ) to infected 
cells. CQ can decrease lysosomal acidity, alter lysosomal 
permeability, inhibit TLR7 and TLR8 activity, and prevent 

the acidification of endosomes [18, 19]. CEF cells were 
pretreated for 1 h with increasing concentrations of 

lysosomal acidification inhibitor CQ (5, 10, 20, 50, and 
100 μM). After NDV-GM infection at an MOI of 1, they 
were harvested for the detection of Akt phosphorylation 

by immunoblot analysis. Akt phosphorylation at serine 

473, but not its overall protein level, gradually decreased 

with increasing concentrations of CQ (Figure 7A), which 
suggests that inhibiting lysosomal acidification in turn 
inhibits PI3K activity. Cells were also preincubated with 

various concentrations of CQ for 1 h prior to infection, 
and cell culture supernatants were collected and assayed 

for viral yields at 24 hpi. As CQ concentration increased, 
titers of viral progeny were reduced in CEF cells with CQ 
treatment compared with those in DMSO-treated cells 

(Figure 7B). CQ treatment decreases Akt phosphorylation 
and viral progeny yields in NDV-infected CEF cells, 

thereby indicating that inhibiting lysosomal acidification 
reduces Akt phosphorylation and NDV replication.

Inhibition the PI3K signaling pathway activated 

by NDV infection enhances early-stage apoptotic 

responses

High-titered interferons induced by NDV in infected 

cells are required for antiviral signaling responses through 
the activation of STAT3 and antiapoptotic activities [20, 21]. 

Figure 2: Inhibition of NDV-induced Akt phosphorylation following treatment with the PI3K inhibitor LY294002 (LY) (A) or wortmannin 

(wort) (B). CEF cells were preincubated with LY294002 (10 and 20 μM) or wort (0.2 μM and 1 μM) for 1 h, and subsequently infected 
with NDV-GM (a), NDV-La Sota (b), or NDV-F48E9 (c) at an MOI of 1. After 1 h, cell lysates were harvested for pAkt (Ser 473) and total 

Akt detection was analyzed by western blot.
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Given that type I and II interferons are known indirect 

antagonists of programmed cell death, we investigated 

other possible molecular mechanisms that suppress the 

induction of programmed cell death. GSK-3β induces 
apoptosis and is inhibited by Akt phosphorylation [22]. 

To further verify the role of the PI3K/Akt pathway in 

the apoptotic signaling response in NDV-infected cells, 

we preincubated LY294002-infected cells with NDV 

and analyzed whether the substrate protein, GSK-3β, 
was associated with the kinase activity of Akt. CEF cells 

were mock-treated or infected with NDV-GM strain at 

an MOI of 1 for 12, 18, and 24 h in either the presence 

or absence of LY294002 (20 μM). Cells were harvested 
and lysed for western blot with p-Akt and p-GSK-3β 
antibodies. Pretreating CEF cells with PI3K inhibitor 

LY294002 reduced the phosphorylation of Akt and GSK-

3β at 18 and 24 hpi (Figure 8A). Inhibition of the PI3K/
Akt signaling pathway by LY294002 (20 μM) resulted 
in the cleavage of PARP and caspase 3 in CEF cells at 

an early phase of NDV infection (Figure 8A), which 

counters the expression levels of phosphorylated Akt 

and GSK-3β. 
To further confirm whether PI3K inhibition by 

LY294002 or wortmannin suppressed the apoptotic 

signaling responses, we analyzed the number of apoptotic 

cells using annexin V-FITC and PI double staining 

assay by flow cytometry. CEF cells were unincubated 
or pretreated for 1 h with LY294002 (20 μM), infected 

with NDV infection at an MOI of 1, and then harvested 

and assayed at 12, 24, and 48 hpi. Cells were infected 

in the continued presence of LY294002. The NDV-GM 

strain increased the number of apoptotic cells at 12 hpi 

(8.5%), and further increased at 24 and 48 hpi (9.8% and 

15.8%, respectively) compared with mock-infected cells 

(Figure 8B, 8C). However, apoptosis increased in CEF 

cells preincubated with 20 μM LY294002 at 12, 24, and 
48 hpi (11.9%, 17.8%, and 24.0%, respectively) compared 

with untreated NDV-infected cells. 

Overall, the inhibition of the PI3K signaling 

pathway diminishes the onset of premature NDV-triggered 

apoptosis at an early phase of infection. 

Inhibition of apoptosis enhances cell survival 

upon NDV infection

As described above, the activation of the PI3K/

Akt signaling pathway in NDV-infected cells results in 

antiapoptotic effects. To test the effect of pan caspase 

inhibitor and apoptosis on NDV-induced cell survival, 

we preincubated CEF cells for 1 h with increasing 

concentrations of pan caspase inhibitor ZVAD-FMK 

(10, 20, 30, and 40 μM) in either the absence or presence 
of LY294002 (20 μM). They were infected with the 
NDV-GM strain at an MOI of 1. At 1 hpi, the infected 

cells were harvested and lysed for western blot with the 

p-Akt antibody. Compared to the NDV-infected cells in 

Figure 3: Early events of endocytosis on NDV infection involved in PI3K/Akt pathway activation. CEF cells were 

preincubated with chlorpromazine (5–50 μM) (A) or methyl β-cyclodextrin (1–10 mM) (B) for 1 h and subsequently infected with NDV-GM  
(a), NDV-La Sota (b), or NDV-F48E9 (c) at an MOI of 1. After 1 h, cell lysates were harvested for pAkt (Ser 473), and total Akt detection 

was analyzed by western blot.
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Figure 5: Inhibition of the PI3K/Akt signal transduction pathway decreases NDV titers. (A) CEF cells were pretreated with 

DMSO or LY294002 (20 µM) for 1 h, and cell viability was measured and quantified by MTT cell proliferation assay at the time points 
indicated. (B) CEF cells were preincubated with LY294002 (20 μM) for 1 h, infected with NDV-GM at an MOI of 1, and cell culture media 
supernatant aliquots were harvested at 8-h intervals until 64 hpi. Virus titers in the cell supernatant were determined in CEFs via plaque 
assay. Data are representative of the results of three independent experiments; *p < 0.05, **p < 0.01 (t test).

Figure 6: Inhibition of the PI3K activity at the early, but not the later, phase of infection results in reduced titers of 

NDV progeny. CEF cells were treated with LY294002 (20 μM) or DMSO starting at the indicated time points before and during infection 
with NDV-GM at an MOI of 1. At 24 hpi, virus titers were monitored by plaque assay. Data are representative of the results of three 
independent experiments, both performed in triplicate; ns: Not significant, *p < 0.05, **p < 0.01 (t test).

Figure 4: Effect of ultraviolet (UV) irradiation on Akt activation by NDV. NDV-GM with and without UV irradiation for 30 min 

were used to infect CEF cells, which were harvested and lysed at 0, 1, 2, and 12 hpi to detect pAkt (Ser 473) and NDV phosphoprotein (P).
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Figure 8: Inhibition of PI3K activity results in the apoptosis of CEF cells. (A) CEF cells were preincubated with the PI3K 

inhibitor LY294002 (LY) (20 μM) or equal volumes of DMSO for 1 h. They were then infected with NDV-GM at an MOI of 1, and 
harvested and lysed at 0, 12, 18, and 24 hpi. Specific antibodies were used to assess the phosphorylation of Akt (Ser 473) and GSK-3β, 
as well as the cleavage of caspase-3 and PARP by western blot. (B) CEF cells were pretreated with the specific PI3K inhibitor LY294002 
(20 μM) or equal volumes of DMSO for 1 h. After being infected with NDV-GM strain, they were harvested for annexin V apoptosis 
detection and PI double staining. Then they were analyzed by flow cytometry at 12, 24, and 48 h postinfection (hpi). (C) The number of 

apoptosis cells (M ± SD of triplicates) are quantified in (B); *p < 0.05, **p < 0.01, ***p < .001 (t test).

Figure 7: Inhibition of lysosomal acidification reduces Akt phosphorylation and NDV titers. CEF cells were preincubated 

with chloroquine (5–100 μM) for 1 h and then infected with NDV-GM at an MOI of 1. Cell lysates were harvested at 1 hpi for pAkt (Ser 473), 
and total Akt detection was analyzed by western blot. Cell culture media supernatant aliquots were harvested at 24 hpi to determine virus 
titers by plaque assay. Data are representative of results of three independent experiments; ns: Not significant, *p < 0.05, **p < 0.01 (t test).
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the absence of the PI3K inhibitor, cells pretreated with 

ZVAD-FMK of NDV-infected cells in the presence of 

LY294002 altered overall Akt levels and increased the 

level of phosphorylated Akt in a dose-dependent manner 

(Figure 9A). 

To further investigate whether inhibiting apoptosis 

promotes host cell survival, we examined the cleavage 

of host proteins associated with hallmark features 

of apoptosis, caspase 3 and PARP. CEF cells were 

preincubated for 1 h with increasing concentrations of 

the pan caspase inhibitor ZVAD-FMK (10, 20, 30, and 

40 μM) in either the absence or presence of LY294002 
(20 μM) before their infection with NDV-GM strain at 
an MOI of 1. Infected cells were harvested and lysed at 

24 hpi for western blot with cleaved-caspase 3 and -PARP 

antibodies. Cleavage of caspase-3 and PARP by the pan 

caspase inhibitor ZVAD-FMK due to the inhibition of the 

survival pathway by LY294002 was inhibited in a dose-

dependent manner (Figure 9B). 

As described above, cell viability and the number 

of apoptotic cells after pretreatment with increasing 

concentrations ZVAD-FMK in either the absence or 

presence of LY294002 (20 μM) at 24 hpi were measured. 
Lower concentrations of ZVAD-FMK (10 and 20 μM) 
displayed no evident antiapoptotic effects in CEF cells; 

however, the high concentration of ZVAD-FMK (40 μM) 
increased cell viability in the presence of LY294002 

(Figure 9C). In addition, antiapoptotic effects induced 

upon incubation with ZVAD-FMK not only increased cell 

viability, but also decreased the number of apoptotic cells 

(Figure 9D).

Inhibition of PI3K activity and apoptosis can 

prevent NDV replication

Specific PI3K inhibitor LY294002- or wortmannin-
induced inhibition of viral protein expression might be due 

to accelerated apoptosis signals in NDV-infected cells. 

To explore this, CEF cells were incubated for 1 h with 

pan caspase inhibitor ZVAD-FMK (40 μM) in either the 
absence or presence of LY294002 (20 μM) and infected 
with the NDV-GM strain at an MOI of 1. At 48 hpi, cells 

were harvested for western blot with the NDV-P protein 

antibody, and for a cell viability count. Treatment with 

ZVAD-FMK in the presence of LY294002 blocked cell 

death in NDV-infected CEF cells (Figure 10A). In NDV-

infected cells, pretreatment with pan caspase inhibitor 

ZVAD-FMK in the presence of LY294002 results in a 

13.7% decrease in the apoptotic cell count compared to 

pretreatment with LY294002 alone (Figure 10B). As 

expected, pretreatment with LY294002 (20 μM) resulted 
in a decrease in the NDV-P protein expression level 

compared to untreated NDV-infected cells (Figure 10C). 

However, inhibition of apoptotic signals by the pan caspase 

inhibitor ZVAD-FMK (40 μM) reversed the inhibitor 
effect of LY294002 on NDV-P protein expression. Similar 

results were obtained using wortmannin (data not shown). 

The antiapoptotic PI3K activity exerted during NDV 

replication is a caspase-dependent event, and consolidates 

the functional interaction of the PI3K/Akt signaling 

pathway and apoptosis during NDV infection.

DISCUSSION 

Viral infection results in the activation of a variety 

of intracellular signaling pathways, including PI3K/Akt. 

These pathways are partly required to mount an antiviral 
response to infection, yet can also be exploited by the 

virus to promote its replication [23]. We demonstrated 

that NDV-infected CEF cells could activate Akt 

phosphorylation as early as 15 mpi and peak at 60 mpi. 

However, that activation phenomenon was transient and 

no longer visible at 24 hpi (Figure 1), thereby suggesting 

that NDV’s activation of the PI3K/Akt signaling pathway 

does not depend on virus replication. Inhibition of the 

PI3K/Akt signaling pathway can decrease viral progeny 

yields (Figure 5B), which suggests the PI3K/Akt signaling 

pathway also promotes NDV replication. Inhibition of the 

PI3K/Akt signaling pathway also results in the cleavage of 

caspase 3 and PARP, as well as increases apoptotic cells 

per annexin V and PI double staining assay but not GSK-

3β phosphorylation (Figure 8). This demonstrates that 
NDV-infected chicken cells enhance the apoptotic response 

during the early phase of infection. Furthermore, inhibition 

of PI3K/Akt activity by an enhanced apoptosis signal 

response could be largely reversed by the pan caspase 

inhibitor ZVAD-FMK, thereby indicating that the PI3K/

Akt signaling pathway could promote cellular survival. 

Many viruses can induce the activation of PI3K/Akt 

signaling in infected cells [13, 24, 25]. We applied specific 
PI3K inhibitor LY294002 or wortmannin to NDV-infected 

CEF cells, and the resulting Akt phosphorylation levels 

decreased (Figure 2). This indicates that activating Akt 

in NDV-infected CEF cells depends on PI3K in the early 

stage of viral infection. We also observed the activation 

of Akt phosphorylation by UV-inactivated NDV in CEF 

cells (Figure 4), which implies that activating the PI3K/

Akt signaling pathway does not require viral replication. 
This suggests a possible role of the interaction of NDV 

and its receptors, and indicates the involvement of virus 

receptor attachment in viral entry and budding. 

Regarding the course of viral entry into host cells, 

several viruses prompt PI3K/Akt activation during the 

early stages of viral infection without viral replication 

[13, 24, 26–28]. At early stages of infection, PI3K/

Akt activation is triggered by intracellular viral protein 

synthesis and viral attachment [26], [28], [29], and by viral 

entry and endosomal sorting [27, 30]. During late stages 

of infection, PI3K/Akt signaling regulates viral assembly 

and release [31, 32]. We observed Akt phosphorylation 

in NDV-infected CEF and DF-1cells during the 

early stage of viral infection (15 mpi–12 hpi), which 
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Figure 9: Pharmacological inhibition of apoptosis enhances NDV-triggered cell survival. CEF cells were pretreated with 

ZVAD-FMK (10, 20, 30, and 40 μM) for 1 h with or without LY294002 (20 μM) prior to infection with NDV-GM at an MOI of 1.  
(A) At 1 hpi, cells were harvested and lysed for western blot using the pAkt (Ser 473) and total Akt antibody. (B) At 24 hpi, cell lysates 

were harvested and subjected to western blot with caspase 3 and PARP antibodies. (C) At 24 hpi, cell viability was measured by MTT 

assay; *p < .05, **p < .01 (t test). (D) At 24 hpi, the number of apoptotic cells were calculated by flow cytometry using Annexin V-FITC/
PI Apoptosis Detection Kit; *p < .05 (t test).

Figure 10: PI3K signaling pathway and apoptosis are simultaneously involved in NDV replication. CEF cells were 

preincubated with the pan caspase inhibitor ZVAD-FMK (40 μM) for 1 h, with or without PI3K inhibitor LY294002 (LY) (20 μM) prior 
to infection with NDV-GM at an MOI of 1 for 48 h. (A) Cell death was analyzed under microscope and by MTT assay. (B) The number 

of apoptotic cells was calculated by flow cytometry using Annexin V-FITC/PI Apoptosis Detection Kit. *p < .05, ***p < .001 (t test).  

(C) Cell lysates were harvested and subjected to western blot using the anti-NDV P antibody. *p < .05 (t test).
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coincides with NDV entry into host cells by clathrin-

mediated endocytosis. To further examine whether Akt 

phosphorylation occurred after virus attachment to the 

host cell membrane, we used methyl-β-cyclodextrin and 
chlorpromazine, a pharmacological inhibitor of clathrin-

mediated endocytosis, which decreased the virus particles 

that invaded the host’s infected cells (Figure 3). Our results 

show that early activation of the PI3K/Akt signaling 

pathway induced by NDV is induced by endocytosis. 

Several viruses activate the PI3K/Akt signaling 

pathway at early stages of viral infection [13, 25, 33, 34], 

which further promotes viral replication and host cell 

survival. In our study, inhibition the PI3K/Akt signaling 

pathway reduced viral replication (Figure 5) and viral 

protein synthesis (Figure 10C), thereby suggesting that 

activating the PI3K/Akt signaling pathway can promote 

virus replication. PI3K supports the viral life cycle, 

such as in viral entry and budding, and inhibition of 

PI3K activity can decrease virus proliferation and gene 

synthesis [13, 35, 36]. Our results indicate that inhibiting 

PI3K activity reduces viral protein replication (Figure 6), 

thereby suggesting that PI3K activity stimulates NDV’s 

infection cycle.

Chloroquine inhibits the activation of PI3K and 
transcription factor NF-κB induced by respiratory 
syncytial virus, which in turns delays the antiapoptotic 

effect by preventing neutrophil and eosinophil apoptosis 

[14]. Likewise in our study, Akt phosphorylation and 

viral protein synthesis were reduced by pretreatment 

with lysosomotropic amine chloroquine (Figure 7), 
thus suggesting that PI3K activation is required for 
endolysosomal internalization. 

During the early stages of viral infection, many 

viruses induce PI3K activation, which in turns activates 

different antiapoptotic factors [13, 14, 37–40], including 

Akt and GSK3β, to support viral replication by preventing 
apoptosis in infected cells. The PI3K/Akt signaling 

pathway might provide new opportunities for novel 

antiviral targets, especially for emerging infectious 

viruses such as Zika virus. GSK3β has been identified 
as a physiological target of Akt [22]. During short-term 

infection, PI3K/Akt inhibition in NDV-infected CEF 

cells decreases GSK-3β phosphorylation compared to 
NDV-infected cells alone (Figure 8A), yet increases 

the cleavages of caspase-3, PARP, and the number of 

apoptotic cells (Figures 8, Figure 9). The PI3K/Akt 

signaling pathway suppresses apoptosis for cell survival 

by preventing the onset of premature NDV-induced 

caspase activation and apoptosis early on in viral infection. 

Triggered by many viruses, the PI3K/Akt signaling 

pathway maintains cell viability and proliferation by 

interfering with pro-apoptotic signaling response, which 

in turn activates downstream transcription factors and 

promotes virus replication [12, 41]. We found PI3K/Akt 

inhibition triggered by NDV in CEF cells increased the 

cleavage of caspase 3 and PARP, as well as the number 

of apoptosis cells during the early phase of infection. This 

indicates the PI3K molecule might have an antiapoptotic 

signaling role. Our results also demonstrate that pan 

caspase inhibitor ZVAD-FMK reduces the cleavage of 

caspase 3 and PARP and the number of apoptosis cells 

associated with PI3K inhibitor. ZVAD-FMK also increases 

Akt phosphorylation and cell viability (Figure 9). 

Those results demonstrate that NDV-induced PI3K/Akt 

activation in a host’s infected cells prolongs cell survival, 

and thereby facilitates viral replication. 

Our results clearly show that NDV can transiently 

activate the PI3K/Akt signaling pathway during the early 

stage of infection, which in turn inhibits the onset of 

premature NDV-induced apoptosis, and promotes both cell 

survival and viral replication in infected cells. Our data 

therefore indicate new opportunities for unraveling novel 

targets of the PI3K/Akt pathway to develop a potential 

antiviral drug against NDV. 

MATERIALS AND METHODS 

Ethics statement

This study was conducted with the approval of the 

South China Agricultural University Experimental Animal 

Welfare Ethics Committee (permit no. 2015–03).

Viruses and cells 

Three NDV strains – GM (genotype VII), F48E9 

(genotype IX), and La Sota (genotype II) – were obtained 

from South China Agricultural University (Guangzhou, 

China), plaque-purified, and grown in the allantoic 
cavity of 10-d old embryonated chicken eggs (Chinese 

Academy of Agriculture, Beijing, China) at 37°C, 

as previously described [42, 43]. Allantoic fluid was 
harvested 48 h after inoculation and stored at −80°C for 
further characterization. Chicken embryo fibroblast (CEF) 
primary cells were made from 10-d old specific-pathogen-
free (SPF)-embryonated chicken eggs, also as previously 

described [44]. To obtain the replication-incomplete 

NDV-GM strain, fresh infected allantoic fluid (5 mL) 
was irradiated with ultraviolet (UV) light for 30 min. 

The absence of virus infectivity following UV treatment 

was confirmed by the lack of replication in CEF cells 
and 10-d-old SPF-embryonated chicken eggs. Chicken 

fibroblast cell line DF-1 (CRL-12203) was purchased from 
the American Type Culture Collection. CEF and DF-1 

cells were grown in Dulbecco’s modified Eagle medium 
(DMEM) (Invitrogen, Carlsbad, CA, USA) supplemented 

with 5% fetal bovine serum (Gibco, Thermo Scientific, 
Waltham, MA, USA), 100 U/mL penicillin, and 100 µg/mL  

streptomycin. They were grown overnight at 37°C with 

5% CO
2
 until they reached approximately 80% confluence. 
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Antibodies and reagents 

Specific PI3K inhibitors LY294002 and wortmannin 
were provided by Calbiochem (Billerica, MA, USA). 

Chlorpromazine (Chl), chloroquine (CQ), methyl 
β-cyclodextrin (MβCD), Akt, pAkt-473, and anti-
GAPDH antibodies were purchased from Sigma–Aldrich 

(Shanghai, China). Cleaved caspase-3, cleaved PARP, and 

phosphospecific glycogen synthase kinase-3β (GSK-3β) and 
its antibodies were obtained from Cell Signaling Technology 

(Beverly, MA, USA). The polyclonal antibody against 

NDV P protein was provided by South China Agricultural 

University. Infrared dye 680 (i.e., goat anti-rabbit IgG) and 

800CW (i.e., goat anti-mouse IgG) were purchased from 

LI-COR (Lincoln, NE, USA), and pan caspase inhibitor 

ZVAD-FMK from InvivoGen (Carlsbad, CA, USA). 

Virus infectivity assay

For infection, cells were washed with phosphate-

buffered saline (PBS) and incubated with the virus at 

the indicated multiplicities of infection (MOI) diluted in 

DMEM for 60 min at 39°C. The inoculum was aspirated, 

and the cells were incubated with either minimal 

essential medium or DMEM containing 100 U/ml 

penicillin and 0.1 mg/ml streptomycin. All media were 

supplemented with 10% heat-inactivated fetal bovine 

serum (Invitrogen).

Cell viability assay (MTT assay)

Cell viability in the presence or absence of different 

inhibitors or dimethyl sulfoxide (DMSO) was measured 

by a 3-[4, 5-dimethylthiazol-2-yl]-2, 5 diphenyltetrazolium 

bromide (MTT)-based assay (Cell Growth Determination 

Kit, Sigma–Aldrich) in accordance with the manufacturer’s 

protocol. CEF or DF-1 cells were seeded into 96-well 

plates and pretreated with different inhibitors or DMSO 

for various lengths of time. After each incubation period, 

10 µL of MTT labeling mixture was added to each well, 

and cells were incubated at 37°C for 4 h. Absorbance was 

measured by an enzyme-linked immunosorbent assay 

reader at a wavelength of 490 nm. Data represent the 

average of at least three independent experiments.

Western blot 

Cells were rinsed with PBS and lysed with 

radioimmune precipitation assay buffer (50 mM 

tris-HCl [pH 7.4], 150 mM NaCl, 0.1% SDS, 0.5% 

sodium deoxycholate, 1%Triton X-100, 1 mM PMSF). 

Following sonication, cell lysates were subjected to 

centrifugation to remove cell debris. An aliquot of the 
supernatant containing 20 µg of protein was used for 

gel electrophoresis, and transferred onto nitrocellulose 

membranes (Roche, Manheim, Germany) using the iBlot 

Gel Transfer Device (Bio-Rad, Redmond, WA,USA). 

Membranes were blocked with 5% BSA for 1 h at 37°C, 

and incubated overnight at 4°C with the primary antibody. 

After three washes with TBS containing 0.5% Tween 20 

(TBST), membranes were incubated at 37°C for 1 h in 

infrared dye 680 or 800 (1:5,000) diluted in TBST as the 

secondary antibody. Once membranes were washed three 

times in TBST again, they were visualized and analyzed 

with an Odyssey infrared imaging system (LI-COR).

Flow cytometry

Apoptosis was detected by flow cytometry using 
Annexin V-FITC/PI Apoptosis Detection Kit (Sigma–

Aldrich), following the manufacturer’s instructions. 

10,000 CEF or DF-1 cells were pretreated with LY294002 

(20 µM) or DMSO for 1 h and infected with GM at an 

MOI of 1. Cells were harvested, washed with ice cold PBS 

three times, centrifuged, and suspended with 500 µL 10X 

binding buffer. They were incubated with 10 uL annexin 

V per test for 10 min at room temperature. Later, 5 µL 

propidium iodide (PI) was added per test, and the product 

incubated for 5 min. The final cells were qualified and 
analyzed with a FC500 flow cytometer (Beckman Coulter, 
Brea, CA, USA). Data were determined as the average 

percentage of apoptotic cells in three independent 

experiments.

Statistical analysis 

Results are presented as M ± SD or SE. Statistical 

comparisons were calculated by using Student’s t test, and 

differences between groups were considered significant if 
p < .05. 
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