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Abstract Phosphatidylinositol-3-kinase (PI3K)/Akt is an

important cellular pathway that has been shown to participate

in various replication steps of multiple viruses. In the present

study, we compared the phosphorylation status of Akt during

infection of MARC-145 cells and porcine alveolar macro-

phages (PAMs) with highly pathogenic PRRSV (HP-

PRRSV) strain HuN4. We observed that biphasic activation

of Akt was induced in at both the early stage (5, 15 and 30 min

postinfection) and the late stage (12 and 24 h postinfection) of

HP-PRRSV infection of MARC-145 cells, while an early-

phase activation of Akt was found exclusively in virus-

infected PAMs in vitro. Analysis with the PI3K-specific

inhibitor LY294002 confirmed that PI3K acted as the

upstream activator for the virus-induced activation of Akt.

UV-irradiation-inactivated virus still induced the early event

in PAMs but not in MARC-145 cells, suggesting that different

mechanisms are employed for the early-stage induction of

phosphorylated Akt within different cell cultures. We further

demonstrated that FoxO1 and Bad, which serve as down-

stream targets of Akt, were phosphorylated in virus-infected

MARC-145 cells. Moreover, the suppression of phosphory-

lated Akt with LY294002 significantly inhibited the virus-

induced cytopathic effect (CPE) on MARC-145 cells, but it

had a negligible effect on virus propagation. Collectively, our

data provide new evidence of a novel role for the PI3K/Akt

pathway in PRRSV infection of MARC-145 cells.

Introduction

Porcine reproductive and respiratory syndrome virus

(PRRSV) is a small, enveloped, positive-strand RNA virus

belonging to the family Arteriviridae [9, 22]. Since it

emerged in late 1980s in Europe and North America, it has

caused significant economic losses to the pork industry

worldwide [1, 26]. In 2006, an outbreak of HP-PRRSV

described as ‘‘pig high fever disease’’ occurred in China and

caused disastrous loses to the farmers [31, 39]. This disease is

currently a major concern for the swine industry worldwide.

Phosphatidylinositol-3-kinase (PI3K)/Akt is a key sig-

naling transduction pathway in the regulation of cell sur-

vival, cell proliferation and differentiation, and cell

apoptosis [6–8, 10]. The activation of PI3K-Akt pathway

promotes cell survival by the phosphorylation of numerous

substrates such as glycogen synthase kinase-3 (GSK-3),

FoxO1, Bad and mTOR [5, 11, 24, 36, 38]. Many viruses

are known to manipulate this pathway in favor of their

replication, such as influenza A virus [29], hepatitis B virus

[16], hepatitis C virus [17], severe acute respiratory syn-

drome coronavirus (SARS-CoV) [23], Junı́n virus [19],

human immunodeficiency virus type 1 [20], bovine her-

pesvirus type 1 [40] and infectious bursal disease virus

[34]. Previous studies have shown that during PRRSV

infection of porcine monocyte-derived dendritic cells

(Mo-DCs), the PI3K/Akt pathway is activated at 90 min and

4 h postinfection (h p.i.), and it is inhibited at 12 h p.i. [37].

In vivo, the virus shows a very narrow cell tropism and

infects a specific subpopulation of porcine macrophages
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[13, 33]. In vitro, efficient PRRSV replication is only

observed in primary pig macrophages (e.g., alveolar macro-

phages), differentiated monocytes [13] or cells derived from

African green monkey kidney, such as MARC-145 [18]. For

easy manipulation, MARC-145 cells provide an important

tool for the study of PRRSV replication. Previously, it was

reported that the PI3K/Akt pathway is regulated by PRRSV

in a complex manner in Mo-DCs [37], but whether this is a

universal phenomenon in all permissive cells is unknown.

A number of studies have shown that the PI3K/Akt signaling

pathway is functionally dependent on downstream substrates

of Akt such as FoxO1, Bad and mTOR for regulation of cell

survival [3, 11, 15, 25]. The downstream targets of Akt

controlled by PRRSV have not been identified. The objective

of this study was to address how the PI3K/Akt pathway is

modulated in infection of MARC-145 cells and PAMs with

highly pathogenic PRRSV. We demonstrated that the PI3K/

Akt pathway was activated by HP-PRRSV in a cell-culture-

dependent manner and that the downstream targets FoxO1

and Bad were regulated through this pathway. In addition, we

found that activated PI3K was required for the development

of CPE in MARC-145 cells, but not for production of

infectious progeny.

Materials and methods

Viruses and cell cultures

The HP-PRRSV strain HuN4 used in the present study was

isolated from a pig showing signs of ‘‘high fever syn-

drome’’ originating from a swine farm in the region of

Hunan Province, China, in 2006 [31, 39]. A stock of HuN4

virus at passage 5 was prepared in MARC-145 cells,

titrated, and stored at -70 �C until use.

MARC-145 cells were maintained in Dulbecco’s mod-

ified Eagle’s medium (DMEM) (Gibco BRL) supple-

mented with 10 % fetal bovine serum (Gibco BRL) in an

incubator at 37 �C containing 5 % CO2. The PAM cultures

were obtained by broncho-alveolar lavage of 4-week-old

domestic piglets from a PRRSV-negative herd affiliated

with Shanghai Agricultural Science Institute. All animal

experiments were conducted according to the guidelines

and approved protocol of the Shanghai Veterinary

Research Institutional Animal Care Committee. The PAMs

were cultured with RPMI-1640 medium supplemented with

10 % fetal bovine serum. All of our experiments were

conducted at Veterinary Laboratory Biosafety Level 2.

Antibodies and reagents

Rabbit monoclonal antibodies (mAb) recognizing phospho-

Akt (Ser473), phospho-Bad (Ser136), phospho-FoxO1

(Ser256) and phospho-mTOR (Ser2448) were purchased

from Cell Signaling Technology Inc. Mouse monoclonal

b-actin antibody was obtained from Santa Cruz Biotech-

nology, Inc., Santa Cruz, Calif. Horseradish peroxidase

(HRP)-conjugated anti-rabbit IgG and anti-mouse IgG

were purchased from Zhongshan Golden Bridge Biotech-

nology Co., Ltd. PI3K-specific inhibitor LY294002 was

supplied by Cell Signaling Technology, and a 1000 9 stock

of this inhibitor was prepared with DMSO.

Cell treatment and virus infection

MARC-145 cells in 60-mm dishes were grown to 70 %-

80 % confluence, whereupon they were subjected to serum

starvation for 48 h in serum-free DMEM. Subsequently,

growth-arrested cells were infected at a multiplicity of

infection (MOI) of 5 with HuN4 virus or were mock

infected with the same medium. One hour postinfection

(p.i.), the cells were washed with phosphate-buffered saline

(PBS, pH 7.4) and then cultured in fresh DMEM for var-

ious times as indicated.

For inhibitor experiments, MARC-145 cells were pre-

treated with the PI3K inhibitor ly294002 for 1 h. Cells

were then infected with the virus at an MOI of 5 for 1 h,

washed with PBS, placed in serum-free medium containing

fresh inhibitor, and sustained for 23 h. DMEM containing

0.1 % DMSO (V/V) was used for the mock treatment

unless otherwise specified.

Growth-arrested PAM cells cultured in 60-mm dishes

were infected at an MOI of 5 with HuN4 or were mock

infected with medium and then incubated for various times

as indicated. The cells were then collected for Western

blotting analysis.

UV irradiation of PRRSV HuN4 and the infection

of both MARC-145 cells and PAMs

with the inactivated virus

To inactivate HP-PRRSV by UV irradiation, the virus

stocks were dispersed in 10-cm tissue culture dishes and

placed directly under a UV lamp (20 W) for 30 min.

Complete inactivation of the virus was confirmed by the

titration on MARC-145 cells. Both MARC-145 cells and

PAMs were exposed to UV-irradiation-inactivated virus to

analyze the variation of phosphorylated Akt within 1 h p.i.

as indicated.

Cell lysis and Western blot analysis

After HP-PRRSV infection for the lengths of time indi-

cated, cells were washed with PBS and lysed with lysis

buffer (1 % Triton X-100, 50 mM sodium chloride, 1 mM

EDTA, 1 mM EGTA, 20 mM sodium fluoride, 20 mM
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sodium pyrophosphate, 1 mM phenylmethylsulfonyl fluo-

ride, 0.5 lg/ml leupeptin, 1 mM benzamidine, and 1 mM

sodium orthovanadate in 20 mM Tris-HCl, pH 8.0). The

cell lysates were cleared by centrifugation for 15 min at

12,000g prior to sodium dodecyl sulfate polyacrylamide

gel electrophoresis (SDS-PAGE) under reducing condi-

tions. The separated proteins were transferred onto nitro-

cellulose membranes (Millipore). The membranes were

blocked for 1 h at room temperature with skim milk

solution (5 % in Tris-buffered saline containing 0.1 %

Tween 20). Blots were incubated overnight at 4 �C with

primary antibodies followed by incubation for 1 h with the

secondary antibody (conjugated horseradish peroxidase).

After extensive washing, the immunoreactive bands were

detected by enhanced chemiluminescence (ECL) (Pierce)

and subsequently reprobed for total protein loading using

anti-b-actin antibody.

Effect of PI3K inhibitor on virus replication

To analyze whether inhibition of PI3K by LY294002

would affect virus replication, serum-starved MARC-145

cells seeded in 24-well plates were pre-incubated with the

inhibitors or mock pretreated with DMEM containing

0.1 % DMSO for 1 h at 37 �C and then infected with

HuN4 virus for 1 h together with or without the inhibitor.

After extensive washing with PBS, the cells were placed in

DMEM with or without fresh inhibitor for 36 or 48 h. After

two rounds of freezing and thawing, the infectious progeny

was titrated with MARC-145 cells using a TCID50 assay.

Results

HP-PRRSV infection of MARC-145 cells leads

to biphasic activation of the PI3K/Akt pathway

We first used the MARC-145 cell model to examine the

kinetics of Akt phosphorylation at Ser473, which is

required for Akt activation, to determine whether HP-

PRRSV infection modulates the PI3K/Akt pathway. Cells

that were mock infected with DMEM medium or infected

with HP-PRRSV strain HuN4 were harvested at 5 min,

15 min, 30 min, 45 min, 1 h, 2 h, 4 h, 8 h, 12 h and 24 h

postinfection for Western blot analysis. It was found that

Akt was activated in a biphasic manner after infection of

MARC-145 cells with HP-PRRSV (Fig. 1A, top panel).

The first phase of Akt activation occurred early (5 and
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Fig. 1 HP-PRRS strain HuN4 activates Akt via a PI3K-dependent

pathway in MARC-145 cells. (A) Growth-arrested cells that were

mock infected with DMEM or infected with HuN4 virus at a MOI of

5 were harvested at 5 min, 15 min, 30 min, 45 min, 1 h, 2 h, 4 h, 8 h,

12 h and 24 h p.i. and processed for Western blotting. (B) Growth-

arrested MARC-145 cells were first pretreated with LY294002 or

mock pretreated with medium containing DMSO. They were then

infected with the HuN4 virus at an MOI of 5 or mock-infected with

DMEM. At 24 h p.i., the cell lysates were prepared and analyzed by

Western blotting. The fold change of Akt phosphorylation is

expressed as densitometric units (Image J 1.45 s, National Institute

of Health, USA) of the band normalized to the b-actin level relative to

the uninfected control. The results are representative of three

independent experiments
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10 min p.i.) in virus infection (Fig. 1A). At 1 h p.i., the

phosphorylation of Akt had returned to the basal level, and

after a certain interval, Akt phosporylation increased again

in the late stage of infection. The amount of phosphory-

lated Akt was evidently increased at 12 h p.i., and this level

was sustained for the reminder of the investigation (24 h

p.i.) (Fig. 1A, upper panel). The changes in Akt phos-

phorylation were not due to variation in the total amount of

protein loaded (Fig. 1A, bottom panel).

Since Akt can be activated by both PI3K-dependent and

PI3K-independent pathways [29], the role of activated

PI3K in the virus-induced Akt activation was subsequently

investigated. Here, the chemical LY294002, a potent and

specific inhibitor of PI3K, was used. As demonstrated by

immunoblot assay, 10 lM of LY294002 could efficiently

inhibit the phosporylation of Akt induced by the virus at

the late stage of infection (Fig. 1B). This indicated that the

activated PI3K accounted for the virus-triggered Akt acti-

vation. Taken together, the data indicate that the PI3K/Akt

pathway was activated in infection of MARC-145 cells by

PRRSV.

HP-PRRSV activates Akt at the early stage of infection

of PAMs

Since PAMs and monocytes are the major natural target

cells during both acute and persistent PRRSV infection

[13], it deserved to be investigated whether the virus

controls the PI3K/Akt pathway during infection of PAMs.

Here, the kinetics of phosphorylated Akt was determined in

HP-PRRSV-infected PAMs in vitro. Serum-starved PAMs

that were mock infected with RPMI-1640 medium or

infected with HuN4 at 5 min, 15 min, 30 min, 45 min, 1 h,

2 h, 4 h, 8 h, 12 h and 24 h postinfection were collected

for Western blotting. As illustrated in Fig. 2, the amount of

phosphorylated Akt increased dramatically from 5 to

30 min p.i. However, this activation was transient and

quickly returned to the basal level at 45 min postinfection.

In addition, the enhanced phosphorylation of Akt was not

observed at the later stage. This suggested that Akt was

only activated by HP-PRRSV at the early phase in the

infection of PAMs, which is different from what was

observed in MARC-145 cells.

UV-irradiation-inactivated virus induces

phosphorylation of Akt in PAMs

Since increased phosphorylation of Akt induced by HP-

PRRSV was observed at 5 min and 15 min postinfection in

virus-infected MARC-145 cells, and at 5, 15 and 30 min

postinfection in PAMs, we hypothesized that the virus

entry process accounted for this early-stage activation.

Thus the UV-irradiated HP-PRRSV virus was employed to

address this issue. Under the conditions described above,

the virus could be completely inactivated (data not shown).

Such inactivated virus fails to express viral proteins due to

the formation of thymidine dimers, which prevent the

transcription of viral genes but do not interfere with the

capacity of the virus for receptor binding and entry into

host cells by endocytosis [2]. As showed in Fig. 3, the

exposure of cells to UV-irradiated virus led to phosphor-

ylation of Akt at 5 and 15 min postinfection in PAMs

(Fig. 3B), but not in MARC-145 cells (Fig. 3A). This

indicates that virus-cell interactions during the binding or

entry process are probably responsible for this event in

PAMs, whereas in MARC-145 cells, a different mechanism

may account for this activation.

FoxO1 and Bad are targeted by HP-PRRSV in a PI3K/

Akt-dependent manner in MARC-145 cells

To investigate the mechanism by which HP-PRRSV pro-

motes cell survival, some downstream targets of Akt in the

late stage of infection of MARC-145 cells were analyzed
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Fig. 2 Activation of Akt in porcine alveolar macrophages (PAMs)

that were infected with HP-PRRS strain HuN4. Growth-arrested

PAMs were infected with the HuN4 virus at an MOI of 5 or mock-

infected with RPMI medium. The infected PAMs were harvested at

5 min, 15 min, 30 min, 45 min, 1 h, 2 h, 4 h, 8 h, 12 h and 24 h p.i.

The cell lysates were prepared and analyzed by Western blotting. The

fold change of Akt phosphorylation is expressed as densitometric

units (Image J 1.45 s, National Institute of Health, USA) of the band

normalized to the b-actin level relative to the uninfected control. The

results are representative of three independent experiments
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by Western blotting using rabbit monoclonal antibodies

against phospho-Bad (Ser136), phospho-FoxO1 (Ser256)

and phospho-mTOR (Ser2448). Compared to the mock-

infected control, virus replication resulted in significantly

increased phosphorylation of both FoxO1 and Bad, while

no change in mTOR was observed (Fig. 4A). Phosphory-

lation with both FoxO1 and Bad were most evident at 24 h

p.i., which corresponds in time to the change in phos-

phorylated Akt. To address whether the change in phos-

phorylated FoxO1 and Bad was induced by the virus

through the PI3K/Akt pathway, the PI3K-specific inhibitor

LY294002 was employed for further investigation. As

shown in Fig. 4B), treatment of MARC-145 cells with

LY294002 significantly decreased the amount of phos-

phorylated FoxO1 and Bad induced by virus replication.

This suggests that the virus manipulates the activity of both

FoxO1 and Bad through the PI3K/Akt pathway.

Activated PI3K is essential for CPE formation,

but not for PRRSV propagation

Since the PI3K/Akt pathway is universally controlled by

PRRSV in all of the cell cultures investigated, the role it

plays in virus replication was investigated in MARC-145

cells using LY294002, a PI3K/Akt pathway inhibitor. The

cells were first treated and mock treated with the inhibitor

and solvent, respectively, and then infected with the virus.

The treatment of MARC-145 cells with LY294002 did not

significantly inhibit virus replication (p [ 0.05), as the

titers were reduced 0.31 and 0.75 log10 at 36 and 48 h p.i.,

respectively (Fig. 5A). Unexpectedly, the virus-induced

activation of the PI3K/Akt pathway was not essential for

production of infectious PRRSV progeny virus.

The cytopathic effect (CPE) in HuN4-infected MARC-

145 cells is characterized by cell congregation and con-

traction [31]. Interestingly, in infected MARC-145 cells

treated with LY294002, the CPE was significantly allevi-

ated. Under normal conditions, PRRSV-infected MARC-

145 cells showed considerable CPE at 48 h p.i. (Fig. 5B,

b), but no CPE was observed in HuN4-infected MARC-145

cells when 10 lM of LY294002 was used to treat the cells

(Fig. 5B, d). In addition, the inhibitor at a concentration of

10 lM could not induce CPE, and it was apparently not

cytotoxic to MARC-145 cells, (Fig. 5B, c), which was

confirmed by MTT assay (data not shown). Thus, these

findings suggest that the pathway may be linked to HP-

PRRSV-induced CPE formation in MARC-145 cells.

β-actin

Minute p.i. 0        5        15       30      45       60

UV-HuN4

P-Akt

(S473)

- + +     +     +     +

(A)

Fold change   1 .0 1.1 1.0 0.9       1.0      1.1

0         5        15       30      45      60Minute p.i.

UV-HuN4

P-Akt

(S473)

- + +     +     +     +

β-actin

(B)

Fold change 1. 0  1.9  2.1   0.9      0.7     0.7

Fig. 3 Regulation of Akt by UV-irradiation-inactivated virus at an

early time. Serum-starved MARC-145 cells (A) and PAMs (B) were

mock infected or infected with UV-irradiated HP-PRRSV and then

processed for Western blotting at the time point indicated with

phospho-Akt antibody. The fold change of Akt phosphorylation is

expressed as densitometric units (Image J 1.45 s, National Institute of

Health, USA) of the band normalized to the b-actin level relative to

the uninfected control. Each experiment was repeated three times, and

representative results are shown
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Fig. 4 Downstream targets of Akt, FoxO1 and Bad, are regulated by

HP-PRRSV strain HuN4. (A) Growth-arrested MARC-145 cells were

infected with the HuN4 virus at an MOI of 5 or mock-infected with

DMEM. The infected cells were harvested at different time points as

indicated. Cell lysates were prepared and subjected to Western

blotting. (B) Growth-arrested MARC-145 were pretreated with

LY294002 or mock pretreated with medium containing DMSO. The

pretreated cells were infected with the HuN4 virus at an MOI of 5

with or without inhibitor. At 24 h postinfection, cell lysates were

prepared and analyzed by Western blotting. The results are

representative of three independent experiments
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Discussion

Many viruses interfere with signaling pathways in their

infected host cells to favor productive infection, which can

also impact on the physiology of the host cell as well as

pathogenesis. Therefore, the identification of cellular fac-

tors involved in virus replication is important for the design

of novel antiviral strategies. In this regard, the manipula-

tion of cellular pathways regulating cell apoptosis or sur-

vival affords great advantages to virus replication [35], and

many viruses have been demonstrated to regulate cell

survival via the regulation of the PI3K/Akt pathway [4,

14]. A previous report has indicated that the PI3K/Akt

pathway is activated in the early phase and subsequently

inhibited at 12 h p.i. during PRRSV infection of Mo-DCs

[37]. Here, HP-PRRSV strain HuN4 was used to further

investigate how and why this pathway is controlled by the

virus. Here, we report that the activation of the PI3K/Akt

pathway was significantly enhanced by the HuN4 virus at

both the early and late stage of infection of MARC-145

cells, while a distinct pattern was adopted during infection

of PAMs in which the phosphorylation of Akt occurred

exclusively in the early stage, as early as 5 min p.i., and

then returned to the basal level at 45 min p.i. (Figs. 1A and

2). When the cells were exposed to the UV-irradiation-

inactivated virus, significantly increased phosphorylation

of Akt was observed in PAMs, but not in MARC-145 cells.

Entry of macrophages by PRRSV occurs via a few similar

but also different mechanisms compared to entry into

MARC-145 cells [12]. It could be inferred that the virus

entry process in PAMs was enough to activate the PI3K/

Akt pathway, while a different mechanism of activation
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was used in MARC-145 cells. It is possible that a different

entry mechanism results in this difference in the regulation

of Akt. Together with previous data reported by Zhang

et al. [37], we generalize that PRRSV regulates the PI3K/

Akt pathway by different mechanisms in Mo-DCs, PAMs

and MARC-145 cells.

Various pro-apoptotic proteins have been identified as

downstream targets of Akt, including the Bcl-2 family

members Bad, GSK-3a/b, and mTOR and the FoxO1

transcription factor family members (FKHR) [5, 11, 24, 36,

38]. They are normally regulated in a PI3K/Akt-dependent

manner. For example, the phosphorylation of Bad (Ser-

136) was decreased but the phosphorylation of mTOR

(Ser2448) and FoxO1 (Ser256) was increased by infection

with varicella-zoster virus [27]. Similarly, it has been

shown that the PI3K/Akt/mTOR cascade contributes to the

establishment of persistent HCV infection [21]. In the

present study, we demonstrated that both FoxO1 and Bad

were regulated by PRRSV through the control of the PI3K/

Akt pathway in the late stage of infection in MARC-145

cells (Fig. 4), and therefore the, PI3K/Akt/FoxO1 and

PI3K/Akt/Bad cascades may be manipulated by PRRSV to

control host-cell survival.

The PI3K/Akt pathway has been shown to play impor-

tant roles in different steps of the life cycles of a variety of

viruses [14]. For example, this pathway has been shown to

be involved in the regulation of Ebola virus entry of host

cells [28], to contribute to arenavirus budding [32], and

to be involved in the control of synthesis of viral RNA

of nonsegmented negative-stranded RNA viruses [30].

Unexpectedly, our investigation with the PI3K-specific

inhibitor LY294002 showed that the PI3K/Akt pathway has

a negligible effect on the titer of infectious PRRSV prog-

eny in MARC-145 cells (p [ 0.05), as determined at both

36 and 48 h p.i. (Fig. 5A), but inhibition of this pathway

significantly blocked virus-induced CPE formation. To our

knowledge, similar results have not been documented for

other viruses. Therefore, it will be worthwhile in the future

to investigate how the PI3K/Akt pathway regulates CPE

formation during PRRSV infection.

In summary, our findings, together with a previous

report of PRRSV regulating Akt in Mo-DCs, suggest that

PI3K/Akt signaling is modulated by PRRSV in different

ways in different cell types. FoxO1 and Bad were

employed by the virus as downstream targets of the PI3K/

Akt pathway. Unlike other viruses for which the control of

this pathway contributes significantly to virus replication,

for PRRSV, it is not important for generation of infectious

progeny, but this modulation changes the physiology of the

host cell, as revealed by the significant alleviation of CPE.

This finding may offer a new and important insight into the

role of PI3K/Akt in virus infection, or even in viral

pathogenesis.
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