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Abstract. Coxsackievirus B3 (CVB3) infection has been 
shown to stimulate autophagy. We have demonstrated that 
the inhibition of phosphoinositide 3-kinase (PI3K)/protein 
kinase B/mammalian target of rapamycin complex (mTORC) 
signaling pathway could affect the autophagic reaction 
induced by CVB3 infection in our previous study. However, 
the processes associating autophagy and CVB3 replication 
remain to be determined. In the present study, CVB3-induced 
autophagy and its impact on viral replication were investigated. 
Rapamycin (inhibitor of mTOR) and ZSTK474 (inhibitor of 
PI3K) were used to change the autophagic reaction caused by 
CVB3 in Hela cells at different post-infection (p.i.) time points 
(6, 9, 12 and 24 h p.i.), meanwhile, we detected the CVB3 
mRNA replication and CVB3 capsid protein VP1 expres-
sion following the change of autophagy. Here, it was showed 
that ZSTK474 and Rapamycin promoted CVB3-induced 
autophagy, as well as decreasing CVB3 mRNA replication and 
CVB3 capsid protein VP1 expression at 6 and 9 h p.i. ZSTK474 
also alleviated CVB3-induced autophagy, and decreased 
CVB3 mRNA replication and VP1 expression at 12 and 24 h 
p.i. However, Rapamycin continued to promote CVB3-induced 
autophagy and increase CVB3 mRNA replication at 12 and 
24 h p.i, as well as increase VP1 expression at 12 h, but not 
at 24 h, p.i. In the present study, we found Rapamycin and 
ZSTK474 have differential effects at different p.i. time-points 
regarding CVB3 replication and CVB3-induced autophagy. 

This indicates that the association between CVB3-induced 
autophagy and viral replication depends on the infection time. 
During the early course of infection, autophagy may help host 
cells clear the virus, thereby providing protection, whereas 
when the infection time increases, autophagy may be exploited 
for viral replication.

Introduction

Autophagy is a membrane trafficking process that leads to the 
degradation of long-lived cytoplasmic proteins and excess or 
damaged organelles by lysosomal hydrolyases. The hallmark 
of autophagy is the emergence of double membrane vesicles 
called autophagosomes, which begins with the elongation 
of crescent-shaped double-membrane structures known as 
the phagophores, during which a portion of the cytoplasm, 
including organelles, is sequestrated. Matured autophagosomes 
eventually fuse with lysosomes, known as autolysosome, for 
protein and pathogen degradation and contents recycling (1). 
Macroautophagy (hereafter referred to as autophagy) is a 
homeostatic process in cells, whereby long-lived proteins 
and damaged organelles are degraded within lysosomes (2). 
Autophagy is an important physiological response that 
alters during exercise and over aging (3-6). It also serves as 
an important function in innate host defense by eliminating 
intracellular pathogens (7,8). Autophagy plays a key role 
in mediating ssRNA virus detection and interferon-alpha 
secretion by plasmacytoid dendritic cells (pDCs) (9,10), and 
contributes to the regulation and function of innate and adaptive 
immune responses (11). Autophagy genes have been shown to 
play a protective role in vivo against many of these pathogens. 
Disturbances in autophagy are widely implicated in many 
human diseases, including cancer, neurodegeneration and 
infectious disease, as well as cardiovascular and pulmonary 
disease (7,12-14). Autophagy also contributes to the regulation 
of innate and adaptive immune responses (7,8,15-20), and is 
implicated in clearance of pathogens and antigen presentation, 
thereby playing a protective role during many viral and bacte-
rial infections (21-23). The mechanisms by which intracellular 
bacteria and viruses are targeted to autophagosomes for 
degradation have been extensively investigated (24,25), with 
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bacteria, virus and parasite autophagy termed Xenophagy (15). 
However, evolution has led to several viruses developing 
mechanisms to evade their inhibition by autophagy, with some 
virus able to subvert autophagy for their own replication (26). 
Coxsackieviruses B3 (CVB3) belongs to the Enterovirus genus, 
within the Picornaviridae family. CVB3 has a positive-stranded 
RNA genome packaged in a nonenveloped icosahedral viral 
capsid and infects cells via the coxsackievirus and adenovirus 
receptor (CAR) or decay-accelerating factor (DAF). CVB3 
entry induces a direct cytopathic effect (CPE) and even cell 
death in host cells (27,28). CVB3 can induce autophagic reac-
tion in vivo and in vitro (29-33), although the processes linking 
CVB3-induced autophagy and its impact on CVB3 replication 
still have to be determined.

Materials and methods

Western blot analysis. Western blotting was performed 
as described previously (34). Polyclonal antibody against 
LC3-I/II (Sigma-Aldrich; Merck KGaA, Darmstadt, 
Germany) and antibody against β-actin (Proteintech Group, 
Inc., Chicago, IL, USA) were used at a dilution of 1:1,000. 
Monoclonal anti-enterovirus antibody (Dako Co.; Agilent 
Technologies, Inc. Inc., Santa Clara, CA, USA) was used 
at a dilution of 1:100. Goat anti-mouse IgG horseradish 
peroxidase-conjugated secondary antibody (Cwbio) and goat 
anti-rabbit IgG horseradish peroxidase-Cwbio were used at a 
dilution of 1:2,000. Rapamycin was used at a concentration 
of 10 nM and ZSTK474 (both Selleck Chemicals, Houston, 
TX, USA) was used at a concentration of 50 nM.

Virus infection. CVB3 was propagated in HeLa cells in 
DMEM medium supplemented with 2% FBS, and the virus 
titer was routinely determined by plaque assay. HeLa cells 
were maintained in DMEM medium containing 10% FBS 
and infected with CVB3 at 10 tissue culture infective dose 
(TCID50) values, then cells were harvested at different 
post-infection (p.i.) time-points for subsequent experiments. 
In drug intervention groups, HeLa cells were pretreated with 
the Rapamycin or ZSTK474 for 2 h before viral infection, and 
DMEM contained 10% FBS acted as a sham.

Cell transfection. HeLa cells that stably expressed GFP-LC3 
were produced by transfecting HeLa cells with pEGFP-LC3 
followed by Geneticin (G418) selection. 4 mg of expression 
plasmid combined with 10 µl Lipofectamine 2000 reagent 
(Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, 
USA) were added to HeLa cells according to the manufac-
turer's instructions. At 5 h post-transfection, the cells were 
refreshed by the DMEM containing 10% FBS. 24 h later, 
G418 was added at concentrations of 1,000 and 500 µg/ml for 
maintenance of transfection.

Semi‑quantitative PCR. Extraction of total RNA reverse 
transcription was performed following the method of the 
RNA Extraction kit (Omega Bio-Tek, Inc., Norcross, GA, 
USA) and the Revert Aid First Strand cDNA Synthesis kit 
(Thermo Fisher Scientific, Inc.). cDNA was subjected to 
Semi-quantitative PCR with the following primers: CVB3 
[referring to Li et al (34)] forward, 5'-TGG TGG GCT ATG 

GAG TAT GG-3' and reverse, 5'-CAC TGG ATG GG G TGT TGT 
CT-3' and β-actin forward, 5'-CTA AGG CCA ACC GTG AAA 
AGA TGA C -3' and reverse, 5'-TGG GTA CAT GGT GGT GCC 
ACC AGA C‑3'. The amplification profile was 2 min and 30 sec 
at 95˚C, 40 sec at 94˚C, 40 sec at 59˚C and 72˚C at 40 sec for 
35 cycles, 5 min at 72˚C.

Statistical analysis. All data are presented as the 
mean ± standard deviation (SD) and were analyzed using 
one-way analysis of variance followed Duncan's post hoc 
analysis. A P<0.05 was considered to be indicate a statistically 
significant difference.

Results

Rapamycin and ZSTK474 promote CVB3‑induced CPE. The 
mTOR signal pathway modulates viral replication (29). In order 
to elucidate the role of the mTOR pathway in CVB3-induced 
CPE, HeLa cells were pretreated with Rapamycin (10 nM) or 
ZSTK474 (50 nM) or 0.1% DMSO for 2 h before viral infec-
tion, with DMEM containing 10% FBS acting as a sham. 2 h 
later, CBV3 infected cells at 10 TCID50, were observed by 
microscope for CPE at 6 h p.i., 9 h p.i., 12 h p.i., and 24 h 
p.i. At 12 h p.i, the infected cells changed in morphology, as 
indicated by cell rounding, cell shrinkage, cell floating and cell 
detachment, which was more obvious in cells pretreated with 
Rapamycin or ZSTK474 (Fig. 1).

Role of Rapamycin and ZSTK474 in CVB3‑induced 
autophagy. Our previous work has demonstrated that 
pretreating the virus-infected HeLa cells with Rapamycin 
and ZSTK474 impacts on CVB3-induced autophagy. In order 
to investigate any temporal aspects to this, we dealt with the 
HeLa cells with Rapamycin (10 nM) or ZSTK474 (50 nM) or 
0.1% DMSO following the method described in paragraph 3.1. 
2 h later, we infected the cells with CVB3 at 10 TCID50. At 6, 
9, 12 and 24 h p.i, cells were harvested for western blotting. 
GFP‑LC3 dots formation was also observed with fluorescent 
microscopy. At 6 h p.i., we observed an obvious LC3II/LC3I 
ratio increase and GFP-LC3 dots formation in CVB3-infected 
groups. Rapamycin increased CVB3-induced autophagy 
over all time-points, as indicated by increased LC3II/LC3I 
ratio and the green fluorescent dots formation vs. the DMSO 
group (P<0.05). At 6 and 9 h p.i., ZSTK474 also increased 
CVB3-induced LC3II/LC3I ratio and increased the GFP-LC3 
dots formation. However, at 12 and 24 h p.i., ZSTK474 invert 
this effect on virus infected cells (Fig. 2).

Role of Rapamycin and ZSTK474 in virus replication. To 
further observe the association of autophagy and virus replica-
tion at different infected time, HeLa cells were pretreated with 
Rapamycin or ZSTK474 or DMSO for 2 h just as described 
in paragraph 3.1, then the cells were infected with CVB3 
at 10 TCID50, and harvested at 6, 9, 12 and 24 h p.i, for CVB3 
mRNA and viral capsid protein VP-1 measurement by semi-
quantitative PCR and Western blot analysis (Fig. 3). At 6 and 
9 h p.i, Rapamycin and ZSTK474 increased CVB3-induced 
autophagy as well as decreasing VP-1 protein expression and 
CVB3 mRNA synthesis (P<0.05). At 12 and 24 h p.i, ZSTK474 
mitigated CVB3-induced autophagy as well as decreasing 
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VP-1 protein expression and CVB3 mRNA synthesis (P<0.05). 
At 12 and 24 h p.i., Rapamycin increased CVB3-induced 
autophagy and promoted CVB3 mRNA synthesis (P<0.05), 
whilst at 12 h (P<0.05), but not 24 h (P>0.05), p.i., Rapamycin 
increased VP-1 protein expression.

Discussion

Since autophagy serves as an important function in innate host 
defense by eliminating intracellular pathogens, Predictably, 
evolution has led to several viruses developing mechanisms 
by which to evade the inhibitory effects of the autophagy. 
Investigating the course of autophagy is therefore of some 

importance. The present study demonstrates differential 
temporal effects of important intracellular pathways in 
CVB3-induced autophagy and virus replication. Firstly, 
autophagy was determined by the microscopic observation 
of the cytopathetic effect, the calculation of the LC3II/LC3I 
ratio and the counting of GFP-LC3 dots. CVB3 replication 
was analysed by measuring VP-1 protein expression and 
CVB3 mRNA synthesis. CVB3 clearly provoked autophagy, 
as indicated by an increased LC3II/LC3I ratio and 
GFP-LC3 dots count after infection. Rapamycin promoted 
CVB3-induced autophagy during all p.i. time-points, whilst 
ZSTK474 also increased CVB3-induced autophagy at 6 
and 9 h p.i, but not at 12 and 24 h p.i. CVB3 virus infection 

Figure 1. Rapamycin and ZSTK474 promote CVB3-induced CPE. Rapamycin and ZSTK474 have impacts on GFP-LC3 dots formation after CVB3 infection. 
HeLa cells were divided into sham, Rapamycin (10 nM), ZSTK474 (50 nM), and DMSO (0.1%) groups, then infected with CVB3 at 10 TCID50. (A) Collected 
at 6, 9, 12, and 24 h p.i. CPE was determined by cellular change under microscopy. (B) There was no obvious CPE at 6 and 9 h p.i., while it could be seen at 
12 and 24 h p.i. Compared with the control/DMSO group, CPE at 12 and 24 h p.i was more evident in the Rapamycin and ZSTK474 group. *P<0.05 compared 
with the control group. CVB3, coxsackievirus B3; CPE, cytopathic effect; TCID50, tissue culture infective dose.
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can lead to the cleaving of the RasGAP protein, in turn 
driving activation of the Ras/Raf/mitogen/extracellular 
signal-regulated kinase (MEK)/ERK pathway, in association 
with increasing the levels of cytoplasmic calcium, 
resulting in mitochondrial damage, a decrease in ATP 
concentration and the activation of the AMP-activated 
protein kinase (AMPK)/MEK/ERK pathway (35). As our 
previous work indicated that the phosphoinositide 3-kinase 
(PI3K)/AKT/mTOR signal pathway is involved in 
CVB3-induced autophagy, it seems likely that CVB3-driven 
autophagy involves the interaction of multiple signaling 
pathways.

Previous research indicates that both the mTOR inhibitor, 
Rapamycin, and PI3K inhibitor, LY294002, can promote 
CVB3-induced CPE (29). The MEK/ERK pathway and the 
PI3K/Akt pathway are known to interact in some circum-
stances, with the inhibition of one leading to the activation 
of the other (36). Rapamycin can provoke autophagy by the 
modulation of rapamycin complex (mTORC)1, which also 
plays a role in the regulation of mTORC2. Being upstream of 
mTORC1, the inhibition of mTORC2 could inhibit mTORC1, 
thereby further aggravating the autophagic reaction induced 
by CVB3 infection. What's more, it may be speculated that 
the inhibition of mTORC1 with Rapamycin may drive feed-
back on the MEK/ERK signaling pathway, thereby further 
promoting autophagy following CVB3 infection. However, 
at 24 h p.i., we did not find Rapamycin to affect VP‑1 protein 

expression, possibly as a consequence of energy and amino 
acid loss following virus infection, with mTOR being further 
inhibited by Rapamycin, resulting in the decreased phos-
phorylation of 4EBP1 and the inhibition of cap-dependent 
translation. ZSTK474 aggravated autophagy by inhibiting 
the PI3K signaling pathway initially. However, as infection 
time increased, the continuous consumption of energy and 
cellular content may lead to changes in the signaling pathways 
involved in CVB3-induced autophagy. ZSTK474 may block 
PI3K completely so that CVB3 can not trigger autophagy 
through the PI3K/AKT/mTOR signal pathway, under energy 
deprivation or amino acid loss, although PI3KC3 can trigger 
autophagy directly. Consequently, future research should 
determine as to whether the PI3KC3 pathway takes part in 
the later CVB3-induced autophagy, as well as to whether 
ZSTK474 can also have effects on PI3KC3.

In the present study, we showed that ZSTK474 and 
Rapamycin could promote CVB3-induced autophagy, decrease 
CVB3 mRNA replication and VP1 expression at 6 and 9 h 
p.i. When combined with our previous work showing that 
p62 protein expression decreases at the beginning of CVB3 
infection, this may be taken to indicate that CVB3-induced 
autophagy can help host cells to initially clear the virus, and 
therefore to be initially protective. As infection time increases, 
we found changes in the processes linked to autophagy, with 
CVB3 mRNA replication and VP1 expression at 12 and 
24 h.p.i altered. When combined with our previous work 

Figure 2. Rapamycin and ZSTK474 have impacts on GFP-LC3 dots formation after CVB3 infection. HeLa cells were divided into sham, Rapamycin (10 nM), 
ZSTK474 (50 nM), and DMSO (0.1%) groups, then infected with CVB3 at 10 TCID50. Collected at 6, 9, 12, and 24 h p.i, GFP-LC3 dots formation was observed 
under fluorescent microscopy. At 6 h p.i, GFP‑LC3 dots formed in virus infected cells. When compared with control/DMSO group, the dots were more obvious 
in the Rapamycin group, and at 6 and 9 h p.i, the GFP-LC3 dot numbers increased in ZSTK474 group, vs. the control group. At 12 and 24 h p.i, the GFP-LC3 
dot numbers decreased in the ZSTK474 group, vs. the control group. CVB3, coxsackievirus B3; CPE, cytopathic effect; TCID50, tissue culture infective dose.
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showing that the p62 protein expression increased gradually 
following CVB3 infection, we speculate that following CBV3 
virus infection, the accumulated virus and damaged organelles 
exceed the ability of lysosome to cope, coupled to the direct 
damage of the virus to lysosome, all leading to a change of 

autophagic flux, resulting in an incomplete autophagy process. 
Subsequently, autophagy can be detrimental, which might 
be exploited for viral replication. Our findings may supply a 
clue that autophagy has been implicated as a mechanism for 
the CVB3 induced myocarditis during the virus infection. 

Figure 3. Role of autophagy in CVB3 replication. HeLa cells were divided into sham, Rapamycin (10 nM), ZSTK474 (50 nM), and DMSO (0.1%) groups, then 
infected with CVB3 at 10 TCID50 and harvested at 6, 9, 12 and 24 h p.i for CVB3 mRNA and viral capsid protein VP-1 analysis. (A) The protein change at 
6 h p.i in different group, shows the LC3II/LC3I ratio increased in all virus infected group, Rapamycin and ZSTK474 increased the LC3II/LC3I ratio further, 
accompanied by decreased VP-1 protein expression. (B) Rapamycin and ZSTK474 decreased CVB3 mRNA synthesis at 6 h p.i. (C) The statistical outcome 
at 6 h p.i. in the different groups. (D) The protein change at 9 h p.i in different groups, LC3II/LC3I ratio increased in all virus infected group. Rapamycin and 
ZSTK474 increased the LC3II/LC3I ratio further, accompanied by decreased VP-1 protein expression. (E) Rapamycin and ZSTK474 could decrease CVB3 
mRNA synthesis at 9 h p.i. (F) The statistical outcome at 9 h p.i. in the different groups. (G) The protein change at 12 h p.i in the different groups, shows 
the LC3II/LC3I ratio increased in all virus infected group. Rapamycin increase the LC3II/LC3I ratio and promoted VP-1 protein expression, in contrast to 
ZSTK474, which decreased the LC3II/LC3I ratio and VP-1 protein expression. (H) Rapamycin promoted CVB3 mRNA synthesis but ZSTK474 weaken it at 
12 h p.i. (I) The statistical outcome at 12 h p.i. in the different groups. (J) The protein change at 24 h p.i. Rapamycin increased the LC3II/LC3I ratio, in contrast 
to ZSTK474, which decreased the LC3II/LC3I ratio and VP-1 protein expression. (K) When compared with control/DMSO group, Rapamycin promoted CVB3 
mRNA synthesis, with ZSTK474 weakening it at 24 h p.i. (L) The statistical outcome at 24 h p.i. in the different groups. *P<0.05 compared with the control 
group. **P<0.05 compared with the control group. CVB3, coxsackievirus B3; TCID50, tissue culture infective dose.
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The role of autophagy during this process may be of great 
importance to the resultant of the disease. At the beginning, 
the role of autophagy may be protective helping host cells clear 
the virus, alternations in autophagy following CVB3 infection 
may play a role in the viral persistence and pathogenesis in the 
host cells.

In conclusion, we demonstrate that two important intra-
cellular pathways can have differential effects at different 
time-points in CVB3-induced autophagy, contributing to 
autophagy initially helping host cells clear the virus, but being 
detrimental at later time-points, which may be exploited for 
viral replication.

Our research indicates Rapamycin and ZSTK474 can 
have differential effects at different p.i. time-points regarding 
CVB3 replication and CVB3-induced autophagy. Early during 
the course of infection, autophagy may help host cells clear the 
virus, thereby affording protection, whereas when infection 
time increases, autophagy may be exploited for viral replica-
tion.
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