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ABSTRACT
Endoplasmic reticulum stress (ERS)-mediated autophagy is indispensable for modulation of repli-
cation and pathogenesis of numerous mammalian viruses. We have previously shown that 
classical swine fever virus (CSFV) infection induces ERS-mediated autophagy for maintaining 
viral replication both in vivo and in vitro, however, the underlying mechanism remains unclarified. 
Here we found that CSFV infection activates the PERK pathway-dependent complete autophagy 
to promote viral replication in cultured PK-15 and 3D4/2 cells. Likewise, our results also suggested 
the essential roles of the IRE1/GRP78-mediated complete autophagy in CSFV replication in vitro. 
Furthermore, we suggested that CSFV infection induces activation of the PERK and IRE1 pathway 
for potential immunoregulation via promoting transcription of proinflammatory cytokine (IFN-γ 
and TNF-α) genes in the CSFV-infected cells. Finally, pharmacological treatment of PERK- or IRE1- 
pathway regulators, and the corresponding SiRNAs interventions did not affect the viabilities of 
the cells, excluding the potential interference elicited by altered cell viabilities. Taken together, 
our results suggest that CSFV infection induces complete autophagy through activation of the 
PERK and IRE1 pathway to facilitate viral replication in cultured cells, and modulation of proin-
flammatory cytokines may be a potential mechanism involved in this event. Our findings will open 
new horizons for molecular mechanisms of sustainable replication and pathogenesis of CSFV, and 
lay a theoretical foundation for the development of ERS-autophagy-targeting therapeutic strate-
gies for clinical control of CSF.
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Introduction

The endoplasmic reticulum (ER), an important mem-
branous organelle in eukaryotic cells, is responsible for 
biosynthesis, folding, and maturation of a large number 
of secretory and membrane proteins [1,2]. Disturbance 
of ER homeostasis by several factors, such as microbial 
infections, imbalance of calcium, accumulation of 
unfolded/misfolded proteins, can eventually lead to 
the endoplasmic reticulum stress (ERS), and conse-
quently triggers an adaptive mechanism called the 
unfolded protein response (UPR) to reinstate normal 
ER function [3,4]. The UPR is relayed through three ER 
transmembrane sensors including protein kinase R-like 
ER kinase (PERK), inositol requiring enzyme 1 (IRE1), 
and activating transcription factor-6 (ATF-6). These 
sensors were generally bound to and sequestered by 
a crucial ER chaperone glucose-regulated protein 78 
(GRP78/HSPA5/BiP hereafter referred to as GRP78). 

Upon ERS, GRP78 dissociates from and activates the 
sensors, and then the UPR cascades are initiated to re- 
establish the ER homeostasis through attenuating glo-
bal protein translation, enhancing ER functions, and 
activating the ER-associated protein degradation 
(ERAD) or autophagy to eliminate the misfolded/ 
unfolded proteins [3,5]. Nevertheless, during prolonged 
or excess ERS, the UPR pathways are insufficient to 
restore ER homeostasis, and eventually result in apop-
totic cell death [6–8].

Macroautophagy (hereafter called autophagy) typi-
cally functions as a pro-survival mechanism of cells and 
is responsible for lysosomal degradation and recycling 
of cytoplasmic components [9,10]. During the autop-
hagic process, cytosolic cargoes including the damaged 
organelles and the unfolded/misfolded proteins are tar-
geted and sequestered into double-membrane vesicles 
(called autophagosomes), which further fuse with the 
lysosomes to form autophagolysosomes for degradation 
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of the wrapped contents [11,12]. Although autophagy 
generally acts significant roles in restoring normal cel-
lular functions from adverse conditions [13], in other 
cases, the excessive or uncontrolled autophagic pro-
cesses can cause cell death [14,15]. Evidences have 
revealed that the dysregulated autophagy is involved 
in many human cancers, aging, and neurodegenerative 
diseases [16–18], showing great potential and signifi-
cance of the research.

Although ERS and autophagy are different biological 
processes in cells, both of them have been shown to 
modulate cellular function and fate (survival or death), 
and the crosstalk between ERS and autophagy has been 
extensively studied [19,20]. Accumulating evidence has 
suggested the induction of autophagy through activa-
tion of the Ca2+-dependent AMPK pathway and the 
UPR pathways [21,22]. All of the PERK, ATF-6, and 
IRE1 pathways have been reported to be involved in 
autophagy induction in the context of different dis-
eases; nevertheless, which pathway is employed for 
induction of autophagy, and the UPR-dependent cell 
fate seemingly depends on the nature and duration of 
the stress, and even the cell type [20,23]. The essential 
roles of the ERS-mediated autophagy have been impli-
cated in many human and animal diseases, especially in 
viral diseases. The effects of ERS-mediated autophagy 
on the replication and infection of viruses, as well as 
their underlying mechanisms, may vary in response to 
infections with different viruses. Dengue virus (DENV), 
hepatitis C virus (HCV), and Japanese encephalitis 
virus (JEV) all belong to the Flaviviridae family and 
are of great significance in human and animal health. 
HCV induces activation of the three UPR pathways 
(PERK, IRE1, and ATF-6 pathway) to trigger autop-
hagy for sustainable replication in the infected hepato-
cytes [24]. In vitro and in vivo infection of DENV 
enhances the autophagic activity and viral replication 
via activation of the PERK and IRE1 pathways [25]. 
Although JEV infection also activates the three UPR 
pathways in neuronal cells, it seems to activate autop-
hagy through the ATF-6 sensor and X-box protein 1 
(XBP1), a primary target of IRE1, thus inhibiting viral 
replication [26]. Therefore, it can be seen that molecu-
lar mechanisms associated with ERS-mediated autop-
hagy are complicated and still need further clarification.

Classical swine fever virus (CSFV), also a member of 
the Flaviviridae family, is the causative agent of classical 
swine fever (CSF) and causes an acutely fatal disease of 
pigs, characterized clinically by high fever, hemorrhagic 
necrotizing inflammation in multiple organs of pigs 
with high mortality, which threatens the pig industry 
worldwide [27,28]. Although CSFV has been exten-
sively studied for decades by many researchers, the 

mechanisms associated with the pathogenesis of CSFV 
remain unclarified. We have previously shown that 
CSFV infection induces ERS-mediated autophagy for 
sustaining virus replication both in vivo and in vitro 
[29]; however, the underlying mechanisms remain lar-
gely unknown. Here we revealed that CSFV infection 
triggers complete autophagy through activation of the 
PERK and IRE1 pathway to facilitate viral replication in 
cultured cells, which may be a potential strategy 
hijacked by CSFV for immune escape. We also found 
that CSFV infection induces activation of PERK and 
IRE1 pathway for potential immunoregulation via pro-
moting transcription of proinflammatory cytokines, 
suggesting a potential mechanism associated with the 
regulation of CSFV replication by ERS-mediated autop-
hagy. Our findings will provide new insights into the 
molecular mechanisms of CSFV replication and the 
development of novel antiviral strategies against CSF.

Materials and methods

Cell, virus, and plasmid

Experiments were performed on the pig kidney cell line 
PK-15 (ATCC, CCL-33) and macrophage cell line 3D4/ 
2 (ATCC, CRL-2845), which were, respectively, grown 
in the Dulbecco’s modified Eagle’s medium (DMEM, 
Gbico, C11995500BT) and 1640 medium (Gbico, 
C11875500BT), containing 10% (v/v) fetal bovine 
serum (FBS, Gbico, 10091148) and 1% (v/v) penicillin- 
streptomycin (Gibco, 15140122). Cells were maintained 
in a Heracell 150i incubator (Thermo Fisher Scientific) 
at 37°C with 5% CO2. The CSFV-Shimen strain was 
stocked in our laboratory and proliferated in the cul-
tured PK-15 cells. Virus titers were determined with 
50% tissue culture infective dose (TCID50) assays. The 
multiplicity of infections (MOIs) was calculated on the 
basis of virus titers and cell density when seeded. An 
autophagy dual-fluorescence reporter plasmid (mRFP- 
GFP-LC3) for the detection of autophagy flux was our 
laboratory stock.

Reagents and antibodies

The 4μ8 c (Sigma, SML0949), BiP inducer X (BIX, 
Sigma, SML1073), salubrinal (SAL, Sigma, SML0951), 
PERK Inhibitor I (GSK2606414/GSK, Calbiochem, 
516535), and PERK activator CCT020312 (CCT, 
Calbiochem, 324879) were dissolved in dimethyl sulf-
oxide (DMSO, Sigma, D2650) to make stock solutions 
(10 mM), and further diluted properly in culture med-
ium before treatment of the cells. Opti-MEM I Reduced 
Serum Medium (31985088) was purchased from Gibco. 
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Lipofectamine 3000 (L3000015) was obtained from 
Thermo Fisher Scientific.

The primary antibodies used in our study were spe-
cific for phosphor (p)-PERK (Thr980) (Cell Signaling, 
3179), total PERK (Cell Signaling, 3192), p-eIF2α (S51) 
(Bioworld, BS4787), total eIF2α (Bioworld, BS3651), 
GRP78 (Santa Cruz, sc-13968), ATG5 (Novus 
Biologicals, NB110-53818), SQSTM1/p62 (Cell 
Signaling, 39749), LC3B (Cell Signaling, 2775), CSFV- 
E2 (MEDIAN/JBT, 9011), Tubulin (Beyotime, AT819), 
and CSFV-Npro (kindly donated by professor Xinglong 
Yu, Hunan Agricultural University, China). The sec-
ondary antibodies including Alexa Fluor 488-labeled 
goat anti-mouse IgG(H + L) (A0428), 7-Amino- 
4-methylcoumarin-3-acetic acid-NHS ester (AMCA)- 
labeled goat anti-mouse IgG (H + L) (A0413), horse-
radish peroxidase (HRP)-labeled goat anti-rabbit IgG 
(H + L) (A0208) and goat anti-mouse IgG(H + L) 
(A0216) were products obtained from Beyotime 
Biotechnology.

Virus infection and biochemical intervention

PK-15 or 3D4/2 cells were plated one day before virus 
infection. At approximately 80% confluence, cells were 
infected with CSFV (1 MOI) or an equal amount of 
medium and then incubated at 37°C for 1.5 hours (h). 
Then, the cells were washed twice with PBS, and further 
cultured in DMEM or 1640 containing 2% (v/v) FBS at 
37°C and 5% CO2 for the indicated time until sample 
collection began. As for biochemical intervention, cells 
were, respectively, pretreated with PERK activator CCT 
(1 μM), PERK inhibitor GSK (1 μM), eIF2α depho-
sphorylation inhibitor SAL (1 μM), IRE1 inhibitor 
4μ8 c (10 μM), GRP78 inducer BIX (10 μM), or 0.1% 
(v/v) DMSO for 1 h, and then infected with CSFV as 
above described. The cells were further grown in 
a maintenance medium containing the indicated che-
micals. At 24 hpi (Hours post-infection), samples from 
each group were collected for the following assays.

Transfection and RNA interference

Cells at 60%~70% confluence were subject to plasmid 
transfection with lipofectamine 3000. For each well of 
12-well plates, 2 μL lipofectamine 3000 and 1.5 μg 
plasmid mRFP-GFP-LC3 (with 3 μL P3000 reagent) 
were, respectively, diluted in 100 μL Opti-MEM med-
ium; after incubation for 5 min at room temperature, 
the two mixtures were mixed in a 1:1 (v/v) ratio. 
10 min later, cells were washed 3 times with PBS, and 
then inoculated with the DNA-lipid complex, and 

incubated in the CO2 incubator for 4 ~ 6 h, followed 
by CSFV infection if necessary.

The small interfering RNA (SiRNA) sequences tar-
geted for the porcine PERK, IRE1, and GRP78 genes, as 
well as a negative control SiRNA (SiNC), was obtained 
from Sangon Biotech (Shanghai, China). A 20 μM stock 
solution of SiRNA was prepared. SiRNA sequences 
used in our study were as follows: 5ʹ- 
CCAGAGAAGUGGCAAGAAATT-3ʹ (sense strand) 
and 5ʹ-UUUCUUGCCACUUCUCUGGTT-3ʹ (anti-
sense strand) for SiPERK; 5ʹ- 
CCAGAAGGAACUAGAGAAATT-3ʹ (sense strand) 
and 5ʹ-UUUCUCUAGUUCCUUCUGGTT-3ʹ (anti-
sense strand) for SiIRE1; 5ʹ- 
UGGCAAAGAUGUUCGGAAATT-3ʹ (sense strand) 
and 5ʹ-UUUCCGAACAUCUUUGCCATT-3ʹ (anti-
sense strand) for SiGRP78; 5ʹ- 
UUCUCCGAACGUGUCACGUTT-3ʹ (sense strand) 
and 5ʹ-ACGUGACACGUUCGGAGAATT-3ʹ (anti-
sense strand) for SiNC. The protocol of SiRNA trans-
fection was consistent with that of plasmid transfection, 
except that P3000 reagent was excluded in the diluted 
SiRNA mixture. After transfection, the cells were 
further grown in maintenance medium for 12 h, fol-
lowed by CSFV infection if necessary. The efficiency of 
gene knockdown was assessed by Western blot.

qRT-PCR assays

The qRT-PCR assays used in our study were performed 
as previously described [29]. Briefly, total RNA was 
extracted from the cells of each group using TRIzol 
reagent (Invitrogen, 15596026). One μg of each RNA 
was reversely transcribed into cDNA for detecting rela-
tive mRNA expression of the indicated genes. The qRT- 
PCR assays were performed on a Bio-Rad real-time 
PCR machine (1855200). Each sample was set up in 
triplicate and repeated twice independently. Relative 
mRNA expressions of the specific genes were deter-
mined using the 2−ΔΔCT method and normalized to 
the Glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) gene. The specific primers for qRT-PCR 
used in our study are listed in Table 1.

Western blot analysis

Cells collected from each group were lysed on ice with 
cell lysis buffer (Beyotime. P0013) containing 2% (v/v) 
protease and phosphatase inhibitor cocktails (50×, 
Beyotime, P1050). After centrifugation at 13 000 r/ 
min for 15 min at 4°C, the supernatant was obtained 
and then subject to protein quantification with a BCA 
protein assay kit (Beyotime, P0012). Aliquots of the 
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supernatant were mixed with 5× SDS-PAGE loading 
buffer and boiled for 10 min, followed by Western 
blot analysis as previously described [29]. Primary anti-
bodies used in our study were specific for p-PERK, total 
PERK, p-eIF2α, total eIF2α, GRP78, ATG5, p62, LC3B, 
Npro, and tubulin, respectively. Tubulin was used as 
a loading control. The grayscale value of the specific 
bands was analyzed with ImageJ software for semi- 
quantitation of protein expression.

Confocal fluorescence microscopy

To analyze the effect of biochemical pretreatment or 
SiRNA intervention on autophagic flux in the CSFV- 
infected cells, PK-15 cells cultured in glass-bottom cell 
culture dishes (Φ15 mm, 801002, NEST) were pretreated 
as described above with the indicated chemicals, and then 
transfected with mRFP-GFP-LC3, or were co-transfected 
with mRFP-GFP-LC3 and the indicated SiRNAs, fol-
lowed by CSFV infection. The cells were further cultured 
in maintenance media for 24 h, and then subject to 
indirect immunofluorescence staining and confocal 
microscopy. Briefly, cells were washed twice with PBS 
and fixed with pre-cooled absolute ethanol for 30 min at 
−20°C, and then permeabilized with 0.3% Triton X-100 
solution for 10 min at room temperature. After blocking 
with 5% bovine serum albumin (BSA) in PBS for 1 h at 
37°C, the cells were incubated overnight at 4°C with 
mouse anti-CSFV E2 monoclonal antibodies at 
a dilution of 1:200 (v/v), followed by a 1 h of incubation 
in PBS containing AMCA-labeled goat anti-mouse IgG 
(H + L) antibodies (1:200, v/v). The fluorescent signals 
were observed under a TCS SP8 confocal fluorescence 
microscope (Leica). GFP degrades in the acidic 

environment of the lysosome while RFP does not. 
Therefore, yellow spots merged by green and red fluor-
escence indicate the formation of autophagosomes 
(incomplete autophagy), while red spots indicate the for-
mation of autophagolysosomes and increased autophagy 
flux (complete autophagy). The average numbers of 
fluorescent spots in 10 cells from each group were ana-
lyzed with ImageJ software. Blue spots indicate a positive 
expression of CSFV-E2 proteins.

TCID50 assays

The cells and supernatants of each treatment were col-
lected for virus titration measured with TCID50 assays, 
which were performed as described in our previous stu-
dies [29,30]. Briefly, cells seeded in 96-well plates were 
inoculated with serial 10-fold dilutions of CSFV for 1.5 h 
at 37°C. After further incubation for 48 h at 37°C, the 
cells were subject to an indirect immunofluorescence 
assay exploiting mouse anti-CSFV E2 antibody and 
Alexa Fluor 488-labeled goat anti-mouse IgG(H + L) 
antibody, to assess the expression of viral structural pro-
teins. Viral titers were determined in accordance with the 
Reed–Muench method [31] and shown as Log10(TCID50 

/mL). Each treatment was set up in four replicates and 
repeated twice independently.

Cell viability assays

Viabilities of the PK-15 and 3D4/2 cells were measured 
by the CCK-8 assays as previously described [29]. Briefly, 
cells seeded in 96-well plates (1 × 104 cells/well) one day 
before the experiment was pre-treated with the indicated 

Table 1. Primer information.
Genes Sequence (5ʹ ~ 3ʹ) GenBank Nos. Size (bp)

CSFV-NS5B Forward: CCTGAGGACCAAACACATGT 
Reverse: TGGTGGAAGTTGGTTGTGTCTG

AY775178.2 174

GRP78 Forward: CCTACTCGTGCGTTGGGGT 
Reverse: GACGGCGTGATGCGGTT

XM_001927795.7 79

ATF4 Forward: CAAGACAGCAGCCACTCGGTA 
Reverse: TCAGAGCTTCGTTCTTCTTTTCC

NM_001123078.1 98

CHOP Forward: AGGTGCTGTCCTCAGATGAAAATG 
Reverse: AGAGGCAGGGTCAAGAGTGGTG

NM_001144845.1 95

ATG5 Forward: GGTTTGAATATGAAGGCACACCA 
Reverse: TGTGATGTTCCAAGGAAGAGCTG

AM087014.1 98

ATG12 Forward: CTTCTTCCGCTTCAGTTTCC 
Reverse: TGTGTCTCCCACAGCCTTTA

NM_001190282.1 92

Beclin1 Forward: AGGAGCTGCCGTTGTACTGTTCT 
Reverse: TGCTGCACACAGTCCAGGAA

NM_001044530.1 94

IFN-γ Forward: CCAGGCCATTCAAAGGAGCATGGA 
Reverse: GGCTTTGCGCTGGATCTGCAGA

NM_213948.1 139

TNF-α Forward: TGGCCCAAGGACTCAGATCAT 
Reverse: TCGGCTTTGACATTGGCTACA

EU682384.1 76

GAPDH Forward: TGGAGTCCACTGGTGTCTTCAC 
Reverse: TTCACGCCCATCACAAACA

NM_001206359.1 121
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Figure 1. CSFV infection causes the PERK pathway-mediated autophagy to promote viral replication in cultured PK-15 cells. 
(a–d) PK-15 cells cultured in 12-well plates were respectively pretreated with 1 μM CCT, 1 μM GSK, 1 μM SAL or equal amount of 
DMSO for 1 h, and then subject to CSFV infection (1 MOI) for 1.5 h. The cells were further cultured in the presence of the chemicals
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concentrations of chemicals or SiRNAs. After further 
incubation for 24 h, cells were incubated with 10% (v/v) 
CCK-8 in fresh medium for 1 h at 37°C. The absorbance 
at 450 nm was detected with a Ledetect 96 microplate 
reader (LABEXIM). Each sample was assayed in triplicate 
and repeated twice independently.

Statistical analysis

The data are shown as the mean ± standard deviation 
(SD) of two independent experiments and were ana-
lyzed with one-way ANOVA or two-way ANOVA tests. 
P values of less than 0.05 were considered to be statis-
tically significant.

Results

CSFV infection induces the PERK 
pathway-dependent complete autophagy to 
promote viral replication in cultured cells

We have previously shown that CSFV infection induces 
ERS-mediated autophagy both in vivo and in vitro [29], 
while the underlying mechanisms remain unclear. We 
have also previously revealed activation of the PERK 
and IRE1 pathways during CSFV infection [29,30]. 
Therefore, the PERK and IRE1 pathways become our 
preference for exploring potential mechanisms involved 
in ERS-mediated autophagy during CSFV infection.

Firstly, the effect of pretreatment with PERK activa-
tor CCT020312 (CCT) and inhibitor GSK2606414 
(GSK) on autophagic activities in the CSFV-infected 
PK-15 and 3D4/2 cells were analyzed by qRT-PCR 
and Western blot assays, respectively. We found that 
CCT pretreatment increased while GSK pretreatment 
decreased the relative mRNA expression of the 

activating transcription factor 4 (ATF4) and DNA- 
damage inducible transcript 3 (DDIT3/CHOP: hereafter 
called CHOP) genes, and autophagy-related 5 (ATG5) 
and BECN1/Beclin1 (hereafter called Beclin1) genes in 
the CSFV-infected PK-15 cells (Figure 1(a)), implying 
the necessity of the PERK signaling for induction of 
autophagy. In the meantime, CCT treatment not only 
significantly upregulated the phosphorylation level of 
PERK and its downstream eukaryotic initiation factor 
2α (eIF2α) but also enhanced the expression of autop-
hagy protein ATG5 and the conversion of LC3-I to 
LC3-II, with a concomitant decrease of SQSTM1/p62 
(Sequestosome 1, hereafter called p62) expression in the 
CSFV-infected PK-15 cells; by contrast, GSK treatment 
inhibited the phosphorylation of PERK and eIF2α, the 
expression of ATG5, and the conversion of LC3-I to 
LC3-II, along with the increased expression of p62 in 
the CSFV-infected cells (Figure 1(b,c)). These results 
further confirmed the essential role of the PERK path-
way in CSFV-induced autophagy. Additionally, we 
found that pretreatment with eIF2α dephosphorylation 
inhibitor salubrinal (SAL) elevated the phosphorylation 
level of eIF2α in the CSFV-infected cells, which not 
only increased the transcription level of ATF4 and 
CHOP genes but also promoted the transcription of 
ATG5 and Beclin1 genes, the expression of ATG5 pro-
tein, as well as the conversion of LC3-I to LC3-II, with 
a concomitant decrease of p62 expression (Figure 1(a– 
c)). We obtained similar results in the cultured 3D4/2 
cell lines (Figure 2(a–c)). Collectively, the above results 
suggest that activation of the PERK pathway increases 
while inhibition of the PERK pathway reduces autop-
hagic activities in the CSFV-infected cells.

We further found that the PERK gene silencing by 
transfection of PERK-targeting SiRNA not only 
reduced the transcription level of ATG5, ATG12, and 

for 24 h, and then collected for qRT-PCR (a), Western blot (b and c) and TCID50 assays (d), respectively. For qRT-PCR (a), relative 
quantification of ATG5, Beclin1, ATF4, CHOP and NS5B genes were assessed using the 2−ΔΔCT method and normalized to GAPDH. Two- 
way ANOVA tests: *, P< 0.05; **, P< 0.01. For Western blot (b), samples were prepared as described in the “materials and methods” 
for Western blot analyses using specific antibody against p-PERK, total PERK, p-eIF2α, total eIF2α, ATG5, p62, LC3B, Npro and tubulin. 
Grayscale value of the bands were analyzed with ImageJ software, and generations of images for protein quantification were 
performed with GraphPad Prism 6 software. Two-way ANOVA tests: *, P< 0.05; **, P< 0.01; ***, P< 0.001;****, P< 0.0001 (c). For virus 
titration (d), the cells and supernatants of each treatment were collected for TCID50 assays through an indirect immunofluorescence 
assay using mouse anti-CSFV E2 antibody. Virus titers were expressed as Log10(TCID50/mL). Two-way ANOVA tests: *, P< 0.05. (e–h) 
PK-15 cells cultured in 12-well plates were respectively transfected with 10 nM SiPERK or 10 nM SiNC for 4 ~ 6 h, and further 
incubated at 37°C for 12 h prior to a 1.5 h of incubation with 1 MOI of CSFV. The cells were further cultured for 24 h, and then 
collected for detection of relative mRNA expression of ATG5, ATG12, Beclin1 and NS5B genes by qRT-PCR (e), and determination of 
protein expression of p-PERK, total PERK, p-eIF2α, total eIF2α, ATG5, p62, LC3B, Npro , and tubulin through Western blot analysis (f 
and g), as well as measurement of virus titers with TCID50 assays (h). All the data shown are expressed as mean ± SD values of two 
independent experiments, and are analyzed by two-way ANOVA tests: *, P< 0.05; **, P< 0.01; ***, P< 0.001;****, P< 0.0001.
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Figure 2. CSFV infection causes the PERK pathway-mediated autophagy to promote viral replication in cultured 3D4/2 cells. 
(a–d) 3D4/2 cells were treated with PERK pathway regulators and CSFV infection as described in the legend of Figure 1, and then
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Beclin1 genes but also inhibited the expression of 
p-PERK and p-eIF2α, as well as ATG5 expression and 
LC3-I to LC3-II conversion, along with increased p62 
expression in the CSFV-infected PK-15 and 3D4/2 cells 
(Figures 1(e,g) and 2(e,g)), suggesting that blockage of 
the PERK pathway reduced autophagic activities in the 
CSFV-infected cells. Moreover, we detected the autop-
hagy flux by visualizing the expression of autophagy 
dual-fluorescence reporter plasmid (mRFP-GFP-LC3) 
in PK-15 cells undergoing pretreatment with PERK 
regulators or SiPERK intervention prior to CSFV infec-
tion through confocal immunofluorescence microscopy 
and found that both CCT and SAL pretreatment 
improved autophagy flux, while both GSK pretreatment 
and the PERK gene silencing reduced autophagy flux in 
CSFV-infected PK-15 cells as, respectively, demon-
strated by the increased or decreased numbers of yellow 
(autophagosomes) and red fluorescent dots (autopha-
golysosomes) in cells (Figure 3), further confirming 
that the PERK pathway plays a crucial role in the 
complete autophagy induced by CSFV infection.

In addition, our results also showed that both CCT 
and SAL pretreatment increased, while both GSK treat-
ment and the PERK gene silencing reduced copy num-
bers of CSFV NS5B genes, expression of Npro and E2 
protein, and virus titers in the CSFV-infected cells 
(Figures 1–3(a,c)); suggesting a significant role of the 
PERK pathway in CSFV replication in vitro. 
Collectively, our data obtained above suggest that 
CSFV infection induces the PERK pathway-mediated 
complete autophagy to promote viral replication in 
cultured cells.

CSFV infection induces IRE1/GRP78-dependent 
complete autophagy to facilitate viral replication in 
cultured cells

The IRE1 pathway is another classical UPR pathway, and 
GRP78, one of the downstream molecules of IRE1, is 

a widely recognized marker protein for monitoring ERS 
[30,32]. Since we have shown that CSFV infection- 
induced activation of the PERK and IRE1 pathway and 
that the PERK pathway was essential for CSFV-induced 
autophagy, thus promoting viral replication in cultured 
cells, we further investigated the role of the IRE1 path-
way in CSFV-induced autophagy and viral replication. 
The effect of an IRE1-specific inhibitor 4μ8 c and 
a potent BiP/GRP78 inducer X (BIX) on autophagic 
activities in the CSFV-infected PK-15 and 3D4/2 cells 
were measured by qRT-PCR and Western blot assays, 
respectively. Results showed that pretreatment with 
4μ8 c significantly decreased the relative mRNA expres-
sion levels of GRP78, ATG5, ATG12, and Beclin1 genes 
in the CSFV-infected PK-15 cells (Figure 4(a)). 
Simultaneously, 4μ8 c treatment not only significantly 
downregulated the expression levels of GRP78 protein 
but also inhibited the expression of ATG5 and the con-
version of LC3-I to LC3-II, with a concomitant increase 
of p62 expression in the CSFV-infected PK-15 cells 
(Figure 4(b,c)), suggesting the reduction of autophagic 
activities by inhibition of the IRE1 sensor. Contrastively, 
BIX treatment remarkably increased the transcriptional 
and translational levels of GRP78 in CSFV-infected PK- 
15 cells, which not only significantly upregulated the 
transcriptional levels of ATG5, ATG12, and Beclin1 
genes, but also enhanced the expression of ATG5 protein 
and the conversion of LC3-I to LC3-II, accompanied 
with inhibition of p62 expression (Figure 4(a–c)). 
Similar results were also obtained in the cultured 3D4/ 
2 cells (Figure 5(a–c)). The above results suggest that 
inhibition of IRE1 reduces, while activation of GRP78 
increases autophagic activities in the CSFV-infected cells.

Furthermore, we found that either the IRE1 or the 
GRP78 gene silencing by transfection of IRE1- or 
GRP78-targeting SiRNA significantly inhibited the 
transcription of ATG5, ATG12 and Beclin1 genes, the 
expression GRP78 and ATG5, and the conversion of 
LC3-I to LC3-II, with a concomitant increase of p62 

collected for detection of relative mRNA expression of ATG5, Beclin1, ATF4, CHOP and NS5B genes by qRT-PCR (a), and determination 
of protein expression of p-PERK, total PERK, p-eIF2α, total eIF2α, ATG5, p62, LC3B, Npro, and tubulin through Western blot analysis (b 
and c), as well as measurement of virus titers with TCID50 assays (d). (e–h) 3D4/2 cells were treated with SiPERK and CSFV infection 
as described in the legend of Figure 1, and then collected for detection of relative mRNA expression of ATG5, ATG12, Beclin1 and 
NS5B genes by qRT-PCR (e), and determination of protein expression of p-PERK, total PERK, p-eIF2α, total eIF2α, ATG5, p62, LC3B, 
Npro and tubulin through Western blot analysis (f and g), as well as measurement of virus titers with TCID50 assays (h). All the data 
shown are expressed as mean ± SD values of two independent experiments. Two-way ANOVA tests: *, P< 0.05; **, P< 0.01; ***, 
P< 0.001;****, P< 0.0001.

VIRULENCE 137



Figure 3. Modulation of the PERK pathway alters autophagy flux in the CSFV-infected PK-15 cells. (a) PK-15 cells cultured in 
glass-bottom dishes for confocal microscopy were pretreated with 1 μM CCT or 1 μM GSK or 1 μM SAL or equal amount of DMSO for 
1 h, and then subject to mRFP-GFP-LC3 transfection for 4 ~ 6 h, followed by a 1.5 h of incubation with 1 MOI of CSFV. The cells were 
further cultured in the presence of the chemicals for 24 h, and then collected for indirect immunofluorescence staining and confocal 
fluorescence microscopy as described in the “Materials and Methods”. Several visual fields were selected for image acquisition, and 
the representative images were shown. GFP degrades in the acidic environment of lysosome while RFP does not. Therefore, yellow 
spots (overlapped by green and red fluorescence) indicate formation of autophagosomes (incomplete autophagy); however, red 
spots indicate formation of autophagolysosomes and increased autophagy flux (complete autophagy). Blue spots indicate positive 
expression of CSFV-E2 proteins. Scale bar: 10 μm. (b) The data show the quantification of autophagosomes (yellow) and 
autophagolysosomes (red) by counting the average number of fluorescent dots in ten cells with ImageJ software. One-way 
ANOVA: *, P< 0.05; ****, P< 0.0001. (c) PK-15 cells cultured in confocal dishes were respectively co-transfected with 1.5 μg mRFP-
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expression in the CSFV-infected PK-15 and 3D4/2 cells 
(Figures 4(e–i) and 5(e–i)), suggesting that blockage of 
the IRE1/GRP78 pathway reduces autophagic activities 
in CSFV-infected cells. Additionally, we also found that 
BIX significantly increased, while both 4μ8 c pretreat-
ment and the IRE1/GRP78 gene silencing reduced 
autophagy flux in the CSFV-infected PK-15 cells as, 
respectively, demonstrated by the increased or 
decreased numbers of yellow (autophagosomes), and 
red fluorescent dots (autophagolysosomes) in cells 
(Figure 6), further confirming the essential role of the 
IRE1/GRP78 pathway in CSFV-induced complete 
autophagy.

In addition, we also found that both 4μ8 c pretreat-
ment and the IRE1/GRP78 gene silencing reduced, 
while BIX treatment increased copy numbers of CSFV 
NS5B genes, expression of Npro and E2 protein, and 
virus titers in the CSFV-infected cells (Figures 4–6(a, 
c)), indicating a significant role of the IRE1/GRP78 
pathway in CSFV replication in vitro. Taken together, 
our results suggest that CSFV elicits the IRE1/GRP78 
pathway-mediated complete autophagy to facilitate 
virus replication.

The PERK and IRE1 pathways are associated with 
transcriptional regulation of proinflammatory 
cytokine genes during CSFV infection

Increasing evidence have revealed that many stressors- 
induced cellular ERS can promote the expression of 
inflammatory cytokines and then participate in the 
regulation of innate immunity [33,34]. Many pro- 
inflammatory cytokines, such as interferon-γ (IFN-γ) 
and tumor necrosis factor-α (TNF-α), can promote 
induction of autophagy [35,36]. Therefore, we further 
investigated the relationship between CSFV-induced 
ERS and proinflammatory cytokines. The effect of the 
PERK and IRE1-pathway regulators, and PERK/IRE1/ 
GRP78 gene silencing on the transcription of proin-
flammatory cytokine genes were investigated by qRT- 
PCR assays. On the one hand, we found that CCT or 
SAL treatment increased the relative mRNA expression 
levels of IFN-γ and TNF-α mRNA in the CSFV-infected 

PK-15 cells (Figure 7(a)). Although the transcription of 
the TNF-α gene seemed not to be affected by CCT or 
SAL treatment in CSFV-infected 3D4/2 cells, the rela-
tive mRNA expression levels of IFN-γ were significantly 
increased (Figure 7(b)). By contrast, GSK treatment 
inhibited the transcriptional levels of IFN-γ and TNF- 
α mRNA in both cells infected with CSFV (Figure 7(a, 
b)). Further study found that the PERK gene silencing 
significantly suppressed the transcriptional levels of 
IFN-γ and TNF-α mRNA in the CSFV-infected PK-15 
and 3D4/2 cells (Figure 7(e,f)). These results suggest 
that the PERK pathway could be involved in the tran-
scriptional regulation of pro-inflammatory cytokine 
genes for potential immunoregulation in the CSFV- 
infected cells.

On the other hand, our results also showed that BIX 
treatment increased the relative mRNA expression 
levels of IFN-γ and TNF-α mRNA in CSFV-infected 
PK-15 and 3D4/2 cells (Figure 7(c,d)). However, either 
4μ8 c treatment or the IRE1/GRP78 gene silencing 
inhibited the transcription of IFN-γ and TNF-α 
mRNA in both cells infected with CSFV (Figure 7(c– 
f)). These results indicate important roles of the IRE1/ 
GRP78 pathway in the transcriptional regulation of 
pro-inflammatory cytokine genes in the CSFV- 
infected cells. Comprehensively, our results suggest 
that CSFV infection induces ERS-driven activation of 
the PERK and IRE1 pathway for potential immunore-
gulation via promoting the expression of proinflamma-
tory cytokines. This process might be associated with 
CSFV-induced autophagy and its influence on viral 
replication, which needs further investigations.

Pretreatment with the PERK and IRE1-pathway 
regulators, and the indicated SiRNA interventions 
do not affect cell viabilities

To determine whether the pharmacological treatment 
of ERS regulators or the indicated SiRNA interventions 
affected autophagic activities of cells, and the capability 
of CSFV replication by altering cell viabilities, the 
CCK8 assays were performed to analyze the effects of 
the PERK and IRE1-pathway regulators, and the PERK/ 

GFP-LC3 plasmid and 10 nM SiPERK or 10 nM SiNC for 4 ~ 6 h, and further incubated at 37°C for 12 h prior to a 1.5 h of incubation 
with 1 MOI of CSFV. The cells were further cultured for 24 h and then collected for indirect immunofluorescence staining and 
confocal fluorescence microscopy. Scale bar: 5 μm. (d) Statistical analysis of the effect of PERK gene silencing on autophagy flux in 
the CSFV-infected PK-15 cells. Student’s t-test: *, P< 0.05; **, P< 0.01.
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Figure 4. CSFV infection causes IRE1/GRP78-mediated autophagy to promote viral replication in cultured PK-15 cells. (a–d) 
PK-15 cells cultured in 12-well plates were respectively pretreated with 10 μM 4μ8 c, 10 μM BIX or equal amount of DMSO for 1 h, 
and then subject to CSFV infection (1 MOI) for 1.5 h. The cells were further cultured with the chemicals for 24 h, and then collected 
for detection of relative mRNA expression of GRP78, ATG5, ATG12, Beclin1 and NS5B genes by qRT-PCR (a), and determination of 
protein expression of GRP78, ATG5, p62, LC3B, Npro and tubulin through Western blot analysis (b and c), as well as measurement of
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IRE1/GRP78-targeting SiRNAs on the viability of PK- 
15 and 3D4/2 cells. Results showed that pretreatment 
with the indicated chemicals or transfection of SiRNAs 
had no significant effects on the viability of PK-15 
(Figure 8(a)) and 3D4/2 cells (Figure 8(b)).

In summary, our results suggest that CSFV infection 
induces ERS and then triggers autophagy through acti-
vation of the PERK-eIF2α-ATF4-CHOP and the IRE1/ 
GRP78 pathway, thus promoting replication of CSFV 
in cultured PK-15 and 3D4/2 cells (Figure 9), which 
may be a potential strategy hijacked by CSFV for 
immune escape. Furthermore, we also show that 
CSFV infection induces ERS-driven activation of the 
PERK and IRE1 pathway for potential immunoregula-
tion via promoting transcription of proinflammatory 
cytokines, suggesting a possible mechanism involved 
in the regulation of CSFV replication by ERS- 
mediated autophagy. Our findings will open new hor-
izons for molecular mechanisms of sustainable replica-
tion and pathogenesis of CSFV, and lay a theoretical 
foundation for the development and implementation of 
ERS- and autophagy-targeting therapeutic strategies for 
clinical control of CSF.

Discussion

The ERS-mediated autophagy can be a specific strategy 
hijacked by viruses for efficient infection [21,25]; never-
theless, its effects on viral replication and pathogenicity, 
as well as its underlying mechanisms differ in response 
to different virus infections. Flavivirus infections gen-
erally induce ERS and consequently activates the UPR 
pathways, due to their preferred replication at the ER- 
derived membranous structures [37–39]. Although 
HCV, DENV, JEV, and CSFV are all members of the 
Flaviviridae family, their potential mechanisms 
involved in the regulation of ERS-mediated autophagy 
and viral replication vary. We have previously shown 
that CSFV infection in vivo and in vitro causes ERS- 
mediated autophagy to promote viral replication [29]. 
Here we further revealed that CSFV infection induces 

ERS-driven activation of the PERK and IRE1 pathways, 
and then triggers autophagy to enhance viral replica-
tion. Our and other researchers’ findings together sup-
port the fact that, although the UPRs and autophagy 
generally function as a pro-survival mechanism of cells, 
many viruses have evolved specific strategies to regulate 
UPR-mediated autophagy for sustaining effective repli-
cation in host cells.

Generally, the PERK signaling is the preferentially 
activated pathway elicited by ERS [32]. Once activated, 
the phosphorylated PERK directly phosphorylates 
eIF2α, which leads to global attenuation of protein 
translation, thus potentially restraining viral replication 
[3,40]. However, the PERK pathway can be hijacked for 
autophagy induction and replication of viruses, includ-
ing HCV, DENV, porcine circovirus type 2, porcine 
epidemic diarrhea virus, and Seneca valley virus 
[24,25,41–43]. We have previously reported that CSFV 
infection induces activation of the PERK-eIF2α-ATF4- 
CHOP pathway and complete autophagy both in vivo 
and in vitro [29,30]. Here we found that CSFV infection 
induces the PERK-eIF2α pathway-mediated autophagy 
to promote virus replication. It was also supposed that 
the PERK-eIF2α pathway selectively enhanced the 
expression of viral proteins for an efficient virus life 
cycle, although this remains further investigations. 
ATF4 and CHOP, two key transcription factors down-
stream of the PERK-eIF2α pathway, are selectively 
translated and typically regulate genes that encode ER 
chaperones, redox-, and autophagy-related proteins to 
restore ER homeostasis [44]. In our study, the PERK- 
eIF2α pathway-driven expressions of ATF4, CHOP, 
and autophagic proteins were observed in CSFV- 
infected cells, suggesting the possible involvement of 
ATF4 and CHOP in the ERS-mediated autophagy dur-
ing CSFV infection, while the underlying mechanisms 
need to be identified further.

IRE1 is typically recognized as the most evolutiona-
rily conserved ERS sensor [32]. The phosphorylated 
IRE1 splices the XBP1 mRNA to generate an active 
transcription factor XBP1s, which is involved in several 

virus titers with TCID50 assays (d). (e–j) PK-15 cells cultured in 12-well plates were respectively transfected with 10 nM SiIRE1, 10 nM 
SiGRP78 or 10 nM SiNC for 4 ~ 6 h, and further incubated at 37°C for 12 h prior to a 1.5 h of incubation with 1 MOI of CSFV. The cells 
were further cultured for 24 h, and then collected for detection of relative mRNA expression of ATG5, ATG12, Beclin1 and NS5B genes 
by qRT-PCR (e), and determination of protein expression of GRP78, ATG5, p62, LC3B, Npro and tubulin through Western blot analysis 
(f–i), as well as measurement of virus titers with TCID50 assays (j). All the data shown are expressed as mean ± SD values of two 
independent experiments. Two-way ANOVA tests: *, P< 0.05; **, P< 0.01; ***, P< 0.001; ****, P< 0.0001.
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Figure 5. CSFV infection causes IRE1/GRP78-mediated autophagy to promote viral replication in cultured 3D4/2 cells. (a–d) 
3D4/2 cells were treated with IRE1/GRP78 regulators and CSFV infection as described in the legend of Figure 4, and then collected 
for detection of relative mRNA expression of GRP78, ATG5, ATG12, Beclin1 and NS5B gene by qRT-PCR (a), and determination of 
protein expression of GRP78, ATG5, p62, LC3B, Npro and tubulin through Western blot analysis (b and c), as well as measurement of 
virus titers with TCID50 assays (d). (e–j). 3D4/2 cells treated with SiIRE1/SiGRP78 and CSFV infection as described in the legend of 
Figure 4, and then collected for detection of relative mRNA expression of ATG5, ATG12, Beclin1 and NS5B gene by qRT-PCR (e), and
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pro-survival events in favor of protein homeostasis by 
inducing the expression of UPR-related genes [40,45]. 
The IRE1-XBP1s axis has also been shown to induce 
autophagy in endothelial cells [46]. However, IRE1 
rather than XBP1 is essential for ATG5-dependent 
autophagy induced by IBV [47]. Our previous studies 
have shown that CSFV infection activates the IRE1- 
XBP1s pathway [29,30]. Here we further suggested the 
essential role of the IRE1-dependent autophagy in 
CSFV replication. It can be inferred from our and 
others’ studies that IRE1 plays vital roles in autophagy 
induction under virus infections or stress conditions.

GRP78, a major ER chaperone with anti-apoptotic 
abilities, is required for control of the ERS status and 
cellular homeostasis [48]. Diverse roles of GRP78 in the 
replication of different viruses have been reported 
[30,42,49]. Nevertheless, its underlying mechanisms 
remain largely unknown. Increasing evidence have 
shown that GRP78 is involved in autophagy induction 
in several cancer cells [50,51]; however, GRP78- 
mediated autophagy in the context of virus infections 
were rarely reported. Here we found that GRP78- 
mediated autophagy is required for CSFV replication. 
Since no present evidence has suggested the potential 
transcription factor activity of GRP78, the mechanism 
through which GRP78 influences the transcription and 
translation of autophagy-related genes remains unclear 
and needs further clarification.

A number of studies have revealed that complete 
autophagy was required for efficient replication of 
viruses including HCV, foot-and-mouth disease virus, 
and CSFV [52–54]. Here we found that activation of 
the PERK and IRE1 pathways are crucial for autophagic 
flux either by detecting p62 degradation or by monitor-
ing fusion of autophagosomes with lysosomes in CSFV- 
infected cells. Our finding highlights the importance of 
the PERK and IRE1 pathways in CSFV-induced com-
plete autophagy, which is similar to previous studies 
suggesting critical roles of the PERK and IRE1 path-
ways in the induction of complete autophagy [24,53]. 
Nevertheless, its underlying mechanisms need to be 
explored further.

Autophagy and apoptosis are two different but very 
important cross-talking processes in cells undergoing 
CSFV infection. Our previous studies have shown that 
CSFV infection in vitro and in vivo can induce autop-
hagy [29,54,55]. Further studies suggest that autophagy 
induces apoptosis and death of T lymphocytes in the 
spleen of CSFV-infected pigs [55], which is potentially 
associated with CSFV-caused immunosuppression and 
pathogenesis in the infected pigs. However, our in vitro 
study reveals that CSFV induces autophagy to inhibit 
apoptosis by limiting reactive oxygen species (ROS)- 
dependent RIG-I-like receptor (RLR) signaling, thus 
facilitating viral persistent infection [56]. In 
a recently published paper, we have also suggested 
that lactate dehydrogenase B (LDHB) inhibition 
induces mitophagy to promote cell survival and virus 
replication by inhibiting apoptosis in cultured cells 
[57]. These findings may explain the reason why 
CSFV induces apoptosis in several types of tissue 
cells in infected pigs, while it is nonpathogenic to the 
cultured cells in vitro. It is likely that pathogenesis of 
CSFV is related to the relationship between autophagy 
and apoptosis during CSFV infection. Whether CSFV 
employs the ERS-mediated autophagy to enhance viral 
replication is associated with suppression of apoptosis 
is an intriguing assumption and remains to be studied 
further.

Accumulating studies have shown that cellular ERS 
promotes the expression of pro-inflammatory cytokines 
(such as IFN-γ and TNF-α) and then participates in the 
regulation of innate and adaptive immunity [33,34]. Both 
IFN-γ and TNF-α belong to the Th1-type cytokines and 
play significant roles in the regulation of cellular immune 
responses to intracellular microbial infections [58,59]. 
Cytokines have also been implicated in the regulation of 
autophagy. Th1-type cytokines such as IFN-γ and TNF-α 
generally induce autophagy in macrophages, while Th2- 
type cytokines (such as IL-4 and IL-13) often exert an 
inhibitory effect on autophagy [35,36,60]. Here we found 
that the PERK and IRE1 pathways play a crucial role in 
the transcriptional regulation of IFN-γ and TNF-α genes, 
suggesting a potential link between the PERK/IRE1- 

determination of protein expression of GRP78, ATG5, p62, LC3B, Npro and tubulin through Western blot analysis (f–i), as well as 
measurement of virus titers with TCID50 assays (j). All the data shown are expressed as mean ± SD values of two independent 
experiments. Two-way ANOVA tests: *, P< 0.05; **, P< 0.01; ***, P< 0.001; ****, P< 0.0001.
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Figure 6. Modulation of the IRE1/GRP78 pathway alters autophagy flux in the CSFV-infected PK-15 cells. (a) PK-15 cells 
cultured in confocal dishes were pretreated with 10 μM 4μ8 c, 10 μM BIX or equal amount of DMSO (0.1%, v/v) for 1 h, and then 
subject to mRFP-GFP-LC3 transfection for 4 ~ 6 h, followed by a 1.5 h of incubation with 1 MOI of CSFV. The cells were further 
cultured in the presence of the chemicals for 24 h, and then collected for indirect immunofluorescence staining and confocal 
fluorescence microscopy. Yellow spots indicate formation of autophagosomes (incomplete autophagy), and red spots indicate 
formation of autophagolysosomes and increased autophagy flux (complete autophagy). Blue spots indicate positive expression of 
CSFV-E2 proteins. Scale bar: 10 μm. (b) The data show the quantification of autophagosomes (yellow) and autophagolysosomes (red) 
by counting the average number of fluorescent dots in ten cells with ImageJ software. One-way ANOVA: *, P< 0.05; **, P< 0.01; ****, 
P< 0.0001. (c) PK-15 cells cultured in confocal dishes were respectively co-transfected with 1.5 μg mRFP-GFP-LC3 plasmid and 10 nM 
SiIRE1, 10 nM SiIRE1 or 10 nM SiNC for 4 ~ 6 h, and further incubated at 37°C for 12 h prior to a 1.5 h of incubation with 1 MOI of 
CSFV. The cells were further cultured for 24 h and then collected for indirect immunofluorescence staining and confocal fluorescence
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microscopy. Scale bar: 25 μm. (d) Statistical analysis of the effect of IRE1/GRP78 gene silencing on autophagy flux in the CSFV- 
infected PK-15 cells. One-way ANOVA: **, P< 0.01; ***, P< 0.001; ****, P< 0.0001.

Figure 7. Pharmacological regulation and gene silencing of the PERK/IRE1 pathway molecules change transcription of 
proinflammatory cytokine genes in the CSFV-infected PK-15 and 3D4/2 cells. (a and b) PK-15 (a) and 3D4/2 cells (b) cultured in 
12-well plates were respectively pretreated with 1 μM CCT, 1 μM GSK, 1 μM SAL or equal amount of DMSO (0.1%, v/v) for 1 h, and 
then subject to a 1.5 h of incubation with 1 MOI of CSFV. After further incubation in the presence of the chemicals for 24 h, cells 
were collected for detection of relative mRNA expression of pro-inflammatory cytokine genes (IFN-γ and TNF-α) through qRT-PCR 
assays. (c and d) PK-15 (c) and 3D4/2 cells (d) cultured in 12-well plates were respectively pretreated with 10 μM 4μ8 c, 10 μM BIX or 
equal amount of DMSO (0.1%, v/v) for 1 h, and then subject to a 1.5 h of incubation with 1 MOI of CSFV. After further incubation in 
the presence of the chemicals for 24 h, cells were collected for determination of transcriptional levels of IFN-γ and TNF-α genes by 
qRT-PCR. (e and f) PK-15 (e) and 3D4/2 cells (f) cultured in 12-well plates were respectively transfected with 10 nM SiPERK, 10 nM 
SiIRE1, 10 nM SiGRP78 or 10 nM SiNC for 4 ~ 6 h, and further incubated at 37°C for 12 h prior to a 1.5 h of incubation with 1 MOI of 
CSFV. The cells were further cultured for 24 h, and then collected for detection of relative mRNA expression of IFN-γ and TNF-α genes 
by qRT-PCR. The relative mRNA expression of the target genes were assessed by using the 2−ΔΔCT method and normalized to the 
GAPDH gene. Each template was ran in triplicate. All the data shown are expressed as mean ± SD values of two independent 
experiments. Two-way ANOVA tests: *, P< 0.05; **, P< 0.01; ***, P< 0.001; ****, P< 0.0001.
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mediated autophagy and cellular immune regulation dur-
ing CSFV infection, while the underlying mechanism 
needs further investigations. Whether CSFV employs 

the PERK/IRE1-mediated autophagy to sustain virus 
replication through regulation of expression of pro- 
inflammatory cytokines, also remains to be explored. 

Figure 8. The effect of PERK and IRE1-pathway regulators, as well as PERK/IRE1/GRP78 gene silencing on cell viability of 
PK-15 and 3D4/2 cells. The cell viability of PK-15 (a) and 3D4/2 (b) cells were detected by the CCK-8 assays after treatments with 
the indicated concentrations of chemicals or SiRNAs. After further incubation for 24 h, cells were incubated with 10% (v/v) CCK-8 
diluted in fresh medium for 1 h at 37°C. The absorbance at 450 nm was measured with a Ledetect 96 microplate reader. Each sample 
was assayed in triplicate. The data represent the mean ± SD of two independent experiments and are analyzed with one-way 
ANOVA tests.

Figure 9. Proposed model for CSFV-induced autophagy via cellular PERK and IRE1 pathway. CSFV infection induces ERS and 
then triggers autophagy through the PERK-eIF2α-ATF4-CHOP and the IRE1/GRP78 pathway, thus facilitating viral replication in 
cultured cells.
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Addressing these questions will shed new light on the 
development of new antiviral strategies for control-
ling CSF.
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ATF4/6 activating transcription factor 4/6
ATG5/12 autophagy related 5/12
BIX BiP inducer X
BSA bovine serum albumin
CCT CCT020312
CSF (V) classical swine fever (virus)
DDIT3/CHOP DNA-damage inducible transcript 3
DENV dengue virus
DMSO dimethyl sulfoxide
eIF2α eukaryotic initiation factor 2α
ER(S) endoplasmic reticulum (stress)
FBS fetal bovine serum
GAPDH glyceraldehyde-3-phosphate 

dehydrogenase
GFP green fluorescent protein
GSK GSK2606414
HCV hepatitis C virus
hpi hours post-infection
HRP horseradish peroxidase
HSPA5/GRP78/BiP heat shock protein family A member 5
IFN-γ interferon-γ
IL-4/13 interleukin-4/13
IRE1 inositol-requiring enzvme 1
JEV Japanese encephalitis virus
MAP1LC3/LC3 microtubule-associated protein 1 light 

chain 3
MOI multiplicity of infection
mRFP monomeric red fluorescent protein
PERK PKR-like ER kinase
SQSTM1/p62 sequestosome 1
SAL salubrinal
SiRNA small interfering RNA
TCID50 fifty pecent tissue culture infective dose
TNF-α tumor necrosis factor-α
UPR unfolded protein response
XBP1(s) (spliced) X-box binding protein 1
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