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cells) were constructed. Then MDBK, GFP-LC3-MDBK 
and shBCN1-MDBK cells were infected with CP or NCP 
BVDV strains. The LC3-II turnover rate was estimated by 
western blot, autophagosomes were visualized by confo-
cal microscopy, and ultrastructural analysis was performed 
using electron microscopy. Autophagy flux was observed 
using chloroquine as an inhibitor of the autophagic pro-
cess. The influence of autophagy on BVDV replication and 
release was investigated using virus titration, and its effect 
on cell viability was also studied. The effect of BVDV-
induced autophagy on the survival of BVDV-infected 
host cell, cell apoptosis, and interferon (IFN) signalling 
was studied by flow cytometric analysis and quantitative 
RT-(q)PCR using shBCN1-MDBK cells. we found that 
infection with either CP or NCP BVDV strains induced 
steady-state autophagy in MDBK cells, as evident by the 
increased number of double- or single-membrane vesicles, 
the accumulation of GFP- microtubule-associated protein 
1 light chain 3 (LC3) dots, and the conversion of LC3-I 
(cytosolic) to LC3-II (membrane-bound) forms. The com-
plete autophagic process was verified by monitoring the 
LC3-II turnover ratio, lysosomal delivery, and proteoly-
sis. In addition, we found that CP and NCP BVDV growth 
was inhibited in MDBK cells treated with high levels of an 
autophagy inducer or inhibitor, or in autophagy deficient-
MDBK cells. Furthermore, our studies also suggested that 
CP and NCP BVDV infection in autophagy-knockdown 
MDBK cells increased apoptotic cell death and enhanced 
the expression of the mRNAs for IFN-α, Mx1, IFN-β, and 
OAS-1 as compared with control MDBK cells. Our study 
provides strong evidence that BVDV infection induces 
autophagy, which facilitates BVDV replication in MDBK 
cells and impairs the innate immune response. These find-
ings might help to illustrate the pathogenesis of persistent 
infection caused by BVDV.

Abstract  Bovine viral diarrhea virus (BVDV) is an 
important pathogen of cattle that plays a complex role in 
disease. There are two biotypes of BVDV: non-cytopathic 
(NCP) and cytopathic (CP). One strategy that has been used 
to treat or prevent virus-associated diseases is the modu-
lation of autophagy, which is used by the innate immune 
system to defend against viral infection; however, at pre-
sent, the interplay between autophagy and BVDV remains 
unclear. Madin-Darby bovine kidney cells stably express-
ing microtubule-associated protein 1 light chain 3B (LC3B) 
with green fluorescent protein (GFP) (GFP-LC3-MDBK 
cells) and autophagy-deficient MDBKs (shBCN1-MDBK 
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Abbreviations
3-MA	� 3-methyladenine A
BVDV	� bovine viral diarrhoea virus
CP	� cytopathic
CPE	� cytopathic effect
CQ	� chloroquine
DMEM	� Dulbecco’s modified minimal essential medium
HS	� horse serum
IFN	� interferon
LC3	� microtubule-associated protein 1 light chain 3
HCV	� hepatitis C virus
MDBK	� Madin-Darby bovine kidney
MTS	� (3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium

NCP	� non-cytopathic
RAP	� rapamycin

Introduction

Autophagy is an evolutionarily ancient pathway that plays 
a vital role in multiple elementary physiological processes 
including immunity, survival, differentiation, develop-
ment, and homeostasis [1]. Recently, the interaction of 
autophagy with viruses has been widely studied, including 
the interplay between the immunological functions of the 
autophagy machinery and the molecular mechanisms of 
viral life cycles and pathogenesis. In particular, it has been 
found that the modulation of autophagy might be used to 
treat or prevent diseases caused by several important viral 
pathogens [2, 3]. Autophagy is one of the earliest cell-
autonomous defence mechanisms against microbial inva-
sion, and many types of viruses can induce cell autophagy 
by infecting host cells [4]. However, the interplay between 
autophagy and viruses is extremely complex and depends 
on the virus and host cell type [5]. The autophagy machin-
ery in plants to mammals plays an essential antiviral role 
and restrains the virulence of certain viruses in vivo. For 
example, autophagy is antiviral for Sindbis virus and her-
pes simplex virus type 1 [6]. In contrast, some viruses, such 
as hepatitis C virus (HCV), hepatitis B virus, and dengue 
virus have evolved mechanisms to enhance autophagy as a 
means by which to suppress innate immune responses and 
increase viral replication [7, 8].

Bovine viral diarrhea virus (BVDV) is a single-
stranded RNA virus of the genus Pestivirus, family Flavi-
viridae. On the basis of their effects in cell culture, BVDV 
is divided into two biotypes: cytopathic (CP) and noncyto-
pathic (NCP) [9]. NCP strains are widely distributed and 
have been successfully isolated from persistently infected 
animals that are immunotolerant to these strains and shed 
infectious virions in their secretions. In these strains, the 

viral RNases Erns and autoprotease Npro effectively block 
interferon (IFN) synthesis in BVDV-infected cells to 
allow the interaction of BVDV with the innate immune 
system of the host [10]. In contrast, CP strains are asso-
ciated predominantly with animals that develop mucosal 
disease [11, 12]. CP-BVDV-infected cells generally dem-
onstrate the classical signs of apoptotic cell death. Several 
reports have shown that the CP strains induce apoptosis 
by cleaving genomic DNA to nucleosomal lengths, acti-
vating caspases, reducing the mitochondrial membrane 
potential with release of cytochrome c into the cytoplasm 
of the infected cell, or triggering the dsRNA response [13, 
14].

In addition, one recent study has indicated that infec-
tion by the BVDV NADL strain (genotype 1a and CP 
type) induced autophagy and significantly elevated the 
expression levels of the autophagy-related genes Beclin 
1 and ATG14 in Madin-Darby bovine kidney (MDBK) 
cells [15]. In mammalian systems, Beclin 1 recruits other 
autophagy proteins to initiate the formation of the pre-
autophagosomal membrane. However, at present, it is 
unclear whether the different BVDV biotypes (NCP or CP) 
induce different autophagy processes that result in dispa-
rate disease. Autophagy not only has a well-established 
role in cell survival but has also been linked to cell death, 
where it plays an important role in programmed necrosis 
and has also been linked to apoptosis through its interac-
tions with apoptosis-related proteins [4, 16]. However, it 
is also unclear whether modulation of autophagy by NCP 
or CP BVDV facilitates survival of the host cell or is ben-
eficial for BVDV multiplication. Therefore, in this study, 
we examined whether CP BVDV (HJ-1) and NCP BVDV 
(NY-1) strains could induce complete autophagy in MDBK 
cells and whether the observed response affected BVDV 
replication. We also investigated whether BVDV infection 
enhanced the IFN signalling pathway and/or apoptosis in 
autophagy-knockdown cells.

Materials and methods

Virus, cells, vector, and bacterial strain

The Chinese BVDV field strain HJ-1 (HJ-1, genotype 1b 
and CP type) was isolated from dead Holstein dairy cat-
tle with mucosal disease. It was selected for further work 
because it produced a substantial cytopathic effect (CPE) 
in MDBK cells and belongs to genotype 1b, as shown by 
analysis of the 5’ UTR (GenBank accession no. JX065783). 
The New York 1 strain of BVDV (NY-1, genotype1b and 
NCP type) was obtained from the ATCC (Manassas, VA); 
this strain did not show CPE in MDBK cells and also 
belonged to genotype 1b.
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MDBK cells were acquired from the ATCC and were 
cultured in Dulbecco’s modified minimal essential medium 
(DMEM) (Gibco, Gaithersburg, MD) supplemented with 
heat-inactivated 10% horse serum (HS), 100 U penicillin 
ml−1 and 100 mg streptomycin ml−1 at 37°C with 5% CO2.

Escherichia coli strain DH5α was obtained from Pro-
mega (Madison, WI). Plasmids were prepared using a 
QIAGEN Plasmid Midi Kit (QIAGEN, Venlo, The Neth-
erlands) as detailed by the manufacturer. The restriction 
enzymes XhoI and BamHI were obtained from New Eng-
land Biolabs (Ipswich, MA). GAPDH and Beclin 1 mon-
oclonal antibodies, and an LC3 polyclonal antibody were 
purchased from Novus (Littleton, CO); an E2 monoclonal 
antibody was purchased from VMRD (Pullman, WA). The 
E2 polyclonal antibody was from our laboratory [41]. The 
pEGFP-C1 vector was purchased from Clontech (Mountain 
View, CA). The Annexin V-FITC Apoptosis Detection Kit, 
LysoTracker Red, and DAPI were obtained from Beyotime 
Biotechnology Co., Ltd. (Shanghai, China).

Generation of stable GFP‑LC3‑MDBK 
and shBCN1‑MDBK cells

The pEGFP-C1-LC3B (GFP-LC3B) recombinant plas-
mid was constructed by genetic engineering methods. The 
primers were designed based on the nucleotide sequence 
of LC3B from Bos taurus (GenBank accession no. 
BC102891). Restriction enzyme recognition sequences for 
XhoI and BamHI were inserted in the forward and reverse 
primers, respectively. The primer sequences (F and R) are 
listed in Table 1. The cDNA templates for PCR amplifica-
tion of LC3B were obtained from MDBK cells using an 
RNeasy Kit (QIAGEN) for RNA isolation and a Prime-
Script RT Reagent Kit (Roche) for cDNA generation. The 

PCR assay was carried out as follows: 25 μL of Quick Taq 
HS DyeMix (TOYOBO), 100 ng of DNA, and 1 μM prim-
ers were added together, the volume was adjusted to 50 
μL with sterilised distilled water, and thermal cycling was 
done at 95 °C for 5 min, then followed by 30 cycles of 94 
°C for 30 s, 56 for °C 45 s, 72 °C for 45 s, and then 7 min at 
72 °C. The recombinant GFP-LC3B plasmid was identified 
by double digestion with XhoI and BamHI and sequenc-
ing of potential positive clones. To generate MDBK/GFP-
LC3B stable cells, MDBK cells (70 to 80% confluent) were 
trypsinised, washed three times with ice-cold PBS, and 
resuspended at 1.3 × 107 cells ml−1 in PBS. Then, 4 μg 
of GFP-LC3B plasmid was mixed with 0.4 ml of the cell 
suspension and immediately pulsed using a Bio-Rad Gene 
PulserX (2.5 kV; 25 mF; time constant, 5 ms; one pulse). 
The electroporation mixture was diluted in 2 ml of DMEM 
containing 10% HS. The samples were then plated at 2 ml 
per well in 35-mm-diameter-well tissue culture dishes. To 
permit recovery and attachment of the electroporated cells, 
the cells were incubated for 12 h at 37°C. After 12 h, the 
medium was replaced with DMEM containing 10% HS and 
500 μg of G418 per ml and incubated for 2 weeks, replac-
ing the medium with fresh medium every 48 h. The surviv-
ing cells were pooled and maintained in medium supple-
mented with 250 μg of G418 ml−1 to obtain stable cell lines 
for expression of the GFP-LC3B protein.

The BECN1 shRNA plasmid (bovine) and negative 
control shRNA plasmid were purchased from Santa Cruz 
Biotechnology (Dallas, TX). shRNA interference was 
used to knock down the Beclin 1 gene of MDBK cells 
to produce autophagy-deficient cells (shBCN1-MDBK) 
or control shRNA-MDBK (control-MDBK) cells by the 
method described above, and a clone of surviving cells 
was obtained; however, here, shBCN1-MDBK cells were 

Table 1   Sequences of primers 
used in the study

Underlined sequences represent XhoI or BamHI sites

Name Sequence (5′-3′) Length Reference

BVDV 324 ATG​CCC​(T/A)TAG​TAG​GAC​TAG​CA 288 bp [44]
326 TCA​ACT​CCA​TGT​GCC​ATG​TAC

LC3B F CCGCTC​GAG​ATG​CCG​TCC​GAG​AAA​ACC​TTC​AAA​C 378 bp GenBank no. 
BC102891R GGA​TCC​TTA​CAC​AGA​TAA​TTT​CAT​TCC​AAA​AGT​CTC​

GAPDH F ATG​ATT​CCA​CCC​ACG​GCA​A 122 bp [14]
R ATC​ACC​CCA​CTT​GAT​GTT​GGC

Mx1 F ATC​TTT​CAA​CAC​CTG​ACC​GCG 88 bp
R GGA​GCA​CGA​AGA​ACT​GGA​TGAT

OAS1 F AGC​CAT​CGA​CAT​CAT​CTG​CAC 83 bp
R CCA​CCC​TTC​ACA​ACT​TTG​GAC

IFNA1 F GTG​AGG​AAA​TAC​TTC​CAC​AGA​CTC​ACT 108 bp [45]
R TGA​GGA​AGA​GAA​GGC​TCT​CATGA

IFNB1 F CCT​GTG​CCT​GAT​TTC​ATC​ATGA 97 bp
R GCA​AGC​TGT​AGC​TCC​TGG​AAAG



3106	 Y. Zhou et al.

1 3

screened using 0.1 μg of purine per ml. The control-
MDBK and shBCN1-MDBK cells were starved in Ear-
le’s balanced salt solution (EBSS) (Gibco) for 120 min. 
Cells were collected to assess the induction of autophagy 
in control-MDBK and shBCN1-MDBK cells by western 
blot.

Optimization of autophagy inducer and inhibitor 
concentrations

To select the appropriate working concentration of 3-MA, 
RAP, and CQ (Sigma, St. Louis, MO), a cell viability assay 
was performed. The concentrations tested for 3-MA were 
10, 5, 2.5, 1.25, 0.625, and 0.3125 mM; those for CQ were 
2.5, 1.25, 0.625, 0.3, 0.15, and 0.075 mM; and those for 
RAP were 40, 20, 10, 5, 2.5, and 1.25 μM. In brief, 5 × 104 
cells were grown in each well of a 96-well plate and treated 
with each drug at different concentrations for 12 h. The cell 
culture medium was replaced with fresh DMEM medium, 
the cells were cultured for 72 h, and the cell viability was 
quantitated.

To establish the optimum working concentrations of 
3-MA, RAP, and CQ, a western blot assay was performed 
to investigate the conversion of endogenous LC3-I to 
LC3-II. Briefly, 5 × 106 MDBK cells were seeded into 
6-well plates, grown overnight, and treated with 0.1, 0.5, 
or 2.5 mM 3-MA, 2.5, 5, or 10 μM RAP, or 35 or 70 μM 
CQ. After 12 h, the cell culture medium was replaced 
with fresh DMEM, and the cells were cultured for 72 h. 
The cells were then lysed, and a western blot assay was 
used to determine the conversion of endogenous LC3-I to 
LC3-II.

Cell proliferation assay

To evaluate the effect of autophagy induced by the CP and 
NCP BVDV strains on the host, an in vitro proliferation 
assay was performed. shBCN1-MDBK or control-MDBK 
cells were seeded at a density of 5 × 103 cells per well in 
96-well plates overnight. The cell culture medium was 
replaced with fresh DMEM containing CP or NCP BVDV 
at an m.o.i. of 5 or 2.5. After 72 h of treatment, 20 μl of 
MTS solution was added to each well and incubated with 
the cells for 2 h. Cell viability was quantitated by determin-
ing the optical absorbance (A) at 490 nm using an ELISA 
plate reader (BioTek, Winooski, VT). The viability was cal-
culated according to the following formula: cell viability 
(%) = [A490(sample)/A490(control)]×100%, where A490(sample) is 
the optical absorbance of the wells treated with CP or NCP 
BVDV and A490(control) is that of the wells treated with fresh 
medium without virus infection.

Immunoblot analysis

Cells were lysed using cell lysis buffer. The proteins were 
subjected to polyacrylamide gel electrophoresis and trans-
ferred onto a polyvinylidene fluoride membrane (Roche 
Diagnostics, Roswell, GA). LC3 (1:1000, 4 °C, 12 h) and 
E2 (1:500, 4 °C, 12 h) polyclonal antibodies and Beclin1 
(1:500, 4 °C, 12 h) and GAPDH (1:1000, 4 °C, 12 h) mon-
oclonal antibodies were used as primary antibodies in com-
bination with the appropriate peroxidase-labelled second-
ary antibodies. Proteins were detected using an enhanced 
chemiluminescent ECL western blot substrate (Thermo, 
Waltham, MA). The images were acquired using the 
ChemiDoc XRS+ station western blotting detection sys-
tem (Bio-Rad Laboratories, Inc., Berkeley, CA). Quantifi-
cation of the protein blots was performed using ImageJ2x 
software.

Confocal microscopy

Autophagy was examined in MDBK/GFP-LC3 cells, using 
a laser scanning confocal microscope. MDBK/GFP-LC3 
cells were seeded into confocal dishes at a density of 105 
cells per well in 0.5 ml of DMEM with 10% HS and 250 μg 
of G418 per ml at 37°C. The next day, the cells were treated 
with 2.5 μM RAP for 12 h to induce autophagy or with CP 
or NCP BVDV at an m.o.i. of 5 or 2.5 for 1 h, and the cul-
ture medium was then replaced with DMEM containing 
250 μg G418 per ml. The cells were incubated at 37°C for 
72 h and then washed with PBS, fixed with 4% paraformal-
dehyde, and stained with DAPI. Autophagy was examined 
using an Olympus FV1000 laser scanning confocal micro-
scope and its associated software (FV10-ASW 1.7, Olym-
pus, Tokyo, Japan) by visualizing GFP-LC3 puncta. The 
percentage of autophagic cells was calculated as follows: 
percentage of autophagic cells = (a/b)×100%, where a rep-
resents the number of autophagic cells and b represents the 
number of total cells in ten randomly selected fields.

To analyse the LC3B subcellular localization in lys-
osomes, after the cells were infected with CP or NCP 
BVDV for 72 h, the cells were washed twice with DMEM, 
and LysoTracker Red (Beyotime, Shanghai, China) at 75 
nM was added to the medium, followed by further culture 
at 37°C for 2 h with 5% CO2. The cells were then fixed with 
4% paraformaldehyde and stained with DAPI, and images 
were obtained and analysed using a laser scanning confocal 
microscope.

Transmission electron microscopy (TEM)

To evaluate the autophagic structures of BVDV-infected 
MDBK cells, TEM analysis was performed as previously 
described [42].
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Virus titration

shBCN1-MDBK or control-MDBK cells were seeded 
at a density of 4 × 105 cells per well in 6-well plates that 
were continuously incubated overnight with fresh DMEM 
containing CP or NCP BVDV at an m.o.i. of 5 or 2.5 for 
72 h. The cells were then freeze-thawed three times, and 
the debris was removed by centrifugation (4000 g, 5 min, 
4°C). The TCID50 of BVDV in the supernatant was deter-
mined by the Reed-Muench method with three replicates as 
described previously [43]. The TCID50 of CP BVDV infec-
tious MDBK cells was calculated based on the number of 
wells with CPE, whereas the TCID50 of NCP BVDV was 
determined based on the number of fluorescent cells in an 
indirect immunofluorescence assay with E2 monoclonal 
antibody (1:1000; VMRD) [46].

Quantitative RT‑(q)PCR

Total RNA was isolated using an RNeasy Kit (QIAGEN) 
and quantified using a NanoDrop 1000 spectrophotometer 
(Thermo Scientific, Wilmington, DE). cDNA was synthe-
sized using a PrimeScript RT Reagent Kit (Roche) using 
2.5 μg of total cellular RNA. The level of mRNA was 
determined by real-time PCR analysis using a Bio-Rad 
CFX96 instrument with a QuantiTect SYBR-Green PCR 
Master Mix (TaKaRa, Dalian, China) and the appropriate 
primers (Table 1). Complementary primers were added and 
the PCR reaction was performed for 40 cycles of 95°C for 1 
min, 56°C for 30 s, and 72°C for 1 min. Relative changes in 
gene expression levels were determined using the 2−△△Ct 
method [17]. The cycle number at which the transcripts 
were detectable (Ct) was normalized to the cycle number 
at which the GAPDH gene was detected, referred to as ΔCt.

Cell apoptosis activity

Cell apoptosis was detected by flow cytometric analysis. 
Briefly, shBCN1-MDBK and control-MDBK cells were 
seeded in 6-well plates at 5 × 105 cells per well and cul-
tured at 37°C for 12 h. The cells were treated with CP 
BVDV at an m.o.i. of 5 or NCP BVDV at an m.o.i. of 2.5 
and cultured at 37°C for 72 h. Then, non-adherent and 
adherent cells were trypsinised, centrifuged at 1000 g for 
5 min, washed once with ice-cold PBS, and resuspended 
in 195 μl of binding buffer. Thereafter, 5 μl of annexin 
V-FITC and 10 μl of propidium iodide were added and 
mixed for 15 min in the dark. After incubation, the cells 
were analysed using a flow cytometer (FACSCalibur, BD, 
Bedford, MA) according to manufacturer instructions. Each 
assay was repeated in triplicate.

Statistical analysis

Data are reported as the mean ± SD. Values were analysed 
using the software GraphPad Prism 5. All results of west-
ern blotting were analysed using ImageJ2x software. Data 
are reported as the mean ± SD (n = 3). Significance was 
analysed using a two-tailed Student’s t-test. P-values below 
0.05 were considered statistically significant.

Results

Generation of stable GFP‑LC3‑MDBK 
and shBCN1‑MDBK cells

Microtubule-associated protein 1 light chain 3 (LC3), a 
homologue of Apg8 that is crucial for autophagy, is associ-
ated with autophagosome membranes after processing and 
is essential for the elongation of autophagic vesicles. LC3s 
have two forms (LC3-I and LC3-II) that are generated post-
translationally in various cells. LC3-I is cytosolic, whereas 
LC3-II is membrane bound. LC3-II is a useful marker of 
autophagic membranes, and autophagosomes can be visu-
alized as bright GFP-LC3 puncta by fluorescence micros-
copy. Cells containing more than three GFP-LC3 dots have 
been defined as autophagy-positive cells [17]. To study 
autophagy in bovine cell lines, GFP-LC3-MDBK stable 
cells were constructed. The recombinant GFP-LC3 plasmid 
was constructed using the LC3B gene from the MDBK cells 
to construct GFP-LC3-MDBK stable cells. The resultant 
LC3B gene was 100% identical to that of the bovine LC3B 
gene listed in GenBank (BC102891 and 001001169.1) as 
determined by MegAlign analysis. As shown in Fig.  1a, 
GFP-LC3 plasmids were able to be be expressed in MDBK 
cells, which suggested that GFP-LC3-MDBK stable cells 
had been successfully constructed.

Beclin 1 is an upstream molecule that recruits other 
autophagy proteins to initiate the autophagy signal-
ling pathway. Beclin 1 forms a complex with Vsp34 and 
PI3K and promotes autophagic vesicle formation [18]. 
Autophagy-deficient cells (shBCN1-MDBK) can therefore 
be constructed by knockdown of the Beclin 1 gene. We 
found that significant inhibition of Beclin 1 at the RNA 
(~6 fold, data not shown) and protein (>80%) levels was 
observed in shBCN1-MDBK cells (P < 0.01) (Fig. 1b and 
c). No difference was observed in cell viability in the Bec-
lin 1 knockdown cells as compared to the control MDBK 
cells. To evaluate the induction of autophagy in control-
MDBK or shBCN1-MDBK cells, the cells were serum 
starved. Compared with control-MDBK cells, LC3B-II 
was significantly inhibited (P < 0.01) in starved shBCN1-
MDBK cells (Fig. 1b and d).
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Optimization of autophagy inducer or inhibitor 
concentration

The autophagy inducer rapamycin (RAP) or inhibitors 
(3-methyladenine A (3-MA) and chloroquine (CQ)) were 
used to assess BVDV-induced autophagy or autophagic 
flux. To choose the optimum concentration of the drug for 
treatment, a cytotoxicity test was performed. The results 
of the cytotoxicity assay demonstrated that high drug con-
centrations could influence cell viability, which affected 
viral yields in the host cells. The results also indicated that 
MDBK cell viability was not affected when the concentra-
tion of 3-MA was under 2.5 mM, that of RAP under 10 
μM, and that of CQ under 75 μM (Fig. 2a, b, and c). On 
the basis of this result, to obtain the optimal concentrations, 
a different concentration of each drug was used to further 
evaluate MDBK autophagy using western blot to determine 

the conversion of endogenous LC3-I to LC3-II [19, 20]. As 
shown in Fig. 2d and e, a significant increase in the conver-
sion of LC3-I to LC3-II was observed in cells treated with 
0.5 mM 3-MA, 2.5 μM RAP, or 70 μM CQ when compared 
with control cells (P < 0.05).

Infection of BVDV triggers autophagy in MDBK cells

It is unclear whether autophagy in the host cell was 
induced by infection with NCP and CP BVDV. Toward 
this end, the relative amount of LC3-I converted to LC3-
II was determined by western blot. As shown in Fig.  3a, 
MDBK cells displayed significant LC3-I-to-LC3-II conver-
sion after NCP or CP BVDV infection. The ratio of LC3-
II to GAPDH determined by densitometry was obviously 
enhanced compared with the mock-infected MDBK cells 
(Fig.  3b). In addition, a polyclonal antibody specifically 

Fig. 1   Generation of stable GFP-LC3-MDBK and shBCN1-MDBK 
cells. (a) Generation of GFP-LC3-MDBK stable cells. MDBK cells 
were transfected with 4 μg of pEGFP-LC3 plasmid, and fluorescence 
microscopy was used to identify stably transfected cells in the pres-
ence of 250 μg of G418 per ml. (b) Western blot analysis. MDBK 
cells were transfected with 4 μg of control shRNA plasmid or BCN1 
shRNA plasmid, and the stable cells were screened in the presence 
of 0.1 μg of purine per ml. The control-MDBK or shBCN1-MDBK 
cells were starved in Earle’s balanced salt solution for 120 min. The 

cells were then lysed, and the protein levels were determined by west-
ern blot analysis. (c) Analysis of the band intensity ratio of BCN1 
to GAPDH using ImageJ2x software. The results are indicated by 
graphs representing the ratio of BCN1 to GAPDH normalized to the 
control. (d) Analysis of the band intensity ratio of LC3-II to GAPDH. 
The results are indicated with graphs representing the ratio of LC3-II 
to GAPDH normalized to the control. The data are reported as the 
mean ± SD (n = 3). Significance was analysed using a two-tailed Stu-
dent’s t-test. ***, P < 0.001
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recognizing the BVDV E2 protein was applied to track the 
progression of BVDV infection, which showed that the 
LC3-II level correlated well with E2 protein expression.

To verify that BVDV infection could activate the 
autophagy machinery, GFP-LC3 puncta formation during 
BVDV infection was monitored. Compared with the con-
trol cells, a large number of punctate GFP-LC3 proteins 
were found in MDBK cells after infection with NCP or CP 

BVDV or after RAP treatment. In addition, numerous GFP-
LC3 dots were observed as ring-shaped structures (Fig. 3c). 
Quantitative analysis of the images revealed that GFP-LC3 
puncta formation reached 70 to 90% in RAP-treated or 
BVDV-infected cells, whereas only 40% of the control cells 
displayed a similar GFP-LC3 distribution (Fig. 3d).

TEM-based ultrastructural analysis was performed to 
investigate the autophagic activation induced by BVDV 

Fig. 2   Optimum concentration of inducers or inhibitors of 
autophagy. (a-c) Cytotoxicity assays of 3-MA, RAP, and CQ. MDBK 
cells were treated with each drug at different concentrations for 12 h. 
The cell culture medium was replaced with fresh DMEM medium, 
the cells were cultured for 72 h, and cell viability was then quanti-
tated. (d) Western blot analysis. MDBK cells were treated with each 
drug as described above at 0.1, 0.5, and 2.5 mM for 3-MA, 2.5, 5.0, 

and 10 μM for RAP, and 35 and 70 μM for CQ. (e) Analysis of the 
band intensity ratio of LC3-II to GAPDH. The results are indicated 
with graphs representing the ratio of LC3-II to GAPDH normalized 
to the control. The data are reported as the mean ± SD (n = 3). Sig-
nificance was analysed using a two-tailed Student’s t-test. *, P < 0.05; 
***, P < 0.001
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Fig. 3   BVDV infection triggers autophagy in MDBK cells. (a) West-
ern blot analysis. The turnover of LC3-I to LC3-II was detected for 
MDBK cells infected with NY-1 or HJ-1 at an m.o.i. of 2.5 or 5. 
Cells were harvested at 72 h postinfection and tested using an anti-
LC3B antibody. GAPDH was used as a protein loading control. (b) 
The band intensity ratio of LC3-II to GAPDH. The results are indi-
cated by graphs representing the ratio of LC3-II to GAPDH normal-
ized to the control. The data are reported as the mean ± SD (n = 3). 
Significance was analysed using a two-tailed Student’s t-test. *, P < 
0.05; ***, P < 0.001. (c) Confocal microscopy. MDBK/GFP-LC3 
cells were mock treated as a negative control, with RAP as a positive 

control, or infected with NY-1 or HJ-1 at an m.o.i. of 2.5 or 5. (d) 
Proportion of GFP-expressing cells with puncta formation. For each 
sample, the total number of GFP-expressing foci and the number of 
foci with GFP puncta were counted in four separate fields. Data from 
at least four independent experiments were used for the analysis. Sig-
nificance was analysed using a two-tailed Student’s t-test. *, P < 0.05; 
**, P < 0.01; ***, P < 0.001. (e) TEM observation of autophago-
somes in MDBK cells. MDBK cells were mock treated as a negative 
control (i) or RAP as a positive control (ii), or infected with NY-1 or 
HJ-1 at an m.o.i. of 2.5 or 5 (iii, iv). Higher-magnification views of 
panels ii, iii, and iv are shown in panels v-x. Bars, 2 μm
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infection. The findings demonstrated that double-mem-
brane vesicles in which cytosolic components or organelles 
were sequestered were evidently increased in BVDV-
infected cells compared with control cells (Fig. 3e). It was 
observed that the initial-stage autophagic vacuoles shown 
in Fig.  3e (vi, viii and x) and the late-stage autophagic 
vacuoles shown in Fig.  3e (v, vii and ix) were formed in 
BVDV-infected cells, suggesting that the BVDV-induced 
autophagic process involves formation of different stages of 
autophagic vacuoles.

BVDV induces complete autophagy in MDBK cells

The data presented above showed that BVDV could induce 
the number of autophagosomes in MDBK cells; however, 
increased LC3 accumulation could be due to an increase in 
the rate of formation of autophagosomes or a decrease in 
the rate of their degradation. To investigate the mechanism 
underlying the increase in autophagic protein, we deter-
mined the relative amount of LC3B-II by western blot after 
the MDBK cells were treated with the lysosomal protease 
inhibitor CQ, which blocks the activity of the pH-depend-
ent lysosomal proteases and leads to the accumulation of 
immature autolysosomes [20]. As demonstrated in Fig. 4a 
and b, the relative amount of LC3-II increased in the pres-
ence of the lysosomal protease inhibitor, suggesting an 
increase in autophagic flux.

LysoTracker Red is a red-fluorescent lysosomal marker 
that colocalises with LC3 during autolysosome matura-
tion. The colocalization of GFP-LC3B with LysoTracker 
Red was analyzed to verify NCP- and CP-BVDV-induced 
autophagic flux. In Figure  4, autophagosomes are visible 
as green puncta, lysosomes are red, and yellow represents 

the colocalization of GFP-LC3 puncta with the lysosomes, 
which is indicative of autophagic vacuoles proceeding 
to autolysosomal degradation [19]. As shown in Fig.  4c, 
colocalization of LysoTracker Red and GFP-LC3B was 
observed in BVDV-infected MDBK cells, whereas the con-
trol cells displayed a diffuse GFP-LC3B pattern with no 
colocalization with LysoTracker Red.

Promotion of BVDV replication in MDBK cells 
by autophagy

To analyze the influence of autophagy on BVDV replica-
tion in MDBK cells, an inhibitor or inducer of autophagy 
was applied to measure the viral titre and BVDV RNA level 
in virus-infected MDBK cells. As shown in Fig. 5a, b, and 
c, the turnover of LC3-I to LC3-II as well as expression 
of the E2 protein were enhanced in RAP-treated MDBK 
cells compared with those in control cells. In RAP-treated 
MDBK cells, the viral titre was 106.67 ± 0.14 and 106.58 ± 0.14 
TCID50/0.1 mL in NY-1- or HJ-1-infected cells, respec-
tively (Fig. 5e), while in mock-treated cells, the viral titre 
was 105.33 ± 0.38 and 105.42 ± 0.52 TCID50/0.1 mL in NY-1- 
and HJ-1-infected cells, respectively. The viral titre of 
NY-1- and HJ-1-infected cells was 21.5- and 14.7-fold 
higher, respectively, than in mock-infected cells. BVD viral 
RNA was apparently upregulated 2.0 and 1.6 times follow-
ing RAP treatment of NY-1- and HJ-1-infected MDBK 
cells, respectively (Fig. 5f). 3-MA treatment decreased the 
conversion of LC3-I to LC3-II and the level of E2 protein in 
BVDV-infected MDBK cells (Fig. 5a, b, and c). In 3-MA-
treated MDBK cells, the viral titre was 104.28 ± 0.3 and 
104.5 ± 0.5 TCID50/0.1 mL in NY-1- and HJ-1-infected cells, 
respectively. An 8.3- or 11.2-fold decrease of the viral titre 

Fig. 3   (continued)
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and a 1.5- or 6-fold decrease in the BVD viral RNA level 
was observed in 3-MA-treated MDBK cells.

Beclin 1 is important signalling molecule for autophago-
some formation. To confirm that autophagy promotes NY-1 
or HJ-1 viral replication, the viral titre and RNA level in 
shBCN1-MDBK cells or control-MDBK cells were deter-
mined. As shown in Fig.  5d, shBCN1-MDBK cells dis-
played a significant decrease in endogenous Beclin 1 

protein and viral E2 protein levels compared with control-
MDBK cells. The viral titre was 105.33 ± 0.38 and 105.44 ± 0.27 
TCID50/0.1 mL in control-MDBK cells infected with NY-1 
and HJ-1, respectively, and it was 104.19 ± 0.14 and 104.08 ± 0.51 
TCID50/0.1 mL, respectively, in shBCN1-MDBK cells. In 
line with previous findings, an obvious decrease in the viral 
titre (13.8 or 22.9 times) and a significant decrease in the 
BVD viral RNA level (~2.1 or ~9 times) was observed in 

Fig. 4   HJ-1 or NY-1 induces the complete autophagic process in 
MDBK cells. (a) The accumulation of autophagosomes was detected 
by western blot. MDBK cells were mock treated or treated with CQ 
at 75 μM for 12 h, after MDBK cells were infected with HJ-1 or 
NY-1 at an m.o.i. of 5 or 2.5. (b) The band intensity ratio of LC3-II to 
GAPDH. The results are indicated by graphs representing the ratio of 
LC3-II to GAPDH normalized to the control. The data are reported as 

the mean ± SD (n = 3). Significance was analysed using a two-tailed 
Student’s t-test. *, P < 0.05; ***, P < 0.001. (c) Colocalization of 
autophagosomes with lysosomes by confocal microscopy observed. 
MDBK cells transfected with GFP-LC3 were mock infected or 
infected with HJ-1 or NY-1 at an m.o.i. of 5 or 2.5, and LysoTracker 
Red was then added to the culture for 2 h. The images were analysed 
using a laser scanning confocal microscope
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NY-1- or HJ-1-infected shBCN1-MDBK cells compared 
with control-MDBK cells (Fig. 5e and f).

CP BVDV infection in autophagy‑knockdown MDBK 
cells enhances apoptosis

To assess the effect of autophagy on the survival of 
the BVDV-infected cells, the viability of BVDV-
infected shBCN1-MDBK and control-MDBK cells 
was detected by the (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazo-
lium) (MTS) method. As shown in Fig.  6a, cell viabil-
ity was obviously increased in CP-BVDV-infected or 

NCP-BVDV-infected control-MDBK cells (75.29 ± 8.11% 
or 92.99 ± 4.42%) versus CP-BVDV-infected or NCP-
BVDV-infected shBCN1-MDBK cells (55.84 ± 9.99% or 
79.75 ± 6.11%), suggesting that apoptosis is a possible 
mechanism of cell death in the latter cells.

Therefore, we further investigated the effect of 
BVDV-induced-autophagy on apoptosis. An annexin 
V-FITC apoptosis detection kit was used to stain the 
cells, and the percentage of apoptotic cells was deter-
mined by flow cytometric analysis. The apoptosis levels 
of shBCN1-MDBK and control-MDBK cells after infec-
tion with CP or NCP BVDV as shown in Fig. 6b and c. 
The total percentage of apoptosis in shBCN1-MDBK 

Fig. 5   Autophagy promotes BVDV replication in MDBK cells. (a) 
Effect of drugs on BVDV-mediated autophagy. MDBK cells were 
treated with 3-MA or RAP at 0.5 mM and 2.5 μM for 12 h and then 
infected with HJ-1 or NY-1 at an m.o.i. of 5 or 2.5 for 72 h. The cell 
samples were then collected for western blot analysis. (b, c) Analysis 
of the band intensity ratio of LC3-II or E2 to GAPDH. The results 
are indicated by graphs representing the ratio of LC3-II or E2 to 
GAPDH normalized to the control. (d) BVDV-mediated autophagy in 
shBCN1-MDBK cells. shBCN1-MDBK cells or control-MDBK cells 
were infected with HJ-1 or NY-1 at an m.o.i. of 5 or 2.5 for 72 h, and 

the cell samples were collected for western blot analysis. (e) The viral 
titres of drug-treated MDBK cells or shBCN1-MDBK cells. After 
drug-treated MDBK cells or shBCN1-MDBK cells were infected 
with HJ-1 or NY-1, the cell supernatant of the samples was freeze-
thawed three times and used to determine the titer using a TCID50 
assay. (f) Relative levels of BVDV RNA. MDBK cells or shBCN1-
MDBK cells were treated as described above (a) or (f), and total RNA 
was isolated. The data are reported as the mean ± SD (n = 3). The 
data were analysed using a two-tailed Student’s t- test. *, P < 0.05; 
**, P < 0.01; ***, P < 0.001
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cells infected with HJ-1 BVDV was 30.77 ± 1.19%, 
while that in control-MDBK cells was 11.11 ± 5.3% 
(Fig. 6c). In comparisons between shBCN1-MDBK and 
control-MDBK cells after infection with CP BVDV, 
the percentage of apoptotic cells among the shBCN1-
MDBK cells was significantly (P <0.01) higher than 
that in control-MDBK cells after treatment with HJ-1 
for 72 h and 96 h, indicating that autophagy might be 
vital for survival of CP-BVDV-infected cells. However, 
no significant difference was observed in the percentage 
of apoptotic cells between the shBCN1-MDBK cells and 
control-MDBK cells after infection with NY-1 BVDV (P 
>0.05).

BVDV infection enhances IFN signalling 
in autophagy‑knockdown MDBKs

We first investigated the effect of CP and NCP BVDV 
infection on IFN signalling in MDBK cells. The results 
showed that CP BVDV infection cells upregulates the 
expression levels of IFN-β, OAS-1, IFN-α, and Mx1, while 
NCP BVDV infection downregulates expression of these 
genes (data not shown). This finding is in line with the pre-
vious reports showing that several cell types infected with 
CP BVDV produce IFN-I [21, 22], whereas NCP BVDV-
infected primary macrophages and MDBK cells display 
inhibition of IFN-I synthesis [23]. We then attempted to 

Fig. 6   BVDV infection in autophagy-knockdown MDBK cells 
induces enhanced apoptosis. (a) Cell viability. shBCN1-MDBK cells 
and control-MDBK cells were infected with HJ-1 or NY-1 at an m.o.i. 
of 5 or 2.5 for 72 h, and MTS was added to the medium to detect 
the level of absorption. (b, c) Cell apoptosis after treatment with HJ-1 

or NY-1 for 48, 72, and 96 h. (d) Apoptosis (%) of shBCN1-MDBK 
cells and control-MDBK cells after treatment with HJ-1 or NY-1 for 
96 h. Significance was analysed using a two-tailed Student’s t-test. *, 
P < 0.05; **, P < 0.01; ***, P < 0.01
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investigate whether the knockdown of a critical autophagy 
protein (BCN1) modulates the IFN signalling pathway after 
BVDV infection. The control-MDBK and shBCN1-MDBK 
cells were infected with CP or NCP BVDV for 72 h, and the 
expression levels of IFN-β, OAS-1, IFN-α, and Mx1 were 
measured to determine whether BCN1 knockdown had an 
effect on the IFN signalling pathway. The results indicated 
that the mRNA levels of IFN-β, OAS-1, IFN-α, and Mx1 
were upregulated in shBCN1-MDBK cells infected with 
CP or NCP BVDV versus virus-infected control-MDBKs 
(Fig. 7).

Discussion

Autophagy plays a major role in cellular homeostasis, 
cell survival under stress conditions, and cellular defence 
against pathogens via a cellular lysosomal degradation 
pathway. Accordingly, the survival of viruses is closely 
related to their ability to counteract autophagy-associated 
antiviral defences [24]. It was found that CP and NCP 
BVDV infection could induce complete autophagy, which 
promoted virus replication and inhibited the IFN signal-
ling pathway and apoptosis. Therefore, modulation of 
autophagy might be used to treat or prevent diseases caused 
by viruses [25].

BVDV is divided into NCP and CP biotypes accord-
ing to their effects in cell cultures. Persistent infection in 
animals is associated with NCP BVDV, whereas animals 
with mucosal disease are associated with CP BVDV infec-
tion [10]. Here, we provide evidence that BVDV NY-1 and 
HJ-1 induce autophagy in MDBK cells and that there is 
no significant difference in the autophagy existed induced 

by these strains, although the peak time of autophagy was 
different for HJ-1 (48–72 h postinfection) than for NY-1 
(72–96 h postinfection) (data not shown). As shown in 
Fig. 4, complete autophagic processes were likely triggered 
by BVDV HJ-1 or NY-1, as indicated by the rapid redistri-
bution of GFP-LC3 in a punctate cytoplasmic pattern and 
a corresponding increase in LC3B-II. Some reports have 
shown that several positive-stranded RNA viruses, includ-
ing poliovirus, coronavirus, dengue virus, and HCV induce 
autophagy to enhance their replication [26, 27].

Autophagy has likely maintained a selective pressure on 
viruses throughout millions years of co-evolution with their 
eukaryotic hosts. Therefore, different viruses have devel-
oped diverse strategies to avoid and/or suppress canonical 
autophagic degradation and autophagy-mediated immune 
activation. Recently, evidence from various viruses has 
indicated that autophagy can play a vital role in almost all 
steps of the viral life cycle [28]. Our work indicated that 
NCP- and CP-BVDV-induced autophagy promotes virus 
replication (Fig.  5), which suggests that the autophagy 
machinery is critical for effective infection by BVDV. The 
proviral role of autophagy might be a feature of viruses in 
the family Flaviviridae such as HCV, dengue virus, and 
Japanese encephalitis virus. In experimental infections 
with these viruses, inhibition of autophagy reduces infec-
tious virus production [28, 29]. Although the specific pro-
viral mechanisms utilized are unclear, in general, proviral 
autophagy can be divided into two gross categories: direct 
and indirect. A direct proviral role for autophagy indicates 
that the autophagy machinery physically interacts with a 
viral component to benefit the virus. Alternatively, some 
viruses can induce an autophagy process that indirectly 
supports infection by modifying the cellular physiology 

Fig. 7   BVDV infection upregulates IFN signalling molecules in Bec-
lin 1-knockdown MDBK cells. Intracellular mRNA was extracted 
from (a) HJ-1-infected shBCN1-MDBK cells or (b) NY-1-infected 
shBCN1-MDBK cells. Intracellular mRNA expression of IFN-
β, OAS-1, IFN-α, and Mx1 was detected by real-time, RT-PCR. 

GAPDH was used as an internal control. The fold changes in mRNA 
levels are presented after normalization with a mock-infected control. 
The data are reported as the mean ± SD (n = 3). Significance was 
analysed using a two-tailed Student’s t-test. **, P < 0.01; ***, P < 
0.001



3116	 Y. Zhou et al.

1 3

[28, 29]. In our study, the results of the cell viability 
assay indicated that cell viability was obviously increased 
in BVDV-infected control-MDBK cells versus BVDV-
infected shBCN1-MDBK cells (Fig. 6). This finding is in 
agreement with previous reports that autophagy might help 
to keep virus-infected cells alive [8, 28, 30].

In addition to functioning in cell survival, autophagy 
also plays a role in cell death. Our results showed that 
CP BVDV infection enhanced apoptosis in autophagy-
knockdown MDBK cells (Fig.  6). Therefore, autophagy 
appears vital for sustaining BVDV-infected cell survival 
during virus-induced stress in order to prevent apoptosis. 
Autophagy might even be involved in both type 2 cell death 
and in programmed necrosis and has also been connected 
to apoptosis via its interplay with apoptosis-related pro-
teins [4, 16]. Cell-death-related proteins including FADD, 
caspases, Nix, and c-FLIP can in turn interact with the 
autophagy proteins Atg5, GABARAP, Beclin 1, and Atg3 
[4, 31], which might modulate autophagy. The antiapop-
totic proteins BCL2 and BCL-xl also interact with Beclin 
1 and inhibit autophagy [32]. Furthermore, members of 
the BCL2 protein family are known to regulate autophagy, 
apoptosis, and necroptosis [33]. In autophagy-protein-defi-
cient cells, HCV and influenza A virus induce apoptosis, 
suggesting that autophagy promotes the survival of infected 
cells [8, 34].

Our results suggest that CP BVDV infection in MDBK 
cells upregulates the expression levels of IFN-β, OAS-
1, IFN-α, and Mx1, while NCP BVDV infection down-
regulates expression of these genes. These findings are in 
line with previous reports showing that several cell types 
infected with CP BVDV induce IFN-I synthesis [21, 22], 
whereas NCP BVDV-infected primary macrophages and 
MDBK cells display inhibition of IFN-I synthesis [23]. 
However, IFN-I induction and signaling were enhanced 
when Beclin1 was silenced in CP- and NCP-BVDV-
infected MDBK cells (Fig.  7). The RIG-like receptor 
(RLR) induction pathway signals exclusively through 
IRF3, which is typically eliminated in BVDV-infected 
cells through the effect of BVDV Npro in NCP BVDV 
infection [35]. The results discussed above suggest that 
the Npro-mediated block of IFN induction in NCP pesti-
virus infections is bypassed somehow when autophagy is 
not operating properly. IFN-α and IFN-β upregulation may 
then occur independently of IRF3 and may, for instance, 
involve PKR, although these pathways are not completely 
resolved yet [36]. The particularly high levels of OAS1 
mRNA found in shBCN cells infected with CP BVDV may 
point in that direction. Therefore we intend to investigate 
further whether the elimination of IRF3 in the presence of 
BVDV is altered when autophagy is disrupted.

Persistent infection is a characteristic of all NCP 
BVDV viruses, irrespective of their virulence, genotype, 

or antigenic properties, and persistently infected animals 
are crucial to the epidemiology of this disease. Notably, a 
broad variety of mechanisms have been demonstrated by 
which such viruses subvert virtually all aspects of the anti-
viral immune response. However, several reports have pro-
vided evidence that evasion of the innate immune response 
might also be an important element of viral persistence 
[37–40]. Recently, it has been shown that autophagy is uti-
lized by the innate immune system against viral infection. 
In the present study, BVDV-induced-autophagy was shown 
to enhance viral multiplication but to suppress apoptotic 
cell death, whereas it restrained IFN-I synthesis. It is now 
known that the inhibition of IFN type I synthesis might 
be an essential factor for the establishment of a persistent 
infection and that it plays a vital role in escape from innate 
immunity [10]. Therefore, BVDV-induced autophagy is 
likely to play a crucial role in the establishment persistent 
infections in animals.

Conclusion

This study demonstrates that BVDV infection could induce 
a complete autophagy flux that promoted virus replication 
and inhibited the IFN signalling pathway and apoptosis. 
Therefore, autophagy might play a vital role in sustaining 
survival of the host and in the establishment of persistent 
BVDV infection. Together, our studies suggest new strate-
gies to treat or prevent mucosal diseases caused by BVDV 
infection. However, the mechanism by which BVDV-
infected MDBK-induced autophagy inhibit the IFN signal-
ling pathway and apoptosis remains unclear. Further inves-
tigation of this phenomenon is currently underway.
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