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Autophagy enhances the replication
of classical swine fever virus in vitro
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Autophagy plays an important role in cellular responses to pathogens. However, the impact of the autophagy
machinery on classical swine fever virus (CSFV) infection is not yet confirmed. In this study, we showed that CSFV
infection significantly increases the number of autophagy-like vesicles in the cytoplasm of host cells at the ultrastructural
level. We also found the formation of 2 ubiquitin-like conjugation systems upon virus infection, including LC3-1/LC3-II
conversion and ATG12-ATG5 conjugation, which are considered important indicators of autophagy. Meanwhile, high
expression of ATG5 and BECN1 was detected in CSFV-infected cells; conversely, degradation of SQSTM1 was observed
by immunoblotting, suggesting that CSFV infection triggered a complete autophagic response, most likely by the
NS5A protein. Furthermore, by confocal immunofluorescence analysis, we discovered that both envelope protein E2
and nonstructural protein NS5A colocalized with LC3 and CD63 during CSFV infection. Examination by immunoelectron
microscopy further confirmed the colocalization of both E2 and NS5A proteins with autophagosome-like vesicles,
indicating that CSFV utilizes the membranes of these vesicles for replication. Finally, we demonstrated that alteration of
cellular autophagy by autophagy regulators and shRNAs affects progeny virus production. Collectively, these findings
provide strong evidence that CSFV infection needs an autophagy pathway to enhance viral replication and maturity in

host cells.

Introduction

Classical swine fever virus (CSFV) is a small enveloped
virus with a single-stranded positive-sense genomic RNA and is
classified asamember of the Pestivirus genus within the Flaviviridae
family.! CSFV is the causative agent of classical swine fever (CSF),
an OIE (World Organisation for Animal Health)-listed disease
characterized by high fever, multiple hemorrhages, neurological
disorders, and respiratory and gastrointestinal symptoms.>? At
present, treatment options for classical swine fever are limited;
instead, prevention with vaccines against CSFV is usually used.*”
However, CSFV has evolved mechanisms that prevent apoptosis
and induce immune depression, and is, therefore, able to establish
persistent infection.®® Albeit indirectly, these changes usually
lead to huge economic losses worldwide.”!! Thus, it is essential
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to clarify the relationship between host and virus during CSFV
infection to develop new vaccines or specific drugs for effectively
controlling infection. Although many studies have investigated
the pathogenesis of CSFV,>'>! the underlying mechanism of
CSFV replication remains poorly understood.

Autophagy is an intracellular degradation process that
maintains the metabolic balance and homeostasis of cells.” More
than 36 autophagy-related (A7G) genes have been identified in
yeast, and many of these genes have counterpart orthologs in
mammalian cells.”!® These genes are involved in a multistep
mechanism to regulate autophagy, including the formation
of autophagic vesicles and fusion with lysosomes.!*" Previous
studies suggest that autophagy not only serves a protective
function in cell survival under stress, but also plays a role in
pathogen infection.?*** In Sindbis virus and tobacco mosaic
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Figure 1. CSFV infection increases the formation of autophagosome-like vesicles. (A) PK-15 (a-c) and 3D4/2 (d-f) cells were mock-infected (a and d) or
infected with CSFV (b and e) at an MOI of 1 for 48 h and studied by electron microscopy. White arrows indicate the structures with the characteristics of
autophagosomes (b and e). The cells were also processed for IEM analysis. LC3 was visualized with specific antibodies and detected with a secondary
antibody conjugated to 18-nm colloidal gold particles. LC3 protein immunogold labeling of CSFV-infected cells is shown in (c and f). The immunogold
labeling localized to the infection-associated membranes is indicated by black arrows in the infected cells. Scale bar: 500 nm. (B) Quantification of the
autophagosome-like vesicles per cell image. Average number of the vesicles in each cell was obtained from at least 10 cells undergoing each treatment.
The data represent the mean + SD of 3 independent experiments. Two-way ANOVA; ***P < 0.001.

virus infections, autophagy successfully restricts intracellular

pathogen replication.?**

Conversely, herpes simplex virus
type 1 and human immunodeficiency virus type 1 can inhibit
autophagy to facilitate replication.”* Nevertheless, several
viruses such as coxsackievirus, dengue virus, influenza A virus,
and hepatitis C virus have evolved strategies to use autophagic
vesicles for replication.”®?" Autophagy is virus-specific; thus,
understanding the details of the relationship between autophagy
and viral infection is critical for controlling disease transmission.
No study has shown the functions of autophagy during CSFV
replication. In the present study, we reveal the relationship
between autophagy and CSFV infection.

By detecting the formation of autophagic vesicles and the
expression of key autophagy molecules, we provide the first
evidence that CSFV infection induces autophagy in vitro.
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Moreover, we explored the effect of the autophagy machinery
on CSFV replication by disturbing the autophagy pathway with
autophagy regulators and short hairpin RNAs (shRNAs).

Results

CSFV infection increases the levels of autophagic markers
in host cells

To determine whether CSFV infection regulates cellular
autophagy, we examined the formation of autophagosome-
like vesicles in CSFV-infected PK-15 and 3D4/2 cells by using
transmission electron microscopy (TEM) and quantitative
analysis. We found that the number of double- or single-
membrane vesicles increased in the cytoplasm of CSFV-infected
PK-15 cells (Fig. 1A, b). Similar results were obtained in
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CSFV-infected 3D4/2 cells (Fig. 1A, e). Compared with CSFV-
infected cells, autophagosome-like vesicles were rarely seen in the
mock-infected cells (Fig. 1A, a and d). Quantitative analysis also
showed a significant increase in the quantity of single- and double-
membrane vesicles in the CSFV-infected cells compared with the
uninfected cells (Fig. 1B). To determine whether the formation
of double-membrane vesicles is linked to autophagy during CSFV
infection, immunoelectron microscopy (IEM) was performed
on CSFV-infected cells. The results showed the expression of
autophagy protein microtubule-associated protein 1 light chain
3 (LC3) during virus infection, and the immunogold labeling
localized the infection-associated membranes (Fig. 1A, c and f).
The negative controls, which were incubated with normal rabbit
immunoglobulin G and without the primary antibody, showed no
positive signals (data not shown). These results show that CSFV
infection can induce autophagosome formation in vitro.

To further analyze if the autophagy machinery can be triggered
by CSFV infection, we examined the levels of autophagy marker
proteins in CSFV-infected cells by using immunoblotting,
including LC3 conversion, ATGI12-ATG5 conjugation, and
ATGS5 and BECNI expression. LC3 is widely used as a marker
for assessing autophagy and correlates well with the formation
of the autophagosome.’*¥ Our results showed that LC3-II
expression was upregulated in CSFV-infected PK-15 and 3D4/2
cells, with a decrease in LC3-I expression relative to mock-
infected cells (Fig. 2A and B, lanes 1 to 10). We next examined
the autophagy conjugation system by detecting the expression
of ATGI2-ATG5 and ATG5 by using a specific antibody
to ATGS5, which associates with the membranes of precursor
autophagosomes.’** The CSFV-infected cells had an increased
level of ATG12—-ATGS5 and ATGS relative to mock-infected cells
(Fig. 2A and B, lanes 1 to 10). We further detected the level of
BECNI, which is involved in the early steps of the autophagy
pathway.*® The results showed that CSFV infection generated the
overexpression of BECNI in host cells relative to mock-infected
cells (Fig. 2A and B, lanes 1 to 10). Meanwhile, the detection of
CSFV envelope protein E2 was used to estimate the progression
of infection (Fig. 2A and B, lanes 6 to 10). More importantly, the
level of autophagy marker proteins was near the detection limit
in mock-infected cells (Fig. 2A and B, lanes 1 to 5), suggesting
that a basal level of autophagy is present in normal PK-15 and
3D4/2 cells. In addition, the densitometric ratios of autophagy
marker proteins (relative to ACTB) not only increased in CSFV-
infected cells compared with uninfected (mock) cells, but also
increased progressively with increase in infection time (Fig. 2A
and B, lower part). These findings indicate that the early stages
of autophagy are induced upon CSFV infection in host cells.

To further confirm that CSFV infection-induced autophagy
requires viral replication, we used ultraviolet (UV)-inactivated
CSFV to detect whether autophagy can be induced following
treatment. The results showed that the expression of autophagy
marker proteins, including LC3-II, ATGI12-ATGS5, ATGS, and
BECNI, was near the detection limit in treated cells (Fig. 2A and
B, lanes 11 to 15). However, the densitometry ratios of autophagy
marker proteins to ACTB had no significant changes relative
to mock-infected cells (Fig. 2A and B, lower part), suggesting
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that viral replication is required for CSFV infection-induced
autophagy.

CSFYV infection enhances autophagic flux

To determine whether a complete autophagic response is
triggered by CSFV infection, we first measured the degradation of
SQSTMI, a marker for autophagy-mediated protein degradation
pathway, by using immunoblotting analysis.?*¥% As shown in
Figure 3A and B, CSFV-infected cells had decreased levels of the
SQSTMLI protein, from 12 to 48 h post-infection (hpi) (Fig. 3A
and B, lanes 2, 4, and 6). In contrast, the level of SQSTM1
protein in mock-infected cells was higher than that in infected
cells (Fig. 3A and B, lanes 1, 3, and 5). To confirm autophagic
flux with viral infection, the levels of LC3-II and SQSTM1
were determined following treatment with or without the
protease inhibitor E64d in infected cells, a widely used method
for assessing autophagic flux.***% As shown in Figure 3C and
D, E64d increased the levels of LC3-IT and SQSTMI1 in both
PK-15 and 3D4/2 cells, at 24 and 48 hpi, compared with control
groups. Interestingly, E64d treatment also increased the level of
the E2 protein during CSFV infection (Fig. 3C and D). These
data indicate that a complete autophagic response can be induced
in host cells following CSFV infection.

The membranes of autophagosome-like vesicles are required
for CSFV replication

To verify the correlation between the autophagy and viral
replication during the progression of CSFV infection, we first
detected the subcellular localizations of viral proteins and LC3
in PK-15 and 3D4/2 cells that had been infected with CSFV,
by using immunofluorescence analysis with antibodies specific
to E2, NS5A, and LC3B. As illustrated in Figure 4A and B,
significant fluorescence signals corresponding to the LC3 and
CSFV proteins were detected in CSFV-infected PK-15 and
3D4/2 cells, with puncta accumulation (Fig. 4A and B, b and
¢, g and h). The fluorescence puncta of both E2 and NS5A were
highly colocalized with the fluorescence puncta of LC3 (Fig. 4A
and B, d and i). In contrast, the LC3 puncta accumulation was
not observed in mock- and UV-CSFV-infected cells (Fig. 4A
and B, k and m), indicating that UV-inactivated CSFV had lost
its capability of inducing the formation of the autophagosome,
consistent with the data shown in Figure 2. Additionally,
the average number of LC3 puncta in the infected cells was
significantly greater than that in rapamycin-treated cells (Fig. 4A
and B, lower right part). These results indicate that CSFV
infection induces the redistribution of autophagy marker LC3
in host cells, and the autophagosome could be involved in viral
replication.

CD63 is a widely used marker for lysosomes, and correlates
well with the formation of autolysosomes.”’ To confirm the
relationship between autophagosome-like vesicles and viral
replication, we examined the distribution of CD63 in virus-
infected cells (Fig. 5A and B, b and f). We found that the
CD63 protein colocalized with the E2 and NS5A proteins in
CSFV-infected PK-15 and 3D4/2 cells (Fig. 5A and B, c and g),
confirming that autophagosome-like vesicles are involved in the
replication of CSFV and that the membranes of these structures
could be required for CSFV replication.
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Figure 2. Expression of autophagy marker proteins in CSFV-infected cells. (A) PK-15 cells were mock-infected or infected with CSFV (MOI = 1) or
UV-inactivated CSFV (MOI = 1) for 6, 12, 24, 36, and 48 h. At the end of the infection, the expression of LC3, ATG12-ATG5, ATG5, BECNT1, E2, and ACTB
(loading control) were analyzed by immunoblotting with specific antibodies as described in Materials and Methods. (B) 3D4/2 cells were infected and
analyzed as in (A). The relative levels of the targeted proteins were estimated by densitometry, and the ratios were calculated relative to the ACTB con-
trol. The data represent the mean + SD of 3 independent experiments. Two-way ANOVA; *P < 0.05; **P < 0.01; ***P < 0.001.

To determine the sites of CSFV replication, IEM was
performed on CSFV-infected cells by using specific monoclonal
antibodiesagainst the CSFV NS5A and E2 proteins and secondary
antibodies conjugated to 12-nm colloidal gold particles. As
shown in Figure 5C, immunogold labeling showed localization
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of the CSFV proteins on the membranes of autophagosome-like
vesicles (arrows in Fig. 5C). Interestingly, IEM also showed the
presence of gold particles within the autophagosome-like vesicles,
likely representing degraded CSFV proteins. In contrast, the
mock-infected cells and the negative controls showed no positive
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Figure 3. CSFV infection enhances autophagic flux. (A and B) PK-15 (A) and 3D4/2 (B) cells were mock-infected or infected with CSFV (MOI = 1) for 12,
24, and 48 h. The cell samples were then analyzed by immunoblotting with anti-SQSTM1 and anti-ACTB (loading control) antibodies. (C and D) PK-15 (C)
and 3D4/2 (D) cells were infected with CSFV (MOI = 1) in the presence or absence of E64d (10 wg/ml). At 24 and 48 hpi, cell lysates were prepared and
analyzed by immunoblotting using anti-LC3B, anti-SQSTM1, anti-E2, and anti-ACTB (for detection of ACTB as loading control) antibodies. The relative
levels of the targeted proteins were estimated by densitometric scanning, and the ratios were calculated relative to the ACTB control. The data represent
the mean = SD of 3 independent experiments. Two-way ANOVA; *P < 0.05; **P < 0.01; ***P < 0.001; *P > 0.05.

signals (data not shown). These data strongly suggest that RNA
replication of CSFV occurs on the membranes of autophagosome-
like vesicles.

CSFV nonstructural protein NS5A induces autophagy in
host cells

NS5A is an important nonstructural protein of CSFV that
is associated with virus replication. To further analyze whether
CSFV replication is required for the induction of autophagy and
determine the effect of NS5A on autophagy induction during
CSFV infection, we expressed NS5A as a fusion protein with
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enhanced green fluorescent protein (EGFP) and transfected
the cells with pEGFP-N1 as an empty vector control. We found
that the fluorescence signals of LC3 and EGFP-NSS5A were
clearly enhanced in PK-15 and 3D4/2 cells after transfection
with pEGFP-NS5A (Fig. 6A and B, a and b). Furthermore, the
puncta accumulation and colocalization signals of the targeted
proteins were detected by immunofluorescence analysis (Fig. 6A
and B, ¢). In contrast, weak signals of LC3 and EGFP were
observed in the control groups (Fig. 6A and B, e and f), and
no colocalization signals were detected for the targeted proteins
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Figure 4. CSFV infection induces the redistribution of the autophagy marker LC3 in host cells. (A) PK-15 cells were mock-infected or infected with CSFV
(MOI = 1) or UV-inactivated CSFV (MOI = 1) or treated with rapamycin (Rapa, 100 nM) for 48 h. The cells were then fixed and processed for indirect immu-
nofluorescence using antibodies against LC3B and the CSFV proteins (E2 or NS5A), followed by the corresponding secondary antibodies conjugated
to FITC and TRITC as described in Materials and Methods. The cell nucleus were counterstained with DAPI. The fluorescence signals were visualized by
confocal immunofluorescence microscopy. In the images, the nucleus staining is shown in blue (a and f), E2 and NS5A staining is shown in green (b and
g), LC3 staining is shown in red (c and h), and the signals of colocalization are shown in yellow in merged images (d and i). The higher magnification
images are shown in (e and j) from the white-square frame-enclosed region in (d and i). The mock- and UV-CSFV-infected cells as well as the rapamycin
treatment group were analyzed with anti-LC3B antibodies and used as the control groups (k-m). Scale bar: 10 wm. The average number of LC3 puncta
in each cell was determined from at least 100 cells in each group. The data represent the mean + SD of 3 independent experiments. Two-way ANOVA:
*P < 0.05; **P < 0.01; ***P < 0.001; P > 0.05. (B) 3D4/2 cells were infected and analyzed as in (A). Scale bar: 10 um. The data represent the mean + SD of 3
independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001; *P > 0.05.
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Figure 5. For figure legend, see page 100.

(Fig. 6A and B, g). Meanwhile, the average number of LC3  significantly increased the level of LC3-II and promoted the
puncta in cells transfected with pEGFP-NS5A was significantly  degradation of SQSTMI in host cells compared with pEGFP-
greater than in cells transfected with pEGFP-N1. Additionally, ~Nl-transfected and mock-infected cells (Fig. 6C and D). These
immunoblotting analysis was used to quantify the expression data indicate that the replicase NS5A can induce autophagosome

of LC3, SQSTMI, and NS5A. We found that pEGFP-NS5A  formation and activate a complete autophagic response.
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Figure 5 (See previous page). RNA replication of CSFV occurs on the membranes of autophagosome-like vesicles. (A) PK-15 cells infected with CSFV
(MOI = 1) for 48 h. The cells were fixed and processed for indirect immunofluorescence using antibodies against the CD63 and CSFV proteins (E2 or
NS5A), and the targeted protein staining was detected with secondary antibodies conjugated to FITC and TRITC as described in Materials and Methods.
The fluorescence signals were visualized by confocal immunofluorescence microscopy. In the images, E2 and NS5A staining is shown in green (a and
e), CD63 staining is shown in red (b and f), and the signals of colocalization are shown in yellow in the merged images (c and g). The higher magnifica-
tion images are shown in (d and h) from the white-square frame-enclosed region in (c and g). Scale bar: 10 wm. One of 3 independent experiments is
shown. (B) 3D4/2 cells were infected and analyzed as in (A). Scale bar: 10 wm. One of 3 independent experiments is shown. (C) PK-15 (a and c) and 3D4/2
(b and d) cells were infected with CSFV at an MOI of 1 for 48 h. Subsequently, IEM analysis was performed using specific monoclonal antibodies against
the CSFV NS5A and E2 proteins, and the targeted proteins were detected with a secondary antibody conjugated to 12-nm colloidal gold particles. The
immunogold labeling showing the localization of CSFV proteins on the membranes of autophagosome-like vesicles is indicated by black arrows. Scale

bar: 500 nm. One of 3 independent experiments is shown.

Induction of autophagy with rapamycin increases virus yield

Rapamycin, an inducer of autophagy, can activate autophagy
by blocking the mechanistic target of rapamycin (MTOR)
pathway.*>* To analyze the role of autophagy in the replication
of CSFV, we examined viral envelope protein E2 expression
and viral progeny yields following rapamycin treatment. We
found that the induction of autophagy with rapamycin not only
upregulated the expression of LC3-II and CSFV-E2 at 24 and 48
hpi in CSFV-infected PK-15 cells (Fig. 7A), but also increased
the yields of CSFV progeny (Fig. 7B and C). Notably, the effect
of rapamycin treatment on the extracellular viral load and titer
was greater than the intracellular load and titer (Fig. 7B and
C). Similar results for viral envelope protein E2 expression and
viral progeny yields were also obtained in treated 3D4/2 cells
(Fig. 7D-F). These data suggest that the autophagy mechanism
may support CSFV replication.

Inhibition of autophagy with 3-methyladenine (3-MA)
decreases virus yield

To further determine the effect of autophagy on CSFV
replication, we exposed the host cells to 3-MA, which inhibits
autophagy by blocking the formation of autophagosomes, ¢ and
analyzed the capability of CSFV replication by detecting viral
envelope protein E2 expression and viral progeny yield by using
relevant assays. As shown in Figure 8, 3-MA treatment reduced
the expression of LC3-1I and CSFV-E2 at 24 and 48 hpi in
CSFV-infected PK-15 cells and decreased the virus copy number
and titer (Fig. 8A, C, and D). Notably, the effect of 3-MA
treatment on the extracellular viral load and titer was greater than
the intracellular load and titer (Fig. 8C and D). Importantly,
the LC3-positive puncta and the colocalization of LC3 and E2
decreased in the presence of 3-MA (Fig. 8B). Similar results
for viral envelope protein E2 expression and viral progeny yield
were obtained in treated 3D4/2 cells (Fig. 8E-H). Furthermore,
because autophagosome formation can be inhibited by 3-MA,
the decreased densitometry ratio of LC3-I1 (relative to ACTB) in
3-MA-treated cells further verified that the enhanced autophagy
shown in Figures 1 and 2 was triggered by the CSFV infection.
These findings suggest that the induction of autophagy during
CSFV infection promotes virus replication.

Depletion of endogenous BECN1 and LC3 reduces viral
replication

Our results using pharmacological regulators highlighted the
crucial role of the autophagy machinery in CSFV replication.
To further explore the relationship between the autophagy
machinery and virus replication, shRNA knockdown experiments
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were performed to specifically deplete endogenous BECNI1
and MAPILC3B (LC3B) proteins. As shown in Figures 9
and 10, PK-15 and 3D4/2 cells transfected with shBECNI and
shLC3B presented significantly decreased levels of endogenous
BECN1 and LC3 proteins compared with cells transfected
with nontargeting (scrambled) shRNAs comprising the control
group (Figs. 9 and 10, A and E). Importantly, suppression of
BECNI and LC3 expression strongly reduced the expression of
viral envelope protein E2 and the viral progeny yield in CSFV-
infected PK-15 cells compared with the control group (Figs. 9
and 10, A, C, and D). Similar results were also obtained in
infected 3D4/2 cells (Figs. 9 and 10, E, G, and H). Notably,
the LC3-positive puncta and the colocalization of LC3 and E2
disappeared when depleting endogenous BECN1 and LC3 in
both PK-15 and 3D4/2 cells (Figs. 9 and 10, B and F). These
data further reveal that autophagy plays an important role in the
replication of CSFV.

Modulation of autophagy activity with autophagy regulators
does not affect cell viability

To determine whether the pharmacological alteration of
autophagy with rapamycin and 3-MA affected the capability of
CSFV replication by changing the cell viability, we performed the
3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide
(MTT) assay to analyze the effects of these autophagic reagents
on cell viability. Statistical analyses revealed no significant effects
on the viability of cells treated with rapamycin or 3-MA (P >
0.05) (Fig. 11).

Discussion

The membrane-associated replication complex is a hallmark
of all positive-strand RNA viruses during the infection
process.” CSFV, a positive-stranded RNA virus, also requires
intracellular membrane structures for replication.” Notably,
envelope protein E2 was observed in the enrichment zone
of the endoplasmic reticulum (ER), and the source of the
membranes is likely the ER, which plays an important role
in viral maturation and release.*® Nevertheless, the specific
mechanism by which these membrane structures are utilized
during CSFV replication in host cells has not been elucidated.
Autophagy is involved in the mechanism of balance between
cells and stimuli, playing a key role in pathogenic infection.
Interestingly, opposite effects of autophagy on the replication
of different viruses have been noted, by blocking or inducing
autophagosome formation. For instance, several studies showed
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3D4/2 cells were transfected as described in (A), and mock-infected cells were used as the control. The cell samples were analyzed by immunoblotting
with anti-LC3B and anti-ACTB (loading control) antibodies, and the efficiency of transfection was measured using an antibody against GFP. One of 3
independent experiments is shown. (D) PK-15 cells and 3D4/2 cells were transfected plasmid pEGFP-NS5A expressing the EGFP-NS5A fusion protein for
24, 36, and 48 h. The cell samples were analyzed by immunoblotting with anti-SQSTM1 and anti-ACTB (loading control) antibodies. One of 3 indepen-
dent experiments is shown.

that autophagy is activated upon viral infection, protecting cells
by restricting viral replication.”® Conversely, several reports
reveal a positive role of autophagy in virus replication.?®?!
Based on previous findings on the intracellular membrane
structures that participate in CSFV replication and the impact
of autophagy on virus infection, autophagy is likely involved
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in the replication of CSFV. However, the relationship between
CSFV infection and autophagy had not been reported. In this
study, we provide the first strong evidence that CSFV infection
induces autophagy to promote viral replication and maturation
in vitro. We also show that viral replication is required for

CSFV-induced autophagy.
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Figure 7. Induction of autophagy with rapamycin enhances CSFV replication. (A and D) PK-15 (A) and
3D4/2 (D) cells were pretreated with rapamycin (100 nM) or DMSO (Control) for 1 h, followed by CSFV
adsorption for 1 h at an MOI of 0.5. The cells were further cultured in fresh medium in the absence or
presence of rapamycin (100 nM). At 24 and 48 hpi, cell samples were analyzed by immunoblotting with
antibodies against LC3B, CSFV-E2, and ACTB (loading control). The relative levels of the targeted proteins
were estimated by densitometric scanning, and the ratios were calculated relative to ACTB. The data rep-
resent the mean + SD of 3 independent experiments. Two-way ANOVA; *P < 0.05; **P < 0.01. (B and E)
PK-15 (B) and 3D4/2 (E) cells were pretreated and infected as described in (A and D). At 24 and 48 hpi, both
the extracellular and intracellular copy numbers of CSFV were detected by qRT-PCR. The data represent
the mean + SD of 3 independent experiments. Two-way ANOVA; *P < 0.05; **P < 0.01; ***P < 0.001. (C and
F) PK-15 (C) and 3D4/2 (F) cells were pretreated and infected as described in (A and D). At 24 and 48 hpi,
both the extracellular and intracellular virus titers were measured by endpoint dilution titrations by using
an immunofluorescence assay as described in Materials and Methods. Results are expressed in units of
TCID, /ml. The data represent the mean + SD of 3 independent experiments. Two-way ANOVA; *P < 0.05;

**P < 0.01; ***P < 0.001.
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Autophagy is involved in
immunity by directly modulating
receptor-

interferon

pattern  recognition
mediated  type I
production or by contributing to
antigen presentation.””' To define
the role of autophagy in CSFV
replication and provide a basis for
further study of the relationship
between autophagy and immune
evasion of CSFV, we analyzed
the physiological significance of
autophagy in both infected PK-15
and 3D4/2 cells in vitro. PK-15 is
usually used as the model cell line
for studying CSFV infection.>*
The 3D4/2 cell line is representative
of the macrophage that is the target
for CSFV infection.'*" Considering
the noncytopathogenic nature of
CSFEV,'*>1 identical multiplicities of
infection (MOlIs) and infection time
points were used for both PK-15 and
3D4/2 cells.

When the target cells were
infected with the Shimen strain
of CSFV, we found using TEM
that CSFV infection promoted the
formation of autophagosome-like
vesicles in host cells (see Fig. 1). This
observation was further supported
by immunoblotting analysis of an
increased expression of autophagic
markers in host cells infected
with CSFV, and the expression
exhibited a trend of time-dependent
upregulation post-infection (Fig. 2A
and B, lanes 6 to 10). In contrast,
low basal levels of autophagy were
present in mock- and UV-treated
CSFV-infected cells, indicating that
a basal autophagy in normal cells
that is necessary for maintaining
homeostasis (Fig. 2A and B, lanes
1 to 5 and 11 to 15). These data
imply that UV-inactivated CSFV
could lose its capability to induce
autophagy. Recent studies have

demonstrated that induction of
autophagy not only increases
autophagosome  formation  and

expression of autophagy proteins,
but also increases autophagic flux,
which can be measured by detecting

the levels of SQSTM1 and LC3-1T in

the presence or absence of lysosome
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Figure 8. Inhibition of autophagy with 3-MA reduces CSFV replication. (A and E) PK-15 (A) and 3D4/2 (E) cells were pretreated with 3-MA (5 mM) or
DMSO (Control) for 4 h. After 1 h of virus absorption at an MOI of 0.5, the cells were further cultured in fresh medium in the absence or presence of 3-MA
(5 mM). At 24 and 48 hpi, cell samples were analyzed as described in the legend to Figure 7A and D. The data represent the mean + SD of 3 independent
experiments. Two-way ANOVA; *P < 0.05; **P < 0.01; ***P < 0.001. (B and F) PK-15 (B) and 3D4/2 (F) cells were pretreated with 3-MA for 4 h. After 1 h of
virus absorption at an MOI of 0.5, the cells were further cultured in fresh medium in the presence of 3-MA (5 mM). At 48 hpi, the cells were analyzed with
antibodies against LC3B and E2, as described in the legend to Figure 4. The fluorescence signals were visualized with confocal immunofluorescence
microscopy. In the images, E2 staining is shown in green, LC3 staining is shown in red, and the signals of colocalization are shown in the merged images.
Scale bar: 10 pm. One of 3 independent experiments is shown. (C and G) PK-15 (C) and 3D4/2 (G) cells were pretreated and infected as described in (A
and E). At 24 and 48 hpi, both the extracellular and intracellular copy numbers of CSFV were detected by qRT-PCR. The data represent the mean + SD of
3independent experiments. Two-way ANOVA; **P < 0.01; ***P < 0.001. (D and H) PK-15 (D) and 3D4/2 (H) cells were pretreated and infected as described
in (A and E). At 24 and 48 hpi, both the extracellular and intracellular virus titers were measured by endpoint dilution titrations by using the immuno-
fluorescence assay described in Materials and Methods. Results are expressed in units of TCID, /ml. The data represent the mean + SD of 3 independent
experiments. Two-way ANOVA; *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 9. Inhibition of autophagy with specific shRNA targeting BECNT reduces CSFV replication. (A and E) PK-15 (A) and 3D4/2 (E) cells were transfected
with shRNAs targeting BECN1 or scrambled shRNAs for 48 h, followed by mock infection and CSFV infection at an MOI of 0.5. At 24 hpi, the silencing
efficiency of BECNT shRNA and the expression of autophagy marker proteins and CSFV-E2 were analyzed as described in the legend to Figure 2A. The
data represent the mean =+ SD of 3 independent experiments. Two-way ANOVA; **P < 0.01; ***P < 0.001. (B and F) PK-15 (B) and 3D4/2 (F) cells were
transfected with BECN7 shRNA for 48 h, followed by CSFV infection at an MOI of 0.5. At 24 hpi, the cells were analyzed as described in the legend to
Figure 8B and F. Scale bar: 10 um. One of 3 independent experiments is shown. (C and G) PK-15 (C) and 3D4/2 (G) cells were transfected as described in
(A and E), followed by CSFV infection at an MOI of 0.5 for 24 h. Both the extracellular and intracellular copy numbers of CSFV were detected by qRT-PCR.
The data represent the mean + SD of 3 independent experiments. Two-way ANOVA; **P < 0.01; ***P < 0.001. (D and H) PK-15 (D) and 3D4/2 (H) cells were
transfected and infected as described in (C) and (G). At 24 hpi, both the extracellular and intracellular virus titers were measured by endpoint dilution
titrations by using the immunofluorescence assay described in Materials and Methods. Results are expressed in units of TCID, /ml. The data represent
the mean + SD of 3 independent experiments. Two-way ANOVA; *P < 0.05; **P < 0.01.
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Figure 10. Inhibition of autophagy with LC3B-targeting shRNA reduces the replication of CSFV. (A and E) PK-15 (A) and 3D4/2 (E) cells were transfected
with shRNAs targeting LC3B or scrambled shRNAs for 48 h, followed by mock infection and CSFV infection at an MOI of 0.5. At 24 hpi, the silencing effi-
ciency of LC3B shRNA, as well as the expression of autophagy marker proteins and CSFV-E2 were analyzed as described in the legend to Figure 2A. The
data represent the mean + SD of 3 independent experiments. Two-way ANOVA; *P < 0.05; ***P < 0.001. (B and F) PK-15 (B) and 3D4/2 (F) cells were trans-
fected with LC3B shRNA for 48 h, followed by CSFV infection at an MOI of 0.5. At 24 hpi, the cells were analyzed as described in the legend to Figure 8B
and F. Scale bar: 10 pm. One of 3 independent experiments is shown. (C and G) PK-15 (C) and 3D4/2 (G) cells were transfected as described in (A and E),
followed by CSFV infection at an MOI of 0.5 for 24 h. Both the extracellular and intracellular copy numbers of CSFV were detected by gRT-PCR. The data
represent the mean + SD of 3 independent experiments. Two-way ANOVA; **P < 0.01; ***P < 0.001. (D and H) PK-15 (D) and 3D4/2 (H) cells were trans-
fected and infected as described in (C and G). At 24 hpi, both the extracellular and intracellular virus titers were measured by endpoint dilution titrations
by using the immunofluorescence assay described in Materials and Methods. Results are expressed in units of TCID, /ml. The data represent the mean +
SD of 3 independent experiments. Two-way ANOVA; . *P < 0.05; **P < 0.01; ***P < 0.001.

inhibitors.?**%3 Our results showed that CSFV infection decreased
the expression of SQSTMI protein, and lysosome inhibitor E64d
increased the levels of LC3-1I and SQSTMI in virus-infected
cells (Fig. 3), indicating that CSFV infection enhanced the
autophagic flux in both cell types. Interestingly, E64d treatment
also increased the level of the E2 protein during CSFV infection
(Fig. 3C and D), suggesting that a small amount of virus proteins

www.landesbioscience.com

degraded during autophagy. These findings demonstrate that
CSFV infection can induce a complete autophagic response in
host cells and that virus replication is involved in the induction
of autophagy. However, recent studies describe that West Nile
virus infection dose not involve the degradation of SQSTM1.5%¢
These findings imply that the role of autophagy is virus-specific,
and the precise mechanism remains to be elucidated.
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Figure 11. Pharmacological alteration of autophagy does not affect cell
viability. The cell viability of PK-15 (A) and 3D4/2 (B) cells were deter-
mined by the MTT assay after treatments with rapamycin (100 nM) or
3-MA (5 mM) for 48 h. The data represent the mean + SD of 3 indepen-
dent experiments. Two-way ANOVA; *P > 0.05.

Colocalization of viral RNA replication complexes with the
membrane of the autophagosome in infected cells has been
described previously. This colocalization is beneficial for the
replicationofseveraldifferentpositive-stranded RN A viruses.?2%3!
LC3 is a critical component of the mature autophagosome
membrane, and CD63 is a widely used lysosomal marker for
detecting the formation of autolysosomes. To understand how
autophagy is involved in CSFV infection, we analyzed the
localization of LC3-1I or CD63 with viral proteins after infection
with CSFV. We found that CSFV enhanced the redistribution of
LC3 and CD63, and both envelope protein E2 and nonstructural
protein NS5A colocalized with the positive puncta of LC3 and
CD63 (Fig. 4; Fig. 5A and B), indicating that the membranes of
autophagosome-like vesicles were required for CSFV replication.
Previous studies demonstrated that some positive-stranded RNA
viruses require membrane surfaces on which to assemble RNA
replication complexes. To further determine the sites of CSFV
replication, examination by IEM showed that viral protein E2
and NS5A localized on the membranes of autophagosome-like
vesicles in the infected cells (Fig. 5C). Therefore, we provided
evidence to support a mechanism of CSFV replication that
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is related to the autophagy pathway. Interestingly, IEM also
showed the presence of gold particles within the autophagosome-
like vesicles, likely representing degraded CSFV proteins. This
observation may also explain a small increase in the expression
of E2 following E64d treatment. Similar results are found in
other virus infections, where autophagy can be utilized for viral
replication.””*® Because autophagy is an intracellular degradation
process in which viruses are directed to the lysosome through
a membrane-mediated process, there is a small amount of virus
proteins that will inevitably be degraded during autophagy,
although autophagy can be triggered by viruses and utilized
for viral replication. Additionally, UV-inactivated CSFV lost
its capability of inducing the formation of the autophagosome
(Fig. 4A and B, m), indicating that viral replication was required
for CSFV infection-induced autophagy.

demonstrate that NS5B and NS5A  are
essential components of the replication complex in Flaviviridae

Prior studies

infections.”®* To further understand the relationship between
autophagy and viral replication, we transfected both cell lines
with pEGFP-NS5A and monitored the redistribution of LC3 and
the colocalization of LC3 and EGFP-NS5A (Fig. 6A and B, a—d).
Colocalization signals of the targeted protein were not observed in
the control groups (Fig. 6A and B, e—g). To further examine the
effect of NS5A on autophagy induction during CSFV infection,
we analyzed the expression of LC3 and SQSTMI and found
that pEGFP-NS5A significantly increased the level of LC3-I1
and promoted the degradation of SQSTMI1 compared with
the pEGFP-N1-transfected and mock-infected groups (Fig. 6C
and D). These data indicate that the replicase NS5A can induce
autophagosome formation and activate a complete autophagic
response. One recent observation is that CSFV NS5A is localized
to the ER where it induces oxidative stress in vascular endothelial
cells that are important for spreading the virus.®® It is likely that
viral replicase NS5A is important and necessary for the induction
of autophagy by CSFV, although the mechanism remains to
be elucidated. Clearly, these findings reinforce the theory that
CSFV replication is required for the induction of autophagy;
moreover, the autophagosome is involved in virus replication and
maturation.

Recent studies show that several members of the Flaviviridae
family can utilize an autophagy mechanism to facilitate
replication, including dengue virus, hepatitis C virus, and
Japanese encephalitis virus.?**¢* However, the West Nile virus,
another member of the Flaviviridae family, can induce autophagy
but does not require an autophagy mechanism for replication in
host cells.”>*® These results suggest that significant differences
between replication mechanisms exist between different viruses
of the same family, which may be related to host specificity
and different pathogenic mechanisms of infections. To further
determine what role autophagy plays in the replication of CSFV,
we examined the capability of viral replication by exposing host
cells to the autophagy-inducer rapamycin. Our data showed that
rapamycin treatment not only upregulated the expression of the
viral E2 protein but also increased the yield of CSFV progeny
(Fig. 7). We also demonstrated that inhibition of autophagy with
3-MA or shRNA-based depletion of the essential autophagy
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proteins BECN1 and LC3 downregulated E2 expression and
decreased the yield of CSFV progeny (Figs. 8-10). In addition,
the LC3-positive puncta and the colocalization of LC3 with E2
were abolished upon inhibition of autophagy (Figs. 8—10, B and
F). These findings reveal that induction of autophagy during
CSFV infection promotes virus replication. It is important to note
that the effect of the mutative levels of autophagy on extracellular
viral yields were more significant than on intracellular viral
yields, indicating that autophagy is important for the release of
cytoplasmic viruses. These results are similar to those form recent
studies, which demonstrate that autophagy has a greater effect on
extracellular than intracellular viral yields.”®**>¢® Meanwhile, the
data from the MTT assay suggested that the pharmacological
alteration of autophagy by rapamycin and 3-MA did not alter cell
viability to affect the proliferation of the virus (Fig. 11). Based
on these results, we conclude that the autophagy pathway serves
a valuable role in CSFV infection rather than blocking virus
spread in host cells, although the detailed relationship between
autophagy and viral propagation still needs to be examined in
depth.

In summary, our in vitro analysis demonstrates for the first
time that CSFV needs to trigger a functional autophagy pathway
to enhance virus replication and release in host cells. We postulate
that autophagy may be a potential mechanism that CSFV uses
to establish a persistent infection. Clearly, our understanding
of the molecular mechanisms of the interplay between CSFV
and autophagy is still insufficient. Therefore, further work
investigating the immunological function of autophagy as well as
its role in the immune escape of CSFV might be of importance
to control viral infection.

Materials and Methods

Antibodies, chemicals, and plasmids

The primary antibodies used in the study were specific for
LC3B (Cell Signaling Technology, 2775), ACTB (Beyotim,
AA128), ATG5 (Novus Biologicals, NB110-53818), BECN1
(Novus Biologicals, NB110-87318), CD63 (Santa Cruz
Biotechnology, sc-15363), and SQSTMI1/p62 (Santa Cruz
Biotechnology, sc-25575). Mouse anti-GFP antibody (AG281)
and 4,6-diamidino-2-phenylindole (DAPI) (C1005) were
purchased from Beyotim. Horseradish peroxidase (HRP)-labeled
goat anti-rabbit (A0208) and anti-mouse (A0216) secondary
antibodies were also obtained from Beyotim. Tetramethyl
rhodamine isothiocyanate (TRITC)-conjugated goat anti-rabbit
(BS10250) and fluorescein isothiocyanate (FITC)-conjugated
goat anti-mouse (BS50950) secondary antibodies were obtained
from Bioworld Technology. Eighteen-nanometer colloidal gold-
affinipure goat anti-rabbit (111-215-144) and 12-nm colloidal
goat (115-205-146)
antibodies were purchased from Jackson ImmunoResearch.
protease inhibitor E64d (E8640) and 3-methyladenine (M9281)
were purchased from Sigma-Aldrich. Rapamycin (9904) was
procured from Cell Signaling Technology. pEGFP-NS5A,
pEGFP-N1, and mouse anti-CSFV E2 antibodies were prepared
in our laboratory, and the monoclonal antibody against the

gold-affinipure anti-mouse

secondary
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NS5A protein of CSFV was kindly provided by Dr. Xinglong
Yu (Veterinary Department, Hunan Agricultural University,
China). Additionally, 3 shRNAs targeting different sites within
the coding sequences of BECNI and LC3B, along with the
scrambled shRNA, were designed by and obtained from Cyagen.

shBECNI  sequence 5-GAGCTTCAAG ATCCTGGATC
GTGTTCTCGA GAACACGATC CAGGATCTTG
AAGCTC-3/, shLC3B  sequence 5-GCTTGCAGCT
CAATGCTAAC CCTCGAGGGT TAGCATTGAG
CTGCAAGC-3".

Cells and virus

The swine kidney cell line PK-15 (ATCC, CCL-33) was
maintained in complete Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS)
and 1% antibiotics. Porcine macrophage cell line 3D4/2 (ATCC,
CRL-2845) was cultured in RPMI 1640 medium containing
10% FBS and 1% antibiotics. The cells were incubated at 37 °C
with 5% CO,.

The CSFV strain (Shimen) used in the study was isolated
in our laboratory from a typical symptom of the swine and
propagated in 2 cell cultures with 2% FBS. To determine the
virus titers, cells cultivated in 96-well plates were inoculated with
10-fold serial dilutions of virus and incubated at 37 °C for 5 d.
Cells were fixed with 80% acetone at -20 °C for 30 min, and
viruses were detected by an immunofluorescence assay using
mouse anti-CSFV E2 antibody and FITC-conjugated goat anti-
mouse secondary antibody. Virus titers were calculated according
to Kaerber and expressed as 50% tissue culture infectious doses
(TCID, ) per milliliter. The multiplicity of infection (MOI) was
confirmed according to the virus titer from the respective cell
line. UV inactivation of CSFV was performed by irradiating
with UV light for 30 min at room temperature. The infectivity
of UV-treated CSFV was confirmed by detecting virus titers as
described above, and the MOIs were the same as those for the
untreated viruses.

Viral infection

For different experiments, viral stocks were prepared atan MOI
of 1 for autophagy induction and an MOI of 0.5 for replication
studies. PK-15 and 3D4/2 cells were grown to approximately 80%
confluence in cell culture plates and were infected with CSFV at
varying MOIs. The mock was infected with phosphate-buffered
saline (PBS). After 1 h, the inoculum was removed by aspiration.
The cells were then washed twice with PBS and incubated in
complete medium at 37 °C for different times until harvesting.

Transmission electron microscopy

Cell cultures were washed twice with PBS and collected in
the bottom of 1.5-ml Eppendorf tubes by centrifugation at 1,000
rpm for 5 min. The samples were fixed in 2.5% glutaraldehyde
diluted with PBS for 4 h at room temperature and then postfixed
in 1% osmium tetroxide, dehydrated with graded ethanol, and
embedded in epoxy resin. Next, ultrathin sections were obtained
and then stained with uranyl acetate and lead citrate. Finally,
the autophagosome-like vesicles were examined under a JEM-
2010HR TEM (JEOL).

To determine the autophagosome-like vesicles and the
localization of CSFV particles in virus-infected cells, IEM
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was performed. Briefly, the frozen ultrathin sections were first
incubated with antibodies against LC3B, NS5A, or E2 (1:100)
and then incubated with 18-nm colloidal gold-affinipure goat
anti-rabbit IgG or 12-nm colloidal gold-affinipure goat anti-
mouse IgG (1:40). Finally, the gold labels were measured with
the JEM-2010HR TEM (magnified 60,000x).

Immunoblotting

Cell monolayers were washed twice in cold PBS and were
incubated on ice with RIPA lysis buffer (Beyotim, P0013B)
containing 1 mM PMSF (Beyotim, ST506) for 10 min. The
lysates were then clarified by centrifugation at 13,000 rpm for
20 min at 4 °C, and the protein concentration was quantified by
the BCA protein assay kit (Beyotim, P0012). Equal amounts of
protein samples were boiled for 5 min in 5 x SDS-PAGE loading
buffer. Proteins (20 pg) were separated on 12% SDS-PAGE gels
and then electrotransferred onto polyvinylidene fluoride (PVDF)
membranes (Beyotim, FFP30), which were then blocked for 2 h
at 25 °C in PBS containing 2% nonfat milk powder and 0.05%
Tween 20. Next, the membranes were incubated with primary
antibodies at 4 °C overnight and then with the corresponding
secondary antibodies conjugated to HRP at 37 °C for 1 h at
appropriate dilutions. The protein bands were detected by the
ECL Plus kit (Beyotim, P0018). Protein blots were measured
with the Image-Pro Plus 6.0 software (Media Cybernetics), and
the images were obtained from a CanoScan LiDE 100 scanner
(Canon).

Confocal immunofluorescence microscopy

After CSFV infection, cells were washed with PBS and fixed
with 4% paraformaldehyde for 30 min at room temperature.
Cell monolayers were permeabilized with 0.2% Triton X-100 for
10 min. Then the cells were blocked with PBS containing 5%
bovine serum albumin (BSA) for 30 min at room temperature.
Next, cells were incubated for 1 h in the presence of a rabbit
polyclonal antibody (anti-LC3B or anti-CD63) (1:400) and
a mouse monoclonal antibody (anti-E2 or anti-NS5A) (1:100)
in PBS buffer at 37 °C, followed by a 1 h incubation in PBS
containing goat anti-mouse and anti-rabbit secondary antibodies
conjugated to FITC and TRITC at a dilution of 1:200. The
fluorescence signals were visualized with a TCS SP2 confocal
fluorescence microscope (Leica). The average number of LC3
puncta per cell from at least 100 cells in each group was counted.

To further analyze the effect of autophagosomes on CSFV
infection, PK-15 and 3D4/2 cells grown to approximately 80%
confluence in a petri dish with a glass bottom (NEST, GBD-
35-20) were transfected with plasmid pEGFP-NS5A by using
an X-tremeGENE HP DNA transfection reagent (Roche,
06366236001) as described below. After 48 h, the following
immunofluorescence analysis was performed as described
above. An antibody against LC3B was used to determine the
localization of targeted proteins in treated cells. Cells transfected
with the empty vector (pEGFP-N1) served as the control group.
The efficiency of transfection and the expression of autophagy
proteins were measured using immunoblotting analysis.

Biochemical intervention

For detection of autophagic flux, 2 cell lines grown to 80%
confluence in 6-well cell culture plates were pretreated with
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10 pg/ml E64d for 4 h, followed by a 1 h absorption of CSFV.
The cells were cultured in fresh medium in the presence of 10
wg/ml E64d for 24 and 48 h. For autophagy induction and
inhibition experiments, cells grown to 60% confluence in 6-well
cell culture plates were pretreated with 100 nM rapamycin for 1
h or 5 mM 3-MA for 4 h prior to viral infection. Viral adsorption
was performed at 37 °C for 1 h. The inoculum was removed and
washed twice with PBS, and the cells were then incubated in
fresh medium containing rapamycin (100 nM) or 3-MA (5 mM)
until harvesting of the cells or the culture medium. Moreover,
the same amount of dimethyl sulfoxide (DMSO) was added as
the control group.

Transfection and gene silencing with shRNA

PK-15 and 3D4/2 cells grown to 60% confluence in 6-well cell
culture plates were transfected with BECNI or LC3B shRNA by
using the X-tremeGENE HP DNA transfection reagent. Briefly,
2 g of shRNA was diluted in 200 pl of serum-free OptiMEM
medium, and 6 pl of X-tremeGENE HP was directly pipetted
into the medium containing the diluted plasmid of shRNA
and incubated at 25 °C for 15 min. The cell culture medium
was removed and replaced with 2 ml of OptiMEM containing
the transfection complex and further cultured at 37 °C. After
5 h, the supernatant was removed, and the cells were further
incubated with fresh complete medium for 48 h. Following 1 h
of absorption of CSFV, the cells were incubated in fresh medium
until harvesting of the cells or the culture medium. The gene
knockdown efficiency was evaluated by immunoblotting, and a
non-targeting vector was used as a negative control.

Quantification of viral RNA

Real-time quantitative reverse transcriptase polymerase
chain reaction (QRT-PCR) was used to detect virus copies.
Viral RNA was extracted using the MiniBEST Viral RNA/
DNA Extraction Kit Ver. 4.0 (TAKARA, DV819), and the
synthesis of ¢cDNA was performed using the PrimeScript®
RT reagent Kit (TAKARA, DRRO037) according to the
manufacturer’s protocol. For CSFV-specific detection, a primer
pair (CSFV1: CCTGAGGACC AAACACATGT TG/CSFV2:
TGGTGGAAGT TGGTTGTGTC TG) reported previously in
reference 67, targeting a region corresponding to the NS5B gene,
was used in the study. The real-time RT-PCR was performed
using SYBR® Premix Ex Tag™ II (TAKARA, DRRO081) on
an iQ5 iCycler detection system (Bio-Rad), by using previously
described reaction conditions in reference 68. The recombinant
plasmid containing the CSFV NS5B gene was used to construct a
standard curve for calculating the viral copy number in different
samples.

Cell viability assay

Cell viability was determined by the MTT assay according
to the manufacturer’s instructions. In brief, cells were seeded in
96-well culture plates at a density of 1 x 107 cells per well and
cultured for 24 h at 37 °C. The culture medium was replaced
with fresh medium containing the corresponding concentrations
of autophagy regulators or the same amount of DMSO, and the
cells were continuously incubated for 48 h. Next, the medium
was replaced with 100 pl of fresh medium supplemented with
10 pl of MTT, and the plates were further cultured for 4 h at
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37 °C. Subsequently, 100 pl of formazan solution was added to

each well without removing the culture medium to dissolve the
precipitate at 37 °C. The optical density was measured at 570 nm
by using a model 680 microplate reader (Bio-Rad).

Statistical analysis

The data are expressed as the mean + standard deviation (SD)
and were analyzed by two-way ANOVA using the SPSS software
(version 17.0). A P value of < 0.05 was considered statistically in

significant.
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