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A B S T R A C T

Mycotoxins are toxic metabolites produced by fungal species that commonly present in the global environment,
especially in cereals and animal forages. The changing global environment may further increase the exposure to
these toxins, posing a serious threat to humans and animals. Recently, coronavirus has become one of the most
important pathogens threatening human and animal health. It is not clear whether environmental toxins, such as
mycotoxins, will affect coronavirus infection. Given that pigs are among the animals most affected by cor-
onavirus and highly homologous to humans, weaned piglets and IPEC-J2 cells were respectively chosen as in vivo
and in vitro model to explore the impacts of deoxynivalenol (DON), the most abundant trichothecene mycotoxin
in feed, on porcine epidemic diarrhea virus (PEDV) infection and the mechanisms involved. In vivo, twenty-seven
piglets infected naturally with PEDV were randomly divided into three groups, receiving the basal diet con-
taining 0, 750 and 1500 μg/kg DON, respectively. Significant increases in the diarrhea rates, gut barrier injury
and PEDV proliferation of piglets’ small intestine were observed in experimental groups compared with the
control. Additionally, the autophagosome-like vesicles and the autophagy-related proteins expression were also
increased in experimental groups. In vitro, we observed that 0.1, 0.5 and 1.0 μM DON significantly promoted the
entry and replication of PEDV in IPEC-J2 cells, along with the induction of a complete autophagy.
CRISPR‐Cas9‐mediated knockout of LC3B indicated a vital role of autophagy in the promotion. Pretreatment
with p38 signaling inhibitor could significantly block the induction of autophagy, indicating that DON could
promote the PEDV infection by triggering p38-mediated autophagy. Our findings suggest that mycotoxin could
influence the prevalence of coronavirus and provide new ideas for the prevention and control of coronavirus.

1. Introduction

Mycotoxins, the secondary metabolites produced by fungi, are
capable of causing mycotoxicosis (diseases and death) in human and
animals (Chen et al. 2018). Several environmental factors contribute to
the presence of mycotoxins in globally feedstuffs and food commodities
cereal, resulting in regular animals and human exposure (Alshannaq

and Yu 2017; Pascari et al. 2018). And this occurrence could further
stimulate by the on-going global warming. Most of the reported effects
of mycotoxins are negative in terms of intestinal health, where the
barrier is damaged and accompanied by an increase of the gut pathogen
(Heyndrickx et al. 2015; Luo et al. 2019). However, the interactions
between gut pathogen and environmental mycotoxins are not clear.

Coronaviruses (CoVs) are RNA viruses that have become a major
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public health concern, severely damaging the respiratory, digestive and
nervous systems of humans and animals (Khot and Nadkar 2020; Yin
and Wunderink 2018; Zong et al. 2019). Human CoVs were considered
as serious viruses since the emergence of the Severe Acute Respiratory
Syndrome (SARS) in 2002–2003 (Cheng et al. 2007; Lai et al. 2005).
The threat of coronaviruses was further highlighted with the emergence
of the Middle East Respiratory Syndrome‐CoV (MERS‐CoV) outbreak in
2012 and the 2019 novel CoV (COVID-19) outbreak in 2019 (Ashour
et al. 2020; Yang et al. 2020). Animal CoVs are known to cause im-
portant diseases in domestic animals or birds, leading to catastrophic
economic loss (Lin et al. 2016; Zhou et al. 2018). Although rare, animal
CoVs have the potential to infect humans and could further spread
through many transmissions (Forni et al. 2017). Pig is one of the ani-
mals most susceptible to coronavirus infection. Swine coronaviruses
mainly include transmissible gastroenteritis virus (TGEV), porcine
deltacoronavirus (PDCoV), porcine epidemic diarrhea virus (PEDV) and
the emerging HKU2-like porcine enteric alphacoronavirus (PEAV)
(Niederwerder and Hesse 2018; Wang et al. 2019b). Similar to other
enteric coronavirus diseases, the porcine epidemic diarrhea (PED) is
age-dependent but more destructive (Lee 2015; Li et al., 2011; Song and
Park 2012), causing the intestinal epithelial cells necrosis, villous
atrophy, vomit, diarrhea and dehydration in pigs of all ages, even the
death of piglets (Wang et al. 2019a). The differences in the morbidity
and mortality of weaned piglets among different farms suggested the
presence of other non-infectious factors affecting the progress of PED.
Therefore, we speculated that deoxynivalenol (DON), the most abun-
dant trichothecene mycotoxin (Broekaert et al. 2017; Pierron et al.
2016), might aggravate PED in weaned piglets.

Autophagy is the major intracellular degradation system that is es-
sential for survival, differentiation and homeostasis of cells (Matsuda
et al. 2018; Pott and Maloy 2018; Tang et al. 2015). It principally serves
a regulatory mechanism to control the innate immune response against
intracellular pathogens (McEwan 2017; Riffelmacher et al. 2018; Yang
et al. 2017). Dysregulation of autophagy contributes to the pathogen-
esis of an increasing number of diseases (Shen et al. 2018; Yang et al.
2018). Importantly, in certain viral infection settings, the self-canni-
balistic or, paradoxically, even the pro-survival functions of autophagy
may be deleterious (Chen et al. 2019). Evidences suggest that some
viruses, including PEDV, may induce autophagy in order to utilize it for
their replication when they infect a target cell (Chen et al. 2017; Guo
et al. 2017; Harris et al. 2015). However, the impacts of DON on PEDV
infection are equivocal, and questions about whether DON induces
autophagy in target cells remain unanswered.

In this study, we evaluated the effects of DON on PEDV infection in
vitro and in vivo, and found that DON promotes autophagosomes for-
mation, thereby facilitating the entry and replication of PEDV. Our
findings will provide novel perspective to advance the understanding in
the pathogenesis of PEDV and new ideas for the prevention and control
of coronavirus.

2. Materials and methods

2.1. Animal experiments

All experiments were conducted according to the standards of the
European Guidelines for Animal Welfare and were approved by the
Committee for the Care and Use of Experimental Animals of the Nanjing
Agricultural University (Animal Ethics Number: SYXK (Su)
2011–0036). Animal experiments were carried out at a 1400-weaned
piglets farm. Eighty weaned piglets (aged 3 weeks) were selected. These
piglets were positive for PEDV naturally and negative for TGEV and
porcine rotavirus as determined by fecal and blood diagnostics. Twenty-
seven out of eighty piglets (BW = 5.5 ± 0.5 kg) were selected and
randomly divided into three groups, with 3 replicates per group and 3
piglets per replicate. Piglets were assigned to 3 groups (PEDV Group:
infected piglets received a basal diet; PEDV + 750 μg/kg DON Group:

infected piglets received the basal diet containing 750 μg/kg feed DON;
and PEDV + 1500 μg/kg DON Group: infected piglets received the
basal diet containing 1500 μg/kg feed DON), for 14 days. All piglets
were housed in the same facility but different rooms under biosafety
conditions and allowed free access to water and feed during the ex-
periment. Average daily gain (ADG) and average daily feed intake
(ADFI) were evaluated to determine the growth performance of piglets.
On dpi 14, the piglets were euthanized and tissue samples of duo-
denum, jejunum, ileum and mesenterium were collected.

2.2. Diarrhea rate and diarrhea index evaluation

Diarrhea in each piglet was recorded and scored daily according to
the state of feces. Piglets with dry and cylindrical feces are scored 0
point. Piglets with soft and tangible feces are scored 1 point. Piglets
with sticky and semi-solid feces are scored 2 points. Piglets with liquid
and unformed feces are scored 3 points. Diarrhea rate = [number of
diarrhea piglets per replicate / (number of piglets per replicate ×days)]
×100%. Diarrhea index = diarrhea scores sum of piglets of per re-
plicate / (number of piglets per replicate ×days).

2.3. Reagents and antibodies

Deoxynivalenol (DON, purity ≥ 98%, for experiments in vitro),
chloroquine (CQ), rapamycin (Rapa) and rabbit anti-LC3B antibody
were purchased from Sigma-Aldrich (St. Louis, USA). Deoxynivalenol
(DON, purity ≥ 98%, for experiments in vivo) was purchased from
Pribolab (Immunos, Singapore). SB203580 and AUD-S100 were pur-
chased from MedChemExpress (New Jersey, USA). Rabbit anti-
SQSTM1, anti-MAPKs, anti-JAK1, anti-pSTING/STING, anti-PI3K, anti-
β-actin antibodies and horseradish peroxidase (HRP)-conjugated goat
anti-rabbit secondary antibody were purchased from Cell Signaling
Technology (Boston, USA). Rabbit anti-claudin1, anti-occludin, anti-
ZO-1 and anti-p-MTORC1/MTORC1 antibodies were purchased from
Abcam (Cambridge, UK). Porcine epidemic diarrhea virus (PEDV) strain
CV777 was obtained from Jiangsu Academy of Agricultural Sciences
(Nanjing, China). Rabbit anti-PEDV-N antibody was prepared by our
lab. Poly (I:C) (LMW) / LyoVecTM was purchased from InvivoGen (San
Diego, USA).

2.4. Histological analysis

Jejunum tissues samples were fixed in 4% paraformaldehyde, em-
bedded in paraffin and sectioned at a thickness of 4 μm. For histo-
pathological examination, tissue slices were stained with hematoxylin
and eosin, and observed under the microscope. For im-
munohistochemistry examination, tissue slices were incubated with
antibodies against PEDV N protein, followed by incubation with the
second antibody and streptavidin-peroxidase complex. The peroxidase
conjugates were visualized using DAB solution.

2.5. Quantitative Real-Time PCR (qRT-PCR) analysis

qRT-PCR was performed using the StepOnePlus Real-Time PCR
System (Applied Biosciences) as previously described (Liu et al. 2018b).
Briefly, total RNA was isolated from the cells using an RNA Extraction
Kit (Takara, Japan) and then reverse-transcribed to cDNA using the
PrimeScript RT Master Mix Kit (Takara, Japan). All primers are listed in
Table 1. The relative expression was determined using the Δcycle
threshold (ΔCt) method with GAPDH serving as a reference gene.

2.6. Cell cultures

The porcine intestinal cell line (IPEC-J2) was stored in our labora-
tory and grown in DMEM/F12 (1:1) medium supplemented with 10%
fetal bovine Serum (Invitrogen, Carlsbad, USA), 1% insulin-transferrin-
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selenium (ITS), 5 ng/mL epidermal growth factor (EGF; Sigma, USA)
and 1% antibiotics at 37 °C in a humidified atmosphere containing 5%
CO2.

2.7. Cell viability assay

Cell viability was monitored by 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2-H-tetrazolium bromide (MTT; Sigma, USA) assay as pre-
viously described (Liu et al. 2018a). Briefly, IPEC-J2 cells were cultured
in 96-well plates at a density of 5 × 103 cells/well with corresponding
treatments. Then, each well was added with 15 μL of MTT (5 mg/mL)
for another 4 h at 37 °C. The supernatants were discarded and in-
cubated with 150 μL DMSO to dissolve the precipitate. Absorbance was
measured at 490 nm with a reference wavelength of 595 nm. All tests
were performed three times.

2.8. Detection of virus attachment, entry, replication and release

For attachment assay, cells were cooled for 2 h at 4℃ and then
infected with PEDV in the presence of different concentrations of DON
for 2 h at 4℃. After washing with cold PBS, cells were cultured with
fresh medium for 24 h at 37℃. For entry assay, cells were incubated
with PEDV for 2 h at 4℃ and switched to 37℃ for 4 h in the presence of
different concentrations of DON after washing three times. Then cells
were washed with PBS and incubated for another 24 h at 37℃. For
replication assay, cells were incubated with PEDV for 2 h at 37℃. Cells
were washed with PBS and cultured with different concentrations of
DON for another 24 h at 37℃. For release assay, cells were incubated
with PEDV for 24 h at 37℃. After washing with PBS, cells were cultured
with different concentrations of DON for another 4 h at 37℃. After
different treatments, the supernatant was collected and titrated using
TCID50 and the cells were harvested for immunoblotting, respectively.

2.9. LC3B−/− IPEC-J2 cell production by CRISPR/ Cas9 system

The small guide RNAs (sgRNAs) were designed using Breaking‐Cas
(http:// bioinfogp.cnb.csic.es/tools/breakingcas/) online tool and syn-
thesized (Invitrogen). The sgRNA was cloned pCas-Puro-U6 plasmid
and the pCas-Puro-U6 plasmid Linear was obtained using the BbsI re-
striction enzyme (Thermo Fisher Scientific). The plasmids containing
sgRNA were transfected into IPEC-J2 cells with GeneTran III (Biomiga)
for 48 h, and then the transfected cells were selected using 5 μg/mL of
puromycin. The selected cells were subjected to serial dilutions in
96‐well plate to obtain a single cell colony. After 14 days of colony
formation, each single colony was picked and expanded. Genomic DNA

was extracted from individual clones and sequenced to confirm the
specificity of targeting.

2.10. Immunoblotting and coimmunoprecipitation analysis

The relative protein expression levels were measured by im-
munoblotting as previously described with minor modifications (Qian
et al. 2018). Briefly, equal amounts of protein obtained from the lysed
cells were loaded onto 12% SDS-PAGE gels and transferred onto PVDF
membranes (Millipore, USA). After blocking with 5% BSA for 2 h, the
PVDF membranes were incubated at 4 °C overnight with primary an-
tibodies, followed by a 1-h incubation with secondary antibodies at
room temperature. The expected protein bands were detected using
Image Quant LAS 4000 (GE Healthcare Life Sciences, USA). The relative
abundance of the target protein (normalized to β-actin) was quantified
by densitometric analysis using the Image Pro-Plus 6.0 software. For
coimmunoprecipitation (Co-IP) experiments, equal amounts of protein
obtained from the lysed cells were incubated with polyclonal rabbit
anti-LC3B, anti-Occludin or anti-IgG antibody (as a negative control)
overnight after incubating with Dynabeads protein G (Therom, USA) for
1 h. Subsequent experimental procedures were the same as im-
munoblotting.

2.11. Fluorescence microscopy

Cells grown on coverslips were fixed with 4% paraformaldehyde for
20 min at 4 °C. After washing three times, cells were blocked with 1%
BSA at room temperature and incubated with primary rabbit anti-oc-
cludin antibody and secondary FITC-conjugated goat anti-rabbit anti-
body (Invitrogen, USA), respectively. For the analysis of LC3B expres-
sion, cells grown on coverslips to 60–70% confluence were transfected
with the pLVX-mRFP-EGFP-LC3B plasmid (provided by Prof. Qian
Yang, Nanjing Agriculture University, Nanjing, China) using jetPRIME
transfection reagent (Polyplus-transfection, Illkirch, France) according
to the manufacturer’s protocols. Nuclei were stained with DAPI (Blue,
Beyotime Biotechnology, China). Fluorescence microscopy was per-
formed using a Zeiss LSM710 confocal microscope (Zeiss, Oberkochen,
Germany).

2.12. RNA interference

Occludin-specific siRNA and control siRNA were designed and
synthesized by Invitrogen (Thermo Fisher, USA). All primers are listed
in Table 1. Cells were transfected with 100 nM occludin-specific or
control siRNA duplexes by use of jetPRIME transfection reagent

Table 1
Primers used in this study.

Primers Sequence (5′ − 3′) Purpose

GAPDH F: TGGGCGTGAACCATGAGAA
R: CCTCCACGATGCCGAAGT

qRT-PCR for detection of GAPDH

PEDV-N F: GTCTGA-CAACAGCGGCAAAA
R: TTTCGCCCTTGGGAATTCTC

qRT-PCR for detection of PEDV-N

PEDV-S F: TGTTTATTCTGTCACGCCATGTT
R: CCAGGCAACTCCCTAGTATTGCT

qRT-PCR for detection of PEDV-S

IFN-α F: ACTTCCACAGACTCACCCTCTATC
R: ATGACTTCTGCCCTGATGATCT

qRT-PCR for detection of IFN-α

IFN-β F: TGCATCCTCCAAATCGCTCT
R: ATTGAGGAGTCCCAGGCAAC

qRT-PCR for detection of IFN-β

IFN-γ F: TTTTGTCACTCTCCTCTTTCCA
R: GACTTTGTGTTTTTCTGGCTCTTAC

qRT-PCR for detection of IFN-γ

IFN-λ F: GGTGCTGGCGACTGTGATG
R: GATTGGAACTGGCCCATGTG

qRT-PCR for detection of IFN-λ

shLC3B GCTTGCAGCTCAATGCTAACCCTCGAGGGTTAGCATTGAGCTGCAAGC Knockdown of LC3B
scrambled GCGCGCTTTGTAGGATTCTCGCTCGAGCGAATCCTACAAAGCGCGC Knockdown of scrambled
OccludinsiRNA UAAGCUCUUGUACUCCUGCtt Knockdown of Occludin
ControlsiRNA UUCUCCGAACGUGUCACGUtt Knockdown of scrambled
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Fig. 1. Low doses exposure of DON could aggravate intestinal injury and facilitate PEDV infection in weaned piglets. Piglets infected naturally with PEDV were fed
with a basal diet containing 0, 750 or 1500 μg/kg DON. a Diarrhea rate of piglets. b Diarrhea index of piglets. c Small intestine weight of piglets. d Villus length of
jejunums. e Villus/crypt ratio of jejunums. f Histopathological examination of jejunums (magnification, × 200). g TEM observation of jejunums. The virus particles
(black arrowheads) were observed. The scale bar indicates 1.0 μm. h Immunohistochemistry examination. The PEDV nucleocapsid (N) (brown signals) expression in
jejunums of piglets was measured (magnification, × 200). i Effects of DON on the mRNA levels of PEDV-N gene in duodenum, jejunum, ileum and mesenterium of
piglets. j, k Effects of DON on the protein levels of PEDV-N in duodenum, jejunum, ileum and mesenterium of piglets. The data are expressed as mean ± SD (n ≥ 3).
*P < 0.05, **P < 0.01.
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according to the manufacturer’s guidelines. Twenty-four hours after
transfection, cells were washed with DMEM/F12 and cultured in
DMEM/F12 with 4% FBS until further treatments.

2.13. Quantification of virus titer

Viral titers were determined by 50% endpoint dilution (50% tissue
culture infective dose [TCID50]) assays on IPEC-J2 cells as previously
described (Liu et al. 2018a). Briefly, IPEC-J2 cells cultured in 96-well
plates were inoculated with 10-fold dilutions of the harvested culture
supernatants for indicated time. Microscope was used to detect the viral
antigen according to the cell damage. Viral titers were expressed as
TCID50/mL by using the Reed-Muench method.

2.14. Statistical analysis

Statistical analyses were performed using Graph Pad Prism 7.0 by
one-way analysis of variance (ANOVA), and the data were expressed as
the means ± SD. P < 0.05 was regarded as significant.

3. Results

3.1. Low doses exposure of DON could aggravate intestinal injury and
facilitate PEDV infection in weaned piglets

To evaluate the effects of DON exposure on PEDV-infected piglets,
we performed animal experiments. Twenty-seven piglets infected
naturally with PEDV were randomly divided into three groups: PEDV
group received a basal diet, PEDV + 750 μg/kg DON group received
the basal diet containing 750 μg/kg feed DON; PEDV + 1500 μg/kg
DON group received the basal diet containing 1500 μg/kg feed DON.
After 14 days, we observed that the diarrhea rates (Fig. 1a) and diar-
rhea index (Fig. 1b) of piglets in experiment groups were increased
compared with that in PEDV group (P < 0.01). The ADG (average
daily gain, Table 2), ADFI (average daily feed intake, Table 2) and small
intestine weight (Fig. 1c) of piglets in experiment groups were also
lower than that in PEDV group (P < 0.05). The pathological results
showed that DON exposure aggravated the villous atrophy (Fig. 1d, e)
and barrier injury of PEDV-infected piglet jejunums (Fig. 1f). It's worth
noting that these damages were not caused by DON alone, as 1500 μg/
kg DON exposure alone did not significantly damage the intestinal tract
(Pasternak et al. 2018), indicating that 750 and 1500 μg/kg DON were
low doses exposure.

Next, we evaluated whether low doses exposure of DON could affect
PEDV proliferation in piglets using transmission electron microscopy
(TEM), immunohistochemistry, qRT-PCR and immunoblotting.
Compared with PEDV group, the virus particles (black arrowheads)
observed under TEM were increased in jejunum of piglets in DON
groups (Fig. 1g). The immunohistochemistry results showed that the
PEDV antigens represented by brown signals in enterocytes of piglets
fed with the DON contamination diet were enhanced (Fig. 1h). In ad-
dition, we found that both the PEDV-N mRNA levels (Fig. 1i) and the
PEDV-N protein levels (Fig. 1j, k) in jejunum of piglets in DON groups
were increased significantly compared with that in PEDV group. These

data suggested that low doses exposure of DON could aggravate in-
testinal injury and virus infection of PEDV-infected piglets.

3.2. Low concentrations exposure of DON could facilitate PEDV replication
and entry in IPEC-J2 cells.

To eliminate the cytotoxic effects of DON, the viability of IPEC-J2
cells treated with different concentrations of DON was analyzed by
enzymatic reduction of MTT. As shown in Fig. S1a, the viability of IPEC-
J2 cells was decreased at concentrations of 1.5 to 4.0 μM (P < 0.05).
The release of LDH in the supernatant was quantified by detection of
LDH enzymatic activity to evaluate the effect of increasing concentra-
tions of DON on the permeabilization of IPEC-J2 cell membrane. Sig-
nificant increases were observed in the release of LDH after treatment
with 1.5 to 4.0 μM DON (Fig. S1b). Therefore, 0.01, 0.1, 0.5 and 1.0 μM
DON were regarded as low concentrations and used in subsequent ex-
periments.

To explore whether DON can also affect PEDV infection in vitro, the
effects of DON on PEDV replication were firstly assayed. IPEC-J2 cell
monolayers were infected with PEDV for 2 h, and cultured with DON at
concentrations between 0.01 and 1 μM for an additional 24 h. The data
showed that, compared with the PEDV group, the protein level of
PEDV-N (Fig. 2a), the viral titer (Fig. 2b) and the mRNA levels of PEDV-
N and -S genes (Fig. 2c, d) were significantly increased in PEDV-in-
fected cells treated with 0.1, 0.5 or 1 μM DON, which were matching
with the serum and tissue DON concentrations that promoted PEDV
infection (Devreese et al. 2014; Goyarts and Danicke 2006).

In addition to replication, the process by which a virus infects a host
involves adhesion, invasion, and release. We then surveyed the re-
lationship between DON exposure and virus attachment, entry and re-
lease in IPEC-J2 cells as described in Materials and Methods. As de-
termined by immunoblotting, PEDV entry were increased in IPEC-J2
cells exposed to 0.1–1.0 μM DON, but there was little change in PEDV
attachment and release (Fig. 2e, f). The results of virus titers were
consistent with immunoblotting (Fig. 2g-i). At the same time, more
virus particles (black arrowheads, Fig. 2j) invading the jejunum of
piglets could be observed under TEM in experiment groups compared
with the PEDV group. Taken together, these results suggest that low
concentrations exposure of DON contributed to PEDV replication and
entry in vitro and vivo

3.3. Alteration of occludin protein distribution induced by DON contributed
to PEDV entry.

To explore the mechanism that low concentrations exposure of DON
facilitated PEDV entry, we analyzed the levels of the tight junction
proteins (ZO-1, occludin and claudin-1) in PEDV-infected IPEC-J2 cells
exposed to DON. As determined by immunoblotting, the protein levels
of ZO-1 had changed little and that of claudin-1 were significantly
decreased by 0.5 and 1.0 μM DON, however, the protein levels of oc-
cludin were significantly increased by 0.1, 0.5 and 1.0 μM DON in
PEDV-infected IPEC-J2 cells (Fig. 3a, b). The cellular expression and
distribution of occludin and claudin-1 were measured to further explore
the relationship between tight junction proteins and DON-promoted
PEDV infection in IPEC-J2 cells. Immunofluorescence analysis (IFA)
results showed that tight junction formation in mock cells; PEDV in-
fection induced the slight internalization of occludin, not claudin-1,
indicating that occludin staining in the junctional area was decreased,
and that in cytoplasm was increased; meaning that DON aggravated the
internalization of occludin (Fig. 3c).

Subsequently, small interfering RNA (siRNA) duplexes targeting the
occludin gene was used to further determine whether occludin inter-
nalization is required for PEDV infection promoted by DON in IPEC-J2
cells. As expected, immunoblotting showed that occludin siRNA-trans-
fected cells exposed to DON at 0.5 μM were exhibited very low levels of
PEDV entry compared with DON + PEDV group (Fig. 3d, e). IFA results

Table 2
Growth performance of piglets.

Groups n Initial body weight Final body weight ADG ADFI F/G

kg kg g/day g/day
I 6 5.48 8.62a 223.83a 219.83a 0.99b

II 6 5.52 7.52b 142.83b 202.50b 1.47ab

III 6 5.45 7.20b 125.0b 188.5b 1.60a

SEM 0.15 0.16 15.10 5.04 0.19

The data with different little letters show significant difference in the same
column (P < 0.05).
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validated that occludin knockdown induced a reduction of PEDV-N
protein expression (Fig. 3f). The result of virus titers was consistent
with immunoblotting (Fig. 3g). These data indicated that DON could
facilitate PEDV entry via altering the cell junctional localization of the
occludin.

3.4. CRISPR‐Cas9‐mediated knockout of the LC3B in IPEC-J2 cells
abolished the contribution of DON to occludin-mediated PEDV entry.

LC3B (light chain 3 β), a marker of autophagic activity, is present
during the entirety of this autophagic process and is regulated by lots of
signaling (Liu et al. 2018c; Ramkumar et al. 2017). To explore how

Fig. 2. Low concentrations exposure of DON could promote the replication and entry of PEDV. For virus replication: a Cell lysates were subjected to immunoblotting
with antibodies to PEDV-N protein or β-actin (loading control). b Cells were assayed for PEDV viral titers. qRT-PCR were performed to analyze the mRNA levels of
PEDV-N (c) and -S (d) genes. For virus attachment, entry and release: e, f Cell lysates were subjected to immunoblotting with antibodies to PEDV-N protein or β-actin
(loading control). Viral titers assays for PEDV attachment (g), entry (h) and release (i). j TEM observation of jejunums for PEDV entry. The data are expressed as
mean ± SD (n = 3). *P < 0.05, **P < 0.01.
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DON altered the localization of occludin, we constructed the LC3B-/-

IPEC-J2 cells by CRISPR‐Cas9 system to verify whether the LC3B con-
tributes to the occludin localization (Fig. 4a). The expression of au-
tophagy-related proteins, occludin and PEDV-N were then measured.
The results showed that the expression of LC3-II and the degradation of
SQSTM1 were significantly increased in LC3B+/+ IPEC-J2 cells treated

with DON, which were consistent with the changes of occludin ex-
pression. However, the increase in occludin expression and virus pro-
liferation by DON was abolished in LC3B-/- IPEC-J2 cells (Fig. 4b, c).
Next, we performed pEGFP transfection assays and observed that the
colocalization of LC3B, occludin and virus induced by DON were ar-
rested in LC3B-/- IPEC-J2 cells (Fig. 4d). The results of

Fig. 3. Occludin internalization was required for DON-promoted PEDV entry in IPEC-J2 cells. a, Cell lysates were subjected to immunoblotting (a, b, d. e) with
antibodies to ZO-1, occludin, claudin-1, PEDV-N protein or β-actin (loading control). Cells were subjected to IFA (c, f) with antibodies to occludin (green), claudin-1
(green) and PEDV-N protein (red). Cell nuclei were stained with DAPI (blue). The scale bar indicates 20 μm. g Cells were assayed for PEDV viral titers. The data are
expressed as mean ± SD (n = 3). *P < 0.05, **P < 0.01. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 4. LC3B was required for occludin internalization-induced PEDV entry in IPEC-J2 cells exposed to DON. a Generation of LC3B‐knockout IPEC-J2 cells. b, c
LC3B+/+ or LC3B-/- cell lysates were subjected to immunoblotting with antibodies to occludin, PEDV-N, LC3B, SQSTM1 or β-actin (loading control). d LC3B+/+ or
LC3B-/- cells were subjected to LSCM with antibody to occludin (red, yellow arrowhead indicates occludin internalization) and plasmid to LC3B (green, white
arrowheads). Cell nuclei were stained with DAPI (blue). The scale bar indicates 20 μm. e, f LC3B+/+ cell lysates were subjected to co-immunoprecipitation with
antibodies to occludin, PEDV-N or LC3B. The data are expressed as mean ± SD (n = 3). *P < 0.05, **P < 0.01. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Low concentrations exposure of DON could promote autophagosomes formation in PEDV-infected IPEC-J2 cells and piglets. Cell (a, b, c) or tissue (e, f) lysates
were subjected to immunoblotting with antibodies to autophagy-related proteins (LC3B and SQSTM1) or β-actin (loading control). d Cells were subjected to LSCM
with plasmid to autophagosomes (green spots) and autophagolysosomes (red spots, white arrowheads). Cell nuclei were stained with DAPI (blue). The scale bar
indicates 20 μm. The data are expressed as mean ± SD (n = 3). *P < 0.05, **P < 0.01. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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coimmunoprecipitation further confirmed that occludin could directly
bind to LC3B and PEDV (Fig. 4e, f). Of note, the occludin bands in the
PEDV group could also be observed in the IP test as occludin is involved
in the PEDV invasion (Luo et al. 2017). These data suggested that DON
could induce occludin internalization upon a canonical autophagy.

3.5. Low doses exposure of DON could trigger autophagy in the PEDV-
infected IPEC-J2 cells and intestinal tissues of weaned piglets.

To determine the mechanism that DON promoted PEDV replication,
the levels of autophagy-related protein LC3B was examined and the
results showed that DON treatment led to a significant upregulation of
LC3-II expression (Fig. 5a, b). The expression of SQSTM1 was examined
to further determine whether a complete autophagic flux occurred after
DON exposure. We found that the protein level of SQSTM1 in PEDV-
infected IPEC-J2 cells decreased after DON treatment (Fig. 5a, b,
P < 0.05). The maximal effects of DON on the expression of autop-
hagic markers were observed at an DON concentration of 0.5 μM, which
is consistent with that in the virus replication result (Fig. 2). Moreover,
the monomeric red fluorescent protein (mRFP)-Green fluorescent pro-
tein (GFP-LC3) tandem reporter construct was used to further measure
DON-induced autophagic flux. In the acidic pH of the lysosome, lyso-
somal hydrolysis can attenuate the green fluorescence of this tandem
autophagosome reporter, whereas it has no effect on red fluorescence.
Therefore, autophagosomes have both GFP and mRFP signals, whereas
autolysosomes have only mRFP signals (Xing et al. 2017). As shown in
Fig. 5d, treatment with CQ, which inhibits the fusion of

autophagosomes and lysosomes, resulted in yellow color-labeled au-
tophagosomes, and RFP-LC3-labeled puncta structures were detected in
PEDV-infected IPEC-J2 cells expressing the mRFP-GFP-LC3 reporter
after incubation with 0.5 μM DON. The similar results could be ob-
served in the immunoblotting experiment (Fig. 5a, c). These observa-
tions indicated that DON induced a complete autophagic flux in PEDV-
infected IPEC-J2 cells.

Similarly, the intestinal autophagy levels of piglets were measured
by testing the autophagosome-like vesicles formation using TEM and
the LC3-II/LC3-I ratio using immunoblotting. As shown in Fig. 1g, a
larger number of double- or single-membrane vesicles (black asterisk)
was observed in jejunum of piglets with the basal diet containing 750
and 1500 μg/kg DON compared with the PEDV group. The LC3-II/LC3-I
ratios were also significantly increased in the duodenum, jejunum,
ileum and mesenterium of piglets in experimental groups compared
with that of piglets in PEDV group (Fig. 5e, f). These data indicated that
DON could enhance autophagy in the PEDV-infected IPEC-J2 cells and
piglets, which might be responsible for DON-promoted PEDV infection
as autophagy can facilitate to PEDV proliferation (Guo et al. 2017).

3.6. CRISPR‐Cas9‐mediated knockout of LC3B in IPEC-J2 cells suppressed
the promotion of DON to PEDV replication.

To confirm the role of autophagy in DON-promoted PEDV replica-
tion, we compared the viral yield in LC3B+/+ and LC3B-/- IPEC-J2 cells
exposed to DON. A significant decrease was observed in the protein
expression of LC3B in LC3B-/- IPEC-J2 cells compared with that in

Fig. 6. Inhibition of autophagy could decrease DON-promoted viral yield in IPEC-J2 cells. a, b LC3B+/+ or LC3B-/- cell lysates were subjected to immunoblotting
with antibodies to LC3B, SQSTM1, PEDV-N or β-actin (loading control). c LC3B+/+ or LC3B-/- cells were assayed for PEDV viral titers. RT-qPCR were performed to
analyze the mRNA levels of PEDV-N (d) and -S (e) genes. The data are expressed as mean ± SD (n = 3). *P < 0.05, **P < 0.01.
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LC3B+/+ cells (Fig. 6a, b). Moreover, PEDV viral yield exhibited the
same decrease, as demonstrated by the down-regulation of PEDV-N
protein level (Fig. 6a, b), PEDV viral titers (Fig. 6c), and PEDV-N / -S
mRNA levels (Fig. 6d, e), indicating that the decreased viral yield was
due to the inhibition of autophagy. Collectively, these results suggested
that the LC3B-medicated autophagy machinery was required for DON-
promoted PEDV replication in IPEC-J2 cells.

3.7. Activation of p38/MTORC1 signaling pathway was required for the
upregulation of LC3B by DON in PEDV-infected IPEC-J2 cells.

To explore how DON induced autophagy, JAKs, PI3K and MAPKs
signaling related-proteins were detected. The immunoblotting results
revealed that there was no significance in JAK1, PI3K, p-JNK/JNK and
p-ERK/ERK proteins expression after DON treatment. But, a significant
increase in p-p38 was observed (Fig. 7a). In addition, p-MTORC1 was
significantly downregulated by DON. So, we supposed the activation of
p-p38 might induce autophagy. To determine our hypothesis, the in-
hibitor of p-p38, SB202190, was supplied. The data showed that
SB202190 inhibited the LC3II expression and SQSTM1 degradation
increased by DON, upregulated the p-MTORC1 expression (Fig. 7b, c)
and blocked the formation of autophagosomes (Fig. 7d). Therefore,
DON induced autophagy via upregulating the p38/MTORC1 signaling
pathway in PEDV-infected IPEC-J2 cells.

3.8. Low concentrations of DON facilitate PEDV to escape innate immune
by activating autophagy in IPEC-J2 cells.

To explore how autophagy affected virus replication, the effects of
DON on interferon (IFN-α, IFN-β, IFN-γ, and IFN-λ) expression in
PEDV-infected IPEC-J2 cells were measured as autophagy is an im-
portant component of both innate and acquired immunity to pathogens
(Sumpter and Levine 2010). Following poly (I:C) transfection, 0.1, 0.5

and 1 μM DON treatment specifically inhibited the expression of IFN-α
and IFN-β compared with PEDV-infected cells (Fig. 8a, b). However,
there was no significance in the mRNA level of IFN-γ and IFN-λ (Fig. 8c,
d) after DON treatment. The shLC3B was used to confirm whether au-
tophagy played a role in downregulation of type I interfere. The results
showed that DON-downregulated type I interferon could be blocked by
shLC3B (Fig. 8e, f, P < 0.05), indicating that autophagy played a key
role in the suppression of antiviral innate immune by DON.

3.9. Autophagy-mediated STING pathway was required for PEDV escape
innate immune in IPEC-J2 cells treated with DON.

To explore how autophagy participated in the regulation of innate
immune, STING signaling was detected in PEDV-infected IPEC-J2 cells
treated with DON. The immunoblotting results revealed that DON
treatment inhibited the phosphorylation of STING (Fig. 9a, b,
P < 0.01), which was consistent with the changes in expression of IFN-
α and IFN-β. AUD-S100 was used to confirm whether STING activation
significantly regulate the viral titer in the infected cells. The results
showed that the virus titer increased by DON significantly decreased
when pSTING was inhibited by AUD-S100 (Fig. 9c, d and e), suggesting
that STING phosphorylation participated in the regulation of innate
immune by autophagy.(See Fig. 10)

Given that the changes in p-STING were consistent with autophagy
levels and IFN-I expressions, the scrambled and shLC3B plasmids were
constructed and used to determine whether autophagy downregulated
the expression of type I interfere via inhibiting STING signaling
pathway. The data showed that shLC3B significantly blocked the in-
hibitory effects of DON on STING phosphorylation (Fig. 9f, g). In ad-
dition, the inhibition of type I interfere expression were also sig-
nificantly blocked (Fig. 9h, i). In order to further verify whether the
change of p-STING was affected by p38-madiated autophagy rather
than directly by p38, SB202190 was used to detect the effects of p38

Fig. 7. Activation of p38/MTORC1 signaling pathway was required for the activation of LC3B-mediated autophagy by DON in PEDV-infected IPEC-J2 cells. a Cell
lysates were subjected to immunoblotting with antibodies to JAK1, PI3K, MAPKs, p-MTORC1/MTORC1 or β-actin (loading control). b, c Cell lysates were subjected
to immunoblotting with antibodies to LC3B, SQSTM1, p-MTORC1/MTORC1 or β-actin (loading control) at the present of p-p38 inhibitor, SB202190. d Cells were
subjected to LSCM with plasmid to autophagosomes (red spots, white arrowheads). The scale bar indicates 20 μm. The data are expressed as mean ± SD (n = 3).
*P < 0.05, **P < 0.01. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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inhibition on p-STING levels. The results showed that p38 inhibitor,
SB202190, indeed could inhibit the phosphorylation of STING, but the
effects disappeared in the presence of autophagy activator, rapamycin
(Rapa) (Fig. 9j, k). These data suggested that STING signaling was

required to control the replication promotion of PEDV by DON and its
antiviral activities were mediated by autophagy.

Fig. 8. Low concentrations exposure of DON could inhibit the host innate immunity by activating autophagy in PEDV-infected IPEC-J2 cells. RT-qPCR were per-
formed to analyze the mRNA levels of IFN-α (a), IFN-β (b), IFN-γ (c) and IFN-λ (d) in cells transfected with poly (I: C). RT-qPCR were performed to analyze the mRNA
levels of IFN-α (e) and IFN-β (f) in cells transfected with poly (I: C) at the absence or presence of scrambled or shLC3B. The data are expressed as mean ± SD (n = 3).
*P < 0.05, **P < 0.01.
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Fig. 9. Activation of autophagy by DON suppressed the antiviral innate immune response via inhibiting STING signaling phosphorylation in PEDV-infected IPEC-J2
cells. a-d Cell treated with or without AUD-S100 lysates were subjected to immunoblotting with antibodies to p-STING and STING. e Cells treated with or without
AUD-S100 were assayed for PEDV viral titers. f, g Cell lysates were subjected to immunoblotting with antibodies to LC3B, p-STING/STING or β-actin (loading control)
at the absence or presence of scrambled or shLC3B. h, i RT-qPCR were performed to analyze the mRNA levels of IFN-α and IFN-β at the absence or presence of
scrambled or shLC3B. j, k Cell lysates were subjected to immunoblotting with antibodies to p-STING, STING or β-actin (loading control) at the absence or presence of
Rapa or SB202190.The data are expressed as mean ± SD (n = 3). *P < 0.05, **P < 0.01.
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4. Discussion

Coronaviruses cause a variety of diseases in animals ranging from
enteritis in cows and pigs and upper respiratory disease in birds to
potentially lethal human respiratory infections (Fehr and Perlman
2015). Current coronavirus pathogenesis research target primarily virus
life cycle and variation, little attention focus on non-infectious factors,
such as environmental toxins. DON contamination in the environment
is a serious problem all over the world (Escriva et al. 2015; Liao et al.
2018; Yu et al. 2017). Pigs are considered to be one of the most sen-
sitive species and frequently exposed to DON owing to grains account
for a large proportion in their feedstuffs. PED outbreak caused by PEDV
has been distributed all over the world (Lee 2015). Thus, the co-ex-
istence of DON and PEDV occurs frequently in global pig farms. This
study provided evidence for the first time that DON contamination in
feed could promote PEDV infection in piglets and IPEC-J2 cells, doc-
umenting that autophagy activated by DON modulates the promotion.
These results indicated that the future of human and animal CoV out-
breaks will not only depend on how the viruses evolve, but will also
depend on how we find and reduce the impact of non-infectious factors,
and develop efficient prevention and treatment strategies based on their
underlying mechanisms.

Intestinal mucosal, the first barrier to food contaminants, chemicals,
and pathogens, plays an important role in regulating the immune re-
sponse to stressors (Kagnoff 2014; Perez-Lopez et al. 2016). Since the
ability of DON to efficiently cross biological barriers, fast dividing cells
such as intestinal epithelial cells will be more susceptible to the detri-
mental effects of DON (Danicke et al. 2010; Maresca 2013). PEDV
mainly infects pig small intestinal epithelial cells through the digestive
tract, we therefore hypothesized that some substances in feed, such as
DON contamination, that lead to pig intestinal epithelial cell stress
might encourage the progress and spread of PED. Therefore, the in-
testinal porcine epithelial cell line IPEC-J2 was used as an in vitro model

of swine small intestine epithelium. Experiments in vivo were performed
on twenty-seven weaned piglets received the basal diet containing
DON. In the present study, we found that low concentrations of DON
could facilitate the entry and replication of PEDV in vivo and in vitro,
suggesting that mycotoxin contamination might contribute to the in-
fection and epidemic of coronavirus.

What drives DON to promote virus entry? PEDV crosses the porcine
intestinal mucosa to cause intestinal infection, and then results in an
acute viral enteric disease, which means that PEDV must gain access to
the tight junctions. As noted earlier, the alteration of tight junction
proteins distribution might participate in virus entry, for example, oc-
cludin internalization contributes to PEDV entry (Luo et al. 2017). In
the experiments reported here, we demonstrated that DON could ag-
gravate occludin internalization in PEDV-infected cells. When the oc-
cludin gene was silenced by siRNA, the promotion of DON to PEDV
entry in IPEC-J2 cells was disappeared simultaneously, indicating that
occludin internalization contributes to the DON-induced PEDV entry.
Autophagy is a selective degradation process of various subcellular
structures and related to cell membrane integrity and membrane pro-
teins distribution (Mansilla Pareja et al. 2017). CRISPR‐Cas9‐mediated
knockout of the LC3B blocked the internalization of occludin, in-
dicating the vital role of autophagy in alteration of occludin protein
distribution.

In addition, autophagy can serve dual roles in virus infection with
either pro- or anti- viral functions depending on the virus and the stage
of the viral replication cycle (Paul and Münz 2016). It is not only re-
quired for an antiviral response against some virus infection (Moy et al.
2014), but also take an active part in the viral life cycle by, eg, facil-
itating its entry into and release from cells (Montespan et al. 2017). We
found that DON increased significantly autophagy levels in PEDV-in-
fected piglets and IPEC-J2 cells, which are consistent with the changes
in viral infection levels. CRISPR‐Cas9‐mediated knockout of the LC3B
blocked the promotion of DON to PEDV viral yield, indicated that

Fig. 10. Schematic depicting role of LC3B during PEDV infection. DON exposure activates p38 signaling and triggers a complete autophagy in PEDV-infected IPEC-J2
cells. Approximately 2 hrs post-infection, LC3B induces occludin internalization to promote PEDV entry through its role as a positive regulator of autophagy. Later in
infection (24 hpi.), the up-regulation of LC3B by DON contributes PEDV to escape innate immune via inhibiting the STING signaling phosphorylation, leading to
production of large amounts of virus.
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autophagy, including DON-induced autophagy, was hijacked by viruses
and manipulated to their own advantage (Guo et al. 2017). JAK1
(Fleming 2016), PI3K and MAPKs (Schmeisser et al. 2014; Schmeisser
et al. 2013; Xu et al. 2015) signallings can regulate the induction of
intracellular autophagy. MAPK p38 has a dual role in the regulation of
autophagy, both as a positive and negative regulator (Sui et al. 2014).
Like E Platinum BGC-823 cells (Hu et al. 2012), DON induced autop-
hagy via suppression of mTORC1 by decreasing phosphorylation of
MAPK p38 in PEDV-infected cells.

But, how did DON-activated autophagy promote PEDV replication?
The primary role of autophagy in innate immune is regulating the ex-
pression of IFN-I (Martin et al. 2018; Tian et al. 2019). Upregulation of
IFN-I can inhibit viral proliferation, whereas downregulation of it
contributes to virus infection (Song et al. 2018). Stimulator of inter-
feron genes (STING) is a critical component of the cellular innate im-
mune response to pathogenic cytoplasmic DNA (Garcia-Belmonte et al.
2019). It can be activated by the enzyme cGAMP synthase (cGAS) and
then activates interferon regulatory factors (IRFs) and NF-κB, which
leads to the induction of type I interferon and other immune response
genes. Inhibition of STING phosphorylation by DON decreased the IFN-I
expression and facilitated PEDV to escape innate immune as the de-
crease of IFN-I can cause continuous infection (Deng et al. 2019).
Consistent with the results of others (Prabakaran et al. 2018), at-
tenuation of the STING signaling occurred through autophagy.

In conclusion, the present study showed that DON exposure could
aggravate PED in weaned piglets and promote PEDV entry and re-
plication, suggesting that mycotoxin contamination could influence the
prevalence of coronavirus. Our findings provide the novel perspective
to advance the understanding in the pathogenesis of PEDV and new
ideas for the prevention and control of coronavirus. And the underlying
molecular mechanism may reveal new pathways for developing po-
tential novel antiviral strategies against PEDV infection.
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