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A B S T R A C T

Transmissible gastroenteritis virus (TGEV) is a porcine enteric coronavirus which causes lethal severe watery
diarrhea in piglets. The pathogenesis of TGEV is strongly associated with inflammation. In this study, we found
that TGEV infection activates transcription factors NF-κB, IRF3 and AP-1 in a time- and dose-dependent
manner in porcine kidney cells. Treatment with the NF-κB-specific inhibitor BAY11-7082 significantly
decreased TGEV-induced proinflammatory cytokine production, but did not affect virus replication.
Phosphorylation of NF-κB subunit p65 and proinflammatory cytokine production were greatly decreased after
knockdown of retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs) or its adaptors MAVS and STING,
while only slight reduction was observed in cells following silencing of Toll-like receptor adaptors, MyD88 and
TRIF. Furthermore, TGEV infection significantly upregulated mRNA expression of RIG-I and MDA5. Taken
together, our results indicate that the RLR signaling pathway is involved in TGEV-induced inflammatory
responses.

1. Introduction

Transmissible gastroenteritis virus (TGEV) infection causes severe
enteritis accompanied by highly contagious in pigs (Garwes, 1988;
Penzes et al., 2001). TGEV is an enveloped, positive-sense, single-
stranded RNA virus with a genome of 28.5 kb, belonging to the
Coronaviridae family in the order Nidovirales (Eleouet et al., 1995).
The genome consists of a 5’ untranslated region (UTR), open reading
frame 1a/1b (ORF1a/1b), spike (S), envelope (E), membrane (M),
nucleocapsid (N) and 3’ UTR, arranged in this order, with three
accessory genes 3a, 3b and 7 interspersed within the structural genes
at the 3′ end of the genome (Putics et al., 2006; Yount et al., 2000).
TGEV circulates in pig farms and has been known to mutate, resulting
in the S gene deletion mutant now recognized as porcine respiratory
coronavirus (PRCV) (Kim et al., 2000; Wang et al., 2010; Wang and
Zhang, 2015). It also provides the virus backbone which, in combina-
tion with the S gene of porcine epidemic diarrhea virus (PEDV), has
generated the recently described chimeric viruses termed swine enteric
coronaviruses (SeCoVs) (Belsham et al., 2016). This frequent evolution

poses a huge threat to the pig industry.
Virus invasion always triggers an inflammatory response, which is a

key mediator of the host response against microbial pathogens
(Shrivastava et al., 2016). To monitor and rapidly respond to diverse
viruses, germline-encoded pattern recognition receptors (PRRs) are
appointed to sense pathogen-associated molecular patterns (PAMPs)
and subsequently induce the production of inflammatory mediators
with a two-step process: priming and activation (Poeck and Ruland,
2012; Rietdijk et al., 2008). The priming step is mediated primarily by
Toll-like receptors (TLRs) or RIG-like receptors (RLRs): TLRs recog-
nize specific viral motifs within the endosomal compartments, then
recruit the Toll/IL-1 receptor (TIR) domain-containing adaptors,
including myeloid differentiation primary response gene (MyD88)
and TIR-domain-containing adaptor-inducing IFN-β (TRIF); RLRs
recognize cytosolic viral RNA, then interact with mitochondrial anti-
viral signaling protein (MAVS, also known as IPS-1/VISA/CARDIF)
leading to the recruitment and activation of mitochondria associated
complexes (Fukata and Arditi, 2013; Lamkanfi and Dixit, 2009;
Takeuchi and Akira, 2010; Tschopp and Schroder, 2010; Yamamoto
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et al., 2003). In addition, the stimulator of interferon gene (STING, also
known as MITA) has also been identified as an adaptor involved in the
RLR pathway (Ishikawa and Barber, 2008). The activation step is
mainly mediated by cytosolic PRRs including nucleotide binding and
oligomerization domain-like receptors (NLRs), absent in melanoma 2
(AIM2), retinoic acid inducible gene I (RIG-I), gamma-interferon-
inducible protein 16 (IFI16), and pyrin that initiate assembly of the
appropriate inflammasome components where receptors recruit apop-
tosis-associated speck-like protein containing CARD (ASC) proteins
and caspase-1 complexes that are required for the secretion and
bioactivity of priming step-produced cytokines (Dutta et al., 2015;
Latz et al., 2013; Man et al., 2016; Vajjhala et al., 2014; Yu and Levine,
2011).

The transcription of proinflammatory cytokines are regulated by
many transcription factors, including nuclear factor kappa B (NF-κB),
activating protein 1 (AP-1), interferon regulatory factor 3 (IRF3) and
so on (Hagiwara et al., 2009; Lei et al., 2015; Wang et al., 2008). NF-κB
is essential in priming inflammasome activation for production of
cytokines like TNF-α, IL-6 and also of pro-IL-1β (Lan et al., 2012; Li
and Verma, 2002). The NF-κB family is comprised of five mammalian
members: RelA (p65), RelB, cRel, p50 (NF-κB1), and p52 (NF-κB2)
(Ghosh et al., 1998). A heterodimer composed of p65 and p50 is the
most frequently activated form of NF-κB, interacting with inhibitory
kappa B (IκB) molecules in resting cells (Malek et al., 1998). The
classical NF-κB activation cascade is initiated by stimulus-induced
phosphorylation, ubiquitination and degradation of IκBα, releasing
NF-κB dimers and promoting their nuclear translocation. As a result,
transcription of various NF-κB target genes involved in the inflamma-
tory response are activated, such as IL-6, IL-8, RANTES and TNF-α
(Hayden and Ghosh, 2008).

Previous studies demonstrated that virulent TGEV causes signifi-
cant inflammation in intestinal tissues, and animal death is mainly
attributed to the extreme imbalance of Na+ and K+ ions caused by the
severity of the clinical symptoms (Cruz et al., 2013; Saif, 1996). Thus,
inflammatory injury to intestinal tissue caused by an overactive
immune response is a hallmark of TGEV pathogenesis. Additionally,
TGEV-infected cells showed enhanced NF-κB activity and high expres-
sion of genes associated with inflammation, including RANTES, CCL2
and CXCL16 (Ma et al., 2014), thus suggesting that the inflammatory
response plays an important role in the pathogenicity of TGEV.
However, the mechanisms utilized by TGEV to induce NF-κB and
inflammatory responses remain largely unknown. In this study, we
confirm that TGEV infection enhances NF-κB activation and induces
expression of molecules associated with inflammation including IL-6,
IL-8, TNF-α and RANTES in porcine kidney (PK)−15 cells. We further
analyzed the underlying mechanisms and found that TGEV-activated
inflammation mainly depends on the RLR pathway and downstream
adaptors MAVS and STING.

2. Results

2.1. TGEV infection activates NF-κB in PK-15 cells

To explore whether TGEV infection activates NF-κB in PK-15 cells,
we first assessed the ability of TGEV to induce NF-κB-dependent
promotor activity (NF-κB-Luc) using a luciferase reporter system. To
this end, PK-15 cells were transfected with a NF-κB-Luc reporter
plasmid and the internal plasmid pRL-TK, followed by infection with
TGEV at different multiplicity of infection (MOI). At 24 h post infection
(hpi), cells were collected for dual luciferase activity analysis. As shown
in Fig. 1A, TGEV infection significantly increased the activity of the NF-
κB-dependent promoter in a dose-dependent manner. We also ana-
lyzed NF-κB-dependent promotor activity at different time points after
TGEV infection (MOI=0.1). Enhanced NF-κB-Luc activity was detected
as early as 12 hpi and continued to increase at 24 hpi and 36 hpi
(Fig. 1B). However, this activation was not observed in cells treated

with UV-inactivated TGEV (equivalent to 0.1 MOI) (Fig. 1A). These
results indicated that TGEV infection could activate NF-κB, and this
ability required viral replication. We also tested whether transcription
factors IRF3 and AP-1 can be activated after TGEV infection. Similar to
NF-κB, TGEV infection activated AP-1 (Fig. 1C) and IRF3 (Fig. 1D) in
PK-15 cells.

Activation of NF-κB is usually characterized by degradation of IκBα,
phosphorylation of NF-κB subunit p65 and subsequent nuclear trans-
location (Salminen et al., 2008). Therefore, the expression level of IκBα
and phospho-p65 were necessarily detected after TGEV infection in
PK-15 cells. At different times postinfection, mock- and TGEV-infected
cells were lysed and assayed by immunoblotting using specific anti-
bodies against IκBα, phospho-p65 and total-p65. TNF-α-treated cells
were used as a positive control, and PK-15 cells treated with 0.1 MOI
UV-inactivated TGEV were used as a negative control. In addition, a
specific monoclonal antibody against TGEV N protein was used to
monitor viral replication status. As shown in Fig. 2A, the expression of
phospho-p65 was increased to 6 fold at 24 hpi in TGEV-infected cells
compared with the mock-infected control, and kept 12 fold increase at
36 hpi. Accordingly, TGEV infection induced degradation of IκBα to
various degrees throughout the time course, with this being most
apparent at 36 hpi. However, UV-inactivated TGEV failed to stimulate
IκBα degradation or p65 phosphorylation, indicating that it is not viral
particle but live TGEV infection activates NF-κB. Recent study reported
the pathogenicity of TGEV is strongly associated with inflammation
(Regla-Nava et al., 2015). We compared the ability of virulent and
attenuated TGEV to activate NF-κB. PK-15 cells were infected with
virulent or attenuated TGEV for 36 h, followed by western blot analysis
with antibodies against IκBα, phospho-p65, total-p65. As shown in
Fig. 2B, the expression levels of phospho-p65 induced by the attenu-
ated TGEV were significantly low than the virulent TGEV did.

To further determine whether TGEV infection promotes phospho-
p65 nuclear translocation, PK-15 cells were transfected with pEGFP-
p65, a DNA construct expressing a fusion protein of porcine p65 and
green fluorescent protein (GFP). At 24 h post-transfection, the cells
were mock-infected or infected with TGEV at 0.1 MOI for 24 h, after
which they were fixed and subsequently immunostained with a
monoclonal antibody against TGEV N protein and Cy3-conjugated
goat anti-mouse IgG. As shown in Fig. 2C, most p65 remained in the
cytoplasm in mock-infected cells, while TGEV-infected cells containing
the pEGFP-p65 fusion protein showed obvious nuclear accumulation of
p65. These data demonstrated that TGEV infection induced phosphor-
ylation and nuclear translocation of p65 and degradation of IκBα.

2.2. Effect of NF-κB on TGEV-induced proinflammatory cytokine
expression

To further investigate whether TGEV infection induces proinflam-
matory cytokine production through the NF-κB signaling pathway, the
mRNA expression of various proinflammatory cytokines (IL-6, IL-8,
TNF-α and RANTES) were detected by quantitative reverse transcrip-
tion-polymerase chain reaction (qRT-PCR). To this end, PK-15 cells
were pretreated with BAY11-7082, a NF-κB-specific inhibitor, at
different doses (1, 2, 5, and 10 μM) or left untreated, but subjected
to an equal volume of DMSO, for 1 h, followed by inoculation with
TGEV (MOI=0.1). All tested doses of BAY11-7082 used in the present
study had no detectable cytotoxicity in PK-15 cells, determined by MTT
assay (data not shown). After incubation for 1 h, the supernatant was
removed and replaced with cell culture media containing different
doses of the inhibitor BAY11-7082.RT-qPCR was performed with total
RNA collected from different cell samples at 24 hpi. As shown in
Fig. 3A, the levels of IL-6, IL-8, TNF-α, and RANTES mRNAs were
significantly upregulated in TGEV-infected cells at 24 hpi, compared
with the mock-infected group. Furthermore, the effects of TGEV-
induced proinflammatory cytokine expression were reduced in a
dose-dependent manner after treatment with the NF-κB inhibitor.
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We also determined the virus titers after treatment with BAY11-7082
and found that the inhibitor did not significantly affect virus titers at
any recorded timepoint (Fig. 3B), indicating that the effect observed
above was due to a decrease in NF-κB activation, rather than the
inhibition of viral replication. Taken together, these data demonstrate
that NF-κB activation induces the expression of proinflammatory
cytokines after TGEV infection.

2.3. TGEV infection activates NF-κB through the RLR-dependent
pathway

The priming step to activate the production of inflammatory
cytokines is mediated primarily by TLRs and/or RLRs signaling
(Shrivastava et al., 2016). To determine which signaling pathway is
triggered by TGEV to activate NF-κB, specific siRNAs targeting MyD88,
TRIF, MAVS, and STING, adaptor molecules in the TLR and RLR
pathways, were synthesized. The knockdown efficiency of each siRNA
was demonstrated by transient transfection and RT-qPCR assays
(Fig. 4A). Cells were transfected with each siRNA followed by TGEV
infection. As shown in Fig. 4B, siRNAs targeting MAVS and STING but
not MyD88 or TRIF significantly reduced the expression of phospho-
p65 in TGEV-infected cells. Densitometric analysis of three indepen-
dent experiments using gene tools (ImageJ1.44p) also showed that the
densitometric ratio of phospho-p65 to p65 was markedly diminished in

cells transfected with siMAVS or siSTING, compared with the control
(siCtrl) following TGEV infection. These results further demonstrate
that MAVS and STING, rather than MyD88 and TRIF, involved in
TGEV-mediated inflammatory responses.

It is well known that MAVS is a major adaptor protein for the viral
RNA sensors RIG-I and MDA5, and STING is also associated with
MAVS downstream in the RLR pathway (Ishikawa et al., 2009; Zhong
et al., 2008). Because knockdown of MAVS or STING impaired TGEV-
induced NF-κB activation, it is possible that TGEV-induced NF-κB
activation depends on the RLR pathway. To further demonstrate this
hypothesis, specific siRNAs targeting RIG-I and MDA5 were designed.
The synthesized siRNAs efficiently knocked down the mRNA expres-
sion of endogenous RIG-I and MDA5 (Fig. 5A). Similar to results
obtained from siRNA targeting MAVS or STING, silencing of RIG-I and
MDA5 also reduced expression of phospho-p65 in TGEV-infected cells
(Fig. 5B).

2.4. TGEV infection upregulates RIG-I and MDA-5 mRNA expression

To determine whether TGEV infection affects the expression of
RIG-I and MDA-5, PK-15 cells were infected with 0.1 MOI of TGEV at
various time points. Total RNA was isolated and the expression of RIG-
I and MDA5 was determined by RT-qPCR. As shown in Fig. 5C, the
expression of RIG-I and MDA5 mRNA was upregulated in TGEV-

Fig. 1. TGEV infection activates NF-κB. (A) PK-15 cells were co-transfected with NF-κB-Luc reporter plasmid (0.2 µg) and pRL-TK plasmid (0.05 µg) for 24 h. Then cells were infected
with TGEV (MOI=0.1, 0.5, or 1) or UV-inactivated TGEV for 24 h, or treated with 40 ng/mL TNF-α for 6 h. Cells were then harvested and analyzed for luciferase activity. (B-D) PK-15
cells were co-transfected with NF-κB-Luc (B) or AP-1-Luc (C) or IRF3-Luc (D) reporter plasmids (0.2 µg), together with pRL-TK plasmids (0.05 µg) for 24 h. Then cells were mock
infected or infected with 0.1 MOI TGEV. Whole cell lysates were then prepared at 12, 24 or 36 hpi and subjected to luciferase activity analysis. Values are representative of the mean of
three independent experiments and error bars represent standard deviations. *P < 0.05, **P < 0.01 and *** P < 0.001.
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infected cells compared with that observed in mock-infected cells. RIG-
I and MDA5 mRNAs were detected as early as 12 hpi and reached a
peak at 24 hpi, before declining slightly at 36 hpi. We did not detect the
expression of RIG-I or MDA-5 at the protein level because no antibody
against porcine RIG-I and MDA-5 is available. These data indicated
RIG-I and MDA5 involved in NF-κB signaling activation after TGEV
infection.

2.5. TGEV infection induces production of proinflammatory cytokines
via RLR-mediated signaling

To further determine the effect of RLR-mediated signaling on
TGEV-induced proinflammatory cytokine production, we used
siRNAs targeting specific adaptors or receptors to interfere in the

signaling pathway. PK-15 cells were transfected with specific siRNAs or
negative control siRNA, followed by TGEV infection, and the expres-
sion of various proinflammatory cytokines were analyzed by RT-qPCR.
As shown in Fig. 6, knockdown of RIG-I, MDA5, MAVS or STING
significantly decreased TGEV-induced proinflammatory cytokine
mRNA expression, including IL-6, IL-8, TNF-α and RANTES.
Consistent with the results of the NF-κB activation analysis, no
appreciable changes were observed in cells transfected with siRNA
targeting MyD88 or TRIF compared with cells transfected with siCtrl.
These results further support the conclusion that TGEV infection
triggers NF-κB activation via RLR-mediated signaling.

Fig. 2. TGEV infection induces degradation of IκBα, phosphorylation and nuclear translocation of p65. (A) PK-15 cells were mock infected or infected with TGEV (MOI=0.1) for 12, 24
or 36 h. Cells infected with an equal amount of UV-inactivated TGEV for 36 h were used as a negative control, and cells stimulated with 40 ng/mL TNF-α for 6 h were set as a positive
control. Whole cell lysates were collected and subjected to western blot analysis with antibodies against phosphorylated p65 (p-p65), p65, IκBα, TGEV N protein or β-actin. The ratios of
p-p65: total p65 were estimated by densitometry of corresponding bands using gene tools (ImageJ1.44p) and are shown as a bar diagram. (B) PK-15 cells were treated with TNF-α, or
infected with virulent TGEV (MOI=0.1) or attenuated TGEV (MOI=0.1) for 36 h. Cells were harvested for western blot analysis with phosphorylated p65 (p-p65), p65, TGEV N protein
or β-actin antibodies. (C) PK-15 cells were transfected with 1 μg pEGFP-p65 for 24 h, and then mock-infected or infected with TGEV (MOI=0.1). At 24 hpi, the cells were fixed for
immunofluorescence assay to detect TGEV N protein (red). Cellular nuclei were counterstained with DAPI (blue). Fluorescent images were examined under confocal laser scanning
microscopy (LSM 510 Meta, Carl Zeiss).

Fig. 3. Effect of NF-κB on proinflammatory cytokine induction after TGEV infection. PK-15 cells were pretreated or nontreated (exposed to equal amounts of DMSO) with a specific NF-
κB inhibitor BAY11-7082 at different doses (1, 5, and 10 μM) for 1 h, followed by inoculation with TGEV (MOI=0.1) for 1 h. (A) Cells were lysed to extract total RNA, which was used to
detect the expression of IL-6, IL-8, TFN-α, RANTES and GAPDH genes by RT-qPCR. (B) The infected cells were collected and virus titers were determined by TCID50. Values are
presented as the mean ± SD from three independent experiments performed in triplicate.
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3. Discussion

Regulation of NF-κB is an important strategy utilized by viruses for
manipulation of the immune response or immune escape. In the case of
coronaviruses, previous results have suggested that severe acute
respiratory syndrome coronavirus (SARS-CoV) and Middle East re-
spiratory syndrome CoV can escape antiviral innate immunity by
impairing NF-κB activation (DeDiego et al., 2014; Matthews et al.,
2014). On the contrary, both mouse hepatitis virus (MHV) and PEDV
can activate NF-κB signaling mediated by RLRs and TLRs, respectively
(Cao et al., 2015; Li et al., 2010). Similar to PEDV and MHV, TGEV
infection also activates proinflammatory cytokine expression (Cruz
et al., 2013). In the present study, we describe for the first time the
underlying mechanisms of NF-κB activation in response to TGEV
infection, and identified that this activation was mediated by the RLR
pathway.

RIG-I has a highly homologous structure with MDA5, but the virus-
derived PAMPs detected by these two sensors are not identical. RIG-I
primarily senses vesicular stomatitis virus, influenza virus, hepatitis C
virus, and Japanese encephalitis virus (Kato et al., 2008, 2006; Loo
et al., 2008; Nakhaei et al., 2009; Sumpter et al., 2005); MDA5 mainly
detects picornaviruses and the dsRNA analog polyinosine-polycytidylic
aid [poly(I:C)] (Kato et al., 2006; Wies et al., 2013); RIG-I and MDA5
function redundantly in the detection of Dengue virus and West Nile
virus as well as paramyxoviruses (Kato et al., 2006; Loo et al., 2008). In

addition, some viruses can up-regulate the expression of RIG-I and
MDA5. For example, RIG-I expression levels are rapidly increased
upon Sendai virus or influenza virus infection; encephalomyocarditis
virus infection or poly(I:C) treatment also increase the expression of
MDA5 (Wies et al., 2013). We observed in this study that TGEV
infection boosted both RIG-I and MDA5 expression, which indicated
that TGEV can be sensed by both RIG-I and MDA5, thus amplifying
RLR-mediated proinflammatory cytokines to perpetuate the immuno-
pathology progress. RLR inflammasomes regulate RNA virus-induced
proinflammatory cytokine production via two mechanisms: (1) RIG-I
and MDA5 can recruit MAVS, triggering caspase-8 and Fas-associated
death domain protein activated-NF-κB for production of proinflamma-
tory cytokines; (2) RIG-I and MDA5 can also bind ASC and thereby
trigger caspase-1-dependent inflammasome activation via a NLRP3-
independent mechanism (Loo et al., 2008; Poeck and Ruland, 2012).
Further studies are required to define the detailed mechanism(s)
involved in TGEV-induced proinflammatory cytokine production.

TGEV is an RNA virus with a large, 28.5 kb genome, with
replication intermediates including 5’-triphosphate and certain duplex
RNA structures, which are classical ligands sensed by RIG-I and MDA5
(Cui et al., 2008; Faivre et al., 2016; Wu et al., 2013). However, MDA5
seems to have a greater effect than RIG-I on sensing TGEV, since
silencing MDA5 more severely impaired NF-κB activation than did
knockdown of RIG-I. It is known that RIG-I preferentially recognizes
non-self RNA sequences containing 5’ triphosphorylated (5’ppp) ends

Fig. 4. TGEV activates NF-κB through a MAVS- and STING-mediated pathway. (A) SiRNA interference. PK-15 cells were transfected with 50 nM specific siRNA targeting MyD88, TRIF,
MAVS or STING, or a negative control siRNA for 24 h, then cells were collected for analysis of MyD88, TRIF, MAVS and STING mRNA levels by using RT-qPCR assays. (B) PK-15 cells
were transfected with 50 nM specific siRNA targeting MyD88, TRIF, MAVS or STING, or a negative control siRNA for 24 h and then cells were mock- or TGEV-infected (MOI=0.1). At 24
hpi, cells were harvested and subjected to western blot analysis with specific antibodies against phosphorylated p65 (p-p65), p65 and β-actin. Fold changes in the ratio of p-p65:total p65
were estimated by densitometry of corresponding bands using gene tools (ImageJ1.44p). These data are representative of the results of three independent experiments and error bars
represent standard deviations (*P < 0.05 and **P < 0.01).
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or short dsRNA, while MDA5 can bind long dsRNA molecules with
blunt ends (Hornung et al., 2006; Kato et al., 2008). Coronaviruses can
modify their mRNA 5’ structures by encoding several nonstructural
proteins (nsp) with RNA capping activity to evade innate immune

recognition, such as nsp14 (N7-methyltransferase) and nsp10/16
complex (2’-O-methyltransferase). Therefore, MDA5 is regarded as
an important sensor for recognizing coronaviruses.

The inflammatory response is vital for orchestrating the immune

Fig. 5. RIG-I and MDA5 are required to activate NF-κB in TGEV-infected cells. (A) SiRNA interference. PK-15 cells were transfected with 50 nM specific siRNAs targeting RIG-I, MDA5
or negative control siRNA for 24 h, then cells were collected for analysis of mRNA levels using RT-qPCR assays. (B) PK-15 cells were transfected with 50 nM specific siRNAs targeting
RIG-I, MDA5 or negative control siRNA for 24 h and then cells were mock- or TGEV-infected (MOI=0.1). At 24 hpi, cells were harvested and subjected to western blot analysis with
specific antibodies against phosphorylated p65 (p-p65), p65 and β-actin. Fold changes in the ratio of p-p65: total p65 were estimated by densitometry of corresponding bands using gene
tools (ImageJ1.44p) and are shown as a bar diagram. (C) PK-15 cells were mock-infected or infected with TGEV (MOI=0.1), and then total RNA was extracted from lysates of the
different cell samples at 12, 24 and 36 hpi. The mRNA levels of RIG-I and MDA5 were assessed by RT-qPCR and normalized to that of porcine GAPDH. These data are representative of
the results of three independent experiments and error bars represent standard deviations (*P < 0.05 and **P < 0.01).

Fig. 6. TGEV infection induces production of proinflammatory cytokines via RLR-mediated signaling. PK-15 cells were transfected with 50 nM specific siRNAs targeting various
signaling molecules or negative control siRNA for 24 h, and then cells were mock- or TGEV-infected (MOI=0.1). Total RNA was extracted from lysates of the different cell samples at 24
hpi. The mRNA levels of each cytokine gene were assessed by RT-qPCR and normalized to that of porcine GAPDH. These data are representative of the results of three independent
experiments and error bars represent standard deviations. *P < 0.05, **P < 0.01 and *** P < 0.001.
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response against pathogens. It has been reported that NF-κB inhibitors
may be effective as antiviral agents against influenza virus, functioning
mainly by reducing virus titers (Pinto et al., 2011; Wiesener et al.,
2011). Intriguingly, treatment with BAY11-7082 had no impact on
TGEV replication in PK-15 cells, a phenomenon which has also been
described for human coronaviruses infecting the respiratory tract, such
as pandemic SARS-CoV (DeDiego et al., 2014). Theoretically, it would
be expected that a reduced antiviral response should lead to an increase
in viral replication, ultimately resulting in higher virus titers. However,
if TGEV-induced inflammatory cytokines could not reach the minimal
concentration necessary to affect TGEV replication, it is not surprising
that an effect on virus titers was not detectable. TGEV infection also
promotes IFN-β production and interferon-stimulated genes (ISGs)
expression, but this is much lower than the concentration required to
inhibit viral replication (An et al., 2014; Becares et al., 2016; Zhu et al.,
2017). However, NF-κB inhibitors remain potential therapeutic drugs
against TGEV, being associated with reduced expression of proinflam-
matory cytokines and alleviated inflammation-induced pathology.

The inflammation triggered by RNA viruses may be caused by two
RLR agonists: replication intermediates and virus-encoded proteins,
and nucleic acid motifs (Cui et al., 2008; Triantafilou et al., 2012).
However, TGEV-encoded protein behavior in inflammation regulation
is still unclear. Regarding other coronavirus, the SARS-CoV N protein
activates IL-6 expression through NF-κB by facilitating the transloca-
tion of NF-κB from the cytosol to the nucleus or by binding directly to
the NF-κB element on the promoter (Zhang et al., 2007). The SARS-
CoV S protein up-regulates IL-6 and TNF-α expression in murine
macrophages, or IL-8 in human peripheral blood monocyte macro-
phages (Dosch et al., 2009; Wang et al., 2007). The PEDV E protein up-
regulates IL-8 expression, which is associated with NF-κB activation
(Xu et al., 2013). As for TGEV, protein 7 could reduce inflammatory
changes after TGEV infection (Cruz et al., 2013), but no inflammation
agonists have been reported. Further study is required to determine
whether other TGEV-encoded proteins could regulate inflammation,
especially homologs of glycoproteins implicated in other coronaviruses,
which are also viral PAMPs and would be detected by PRRs for
downstream cascade transduction (Chang et al., 2004; Tang et al.,
2012). Defining these issues is important for better understanding of
TGEV-induced inflammatory responses.

In conclusion, our data provide an important insight into the
pathway involved in TGEV-induced immunopathology. TGEV infection
induces proinflammatory cytokine expression, including IL-6, IL-8,
TNF-α and RANTES in PK-15 cells, and the RIG-I/MDA5 pathway
along with the adapter molecules MAVS and STING play major roles in
this process.

4. Materials and methods

4.1. Cells, virus and reagents

PK-15 cells were grown in Dulbecco's modified Eagle's medium
(DMEM) (Invitrogen) supplemented with 10% fetal bovine serum
(FBS) (Invitrogen) at 37 °C, 5% CO2. TGEV strain WH-1 (GenBank
accession no. HQ462571) was isolated in China, and virus titers were
determined by 50% tissue culture infective doses (TCID50). For TGEV
UV inactivation, 15 mL of virus inoculum was placed into a 10-cm-
diameter dish on ice and exposed to UV light of wavelength 254 nm for
30 min. The attenuated TGEV was obtained by continuous passage (97
passages) in PK-15 cells. Polyclonal antibodies against p65, phosphor-
p65 and IκBα were purchased from Cell Signaling Technology and the
β-actin antibody was purchased from Beyotime (China). The
monoclonal antibody against TGEV N protein was made in our
laboratory. Horseradish peroxidase-conjugated goat anti-mouse or
-rabbit IgGs were purchased from Beyotime (China). The specific NF-
κB inhibitor BAY11-7082 was purchased from Sigma and dissolved in
DMSO.

4.2. Transfection and luciferase reporter assay

PK-15 cells seeded on 24-well plates were co-transfected with
0.2 µg reporter plasmid, NF-κB-Luc, AP-1-Luc or IRF3-Luc, and
0.05 µg pRL-TK, followed by infection with TGEV or treatment with
TNF-α (Sigma). Cells were then lysed 12 h later and firefly luciferase
and Renilla luciferase activities were determined with the dual-
luciferase reporter assay system (Promega) according to the manufac-
turer's protocol. Data are presented as the relative firefly luciferase
activities normalized to the Renilla luciferase activities and are
representative of three independently conducted experiments.

4.3. Immunofluorescence assay

PK-15 cells seeded on glass coverslips (NEST) in 24-well plates
were transfected with 1 μg of pEGFP-p65, a DNA construct expressing
a fusion protein of porcine p65 and enhanced green fluorescent protein
(EGFP) until the cells reached approximately 70–80% confluence. At
24 hpi, cells were infected with TGEV (MOI=0.1) for 24 h and then
fixed with cold 4% paraformaldehyde for 10 min and permeated with
0.1% Triton X-100 for 10 min at room temperature. After three washes
with PBS, the cells were sealed with PBS containing 5% bovine serum
albumin for 1 h, and then incubated with mouse monoclonal antibody
against TGEV N protein (made in our laboratory), followed by Cy3-
labeled goat anti-mouse IgG (Sigma). Cells were stained with 0.01% 4’,
6’-diamidino-2-phenylindole (DAPI) (Invitrogen) to detect nuclei.
Fluorescent images were examined by confocal laser scanning micro-
scopy (LSM 510 Meta, Carl Zeiss).

4.4. RNA extraction and RT-qPCR

Total cellular RNA was extracted with TRIzol Reagent (Invitrogen)
from TGEV-infected PK-15 cells and an aliquot (1 μg) was reverse
transcribed to cDNA using AMV reverse transcriptase (Roche, Basel,
Switzerland). The cDNA (1 μl of the 20 μl RT reaction) was then used
as the template in a SYBR Green PCR assay (Applied Biosystems). The
abundance of the individual mRNA transcript in each sample was
assayed three times and normalized to that of the internal control,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA. Primers
used are shown in Table 1.

4.5. SiRNA-mediated interference

The siRNA targeting pig RIG-I, MDA5, MAVS, STING, MyD88,
TRIF or negative control siRNA were synthesized by GenePharma
(Shanghai, China), and the target sequences are listed in Table 2.
Transient transfection of siRNA was performed using lipofectamine
2000 (Invitrogen) according to the manufacturer's instructions. The
dose of siRNA used for transfection was optimized in preliminary
experiments and no appreciable cellular toxicity was observed (data not
shown).

4.6. Western blot analysis

Briefly, PK-15 cells cultured in 60-mm dishes were transfected with
specific siRNA prior to TGEV infection, treated with TNF-α, or infected
with virulent /attenuated TGEV (MOI=0.1). Cells were then harvested
and lysed with buffer (65 mMTris-HCl [pH 6.8], 4% sodium dodecyl
sulfate, 3% DL-dithiothreitol, and 40% glycerol), and protein concen-
trations were measured in whole cellular extracts. Equal amounts of
samples were then subjected to SDS-PAGE and analyzed for expression
of TGEV N protein, IκBα, p65 or p-p65 protein by western blotting
using the indicated antibodies. Expression of β-actin was detected to
demonstrate equal protein sample loading.
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4.7. Statistical analysis

Data are presented as the mean ± SD for at least three independent
experiments. Student's t-test was used to analyze differences between
two experimental groups. A P-value less than 0.05, 0.01 and 0.001 were
considered significant, highly significant and extremely significant,
respectively.
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Quantitative reverse transcription PCR primers.

Gene name Forward primer sequence (5’−3’) Reverse primer sequence (5’−3’)

GAPDH ACATGGCCTCCAAGGAGTAAGA GATCGAGTTGGGGCTGTGACT
IL-6 CTGCTTCTGGTGATGGCTACTG GGCATCACCTTTGGCATCTT
IL-8 AGTTTTCCTGCTTTCTGCAGCT TGGCATCGAAGTTCTGCACT
RANTES ACACCCTGCTGTTTTTCCTACCT AGACGACTGCTGCCATGGA
TNF-α CGTTGTAGCCAATGTCAAAGCC TGCCCAGATTCAGCAAAGTCCA
RIG-I AGAGCAGCGGCGGAATC GGCCATGTAGCTCAGGATGAA
MDA5 TCCGGGAAACAGGCAACTC CAAAGGATGGAGAGGGCAAGT
MyD88 GGCAGCTGGAACAGACCAA GGTGCCAGGCAGGACATC
TRIF ACTCGGCCTTCACCATCCT GGCTGCTCATCAGAGACTGGTT
MAVS TGGGTACAGTCCTTCATCGG GGGTAACTTGGCTCATCCTCT
STING TTACATCGGGTACCTGCGGC CCGAGTACGTTCTTGTGGCG

Table 2
Short interfering RNA target sequences.

Gene name The target sequence (5’−3’)

RIG-I CUCUUGGAGGCUUAUUUCA
MDA5 GAGAAACCAGUGAUUCCCU
MyD88 CGGCUGAAGUUAUGUGUGU
TRIF CCACCUUUCAGAAGAAGAU
MAVS CUGCUGCGGAAUUCAAACA
STING CAUUCGCUUCCUGCACGAG
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