
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



Veterinary Microbiology 274 (2022) 109553

Available online 31 August 2022
0378-1135/© 2022 Published by Elsevier B.V.

Porcine deltacoronavirus E protein induces interleukin-8 production via 
NF-κB and AP-1 activation 

Yang Wu 1, Zhaorong Shi 1, Jianfei Chen 1, Hongling Zhang, Mingwei Li, Ying Zhao, 
Hongyan Shi, Da Shi, Longjun Guo *, Li Feng * 

State Key Laboratory of Veterinary Biotechnology, Harbin Veterinary Research Institute, Chinese Academy of Agricultural Sciences, Harbin, China   

A R T I C L E  I N F O   

Keywords: 
PDCoV 
E 
IL-8 
Inflammation 

A B S T R A C T   

Infection induces the production of proinflammatory cytokines and chemokines such as interleukin-8 (IL-8) and 
interleukin-6 (IL-6). Although they facilitate local antiviral immunity, their excessive release leads to life- 
threatening cytokine release syndrome, exemplified by the severe cases of coronavirus disease 2019 (COVID- 
19) caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection. In the present study, we 
found that interleukin-8 (IL-8) was upregulated by PDCoV infection. We then demonstrated that PDCoV E protein 
induced IL-8 production and that the TM domain and the C-terminal domain of the E protein were important for 
IL-8 production. Subsequently, we showed here that deleting the AP-1 and NF-κB binding motif in porcine IL-8 
promoter abrogated its activation, suggesting that IL-8 expression was dependent on AP-1 and NF-κB. Further-
more, PDCoV E induced IL-8 production, which was also dependent on the NF-κB pathway through activating 
nuclear factor p65 phosphorylation and NF-κB inhibitor alpha (IκBα) protein phosphorylation, as well as 
inducing the nuclear translocation of p65, eventually resulting in the promotion of IL-8 production. PDCoV E also 
activated c-fos and c-jun, both of which are members of the AP-1 family. These findings provide new insights into 
the molecular mechanisms of PDCoV-induced IL-8 production and help us further understand the pathogenesis of 
PDCoV infection.   

1. Introduction 

Since the start of this century, three animal coronaviruses have 
crossed the species barrier and caused severe disease in humans. In 
2003, the severe acute respiratory syndrome coronavirus (SARS-CoV) 
that originated in bats caused the SARS outbreak and plunged the world 
into panic (Drosten et al., 2003; Ksiazek et al., 2003). Then the Middle 
East respiratory syndrome coronavirus (MERS-CoV) emerged in 2012 
and caused two regional outbreaks with intermittent sporadic cases 
(Zaki et al., 2012; Azhar et al., 2014). The ongoing coronavirus disease 
2019 (COVID-19) pandemic is caused by SARS-CoV-2 and has become 
the most devastating outbreak since the H1N1 influenza in 1918 (Jiang 
et al., 2020; Li et al., 2020). Therefore, unraveling the mechanisms of 
coronavirus pathogenesis is a pressing problem with great clinical 
importance. 

Porcine deltacoronavirus (PDCoV) is a recently discovered 

enteropathogenic coronavirus and has caused significant economic im-
pacts on the pork industry (Jung et al., 2016; Xu et al., 2020; Zhou et al., 
2021). PDCoV, similar to other swine enteric coronaviruses, including 
transmissible gastroenteritis virus (TGEV) and porcine epidemic diar-
rhea virus (PEDV), has caused frequent occurrences of diarrhea, vom-
iting, and dehydration in piglets (Wang et al., 2018; Zhu et al., 2018; 
Zhang et al., 2019; Stoian et al., 2020; Yin et al., 2020; Zhou et al., 
2021). Clinically, PDCoV infection commonly occurs in the form of 
co-infection with PEDV or TGEV, which has caused significant economic 
losses within the global swine industry (Lednicky et al., 2021b). More 
recently, Lednicky et al. reported for the first time that PDCoV was 
detected in plasma samples of three Haitian children with acute undif-
ferentiated febrile illness, suggesting that PDCoV may have jumped from 
pigs to humans, highlighting the significant threat to human health 
posed by this emerging CoV and attracting tremendous attention to the 
topic (He et al., 2020; Lednicky et al., 2021a), because CoVs have 
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repeatedly crossed the host barrier between different animals, like swine 
acute diarrhea syndrome coronavirus from bats to swine (He et al., 
2022) and from an animal reservoir to humans for the ongoing 
SARS-CoV-2 pandemic (Zhou et al., 2020). 

The innate immune system is necessary for the initial detection and 
restriction of viral infections, as well as the subsequent activation of the 
adaptive immune response. Coronaviruses are recognized by cytosolic 
and/or endosomal pattern recognition receptors (PRRs), which activate 
adapter proteins and downstream pathways. This eventually leads to the 
activation of critical transcription factors such as nuclear factor kappa 
light chain enhancer of activated B cells (NF-κB), interferon regulatory 
factor 3/7 (IRF-3/7), and activator protein 1 (AP-1) (Le Bon and Tough, 
2002; Taniguchi and Takaoka, 2002; Perry et al., 2005; Lin et al., 2016; 
Li et al., 2017; Fang et al., 2018). These proteins then activate the 
transcription of type I/III interferons (IFN-I/III) and proinflammatory 
cytokines/chemokines such as tumor necrosis factor alpha (TNF-α), 
interleukin-6 (IL-6), and interleukin-8 (IL-8). Acting locally, these 
cytokines/chemokines recruit immune cells and facilitate antiviral re-
sponses; but their excessive and uncontrolled release can lead to 
life-threatening cytokine release syndrome (CRS) that underlies the 
pathogenesis of severe coronavirus diseases (Chua et al., 2020; Salle-
nave and Guillot, 2020; Gustine and Jones, 2021). Indeed, multiple 
proinflammatory cytokines have been implicated in the pathogenesis of 
severe COVID-19 (Cao, 2020). Among them, high levels of IL-6 and IL-8 
were observed in patients with severe or critical COVID-19, correlated 
with lymphocytopenia that was predictive of disease progression (Zhang 
et al., 2020). High levels of IL-6 and IL-8 were also detected in SARS 
patients (Zhang et al., 2004; Huang et al., 2005; Yu et al., 2005) and in 
some cell lines infected with SARS-CoV (Law et al., 2005; Spiegel and 
Weber, 2006). However, it is still unclear whether acute PDCoV infec-
tion induces pro-inflammatory cytokine immune responses. 

In the present study, we demonstrated that PDCoV infection induced 
IL-8 upregulation. We then demonstrated that PDCoV E protein induced 
IL-8 production and the TM domain and the C-terminal domain of the E 
protein were important for IL-8 production. Subsequently, we showed 
here that deleting the AP-1 and NF-κB binding motif in the porcine IL-8 
promoter abrogated its activation, suggesting that IL-8 expression was 
dependent on AP-1 and NF-κB. Furthermore, NF-κB and AP-1 activation 
were crucial in IL-8 expression stimulated by PDCoV E. Our study pro-
vides further information for our better understanding of PDCoV 
pathogenesis. 

2. Materials and methods 

2.1. Cell culture and viruses 

IPEC-J2 cells (porcine small intestine epithelial cell clone J2, 
donated by Yanming Zhang of Northwest A&F University, China) (Liu 
et al., 2010), ST cells (swine testicular cells; ATCC) and HEK293T cells 
(human embryonic kidney epithelial cells; ATCC) were cultured in 
Dulbecco’s minimum essential medium (DMEM) (Life Technologies, 

USA) supplemented with 10 % heat-inactivated fetal bovine serum (FBS) 
(Gibco, USA), 100 U/ml penicillin, 100 μg/ml streptomycin in an 
incubator with 5 % CO2 at 37 ◦C (Thermo Scientific, USA). PDCoV strain 
NH (GenBanK: KU981062.1) was prepared and titrated as previously 
described (Tang et al., 2022). 

2.2. Primers and antibodies 

The primer sequences are listed in Table 1. All plasmid constructs 
were confirmed by sequencing. The listed antibodies were used in this 
study including anti-p65 primary antibody (AnaSpec, USA) and anti- 
phospho-p65, anti- phospho-IκBα, and anti-β-actin primary antibodies 
(Cell Signaling Technology, USA); and anti-phospho-c-Fos, anti-phos-
pho-c-Jun, anti-c-Fos and anti-c-Jun (Abcam, UK). Fluorescein isothio-
cyanate (FITC)-conjugated goat anti-mouse or anti-rabbit IgG and 
horseradish peroxidase (HRP)-conjugated anti-mouse or anti-rabbit IgG 
antibodies were purchased from Beyotime Biotechnology (Beyotime, 
China). 

2.3. Virus infection 

IPEC-J2 or ST cells monolayers were infected with PDCoV for 1 h at 
37 ◦C. Unbound virus was removed, and cells were maintained in 
complete medium for various time points until samples were harvested. 

2.4. Transfection 

Cells were transfected with the indicated plasmids using X-trem-
eGENE transfection reagent according to the manufacturer’s in-
structions (Roche, USA). At the indicated times, cell samples were 
collected and lysed in RIPA buffer (Beyotime, Nantong, China) for the 
western blot analysis of target proteins. 

2.5. Immunofluorescence assay (IFA) 

IFA was performed as described previously with slight modifications 
(Guo et al., 2016). Briefly, HEK293T cells were either vector-transfected 
or transfected with pCAGGS-E for 30 h, followed by staining with spe-
cific monoclonal antibodies for one hour. After the removal of unbound 
antibodies, the cells were stained with a secondary antibody for another 
hour, followed by nuclei staining with DAPI (4,6-dia-
midino-2-phenylindole; Sigma). After washing the cells, the fluores-
cence was visualized with confocal laser scanning microscopy. 

2.6. Western blot 

Western blot analysis was performed as previously described (Luo 
et al., 2017). Treated samples were lysed in RIPA buffer containing 
protease inhibitor cocktail and phosphatase inhibitors (Roche, 
Switzerland) and separated by SDS-PAGE under reducing conditions and 
transferred onto a PVDF membrane (Merck Millipore, USA). After 

Table 1 
Primers used in this study.  

Primer Forward (5′→3′) Reverse (5′→3′) 

qIL-8 CCACACCTTTCCACCCCAAA TTGTTGCTTCTCAGTTCTCTTCA 
qGAPDH CCTTCCGTGTCCCTACTGCCAAC GACGCCTGCTTCACCACCTTCT 
IL-8 F0 GAGAGCAGTAATCTCTCCTGG GAAGGCAACAGCCAGTITGGAAGT 
IL-8 F1 GCTCAATGCTGCTGAAAACA GAAGGCAACAGCCAGTITGGAAGT 
IL-8 F2 CCAATCATTAGAGGAGTCAG GAAGGCAACAGCCAGTITGGAAGT 
IL-8 F3 GATGGTTGCG TAGTGTGGAAT GAAGGCAACAGCCAGTITGGAAGT 
IL-8 F4 GCACATGTTCCCTACTCTTG GAAGGCAACAGCCAGTITGGAAGT 
pCAGGS-S TTAAGGATTCGAATGCAGAGGGCCCTGCTGAT TATACTCGAGCCACTCCTTGAACT 
pCAGGS-E CGGCTAGCATGGTGGTGGATGATTG CGTCTAGACACATAATGGGTGTTGCG 
pCAGGS-M CGGCTAGCATGAGCGATGCGGAAGAATG CGTCTAGACATATATTTATACAGGCGCG 
pCAGGS-N CGCGGATCCATGGCCGCACCAGTAGTCCCTACTA CCGCTCGAGCGCTGCTGATTCCTGCTTTATCTCA  
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blocking, the membranes were incubated with a primary antibody and 
then probed with an appropriate IRDye-conjugated secondary antibody 
(Li-Cor Biosciences, Lincoln, NE). The membranes were scanned using 
an Odyssey instrument (Li-Cor Biosciences) according to the manufac-
turer’s instructions. 

2.7. Quantitative RT-PCR 

Quantitative RT-PCR analysis was carried out as described previ-
ously (Guo et al., 2014). The total RNA was extracted from cells and 

subjected to quantitative RT-PCR using specific primers as listed in 
Table 1. Relative gene quantification was performed using the 2(-Delta 
Delta C(T)) method (Livak and Schmittgen, 2001). 

2.8. Dual luciferase reporter assay 

HEK293T cells were cotransfected with 0.1 μg of porcine IL-8 pro-
moter F2 vector, 0.004 μg pRL-TK (Promega Biotech Co., Ltd, Beijing, 
China) and 0.4 μg of pCAGGS/S/E/M/N-HA by using X-tremeGENE 
reagents (Promega, Beijing, China). Meanwhile, 0.1 μg of porcine IL-8 

Fig. 1. IL-8 was upregulated by PDCoV infection. A, IPEC-J2 cells were inoculated with medium alone, PDCoV, or UV-inactivated PDCoV at an MOI of 0.1. Total RNA 
was extracted from cell lysates at 6, 12, 24, and 36 h post-inoculation. quantitative RT-PCR was used to analyze IL-8 expression; B, ST cells were inoculated with 
medium alone, PDCoV, or UV-inactivated PDCoV at an MOI of 0.01. Total RNA was extracted from cell lysates at 6, 12, 24, and 36 h post-inoculation. quantitative 
RT-PCR was used to analyze IL-8 expression; C, IPEC-J2 cells were either mock infected or infected with PDCoV at MOIs of 0.1, 0.2, 0.3, 0.4, and 0.5 for 24 h, and 
total RNA was extracted for detection by quantitative RT-PCR; D, ST cells were either mock infected or infected with PDCoV at MOIs of 0.01, 0.02, 0.03, 0.04, and 
0.05 for 24 h, and total RNA was extracted for detection by quantitative RT-PCR; E, Pigs were infected intranasally with 2 ml (105 TCID50 virus/ml) PDCoV. Samples 
were collected at 2 days post infection. IL-8 mRNA was quantified by quantitative RT-PCR. And results were normalized to GAPDH and expressed as fold induction 
over samples from uninfected pigs. The results are representative of three independent experiments (the means ± SD). * P < 0.05. The P value was calculated using 
Student’s t-tests. 
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promoter F2 vector, 0.004 μg pRL-TK, and 0.4 μg of pCAGGS-HA were 
also cotransfected as a control group. At 30 h post-transfection, the cell 
lysates were prepared, and dual luciferase reporter assays were carried 
out in a GloMax 96 microplate luminometer (Promega, Beijing, China) 
using a Dual-Glo luciferase kit (Promega, Beijing, China) according to 
the manufacturer’s instructions. 

2.9. ELISA 

The IL-8 protein levels in plasma and cell culture supernatants were 
measured using porcine IL-8 ELISA kits (RD SYSTEMS) in accordance 
with the manufacturer’s instructions. 

2.10. Animal experiment 

Four specific-pathogen-free (SPF) pigs were randomly assigned to 2 
experimental groups: the infected group 1 (n = 2) and the uninfected 
group 2 (n = 2). The two different groups were challenged orally with 
PDCoV NH (2 ml of 105 TCID50/ml virus stock per pig), and DMEM 
served as the mock control. All the pigs were euthanized for pathological 
examination when the onset of clinical signs was observed. Fresh sam-
ples, including colon, duodenum, jejunum and ileum, were collected 
during the necropsy. The fresh samples and the piglet serum were 
collected for IL-8 detection. 

2.11. Statistical analysis 

Variables are expressed as mean ± S.D. Statistical analyzes were 
performed using the student’s t test. A p value of < 0.05 was considered 
significant. 

3. Results 

3.1. PDCoV induces IL-8 production both in vitro and in vivo 

To investigate whether PDCoV infection can induce IL-8 production, 
IPEC-J2 and ST cells were used to conduct a PDCoV infection assay in 
vitro. We infected IPEC-J2 and ST cells with PDCoV and examined IL-8 
expression by quantitative RT-PCR at the indicated times post infec-
tion. Our results showed that PDCoV infected IPEC-J2 cells upregulated 
IL-8 mRNA expression by about 13, 97, 340, and 300 folds compared to 
the uninfected controls at 6, 12, 24, and 36 h post infection (hpi), 
respectively (Fig. 1A). In PDCoV-infected ST cells, the IL-8 mRNA level 
was significantly elevated by about 70, 370, 610, and 580 folds 
compared to the uninfected controls at 6, 12, 24, and 36 hpi, respec-
tively (Fig. 1B). The upregulation of IL-8 by PDCoV infection could be 
caused by invading virions or by intermediate products generated dur-
ing virus replication. To investigate whether viral replication is required 
for upregulation of IL-8, PDCoV virions were inactivated by UV irradi-
ation. Cells were incubated with the same amounts of UV-inactivated 
viruses, and no induction of IL-8 was observed in cells incubated with 
UV-PDCoV (Fig. 1A and B). The upregulation of IL-8 was in a dose- 
dependent manner (Fig. 1C and D). Collectively, these data indicate 
that PDCoV infection remarkably induces IL-8 production in vitro. 

To investigate whether PDCoV has the ability to induce IL-8 pro-
duction in vivo, SPF pigs were orally infected with the PDCoV strain, and 
samples were collected at 2 days post infection for IL-8 analysis. The 
intestinal tissues collected from these piglets were analyzed by quanti-
tative RT-PCR for IL-8 analysis. Our results showed that IL-8 mRNA 
expression was significantly induced in intestinal tissues from PDCoV- 
infected piglets (Fig. 1E). Collectively, these data indicate that PDCoV 
infection remarkably induces IL-8 production both in vivo and in vitro. 

3.2. PDCoV induces IL-8 protein expression 

The expression of the IL-8 protein was also determined. The secretion 

of IL-8 in the supernatant of the uninfected and infected cells was 
examined using an ELISA method. As shown in Fig. 2A, PDCoV-infected 
IPEC-J2 cells were found to express higher levels of IL-8 compared to the 
uninfected cells. A similar induction of IL-8 expression was also 
observed in PDCoV-infected ST cells (Fig. 2B). Compared with the un-
infected piglets, the serum levels of IL-8 were significantly upregulated 
in PDCoV-infected piglets (Fig. 2C). In summary, these findings suggest 
that PDCoV infection remarkably upregulates IL-8 production both in 
vivo and in vitro. 

3.3. PDCoV E protein upregulates IL-8 expression 

To study the mechanisms underlying the transcriptional regulation 
of PDCoV-induced IL-8 production, we cloned a 2000-bp fragment of the 
5′- flanking region of the porcine IL-8 gene. To evaluate the porcine IL-8 
promoter activity and to determine the functional domain responsive to 
PDCoV infection, pGL3 luciferase reporter plasmids encoding a series of 
truncated deletions were constructed and schematically shown in  
Fig. 3A. HEK 293 cells transfected with these constructs were then 
infected with or without PDCoV infection. The luciferase assay showed 
that all the constructs, except the construct IL-8 F3 (− 241/+26-luc) and 
IL-8 F4 (− 140/+26-luc), exhibited higher luciferase activities after 
PDCoV infection. Among them, IL-8 F2 (− 271/+26-luc) was more 
efficiently activated by PDCoV, which manifested a 450 fold induction 
over its basal-level activity (Fig. 3B). This observation suggests that the 
region from positions − 271 to + 26 in the porcine IL-8 promoter is 
sufficient for PDCoV-induced promoter activity and that the regulatory 
elements might exist in this region. 

To determine which PDCoV structural proteins could activate the IL- 
8 promoter to upregulate the mRNA expression levels of the IL-8 genes 
by using a luciferase reporter assay. HEK293T cells were cotransfected 
with IL-8 F2 (− 271/+26-luc), pRL-TK and pCAGGS-S/E/M/N-HA, 
respectively, or along with pCAGGS-HA. At 30 h post-transfection, the 
luciferase activity was detected. The results indicated that E signifi-
cantly enhanced IL-8 promoter activity (Fig. 3C). To further validate 
this, HEK293T cells were transfected with IL-8 F2 (− 271/+26-luc), 
along with pRL-TK and different amounts of the E expression plasmid, 
and the luciferase activity was measured at 30 h post-transfection. The 
data clearly showed that overexpression of E was responsible for the 
activation of the IL-8 promoter activity in a dose dependent manner 
(Fig. 3D). 

3.4. Functional domain of the E protein responsible for IL-8 upregulation 

To determine which domain of E is important for IL-8 production, 
using the bioinformatics approach (https://www.ebi.ac.uk/Tools/msa 
/clustalo), PDCoV E, an 83-amino-acid protein, is usually divided into 
three domains: the N-terminal domain, the TM domain and the C-ter-
minal domain (Fig. 4A). We constructed three truncated mutants, 
including E△N, E△TM, and E△C (Fig. 4B). Each of the mutant vectors 
was transfected into HEK293T cells, and then IL-8 expression was 
analyzed. Our results showed that E△TM and E△C remarkably sup-
pressed IL-8 production compared to the full length E protein (Fig. 4C), 
implying that the TM domain and the C-terminal domain of E were more 
important for IL-8 production than the N-terminal domain of E. 

3.5. AP-1 and NF-κB are critical for IL-8 expression 

To gain further knowledge of the transcriptional regulation mecha-
nism of E-induced IL-8 production, using the bioinformatics approach 
(http://www.cbrc.jp/research/db/TFSEARCH.html), we found that 
there were several putative transcriptional regulatory elements located 
in this region, including c/EBP β (− 185 to − 180), NF-κB (− 174 to 
− 166), and AP-1 (− 220 to − 214) binding sites. To determine which 
transcriptional regulatory element(s) in this region is important for the 
activation of the IL-8 promoter by PDCoV E protein, we deleted each of 
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c/EBP β, NF-κB and AP-1 binding sites from IL-8 F2 (− 271/+26-luc) to 
generate differential mutation vectors (Fig. 5A). Thereafter, we moni-
tored the IL-8 promoter activity following transfection with the 

pCAGGS-E plasmid. The luciferase results showed that there was no 
significant difference in luciferase activity when the c/EBP β binding site 
was deleted, whereas mutations with AP-1 or NF-κB binding site 

Fig. 2. PDCoV induces IL-8 expression in vitro and in vivo. A, IPEC-J2 supernatants were harvested at 6, 12, and 24 hpi post PDCoV infection (MOI=0.1), and levels of 
IL-8 (pg/ml) released were determined by ELISA; B, ST supernatants were harvested at 6, 12, and 24 hpi post PDCoV infection (MOI=0.01), and levels of IL-8 (pg/ml) 
released were determined by ELISA; C, The concentrations of IL-8 in serums collected from piglets post-challenge were detected via ELISA assay. The data are 
representative of three independent experiments (the means ± SD). * P < 0.05. The P value was calculated using Student’s t-tests. 

Fig. 3. PDCoV E up-regulates IL-8 expression. A, Cloning and sequence analysis of the 2000-bp porcine IL-8 promoter. The positions of the putative regulatory motifs 
are relative to the transcription initiation site. Schematic representation of the porcine IL-8 promoter and promoter deletion mutants inserted into pGL3 basic 
luciferase vectors: IL-8 F0 (− 1094/+26-luc), IL-8 F1 (− 625/+26-luc), IL-8 F2 (− 271/+26-luc), IL-8 F3 (− 241/+26-luc), IL-8 F4 (− 140/+26-luc); B, The porcine IL-8 
promoter vectors or pGL3 basic empty vector were transfected into HEK 293 cells. Twenty-four hours later, cells were inoculated with PDCoV (MOI=0.1) or medium. 
Cells were harvested to determine luciferase activity at 24 hpi.; C, HEK293T cells were cotransfected with porcine IL-8 F2 (− 271/+26-luc) vector, together with pRL- 
TK, and plasmids encoding the indicated PDCoV structural protein or pCAGGS-HA empty vector as negative control. At 30 h post-transfection, cells were harvested 
and analyzed by western blotting using the anti-HA antibody and cell extracts were prepared for luciferase reporter gene assays; D, HEK293T cells were cotransfected 
with porcine IL-8 F2 (− 271/+26-luc) vector, pRL-TK, and the indicated amounts of E expression plasmid, Total amounts of transfected DNA were kept equal by 
adding empty vector. Cells were harvested and analyzed by western blotting using the anti-HA antibody and luciferase activity measurement at 30 h post- 
transfection. The results are representative of three independent experiments (the means ± SD). * P < 0.05. The P value was calculated using Student’s t-tests. 
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deletion exhibited reduced IL-8 promoter activation. Remarkably, the 
IL-8 luciferase promoter nearly lost its ability to respond to PDCoV E 
stimulation when all c/EBP β, AP-1, and NF-κB binding sites were 
deleted (Fig. 5B), implying that the AP-1 and NF-κB response elements 
might be critical for PDCoV to activate the IL-8 promoter. 

3.6. PDCoV E protein upregulates IL-8 expression by activating NF-κB 
and AP-1 signaling 

NF-κB is an important transcription factor and plays a vital role in 
regulating the expression of multiple pro-inflammatory cytokines and 
chemokines. Therefore, to understand the potential roles of PDCoV E in 
NF-κB signaling, we next verified whether E modulated p65 expression 
and its phosphorylation. HEK293T cells were either vector-transfected 
or transfected with pCAGGS-E for 30 h, and then cell lysates were har-
vested and analyzed through Western blot using specific primary 
monoclonal antibodies. The results showed that PDCoV E significantly 
activated the expression of p-p65 and p-IκBα, compared with that in 
vector-transfected HEK293T cells (Fig. 6A). 

The activation of NF-κB is usually characterized by phosphorylation 
of NF-κB subunit p65 and subsequent nuclear translocation, where it 
binds to target sequences and initiates inflammatory transcription fac-
tors. To understand the basis for PDCoV E upregulation of pro- 
inflammatory cytokines, we next determined whether E influenced the 
NF-κB p65 nuclear translocation. HEK293T cells were either vector- 
transfected or transfected with pCAGGS-E for 30 h, followed by stain-
ing with specific monoclonal antibodies, and were observed with a 
confocal microscope. The results showed that, as expected, p65 was 
distributed in the cytoplasm in vector-transfected cells (Fig. 6B). In 
contrast, a large amount of p65 was translocated to the nucleus when 

transfected with pCAGGS-E. Taken together, these results suggest that 
PDCoV E protein induces NF-κB p65 phosphorylation and subsequent 
nuclear translocation. 

The role of transcription factor AP-1 in PDCoV E-stimulated IL-8 was 
determined. HEK293T cells were either vector-transfected or transfected 
with pCAGGS-E for 30 h, and then cell lysates were harvested and 
analyzed through Western blot using specific primary monoclonal an-
tibodies. The results showed that PDCoV E activated the phosphoryla-
tion of c-Fos and c-Jun, both of which are members of the AP-1 family 
(Fig. 6C). Our results demonstrate that NF-κB and AP-1 activation are 
crucial in IL-8 expression stimulated by PDCoV. 

4. Discussion 

The innate immune system is the host’s first line of defense against 
pathogens, but the excessive production of proinflammatory cytokines 
and chemokines is considered to be the main mediator in the patho-
genesis of coronaviruses (Stark et al., 1998; Scutigliani and Kikkert, 
2017; Chathuranga et al., 2021; Zhang et al., 2022). Under different 
virus infections, the most significantly increased cytokines are usually 
different. And there is often a difference between the mild and the severe 
symptoms of the same virus infection. Therefore, the kind of cytokine 
antagonists that should be used to control the inflammatory responses 
depends on individual situations. Many previous studies focused on IL-6, 
which may contribute to disease exacerbation, and some therapeutic 
approaches based on anti-IL-6 biologics have been proposed (Copaescu 
et al., 2020; Gubernatorova et al., 2020) and validated (Masia et al., 
2020). Given the important significance of IL-8 in the pathology of virus 
infection，we dissected the underlying mechanism of IL-8 expression 
under PDCoV infection. In this study, we investigated how PDCoV 

Fig. 4. TM domain and C-terminal domain of E are the key amino acids for IL-8 regulation. A, Schematic representation of PDCoV E protein structure prediction; B, 
Schematic representation of the wild-type (WT) E and its truncated mutants. The mutants included E△N (amino acids [aa] 10–83), E△TM (amino acids [aa] 1–9 and 
amino acids [aa] 33–83), and E△C(amino acids [aa] 1–32); C, HEK293T cells were cotransfected with porcine IL-8 F2 (− 271/+26-luc) vector, together with pRL-TK, 
and wild-type E or its truncated mutants or pCAGGS-HA empty vector as negative control. Cells were harvested at 30 h post-infection and assayed for luciferase 
activity. The results are representative of three independent experiments (the means ± SD). * P < 0.05. The P value was calculated using Student’s t-tests. 
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Fig. 5. AP-1 and NF-κB are required for E- 
induced IL-8 expression. A, Schematic repre-
sentation of the − 271/+ 26-luc IL-8 promoter 
deletion mutant constructs including − 271/ 
+ 26(△AP-1)-luc, − 271/+ 26(△NF-κB)-luc, 
− 271/+ 26(△c/EBP β)-luc, − 271/+ 26 
(△AP-1- c/EBP β- NF-κB)-luc; B, HEK293T cells 
were transfected with the − 271/+ 26-luc IL-8 
promoter deletion mutant vectors or pGL3 
basic empty vector, together with pRL-TK, and 
plasmids encoding the PDCoV E protein. The 
cells were harvested to determine the luciferase 
activity at 30 h after transfection. The results 
are representative of three independent exper-
iments (the means ± SD). * P < 0.05. The P 
value was calculated using Student’s t-tests.   

Fig. 6. NF-κB and AP-1 activation are crucial in IL-8 expression stimulated by PDCoV E. A, After HEK293T cells were mock-transfected or transfected with pCAGGS-E 
for 30 h, and the amount of endogenous phosphop65, p65 and p-IκBα were determined using corresponding specific monoclonal antibodies; B, After HEK293T cells 
were mock-transfected or transfected with pCAGGS-E for 30 h (red). Cells were fixed and incubated with mouse anti- p65 monoclonal antibody (green) for 
immunofluorescence assay under confocal laser scanning microscopy. Cellular nuclei were counterstained with DAPI (blue); C, After HEK293T cells were mock- 
transfected or transfected with pCAGGS-E for 30 h, and cell lysates were analyzed using the antibodies against phospho-c-Fos, phospho-c-Jun. c-Fos and c-Jun. 
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induced IL-8 production. We showed that PDCoV induced IL-8 produc-
tion both in vitro and in vivo. Several studies have confirmed that virus 
infection can disturb the expression of cytokines, including the 
pro-inflammatory cytokines and lead to further tissue damage of the 
organisms. It was demonstrated that IPEC-J2 cell culture-passaged 
PDCoV (OH-FD22-P8-I-P4) was enteropathogenic in 10-day-old gnoto-
biotic pigs, and induced systemic innate and pro-inflammatory cytokine 
responses during the acute PDCoV infection (Jung et al., 2018). This 
observation is similar to the increased serum innate (IFNα and IL-22) 
and the pro-inflammatory (IL-6, TNFα, and IL-12) cytokine responses 
of 9–10-day old, gnotobiotic or conventional pigs to acute PEDV infec-
tion (Annamalai et al., 2015). The pro-inflammatory cytokines of IL-6, 
IL-8, and TNF-α productions were significantly upregulated in 
PDCoV-PEDV co-inoculated piglets when compared with the inoculated 
alone and the control piglets at 3 dpi (Zhang et al., 2021). These data 
suggest that the infection of PDCoV or PEDV has caused the excessive 
secretion of pro-inflammatory cytokines (IL-6, IL-8 and TNF-α) and 
further led to small intestine pathological lesions. 

In human and mouse IL-8 promoters, a sequence from nt + 1 to− 133 
within the 5′ flanking region of the IL-8 gene is essential and sufficient 
for the transcriptional regulation of the gene (Mukaida and Murayama, 
1998). Analysis demonstrates that the promoter elements contain 
NF-κB, AP-1, and c/EBP β binding sites (Matsusaka et al., 1993; Mukaida 
et al., 1998; Nourbakhsh et al., 2001). The promoter is regulated in a cell 
type-specific fashion, requiring an NF-κB element plus either an AP-1 or 
a c/EBP β element (Wu et al., 1997; Chang et al., 2004). We cloned the 
2000 bp-sequence in the 5′ flanking region of the porcine IL-8 gene. 
Truncation mutations indicated that the region from − 271 to + 26 bp 
was essential for the porcine IL-8 promoter activity. However, the longer 
promoter was not stimulated by PDCoV. The possible reason is that there 
might be some negative regulation elements in the upstream of the 
− 271 to + 26 bp. Analysis showed that AP-1, c/EBP β, and NF-κB ele-
ments existed in the region from − 271 to + 26 bp. Deletion of these 
elements suggested that AP-1 and NF-κB elements were the most sig-
nificant ones in PDCoV induced IL-8 expression. 

We find that IL-8 is induced by PDCoV E through the NF-κB and AP-1 
pathway. Previous studies have confirmed that PEDV E protein induced 
ER stress and significantly activated NF-κB which consequently caused 
the promotion of IL-8 expression (Xu et al., 2013). Recently, the acces-
sory protein ORF3 of PEDV inhibits cellular IL-6 and IL-8 production by 
blocking the NF-κB p65 activation (Wu et al., 2020). However, the 
mechanisms underlying the transcriptional regulation of 
PDCoV-induced IL-8 production is still unclear. In our study, we 
demonstrated that PDCoV E induced IL-8 expression and that the TM 
domain and the C-terminal domain in E were essential for the produc-
tion. Further research suggests that NF-κB and AP-1 activation are 
crucial in IL-8 expression stimulated by PDCoV E. 

5. Conclusion 

In summary, our results showed that PDCoV infection induced IL-8 
upregulation both in vitro and in vivo. We then demonstrated that 
PDCoV E protein induced IL-8 production and the TM domain and the C- 
terminal domain of the E protein were important for IL-8 production. 
Subsequently, we showed here that deleting the AP-1 and NF-κB binding 
motif in the porcine IL-8 promoter abrogated its activation, suggesting 
that IL-8 expression was dependent on AP-1 and NF-κB. Furthermore, 
PDCoV E induced IL-8 production, which was also dependent on the NF- 
κB and AP-1 pathway. These findings expanded our understanding of the 
complex mechanisms regulating the innate immune response during 
PDCoV infection and provided new insights into the immunopathologies 
associated with severe coronavirus diseases. 

CRediT authorship contribution statement 

Conceptualization, Y.W.; methodology, H.Z., M.L., Y.Z. and Z.S.; 

writing, J.C., H.S. and L.G.; supervision, D.S. and L.F. All authors have 
read and agreed to the published version of the manuscript. 

Declaration of Competing Interest 

We declare no conflict of interest. 

Acknowledgments 

The research was supported by the National Key R&D Program of 
China (2021YFD1801105), the National Natural Science Foundation of 
China (31872474), the Natural Science Foundation of Heilongjiang 
Province of China (YQ2020C023), and the Central Public-interest Sci-
entific Institution Basal Research Fund (no.1610302020001). 

References 

Annamalai, T., Saif, L.J., Lu, Z., Jung, K., 2015. Age-dependent variation in innate 
immune responses to porcine epidemic diarrhea virus infection in suckling versus 
weaned pigs. Vet. Immunol. Immunopathol. 168, 193–202. 

Azhar, E.I., El-Kafrawy, S.A., Farraj, S.A., Hassan, A.M., Al-Saeed, M.S., Hashem, A.M., 
Madani, T.A., 2014. Evidence for camel-to-human transmission of MERS 
coronavirus. N. Engl. J. Med. 370, 2499–2505. 

Cao, X., 2020. COVID-19: immunopathology and its implications for therapy. Nat. Rev. 
Immunol. 20, 269–270. 

Chang, Y.J., Liu, C.Y., Chiang, B.L., Chao, Y.C., Chen, C.C., 2004. Induction of IL-8 
release in lung cells via activator protein-1 by recombinant baculovirus displaying 
severe acute respiratory syndrome-coronavirus spike proteins: identification of two 
functional regions. J. Immunol. 173, 7602–7614. 

Chathuranga, K., Weerawardhana, A., Dodantenna, N., Lee, J.S., 2021. Regulation of 
antiviral innate immune signaling and viral evasion following viral genome sensing. 
Exp. Mol. Med. 53, 1647–1668. 

Chua, R.L., Lukassen, S., Trump, S., Hennig, B.P., Wendisch, D., Pott, F., Debnath, O., 
Thurmann, L., Kurth, F., Volker, M.T., Kazmierski, J., Timmermann, B., 
Twardziok, S., Schneider, S., Machleidt, F., Muller-Redetzky, H., Maier, M., 
Krannich, A., Schmidt, S., Balzer, F., Liebig, J., Loske, J., Suttorp, N., Eils, J., 
Ishaque, N., Liebert, U.G., von Kalle, C., Hocke, A., Witzenrath, M., Goffinet, C., 
Drosten, C., Laudi, S., Lehmann, I., Conrad, C., Sander, L.E., Eils, R., 2020. COVID-19 
severity correlates with airway epithelium-immune cell interactions identified by 
single-cell analysis. Nat. Biotechnol. 38, 970–979. 

Copaescu, A., Smibert, O., Gibson, A., Phillips, E.J., Trubiano, J.A., 2020. The role of IL-6 
and other mediators in the cytokine storm associated with SARS-CoV-2 infection. 
J. Allergy Clin. Immunol. 146, 518–534 e511.  

Drosten, C., Gunther, S., Preiser, W., van der Werf, S., Brodt, H.R., Becker, S., 
Rabenau, H., Panning, M., Kolesnikova, L., Fouchier, R.A., Berger, A., Burguiere, A. 
M., Cinatl, J., Eickmann, M., Escriou, N., Grywna, K., Kramme, S., Manuguerra, J.C., 
Muller, S., Rickerts, V., Sturmer, M., Vieth, S., Klenk, H.D., Osterhaus, A.D., 
Schmitz, H., Doerr, H.W., 2003. Identification of a novel coronavirus in patients with 
severe acute respiratory syndrome. N. Engl. J. Med. 348, 1967–1976. 

Fang, P., Fang, L., Ren, J., Hong, Y., Liu, X., Zhao, Y., Wang, D., Peng, G., Xiao, S., 2018. 
Porcine deltacoronavirus accessory protein NS6 antagonizes interferon beta 
production by interfering with the binding of RIG-I/MDA5 to double-stranded RNA. 
J. Virol. 92. 

Gubernatorova, E.O., Gorshkova, E.A., Polinova, A.I., Drutskaya, M.S., 2020. IL-6: 
relevance for immunopathology of SARS-CoV-2. Cytokine Growth Factor Rev. 53, 
13–24. 

Guo, L., Niu, J., Yu, H., Gu, W., Li, R., Luo, X., Huang, M., Tian, Z., Feng, L., Wang, Y., 
2014. Modulation of CD163 expression by metalloprotease ADAM17 regulates 
porcine reproductive and respiratory syndrome virus entry. J. Virol. 88, 
10448–10458. 

Guo, L., Luo, X., Li, R., Xu, Y., Zhang, J., Ge, J., Bu, Z., Feng, L., Wang, Y., 2016. Porcine 
epidemic diarrhea virus infection inhibits interferon signaling by targeted 
degradation of STAT1. J. Virol. 90, 8281–8292. 

Gustine, J.N., Jones, D., 2021. Immunopathology of hyperinflammation in COVID-19. 
Am. J. Pathol. 191, 4–17. 

He, W.T., Ji, X., He, W., Dellicour, S., Wang, S., Li, G., Zhang, L., Gilbert, M., Zhu, H., 
Xing, G., Veit, M., Huang, Z., Han, G.Z., Huang, Y., Suchard, M.A., Baele, G., 
Lemey, P., Su, S., 2020. Genomic epidemiology, evolution, and transmission 
dynamics of porcine deltacoronavirus. Mol. Biol. Evol. 37, 2641–2654. 

He, W.T., Hou, X., Zhao, J., Sun, J., He, H., Si, W., Wang, J., Jiang, Z., Yan, Z., Xing, G., 
Lu, M., Suchard, M.A., Ji, X., Gong, W., He, B., Li, J., Lemey, P., Guo, D., Tu, C., 
Holmes, E.C., Shi, M., Su, S., 2022. Virome characterization of game animals in 
China reveals a spectrum of emerging pathogens. Cell 185, 1117–1129 e1118.  

Huang, K.J., Su, I.J., Theron, M., Wu, Y.C., Lai, S.K., Liu, C.C., Lei, H.Y., 2005. An 
interferon-gamma-related cytokine storm in SARS patients. J. Med. Virol. 75, 
185–194. 

Jiang, F., Deng, L., Zhang, L., Cai, Y., Cheung, C.W., Xia, Z., 2020. Review of the clinical 
characteristics of coronavirus disease 2019 (COVID-19). J. Gen. Intern. Med. 35, 
1545–1549. 

Y. Wu et al.                                                                                                                                                                                                                                      

http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref1
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref1
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref1
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref2
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref2
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref2
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref3
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref3
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref4
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref4
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref4
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref4
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref5
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref5
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref5
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref6
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref6
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref6
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref6
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref6
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref6
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref6
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref6
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref7
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref7
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref7
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref8
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref8
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref8
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref8
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref8
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref8
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref9
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref9
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref9
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref9
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref10
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref10
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref10
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref11
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref11
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref11
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref11
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref12
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref12
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref12
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref13
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref13
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref14
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref14
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref14
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref14
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref15
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref15
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref15
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref15
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref16
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref16
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref16
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref17
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref17
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref17


Veterinary Microbiology 274 (2022) 109553

9

Jung, K., Hu, H., Saif, L.J., 2016. Porcine deltacoronavirus infection: etiology, cell 
culture for virus isolation and propagation, molecular epidemiology and 
pathogenesis. Virus Res. 226, 50–59. 

Jung, K., Miyazaki, A., Hu, H., Saif, L.J., 2018. Susceptibility of porcine IPEC-J2 
intestinal epithelial cells to infection with porcine deltacoronavirus (PDCoV) and 
serum cytokine responses of gnotobiotic pigs to acute infection with IPEC-J2 cell 
culture-passaged PDCoV. Vet. Microbiol. 221, 49–58. 

Ksiazek, T.G., Erdman, D., Goldsmith, C.S., Zaki, S.R., Peret, T., Emery, S., Tong, S., 
Urbani, C., Comer, J.A., Lim, W., Rollin, P.E., Dowell, S.F., Ling, A.E., Humphrey, C. 
D., Shieh, W.J., Guarner, J., Paddock, C.D., Rota, P., Fields, B., DeRisi, J., Yang, J.Y., 
Cox, N., Hughes, J.M., LeDuc, J.W., Bellini, W.J., Anderson, L.J., Group, S.W., 2003. 
A novel coronavirus associated with severe acute respiratory syndrome. N. Engl. J. 
Med. 348, 1953–1966. 

Law, H.K., Cheung, C.Y., Ng, H.Y., Sia, S.F., Chan, Y.O., Luk, W., Nicholls, J.M., Peiris, J. 
S., Lau, Y.L., 2005. Chemokine up-regulation in SARS-coronavirus-infected, 
monocyte-derived human dendritic cells. Blood 106, 2366–2374. 

Le Bon, A., Tough, D.F., 2002. Links between innate and adaptive immunity via type I 
interferon. Curr. Opin. Immunol. 14, 432–436. 

Lednicky, J.A., Tagliamonte, M.S., White, S.K., Elbadry, M.A., Alam, M.M., 
Stephenson, C.J., Bonny, T.S., Loeb, J.C., Telisma, T., Chavannes, S., Ostrov, D.A., 
Mavian, C., Beau De Rochars, V.M., Salemi, M., Morris Jr., J.G., 2021a. Independent 
infections of porcine deltacoronavirus among Haitian children. Nature 600, 
133–137. 

Lednicky, J.A., Tagliamonte, M.S., White, S.K., Elbadry, M.A., Alam, M.M., 
Stephenson, C.J., Bonny, T.S., Loeb, J.C., Telisma, T., Chavannes, S., Ostrov, D.A., 
Mavian, C., De Rochars, V.M.B., Salemi, M., Morris, J.G., 2021b. Emergence of 
porcine delta-coronavirus pathogenic infections among children in Haiti through 
independent zoonoses and convergent evolution. medRxiv. 

Li, L., Fu, F., Xue, M., Chen, W., Liu, J., Shi, H., Chen, J., Bu, Z., Feng, L., Liu, P., 2017. 
IFN-lambda preferably inhibits PEDV infection of porcine intestinal epithelial cells 
compared with IFN-alpha. Antivir. Res. 140, 76–82. 

Li, Q., Guan, X., Wu, P., Wang, X., Zhou, L., Tong, Y., Ren, R., Leung, K.S.M., Lau, E.H.Y., 
Wong, J.Y., Xing, X., Xiang, N., Wu, Y., Li, C., Chen, Q., Li, D., Liu, T., Zhao, J., 
Liu, M., Tu, W., Chen, C., Jin, L., Yang, R., Wang, Q., Zhou, S., Wang, R., Liu, H., 
Luo, Y., Liu, Y., Shao, G., Li, H., Tao, Z., Yang, Y., Deng, Z., Liu, B., Ma, Z., Zhang, Y., 
Shi, G., Lam, T.T.Y., Wu, J.T., Gao, G.F., Cowling, B.J., Yang, B., Leung, G.M., 
Feng, Z., 2020. Early transmission dynamics in Wuhan, China, of novel coronavirus- 
infected pneumonia. N. Engl. J. Med. 382, 1199–1207. 

Lin, J.D., Feng, N., Sen, A., Balan, M., Tseng, H.C., McElrath, C., Smirnov, S.V., Peng, J., 
Yasukawa, L.L., Durbin, R.K., Durbin, J.E., Greenberg, H.B., Kotenko, S.V., 2016. 
Correction: distinct roles of type I and type III interferons in intestinal immunity to 
homologous and heterologous rotavirus infections. PLOS Pathog. 12, e1005726. 

Liu, F., Li, G., Wen, K., Bui, T., Cao, D., Zhang, Y., Yuan, L., 2010. Porcine small intestinal 
epithelial cell line (IPEC-J2) of rotavirus infection as a new model for the study of 
innate immune responses to rotaviruses and probiotics. Viral Immunol. 23, 135–149. 

Livak, K.J., Schmittgen, T.D., 2001. Analysis of relative gene expression data using real- 
time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25, 402–408. 

Luo, X., Guo, L., Zhang, J., Xu, Y., Gu, W., Feng, L., Wang, Y., 2017. Tight junction 
protein occludin is a porcine epidemic diarrhea virus entry factor. J. Virol. 91, 
00202–00217. 

Masia, M., Fernandez-Gonzalez, M., Padilla, S., Ortega, P., Garcia, J.A., Agullo, V., 
Garcia-Abellan, J., Telenti, G., Guillen, L., Gutierrez, F., 2020. Impact of interleukin- 
6 blockade with tocilizumab on SARS-CoV-2 viral kinetics and antibody responses in 
patients with COVID-19: a prospective cohort study. EBioMedicine 60, 102999. 

Matsusaka, T., Fujikawa, K., Nishio, Y., Mukaida, N., Matsushima, K., Kishimoto, T., 
Akira, S., 1993. Transcription factors NF-IL6 and NF-kappa B synergistically activate 
transcription of the inflammatory cytokines, interleukin 6 and interleukin 8. Proc. 
Natl. Acad. Sci. USA 90, 10193–10197. 

Mukaida, N., Murayama, T., 1998. Molecular mechanism of interleukin-8 gene 
expression. Rinsho Byori 46, 821–828. 

Mukaida, N., Harada, A., Matsushima, K., 1998. Interleukin-8 (IL-8) and monocyte 
chemotactic and activating factor (MCAF/MCP-1), chemokines essentially involved 
in inflammatory and immune reactions. Cytokine Growth Factor Rev. 9, 9–23. 

Nourbakhsh, M., Kalble, S., Dorrie, A., Hauser, H., Resch, K., Kracht, M., 2001. The NF- 
kappa b repressing factor is involved in basal repression and interleukin (IL)-1- 
induced activation of IL-8 transcription by binding to a conserved NF-kappa b- 
flanking sequence element. J. Biol. Chem. 276, 4501–4508. 

Perry, A.K., Chen, G., Zheng, D., Tang, H., Cheng, G., 2005. The host type I interferon 
response to viral and bacterial infections. Cell Res. 15, 407–422. 

Sallenave, J.M., Guillot, L., 2020. Innate immune signaling and proteolytic pathways in 
the resolution or exacerbation of SARS-CoV-2 in Covid-19: key therapeutic targets? 
Front. Immunol. 11, 1229. 

Scutigliani, E.M., Kikkert, M., 2017. Interaction of the innate immune system with 
positive-strand RNA virus replication organelles. Cytokine Growth Factor Rev. 37, 
17–27. 

Spiegel, M., Weber, F., 2006. Inhibition of cytokine gene expression and induction of 
chemokine genes in non-lymphatic cells infected with SARS coronavirus. Virol. J. 3, 
17. 

Stark, G.R., Kerr, I.M., Williams, B.R., Silverman, R.H., Schreiber, R.D., 1998. How cells 
respond to interferons. Annu Rev. Biochem. 67, 227–264. 

Stoian, A., Rowland, R.R.R., Petrovan, V., Sheahan, M., Samuel, M.S., Whitworth, K.M., 
Wells, K.D., Zhang, J., Beaton, B., Cigan, M., Prather, R.S., 2020. The use of cells 
from ANPEP knockout pigs to evaluate the role of aminopeptidase N (APN) as a 
receptor for porcine deltacoronavirus (PDCoV). Virology 541, 136–140. 

Tang, R., Guo, L., Fan, Q., Zhang, L., Wang, Y., Zhang, X., Shi, D., Wu, Y., Shi, H., Liu, J., 
Chen, J., Feng, L., 2022. Porcine deltacoronavirus infection is inhibited by Griffithsin 
in cell culture. Vet. Microbiol. 264, 109299. 

Taniguchi, T., Takaoka, A., 2002. The interferon-alpha/beta system in antiviral 
responses: a multimodal machinery of gene regulation by the IRF family of 
transcription factors. Curr. Opin. Immunol. 14, 111–116. 

Wang, B., Liu, Y., Ji, C.-M., Yang, Y.-L., Liang, Q.-Z., Zhao, P., Xu, L.-D., Lei, X.-M., 
Luo, W.-T., Qin, P., Zhou, J., Huang, Y.-W., Gallagher, T., 2018. Porcine 
deltacoronavirus engages the transmissible gastroenteritis virus functional receptor 
porcine aminopeptidase N for infectious cellular entry. J. Virol. 92. 

Wu, G.D., Lai, E.J., Huang, N., Wen, X., 1997. Oct-1 and CCAAT/enhancer-binding 
protein (C/EBP) bind to overlapping elements within the interleukin-8 promoter. 
The role of Oct-1 as a transcriptional repressor. J. Biol. Chem. 272, 2396–2403. 

Wu, Z., Cheng, L., Xu, J., Li, P., Li, X., Zou, D., Zhang, Y., Wang, X., Wu, X., Shen, Y., 
Li, Y., Yao, L., Guo, D., Li, L., Xiao, L., Song, B., Ma, J., Liu, X., Xu, S., Xu, X., 
Zhang, H., Zheng, L., Cao, H., 2020. The accessory protein ORF3 of porcine epidemic 
diarrhea virus inhibits cellular interleukin-6 and interleukin-8 productions by 
blocking the nuclear factor-kappaB p65 activation. Vet. Microbiol. 251, 108892. 

Xu, K., Zhou, Y., Mu, Y., Liu, Z., Hou, S., Xiong, Y., Fang, L., Ge, C., Wei, Y., Zhang, X., 
Xu, C., Che, J., Fan, Z., Xiang, G., Guo, J., Shang, H., Li, H., Xiao, S., Li, J., Li, K., 
2020. CD163 and pAPN double-knockout pigs are resistant to PRRSV and TGEV and 
exhibit decreased susceptibility to PDCoV while maintaining normal production 
performance. eLife 9. 

Xu, X., Zhang, H., Zhang, Q., Dong, J., Liang, Y., Huang, Y., Liu, H.J., Tong, D., 2013. 
Porcine epidemic diarrhea virus E protein causes endoplasmic reticulum stress and 
up-regulates interleukin-8 expression. Virol. J. 10, 26. 

Yin, L., Chen, J., Li, L., Guo, S., Xue, M., Zhang, J., Liu, X., Feng, L., Liu, P., 2020. 
Aminopeptidase N expression, not interferon responses, determines the intestinal 
segmental tropism of porcine deltacoronavirus. J. Virol. 94. 

Yu, S.Y., Hu, Y.W., Liu, X.Y., Xiong, W., Zhou, Z.T., Yuan, Z.H., 2005. Gene expression 
profiles in peripheral blood mononuclear cells of SARS patients. World J. 
Gastroenterol. 11, 5037–5043. 

Zaki, A.M., van Boheemen, S., Bestebroer, T.M., Osterhaus, A.D., Fouchier, R.A., 2012. 
Isolation of a novel coronavirus from a man with pneumonia in Saudi Arabia. 
N. Engl. J. Med. 367, 1814–1820. 

Zhang, H., Han, F., Shu, X., Li, Q., Ding, Q., Hao, C., Yan, X., Xu, M., Hu, H., 2021. Co- 
infection of porcine epidemic diarrhoea virus and porcine deltacoronavirus enhances 
the disease severity in piglets. Transbound Emerg. Dis. 

Zhang, J., Chen, J., Shi, D., Shi, H., Zhang, X., Liu, J., Cao, L., Zhu, X., Liu, Y., Wang, X., 
Ji, Z., Feng, L., 2019. Porcine deltacoronavirus enters cells via two pathways: A 
protease-mediated one at the cell surface and another facilitated by cathepsins in the 
endosome. J. Biol. Chem. 294, 9830–9843. 

Zhang, S., Wang, L., Cheng, G., 2022. The battle between host and SARS-CoV-2: Innate 
immunity and viral evasion strategies. Mol. Ther. 

Zhang, X., Tan, Y., Ling, Y., Lu, G., Liu, F., Yi, Z., Jia, X., Wu, M., Shi, B., Xu, S., Chen, J., 
Wang, W., Chen, B., Jiang, L., Yu, S., Lu, J., Wang, J., Xu, M., Yuan, Z., Zhang, Q., 
Zhang, X., Zhao, G., Wang, S., Chen, S., Lu, H., 2020. Viral and host factors related to 
the clinical outcome of COVID-19. Nature 583, 437–440. 

Zhang, Y., Li, J., Zhan, Y., Wu, L., Yu, X., Zhang, W., Ye, L., Xu, S., Sun, R., Wang, Y., 
Lou, J., 2004. Analysis of serum cytokines in patients with severe acute respiratory 
syndrome. Infect. Immun. 72, 4410–4415. 

Zhou, P., Yang, X.L., Wang, X.G., Hu, B., Zhang, L., Zhang, W., Si, H.R., Zhu, Y., Li, B., 
Huang, C.L., Chen, H.D., Chen, J., Luo, Y., Guo, H., Jiang, R.D., Liu, M.Q., Chen, Y., 
Shen, X.R., Wang, X., Zheng, X.S., Zhao, K., Chen, Q.J., Deng, F., Liu, L.L., Yan, B., 
Zhan, F.X., Wang, Y.Y., Xiao, G.F., Shi, Z.L., 2020. A pneumonia outbreak associated 
with a new coronavirus of probable bat origin. Nature 579, 270–273. 

Zhou, X., Zhou, L., Zhang, P., Ge, X., Guo, X., Han, J., Zhang, Y., Yang, H., 2021. A strain 
of porcine deltacoronavirus: genomic characterization, pathogenicity and its full- 
length cDNA infectious clone. Transbound. Emerg. Dis. 68, 2130–2146. 

Zhu, X., Liu, S., Wang, X., Luo, Z., Shi, Y., Wang, D., Peng, G., Chen, H., Fang, L., Xiao, S., 
2018. Contribution of porcine aminopeptidase N to porcine deltacoronavirus 
infection. Emerg. Microbes Infect. 7, 65. 

Y. Wu et al.                                                                                                                                                                                                                                      

http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref18
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref18
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref18
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref19
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref19
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref19
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref19
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref20
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref20
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref20
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref20
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref20
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref20
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref21
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref21
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref21
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref22
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref22
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref23
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref23
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref23
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref23
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref23
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref24
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref24
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref24
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref24
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref24
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref25
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref25
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref25
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref26
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref26
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref26
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref26
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref26
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref26
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref26
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref27
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref27
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref27
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref27
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref28
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref28
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref28
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref29
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref29
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref30
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref30
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref30
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref31
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref31
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref31
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref31
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref32
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref32
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref32
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref32
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref33
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref33
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref34
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref34
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref34
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref35
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref35
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref35
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref35
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref36
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref36
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref37
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref37
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref37
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref38
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref38
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref38
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref39
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref39
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref39
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref40
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref40
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref41
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref41
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref41
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref41
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref42
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref42
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref42
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref43
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref43
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref43
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref44
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref44
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref44
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref44
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref45
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref45
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref45
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref46
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref46
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref46
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref46
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref46
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref47
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref47
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref47
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref47
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref47
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref48
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref48
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref48
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref49
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref49
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref49
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref50
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref50
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref50
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref51
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref51
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref51
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref52
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref52
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref52
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref53
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref53
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref53
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref53
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref54
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref54
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref55
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref55
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref55
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref55
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref56
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref56
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref56
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref57
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref57
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref57
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref57
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref57
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref58
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref58
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref58
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref59
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref59
http://refhub.elsevier.com/S0378-1135(22)00223-1/sbref59

	Porcine deltacoronavirus E protein induces interleukin-8 production via NF-κB and AP-1 activation
	1 Introduction
	2 Materials and methods
	2.1 Cell culture and viruses
	2.2 Primers and antibodies
	2.3 Virus infection
	2.4 Transfection
	2.5 Immunofluorescence assay (IFA)
	2.6 Western blot
	2.7 Quantitative RT-PCR
	2.8 Dual luciferase reporter assay
	2.9 ELISA
	2.10 Animal experiment
	2.11 Statistical analysis

	3 Results
	3.1 PDCoV induces IL-8 production both in vitro and in vivo
	3.2 PDCoV induces IL-8 protein expression
	3.3 PDCoV E protein upregulates IL-8 expression
	3.4 Functional domain of the E protein responsible for IL-8 upregulation
	3.5 AP-1 and NF-κB are critical for IL-8 expression
	3.6 PDCoV E protein upregulates IL-8 expression by activating NF-κB and AP-1 signaling

	4 Discussion
	5 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	References


