
Wang et al. Vet Res           (2020) 51:31  
https://doi.org/10.1186/s13567-020-00756-2

RESEARCH ARTICLE

Porcine circovirus type 2 exploits 
JNK‑mediated disruption of tight junctions 
to facilitate Streptococcus suis translocation 
across the tracheal epithelium
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Abstract 

Porcine circovirus type 2 (PCV2) is considered as the primary pathogen of porcine circovirus-associated disease 
(PCVAD), which results in significant economic losses worldwide. Clinically, PCV2 often causes disease through 
coinfection with other bacterial pathogens, including Streptococcus suis (S. suis), and especially the highly prevalent S. 
suis serotype 2 (SS2). The present study determined that continuous PCV2 infection in piglets down-regulates tight 
junction proteins (TJ) ZO-1 and occludin in the lungs. Swine tracheal epithelial cells (STEC) were used to explore the 
mechanisms and consequences of disruption of TJ, and an in vitro tracheal epithelial barrier model was established. 
Our results show that PCV2 infection in STEC decreases the expression levels of ZO-1 and occludin and increases the 
permeability of the tracheal epithelial barrier, resulting in easier translocation of SS2. Moreover, Western blot analysis 
indicates that PCV2 infection activates the JNK/MAPK pathway. The disruption of TJ in SETC and increased permeabil-
ity of the epithelial barrier induced by PCV2 could be alleviated by inhibition of JNK phosphorylation, which indicates 
that the JNK/MAPK pathway regulates the expression of ZO-1 and occludin during PCV2 infection. This study allows 
us to better understand the mechanisms of PCV2 coinfection with bacterial pathogens and provides new insight into 
controlling the occurrence of PCVAD.
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Introduction
Porcine circovirus type 2 (PCV2) is highly prevalent 
worldwide. It is the primary causative agent of porcine 
circovirus-associated disease (PCVAD), a disease associ-
ated with postweaning multisystemic wasting syndrome, 
reproductive disorders, enteric diseases and respiratory 
signs, which are responsible for great economic losses [1]. 
Horizontal transmission via the respiratory tract is one of 
the main routes of PCV2 infection [2]. Streptococcus suis 
(S. suis) is considered to be a commensal colonizer of the 

upper respiratory tract in swine, but it can also breach 
the epithelial barriers and cause infections, leading to 
arthritis, meningitis, endocarditis, pneumonia and sep-
ticemia [3, 4]. A total of 35 serotypes have been reported 
based on capsular polysaccharide antigens, and serotype 
2 (SS2) is frequently isolated from clinical diseased pigs 
[5]. In clinical studies, coinfections can often be deter-
mined among PCVAD cases [6]. The morbidity and mor-
tality of PCVAD increases when PCV2 affected pig herds 
experience secondary infections or concurrent infections 
with other pathogens, such as Mycoplasma hyopneumo-
niae [6, 7]. In recent years, PCV2 and S. suis coinfection 
cases have been frequently detected [8]; however, there is 
poor understanding of whether/how PCV2 increases the 
risk of infection with S. suis.
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Viruses predispose the host to infection by bacterial 
pathogens by various mechanisms, including disrup-
tion of the epithelium barrier, upregulation of adhesion 
proteins and suppression of the immune response [9]. 
Both PCV2 and SS2 are pathogens that can cause dis-
ease through infection of the respiratory tract; thus, we 
hypothesized that PCV2 could promote SS2 transloca-
tion across the respiratory epithelial barrier. The respira-
tory epithelium is an important barrier to defend against 
foreign particles; dysfunction of the epithelial barrier 
is an important cause of pathogen invasions [10]. The 
integrity of the epithelial barrier is maintained by inter-
cellular junctional complexes, including tight junctions, 
adherens junctions and desmosomes [11, 12]. Tight junc-
tion proteins (TJ) are located at the apicolateral bound-
ary of epithelial cells, and they significantly contribute 
to the barrier function of the epithelium [12]. However, 
the integrity of TJ could be disrupted during infection, 
resulting in the passage of microbial pathogens into sub-
epithelial tissues [13]. The aim of the study is to investi-
gate whether and how PCV2 infection disrupts TJ and 
contributes to SS2 translocation.

Numerous signaling pathways have been reported to be 
involved in the assembly, disassembly, and maintenance 
of TJ; these include protein kinase C [14], Rho GTPase 
[15], myosin light chain kinase [16] and mitogen-acti-
vated protein kinase (MAPK) signaling pathways [17]. 
The MAPK pathway is able to regulate the expression 
of TJ in different epithelial cells, and the most extensive 
families of MAPK include p38, ERK1/2, and JNK [18–21].

In this study, the effects of PCV2 on expression lev-
els of TJ were assessed in  vivo and in  vitro. An in  vitro 
tracheal epithelial barrier model was constructed, and 
we compared the number of SS2 colonies penetrating 
across the uninfected and PCV2-infected epithelial bar-
riers and assessed the associated changes in paracellular 
permeability. In addition, the roles of the involvement 
of the MAPK pathway in TJ in PCV2-infected cells were 
explored.

Materials and methods
Bacteria, virus and cell lines
Streptococcus suis serotype 2 (SS2) strain ZY05719 is a 
virulent strain which was isolated from a diseased pig in 
Sichuan, China in 2005. SS2 ZY05719 was cultured on 
Todd-Hewitt agar (THA, BD, USA) overnight, and colo-
nies were then isolated and inoculated in Todd-Hewitt 
broth (THB, BD, USA) medium; these were then incu-
bated to Logarithmic growth phase.

The PCV2 strain used in this study was isolated from 
Anhui, China. Virus stock was prepared in a 20-passage 
cell culture of PK-15 cells with a titer of 106.5 TCID50/mL.

Immortalized swine tracheal epithelial cells (STEC) 
were cultured in Dulbecco Modified Eagle medium 
(DMEM, Gibco, USA) supplemented with 10% (v/v) fetal 
bovine serum (FBS, Gibco, USA) at 37  °C in 5% CO2. 
For assays, STEC were digested with trypsin, suspended 
in culture medium, distributed into 24-well cell culture 
plates, and incubated until the cells were confluent.

Animal experiments
Three-week-old, Duroc × Long White × Large White, 
crossbred piglets were selected from a healthy pig farm, 
the piglets were porcine-colostrum-deprived and non-
immunised. All piglets were confirmed seronegative for 
PCV2, porcine reproductive and respiratory syndrome 
virus (PRRSV), classical swine fever virus (CSFV), Hae-
mophilus parasuis (HPS) and SS2 by commercial ELISA 
detection kits (PCV2, PRRSV, CSFV and SS2 antibody 
test kits, Keqian, China; HPS antibody test kit, Bio-
vet, Canada) according to the manufacturer’s instruc-
tions. One week later, piglets were randomly divided 
into 2 groups consisting of the control group (2 piglets) 
and the PCV2-infected group (3 piglets). Piglets were 
infected with PCV2 through intranasal (2 mL) and intra-
muscular (3 mL) inoculation or inoculated with DMEM 
through the same route. The infective doses and inocula-
tion methods were determined by consulting the litera-
ture [22, 23]. Blood samples were taken at 0, 5, 8, 11, 14, 
17, 21, 24 and 28 days post-inoculation (dpi) with PCV2 
for serum isolation. The contents of PCV2 in sera were 
evaluated through absolute qRT-PCR assay with for-
ward primer 5′-GGC​TCC​ACT​GCT​GTT​ATT​CT-3′ and 
reverse primer 5′-TAG​GAG​AAG​GGC​TGG​GTT​AT-3′. 
Viral loads test was performed in triplicate for each sam-
ple and each set of qRT-PCR assay was repeated three 
times. All the piglets were sacrificed and necropsied at 28 
dpi with PCV2. The lung samples (apical, middle, caudal 
right lobe and accessory lobe) were collected for further 
analysis. The total protein and RNA extraction samples 
were prepared from taking equal amounts of lung tissue 
from different areas of the lungs. The animal experiments 
were approved by the Ethical Committee for Animal 
Experiments of the Nanjing Agricultural University (Pro-
tocol number: PT-027) and were in accordance with the 
guidelines of the Animal Welfare Council of China.

Immunofluorescence staining of ZO‑1 and occludin 
proteins
The right middle lung lobes from piglets were cut and 
fixed with 10% neutral buffered formalin (Solarbio, Bei-
jing, China). The tissues were embedded in paraffin wax 
and cut into 5 μm thick sections. After the dewaxing pro-
cess and antigen repairment as previously described [24], 
the slides were blocked with 2% BSA (Solarbio, Beijing, 
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China). For Immunofluorescence staining of ZO-1 and 
occludin in STEC, the cells were fixed with 4% Paraform-
aldehyde (Biosharp Life Science, China) for 15 min before 
being blocked with 2% BSA for 1 h at 37 °C. Samples were 
incubated with primary antibodies ZO-1 (5 µg/mL, Invit-
rogen™, USA) and occludin (5 µg/mL, Invitrogen™, USA) 
at 4  °C overnight. Then, samples were incubated with 
secondary antibody (Goat anti-mouse IgG, AF594, 5 µg/
mL, Invitrogen™, USA) for 50 min at room temperature. 
Nuclei were stained by DAPI (Solarbio, Beijing, China). 
Finally, all the specimens were examined with a Zeiss 
laser scanning microscope (Carl Zeiss, Germany).

Infection of PCV2 in STEC
PCV2 was inoculated onto confluent STEC monolayers 
at a multiplicity of infection (MOI) of 1 for 24 h, 48 h and 
72 h as described [25], to confirm infection, indirect fluo-
rescence assays were performed as described [26] with 
some modifications. Briefly, cells were fixed with metha-
nol for 30 min at 4 °C, then incubated with PCV2 capsid 
protein mouse monoclonal antibody (generated in our 
lab) at 37 °C for 1 h. After washing with PBST (PBS con-
taining 0.1% Tween 20), the samples were incubated with 
DyLight488-conjugated goat anti-mouse IgG antibody 
(Abbkine, China) at 37  °C for 45  min. Finally, the cells 
were stained 5 min with DAPI (Solarbio, Beijing, China) 
and examined under a fluorescence microscope (Zeiss, 
Germany). In addition, STEC were infected with PCV2 
for 12  h, 24  h, 36  h and 48  h as described above; viral 
DNA were extracted from supernatants and cells using 
a Viral DNA Kit (OMEGA, USA). PCV2 proliferation in 
STEC was determined through absolute qRT-PCR assay 
with primers described above. Assays were performed 
as three independent experiments and each set of qPCR 
assay was repeated three times.

Adherence and invasion assays
Uninfected and PCV2 infected STEC were grown in 
24-well plates for 24 h, 36 h or 48 h. SS2 strain ZY05719 
was cultured in THB until OD600 reached 0.7. Bacteria 
were collected by centrifugation at 5000 rpm for 5 min, 
washed three times with phosphate buffer saline (PBS), 
and appropriately diluted in DMEM without FBS. Both 
uninfected and PCV2 infected STEC were infected with 
ZY05719 with an MOI of 10 (5 × 106  CFU/well) [27]. 
The cell plates were centrifuged at 800 ×  g for 10  min. 
After 2  h of incubation at 37  °C with 5% CO2, the cells 
were washed with PBS to remove non-adherent bac-
teria. For the adhesion assay, the cells were lysed with 
double-distilled water. The number of adherent bacte-
ria was determined by spreading on THA. For invasion 
assay, extracellular bacteria were killed by the addition of 
DMEM containing 5 μg/mL penicillin (Solarbio, Beijing, 

China) and 100  µg/mL gentamicin (Solarbio, Beijing, 
China); the cells were then incubated for another hour. 
Antibiotic treated cells were washed three times in 
PBS, lysed with double-distilled water, and spread on 
THA to determine bacterial counts. The adherent and 
invasive bacteria was compared with the input num-
ber (5 × 106  CFU/well), and the adhesion or invasion 
rate was calculated as (CFU that adherent or invasive 
to STEC/5 × 106  CFU) × 100%. The adhesion and inva-
sion rates of the SS2-infected alone group were normal-
ized to 100%. Assays were performed as five separate 
experiments.

Construction of an in vitro tracheal epithelial barrier model 
and translocation of SS2
SETC (1 × 105 cells) were plated on the top side of polyte-
trafluoroethylene 3  μM pore-size membrane Transwells 
(Corning, USA). Culture medium was changed every 
other day until stable electrical resistance was attained. 
The transepithelial electrical resistance (TEER) was 
measured with the Millicell ERS-2 electrical resistance 
system (Millipore, USA).

Experiments were performed when STEC monolay-
ers reached a steady state. Transwells containing STEC 
were either uninfected, infected with PCV2 for 36  h or 
for 48  h before inoculation with SS2 strain ZY05719 
(1.5 × 107  CFU in 500 μL DMEM) and 2  h incubation 
(as determined in preliminary experiments). Four tran-
swells were used per group. The TEER was measured 
and is shown relative to the TEER at the initial time point 
(before infection). The relative TEER of the control group 
was normalized to 100%. The medium in the lower cham-
ber of the transwells was collected and spread on THA 
plates to count bacterial colonies. Assays were repeated 
as three independent experiments.

Western blotting
Total protein of the lung tissues from piglets were 
extracted with Whole Cell Lysis Assay (KeyGEN Biotech, 
Nanjing, China) according to the instructions. Briefly, 
the tissues were cut into pieces and lysed in a cold lysis 
buffer, centrifuged after homogenization, and the super-
natant was collected. STEC were lysed with RIPA plus 
1  mM PMSF (KeyGEN Biotech, Nanjing, China), cen-
trifuged and the supernatant was collected. The protein 
concentrations were determined using a Pierce™ BCA 
Protein Assay Kit (Thermo Fisher Scientific, USA). SDS-
PAGE Sample Loading Buffer (KeyGEN Biotech, Nan-
jing, China) was added to the lysate protein and boiled 
for 10 min. Then, equal amounts of protein for each sam-
ple was separated on a gel by SDS-PAGE and transferred 
onto 0.22 μm polyvinylidene fluoride (PVDF) membrane 
(Millipore, USA). The membranes were blocked in 5% 
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non-fat milk for 2  h at 37  °C, and incubated with anti-
ZO-1 mouse mAb (1  µg/mL, Invitrogen™, USA), anti-
occludin mouse mAb (1 µg/mL, Invitrogen™, USA) and 
anti-GAPDH mouse mAb (1:5000, CMCTAG, USA) at 
4 °C overnight. Subsequently, the membranes were incu-
bated with secondary antibody HRP-goat anti-mouse 
IgG H&L (1:5000, CMCTAG, USA) for 1  h at 37  °C. 
Detection of protein bands was performed using ECL 
Pico-Detect™ Western Blotting Substrate (CMCTAG, 
USA) according to the manufacturer’s instructions. For 
further exploration of MAPK pathway activation, the 
primary and secondary antibodies used were as follows: 
phospho-p38 rabbit mAb and p38 rabbit mAb, phospho-
ERK rabbit mAb and ERK rabbit mAb, phospho-JNK 
rabbit mAb and JNK rabbit mAb (1:1000, Cell Signaling 
Technology, USA), anti-GAPDH rabbit mAb (1:5000, 
CMCTAG, USA) and HRP-goat anti-rabbit IgG H&L 
(1:5000, CMCTAG, USA). Band intensities were analyzed 
by Image J software and the band intensities of the con-
trol group at each time point were normalized to 1.0.

qRT‑PCR
To determine transcript levels of ZO-1 and occludin, 
total RNA was extracted from lung tissues using Total 
RNA Kit I (OMEGA, USA) and STEC using TRIzol rea-
gent (Takara, Japan). Reverse transcriptase reactions were 
performed using the HiScript Q RT SuperMix for qPCR 
(+gDNA wiper) (Vazyme, Nanjing, China) according to 
the manufacture’s instruction. Quantitative Real-Time 
Polymerase Chain Reaction (qRT-PCR) was performed 
on the 7300 Real-Time PCR System (Applied Biosystems, 
USA) with SYBR® Premix Ex Taq™ II (Tli RNaseH Plus) 
(Takara, Japan). The primers used are listed in Table  1. 
The GAPDH gene was used as an internal control, and 
relative quantification compared to the uninfected cells 
was calculated based on the 2−ΔΔCt method [28]. The 
tests were performed in triplicate and each set of qPCR 
assay was repeated three times.

Inhibition assay
To inhibit the activity of JNK, 10 μM JNK/MAPK inhibi-
tor SP600125 (dissolved in DMSO, MCE, USA) was 
added into PCV2 viral stock in advance [29], and equal 

amounts of DMSO (Solarbio, Beijing, China) were added 
into PCV2 viral stock and DMEM as controls. Conflu-
ent STEC were mock-infected or infected with PCV2 for 
36 h or 48 h.

Analysis of paracellular permeability
The paracellular permeability of the tracheal epithelial 
barrier was measured using FITC-conjugated dextran 
4000 (Sigma, USA). STEC were cultured in Transwell 
inserts as described above. Four transwells were used 
per group. After experimental treatments, the media in 
the upper and lower chambers were removed; the lower 
chamber was refilled with fresh culture medium DMEM 
and the upper chamber was refilled with DMEM con-
taining 1  mg/mL FITC-conjugated dextran (4  kDa). 
After 1 h, 100 μL of sample was collected from the lower 
chamber and the fluorescence was detected with Tecan 
Infinite 200 PRO. Paracellular permeability was shown 
relative to permeability of control monolayers. Assays 
were repeated as three independent experiments.

Statistical analysis
The results in the study were analyzed and graphed using 
software SPSS Statistics 17.0 and GraphPad Prism 5. Sta-
tistical significant differences were assessed using Stu-
dent t test and one-way analysis of variance (ANOVA) 
with 95% confidence intervals. A P value less than 0.05 
was considered to be significant.

Results
Continuous infection with PCV2 caused down‑regulation 
of tight junction proteins in the lungs of piglets
To assess the effect of PCV2 infection on TJ of the host 
respiratory epithelia, piglets were uninfected or infected 
with PCV2. The PCV2 loads in serum were detected by 
qRT-PCR assay, PCV2 infection induced increased viral 
serum loads at 17 dpi and subsequently exhibited per-
sistent infection during the experiments (Figure 1A). We 
could not detect PCV2 in the control group and on 0 
dpi in all piglets, indicating good primer specificity. The 
piglets were slaughtered at 28 dpi, at which time the pig-
lets had been infected for a period of time. The effects of 
PCV2 infection on TJ in the lungs were determined by 
immunofluorescence, Western blotting and qRT-PCR 
assays. As shown in Figure 1B (or Additional file 1) and 
C, ZO-1 and occludin in PCV2-infected group were dis-
rupted and the protein levels were reduced compared 
with the control group. In addition, the mRNA levels of 
ZO-1 and occludin in the lungs from the PCV2 infected 
group were also lower than those from the control group 

Table 1  List of qRT-PCR primers 

Gene Forward Reverse

GAPDH GAT​GCT​GGT​GCT​GAG​TAT​GT GGC​AGA​GAT​GAT​GAC​CCT​TT

occludin CGG​ATT​CTG​TCT​ATG​CTC​GTTAT​ TAG​CCC​ATA​CCA​CCT​CCT​ATT​

ZO-1 GGG​TGT​TGA​GCT​CCA​TAG​AAA​ GTC​TCG​GCA​GAC​CTT​GAA​ATA​
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Figure 1  PCV2 down-regulates tight junction protein levels in the lungs of piglets. A Viral loads in the serum of the PCV2-infected piglets. 
The piglets were continuously infected with PCV2. B Immunofluorescence staining of ZO-1 and occludin in the lungs. Scale bar, 50 μm. C Protein 
levels of ZO-1 and occludin in the lungs were determined by Western blotting and band intensities relative to control were analyzed. CT, the control 
group. D qRT-PCR analysis of ZO-1 and occludin in the lungs. The results are shown as mean ± SD of three times experiments. Significant differences 
were determined using Student t-test. *P < 0.05. **P < 0.01; ***P < 0.001.
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(Figure  1D). The results suggest that PCV2 infection 
down-regulates the expression of TJ in the lungs.

Infection of PCV2 in STEC
To establish an in  vitro PCV2-infected cell model, 
PCV2 infection in STEC were examined by immuno-
fluorescence assays. PCV2 infection could be detected 
at 24 h post-infection (Figure 2A). To confirm the pro-
liferation of PCV2 in cells, viral DNA were extracted 
and detected by qRT-PCR; viral DNA increased from 
12  h to 48  h (Figure  2B). These results indicate that 
PCV2 can infect and replicate in STEC.

Effects of PCV2 infection on adherence and invasion of SS2
STEC were pre-infected with PCV2 for 24 h, 36 h or 48 h 
before incubation with SS2 strain ZY05719. Bacterial 
adherence and invasion experiments were performed. 
As shown in Figure 3A and Additional file 2, fewer SS2 
adhered to infected STEC than control STEC when the 
cells were pre-infected with PCV2 for 24  h and 36  h. 
When the cells were infected with PCV2 for 48  h, no 
differences in SS2 adherence were observed. In contrast 
with control cells, the numbers of bacteria that invaded 
STEC pre-infected with PCV2 for 24 h were significantly 
lower; however, the numbers of invasive bacteria were 

Figure 2  PCV2 infection in STEC. A Detection of PCV2 infection in STEC by indirect immunofluorescence assay. Green fluorescence indicates that 
cells were infected with PCV2. Scale bar, 100 μm. B Proliferation of PCV2 in STEC. The cells were infected with PCV2 at MOI 1, the supernatants and 
cells were frozen and thawed 3 times at 12 h, 24 h, 36 h and 48 h post-infection. Viral DNA were extracted and quantitated by qRT-PCR assay. The 
results are shown as mean ± SD of three separate experiments.
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not significantly different among treatments with pro-
longed PCV2 infection times of 36 h and 48 h (Figure 3B 
and Additional file 3).

Infection of PCV2 increased permeability and contributed 
to SS2 translocation across the tracheal epithelial barrier
To gain further insights into the consequences of the 
ZO-1 and occludin down-regulation we observed 
in vivo, we constructed an in vitro tracheal epithelial bar-
rier model with the STEC. The TEER increased rapidly 
during the initial 7  days, reaching a stable level around 
day 8 and this level was maintained for the next 3  days 
(Figure  4A). The in  vitro epithelial barrier models were 
infected with PCV2 at day 8. Compared with the con-
trol group, PCV2 infection significantly decreased the 
TEER at 36 h and 48 h after infection, and there was no 
differences at 24  h post-infection of PCV2 (Figure  4B). 
Measuring of the TEER has been widely accepted as a 
quantitative technique for monitoring epithelial bar-
rier integrity [30]. Then, the numbers of SS2 penetrating 
across the epithelial barrier model were counted after 
36 h and 48 h of PCV2 infection with SS2 infection times 
of 2  h. The number of translocated SS2 in the PCV2 
infected group was greater than that in the control group 

(Figure 4C). Furthermore, compared to the SS2-infected 
alone, PCV2 and SS2 coinfection resulted in a greater 
TEER reduction (Figure  4D), indicating that coinfec-
tion increased the permeability of the epithelial barrier. 
Thus, we established an in vitro tracheal epithelial barrier 
model using STEC; PCV2 infection gradually reduced 
the TEER value and induced breakdown of the epithe-
lial barrier integrity; PCV2 and SS2 coinfection induced 
increased-permeability and more SS2 translocation com-
pared to SS2 infection alone.

Continuous infection with PCV2 reduced the expression 
of tight junction proteins in STEC
To investigate the effect of PCV2 on tight junction pro-
teins of STEC, cells were incubated with PCV2 for 24 h, 
36 h and 48 h. The cell proteins were then collected for 
Western blot and total RNA were extracted for qRT-
PCR analysis. Western blot analysis shows that STEC 
infected with PCV2 for 48 h significantly reduced levels 
of tight junction proteins ZO-1 and occludin (Figure 5A). 
Moreover, the qRT-PCR results demonstrate that PCV2 
down-regulated the mRNA levels of ZO-1 and occludin 
(Figure 5B). These results suggest that PCV2 continuous 
infection in STEC would cause downregulation of tight 
junction protein levels.

Coinfection with PCV2 and SS2 reduced tight junction 
protein levels in STEC
Uninfected control STEC and those infected with PCV2 
for 24  h and 36  h were incubated with SS2 for another 
12  h. For the coinfected cells, the total infection time 
of PCV2 were 36  h and 48  h, at the time points, PCV2 
infection induced a decrease in the TJ levels (Figure  5). 
The infection time of SS2 was based on the results in 
preliminary experiments, the protein levels of ZO-1 and 
occludin in STEC infected with SS2 for 4, 8 and 12 h were 
not reduced, while SS2 infection could affect the distribu-
tion of TJ (these data have not been published). As shown 
in Figure 6A, B, both Western blot and qRT-PCR results 
show that coinfection induced significantly lower expres-
sion levels of ZO-1 and occludin than those in SS2 sin-
gle-infected cells. However, SS2 infection did not cause 
reduction of ZO-1 and occludin protein levels compared 
with the control group (Figure  6A). These results indi-
cate that PCV2 and SS2 coinfection lead to disruption of 
ZO-1 and occludin proteins, and the destructive effects 
were related to PCV2 pre-infection.

Activation of JNK/MAPK is required for down‑regulation 
of tight junction proteins and disruption of the epithelial 
barrier caused by PCV2 infection
To detect whether the MAPK pathways regulate PCV2-
induced disruption of tight junction proteins, STEC 

Figure 3  Adherence and invasion assays. STEC were uninfected or 
infected with PCV2 for 24 h, 36 h and 48 h before incubating with SS2 
at MOI 10. The adherent and invasive bacteria was compared with 
the input number. A Rates of SS2 adherence to STEC. B The invasion 
rates of SS2 recovered from invaded STEC. The results are shown as 
mean ± SD of five independent experiments. Significant differences 
were determined using Student t-test. **P < 0.01; ***P < 0.001; ns: not 
significant.
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were infected with PCV2 for 36 h and 48 h (at the time 
points, PCV2 infection induced a decrease in the TJ 
levels); the phosphorylation of p38, ERK and JNK were 
determined by Western blot. The results show that JNK 
was phosphorylated, indicating that JNK was activated 
in the process of PCV2 infection in STEC, while activa-
tion of p38 and ERK were not detected (Figure 7A). To 
determine the function of JNK on tight junction pro-
teins, STEC were treated with inhibitor SP600125 to 
suppress the activation of JNK during the PCV2 infec-
tion period. The cell proteins were collected at 36  h 
and 48 h of PCV2 post-infection. Western blot analysis 
shows that inhibiting the activation of JNK would lessen 
the PCV2 induced reduction of ZO-1 and occludin pro-
tein levels to some degree (Figure  7B). Furthermore, 
we analyzed the epithelial barrier integrity by quantify-
ing the amount of FITC-dextran crossing the Transwell 
chamber. Relative to the uninfected control, we found 
that the increased paracellular permeability caused by 
PCV2 infection were abrogated or partially abrogated 
by the JNK inhibitor (Figure 7C), providing further evi-
dence that PCV2 induced disruption of the epithelial 

barrier occurs through the JNK/MAPK pathway. As 
shown in Figure 7D, the integrity of tight junction pro-
teins is protected when treated with JNK inhibitor in 
PCV2 infected STEC. In summary, PCV2 infection acti-
vates the JNK/MAPK pathway; JNK phosphorylation 
plays an important role in disruption of TJ in STEC, and 
is related to the increased-permeability of the epithelial 
barrier caused by PCV2 infection.

Discussion
TJ are responsible for the integrity and function of the 
epithelial barrier, and once damaged, the risk of infection 
with exogenous pathogens will greatly increase; ZO-1 
and occludin are known to play a primary role in the 
maintenance of the epithelial barrier [31, 32]. In the pre-
sent study, we demonstrate that PCV2 infection down-
regulated the expression of TJ ZO-1 and occludin in the 
respiratory epithelium, increased the barrier permeabil-
ity and contributed to the translocation of the bacterial 
pathogen SS2. Similar findings have been reported: rhi-
novirus causes the loss of ZO-1 in human airway epithe-
lial cells and disrupts epithelial integrity, which promotes 

Figure 4  PCV2 infection increased barrier permeability and SS2 translocation. A Construction of an epithelial barrier model in vitro using 
STEC. The electrical resistance increased from day 2 to day 8 and formed tight cellular connections. B PCV2 infection decreased the TEER and 
increased the permeability of the epithelial barrier. STEC monolayers were infected with PCV2 for 24 h, 36 h and 48 h, TEER was measured and was 
shown relative to the TEER before infection. C PCV2 infection contributed to translocation of SS2 across the tracheal epithelial barrier. The in vitro 
epithelial barriers were infected with PCV2 for 36 h or 48 h before incubation with SS2 for 2 h, and the number of SS2 penetrating across the 
epithelial barrier model were counted. D Coinfection increased the barrier permeability compared with the SS2 infection alone. STEC monolayers 
were uninfected or infected with PCV2 for 36 h or 48 h before incubation with SS2 for 2 h, TEER was measured and was shown relative to the TEER 
before infection. The results are described as mean ± SD of three independent experiments. Significant differences in B and C were determined 
using the Student t-test. Significant differences in D were determined using one-way ANOVA analysis. *P < 0.05; **P < 0.01; ***P < 0.001.
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the paracellular migration of H. influenzae [33]; HIV-1 
down-regulates mRNA and protein levels of TJ (claudin 
1, 2, 4, occludin and ZO-1) and impairs epithelial barrier 
integrity allowing bacterial translocation across the epi-
thelial monolayers [34].

Animal challenge experiments show that PCV2 dis-
rupted the integrity and decreased the mRNA and 
protein levels of TJ in the lungs. In order to study the 
consequences and mechanisms of PCV2-induced 
reduction of TJ, we established an in  vitro cell infec-
tion model and tracheal epithelial barrier model with 
STEC. Epithelial cells are target cells for PCV2 infec-
tion in vivo and are used for culturing, and for studying 
internalization and infection of PCV2 in vitro [35–37]. 
Here, Western blot, qRT-PCR and immunofluores-
cence assays were carried out to assess the effects of 
PCV2 on ZO-1 and occludin in STEC. The results were 
consistent with those in vivo that prolonged the infec-
tion time of PCV2 to 48 h in STEC. In addition, PCV2 
infection reduced the TEER, increased the permeabil-
ity of the tracheal epithelial barrier and increased the 
translocation of SS2. PCV2 infection did not increase 
the adhesion and invasion of SS2 to STEC during the 
experiment, suggesting that PCV2 promoted bacterial 
translocation across the epithelial barrier through the 
paracellular route, rather than the transcellular route. 
Although SS2 did not reduce protein levels of ZO-1 
and occludin, the TJ were reorganized (data not pub-
lished), which was reported to be associated with the 
increased paracellular permeability [38] and bacterial 
translocation [24].

We found that PCV2 activates JNK/MAPK pathway 
in STEC, and activation of the pathway plays important 
roles in the disassembly of tight junctions and affects the 
barrier functions [39, 40]. Here, the inhibition of JNK res-
cued the PCV2 induced disruption in ZO-1 and occlu-
din and maintained the barrier permeability to a large 
extent. A previous study showed that the effector of Sal-
monella enteritidis AvrA could stabilize TJ protein ZO-1 
and attenuate bacterial invasion via inhibition of the JNK 
signaling pathway [41]. The downstream genes of the 
JNK signaling pathway, including AP-1, c-Jun, ATF-2 and 
ELK-1, are reported to regulate epithelial barrier func-
tions [41–45]; further study is required to determine 
which downstream molecules in the JNK pathway were 
activated by PCV2.

In summary, our data have shown that during PCV2 
infection, TJ were down-regulated and barrier function 
was disrupted, resulting in increased bacterial translo-
cation. Furthermore, we demonstrate that the disrupted 
TJ and increased permeability were related to the JNK/
MAPK pathway. There are still, however, some ques-
tions needing to be addressed in future research, such 

Figure 5  PCV2 down-regulates tight junction protein levels 
in STEC. STEC were uninfected or infected with PCV2 for 24 h, 36 h 
and 48 h. A Protein levels of ZO-1 and occludin were determined 
by Western blotting and band intensities relative to control were 
analyzed. B mRNA levels of ZO-1 and occludin were analyzed 
with qRT-PCR. The results are described as mean ± SD of three 
independent experiments. Significant differences were determined 
using the Student t-test. *P < 0.05; **P < 0.01; ***P < 0.001; ns: not 
significant.

Figure 6  Coinfection with PCV2 and SS2 causes 
down-regulation of TJ in STEC. STEC were infected with PCV2 for 
24 h or 36 h before incubating with SS2 for 12 h. A Protein levels of 
ZO-1 and occludin were determined by Western blotting and band 
intensities relative to control were analyzed. B mRNA levels of ZO-1 
and occludin were analyzed with qRT-PCR. The results were described 
as mean ± SD of three independent experiments. Significant 
differences were determined using one-way ANOVA analysis. 
*P < 0.05; **P < 0.01; ***P < 0.001; ns: not significant.
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as whether coinfection with PCV2 and SS2 will con-
tribute to the translocation of the virion, and whether 
the impaired epithelial barrier caused by PCV2 facili-
tates infection of some other bacterial pathogens except 

S. suis. Together, these findings provide new insights 
into how PCV2 induces secondary bacterial infection, 
which might be valuable for strategies targeting the 
control of tight junction damage.

Figure 7  Activation of JNK/MAPK pathway is related to the disruption of TJ and increased-permeability of tracheal epithelial barrier. 
A Western blotting analysis of p38, ERK and JNK phosphorylation in PCV2-infected STEC. STEC were infected with PCV2 for 36 h or 48 h. 
Phosphorylation of JNK was detected in the process of PCV2 infection. B Western blotting analysis of ZO-1 and occludin in PCV2-infected STEC 
treated with JNK inhibitor SP600125. Band intensities relative to control were analyzed. Compared with the PCV2-infected cells, the disruption 
of ZO-1 and occludin were alleviated through inhibition of JNK activation. CT, the control group. P, the PCV2 infection group. C Measurement of 
paracellular permeability. PCV2 infection increased the permeability of the epithelial barrier, which can be partially offset by JNK inhibitor. The 
results are described as mean ± SD of three independent experiments. Significant differences in (B) and (C) were determined using one-way ANOVA 
analysis. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant. D Immunofluorescence staining of ZO-1 and occludin in STEC. Scale bar, 50 μm. The 
infection time of PCV2 was 48 h.
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