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A B S T R A C T

Porcine circovirus type 2 (PCV-2) and Streptococcus suis (S. suis) are common pathogens in pigs. Both pathogens
are associated with the porcine respiratory disease complex. Clinically, coinfection of PCV-2 and S. suis are often
detected in pigs with respiratory symptoms, while interactions between the two pathogens during coinfection
and the coinfection pathogenesis are poorly understood. In this study, a piglet model coinfected with PCV-2 and
Streptococcus suis serotype 2 (SS2) was established; coinfection of piglets increased the contents of SS2 in blood,
and piglets showed more severe pneumonia, myocarditis and arthritis. Peripheral blood mononuclear cells
(PBMCs) were collected and coinfected piglets showed high expression levels of inflammatory cytokines and
TLR2, TLR4, while levels of CD4, CD8 and MHC II were reduced. In addition, in order to further explore the
mechanisms of coinfection induced cytokine overexpression, an in vitro model of coinfection with PCV-2 and
SS2 was established using cells of the porcine monocytic line 3D4/21. Similar to the in vivo results,coinfected
cells exhibited increased expression of the cytokines IL-6, IL-8, TNF-α and the receptors TLR2, TLR4, while they
showed a lower expression of MHC II than cells infected with SS2 alone. Furthermore, in coinfected 3D4/21
cells, both MAPK and NF-κB signaling pathways were activated, and the increased expression of IL-8 was related
to TLR4. In general, coinfection with PCV-2 and SS2 exacerbated the inflammatory response and probably
impaired macrophage antigen presentation, resulting in immune dysregulation and increasing the severity of
host infection.

1. Introduction

Porcine circovirus type 2 (PCV-2) is primarily responsible for por-
cine circovirus-associated diseases (PCVADs), including postweaning
multisystemic wasting syndrome, reproductive disorders, porcine re-
spiratory disease complex (PRDC), porcine dermatitis and nephropathy
syndrome and enteritis (Chae, 2005). PCVADs are emerging globally
and have caused considerable economic damage to the global swine
industry (Rose et al., 2012). PCV-2 often causes disease through coin-
fection with secondary or opportunistic pathogens (Opriessnig and
Halbur, 2012).

S. suis is an opportunistic pathogen in swine, causing septicemia,
pneumonia, endocarditis, arthritis and meningitis in piglets (Fittipaldi
et al., 2012). Currently, 29 S. suis serotypes have been reported, and
serotype 2 (SS2) is the most virulent and it is isolated frequently (Zheng
et al., 2019). In the epidemiological survey of pig farms, coninfection

with S. suis and PCV-2 was frequently detected (Dione et al., 2018; Liao
et al., 2011). Whether PCV-2 can promote the infection of S. suis and
whether coinfection enhances pathogenesishas never been reported.

In the present study, a coinfection piglet model was established, and
pathogenicity of the pathogens and host immune responses were as-
sessed. Macrophages and monocytes are target cells of PCV-2 in pigs
(Sanchez et al., 2003), the porcine monocyte cell line 3D4/21, devel-
oped from porcine alveolar macrophages (PAM) (Weingartl et al.,
2002), has been used to explore PCV-2 infection and cytokine secretion
(Yang et al., 2017). In addition, inflammatory responses in 3D4 porcine
alveolar macrophages infected with S. suis have also been studied (de
Greeff et al., 2010). Therefore, to explore the mechanisms of PCV-2 and
SS2 coinfection, we established a PCV-2 and SS2 coinfection model
using 3D4/21 cells. The expression levels of TLR2, TLR4, IL-6, IL-8,
TNF-α and MHC II were examined and related signalling pathways
were assessed. The results from this study could explain, at least in part,
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how coinfection with PCV-2 and SS2 increases the severity of infections.

2. Materials and methods

2.1. Cells, virus, and bacteria

3D4/21 cells were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM; Thermo Fisher Scientific) supplemented with 10 % fetal bo-
vine serum (FBS; Thermo Fisher Scientific). Before experimental treat-
ment, 3D4/21 cells were seeded into cell culture plates and incubated at
37 °C in 5% CO2 until the cells reached 70–80 % confluence.

The PCV-2 strain used in this study was isolated from Anhui, China
and was provided by the Jiangsu Academy of Agricultural Science
(JAAS, Jiangsu Province, China).

SS2 strain ZY05719 was isolated from a diseased pig during an
outbreak in Sichuan, China. The bacteria were cultured on Todd-Hewitt
agar (THA) or in Todd-Hewitt broth (THB) medium at 37 °C.

2.2. Animal challenge experiments

Three-week-old piglets were purchased from a healthy herd in
Jiangsu province and were identified as negative for PCV, PRRSV, HPS
and SS2. All piglets were randomly divided into four groups (six piglets
per group), which included the control group, PCV-2-infected group,
SS2-infected group and the coinfected group. After one week, the pig-
lets in the PCV-2-infected group and coinfected group were infected
with the PCV-2 strain (106.5TCID50/mL) through intranasal (2 mL) and
intramuscular (3 mL) inoculation. 5 days after PCV-2 challenge, piglets
in the SS2-infected group and the coinfected group were inoculated
intranasally (2 mL) and intramuscularly (3 mL) with SS2 ZY05719 (5 ×
108 CFU/mL). The infection methods and doses of pathogens were
determined according to references (Liu et al., 2017; Ramamoorthy
et al., 2011; Xu et al., 2010) with some modifications. The interval time
between the two pathogens was determined according to other refer-
ences pertaining to virus-bacteria coinfection (Li et al., 2019; Lin et al.,
2015; Xu et al., 2010). Clinical signs were monitored, and blood sam-
ples from all the piglets were collected at 3, 8, 11, 14, 17, 21, 24, and 28
days post-inoculation (dpi) with PCV-2. SS2 in blood were detected by
absolute qRT-PCR as described in (Li et al., 2019) with the forward
primer 5′-CAAGGTAAGCGATGTGACGA-3′ and the reverse primer
5′-ACACGGTCATCCAAAACCTC-3′. The amount of PCV-2 in sera were
also detected by absolute RT-PCR with the forward primer 5′-GGCTC
CACTGCTGTTATTCT-3′ and the reverse primer 5′-TAGGAGAAGGGCT
GGGTTAT-3′. All piglets were necropsied at 28 dpi, and organ samples
were collected for histopathological observation. The degree of tissue
lesions was divided into 4 grades according to the pathological changes
of different organs and was scored as follows: 1 = mild, 2 = moderate,
3= severe and 4 = very severe. Normal tissue was scored as 0.

All animal experiments were approved by the Ethical Committee for
Animal Experiments of Nanjing Agricultural University and were in
accordance with the guidelines of the Animal Welfare Council of China.

2.3. Isolation of PBMCs, extraction of total RNA and qRT-PCR

Blood samples from four groups of piglets were collected from the
jugular veins into tubes containing anticoagulant (EDTA). PBMCs were
immediately isolated by density gradient centrifugation using
Histopaque-1077 (Sigma-Aldrich). Subsequently, total RNA was ex-
tracted using a Total RNA kit I (Omega), and reverse-transcription re-
actions were performed. All cDNA samples were stored at −80 °C. qRT-
PCR assays were performed to determine the expression levels of cy-
tokines and receptors. Data were normalized to the reference gene
GAPDH, and expressed as fold changes relative to the control group
piglets. The primers used are listed in Table 1 in the supplemental
material.

2.4. Cytokine detection

Levels of cytokines IL-6, IL-8, TNF-α and IL-10 in the serum samples
were measured using commercial ELISA kits (Fankew, Shanghai kexing
Trading Co.,Ltd) according to the manufacturer’s instructions.

2.5. Detection of antibodies

Antibodies against SS2 and PCV-2 were tested in triplicate for each
serum sample using commercial ELISA kits (Wuhan Keqian Biology Co.,
Ltd) according to the manufacturer’s instructions. The optical density
(OD) values at 630 nm were measured and the OD630 for the positive
serum control had to be equal or higher than 0.8 for the assay to be
valid according to the manufacturer’s instructions.

2.6. Establishment of 3D4/21 cell model coinfected with PCV-2 and SS2

For the PCV-2 infection, actively growing 3D4/21 cells in cell cul-
ture plates were infected with PCV-2 at a multiplicity of infection (MOI)
of 1. Immunofluorescence assays were used to detect viral infection
with an established protocol. Infected cells were washed with phos-
phate-buffered saline (PBS) and fixed with cold methanol for 30 min at
4 °C. Fixed cells were washed with PBS containing 0.1 % Tween 20
(PBST) and incubated at 37 °C for 1 h with PCV2 capsid protein mouse
monoclonal antibody (generated in our lab) at a 1:200 dilution. After
washing three times with PBST, the cells were further incubated with
DyLight488-conjugated goat anti-mouse IgG antibody (Abbkine) at
1:1000 dilution at 37 °C for 45 min in the dark. Finally, the cells were
stained 5 min with DAPI (Beyotime). After three washes, the samples
were examined under a fluorescence microscope (Carl Zeiss, Germany).
Moreover, PCV-2 proliferation was determined through real-time PCR
amplification.

For the establishment of the PCV-2 and SS2 coinfection cell model,
3D4/21 cells were virus infected for 24 h, and then infected with
ZY05719 at an of MOI 10 for different incubation times.

2.7. RNA extraction and qRT-PCR

Total RNA was extracted from 3D4/21 cells using TRIzol reagent
(TaKaRa). RNA was reverse-transcribed using HiScript Q RT SuperMix
for qPCR (+gDNA wiper) (Vazyme).

qRT-PCR reactions were performed using SYBR® Premix Ex Taq™ II
(Tli RNaseH Plus) (TaKaRa) according to the protocol recommended for
use with the Applied Biosystems 7300 Real-Time PCR System. GAPDH
was used as an internal control, and quantification relative to unin-
fected cells was calculated based on the 2−ΔΔCt method (Livak and
Schmittgen, 2001). All primers used are listed in Table 1 in the sup-
plemental material.

2.8. Western blot analysis

The control and infected 3D4/21 cells were lysed in RIPA buffer, the
cell lysates were centrifuged and the supernatants were collected. The
protein concentrations of supernatants were measured using a Pierce™
BCA Protein Assay Kit (Thermo Fisher Scientific). Equal amounts of
protein samples were separated by 10 % SDS-PAGE and transferred to
PVDF membranes (Millipore). After blocking for 2 h in 5% non-fat milk,
the membranes were incubated with primary antibodies overnight at 4
°C. The primary 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; phospho-IκBα
rabbit mAb (Cell Signaling Technology) and β-actin mouse mAb
(CMCTAG). Subsequently, the membranes were incubated with goat
anti-rabbit IgG H&L (HRP) or goat anti-mouse IgG H&L (HRP) sec-
ondary antibodies for 1 h at 37 °C. Target protein bands were detected
using ECL Pico-Detect™ Western Blotting Substrate (CMCTAG)
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according to the manufacturer’s instructions. Band intensities were
analyzed by Image J software, and β-actin was used as the control.

2.9. Inhibition of MAPK and NF-κB signaling pathways

To identify the pathways signaling cytokine production, virus-in-
fected 3D4/21 cells were treated with different inhibitors respectively
for 1 h. Inhibitors used were as follows: 20 μM TAK-242 (TLR4 in-
hibitor),10 μM SB203580 (P38 inhibitor), 10 μM U0126 (ERK in-
hibitor), 10 μM SP600125 (JNK inhibitor), and 10 μM BAY11-7082
(NF-κB inhibitor). For the controls, equal volumes of DMSO were added
to the cell culture.

2.10. Statistical analysis

The results were analyzed and graphed using GraphPad Prism 5;
data are expressed as the mean± SD (standard deviation) of at least 3
independent experiments. Statistical significance of differences be-
tween means was assessed using Student’s t-test unless otherwise stated.
A P-value less than 0.05 was considered to be significant.

3. Results

3.1. Coinfection with PCV-2 and SS2 caused more severe clinical symptoms
and increased the contents of SS2 in piglets

As shown in Fig. 1A, piglets in the coinfection group had higher
rectal temperatures at 8 dpi and 17 dpi (over> 39.5 °C) than those in
the single-infected group. Compared to single-infected pigs, the coin-
fected pigs showed lower weight gains at 8 dpi, 21 dpi, 24 dpi and 28
dpi (Fig. 1B). In addition, levels of SS2 and PCV-2 in blood collected at
8, 11, 14, 17, 21 dpi were detected by absolute qRT-PCR; amounts of
SS2 in the coinfected group were higher than those in the SS2-infected
group at 8 dpi, 11 dpi and 17 dpi (Fig. 1C), while the amounts of PCV-2
in the coinfected group were not significantly different from those in
the PCV-2-infected group (data not shown). We could not detect SS2
and PCV-2 in the control group, indicating good primer specificity.

Moreover, the PCV2-infected piglets exhibited slight nasal mucus
(2/6) and diarrhea (2/6). The SS2-infected piglets showed recumbency
(2/6), arthrocele (6/6), limpness (1/6) and nasal mucus(2/6). While, in
coinfected group, 5 piglets exhibited recumbency, all piglets exhibited
arthrocele and 4 piglets showed obvious limpness, 4 piglets showed
nasal mucus, 2 piglets showed cough and slight diarrhea. All the clinical
signs are listed in Table 2 in the supplemental material.

3.2. Coinfection with PCV-2 and SS2 induced more serious tissue
pathologies in piglets

To evaluate the effect of coinfection on tissue pathology, lung, heart
and spleen samples were examined by histopathology. In PCV-2 in-
fected piglets, a thickened alveolar septum and structurally ruptured
alveoli were observed (Fig. 1D b) and swelling myocardial fibers were
apparent (Fig. 1D f). In the SS2 infected group, the lungs exhibited
compensatory alveolar dilatation, alveolar wall thickening and in-
flammatory cell infiltration (Fig. 1D c); interstitial edema and looseness
and a small number of inflammatory cells were present in the heart
(Fig. 1D g). In the coinfection group, the lung lesions displayed a large
number of inflammatory cells and erythrocytes filled the alveolar
spaces (Fig. 1D d); myocardial fibers were partially broken and dis-
solved, and there was interstitial widening, severe bleeding and a large
amount of inflammatory cell infiltration (Fig. 1D h). In addition, de-
pletion of lymphocytes and diffuse hemorrhages in the spleen from the
infected piglets were observed (Fig. 1D j, k, l). The control group
showed no obvious histopathological changes (Fig. 1D a, e, i). More-
over, the histopathological score of different tissues were compared and
the results are shown in Fig. S1 (supplemental material). Tissue injuries

in coinfected piglets were more severe than those in the other groups.

3.3. Coinfection with PCV-2 and SS2 upregulated expressions of cytokines,
TLR2, TLR4 and inhibited expressions of CD4, CD8 and MHC II in piglets

PBMCs were isolated from piglets at different time points, and total
RNA was extracted to detect the expression of cytokines, TLR2, TLR4
and MHC II by qRT-PCR. As shown in Fig. 2A, the expression levels of
TLR2 and TLR4, IL-6, IL-8 and TNF-α were significantly higher in the
coinfected group than in the SS2-infected group and the PCV-2-infected
group at 8 dpi of PCV-2, and the expression of IL-10 was more sig-
nificant in the coinfected group than in the PCV-2 and SS2 infected
groups at 11 dpi and 14 dpi. Furthermore, levels of cytokines IL-6, IL-8,
TNF-α and IL-10 in all groups were measured at 11 dpi and 17 dpi
(Fig. 2B). At 11 dpi, levels of IL-8 and TNF-α were significantly higher
in the coinfected group than in the single-infected groups, the IL-6 level
in the coinfected group was higher than that in the PCV-2-infected
group, and the IL-10 level in coinfected group was higher than that in
the SS2-infected group. At 17 dpi, the cytokine levels of IL-6, IL-8, TNF-
α and IL-10 were all higher in the coinfected group than in the single-
infected groups.

In addition, expression of the antigen presentation molecule MHC II
was significant lower in the coinfected group and PCV-2-infected group
relative to that in the SS2-infected group at 11 dpi and 14 dpi (Fig. 2A),
indicating that antigenpresentation might be affected by PCV-2 infec-
tion. The expression levels of CD4 (17 dpi) and CD8 (11 dpi) in coin-
fected piglets and PCV-2-infected piglets were also lower than that in
SS2 infected piglets (Fig. 2A), indicating that the PCV2 infection might
also affect the immune response of T cells.

3.4. Coinfection with PCV-2 and SS2 slowed production and lowered levels
of antibodies against SS2

Indirect ELISA assay was performed to detect antibodies against SS2
and PCV-2. The control group was negative throughout the experiment.
The S/P (sample/positive) ratios of antibodies were calculated for all
groups. Compared to SS2-infected piglets, the production time of SS2
antibodies in coinfected piglets was delayed, and the levels of SS2 an-
tibody was lower at 11, 14 and 17 dpi (Fig. 2C). Conversely, SS2 in-
fection did not affect the production and levels of PCV-2 antibodies
(data not shown).

3.5. Establishment of PCV-2 and SS2 coinfection cell model

PCV-2 does not cause typical cytopathic effects after infecting 3D4/
21 cells; 3D4/21 cells were infected with PCV-2 for 24 h and 48 h, and
immunofluorescence was then used to confirm infection by the virus
(Fig. 3A). PCV-2 proliferation in 3D4/21 cells was confirmed using real-
time PCR, and the viral DNA load in PCV-2-infected cells increased
between 12 h and 48 h post-infection (Fig. 3B). For coinfection, 3D4/21
cells were preinfected by PCV-2 for 24 h and then infected with
ZY05719 at an MOI of 10.

3.6. Coinfection with PCV-2 and SS2 induced upregulation of
proinflammatory cytokines, TLR2, TLR4 and downregulation of MHC II in
3D4/21 cells

The total RNA of 3D4/21 cells was extracted to detect mRNA ex-
pression of cytokines IL-6, IL-8, TNF-α and molecules TLR2, TLR4, MHC
II. The expression levels of IL-6 and IL-8 in coinfected cells were sig-
nificantly higher than that in the single-infected cells; SS2-infected and
coinfected cells showed upregulated TNF-α expression (Fig. 3C).
Compared to SS2 infection alone, PCV-2 and SS2 coinfection sig-
nificantly upregulated the expression levels of TLR2 and TLR4 in 3D4/
21 cells (Fig. 3C). However, MHC II expression in SS2-infected cells was
much higher than in both PCV-2-infected cells and coinfected cells
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(Fig. 3C). The results above were consistent with the results of animal
experiments, showing that we have successfully established an in vitro
cell model which could be used for subsequent mechanistic studies.

3.7. Coinfection with PCV-2 and SS2 enhanced expression of cytokines
through activation of both MAPK and NF-κB signaling pathways

In our study, 3D4/21 cells were infected with PCV-2 for 24 h, and
then infected with SS2 for 1 h and 8 h; phosphorylation levels of P38,
ERK, JNK and IκBα were subsequently determined by Western blot. At
1 h post-infection with SS2, coinfected 3D4/21 showed higher phos-
phorylation levels of P38, ERK, JNK than single-infected cells;

phosphorylation of IκBα was not detected (Fig. 4A and B, 1 h). At 8 h
post-infection with SS2, P38, ERK, JNK and IκBα were being phos-
phorylated in co-infected cells, but there was not IκBα activation in
single-infected cells at either time point (Fig. 4A and B). These results
indicated that PCV-2 and SS2 coinfection activated both the MAPK and
NF-κB signaling pathways.

In addition, when MAPK and NF-κB signaling pathways were in-
hibited in coinfected 3D4/21 cells, IL-8 expression was significantly
decreased (Fig. 4C), indicating that IL-8 production in coinfected 3D4/
21 cells was regulated by both MAPK and NF-κB signaling pathways.

Fig. 1. Rectal temperatures, body weights, SS2 and PCV-2 loads in blood and tissue pathology in piglets. PCV-2 inoculation was at 0 dpi followed by SS2 inoculation
at 5 dpi. (A) Rectal temperatures; black, orange and green asterisks represent the results between coinfected group and either the control group, PCV-2-infected group
or SS2-infected group, respectively. (B) Weight gains; black asterisks represent the results between coinfected group and the control group; orange and green asterisks
above the blue line represent the results between coinfected group and PCV-2-infected group or SS2-infected group, respectively; orange asterisks above the orange
line represent the results between PCV-2-infected group and the control group; green asterisks above the green line represent the results between SS2-infected group
and the control group. (C) Contents of SS2 in blood. The results A, B and C are shown as the mean± SD of six biological replicates. *, 0.01< P<0.05; **, P<0.01;
***, P<0.001. (D) Representative histopathological images of piglets mock-infected or infected with PCV2, SS2 or coinfected. Scale bar, 200 μm.
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Fig. 2. Levels of cytokines, cell surface receptors and antibodies. (A) Transcriptional levels of cytokines and cell surface receptors in PBMCs. Data were normalized to
GAPDH, and were expressed as fold changes relative to the control group piglets. (B) Changes of cytokines IL-6, IL-8, TNF-α and IL-10 levels in serum samples. (C)
Detection of anti-SS2 antibodies in piglets. Data are represented as mean± SD of six biological replicates. **, P<0.01; ***, P<0.001; ns, not significant.
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Fig. 3. PCV-2 infection in 3D4/21 cells (A and B) and expression of inflammatory cytokines, TLR2, TLR4, and MHC II in 3D4/21 cells (C). (A) Dynamics of PCV-2
proliferation in infected 3D4/21 cells was determined using indirect immunofluorescence assay at 24 h and 48 h post-infection. Mock-infected 3D4/21 cells at 48 h
served as a control. Green fluorescence indicates infection by PCV-2. Scale bar, 200 μm. Magnification, ×10. (B) PAM 3D4/21 cells were infected with PCV-2 at MOI
1. Viral DNA was extracted and quantitated by qRT-PCR assay. (C) PAM 3D4/21 cells were preinfected with PCV-2 for 24 h or left untreated, and then mock-infected
or infected with SS2 for 8 h. qRT-PCR analysis of selected genes was performed. GAPDH was used as an internal control. The Y-axis describes relative quantification of
selected mRNA transcripts compared to the uninfected cells. The results are shown as the mean±SD of three separate experiments. *, 0.01< P<0.05; **, P<0.01;
***, P<0.001.
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3.8. Roles of TLR4 in overexpression of IL-8 caused by coinfection with
PCV-2 and SS2

In the current study, the expression of IL-8 was upregulated in PCV-
2-infected 3D4/21 cells, which was in accordance with previous re-
search (Qin et al., 2016). Cells coinfected with PCV-2 and SS2 showed
much higher expression of IL-8 than did the PCV-2 single-infected cells
(Fig. 3C). To investigate the roles of TLR4 in regulating IL-8, 3D4/21

cells coinfected with PCV-2 and SS2 were treated with TAK-242 prior to
SS2 infection. The results showed that IL-8 expression in coinfected
cells was significantly inhibited by TAK-242 (Fig. 5A). Moreover, TAK-
242 treatment decreased phosphorylation of both JNK and IκBα
(Fig. 5B and C). These results indicated that TLR4 played an important
role in the PCV-2 and SS2 coinfection induced upregulation of IL-8.

Fig. 4. Identification of signaling pathways
involved in cytokine expression. (A) Activation
of MAPK and NF-κB signaling pathways in
PAM 3D4/21 cells at 1 h and 8 h after SS2
infection. The protein levels were detected by
Western blot. C, control; P, the PCV-2-infected
group; SS, the SS2-infected group; PS, the co-
infected group. (B) Relative band intensities of
P-p38, P-ERK, P-JNK and P-IκBα. Coinfected
3D4/21 showed higher phosphorylation levels
in the MAPK signaling pathway after SS2 in-
fection; Coinfected 3D4/21 activated IκBα at 8
h of SS2 infection. (C) Expression of IL-8 was
regulated by both MAPK and NF-κB signaling
pathways. SB203580, U0126, SP600125 and
BAY11-7082 are inhibitors of p38, ERK, JNK
and NF-κB respectively. The results are shown
as the mean±SD of three separate experi-
ments.*, 0.01< P<0.05; **, P<0.01; ***,
P<0.001.
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4. Discussion

Viral and bacterial coinfection in respiratory tract is a major reason
for the high morbidity and mortality in both humans and animals
(Bakaletz, 2017; Bosch et al., 2013). It has been reported that as a
secondary infectious pathogen, SS2 could coinfect with PRRSV and SIV
to induce more serious respiratory disease (Li et al., 2019; Meng et al.,
2015). PCV-2 and S. suis are two of the main contributors to PRDC
(Lung et al., 2017). In recent years, PCV-2 and S. suis coinfection cases
have been frequently observed in clinical cases; PCV-2 and S. suis co-
infection is characterized by high fever, cough, loss of appetite, diffi-
culty breathing, skin blemishes or paleness, and can lead to abortion
(Yang et al., 2018). In this study, we established a piglet model coin-
fected with PCV-2 and SS2; clinical manifestations and pathological
changes showed that coinfection potentiates the severity of infections.

Beadling (Beadling and Slifka, 2004) proposed that overproduction
of inflammatory cytokines may be a way in which the respiratory viral

infection facilitates secondary bacterial infection and contributes to
immunopathology. Coinfection with PRRSV and H. parasuis increased
proinflammatory cytokine expression in PAM (Kavanova et al., 2015)
and confirmed Beadling’s conclusion. In this research, PCV-2 and SS2
coinfection upregulated levels of cytokines IL-6, IL-8 and TNF-α, in-
duced more severe inflammatory response and tissue lesions. Similar
results have been observed in other coinfections by multiple pathogens,
such as coinfection with PRRSV and SS2 (Li et al., 2019), influenza
virus and Staphylococcus aureus (Jia et al., 2018), and coinfection with
swine influenza virus and SS2 (Wang et al., 2013). The upregulation of
inflammatory cytokines leads to a cytokine storm that exacerbates the
development of the disease. In addition, coinfection with PCV-2 and
SS2 significantly increased the expression of the immunosuppressive
cytokine IL-10, which was an attempt at balance by the host to clear the
infection and reestablish homeostasis.

However, expression levels of the CD4 and CD8 receptors in both
coinfected and PCV-2-infected piglets were lower than in SS2-infected

Fig. 5. Roles of TLR4 in IL-8 expression in coinfected 3D4/21 cells. Coinfected 3D4/21 cells were pretreated with TAK-242 (TLR4 inhibitor) for 1 h. (A) IL-8
expression level was decreased by TAK-242 treatment. The results are shown as the mean± SD of three independent experiments. (B) The phosphorylation of JNK
and IκBα were tested by Western blot. (C) Band intensity analysis of P-JNK and P-IκBα. The result showed that TAK-242 significantly downregulated the phos-
phorylation of both JNK and IκBα. C, control; PS, the coinfected group. **, P<0.01;***, P<0.001.
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piglets. CD4 and CD8 are distributed on the surface of T cells and are
essential for T cell activation. PCV-2 infection has been reported to
cause CD4(+) and CD8(+) T lymphocyte depletion, and affects the
activation and immune function of T lymphocytes (Darwich et al.,
2003; Karuppannan and Kwang, 2011). In addition, it is worth men-
tioning that MHC II expression in coinfected piglets was lower than in
piglets infected with only SS2, which means that coinfection probably
impairs the antigen presentation capacity of the hosts. Moreover, the
production of antibodies to SS2 in the coinfected group occurred later,
and the levels were lower than those in the group infected with only
SS2, which might be due to the depletion of B lymphocytes after PCV-2
infection (Shibahara et al., 2000).

TLR, which can recognize components of microorganisms, activate
MAPK and/or NF-κB and induce the production of inflammatory cyto-
kines; they are important pattern recognition receptors for both viral
and bacterial infection (Adib-Conquy et al., 2014; Voelker and Numata,
2019). Previous studies have reported that SS2 could induce in-
flammatory response through both TLR2 and TLR4 pathways (Bi et al.,
2015; Graveline et al., 2007). Also, PCV-2 infection has been shown to
upregulate expression of TLR2 and TLR4 in porcine alveolar macro-
phages, and contributes to the production of cytokines (Han et al.,
2017). Herein, coinfection with PCV-2 with SS2 up-regulated expres-
sion of TLR2 and TLR4, activated both MAPK and NF-κB, and promoted
production of cytokines. Coinfection with PCV-2 and SS2 significantly
increased IL-8 production, and the expression could be inhibited by
MAPK and NF-κB inhibitors, which further confirmed that over-
production of cytokines induced by coinfection was associated with
both MAPK and NF-κB pathways. It has been reported that TLR2 reg-
ulates IL-8 production in porcine alveolar macrophages infected with
PCV-2 (Qin et al., 2016). Here, to evaluate the role of TLR4 in IL-8
production, the coinfected 3D4/21 cells were treated with TAK-242,
which significantly decreased phosphorylation levels of JNK and IκBα,
and reduced the level of IL-8 mRNA. These results indicated that TLR4
could regulate IL-8 expression in coinfected 3D4/21 cells.

Taken together, our research indicated that PCV-2 and SS2 coin-
fection caused more serious tissue lesions and enhanced the pathogen’s
pathogenicity in piglets. Coinfection with PCV-2 and SS2 activated
MAPK and NF-κB signaling pathways and exacerbated inflammatory
cytokine production. Antigen presentation and humoral immunity
might be affected, resulting in dysregulation of the immune response in
the host. These results help us better understand the mechanisms of
PCV-2 and SS2 coinfection.
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