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ABSTRACT

Actinobacillus pleuropneumoniae (APP) and porcine circovirus type 2 (PCV2) are both important pathogens of the
porcine respiratory disease complex (PRDC), which results in significant worldwide economic losses. Recently,
PCV2 and APP coinfection has been described in the worldwide pork industry, and represents an extremely
complex situation in veterinary medicine. However, the mechanism of their coinfection has not been in-
vestigated. In this study, we found that PCV2 promoted APP adhesion to and invasion of porcine alveolar
macrophages (PAMs) during coinfection. Additionally, PCV2 suppressed reactive oxygen species (ROS) pro-
duction by inhibiting cytomembrane NADPH oxidase activity, which was beneficial for APP survival in PAMs in
vitro. During coinfection, PCV2 weakened the inflammatory response and macrophage antigen presentation by
decreasing TNF-a, IFN-y and IL-4 expression, and reduced clearance of the invading bacteria. The host-cell
experimental results were verified in a mouse model. The findings provide a deeper and novel understanding of

porcine coinfection, and will be extremely helpful for the design of strategies for PRDC control.

1. Introduction

The porcine respiratory disease complex (PRDC) is a major obstacle
responsible for substantial losses in the worldwide swine industry. The
most important feature of PRDC is mixed infection by multiple patho-
gens such as porcine reproductive and respiratory syndrome virus (PRRSV),
porcine circovirus type 2 (PCV2), swine influenza virus (SIV),
Actinobacillus pleuropneumoniae (APP), and Mycoplasma hyopneumoniae
(MHYO) (Opriessnig et al., 2011). The interactions between different
pathogens play an important role in the development of and recovery
from PRDC. Coinfection of SIV and APP has been reported to exacerbate
lung lesions and accelerate SIV replication (Pomorska-Mdl et al., 2017).
Similarly, PRRSV and Streptococus suis coinfections of pigs enhances the
virulence of the virus and increases susceptibility to the bacterium
(Thanawongnuwech et al., 2000). Lipopolysaccharide from Gram-ne-
gative bacteria can increase PCV2 proliferation in porcine alveolar
macrophages (PAMs) (Chang et al., 2006b).

APP is a Gram-negative, short, rod-shaped bacterium that is the
causative agent of contagious porcine pleuropneumonia (Chiers et al.,

2010). The clinical symptoms caused by APP include high fever, cough,
and runny nose (Bossé et al., 2002). PCV2 is a single-stranded, circular,
DNA virus (Ge et al., 2012). Piglets infected with PCV2 display clinical
signs, including weight loss, enlarged lymph nodes, and jaundice. PCV2
depletes lymphocytes to cause immunosuppression in swine (Meng,
2013). APP and PCV2 coinfection is a frequent occurrence in PRDC
(Cheong et al., 2017; Haimi-Hakala et al., 2017), and such combina-
tions can affect productivity in pig production systems. (Dione et al.,
2018).

PAMs are the first line of defense against invasion by pathogenic
microorganisms into the lung and are located on the surface of the al-
veolar cavity (Allard et al., 2018; Joshi et al., 2018). PAMs participate
in multiple biological processes, including immune surveillance, pa-
thogen clearance, inflammatory responses, tissue repair, and main-
tenance of lung homeostasis (Murray and Wynn, 2011; Byrne et al.,
2015). One defense mechanism of macrophages is the respiratory burst,
the production of reactive oxygen species (ROS). ROS can directly kill
pathogens (McCallum and Garsin, 2016). The majority of ROS are
produced by mitochondria or nicotinamide adenine dinucleotide
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phosphate (NADPH) oxidase (Vlahos and Selemidis, 2014; Scialo et al.,
2017). Mitochondrial reactive oxygen species (mROS) are produced by
electron transport chains (ETCs), with electrons leaking from ETCs re-
acting with oxygen to form superoxide radicals which can attack and
kill pathogens (Banoth and Cassel, 2018). NADPH oxidase on the cell
membrane is activated during the pathogen invasion process. Reduced
coenzyme II (NADPH) is converted into oxidized coenzyme II (NADP),
and the oxygen molecule gains a superoxide anion (0?”) and sub-
sequent reactions generate H,O, and OH-. Superoxide anion production
has the function of killing microorganisms (Lam et al., 2012).

Infection with either APP or PCV2 can cause serious damage in
PAMs. APP has the ability to induce PAM apoptosis (Wang et al., 2015),
while PCV2 infection results in decreased PAM microbicidal activity
and disruption of cytokine expression (Chang et al., 2006a). However,
the mechanism of PCV2 and APP coinfection is not understood. In this
study, we investigated APP adhesion to, invasion of and survival in
PAMs during coinfection with PCV2. ROS concentation, mitochondrial
membrane potential, and cytomembrane NADPH oxidase activity were
measured during infection in vitro. Simultaneously, changes in proin-
flammatory cytokines were detected during singular PCV2 or APP in-
fection, and coinfection. Finally, the host-cellular experimental results
were verified in vivo.

2. Materials and methods
2.1. Culture conditions

Immortalized PAMs (PAM-Tang) were donated by the Harbin
Veterinary Research Institute of the Chinese Academy of Agricultural
Sciences (Harbin, China), and maintained in Dulbecco’s Modified
Eagle’s Medium (DMEM, Gibco, USA) supplemented with 10% fetal
bovine serum (FBS, Gibco, USA), 100 U/mL of penicillin, and 100 pg/
mL of streptomycin at 37 °C and 5% CO, (Wang et al., 2018). APP
serotype 5 reference strain L20 (APP 5b L20) was obtained from the
Shanghai Entry-Exit Inspection and Quarantine Bureau (Shanghai,
China), and grown in brain-heart infusion broth (BHI, Difco Labora-
tories, Detroit, MI, USA) supplemented with 10 pg/mL of nicotinamide
dinucleotide (NAD, Sigma-Aldrich, St. Louis, MO, USA) at 37 °C (Liu
et al., 2017). PCV2 isolate CC1l (genotype 2b) (GenBank accession:
JQ955679) was propagated in PCV2-free PK-15 cells. The TCID50 was
measured by the Reed-Muench method.

2.2. Adherence and invasion assays

To compare the effect of prior, co-incident or post infection of PCV2
on the ability of APP to adhere or invade PAMs, 1 x 10° PAMs were
infected with APP (MOI = 10:1) and/or PCV2 (MOI = 10:1) as outlined
in Table 1. The control group for both the “PCV2-APP” and “PCV2 +
APP” groups was the “APP2h” group, a set of three duplicate wells for
each group being used. To quantify the adherence of APP to PAMs, non-
adherent bacteria were removed by washing five times with Dulbecco's
Phosphate Buffered Saline (DPBS, Gibco, USA), followed by addition of
1 mL of 0.25% trypsin-EDTA (Gibco, USA) to release the bacteria that
were adherent to the cells. The above liquid was diluted 1:1000, plated
onto agar for 14 h, and the number of bacterial colonies counted. For
the invasion assay, the cells were washed three times with DPBS bulffer,

Table 1
The design of adherence and invasion assays.
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and 1 mL of DMEM containing 100 pg/mL of gentamicin was added to
each well, followed by incubation at 37 °C with 5% CO, for 1 h. Finally,
PAMs were lysed with 1 mL of DMEM containing 1% (v/v) Triton X-100
(Sigma, USA) for 1 min after washing three times with DPBS buffer.
PAM cell lysates (0.1 mL) were plated onto agar and incubated for 14 h
and the number of bacterial colonies counted (Wang et al., 2015).

2.3. ROS level detection

A total of 1 x 10° PAMs were infected with APP (MOI = 10:1) or
PCV2 (MOI = 10:1) or treated with 10 mM N-acetyl-L-cysteine (NAC,
ROS scavenger, Beyotime, China) for 2, 4, and 6 h as follows: APP in-
fection alone; PCV2 and APP coinfection; and APP infection with NAC
pretreatment. The uninfected group served as the control, three dupli-
cate wells for each treatment group were used. Then, the ROS-specific
fluorescent probe 2’,7’-dichloroflurescin  diacetate (DCFH-DA,
Beyotime, China) was used to measure the total intracellular ROS le-
vels. DCFH-DA (10p mol/L) was added after infection, and the cells
were incubated for 30 min at 37 °C and 5% CO,. The results were vi-
sualized using a fluorescence microscope (Thermo, EVOS M5000), and
the DCFH-DA fluorescence intensity was determined using ImageJ
software (National Institutes of Health, USA). Intracellular bacteria
were enumerated using the method described for the invasion assay
(2.2).

2.4. MTT assay

A total of 5 X 10* PAMs were infected with APP (MOI = 10:1) and
PCV2 (MOI = 10:1) for 2, 4, and 6 h as follows: APP infection alone;
PCV2 infection alone; and PCV2 and APP coinfection. The uninfected
group served as the control group, three duplicate wells for each
treatment group were used. The MTT (3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyl tetrazolium bromide) assay was used to assess PAM cyto-
toxicity. In brief, after infection, 20 uL of MTT (5 mg/mL) to each well
was added, and cells incubated for 4 h at 37 °C. Subsequently, 150 pL of
DMSO was added and, after a 10 min incubation, the optical density
(OD) was measured at 490 nm using a microplate reader (BioTek, USA).

2.5. RT-qPCR

The infection method was the same as that described in Section 2.3.
Total RNA was isolated from the PAMs using RNAiso Plus (TaKaRa,
Japan) according to the manufacturer’s protocol, and reverse-tran-
scribed into ¢cDNA using the Prime Script” RT reagent kit (TaKaRa,
Japan). A quantitative analysis of gene expression was performed using
the TB Green " Premix EX Taq "~ (TaKaRa, Japan) and the Mxpro Mx3005
Real-Time QPCR System (Mxpro Mx3005, USA). The gene primers
(Table 2) were synthesized by Comate Ltd. (Changchun, China). Re-
lative gene expression was calculated using the Livak and Schmittgen
2724€T method (Livak and Schmittgen, 2001) and normalized to goose
B-actin.

2.6. Mitochondrial membrane potential detection

A total of 1 x 10° PAMs were infected with APP (MOI = 10:1) and
PCV2 (MOI = 10:1) for 2, 4, and 6 h as follows: APP infection alone;

No. Name of group Treatment description

1 PCV2-APP group PAM was first infected with PCV2 for 2 hours, and then APP was added into the PAM-PCV2 mixture and co-cultured for 2 another hours.
2 PCV2 + APP group PCV2 and APP simultaneously were added into PAM culture and co-cultured for 2 another hours.

3 APP-PCV2 group APP and PAM were first co-cultured for 2 hours, and then PCV2 was added in and co-cultured for another 2 hours.

4 APP-2h group APP and PAM were co-cultured for 2 hours

5 APP-4h group APP and PAM were co-cultured for 4 hours
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Table 2
Specific primers used for the RT-qPCR analysis in this study.

Gene Forward primer (5’ - 3’) Reverse primer (5’ - 3%)

B- actin CATCACCATCGGCAACGA GCGTAGAGGTCCTTCCTGA
1L-18 CTAAGGAAAGCCATACCCAGAG TTCAGGCAGCAACCATGTA

1L-6 CTCTGGAGCCCACCAAGAAC TCCCAAGAAGGCAACTGGAT
TNF-a CTACCTTGTTGCCTCCTCTTT GAGCAGAGGTTCAGTGATGTAG
IFN-y AAATCCTGCAGAGCCAGATTAT GCTGTTGCTGAAGAAGGTAGTA

PCV2 infection alone; and PCV2 and APP coinfection. The uninfected
group served as the control group, three duplicate wells for each
treatment group were used. The mitochondrial membrane potential was
determined by fluorescence microscopy using a mitochondrial mem-
brane potential assay kit with JC-1 (Beyotime, China) according to the
manufacturer’s instructions. The detection scheme was similar to that of
the ROS test (2.3).

2.7. NADPH oxidase activity

The infection method was the same as that described in Section 2.6.
The NADPH oxidase activity was measured with the Cellular NADPH
Oxidase Activity Spectrophotometric Quantitative Detection Kit
(Genmed Scientifics Inc., USA) according to the manufacturer’s in-
structions. The absorbance value was measured at 340 nm on a mi-
croplate reader (TECAN). The optical density value is directly propor-
tional to the NADPH oxidase activity.

2.8. In vivo experiments

Male (n = 36) and female (n = 36) ICR mice weighing 18-22g
were purchased from the Experimental Animal Center of Jilin
University. All animal studies were conducted with the approval of the
Institution Animal Care and Use Committee of Jilin University under
approved protocol number JLUA-1309. This study was also approved
by the Animal Center of Jilin University. The animals were allowed to
adapt to the conditions for 2 days prior to experimentation.

(i) Infection experiments. Mice were infected with APP (6.5 x 107
CFU/20uL) and PCV2 (1 x 108 copies/20 uL) intranasally under an-
aesthesia with 2.5% inhaled isoflurane. A total of 72 ICR mice were
randomly divided into four groups as follows: control group (n = 9);
PCV2 infection group (n = 9); APP infection group (n = 27); and PCV2
and APP coinfection group (n = 27). After infection for 6, 12 and 24 h,
the clinical signs and body weights were recorded. The mice were sa-
crificed after anaesthesia, and samples were collected for further ana-
lysis.

(ii) Clinical signs. The mental status, activity status, appetite, eye
secretions, and fur quality of mice were clinically scored. The scoring
system was as follows: no clinical signs, 0; slight signs, 1; moderate
signs, 2; and severe signs, 3 (Table 3).

(iii) Lung index. The lung weight of each mouse was recorded and
compared to its body weight to obtain the lung index. Lung index = A/
B, where A is the lung weight and B is the body weight.

(iv) Alveolar macrophage isolation and ROS detection. After the
mice were sacrificed under anaesthesia, their thoraxes were dissected to
expose the lungs. After the trachea was found in the neck of the mice,
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an indwelling needle was inserted and 1 mL phosphate-buffered saline
(PBS, 0.2mM EGTA and 0.2% bovine serum albumin) was slowly in-
jected into the lungs. Lavagewas carried out three times. After red blood
cell lysis, mouse alveolar macrophages were collected by centrifugation
and resuspended in RPMI 1640 (Gibco) medium containing 10% FBS
and seeded into 48-well plates for 30 min. Alveolar macrophages were
washed with PBS to remove all non-adherent cells. The ROS detection
method was the same as that described above (2.3).

(v) Determination of APP CFUs. To detect the numbers of APP in
the lungs and alveolar macrophages at different time points, the lung
homogenate and alveolar macrophage intracellular bacteria were ap-
propriately diluted and cultured overnight on a BHI plate for colony
counting.

(vi) ELISA assay. The cytokine IL-4, TNF-a and IFN-y levels were
measured using mouse-specific enzyme-linked immunosorbent assay
(ELISA) kits (R&D, USA) according to the manufacturer’s protocol.

2.9. Statistical analysis

Data are shown as the mean + SD. The statistical analyses were
performed using One-way ANOVA as implemented in SPSS version
19.0. P < 0.05 was considered statistically significant.

3. Results
3.1. PCV2 promoted APP adhesion to and invasion of PAMs

PAMs were infected with APP for 2 and 4h as the control groups,
preinfected with PCV2 for 2 h followed by infection with APP for 2h as
the PCV2-APP group, coinfected with PCV2 and APP for 2h as the
PCV2 + APP group, and preinfected with APP for 2h followed by in-
fection with PCV2 for 2 h as the APP-PCV2 group. The number of APP
adhering to PAMs was greater in the APP-PCV2 group compared to that
of the control group (P < 0.01) (Fig. 1A). The invasion of PAMs by
APP was significantly higher in the PCV2-APP (P = 0.047), PCV2 +
APP (P = 0.031), and APP-PCV2 (P = 0.040) compared to the control
group. No significant difference was found between the PCV2-APP and
PCV2 + APP groups (P = 0.822) (Fig. 1B). These results suggest that
APP adhesion to and invasion of PAMs was increased by PCV2 infec-
tion.

3.2. PCV2 enhanced APP survival in PAMs by inhibiting ROS

ROS production was visualized by fluorescence microscopy
(Fig. 2A). The results showed that the amount of ROS production in the
coinfection group was less than in the APP infection group at 2h
(P < 0.01) (Fig. 2B), and that the number of intracellular bacteria
were increased compared to that of the APP infection group (P < 0.01)
(Fig. 2C). In the APP infection group, ROS production was increased
after an additional 2 h. After 4 h of infection, ROS production was still
lower in the coinfection group than that of the APP infection alone
group (P < 0.01) (Fig. 2B), and the number of intracellular bacteria
were still higher (P < 0.01) in the coinfection group compared to the
APP infection group. However, the numbers of intracellular bacteria at
4h were decreased compared to those at 2h (Fig. 2C). After 6 h of in-
fection, ROS production was decreased in both groups (Fig. 2B), and

Table 3
Clinical score.
Mental status Activity status Appetite Fur Eye secretion Total score
normal 0 particularly active 0 normal 0 normal 0 no secretions, bright eyes 0
glum 1 reduced active 1 occasionally to eat 1 less fur erect 1 less secretions 1
depression 2 occasionally active 2 anorexia 2 moderate fur erect 2 more and purulent secretions 2
coma 3 squats motionless 3 apastia 3 large area fur erect 3 solid secretions, eyes closed 3
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Fig. 1. APP adhesion to and invasion of PAMs was increased by PCV2 infection. (A). Adhesion assay. (B). Invasion assay. NS P > 0.05,P < 0.05, **P < 0.01.

intracellular bacteria were almost eliminated (Fig. 2C).

ROS production was minimized when the PAMs were pretreated
with the ROS scavenger NAC for 2h and then infected with APP
(P < 0.01) (Fig. 2B). The numbers of invading APP in the NAC treat-
ment group were significantly higher at 2 and 4h (P < 0.01), but were
lower than in the PCV2 and APP coinfection groups (P < 0.01)
(Fig. 2C).

The cytotoxicity of the PAMs was analysed by use of the MTT assay
after pathogen infection. A lower OD value represents greater cyto-
toxicity. At both 2 and 4 h post-infection, the cytotoxicity of the APP
infection and coinfection groups was significantly greater than that of

the control group, and the cytotoxicity of the coinfection group was
greater than that of the APP infection group (P < 0.01) (Fig. 2D). At
6 h post-infection, the cytotoxicity of the APP infection and coinfection
groups reached their peak, but no difference was found between the
two groups (P < 0.01) (Fig. 2D). These results indicated that PCV2 and
APP coinfection resulted in the greatest cytotoxicity to PAMs.

3.3. PCV2 affected cytokine expression by PAMs during coinfection

The ability of PAMs to express cytokines was detected by quanti-
tative real-time PCR. TNF-a and IFN-y expression was greatest in the
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Fig. 2. PCV2 promoted intracellular survival of APP by inhibiting ROS production in the coinfection group. (A). ROS production was visualized by fluorescence
microscopy. (B). The fluorescence intensity of DCFH-DA was determined using ImageJ software. (C). Intracellular APP detection. (D). Detection of cytotoxicity by
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Fig. 3. PCV2 affected the expression of inflammation-associated cytokines. The ability of PAMs to secrete cytokines was detected by RT-qPCR. (A). TNF-a. (B). IFN-y.

(C). IL-1B. (D). IL-6. NS P > 0.05,*P < 0.05, **P < 0.01.

APP infection group (P < 0.01), although was significantly lower in
the coinfection group compared to the APP infection group (P < 0.05)
(Fig. 3A, B). IL-1P and IL-6 expression was higher in the APP infection
group (P < 0.01), with no significant differences being found between
the APP infection and coinfection groups (Fig. 3C, D). However, com-
pared with the APP infection alone, the ability of PAMs to express TNF-
a, IFN-y, and IL-1f was significantly reduced when ROS was inhibited
by NAC (an ROS scavenger) (P < 0.01). This reduction in proin-
flammatory cytokine expression may also be the result of ROS inhibi-
tion by PCV2.

3.4. PCV2 inhibited cell membrane NADPH oxidase activity during PCV2-
APP coinfection

Next, we examined the sites of both ROS production after APP in-
fection of PAMs, and PCV2-induced inhibition of ROS production
during APP and PCV2 coinfection. The mitochondrial membrane po-
tential was detected using fluorescent probe JC-1. Normal cells showed
red fluorescence and green fluorescence when the mitochondrial
membrane potential was altered (Fig. 4A). The results indicated that the
proportion of PAMs with altered mitochondrial membrane potential
was increased in both APP infection (P < 0.01) and coinfection groups
(P < 0.01) compared to that of controls, whereas the mitochondrial
membrane potential of the PCV2-infection group was unaltered
(P = 0.726). No significant difference was observed in changes in the
mitochondrial membrane potential between APP infection and coin-
fection groups (P = 0.834) (Fig. 4B). The mitochondrial membrane
potential decreases due to depolarization when the mitochondria pro-
duce ROS. The results indicated that mitochondria produced and re-
leased ROS when infected with APP, whereas PCV2 did not affect
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mitochondrial ROS release.

The NADPH oxidase activity on the cell membrane reflects the
ability of the cell to produce ROS. A cellular NADPH oxidase activity
spectrophotometric quantitative detection kit was used to detect
changes in NADPH oxidase activity in the PAMs. The results showed
that PAMs infected with APP had significantly increased NADPH oxi-
dase activity (P < 0.01) compared with that of the uninfected group,
and that PCV2 infection was not associated with a change in NADPH
oxidase activity. However, the NADPH oxidase activity in the coinfec-
tion group was significantly reduced compared to that in the APP in-
fection group (P = 0.023) (Fig. 4C). These findings indicated that
NADPH oxidase on the cell membrane could produce ROS after infec-
tion of PAMs with APP. Conversely, PCV2 inhibited the ability of the
NADPH oxidase to produce ROS in the PCV2 and APP coinfection
group.

3.5. In vivo validation of the ability of PCV2 to enhance APP survival

ICR mice were used to establish an APP and PCV2 coinfection
model. The numbers of APP in the lungs and alveolar macrophages, and
ROS production in alveolar macrophages were compared between the
coinfection and APP infection groups. Simultaneously, we examined
changes in the body weight, lung index, clinical signs, and lung lesions
in each group of mice.

Six hours after infection was considered early infection. ROS pro-
duction was lower in the coinfected group than in the APP-infected
group (P < 0.01) (Fig. 5A, B). Compared to that in the APP-infected
group, the numbers of intracellular bacteria in alveolar macrophages
(P = 0.019) (Fig. 5C) and lung homogenates (P < 0.01) (Fig. 5D) were
less than those in the coinfected group. The weight gains of mice in the
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Fig. 4. Location of ROS production and inhibition after coinfection of PAMs with APP and PCV2. (A). Detection of PAM mitochondrial membrane potential by
fluorescence microscopy. Mitochondrial aggregates did not produce ROS, whereas the mitochondrial monomers did produce ROS. (B).The fluorescence intensity of
JC-1 was determined using ImageJ software. The green to red fluorescence ratio was calculated. (C). NADPH oxidase activity was detected by a spectrophotometric

quantitative detection kit. The OD was measured at 340 nm on a microplate reader. NS P > 0.05,*P < 0.05, *

“*P < 0.01. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article).

control, PCV2 infection, APP infection, and coinfection groups were
0.74 + 0.14g, 0.30 + 0.33g, 0.04 + 0.13g, and -0.14 + 0.11g,
respectively (Fig. 5E). The mouse weights were lower in the APP in-
fection (P = 0.031) and coinfection (P < 0.01) groups than in the
control group. The lung indexes of the mice in the four groups were
0.0099 = 0.0007, 0.0100 = 0.0010, 0.0125 = 0.0019, and
0.0143 =+ 0.0053, respectively (Fig. 5F). The lung index of the coin-
fection group was significantly higher than that of the APP infection
group. All mice in the infected groups showed signs of a poor mental
state, loss of appetite, and gathered together in the corner of cages.
(Fig. 5G). The pathological changes of slight hemorrhage and edema
were observed in both the APP infection and coinfection groups
(Fig. 5H).

Twelve hours after infection was considered mid-term infection.
ROS production increased in the coinfection group to a level sig-
nificantly higher than that in the APP infection group (P < 0.01)
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(Fig. 5A, B). As a result, the number of bacteria were reduced in both
lung homogenates (P < 0.01) (Fig. 5D) and alveolar macrophages
(P < 0.01) (Fig. 5C). The weight gains of the mice in the four groups
listed above were 0.95 *+ 0.13g,0.59 + 0.46g, —0.26 = 0.27 g, and
—0.51 = 0.25g, respectively (Fig. 5E). The mice lost weight severely
in the APP infection (P < 0.01) and coinfection groups (P < 0.01).
The lung indexes of the mice in the four groups were 0.0077 + 0.0004,
0.0072 = 0.0010, 0.0191 * 0.0067, and 0.0254 + 0.0012, respec-
tively (Fig. 5F). The lung index of mice increased significantly in the
APP infection group (P < 0.01), and was significantly higher in the
coinfection group compared to the APP infection group (P < 0.01).
The clinical signs of the mice were alleviated in the PCV2 infection
group. The mice exhibited loss of appetite, closed eyes and loss of
movement in the APP infection and coinfection groups (Fig. 5G). Severe
pulmonary edema occurred in the APP infection and coinfection
groups, and severe bleeding was found in the coinfection group
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Fig. 5. Coinfection in animals. (A). ROS production was visualized by fluorescence microscopy. (B).The fluorescence intensity of DCFH-DA was determined using
ImageJ software. (C). Bacterial loads in mouse alveolar macrophages. (D) Bacterial loads in the mouse lung. (E). Weight gain after infection. (F). Lung index = the
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(J). The IFN-y expression level. (K). The IL-4 expression level. NS P > 0.05,P < 0.05, **P < 0.01.

(Fig. SH).

Twenty-four hours after infection was considered late infection. The
ROS levels were lowest in the coinfection and APP infection groups. The
numbers of bacteria in the lung and alveolar macrophages were mini-
mized, and no significant difference was found between the two groups
(Fig. 5A-D). The weight gains of the mice in the four groups listed
above were 2.01 * 0.78g, 2.28 * 0.58g, -0.16 = 0.37g, and
-0.16 * 0.36 g, respectively (Fig. 5E). The mice lost weight severely in
the APP infection (P < 0.01) and coinfection groups (P < 0.01). The
lung indexes of the mice in the four groups were 0.0085 *+ 0.0007,
0.0080 * 0.0014, 0.0224 = 0.0021, and 0.0091 + 0.0011, respec-
tively (Fig. 5F). Compared to those of the other groups, the lung index
of the mice was increased significantly in the APP infection group
(P < 0.01). The clinical signs of the mice were still serious in the APP
infection group (Fig. 5G), and the lungs showed extensive bleeding
(Fig. 5H). The clinical signs and lung lesions of the mice were alleviated
in the coinfection group.

TNF-a, IFN-y and IL-4 expression levels in lung homogenates were
detected by ELISA. At 24h post-infection, TNF-a release was sig-
nificantly increased in the APP infection group (P < 0.01) but was
lower in the coinfection group than in the APP infection group
(P = 0.04) (Fig. 5I). At both 6 and 12 h post-infection, IFN-y secretion
was significantly higher in the APP infection (P < 0.01) and coinfec-
tion (P < 0.05) groups, but was lower in the coinfection group than in
the APP infection group (P < 0.05). At 24 h post-infection, IFN-y se-
cretion was significantly higher in APP infection (P < 0.01) and co-
infection (P < 0.01) groups, but was significantly higher in the coin-
fection group compared to that in the APP infection group (P < 0.01)
(Fig. 5J). At 6 h post-infection, IL-4 secretion was significantly lower in
the PCV2 infection and coinfection groups than in the control and APP
infection groups (P < 0.05). At 12 h post-infection, IL-4 secretion was
significantly higher in the APP infection and coinfection groups than in
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the control group (P < 0.01), and no significant difference was found
between the two groups (Fig. 5K). Similar to the in vitro cell experi-
ments, TNF-a and IL-4 secretion in the lung was reduced by PCV2
during coinfection. IFN-y release was also reduced by PCV2 during
coinfection at the early stage. However, IFN-y secretion was higher at
the later stage during coinfection, which might be related to viral
proliferation.

4. Discussion

In this study, we found that PCV2 promoted APP adhesion to, in-
vasion of, and survival in alveolar macrophages during PCV2 and APP
coinfection in vitro and in vivo. Additionally, we found that PCV2 ef-
fectively inhibited ROS production in macrophages, thereby reducing
the bactericidal capacity of ROS and contributing to APP survival. At
the same time, an increased number of bacteria was associated with
greater macrophage cytotoxicity. These two important pathogens are
components of the PRDC; indeed, coinfection of PCV2 with other bac-
teria is frequently diagnosed (Kim et al., 2003), and pigs infected with
APP have a high mortality rate (Sassu et al., 2018). Better under-
standing of viral-bacterial coinfection mechanisms will provide an op-
portunity to develop new therapeutic approaches and preventative
strategies. During the early period, the use of antiviral drugs and vac-
cines could reduce secondary bacterial infections associated with pri-
mary viral infection. These findings provide a valuable reference for
greater understanding of the PRDC, a substantial problem in intensive
pig farms worldwide.

Previous studies have provided many examples of a virus promoting
a bacterial coinfection. The macrophage apoptotic response against
Mycobacterium tuberculosis, mediated by TNF-a, was shown to be im-
paired by human immunodeficiency virus promoting bacterial survival
(Patel et al., 2007). Influenza virus enhanced the intestinal colonization
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and systemic transmission of Salmonella through Type I interferons
(Deriu et al., 2016). However, the harm caused by PCV2 and APP co-
infection has not been studied to date, and this study fills this gap. PCV2
or APP can damage alveolar macrophages when they invade the lungs
(Chang et al., 2006a; Wang et al., 2015). Many reports have studied
ROS in individual microbial infections. For instance, Vibrio para-
haemolyticus utilizes its T3SS2 effector VopL to promote intracellular
survival by inhibiting the host ROS response (Santos et al., 2017).
However, few studies have evaluated the important role of ROS in co-
infections of various microorganisms. In this study, we found that PCV2
effectively inhibited NADPH oxidase activity on the macrophage
membrane, which reduced ROS production. This process could facil-
itate APP survival in PAMs. The proinflammatory cytokines IL-1f3 and
IL-6 were highly expressed by PAMs during APP infection and coin-
fection. However, TNF-a, and IFN-y showed downregulation during
coinfection, which suggests that PCV2 can weaken the inflammatory
response by reducing the expression of inflammatory cytokines during
coinfection, thereby promoting the intracellular survival of APP.

Regarding adherence to PAMs, we found the similar values for both
the APP-2h and PCV2 + APP groups. A possibility is that there is a
powerful phagocytic function of PAMs when infected for 2h, with
PAMs engulfing most of the APP adhered to the cell surface. However,
the number of APP adherent to PAMs increased with the involvement of
PCV2 at 4h after infection. We speculate that prior PCV2 infection
inhibits ROS production by PAMs and this leads to reduced clearance of
engulfed APP. More APP living in cells would constantly destroy PAMs,
which may affect their phagocytic function. At the early stage of in-
fection, PCV2 promoted APP intracellular survival by inhibiting ROS
production by PAMs, but more APP were present in the PCV2 + APP
group than the NAC + APP group. We speculate that PCV2 promoted
APP survival in PAMs by not only inhibiting ROS but also via other
mechanisms, such as inhibition of antigen presentation (Yang et al.,
2017), Type I interferon (IFN) expression (Choi et al., 2018), and/or
cellular signaling pathways (Wei et al., 2009). We used ICR mice as a
model to study APP and PCV2 coinfection and evaluated clinical sign
indexes and the relationship between ROS production and APP invasion
in the lungs. At 6 h after infection, the mice lost weight and pneumo-
nedema accompanied by severe clinical signs occurred in both the APP
infection and coinfection groups. Similar ROS levels and APP counts
were found in vitro and in vivo. These phenomena further confirmed
that PCV2 promoted APP invasion into the lung and alveolar macro-
phages by inhibiting ROS release during the early stages of coinfection.
At 12h after infection, the mice had severe weight loss, lung hemor-
rhage and edema in the APP infection and coinfection groups. The
degree of lung lesions was more severe in the coinfection group than in
the APP infection group. Interestingly, compared to that in the APP
infection group, ROS production was significantly higher in the coin-
fection group. These phenomena should be PCV2 no longer to inhibit
ROS production, which also causes oxidative stress in alveolar macro-
phages. Excessive ROS is able to aggravate tissue damage, disrupt cell
metabolism, and induce apoptosis (Vannella and Wynn, 2017). At 24h
after infection, the mice reached the convalescence phase. During this
period, the amount of bacteria and ROS were both at their lowest in
alveolar macrophages compared to the other stages. Pulmonary lesions
and clinical signs were alleviated in the coinfection group but remained
highly apparent in the APP infection group. We hypothesized that PCV2
initiated some protective mechanisms in the lungs to enable continuous
proliferation in this organ. ELISA was used to detect cytokine expres-
sion levels in the lung, including TNF-a and IFN-y (which promote the
inflammatory response) and IL-4 (which promotes macrophage antigen
presentation). Consistent with the in vitro cellular experimental results,
PCV2 was associated with reduced cytokine expression during coin-
fection. This phenomenon is beneficial because it affects the in-
flammatory response and the antigen presentation function of macro-
phages and thus promotes APP survival.
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5. Conclusion

In this study, we discovered that PCV2 promotes APP adhesion,
invasion and survival in PAMs during coinfection. PCV2 decreased ROS
production to contribute to APP survival in alveolar macrophages by
inhibiting cytomembrane NADPH oxidase activity. PCV2 also weakened
the inflammatory response and promoted APP survival by decreasing
the expression of inflammation-related cytokines. The survival of
higher numbers of APP causes stronger cytotoxicity for the cells. In
vitro cellular experimental results were verified in vivo. Our findings
may provide a deeper understanding of porcine coinfection, and will be
extremely helpful for the design of strategies for PRDC control.

Compliance with ethical standards

All animal experiments complied with the specified regulations
under the “Laboratory animal-Guideline for ethical review of animal
welfare (GB/T 35892-2018)”. The protocols were reviewed by the
Institutional Animal Care and the Committee of Jilin University and
approved under protocol number JLUA-1309. The specific housing
conditions for mice were as follows: the temperature of breeding en-
vironment 24 °C, daily temperature difference < 3°C, relative humidity
up to 40%°70%, fresh air ventilation 10 times/hour, air velocity <
0.18 m/s, atmospheric pressure difference 25 Pa, cleanliness level ten
thousand, ammonia concentration 15 mg/m®, noise < 60dB, and in-
tensity of illumination up to 1507300 Ix.
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