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GALT is a highly conserved antigen in gram-negative bacteria, and has been

shown to play a crucial role in the pathogenesis of many zoonoses. Actinobacillus

pleuropneumoniae (APP) is a widespread respiratory system pathogen belonging to the

Pasteuriaceae family. The functional mechanisms of GALT in the process of infection

remain unclear. The aim of this study is to analyze roles of GALT in the pathogenesis

of APP infection. Recombinant GALT was expressed in E. coli, purified, and was

used to treat a Raw 264.7 macrophage line. Stimulation of Raw 264.7 macrophages

with recombinant GALT protein induced the expression of pro-inflammatory cytokines

(TNF-α, IL-1β, and IL-6). Compared with negative control, GALT led to increased

production of pro-inflammatory cytokines in treated cells. Furthermore, specific inhibitors

of the extracellular signal-regulated P38 and JNK MAPKs pathways significantly

decreased GALT-induced pro-inflammatory cytokine production, and a western blot

assay showed that GALT stimulation induced the activation of the MAPKs pathway.

This process included cell-signaling pathways like P38, ERK1/2 and JNK MAPKs, and

NF-κB. Both TLR2 and TLR4 were receptors of GALT antigens, whereas they played

negative and positive roles (respectively) in the process of induction and expression

of pro-inflammatory cytokines. Taken together, our data indicate that GALT is a novel

pro-inflammatory mediator and induces TLR2 and TLR4-dependent pro-inflammatory

activity in Raw 264.7 macrophages through P38, ERK1/2, and JNK MAPKs pathways.

Keywords: Actinobacillus pleuropneumoniae, pro-inflammatory cytokines, MAPKs pathway, innate immune

system, toll-like receptors
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INTRODUCTION

Actinobacillus pleuropneumoniae (APP) is an important bacterial
respiratory tract pathogen, which causes infectious pleural
pneumonia in pigs and is highly communicable. APP is a gram-
negative bacterium that infects piglets; infection is characterized
by cellulitis and hemorrhagic necrotizing pneumonia and is
readily contagious. Pathogenic bacteria invade the host, typically
via colonization of specific tissues. Upon proliferation, invading
bacteria often secrete significant amounts of various exotoxins;
the majority of these are readily soluble and disperse to act on
various target host cells lines or tissues. During the infection
process, large numbers of bacteria die; the disintegration of
bacterial cells may release various virulence factors and/or
bacterial components that trigger host immune responses.
APP infection elevates the secretion of pro-inflammatory
cytokines which are crucial factors in mediating and regulating
inflammatory responses to APP infection (Choi et al., 1999).
At the present time, studies have focused on bacterial virulence
factors interacting with the host tissues.

Recognition of microbes by the host innate immune system is
a crucial step in defense against microbial infection (Iwasaki and
Medzhitov, 2010; Sasai and Yamamoto, 2013). Immune responses
are often mediated by interactions between pathogen cell surface
antigens and immune cell receptors, such as toll-like receptors
(TLRs). TLRs were discovered in themid-1990s (Medzhitov et al.,
1997). Bacteria, viruses, fungi and parasites have been shown to
be recognized by TLR2 (Aliprantis et al., 1999; Kurt-Jones et al.,
2000; Sasai and Yamamoto, 2013). TLRs were found to induce
activation of the NF-kB pathway and expression of genes for the
inflammatory cytokines IL-1 and IL-6 (Medzhitov et al., 1997).
TLR4 is essential in the recognition of and response to antigenic
components of gram-negative bacteria (Sasai and Yamamoto,
2013).

Pattern recognition receptors (PRRs) of innate immune
system are well characterized as microbial sensors to detect
invariant molecular patterns (Iwasaki and Medzhitov, 2010).
Pathogen-associated molecular patterns (PAMPs) are conserved
molecular patterns which are shared with a large group of
microorganisms (Akira et al., 2001). Toll-like receptor (TLR)
family consists of transmembrane PRRs, which express on
the plasma membrane (Takeda and Akira, 2005). As PRRs,
TLRs are of huge importance in the recognition of microbial
components (Akira et al., 2001). Mitogen-activated protein
kinase (MAPK) and nuclear factor-κB (NF-κB) pathways are
significant contributors in immune responses, both of which are
activated by PRRs (Kawai and Akira, 2010).

Identification and characterization of virulence factors in a
given pathogen (like APP) are crucial in developing strategies
for combating or controlling diseases that said pathogen causes.
Many research tools are now available for efforts in studying
pathogen virulence factors (Fuller et al., 2000; Handfield et al.,
2000; Vigil et al., 2011). In vivo-induced antigens play a critical
role in infections by pathogenic microbes. These antigens
facilitate colonization of pathogens and adaptation to the host.
GALT is an in vivo-induced antigen of APP identified in previous
study using IVIAT (Zhang et al., 2015a). The galT gene is located

in the gal gene cluster, which is involved in the metabolism of
galactose. Genes of this cluster are widely distributed in various
pathogenic agents and these genes have been demonstrated to
be associated with the virulence factors such as formation of
LPS, CPS, and biofilm formation (Priebe et al., 2004; Wong and
Akerley, 2005; Ramjeet et al., 2008; Chai et al., 2012; Caboni et al.,
2015; Meyer et al., 2015; Oechslin et al., 2017; Pires et al., 2017).
However, the mechanism of GALT-mediated pathogenesis is still
unknown.

Our previous studies on in vivo-induced antigens of APP
demonstrated that the expression of these antigens were up-
regulated significantly during infection; some of these in vivo-
induced antigens have shown to be highly immunogenic, and
have high potential as vaccine candidates, which induce both
innate and adaptive immune responses (Zhang et al., 2015a,
2016). Therefore, an in-depth study of APP pathogenesis and
immune mechanisms are warranted for the development of safe
and effective vaccines and therapeutic drugs. Previous studies
indicated that the protein is highly immunogenic and can
stimulate immune protection against pathogenic microbes. The
aim of this study is to dissect the mechanism of inflammatory
response to GALT protein exposure. Nevertheless, the function
of GALT in the progress of infection is not well understood.
In this study, macrophages were treated with GALT and RT-
PCR or ELISA were used to analyze for various cytokine
expression. As an significant mediator of the inflammatory
response, macrophages are one of the crucial cell types to
study the signaling pathways that regulate immunity (Medzhitov
and Horng, 2009). In the present study, MAPKs and NF-κB
signaling-pathway have been studied, including extracellular
signal-regulated kinase 1/2(ERK1/2), P38, P65, and Jun N-
terminal kinase 1/2 (JNK1/2) in the context of innate immunity.

MATERIALS AND METHODS

Bacterial Strains and Cultural Condition
APP strains were cultured in Trypticase Soy Agar (TSA) or
Trypicase Soy Broth (TSB) with 5% (v/v) fetal bovine serum
(FBS) and nicotinamide adenine dinucleotide (NAD; 15 mg/mL)
was added. The protein expression clones of E.coli galT (BL21)
were constructed and stored in research center of swine disease
of Sichuan agricultural University (Zhang et al., 2016). GALT
protein expression strain was cultured in LB broth and agar,
37◦C. Kanamycin was added to 50µg/ml concentration.

Expression and Purification of
Recombinant GALT Protein
In previous studies, we found that GALT is an in vivo-
induced antigen(Zhang et al., 2015a, 2016). The pET-galT (BL21)
clone was recovered in LB medium with 50µg/ml Kanamycin
grown in a small overnight (o/n) culture. This was added as
a seed for a larger expression culture (100x o/n culture voL).
When the OD600 of the expression culture reached 0.6, 1mM
IPTG (isopropyl-b-D- thiogalactopyranoside) was added into
the medium and the culture was induced for another 4 h. The
culture was centrifuged and the cells were collected and washed
using cold PBS. Collected cells were sonicated for lysis. The
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his-tag fusion recombinant protein was purified by Ni-NTA
agarose chromatography. Purified recombinant protein GALT
was analyzed by SDS-PAGE electrophoresis.

To exclude endotoxin contamination in the purified protein,
EtEraser Endotoxin Removal Kit (Xiamen Bioendo Technology
Co.,Ltd., China) was used to treat the purified protein
(Peddireddy et al., 2016). Chromogenic End-point LAL assay
(Xiamen Bioendo Technology Co.,Ltd., China) was used to
quantify the endotoxin. Concentration of recombinant protein
was detected using the BCA method. The GALT protein treated
as above was stored at−80◦C until use.

Indirect Immunofluorescence
Indirect immunofluorescence was performed as previously
described with necessary modify (Yang et al., 2014). APP
strain MS71 and L20 were cultured in TSB. After washed
and resuspended in PBS, the bacteria were fixed with 1%
paraformaldehyde for 20min at 25◦C. After centrifuged 5min
at 8,000 g, bacteria were washed with PBS and resuspended in
PBS containing 10% FBS. Serum was added to the tubes with
a incubation at 37◦C for 1 h. GALT immunized mice serum
was used to detect the GALT antigen on the cell surface of
APP strain MS71 and L20. Negative mice serum and inactivated
APP L20 immunized mice serum was added as negative and
positive control respectively. Bacteria were washed again with
PBS and FITC-labeled Goat Anti-Mouse IgG (H+L) (Earthox,
USA) antibodies was added to detect the bound antibodies.
Then, bacteria were washed with PBS and resuspended in PBS

TABLE 1 | The sequences of primers used in qRT-PCR analysis.

Gene Primer sequences

IL-1β F 5′-CAGGATGAGGACATGACACC-3′

R 5′-CTCTGCAGACTCAAACTCCAC-3′

IL-6 F 5′-GTACTCCAGAAGACCAGAGG-3′

R 5′-TGCTGGTGACAACCACGGCC-3′

TNF-α F 5′-TTGACCTCAGCGCTGAGTTG-3′

R 5′-CCTGTAGCCCACGTCGTAGC-3′

β-actin F 5′-GTGGGCCGCCCTAGGACCAG-3′

R 5′-GGAGGAAGAGGATGCGGCAGT-3′

containing 3% bovine serum albumin (BSA) in darkness. The
samples were observed by fluorescence microscopy ECLIPSE 80i
(Nikon, Japan).

Cell Culture
Mouse monocyte-macrophage leukemia cell line Raw 264.7
was maintained in our laboratory. Macrophage Raw 267.4
was cultured in complete RPMI1640 (10% fetal calf serum
added). Cells were cultured in 5% CO2 at a temperature of
37◦C. Macrophages were added to 12-well cell culture plates
(1 mL/well) at 1 × 106 cells per well. To minimize the
contamination of lipopolysaccharide (LPS), polymyxin B (PMB)
was added at a concentration of 10µg/mL throughout the
experiments as previously described (Chen et al., 2011; Wu et al.,
2011).

Detected of Pro-Inflammatory Cytokines
Induced by GALT
GALT was added to Raw 264.7 macrophage culture medium at a
final concentration of 10µg/mL; the positive control culture had
200 ng/ml LPS (LPSmediumwithout polymyxin B). The negative

FIGURE 1 | Expression and purification of recombinant GALT protein. M,

protein marker, 1, BL21(pET-28a), 2, Uninduced GALT(BL21), 3, GALT(BL21)

induced by IPTG for 4 h, 4, BL21(pET-28a) induced by IPTG for 4 h, 5, Results

of purification of induced BL21(pET-28a), 6, Purified recombinant GALT

protein.

TABLE 2 | The inhibitor experiment.

Group GALT(12 µg/mL) DMSO(1 µl/mL) (SB203580)

(p38 inhibitor)

(10µM)

(U0126)

(an ERK1/2 inhibitor)

(10µM)

(SP600125)

(JNK

inhibitor)

(PDTC)

(NF-kB inhibitor)

(10µM)

Polymyxin B

1 – – – – – – +

2 + – – – – – +

3 + + _ – – – +

4 + – + _ – – +

5 + – – + – – +

6 + – – – + – +

7 + – – – – + +
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control had no protein added. The cultures were incubated
for 12 h, then spun down. The cell culture supernatant was
collected in aliquots stored at−70◦C until ELISA screening. Cell
culture supernatants were collected and the concentrations of
cytokines IL-1β, IL-6, and TNF-α were detected using an ELISA
kit (eBioscience, USA) according to the instruction manual.

Real-Time RT-PCR
Raw 264.7 cells were treated with GALT protein (10 µg ml-1);
untreated cells served as a negative control, and LPS at a final
concentration of 200 ng/mL was the positive control. All treated
cultures were set to incubate for 12 h. Total RNA was extracted
using RNA extraction solution (Servicebio, China). Tips and
tubes were sterilization to eliminate RNase contamination.
Culture supernatant fluid was removed thoroughly and cells were
washed with 1ml 4◦C PBS. RNA extracting solution was added;
samples shaken gently to lyse cells. Pellets were lysed with RNase-
Free water and treated with DNase (Promega, Madison, WI,
USA) to clear potential DNA contamination. Lysed solution was
transferred into 1.5ml centrifuge tubes. Two hundred and Fifty
micro liter trichloromethane was added to the samples andmixed
thoroughly. After 3min standing, the tubes were centrifuged for
10min at 4◦C, 12,000 rpm. Supernatants were transferred to

another tube. A 0.8 volume isopropanol was added and samples
inverted several times to mix. After 15min standing at −20◦C,
samples were centrifuged 10min in 12,000 rpm at 4◦C. After
centrifugation, supernatant was removed and the white pellet in
the bottom of the tubes was washed using 75% ethanol. Samples
were centrifuged for 10min at 12,000 rpm at 4◦C and pellets
were dried on the benchtop. RNA was dissolved in 15 µl RNase-
Free water. After 55◦C incubation, purity and concentration were
measured using a spectrophotometer Nanodrop 2000 (Thermo,
USA) at 260 nm. Concentration of the total RNA was adjusted to
200 ng/µl. RT-PCR was performed using RevertAid First Strand
cDNA Synthesis Kit (Thermo, USA). RT-PCR was conducted
using RevertAid First Strand cDNA Synthesis Kit (Thermo,
USA). Two microgram RNA and one micro liter oligo(dT)18
were added into one PCR tube. HyPure TMMolecular Biology
Grade Water (HyClone, USA) was added to bring the volume
of the solution up to 12 µL. Tubes were incubated at 65◦C for
5min on PCR thermocycle instrument and then placed on ice
immediately. Four microliter 5×Reaction Buffer, 2 µL 10mM
dNTP Mix, 1 µL RiboLock RNase inhibitor (20 U/µL) and 1
µL RevertAi M-MuLV RT were added subsequently and then
mixed thoroughly. Thermocycler parameters were set at 42◦C for
60min and 70◦C for 5min to inactivate Reverse transcriptase.

FIGURE 2 | Indirect immunofluorescence assay. (A), PBS immunized serum was used to detect GALT on the cell surface of APP L20 strain; (B,C), GALT immunized

serum was used to detect GALT on the cell surface of APP MS71(B) and L20 (C); (D) Inactivated APP L20 strain immunized serum was used on APP L20 strain as a

positive control.
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The reaction ingredients for qPCR were 12.5 µl of 2× qPCRMix
(FastStart Universal SYBR Green Master, Roche, Switzerland),
2.0 µl of 7.5µM primers, 2.5 µl of RT products, 8.0 µl of dd
H2O. The primers for q RT-PCR used in this study are shown
in Table 1. Amplification parameters were as follows: Denaturing
at 95◦C for 10min, 40 cycles at 95◦C, 15 s; annealing 60◦C for
60 s and extension at 70◦C for 1min. Relative quantification
analysis was performed using 11CT method(Kats et al., 2016)
to analyze the level of cytokines expression (Table 1). Real-time
PCR was used to analyze the relative expression of IL-1β, IL-6

FIGURE 3 | Pro-inflammatory cytokines induced by GALT. Induction of

cytokines in Raw 264.7 macrophages by recombinant GALT stimulation. Raw

264.7 macrophages were incubated with 10µg/mL GALT and 200 ng/mL LPS

(positive control) for 12 h, as well as single culture media (negative control).

Protein levels of TNF-α, IL-1β, IL-6 in the culture supernatants were

determined by ELISA.

and TNF-α. β-actin was chosen to be a reference gene in a relative
quantification analysis (Tang et al., 2014).

TLR2 and TLR4 Blocking Assay
Macrophage recognition receptor of GALT was studied. LEAFTM

Purified anti-mouse TLR4 (CD284)/MD2 Complex (BioLegend)
and Ultra-LEAFTM Purified anti-mouse/human CD282 (TLR2)

FIGURE 4 | Real-time RT-PCR. Induction of cytokines in Raw 264.7

macrophages by recombinant GALT stimulation. Raw 264.7 macrophages

were incubated with 10µg/mL GALT and 200 ng/mL LPS (positive control) for

12 h, as well as single culture media (negative control). Quantification analysis

was conducted to analyze the transcriptional levels of TNF-α, IL-1β, IL-6.

β-actin was chosen to be a reference gene in relatively quantification analysis.
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Recombinant (BioLegend) were used to block the corresponding
Toll-like receptor. Both of these two antibodies were added to
a final concentration of 8µg/mL. GALT protein was added to
cultured macrophages to a final concentration of 10µg/mL for
12 h after 30min pre-treatment with two blocking antibodies.
Cell culture supernatant was collected after GALT treatment for

FIGURE 5 | Analysis of the recognition receptor of GALT. Anti-TLR2 and

anti-TLR4 antibodies were used to block the corresponding Toll-like receptor.

Secretion of pro-inflammatory cytokines were detected to analyze the function

of TLR2 and TLR4.

detection of cytokines (IL-1β, IL-6, IFN-α) using indirect ELISA
(Invitrogen, USA). Results were analyzed to determine cytokine
response levels and to confirm identity of receptors contributing
to the response to GALT exposure.

Western Blot Analysis
Raw 264.7 cells were stimulated with GALT (10µg/mL) for 12 h.
These were then washed with cold PBS and were collected by
centrifugation. The total protein of GALT-treated and untreated
macrophages was extracted. The collected cells were resuspended
in phosphate buffered saline (Roche) and RIPA lysis buffer and
allowed to sit in an ice bath for 15min. Western blot was
conducted to analyze GALT induced signal transduction residue
phosphorylation. After stimulation with GALT (10µg/mL) for
10 h, protein was extracted from treated cells. Appropriate
volumes of RIPA (plus protease inhibitor) were added to the
cultures; these were incubated on a plate shaker for 5min. Cells
were moved from the culture plates and collected in 1.5ml
centrifuge tubes. Tubes were incubated on ice; cells were pipetted
several times to ensure thorough lysis. Lysate was centrifuged
at 12,000 × g for 5min and supernatant, which contained the
desired protein, was collected. Concentration of the protein
solution was quantified by BCA method. Fifty microgram lysed
protein were analyzed by 12% SDS-PAGE and the protein was
transferred onto 0.22 um PVDF membrane by wet transfer.
The membranes were blocked with 5% skim milk at room
temperature for 1 h. Blocked membranes were reacted with
specific antibodies at 4◦C overnight. Membranes were washed 3
times using TBST, 5min per wash. Subsequently, these proteins
were probed with specific Abs against P38, P-P38, Erk l/2,
p-Erk l/2, JNK, P-JNK, P65, P-P65, TLR2, and TLR4 (Cell
Signaling Technology). The anti-TLR-2 (or TLR-4) antibodies
were then expressed as p-Erk l/2, Erk l/2, p-p38, P38, pJNK, JNK,
(Santa Cruz Biotechnology Inc., USA) for 2 h followed by three
washes with PBS. Secondary antibody labeled with horseradish
peroxidase was added and incubated for 2 h at room temperature,
then washed three times with PBS. Chemiluminescence reagent
(ECL) was added to the PVDF membrane, and images of the
reaction were recorded. Band luminosity intensity was quantified
using Image J software using β-actin as an internal control. After
3 washes with TBST, membrane was reacted with ECL. Alpha
software was used for analysis of Integrated Optical Density.

Effect of Inhibitor on the MAPKs Signal
Pathway
Raw 264.7 macrophages (1 × 106 cells ml−1) were cultured
in 12-well cell culture plates. Cells were pretreated with the
following specific inhibitors for 30min prior to GALT addition:
SB203580 (p38 inhibitor; 10µM), U0126 (for ERK1/2; 10µM),
SP600125 (JNK inhibitor; 10µM), PDTC (PDTC; for NF-κB;
20µM) (Table 2). Inhibitors for studying signal pathways were
purchased from Beyotime (China). Cell culture supernatant was
sampled at the indicated times; these were stored at −80◦C.
Supernatants collected were detected for the concentration of
IL-1β, IL-6, and TNF-α using ELISA kit.
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FIGURE 6 | Detection of the signaling molecule involved in cytokine secretion.

(A) Western Blot Analysis. (B) gray intensity. (C) Ratios between

phosphorylated activated signal molecular and signal molecular. Signaling

molecule in MAPKs and NK-κB signaling pathway were detected by western

blotting. Different between GALT group and negative control group were also

analyzed by gray intensity.

Bioinformatics Analysis
Amino acid sequences of GALT of APP and other pathogens were
retrieved from Genbank. Amino acid sequences of GALT from
14 different bacteria were subjected to PredictProtein (Yachdav
et al., 2014) (https://open.predictprotein.org/) for sequence
analysis. The program BLAST-P was used to detect similar
amino acid sequences (https://blast.ncbi.nlm.nih.gov/Blast.cgi)
of GALT. MegAlign was used to analyze sequence distances

among different microbes (By Jotun Hein method). Online
server PredictProtein (https://open.predictprotein.org/) was used
to analyze the amino acid sequences.

Statistical Analysis
All data in present study are expressed as mean ± standard
deviation. Statistical significance analysis was performed using
Student’s t test of GraphPad Prism software (San Diego, CA,
USA). The bars represent the standard errors of the means,
based on three independent experiments. In the results of data
comparison analysis in present study, p<0.05 was considered as
significant difference. “∗∗” indicates P < 0.01, “∗∗∗” indicates P <

0.001 and “ns” indicates not significant.

RESULTS

Purified GALT Protein Could be Applied on
Cell Treatment
GALT protein was expressed and purified in vitro as an
antigen to investigate the effect on macrophages. The products
of induction and purification were analyzed using SDS-PAGE
(Figure 1). E.coli BL21 strains harbored the pET-28a vector
alone to serve as control. The GALT protein was successfully
expressed in BL21, which was induced using IPTG for 4 h.
Affinity chromatography was used to purify the recombinant
GALT and a single high purity band was detected by SDS-PAGE.
After endotoxin removal, the concentration of endotoxin was
0.5 EU (endotoxin unit)/mL in the purified GALT, which was
subsequently used to treat macrophages.

GALT Could be Detected on the Cell
Surface of APP
Indirect immunofluorescence method was performed to detect
GALT. Fluorescence signal were detected on the cell surface
of both of APP MS71 and L20 in the GALT immune serum
(Figures 2B,C). At the same time, fluorescence was also detected
in the inactivated APP L20 immunized group, which was
considered as a positive control (Figure 2D).

As an in vivo-Induced Antigen, GALT Plays
an Important Role of Induction of
Pro-Inflammatory Cytokines
To analyze the function of GALT antigen in pathogenesis, pro-
inflammatory cytokine responses were measured. After mouse
Raw 264.7 macrophages were treated with GALT recombinant
protein, secreted cytokines (TNF-α, IL-1β, and IL-6) in the
supernatant of cell culture were detected using an ELISA kit. Low
secretion levels of TNF-α, IL-1β, and IL-6 were obtained in the
negative control (Treated with PBS) (Figure 3). After treatment
with GALT, the secretion level of 3 cytokines in the supernatant
of cell culture was significantly up-regulated compared with the
negative control (P< 0.01). LPS (200 ng) was the positive control,
which promoted the up-regulation of the production of these
cytokines.
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FIGURE 7 | Effects of inhibitor on the pro-inflammatory cytokines secretion

induced by GALT. To make clear how GALT protein promoted cytokines

secretion, inhibitors SB203580 (p38 inhibitor), U0126 (an ERK1/2 inhibitor),

SP600125 (JNK inhibitor), and PDTC (NF-kB inhibitor) were applied to inhibit

the corresponding MAPKs and NF-κB cell signaling pathways.

Transcriptional Levels of Tnf-α and Il-6

Were Significantly Up-Regulated by GALT
In order to uncover the mechanism of GALT on up-regulation
function of pro-inflammatory cytokines, transcriptional levels
were analyzed by real-time PCR. Beta-actin gene of Raw 246.7

cells was used as a reference gene for quantitative PCR. Both
mRNA levels of Tnf-α and Il-6 in Raw 246.7 were significantly
up-regulated after treatment with GALT compared with negative
control (Figure 4, P< 0.01). A low up-regulation of transcription
level was observed in Il-1b (Figure 4, statistically not significant).

TLR4 and TLR2 Play Regulatory Roles on
Expression of Pro-Inflammatory Cytokines
in Macrophages
To explore if Toll like receptors mediate the GALT induced up-
regulation expression of pro-inflammatory cytokines, anti-TLR4
and anti-TLR2 antibodies were applied in the cell culture to
block macrophage cell surface receptors. In the anti-TLR2 group,
secreted levels of all of the 3 pro-inflammatory cytokines TNF-α
(P < 0.01), IL-1β (P < 0.05), and IL-6 (P < 0.001) were up-
regulated significantly (Figure 5). Nevertheless, all of the 3 pro-
inflammatory cytokines were all down-regulated significantly
after TLR4 ofmacrophage was blocked with anti-TLR4 compared
with the GALT group (Figure 5). In summary, TLR4 and
TLR2 mediated GALT induced expression of pro-inflammatory
cytokines in macrophages.

Production of Pro-Inflammatory Cytokines
Through MAPKs Signal Pathway
To verify the hypothesis that GALT induce pro-inflammatory
cytokines via MAPKs and NF-κB pathway, we performed a
western blotting analysis to measure the phosphorylation of
ERK 1/2 MAPK and NF-κB in Raw 264.7 cells induced by
GALT stimulation (Figure 6). The results showed that the
ratios of phosphorylation of ERK 1/2 and p38 MAPK were
enhanced, whereas that of JNK was decreased. In the present
study, western blot was performed to determine whether GALT
stimulates NF-κB signaling. Analysis of macrophage whole cell
proteins showed that GALT treatment activated NF-κB(p65).
The phosphorylation of NF-κB was increased slightly. Expression
of TLR2 and TLR4 in macrophages was tested (Figure 6).
After treatment with GALT, expression of TLR2 was down-
regulated slightly. However, TLR4 was significantly down-
regulated in Raw 264.7 compared with the negative control
(Figure 6). β-actin was used as a control in the process of western
blot. To make clear how GALT protein promoted cytokines
secretion, inhibitors SB203580 (p38 inhibitor), U0126 (an
ERK1/2 inhibitor), SP600125 (JNK inhibitor), and PDTC(NF-
kB inhibitor) were applied to inhibit the corresponding MAPKs
and NF-κB cell signaling pathways. Cells were pretreated with
inhibitors and the levels of TNF-α, IL-1β and IL-6 in the
supernatants were quantified by ELISA (Figure 7). As shown
in Figure 6, the p38 and JNK MAPK inhibitor significantly
decreased GALT-induced cytokine production, and the NF-κB
inhibitor (PDTC) induced a lower degree of reduction. This
result suggested that the GALT-induced cytokine production
likely primarily depends on the phosphorylation of ERK1/2
MAPK. The three cytokines tested in this manuscript seem to
be produced through different signaling pathways. TNF-α is
dependent on p38, ERK1/2 and JNK MAPKs, but not NF-κB.
IL-1β and IL-6 seem to be dependent on p38, JNK and NF-κB,
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FIGURE 8 | Cellar signal transduction pathway induced by GALT. Based on the results of signaling pathway analyzed induced by GALT, an illustration was made

depicting the activities of GALT.

but not ERK1/2. Based on the factors affected by GALT, the cell
signal transduction pathway was mapped out using PowerPoint
2007 (Microsoft Office, USA) software (Figure 8).

GALT Protein Sequences Are Conserved in
Different Pathogens in Family Pasteurella
As indicated by the results of BLAST-P, GALT is widely
distributed among different microbes and amino acid
sequences are conserved (Figure 9). Fourteen pathogens
in were selected for sequencing and structural analysis.
According to the results of MegAlign, there were high
identities among the amino acid sequences of Actinobacillus
pleuropneumoniae, Escherichia coli, Gallibacterium anatis,
Haemophilus parahaemolyticus, Mannheimia haemolytica,
Pasteurella multocida, Rodentibacter pneumotropicus, Salmonella
typhimurium, and Shigella sonnei ranging from 64.8 to 98.9 %
(Figure 9). A PredictProtein online open server was applied to
analyze the second structure of GALT protein from fourteen
different pathogens (Figure S1) (Yachdav et al., 2014). Protein
interaction sites in GALT protein from different pathogens
except for Bacillus subtilis, Lactobacillus casei, Lactobacillus
helveticus, Lactococcus raffinolactis were found to be similar

(Figure S1, red square). In the nine bacteria with high identities,
GALT binding sites were distributed in all the sequences,
but appeared most frequently in the AA38 to AA114 frame.
Five main helices were identified in 9 sequences at the same
location (crimson band). The analysis results using Solvent
Accessibility program demonstrated that these 9 sequences
possessed highly similar surface exposed and membrane buried
domains (Figure S1). All of these 9 amino acid sequences
contain 1 transmembrane helix located within AA220 to
AA240 (purple band). Three main similar disordered regions
located in the two ends of the sequences in 9 proteins (green
band).

DISCUSSION

APP is a pathogen of swine, causing acute bacterial infection. In
the pathogenesis of many bacterial infectious diseases, adhesion
and invasion of pathogenic bacteria are the crucial processes in
the establishment of infection. In this study, we found that GALT-
induces secretion of pro-inflammatory cytokines TNF-α, IL-1β,
and IL-6 through the activation of p38, ERK1/2, and JNKMAPKs
signal transduction pathway in macrophages.
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FIGURE 9 | Percent identity of the amino acid sequences of GALT in different pathogens.

Bacterial death induces endotoxin release into circulation,
often resulting in endotoxemia. In this stage of bacterial infection,
pro-inflammatory cytokines such as TNF-α, IL-1β, and IL-6 are
elevated (Choi et al., 1999; Cho and Chae, 2002), playing a crucial
role in the pathogenesis of acute bacterial infection (Li et al.,
2018). In this study, secretion of pro-inflammatory cytokines
TNF-α, IL-1β, and IL-6 from macrophages were significantly
(P<0.01) promoted after stimulation with GALT (Figure 3).
GALT was identified as an in vivo-induced antigen, which can
be up-regulated several thousand fold in vivo compared with
in vitro (Zhang et al., 2015a). The galT has been shown be crucial
gene for bacterial pathogen colonization and is associated with
the virulence of the pathogens (Marianne et al., 1994; Ho and
Waldor, 2007).

Toll-like receptors play a crucial role in the process of
interactions of hosts and microbes (Sasai and Yamamoto, 2013).
Lipoproteins are crucial pathogenic components for all bacterial
pathogens (BLPs), and trigger natural immunity. BLPs can
induce apoptosis in THP-1 monocytic cells through human
Toll-like receptor-2 interaction (hTLR2) (Aliprantis et al., 1999).
Moreover, bacterial components such as LPS, LTA, PG, porins,
and lipoarabinomannan all were recognized by TLR4 or TLR2
(Akira et al., 2006; Selvaraj et al., 2015; Park et al., 2017).
Newly discovered components of bacterial pathogens have also
demonstrated interaction with TLR2 via an antibody blocking
assay; these may serve as ligands of TLR2 (Zhang et al., 2015b).
In present study, TLR2 and TLR4 were demonstrated to be
the receptor of the antigen GALT of APP and the changes in
the levels of cytokines were significantly altered post TLR2 or
TLR4 Ig binding. First, the expression of cytokines was decreased
significantly after TLR4 binding was blocked. Nevertheless, the
level of expressed cytokines were increased significantly after
TLR2 binding was blocked. It can be speculated that both of TLR2
and TLR4 combine with the antigenGALT used in this study. The
combination of GALTwith TLR2may involve negative control of
cytokine secretion. After TLR4 was blocked on macrophages, the
concentrations of cytokines in the cell cultural supernatant were
found to decrease. In the present study, TLR-2 and TLR-4 are

involved in positive and negative control of cytokine production,
respectively.

Following pathogen infection, pattern recognition receptors
on the cell surface or in the cytoplasm of innate immune
cells are stimulated and MAPK signal pathways are activated,
including ERK, p38, and JNK subfamilies (Arthur and Ley,
2013). In our present study, signal transduction pathway
p38 and JNK MAPKs were demonstrated to play primary
roles in the pro-inflammatory response induced by GALT
stimulation in macrophages (Figure 6). Combined with
activation of nuclear factor-κB, MAPKs signal pathways
promote the expression of multiple genes to regulate the
inflammatory response (Iwasaki and Medzhitov, 2010;
Arthur and Ley, 2013). Inhibitor assays in present study
demonstrated that pro-inflammatory responses induced by
GALT includes stimulation of nuclear factor-kB, which is
a transcriptional activator of multiple host defense genes
(Figures 7, 8).

The galT, a member of the gal gene cluster, an important
group associated with virulence, survival in host and so on,
is widely distributed in different pathogens(Lai et al., 2001;
Nesper et al., 2001; Oechslin et al., 2017; Pires et al., 2017).
GALT also distributed in a variety of other gram-negative and
gram-positive bacteria such as Escherichia coli, Pseudomonas
aeruginosa, Shigella sonnei, and Lactobacillus helveticus (Ketner
and Campbell, 1974; Schümperli et al., 1982; Torino et al., 2005;
Ho and Waldor, 2007; Caboni et al., 2015; Oechslin et al.,
2017). From the results of BLAST, amino acid sequences of the
pathogens in family Pasteurella showed a high level of identity.
As shown in the results of Predict Protein online open server
analysis, all the sequences possess a similar amino acid secondary
structures (Figure S1).

We demonstrated GALT protein of APP was a vital
antigen, which could promote the secretion of pro-inflammatory
cytokines. This process includes cell signaling pathways like
P38, ERK1/2, JNK MAPKs, and NF-κB. Both TLR2 and
TLR4 are receptors of GALT antigens, whereas they played
negative and positive roles (respectively) in the process of
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induction of pro-inflammatory cytokines. GALT is a conserved
antigen among various pathogens, and warrants further study in
efforts aimed at elucidating details concerning pathogenesis and
pathogen interaction with the host cells.
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