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Abstract
The purpose of this study was to elucidate the roles of peptidoglycan-associated lipoprotein (Pal protein) in the proliferation 
of Brucella in macrophage and bacterial virulence, and to evaluate the immune effect of Pal protein to Salmonella enter-
itidis. Murine macrophage-like cell line Raw264.7 was stimulated by recombinant Pal protein, and the expression of TNF-α 
and IFN-γ were up-regulated, but not it of IL-1β and IL-6. The macrophages infection and in vitro simulated stress assays 
showed that deletion of pal gene reduced the proliferation of Brucella in macrophages, the survival in acidic, oxidative and 
polymyxin B-contained environment. The mice infection assay showed that mice challenged with the pal mutant strain were 
found to have more severe splenomegaly, but less bacterial load. After oral immunization of mice, Pal protein induced a higher 
titer of mucosal and humoral antibody (IgA and IgG) against heat-killed Salmonella enteritidis, and a stronger Th1 cellular 
immune response. The challengte experiments showed Pal protein elevated the survival rate and reduced the bacterial load 
of spleens in immunized mice. In conclusion, our results revealed the important roles of pal gene in Brucella virulence, and 
Pal protein was a potentially valuable adjuvant against mucosal pathogens, such as Salmonella enteritidis.

Introduction

Brucella is a facultative intracellular pathogen, causing 
Brucellosis, which spreads widely worldwide, especially 
in developing countries [1]. The ability to survive within 
macrophages and subsequently traffic the whole body is an 

important mechanism of Brucella virulence. Still and all, 
macrophages play an important role in the body’s defense 
against Brucella infection [2, 3]. First, macrophages can 
engulf and kill pathogens, and present antigens. A number 
of strategies, such as acidic pH, oxidizing substance and 
antimicrobial peptides, were adopted to kill the internal-
ized bacteria [4, 5]. Previously researched showed that the 
deletion of pal gene resulted in the reduced survival rate 
in macrophages of some intracellular bacterium, including 
Brucella suis (B. suis), Salmonella and Legionella pneu-
moniae (L. pneumoniae) [6–9]. While, the function of pal 
gene in defensing against macrophage killing was not fully 
elucidated.

Second, by secreting a variety of cytokines, macrophages 
play a role in promoting inflammatory response and immune 
activation and regulation [10]. In Burkholderia cenocepacia, 
Klebsiella pneumoniae (K. pneumoniae) and Escherichia 
coli (E. coli), Pal can activate macrophages and induce them 
to secrete a variety of cytokines, and play a key role in the 
virulence of these bacteria [11–13]. In addition, Pal protein 
from Brucella can activate dendritic cells, leading to the 
release of cytokine TNF-α [6]. However, the effect of Pal 
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protein on the expression of cytokines in macrophages has 
not been fully elucidated.

It has been reported that Brucella Pal protein was a 
new bacterial Pathogen-Associated Molecular Pattern that 
activated dendritic cells in vivo, induced a Th1 immune 
response, and was a promising self-adjuvanting vaccine 
against systemic and oral acquired Brucellosis [6]. In 
another studies, researchers constructed a novel recombinant 
Lactobacillus casei-OMP16-PEDVS strain expressing S pro-
tein of PEDV and Pal protein of Brucella abortus, and the 
recombinant strains could induce higher levels of humoral 
immunity, cellular immunity, and mucosal immunity [14]. 
The potential of Pal from Brucella as an adjuvant is worth 
further exploring.

Salmonella infection can cause a variety of livestock and 
poultry Salmonellosis, including systemic extra-intestinal 
infection and intestinal infection, clinical manifestations of 
sepsis and enteritis, can also lead to abortion of pregnant 
animals, a serious threat to the health of young animals and 
breeding livestock and poultry. There are many serotypes of 
Salmonella, and more than 2000 serotypes have been identi-
fied without complete statistics. Among these serotypes, Sal-
monella enteritis (S. enteritis) is a typical zoonotic pathogen 
with high infection rate [15–17]. Vaccine is an important 
means to control Salmonellosis.

Taking into account these previous results, in this study, 
we screened the pal gene of Brucella, and analyzed its effect 
on cytokine expression in macrophages. Then, simulated 
stress and polymyxin B tolerance assays, the macrophage 
survival assay, and mice challenge experiment were per-
formed, aimed to evaluate the role of pal gene in Brucella 
virulence. Finally, the immune and challenge protection 
experiments of mice using inactivated S. enteritis and Pal 
protein was performed to explore the potential value of Pal 
protein in Salmonella vaccine development.

Materials and Methods

Strains, Cells and Mice

E. coli and Salmonella enteritidis C50336 (Table S1) was 
routinely cultured on LB broth or agar at 37 °C, and were 
added at the following concentrations: ampicillin, 100 μg/
mL, when required. All of the Brucella strains (Table S1), 
include B. melitensis 16 M, 16MΔpal and 16MΔpal + pal. 
were routinely cultured in or on tryptic soy broth (TSB), 
tryptic soy agar(TSA) or minimal medium (0.5% lactic acid, 
3% glycerol, 0.75% NaCl, 1%  K2HO4, 0.01%  Na2S2O3·5H2O, 
10 μg/mL  Mg2+, 0.1 μg/mL  Fe2+, 0.1 μg/mL  Mn2+, 0.21 μg/
mL thiamine HCl, 0.2 μg/mL nicotinic acid, 0.04 μg/mL cal-
cium pantothenate, 0.001 μg/mL biotin, 5 mg/mL glutamate; 
pH 6.8–7.0 with NaOH). All work with live Brucella strains 

was performed at a biosafety level three laboratory in China 
Institute of Veterinary Drug Control.

Murine macrophage-like cell line Raw264.7 was gained 
from Brucellosis Laboratory, China Agricultural Univer-
sity, and cultured in Dulbecco’s modified Eagle’s medium 
(DMEM) with 100 U/mL penicillin, 100 μg/mL streptomy-
cin, 10% fetal bovine serum and 0.1 mmol/L nonessential 
amino acids. The cells were used until the third generation 
after cell resuscitation and discarded until 15th generation.

Female BALB/c mice (aged 4–6 weeks) were purchased 
from the Wei Tong Li Hua Laboratory Animal Services Cen-
tre (Beijing, China).

Sequence Analysis of Pal Gene

The comparison of nucleotide and amino acid sequence sim-
ilarity were performed in Blast (https:// blast. ncbi. nlm. nih. 
gov/ Blast. cgi). The basic Physical and chemical properties 
were analyzed by DNASTAR Bioinformatics Software. The 
signal sequence was checked by LipoP 1.0 (http:// www. cbs. 
dtu. dk/ servi ces/ LipoP/) and SignalP 5.0 (https:// servi ces. 
healt htech. dtu. dk/ servi ce. php? Signa lP-5.0). The protein 
domains, families and functional sites as well as associated 
patterns and profiles was analyzed by Domains & Structures 
(https:// www. ncbi. nlm. nih. gov/ guide/ domai ns- struc tures/). 
The phylogenetic tree was constructed by MegAlign work-
space of DNASTAR.

The Prokaryotic Expression and Purification of Pal 
Protein

The pal gene fragment was subcloned into the digested 
plasmid pET32a, and transformed into the expression strain 
BL21(DE3). After indued expression, identified, purified 
and endotoxin removal, rPal was used to carry out the cell 
stimulation experiment.

Cells Stimulation by rPal Protein and the Detection 
of Cytokines Production

The mice macrophage-like cell line Raw 264.7 were cul-
tured by rPal for 24 h in a 6-well plate at a plating density 
of 4 ×  105 CFU each well. After stimulation, the cells were 
harvested to extract mRNA and perform real-time PCR 
analysis.

Construction of B. melitensis 16 M Pal Mutant 
and the Complementation Strain

The pal mutant and complemented strain was constructed, 
according to the previous research [18], and the subsequent 
mutant were named as 16MΔpal and 16MΔpal + pal.

https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.cbs.dtu.dk/services/LipoP/
http://www.cbs.dtu.dk/services/LipoP/
https://services.healthtech.dtu.dk/service.php?SignalP-5.0
https://services.healthtech.dtu.dk/service.php?SignalP-5.0
https://www.ncbi.nlm.nih.gov/guide/domains-structures/
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Intra‑Macrophage Proliferation and the Mice 
Infection Assays

The intracellular proliferation in RAW 264.7 cells and 
BALB/c mice infection were performed as previous descrip-
tion [18].

In Vitro Simulated Stress and Polymyxin B Tolerance 
Assays

To investigate the effect of the pal gene deletion on B. 
melitensis, in vitro stress assays and polymyxin B (Code 
No. 1405-20-5, Sigma) tolerance assays were performed by 
16 M, 16MΔpal and 16MΔpal + pal [5, 18]. The percent 
survival was calculated by dividing the live bacterial CFUs 
by those under physiological condition (0.85% NaCl, pH 
7.0).

Preparation of Heat‑Killed S. enteritidis C50336

S. enteritidis C50336 was heat-killed for preparation of heat-
killed Salmonella enteritidis (HKSE). The protein concen-
tration of HKSE was determined using the BCA Protein 
Assay Kit (Code No. CW0014, CWBIO).

Mice Immunization and Samples Collection

As described with reference [19], mice were immunized by 
intragastric administration with HKSE (5 ×  108 CFU) alone 
or with HKSE and rPal (200 μg) on day 0, 7 and 17. Two 
weeks after immunization, blood and fecal extracts was col-
lected for IgG and IgA detection.

Antibody Level Detection

The serum IgG and IgA in feces was measured by indirect 
enzyme-linked immunosorbent assay (ELISA). Briefly, 
ELISA plates were coated with HKSE (200 μg/well) over-
night at 4 °C, and blocked with 2% bovine serum albumin 
at 37 °C for 1 h. After washed with PBS containing 0.05% 
Tween-80, serum (IgG, 1:100 dilution) or fecal extracts 
(IgA) were incubated for 2 h at room temperature. Then, 
the plates were washing and anti-mouse IgG-HRP (1:5000 
dilution, Code No. A-10685, Invitrogen) or anti-mouse IgA-
HRP IgA (1:5000 dilution, Code No. ab97235, Abcam) were 
added for 1 h at room temperature. After the reaction was 
terminated by 2 mol/L  H2SO4, OD450 nm of the well was 
measured.

Delayed Type Hypersensitivity Assay (DTH)Test

Two weeks after immunization, five mice were subcutaneous 
injected into one foot pad with 20 μg of HKSE, and equal 

volume of PBS was injected into the other foot pad. After 
72 h, the thickness of foot pad was measured using a digital 
caliper. The increase of footpad thickness (mm) was calcu-
lated as the footpad thickness of mice injected by HKSE 
minus it of mice injected by PBS.

The Lymphocyte Proliferation Assay and Cytokines 
Test After Immunization

The lymphocyte proliferation ability and cytokines were 
determined by the methods of MTT and ELISA, according 
to the previous research, according to the previous research 
[7].

Protection of S. enteritidis C50336 Challenge

The bacterial challenge assay was performed as previous 
description [20]. Two weeks after the final immunization, 
the mice in three immunized groups, were challenged by 
intragastric administration with S. enteritidis C50336 at a 
dose of 1 ×  108 CFU/mouse. The number of surviving mice 
(ten mice) and bacterial load in spleens (five mice, 4 days 
p.i.) were determined.

Results

In Silico Analysis of the Brucella Pal Gene

The pal (encoding Peptidoglycan-Associated Lipoprotein, 
Pal) gene, carrying 507 nt, was located on B. meliten-
sis 16  M chromosome I (Locus-tag = BMEI0340), and 
the accession number was NC_003317.1. The Pal protein 
contained 168 amino acids and had a molecular weight 
of 18.233 kDa. The isolectric point and charge at pH 7.0 
was 9.931 and 6.994. The lipoprotein signal peptide was 
located at N-terminus, rather than other signal peptides and 
N-terminal membrane helices, and the cleavage site was 
between pos. 24 and 25(Fig.S1A). The Phylogenetic tree 
suggested that the rest domain of Pal was very close (at least 
65.9% in protein sequence) to Pal proteins from Escherichia 
coli (HBP1323627.1), Salmonella Typhi (CQC26716.1), 
Haemophilus influenzae (WP_046067759.3), Legionella 
pneumophila (WP_003636618.1), Klebsiella pneumoniae 
(WP_130952229.1), Helicobacter pylori (EJB93082.1) and 
Pseudomonas putida (WP_150060284.1) (Fig. S1B).

The rPal Protein Stimulated the Expression of TNF‑a 
and IFN‑γ in Raw264.7

After induced expression, the rPal protein was identified by 
SDS-PAGE and western blot using anti His-Tag mice mono-
clonal antibody and HRP conjugated goat anti-mice IgG, 
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and furtherly purified (Fig. S2). The purified rPal was used 
for follow-up experiments.

Cytokines such as IL-1β, IL-6, TNF-a and IFN-γ, have 
important roles in provoking the direction of immune 
responses, either cellular and/or humoral immunity. Some 
reports suggested rPal was a stronger inducer of cytokines 
in some kinds of bacteria [7, 21]. The above-mentioned 
information prompted us to conduct the protein stimulation 
experiments by the mice macrophage-like cell line Raw 
264.7, with LPS as positive control. As shown in Fig. 1, with 
expected, LPS stimulated the expression of cytokines, IL-1β, 
IL-6, TNF-a and IFN-γ. Interestingly, the Brucella rPal pro-
tein increased the expression of TNF-a and IFN-γ in dose-
dependent, but didn’t change the expression of IL-1β and 
IL-6. What’s more, the expression of IFN-γ was markedly 

increased, even when the concentration was raised to 2.0 μg/
mL, the rPal stimulating effect was similar with LPS.

Deletion of Pal Gene Reduced the Proliferation of 
Brucella in Macrophages, the Survival in Acidic, 
Oxidative and Polymyxin B‑Contained Environment

The intracellular survival ability in macrophages is the key 
of Brucella virulence. Thus, we conducted the pal mutant 
of B. melitnesis 16 M (Fig. S3A) and assessed the intracel-
lular survival ability of the pal mutant 16MΔpal. As shown 
in Fig. S3B, deletion of pal gene did not affect the growth 
of Brucella in minimal medium. Interestingly, as shown in 
Fig. 2A, compared to 16 M, 16MΔpal showed lower bacte-
rial counts after 4 h p.i. The results suggested that deletion 

Fig.1  The rPal protein elevated the cytokines expression in Raw 
264.7 macrophages. Cells were incubated with rPal and LPS for 
24 h, and the cytokines expression, IL-1β (A), IL-6 (B), TNF-α (C) 
and IFN-γ  (D), were analyzed using real-time PCR. Error bars 

represent the standard deviation of three independent biologi-
cal repeats.*P < 0.05 and **P < 0.01, indicate comparison with the 
untreated control(Ctrl)
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of pal gene reduced proliferation ability of Brucella in 
macrophages.

In macrophages, the internalized bacteria will encounter 
acidic pH, oxidizing substance and antimicrobial peptides, 
resulting in a decrease in intracellular proliferation. There-
fore, we performed in vitro acidic and oxidative stress and 
polymyxin B tolerance assay. After 1 h incubated in pH 3.4, 
2.5 mM  H2O2, and 50 or 100 μg/mL polymyxin B, 16MΔpal 
showed a reduced survival rate in different degrees, com-
pared to 16 M (Fig. 2B, C and D). These results indicated 
that pal gene was involved in the resistance of Brucella to 
acid and oxidative stress, and antimicrobial peptides, benefit 
to the bacterial intra-macrophage proliferation.

The Pal Gene was Important in Virulence to Mice

Considering that rPal protein stimulated the expression of 
TNF-a and IFN-γ and the pal gene plays the key role in the 
proliferation in macrophages, we assessed in vivo the effects 
on the colonization of the wild and mutant strain.

In the fourth week after bacterial challenge, strain 16 M 
and 16MΔpal all caused splenomegaly and a large spleen 

index, while 16MΔpal unexpectedly caused the more severe 
splenomegaly and a larger spleen index (Fig. 3A and B). Still 
and all, when it comes to the bacterial load in the spleen 
per unit mass (often used to evaluate the virulence of Bru-
cella), 16MΔpal showed a slight decrease in the fourth and 
eighth week after the bacterial challenge, compared to 16 M 
(Fig. 3C). Hence, it can be concluded that the deletion of 
pal gene of Brucella resulted in a slight decline in virulence 
to mice, despite of more severe splenomegaly and larger 
spleen index.

rPal Induced a Mucosal, Humoral and Cellular 
Immune Response Against HKSE

To determine the immune effect, mice was immunized 
with HKSE and HKSE Plus rPal, and the serum IgG and 
fecal IgA was obtained for ELISA. Compared to the mice 
immunized with HKSE alone, HKSE-specific IgA in fecal 
extracts and IgG in serum from those mice immunized with 
HKSE Plus rPal was significantly increased (Fig. 4A and B). 
These results indicated that rPal induced a mucosal antibody 

Fig. 2  The multiplication curve in macrophages (A) and survival 
rates curves of B.menlitensis 16 M, 16 M∆pal and 16 M∆pal + pal 
under acidic (B), and oxidative (C) conditions, and in different con-
centrations of polymyxin B (D). The intracellular bacteria count in 
macrophages, at different time points, was determined by serially 
dilution. In the stress assays, after a 1 h exposure to pH 3.4, 2.5 mM 

 H2O2 and 50 or 100 μg/mL polymyxin B, the survival rates of each 
strain were calculated. The presented values represent the means of 
three experiments performed in duplicate, and the error bars indicate 
the SD. Significant differences between the strains are indicated by 
*(P < 0.05) and **(P < 0.01)
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immune response, and elevated a stronger humoral immune 
against HKSE.

Delayed type hypersensitivity (DTH) assays (by foot pad 
challenge) and the lymphocyte proliferation assay was usu-
ally used to assess the cellular immune response. The mice 
immunized with HKSE Plus rPal displayed a stronger TDH 
response than HKSE immunized mice (Fig. 4C). And, the 
proliferative activity (or SI) of spleen cells from the mice 
immunized with HKSE Plus rPal was higher than those 
with HKSE and PBS (Fig. 4D). Furthermore, IL-2, IL-4 
and INF-γ is important cytokines participated in the immune 
response to restrict the proliferation of pathogens. At two 
weeks after final immunization, the spleen cells was sepa-
rated and the cultured splenocyte supernatant was harvested 

to test the concentration of these cytokines. As shown in Fig. 
S4, compared with the HKSE immunized mice, the con-
centration of IL-2, IL-4 and INF-γ from HKSE Plus rPal 
immunized mice was increased. Of note, the concentration 
of IL-2 was more markedly increased than it of IL-4. These 
figures suggested that rPal induced a stronger Th1 cellular 
immune response.

rPal Combined with HKSE Elevated the Survival 
Rate and Reduced the Bacterial Load of Spleens 
in Immunized Mice

To determine the immune efficacy, the challenge experi-
ment was performed using the live wild strain S. enteritidis 

Fig. 3  Deletion of pal gene resulted in a decline in virulence to 
mice. The spleen (A) and spleen index (B) in mice (the proportion 
of body weight of the spleen) after challenge. The mice were injected 
intraperitoneally with B. melitensis 16 M and 16MΔpal at a dose of 
1 ×  106 CFU/mouse and the spleen of the mice was weighed, on week 

1, 4 and 8. The mice, which were injected intraperitoneally with PBS, 
were regarded as control. C Bacterial load in spleen of mice after 
challenge. The isolated spleens were homogenized to further bacterial 
counting by plate method. The graphs represent the results of three 
independent trials
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C50336 and the mice, and the protection effect was marked 
by the survival rate and the bacterial load of spleen. After 
oral administration, ten mice immunized with rPal plus 
HKSE all survived, seven mice immunized with HKSE only 
survived, and all mice administered with PBS died within 
8 days (Fig. 5A). The mice, before death, showed various 
clinical symptoms, including anorexia, diarrhea and depres-
sion. The remaining five immunized mice were sacrificed 
4 days after challenge with S. enteritidis C50336, and the 
spleens was homogenized and bacterial counts were per-
formed. Compared to PBS-administered mice, the mice 
immunized with rPal plus HKSE, or HKSE only, carried 

much lower bacterial load. And, of particular note was that 
the bacterial load of spleens from the mice immunized with 
rPal plus HKSE was the lowest (Fig. 5B). These data sug-
gested that rPal enhanced the immune protection effect of 
HKSE to S. enteritidis in mice.

Discussion

Pal protein is an important outer membrane protein, belong-
ing to Tol/Pal complex, which mainly contains five proteins 
including Pal, and plays an important role in the transport of 

Fig. 4  rPal increased an increase in serum IgG (A), fecal IgA (B) 
and cellular immune response (C, D and E) against HKS. After two 
weeks post finally immunization, HKSE-specific IgG in serum and 
HKSE-specific IgA in fecal extracts were detected by ELISA. The 
mice, immunized with HKSE and rPal, HKSE and PBS, was foot pad 
challenged by HKSE on one footpad and PBS on the contralateral 
footpad. After 72  h, the thickness difference of foot pad from each 

mouse was measured with callipers (C). The spleen lymphocyte of 
immunized mice was separated to perform MTT assays in the pres-
ence or absent of 10 μg/mL of HKSE, and the stimulation indices was 
represented by SI (D). Error bars represent the standard deviation of 
three independent biological repeats. Significant differences was indi-
cated by *(P < 0.05) and **(P < 0.01)
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outer membrane proteins and other substances [22, 23]. B. 
mlitensis 16 M carries a predicted pal gene (Locus-tag was 
BMEI0340),whose encoded product has a typical N-termi-
nal lipoprotein signal peptide, which guides Pal protein to 
transport to cell membrane and bind to peptidoglycan. The 
amino acid homology of the remaining functional regions 
of Pal was more than 65% compared with other bacteria. 
These findings indicated that BMEI0340 encoded protein 
was peptidoglycan associated lipoprotein (Pal protein).

Due to its location on the surface of bacteria, Pal pro-
tein is easily recognized by host cells during infection, 
and some bacteria can even secrete Pal protein directly to 
induce the immune response of the host [24]. As faculta-
tive intracellular pathogens, Brucella can invade and sur-
vive in macrophages, and macrophages can secrete a variety 
of cytokines to regulate host immune responses to defend 
against its infection, although Brucella has evolved a variety 
of defense mechanisms [25, 26]. In this study, macrophages 
were incubated with the prokaryotic expressed Pal protein of 
Brucella, and Pal up-regulated the expression of TNF-α and 
IFN-γ, but did not IL-1β and IL-6. Similar with our results, 
it was reported that, in Brucella suis infected macrophages, 
Pal protein by tetracycline-induced expression could inhibit 
the expression of IL-1β and IL-6 [8]. However, inconsistent 
with our findings, Pal proteins of E. coli, L. pneumoniae and 
Aggregatibacter actinomycetemcomitans, up-regulated the 
secretion of IL-1β, IL-6, and TNF-α. These studies indicated 
that there were some differences roles in stimulating mac-
rophage to secrete cytokines between Brucella Pal protein 
and other Pal proteins. The reasons for these functional dif-
ferences require further experimental confirmation.

Brucella can survive in professional phagocytes, such 
as macrophages, and internalized Brucella traffics along 
with macrophages to other sites of hosts [2, 27]. Hence, we 
constructed the pal mutant by homologous recombination 
technique, and analyzed the proliferation in macrophages. 

Similar to previous researched, deletion of pal gene resulted 
in reduced proliferation of Brucella in macrophages. In 
macrophage, Brucella adopts a variety of strategies to resist 
acidic and oxidative stress and antimicrobial peptide, to 
benefit its survival and the following proliferation [2, 5, 18, 
27]. So, stress and resistance assay of polymyxin B were 
performed to analyze the role of pal gene in pathogenesis. 
Interestingly, compared to the wild type strain, B. melitensis 
16 M, the pal mutant 16MΔpal showed a reduced survival 
rate in different degrees in a low pH 3.5,  H2O2 and poly-
myxin B-contained saline. These results suggested that pal 
gene was involved in the resistance of Brucella to acid and 
oxidative stress, and antimicrobial peptides, benefit to the 
bacterial intra-macrophage proliferation.

Furthermore, the virulence evaluation of the pal mutant 
to BALB/c mice was conducted. 4 weeks after challenge, 
it was found that the spleen of mice challenged with 
16MΔpal was significantly enlarged, even higher than that 
of wild strain 16 M. However, the bacteria load in spleen of 
16MΔpal was lower than that of 16 M. It has been reported 
that Pal of Brucella can inhibit the secretion of IL-1β and 
IL-6 by macrophages, but  when the gene is knocked out, 
the expression of IL-1β and IL-6 is up-regulated, and the 
virulence of the mutant was decreased[8, 28]. Meanwhile, 
we have confirmed that Pal up-regulated the expression of 
TNF-α and IFN-γ. There is an explanation, maybe, that up-
regulated IL-1β and IL-6 followed by the deletion of pal 
gene, leading to a more significant inflammatory response 
and splenomegaly, and counteracting the effect of down-
regulation of TNF-α and IFN-γ. Consequently, the enhanc-
ing inflammatory response makes it easier for clearing of 
Brucella. This hypothesis needs to be further confirmed by 
subsequent studies.

Despite of its roles in down-regulating IL-1β and IL-6, 
Pal have an ability to up-regulate TNF-α and IFN-γ, which 
play an important role in the body's defense against Brucella 

Fig. 5  Oral immunization of mice with rPal plus HKSE elevated the survival rate (A) and reduced the bacterial load of spleens (B) in immu-
nized mice. The error bars indicate the SD, and significant differences between the strains are indicated by *(P < 0.05) and **(P < 0.01)
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[29, 30]. Moreover, Pal of Brucella was verified that could 
activate dendritic cells in vivo, induces a Th1 immune 
response, and was a promising self-adjuvanting vaccine 
[6]. And other researchers constructed a novel recombinant 
Lactobacillus casei-Pal-PEDVS strain expressing S protein 
of porcine epidemic diarrhea virus and Pal protein of Bru-
cella, and found that this strain could induce higher levels of 
humoral immunity, cellular immunity, and mucosal immu-
nity [14]. According to related reports, Brucella also carries 
another antigen that has the properties of an adjuvant. Oral 
vaccination with U-Omp19 plus Salmonella antigens con-
ferred protection against virulent challenge with Salmonella 
Typhimurium, with a significant reduction in bacterial loads 
[19]. It prompted us to immunize the mice, by rPal and heat-
killed Salmonella enteritidis, a fecal-oral-transmitted patho-
gen. Similar to these researched, after intragastric adminis-
tration of mice, rPal induced a stronger humoral, mucosal 
and Th1 cellular immune response. The challenge experi-
ments showed rPal elevated the survival rate and reduced 
the bacterial load of spleens in immunized mice.

Conclusion

In conclusion, Pal protein from Brucella was able to in 
vitro induce the expression of TNF-α and IFN-γ in mac-
rophages, and the pal mutant showed reduced prolifera-
tion, stress resistance and virulence to mice. And, rPal 
induced a stronger mucosal, humoral antibody response 
and Th1 cellular response against HKSE, and enhanced 
the immune protection effect of HKSE to S. enteritidis in 
mice. These findings revealed the mechanism of Pal affect-
ing Brucella virulence to some extent, and provide basic 
data for rPal as a suitable adjuvant in oral vaccine formu-
lations against mucosal pathogens, such as S. enteritidis. 
However, there are still some problems that need to be fur-
ther solved. For example, as mucosal adjuvants, what’s the 
mechanism of rPal? Anyway, our findings suggested that 
rPal from Burcella was a potentially valuable adjuvant for 
the prevention and control of mucosal pathway infections.
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