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Introduction

Foodborne contamination and salmonellosis caused by Salmonella Enteritidis (S. Enteritidis)
are a significant threat to human health and poultry enterprises. Outer membrane vesicles
(OMVs), which are naturally secreted by gram-negative bacteria, could be a good vaccine
option because they have many biologically active substances, including lipopolysaccharides
(LPS), outer membrane proteins (OMPs), and phospholipids, as well as periplasmic
components. In the present study, we purified OMVs derived from S. Enteritidis and analyzed
their characteristics through silver staining and sodium dodecyl sulfate polyacrylamide gel
electrophoresis. In total, 108 proteins were identified in S. Enteritidis OMVs through liquid
chromatography tandem mass spectrometry analysis, and OMPs, periplasmic proteins, and
extracellular proteins (49.9% of total proteins) were found to be enriched in the OMVs
compared with bacterial cells. Furthermore, native OMVs used in immunizations by either the
intranasal route or the intraperitoneal route could elicit significant humoral and mucosal
immune responses and provide strong protective efficiency against a lethal dose (~100-fold
LDs) of the wild-type S. Enteritidis infection. These results indicated that S. Enteritidis OMVs
might be an ideal vaccine strategy for preventing S. Enteritidis diseases.

Keywords: Outer membrane vesicles, Salmonella Enteritidis, protection

Although antibiotics are commonly used to prevent
S. Enteritidis infections in chicken farms of developing

Salmonella enterica serovar Enteritidis (S. Enteritidis) can
infect chickens, including laying hens and broilers, during
the production period and post-harvest, and it may result
in persistent infections, even with low numbers of
Salmonella [1]. S. Enteritidis is also the human pathogen
that infects routinely by contaminated food, such as eggs
and chicken meat [2]. In the past decade, an increase in the
number of foodborne infections of S. Enteritidis has
frequently caused outbreaks in many countries, and it has
become the top serotype among all nontyphoidal salmonellae
serotype strains [3, 4]. S. Enteritidis causes large economic
losses in the poultry industry, and poses a significant
global health threat to humans [5, 6].

countries [7], strains of multiple antibiotic resistance have
emerged before being transmitted to humans through the
food chain [8, 9]. Therefore, vaccination should become the
most effective method of reducing the prevalence of
S. Enteritidis in poultry, ultimately resulting in a lower
incidence of human salmonellosis in the post-antibiotic era
[10]. Current candidate vaccines include live-attenuated
Salmonella vaccines [11], killed vaccines, and protein subunit
vaccines [12], but they are not always effective. It is well
known that among live oral attenuated Salmonella vaccines,
the Aro strain has been reported to protect against virulent
S. Enteritidis infection [13]; however, there are safety
concerns that the attenuated vaccine strains may exhibit
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reversion to virulence [10]. In addition, the whole-cell
killed vaccines and protein subunit vaccines are capable of
inducing humoral immune responses, but they confer a
weak cellular immune response and short-term immunity
[10, 14].

Outer membrane vesicles (OMVs) might be the ideal
vaccine option to control Salmonella infection. OMVs are
vesicle-like structures that are widely present in gram-negative
bacteria [15]. OMVs contain biologically active substances,
and their sizes are normally between 20 and 250 nm [16].
The components of OMVs include lipopolysaccharides
(LPS), outer membrane proteins (OMPs), phospholipids, as
well as the periplasmic components produced during their
formation [17]. OMVs promote multiple physiological
activities, including bacterial growth, survival, and
toxicity, and assistance with biofilm formation, transfer of
biomolecules between cells, killing of competing microbial
cells, responses to physical and chemical stress, nutrition,
defense, and resistance [18—-21].

Many factors could contribute to OMVs becoming a
popular choice for vaccine development. One is that OMVs
are nano-scale spherical vesicles that contain multiple
antigenic proteins from the bacterial outer membrane, and
they are capable of activating the immune system [17].
Another is that OMVs are safe owing to their non-replicative
acellular characteristics [22]. Finally, LPS, a major component
of OMVs, could be used as an adjuvant [18]. Furthermore,
many research studies of vaccines based on OMVs to
prevent infectious diseases have been reported [23, 24],
where the Neisseria meningitidis serogroup B OMV vaccine
is the most successful example [25]. In this study, we
identified and analyzed the components of S. Enteritidis
OMVs, and we also investigated whether immunization
with OMVs that were spontaneously released from S.
Enteritidis can provide significant protection against lethal
challenge in a mouse model.

Materials and Methods

Bacterial Strains and Isolation of OMVs

OMVs were isolated from the Salmonella Enteritidis 33744
strain, which was obtained from Dr. Roy Curtiss’ laboratory, and
the genetic background of this strain is clear. The clinical strain
S. Enteritidis S246, which was used to infect the mice, was isolated
from chicken by the Institute of Preventive Veterinary Medicine
[26], and this isolate had no flagellae, which means that it did not
contain a functional FliC gene. The LDy, of these two strains has
been determined in a mouse model and both were 1 x 10° CFU. All
strains were grown at 37°C in Luria-Bertani medium (Difco, USA).
A2 LS. Enteritidis culture in the logarithmic phase (approximately
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2 x 10 CFU bacteria) was used to purify OMVs, and the methods
of OMV isolation were as according to those previously described
[27].

LPS and Protein Assay

LPS profiles of S. Enteritidis OMVs were examined using a
modified version of the standard method [28]. Briefly, 50 pl of
OMYV sample was mixed with 50 ul of Dissociation Buffer A (0.5 M
Tris-Cl, pH 6.8, 10% glycerol, 10% sodium dodecyl sulfate (SDS),
5% beta-mercaptoethanol), boiled for 10 min, and air-cooled to
room temperature. To remove insoluble substances, the samples
were centrifuged at 12,000 xg for 10 min. Then, the supernatant
was diluted at 1:10 (10 pl into 90 pl) into Dissociation Buffer B
(0.5M Tris-Cl, pH 6.8, 10% glycerol, 0.05% Bromophenol blue),
adding 1 pl of 20 mg/ml Proteinase K (Sigma-Aldrich, USA) to
digest for 1 h at 37°C. After these preparations were complete, the
samples were separated onto 12.5% gels by SDS-polyacrylamide
gel electrophoresis (SDS-PAGE) and silver stained.

The protein contents of the OMVs were analyzed by 12% SDS-
PAGE, according to Laemmli [29]. The concentration of S. Enteritidis
OMVs (based on the total protein content) was measured with a
BCA Protein Assay Kit (Thermo Pierce, USA). Then, a 10 ng OMV
sample was uploaded and separated on a SDS-PAGE gel, and
Coomassie blue staining was performed using Page Blue Protein
Staining Solution (Thermo Pierce), according to the manufacturer’s
instructions.

Liquid Chromatography-Coupled Tandem Mass Spectrometry
(LC-MS/MS) Analysis of OMVs

The purified vesicles were boiled in SDS loading buffer (50 mM
Tris-Cl, pH 6.8, 2% SDS, 0.1% Bromophenol blue, 10% glycerol)
for 10 min, and 20 pug of OMVs was separated by 12% SDS-PAGE.
Each lane was cut into five slices and then further cut into 1 mm
cubes. The gel cubes were destained in a buffer containing 50%
acetonitrile (ACN) and 40 mM ammonium bicarbonate and then
dehydrated in 100% ACN. The dried gel cubes were re-hydrated
in 12.5 ng/ml L-(tosylamido-2-phenyl) ethyl chloromethyl ketone-
trypsin, and incubated at 37°C overnight. The peptides were
extracted by incubating the gel cubes two times in 0.5% formic
acid solution at 37°C. The pooled peptides were dried using a
SpeedVac and reconstituted with 0.1% trifluoroacetic acid. The
peptides were purified with a C18 ZipTip (Millipore, USA),
according to the manufacturer’s manual. The purified peptides
were subjected to high performance liquid chromatography
(HPLC)-electrospray ionization (ESI)-MS/MS analysis using a
230 min gradient of ACN in 0.1% formic acid. The on-line HPLC
was composed of an Easy-nanoLC II HPLC, with a C18-reversed
phase column (75 pm ID, 15 cm length), with the Thermo Finnigan
LTQ-Orbitrap Elite fitted with the Nanospray Flex Ion Source. The
data were acquired in a “top-20” manner.

Database Search and Bioinformatic Analysis
Raw MS files were searched against a UniProt database of
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S. Enteritidis PT-4, strain P125109 (downloaded on February 14,
2016) using MaxQuant software [30, 31]. The precursor mass
tolerance was set to 7 ppm. The fragment ion mass tolerance was
set to 0.5 Da. Two missing trypsin cleavage sites were allowed.
Methionine and protein N-terminal acetylation oxidation were
defined as variable modifications. At least two unique peptides
were required for the protein identification. The subcellular
location of proteins was predicted by PSORTb (ver. 3.0.2), and all
identified proteins were classified according to Gene Ontology
(GO)-based biological processes and molecular functions, based
on the databases provided by STRAP software (Boston University,
USA).

Animals

Experiments involving mice were approved by the Committee
on Ethics and Experimentation at Sichuan Agricultural University
(IACUC number: SCU-2016023). Female BALB/c mice (6 weeks of
age) were purchased from the Dashuo Biotechnology Co., Ltd.
(China) and maintained at 5 (control) or 6 (vaccine) per cage
under pathogen-free conditions. The animals were fed sterile
rodent chow and water ad libitum, and were allowed to acclimate
for 1 week prior to use.

Vaccination and Challenge

For immunization, OMVs isolated from the S. Enteritidis strain
were resuspended in PBS. Six mice of the vaccinated group were
immunized with 20 pg of OMVs in 10 pl of PBS or 5 ug of OMVs
in 100 pl of PBS buffer on days 0 and 30, intranasally or
intraperitoneally, respectively. Five mice of the mock-vaccinated
group (10 pl or 100 pl PBS) that were housed in parallel with the
vaccinated mice served as the negative control. Serum samples
were collected at weeks 4 and 8 for sera antibody determination,
and at the same time points, vaginal secretions were collected
through repeated flushing using 0.1 ml of PBS buffer to determine
the secretory IgA (S-IgA) concentrations. Five weeks after the
booster immunization, the mice were challenged orally with 10
CFU of the wild-type S. Enteritidis (S246) in 20 pl of PBS with
0.01% gelatin (BSG buffer). The 50% lethal dose (LDs,) of S246 was
1 x 10° CFU when administered orally. Survival was monitored
for up to 21 days post-infection. The animal experiments were
performed twice, and the data were combined for analysis.

Quantitative Enzyme-Linked Immunosorbent Assay (ELISA)

To determine the concentrations of IgG and secretory IgA (S-IgA)
in mice immunized with OMVs, a quantitative ELISA was
performed, as described below. OMPs and LPS (as the coating
antigen) were isolated from Salmonella, as previously described
[26], and purified OMPs (2 ug per well) and LPS (2 pg per well)
were resuspended in 100 ul of sodium carbonate-bicarbonate
buffer (pH 9.6) and added to polystyrene 96-well flat-bottom
microtiter plates. To generate standard curves for each antibody
isotype, the plates were coated in triplicates with 2-fold dilutions

of the appropriate purified mouse Ig isotype, standard IgA or IgG
(BD Biosciences, USA), starting at 0.5 pug/pl. Then, the plates were
blocked with 1% bovine serum albumin (BSA; Sigma-Aldrich) to
prevent nonspecific binding of the proteins to the plates. The
samples were diluted (1:100) in 1% BSA and then incubated in
duplicate wells for 1 h at room temperature. After washing three
times in PBS-0.05% Tween-20 to remove excess primary
antibodies, the plates were incubated with biotinylated goat anti-
mouse IgG or IgA (Southern Biotechnology Inc., USA) antibodies
at a 1:5,000 dilution for 4 h at room temperature. Then, the plates
were washed with 1 PBS-0.05% Tween 20 and further incubated
with a 1:5,000 dilution of streptavidin-alkaline phosphatase conjugate
(Southern Biotechnology, Inc.) for 1 h at room temperature. Alkaline
phosphatase activity was detected by incubating the plates with
p-nitrophenyl phosphate (Sigma-Aldrich) for 20 min at room
temperature. After developing a yellow color, the plates were
read at 405 nm. The final Ig isotype concentrations in the samples
were calculated using appropriate standard curves; a log-log
regression curve was calculated from at least four dilutions of the
isotype standard.

Statistical Analysis

GraphPad Prism (ver. 5.01) was used for all statistical analyses.
One-way analysis of variance was performed to determine the
significance of the differences between the mean values of the
various experimental and control groups. Data were expressed as
the means + standard deviation. The means were compared using
the least significant difference test, and p < 0.05 was considered to
indicate a significant difference.

Results

Purification and Characterization of S. Enteritidis OMVs

As shown in Fig. 1A, the presence of the LPS in
S. Enteritidis OMVs was characterized by silver staining.
The LPS profile analysis showed that the LPS in the
S. Enteritidis OMVs was identical to that of the wild-type
S. Enteritidis strain. Furthermore, the protein contents of
OMVs isolated from S. Enteritidis were detected by 12%
SDS-PAGE. The results showed that the flagellin protein
was observed in the protein profile, while the common
protein bands were also observed (Fig. 1B).

Identification and Subcellular Distribution of OMYV Proteins

The OMVs derived from S. Enteritidis were subjected to
LC-MS/MS analysis to identify their protein components.
To avoid the identification of false positive contaminating
proteins, the proteins with an intensity of more than 5.0E + 07
and unique matches of two or more peptide were screened.
A total of 108 proteins were identified in S. Enteritidis
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Fig. 1. Characterization of S. Enteritidis outer membrane
vesicles (OMVs).

(A) LPS samples from OMVs and the wild-type strain of S. Enteritidis
separated on a 12% SDS-PAGE gel and visible by silver staining. (B)
The protein components of OMVs derived from the wild-type
S. Enteritidis, resolved using 12% SDS-PAGE and stained with Page
Blue Protein Staining Solution.

Table 1. Major proteins identified from wild-type OMVs.

OMVs (Tables 1 and S1). OMPs (OmpA, OmpC, and
NmpC), flagellin (FjB, FliD, FIgK, and FlgE), and Salmonella
pathogenicity island 1 effector proteins (SipA, SipB, and
SipC) were the most abundant OMV proteins (Table 1). The
subcellular locations of the identified proteins were
predicted using PSORTb software (Fig. 2A), and all selected
proteins were classified according to their GO-based
biological processes and molecular functions (Fig. 2B), based
on the STRAP software databases (Boston University).
S. Enteritidis OMVs were enriched for OMPs, periplasmic
proteins, and extracellular proteins (total 49.9% in all);
however, periplasmic proteins and OMPs accounted for
only 8% of the total Salmonella bacterial proteins [32], which
means that periplasmic proteins and OMPs were enriched
in these products we purified, and were consistent with the
characteristics of OMVs. Therefore, the subcellular location
results indicated that OMVs derived from S. Enteritidis in
this study were successfully purified. Notably, a large
number of cytoplasmic proteins were also detected in the
proteomic data sets, similar to the previously reported
OMVs of other bacteria [33, 34]. This might be due to the
inclusion of these cytoplasmic proteins in the formation
process of OMVs, or their entry into OMVs in their synthesis

UniProt MW . Subcellular .. » Matched Coverage
accession  (kDa)® Protein name localization Intensity peptides (%)°
B5R0Z9 52981  Flagellin (FljB) Extracellular 2.07E+10 61 95.4
B5QVD2 42983  Pathogenicity island 1 effector protein (SipC) Extracellular 7.18E+09 44 93.9
B5QVD0  73.971  Uncharacterized protein (SipA) Extracellular 2.94E+09 61 83.4
B5R028 61988  Cell invasion protein (SopB) Periplasmic 2.64E+09 43 75.8
B5QVD3 6245  Pathogenicity island 1 effector protein (SipB) Extracellular 2.05E+09 41 65.6
B5R1Z8  26.781  Type Il secretion system, secreted effector protein (SopE) Extracellular 1.09E+09 16 62.5
B5R0Z8 49.956  Flagellar hook-associated protein (FliD) Extracellular 7.68E+08 32 79.9
B5QXY2  59.109  Flagellar hook-associated protein 1 (FIgK) Extracellular 5.51E+08 33 73.1
B5R218 26.52  Invasion-associated secreted effector protein (SopE2) Extracellular 3.28E+08 14 63.8
B5QVD1  37.103  Pathogenicity island 1 effector protein (SipD) Extracellular 2.36E+08 20 71.1
B5QYQ2 37.785  Putative sopD2 type III secretion system effector protein (SEN0876)  Cytoplasmic 1.96E+08 15 44.2
B5R241 41.336  Outer membrane protein C (OmpC) Outer membrane 1.48E+08 17 56.1
B5QXY8 4221 Flagellar hook protein (FIgE) Extracellular 9.99E+07 17 65
B5QZG0O 37515  Outer membrane protein A (OmpA) Outer membrane 7.75E+07 14 46.6
B5R1L5 18.22  Fimbrial protein (SEN4247) Extracellular 6.48E+07 5 56.2
B5QZK6  86.691  E3 ubiquitin-protein ligase (SopA) Periplasmic 5.32E+07 24 38
B5QTNO  39.695  Outer membrane porin protein (NmpC) Outer membrane 4.98E+07 14 53.3
B5QW44  98.641  Outer membrane usher protein (SEN2795) Outer membrane 3.97E+07 2 34
B5QW33  36.151  Possible secreted protein (SopD) Cytoplasmic 3.07E+07 18 58.4
B5QXR6 43283  Elongation factor Tu (TufA) Cytoplasmic 2.85E+07 18 64.5

“The values represented as MW (kDa) indicate the calculated molecular weight of the identified proteins.

"This table lists the 20 proteins with the highest abundance that were identified in the wild-type OMVs in the final arrangement.

‘Coverage of the protein sequence by the peptides used for spot identification.

J. Microbiol. Biotechnol.
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Fig. 2. Subcellular distribution and functional classification of the identified proteins in S. Enteritidis outer membrane vesicles
(OMYVs) revealed through one dimensional gel separation and LC-MS/MS.
(A) The proteins identified from OMV proteomics profiles were classified according to their subcellular distribution. The proteins identified

through LC-MS/MS profiling were processed using PSORTb (http://www.psort.org/psortb) to predict their primary locations in the cell, in

addition to the OMVs. The proteins in S. Enteritidis OMVs were predicted, and the numbers indicate the amounts of the proteins in each fraction.

(B) The identified proteins were classified according to their functional classification. The OMV proteins were classified using GO-based

functions. The proteins in the S. Enteritidis OMVs were grouped on the basis of their biological processes and molecular functions, and their

proportions were plotted.

pathway, or the residues in the purification process of
OMVs [35, 36].

Furthermore, we classified the selected OMV proteins
according to their GO-based biological processes and
molecular functions [37] (Fig. 2B). Based on the biological
process classification, the proteins associated with cellular
processes were frequently sorted into OMVs, and the
OMVs were enriched with proteins involved in catalytic
activities and binding, based on their molecular function
classifications.

Antibody Response to Immunization with S. Enteritidis
OMVs

To explore the immunogenicity of OMVs derived from
the S. Enteritidis strain, groups of 12 mice each were
immunized with the OMVs intranasally or intraperitoneally
(20 pg in 10 pl of PBS or 5 pg in 100 ul of PBS). The control
mice of 10 were administered PBS at a dose of 10 ul or
100 pl, and the immunizations were administered at 4-
week intervals. All animals immunized intranasally or
intraperitoneally remained in good health, and they

exhibited no abnormal behavior.

As discussed above, OMVs consist of outer membrane
and soluble periplasmic components shed from bacteria; as
major components of the outer membrane, LPS and OMPs
could play important roles as antigens in the immune
response [38—40]. Therefore, we chose LPS and OMPs isolated
from S. Enteritidis as immunogens to determine the antibody
levels in the immunized mice. The quantitative ELISA data
showed that the level of IgG against OMPs and LPS was
significantly higher than that in the PBS control group, in
which no responses were detected. The anti-OMP and anti-
LPS IgG levels of the mice immunized intraperitoneally
were relatively high compared with those of the mice
immunized intranasally (Figs.3A and 3B). Furthermore,
the S-IgA concentrations of the mice immunized with
OMVs were also measured. S.Enteritidis OMVs could
induce significantly higher mucosal immune response
levels (p < 0.01) when administered either intranasally or
intraperitoneally; however, S-IgA in mice immunized
intraperitoneally had a significantly lower level than mice
immunized intranasally (p < 0.05) (Figs. 3C and 3D).

August 2017 | Vol. 27 | No. 8
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Fig. 3. Intranasally or intraperitoneally administered outer membrane vesicle (OMV) immunization elicits immune responses.

Total serum IgG specific to outer membrane proteins (OMPs) (A) or LPS (B) and secretory IgA (S-IgA) specific to OMPs (C) or LPS (D) were
measured by quantitative ELISA. Each group had 10 or 12 mice. The data show the concentrations of IgG or S-IgA antibodies quantified by a
corresponding standard curve in the samples from mice immunized with OMVs derived from S. Enteritidis. The mice were boosted at week 4, and
samples were collected at 4 and 8 weeks after the first immunization. The PBS-vaccinated mice were the controls. The error bars represent

variations among all mice in each group.

Evaluation of Protective Efficiency

To determine whether the antibodies induced by
S. Enteritidis OMVs could provide protective effects in mice,
the mice immunized with wild-type S. Enteritidis OMVs
were challenged by a lethal oral dose of the wild-type
S. Enteritidis, and the mice were observed for 3 weeks. The
results showed that 83.3% and 91% of the mice immunized
intranasally or intraperitoneally, respectively, demonstrated
significant protection compared with the PBS control
group (p < 0.01) (Fig. 4). Together, these data demonstrate
that S. Enteritidis OMVs are highly immunogenic and are
capable of providing strong protection against wild-type
S. Enteritidis infection in a mouse model.

J. Microbiol. Biotechnol.

Discussion

Salmonella is the most frequently reported causative
agent of foodborne outbreaks worldwide; it affects an
estimated 93.8 million persons annually and poses a
significant health burden [5]. S. Enteritidis and Salmonella
Typhimurium are the prevailing serotypes [41]. In China,
Salmonella causes an estimated 22.2% of foodborne diseases
[42]. The consumption of chicken products and eggs
contaminated by S. Enteritidis is the primary transmission
route [43]. Therefore, the treatment of S. Enteritidis has
become urgent in countries with a high incidence of
infections.
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Fig. 4. Immunizing BALB/c mice with outer membrane
vesicles (OMVs) derived from S. Enteritidis protected against
oral challenge with the wild-type S. Enteritidis.

Ten (control) or 12 (vaccine) mice per group were immunized with
OMVs twice at 4-week intervals. The mice were challenged with
10’ CFU (~100-fold LDx) of S. Enteritidis at 4 weeks after the booster
immunization. Mortality was monitored for 21 days after the
challenge. The numbers in parentheses refer to the numbers of
surviving mice and the total number of mice per group. All vaccine

groups differed significantly from the PBS control group (p < 0.01).

In this study, we successfully obtained natural OMVs
derived from S. Enteritidis, which we confirmed through
LC-MS/MS analysis. The LC-MS/MS analysis identified
specific components of S. Enteritidis OMVs. The identified
antigenic OMPs, such as OmpC and NmpC, revealed the
immunogenicity of S. Enteritidis OMVs [44, 45]. Furthermore,
the identified proteins, including SipA, SipB, and SipC,
which were associated with the type III secretion system
encoded by Salmonella pathogenicity island 1 (SPI-1), have
been proved to induce a strong immune response, especially
a mucosal immune response [46]. These identified
components might explain why OMVs could elicit strong
S-IgA (Fig. 3). Therefore, these data indicated that OMVs
might play an important role in pathogenicity and
interaction with the host environment [47]. However, we
still do not understand the mechanism of OMV biogenesis
or its genetic basis, which could be the target of our future
research.

In this study, a mouse model was used to assess the
immunogenicity and efficacy of candidate vaccines. Previous
studies have demonstrated that oral challenge of mice with
S. Enteritidis could generate an invasive, generalized
infection of the gut-associated lymphoid tissue [48], and

the challenge strain S. Enteritidis 5246 was isolated in
chicken by our laboratory and it could infect mice in the
laboratory period. Moreover, naive mice immunized with
PBS succumbed to oral infection from this virulent S.
Enteritidis (Fig. 4). Therefore, the mouse model could play
an invaluable role in accelerating the development of a safe
and effective vaccine against S. Enteritidis infections in
humans or poultry.

Although proof-of-principle studies have demonstrated
the efficacy of live-attenuated and subunit vaccines targeting
O-antigens, OMPs, and other virulent factors of S. Enteritidis
in an animal model [49], safety concerns and short-term
immunity still block the clinical applications of a vaccine
[10, 14]. However, vesicles derived from pathogens might
provide the ideal strategy by which to resolve these
shortcomings, and they have become popular vaccine
candidates that prevent the corresponding infection [23, 24,
50]. In this study, we evaluated the vaccine potential of
OMVs isolated from S. Enteritidis in a mouse model. We
demonstrated that immunization with S. Enteritidis OMVs
produced a significantly higher level of humoral responses
and protected against Salmonella infection compared with
the control (p < 0.01). In addition, the quantitative ELISA
data also showed that the antibodies induced by OMVs
could react with bacterial antigens, such as OMPs and LPS,
which are located in the bacterial outer membrane [51].
Furthermore, as a first line of defense, mucosal IgA plays
an important role in protecting against oral infection with
Salmonella by inhibiting bacterial penetration into the
Peyer’s patches [52]. Therefore, we also analyzed secretory
IgA in vaginal secretions of immunized mice, and the data
showed that S. Enteritidis OMVs could induce strong
mucosal responses in mice immunized intranasally (Fig. 3).
The concentration of S-IgA in the sera of mice immunized
intranasally was significantly higher than that in mice
immunized intraperitoneally or in the control group (p <
0.01), indicating that the level of mucosal immune responses
was associated with the immunization administration;
however, because the protection results showed that
83.3% and 91% of the mice immunized intranasally or
intraperitoneally, respectively, survived after the wild-type
S. Enteritidis challenge, the mucosal response level did not
directly represent the protective efficacy of OMVs [53].

However, naturally released OMVs are slightly toxic
because of endotoxin activity. Detergent-treated OMVs
might be used to reduce this activity, but detergent has
been shown to deplete OMVs of important detergent-soluble
antigens [54]. Some researchers have noted that deletion or
overexpression of specific genes involved in the LPS
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biosynthesis pathway (to reduce endotoxin activity) could
be a better solution [55, 56]. In a future study, we will focus
on modification of LPS in S. Enteritidis to develop a safer
and more efficient OMV-based vaccine, and target the
cross-protection of OMVs based on genetic manipulation of
LPS.

This report is the first to describe the protein components
of S. Enteritidis OMVs and their vaccine potential in a
mouse model. This strategy could elicit robust, protective
immune responses, suggesting that the use of OMVs to
immunize against S. Enteritidis might be a viable approach
to reduce the morbidity and mortality caused by the virulent
S. Enteritidis strain.

Abbreviations

OMVs, outer membrane vesicles; LPS, lipopolysaccharide;
OMPs, outer membrane proteins; ELISA, Enzyme-linked
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