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Abstract: Salmonella is a common pathogen which can secrete outer membrane vesicles (OMVs). How-
ever, the effect of OMVs from Salmonella enterica Serovar Typhimurium (S. Typhimurium) of poultry
origin on cells of the chicken innate immune system is not well known. In this study, S. Typhimurium
OMVs were first isolated from three different poultry strains of Salmonella, Salmonella CVCC542,
SALA, and SALB. In order to investigate the effect of OMVs on the maturation of monocytes into
macrophages, both bone marrow-derived (BMD) monocytes and macrophage cell line HD11 cells
were used. OMVs promoted the formation of monocyte dendrites in both types of cells, enabled BMD
cells to become larger, and stimulated expression of LPS-induced TNF-αfactor (LITAF), IL-6, and
inducible nitric oxide synthase (iNOS) genes in HD11 cells. These results demonstrated the capability
of OMVs to promote the development of chicken monocytes into macrophages and the maturation of
macrophages. In order to study the effect of OMVs on the phagocytosis of macrophages, chicken
spleen-derived monocytes and HD11 cells were used. Phagocytosis of FITC-Salmonella and FITC-
dextran by these two types of cells was enhanced after stimulation with OMVs. To determine which
components in OMVs were responsible for the above observed results, OMVs were treated with
proteinase K(PK) or polymyxin B (PMB). Both treatments reduced the phagocytosis of FITC-Salmonella
by HD11 cells and chicken spleen mononuclear cells and reduced the secretion of IL-1β, LITAF, and
IL-6 cytokines. These results demonstrated that Salmonella OMVs activated chicken macrophages
and spleen mononuclear cells and the activation was achieved mainly through lipopolysaccharides
and membrane proteins.

Keywords: bone marrow-derived monocytes; HD11; spleen mononuclear cells; OMVs; LPS;
S. Typhimurium

1. Introduction

Salmonella-induced foodborne illness is a serious problem for global public health. The
major sources of human salmonellosis are contaminated poultry-derived food products,
mainly eggs and chicken meat. Using outbreak data up to 2019, the Interagency Food Safety
Analytics Collaboration (2021) estimated that around 23.1% of foodborne salmonellosis
in the United States was traceable to chickens and eggs [1]. Thus, preventing and reduc-
ing Salmonella infection in poultry can improve poultry health and reduce salmonellosis
in humans.

Many effective management measures have been developed to control Salmonella
infection on poultry farms, mainly using sanitary barrier and immune strategies. Among
the immune strategies, live-attenuated vaccines, inactivated vaccines, and subunit vaccines
have been developed for Salmonella, with various degrees of success [2]. In addition to stim-
ulating the immune system to prevent pathogens from causing disease, oral administration
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of an attenuated Salmonella enterica Serovar Typhimurium (S. Typhimurium) strain accel-
erated clearance of Salmonella infections through modifications of the gut microbiome [3].
However, the major drawback of live-attenuated Salmonella vaccines is poor safety, be-
cause the live strain may exist for long periods in chickens as well as in their environment.
On the other hand, the shortcoming of inactivated vaccines may be their low protective
efficacy due to their quick elimination by the host and low numbers of antigens. The
subunit vaccines have not been widely used because they are usually poorly immunogenic,
requiring formulation with appropriate adjuvants [2]. Therefore, more efforts are still
needed to develop more efficient vaccines against Salmonella in chickens. OMVs possess
a series of surface antigens with natural conformation and natural properties (such as
immunogenicity, self-adjuvant, and immune cell absorption) and can be attractive vaccines
against pathogenic bacteria [4]. OMV-based vaccines are also relatively cheap for isolation
compared to manufacturing synthetic molecules [5]. OMVs can be naturally produced
by Gram-negative bacteria and used in vaccine development, such as Salmonella [6] and
Escherichia coli [7]. Neisseria meningitidis OMV vaccines (“Bexsero”) have been approved by
the Food and Drug Administration to prevent group B Neisseria meningitidis in the United
States [8].

Antigen-presenting cells (APCs), such as dendritic cells (DCs), macrophages, and
other mononuclear phagocytes, play an important role in the recognition of antigens
carried by vaccines. The immune protection of Salmonella OMVs as a vaccine has been
mainly studied in mice or mouse cell lines. The study of Alaniz et al. [6] has shown
that Salmonella OMVs as a vaccine activated macrophages and dendritic cells in mice.
Salmonella OMVs efficiently induced DC maturation (indicated by increased MHC-II and
CD86) and robust proinflammatory cytokine production (TNF-α and IL-12) [6]. Salmonella
OMVs also stimulated mouse J774 macrophages to produce TNF-α and NO, two important
inflammatory mediators produced by activated macrophages [6]. Salmonella OMVs could
be internalized by mouse macrophages RAW264.7 [9].

Chickens are oviparous vertebrates, and their immune system has several major
differences from the mammalian immune system, including different Toll-like receptor
(TLR) compositions [10] and a unique chicken major histocompatibility complex (MHC)
which is roughly 20-fold smaller than the human MHC [11]. TLR receptors and MHC play
an important role in antigen recognition and transmission of antigen information. However,
whether Salmonella OMVs can activate chicken-derived antigen-presenting cells, such as
macrophages and monocytes, remains to be studied.

Monocytes are a type of circulating white blood cell in the blood that play a vi-
tal role in host immune defenses and microbial pathogen elimination [12]. Monocytes
can mature into macrophages under conditions of inflammation and injury [13]. In the
process of inflammation-induced maturation, in addition to changes in surface markers,
cell diameter increases (the diameter of circulating monocytes is approximately 7–8 µm,
monocyte-derived macrophages 15–20 µm), and increased cytoplasmic complexity (changes
in endoplasmic reticulum, mitochondria and lysosomes) [13]. Exposure to granulocyte–
macrophage colony-stimulating factor (GM-CSF) and IL-4 induces differentiation of chicken
monocytes into dendritic cells [14], whereas exposure to macrophage colony-stimulating
factor (M-CSF) induces monocytes to differentiate into chicken macrophages [15]. The
initial inflammatory response of the host after Salmonella infection may promote the dif-
ferentiation of macrophages into two main types, the classically activated macrophages
(CAMs or M1 type) or the alternatively activated macrophages (AAMs or M2 type) [16].
Studies have found that Salmonella prefers inhabiting the M2 type macrophages during the
establishment of chronic infections in mice [17]. After differentiation into macrophages,
phagocytosis by macrophages is critical for the uptake and degradation of intracellular
pathogens and the initiation of the innate immune response [18].

Whether Salmonella OMVs could promote differentiation and subsequent phagocy-
tosis by chicken monocytes was examined in this study. In addition, the involvement of
lipopolysaccharides (LPS) and proteins in Salmonella OMVs in the differentiation of chicken
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BMD monocytes into chicken macrophages and subsequent phagocytic function was inves-
tigated. Our data indicate that the OMVs of Salmonella activated chicken macrophages and
spleen mononuclear cells mainly through LPS and membrane proteins.

2. Results
2.1. The Characterization of Salmonella OMVs

To determine the shape and size of OMVs from S. Typhimurium CVCC542, SEM and
NanoSight NS300 were used. SEM showed that OMVs were spherical particles of diverse
sizes, with diameters about 100 nm (Figure 1A). NanoSight NS300 showed the diameters
of the OMVs to be in the range of 50–300 nm, with a peak of about 126 nm (Figure 1B).
We also determined the concentrations of the protein and the LPS carried by OMVs. As
shown in Table 1, the OMVs from strains CVCC542, SALA, and SALB, respectively, contain
0.78 µg, 0.71 µg, and 0.73 µg LPS per µg protein. There were no differences among three
different bacteria. Given that their protein and LPS concentrations were not significantly
different (Table 1), OMVs of CVCC542 were selected for subsequent experiments.
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Figure 1. Visualization and characterization of OMVs derived from Salmonella CVCC542. (A) The
scanning electron microscopy (SEM) image of OMVs from Salmonella. Bars: 500 nm for the left picture,
100 nm for the right picture. (B) The particle number of the isolation layers of OMVs as determined
by NanoSight NS300.
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Table 1. Protein and LPS concentrations in OMVs derived from different Salmonella strains.

Bacteria Proteins (µg/1012

Particles)
LPS (µg/1012

Particles)
LPS Corresponding

to Unit Protein

CVCC542 1342.15 ± 232.10 1038.19 ± 110.45 0.78 ± 0.06
SALA 1365.62 ± 224.33 958.49 ± 221.53 0.71 ± 0.11
SALB 1726.46 ± 587.41 1211.96 ± 200.42 0.73 ± 0.14

p-value 0.445 0.318 0.715
Data are shown as mean ± SD (the standard deviation) from three independent biological replicates.

2.2. OMVs Stimulated Formation of Dendrites in Chicken Bone Marrow-Derived Monocytes
(BMDMs) and HD11 Cells

The effect of OMVs on the immune stimulation of bone marrow-derived monocytes
from chickens was determined. As shown in Figure 2A, both LPS (a positive control) and
OMVs promoted the dendritic formation and increased cellular volume, in comparison
with the negative control PBS.
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Figure 2. Activation of chicken bone marrow-derived monocytes (A) and chicken HD11 cells (B).
The cells were imaged with an S-4800 SEM. Bars, 20 µm for (A), 10 µm and 20 µm for (B). BMD
monocytes and HD11(106 cells/mL) were incubated with PBS (control), LPS (200 ng/mL; from
Salmonella enterica serotype typhimurium), and OMVs containing 200 ng/mL LPS for 24 h before
SEM observation.

To confirm the effect of OMVs from Salmonella on the activation of antigen-presenting
cells, chicken HD11 cells, a macrophage-like immortalized cell line derived from the bone
marrow of chickens and transformed with the MC29 virus, were also used. As shown in
Figure 2B, the OMVs promoted the formation of HD11 dendrites. Our results indicate that
OMVs promoted the dendrite formation of both bone marrow-derived monocytes and
HD11 cells.
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2.3. OMVs Modulate Cytokine Production in HD11 Cells

In order to study the activation of antigen-presenting cells by OMVs, mRNA expres-
sion of LITAF, IL-6, and iNOS genes in HD11 cells treated with Salmonella OMVs was
determined. As shown in Figure 3, OMVs significantly increased the mRNA expression of
LITAF, IL-6, and iNOS compared with the PBS group, further indicating that Salmonella
OMVs activated the maturation of macrophage HD11 cells into macrophages.
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Figure 3. Expression of chicken LITAF, IL6, and iNOS mRNA in chicken HD11 cells. Data are shown
as mean ± SD (the standard deviation) from three replicates. Different letters above bars indicate
significant differences in relative mRNA expression among different treatments (p ≤ 0.05). HD11
(106 cells/mL) were incubated with PBS (control), LPS (200 ng/mL; Sigma-Aldrich, from Salmonella
enterica serotype typhimurium), and OMVs containing 200 ng/mL LPS for 24 h before extraction of
RNAs for gene expression of LITAF, IL-6, and iNOS.

2.4. OMVs Are Internalized by HD11 Cells

To study whether Salmonella OMVs could be taken up by HD11 cells, purified OMVs
were labeled with DiI (red color), the membrane of HD11 cells was stained with DIO (green
color), and the nucleus were stained with DAPI (blue color). The vesicles and cells were
co-cultured for 0 h, 8 h, 16 h, and 24 h. As shown in Figure 4, there were red dots within
the cells at 8 h, 16 h, and 24 h, suggesting the internalization of OMVs by HD11 cells.

2.5. Salmonella OMVs Improve Phagocytic Capacities of HD11 Cells

To determine whether Salmonella OMVs could increase phagocytic activities, HD11
cells were first cultured for 24 h in the presence or absence of Salmonella OMVs and then
treated with FITC-dextran or FITC-Salmonella for 3 h before detecting the fluorescence
intensity and counting CFU numbers of intracellular bacteria. As shown in Figure 5 and
Table 2, OMVs significantly increased the fluorescence intensity of the cells compared to
the control PBS group. The numbers of CFUs within HD 11 cells were also significantly
higher in the OMV-treated cells than in the control group (Figure 5 and Table 2). These
results indicated that OMVs enhanced the phagocytic capacities of HD11 cells.
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Figure 4. Salmonella OMVs uptake by HD11 macrophages cells. DiI-labeled Salmonella OMVs
containing 200 ng/mL LPS (red signal) were incubated with HD11 cells for 0 h, 8 h, 16 h, and 24 h at
37 °C. The cell nuclei were stained with DAPI (blue signal) and the membrane of HD11 cells was stained
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with DIO (green color). The samples were observed using a high-speed spinning-disk confocal
microscope (A). Bars: 20 µm. The fluorescence intensity of merge cells was determined using Fiji
software (B). Cells (at 0 h) were used as a control. Data are shown as mean ± SD from twenty
replicates. Different letters above bars indicate significant differences of the relative fluorescence
intensity (fold control) among different treatments (p ≤ 0.05).
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Figure 5. Phagocytosis of FITC-Salmonella (A) and FITC-dextran (B) of HD11 cells stimulated by PBS
and OMVs containing 200 ng/mL LPS.

Table 2. Mean fluorescence intensity (MFI) of HD11 cells after phagocytosis of FITC-Salmonella and
FITC-dextran and colony-forming units (CFUs) of intracellular bacteria.

Item PBS OMVs

FITC-Salmonella (MFI) 13.37 b 20.63 a

±0.46 ±0.59

FITC-dextran (MFI) 179.33 b 275 a

±10.02 ±17.58

Colony-forming unit (104 CFU/mL)
50 b 98.67 a

±17 ±15.14
Data are shown as mean ± SD (the standard deviation) from three independent biological replicates. Different
letters (a and b) on the same row indicate significant differences in MFI or CFU among different treatments
(p ≤ 0.05).

2.6. Involvement of LPS and Proteins from OMVs in the Activation and Phagocytic Capability of
the HD11 Cells and Chicken Splenic Mononuclear Cells

Salmonella OMVs are rich in LPS and proteins (Table 1). To study the effect of LPS
and proteins from OMVs on HD11 cells, purified OMVs were treated with polymyxin B
(OMVs + PMB) and proteinase K (OMVs + PK) to neutralize the contribution of LPS and
degrade proteins on OMVs, respectively.

Cytokines (IL-1β, LITAF, IL-10, and IL-6) in the culture supernatants were quantified
after the HD11 cells were incubated with PBS, OMVs, OMVs + PMB, and OMVs + PK for
24 h. As seen in Figure 6A, compared with the OMVs group, secretion of these inflammatory
factors was significantly reduced in the OMVs + PMB and OMVs + PK groups. Compared
with the OMVs + PK group, the OMVs + PMB group significantly reduced the secretion
of IL-1β and LITAF in the cell supernatant. These results indicated that reduction of
the proteins or LPS in OMVs affected the immunomodulatory effect of OMVs on HD11,
especially after inhibiting LPS.
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Figure 6. Production of IL-1β, LITAF, IL-10, and IL-6 from the supernatant of HD11 cells (A) or
chicken splenic mononuclear cells (B) after stimulation by OMVs treated with proteinase K or
polymyxin B for 24 h. Data are shown as mean ± SD from three independent biological replicates.
Different letters above bars indicate significant differences in inflammatory factor concentrations
among different treatments (p ≤ 0.05).

In order to confirm the results from HD11 cells, we also used chicken splenic mononu-
clear cells. The chicken spleen mononuclear cells (106 cells/mL) were cultured in 6-well
plates and stimulated with PBS, OMVs, OMVs + PMB, and OMVs + PK for 24 h, and then
the LITAF, IL-1β, IL-6, and IL-10 levels in the cell supernatant were measured by the ELISA
method. As seen in Figure 6B, compared with the OMVs group, the OMVs + PMB and
OMVs + PK groups significantly reduced the secretion of LITAF, IL-1β, and IL-6 cytokines.
Compared with the OMVs + PK group, the OMVs + PMB group significantly reduced the
secretion of IL-1β cytokines, while there was no difference in the secretion of LITAF, IL-10,
and IL-6 cytokines between the two groups. These results indicated that proteins or LPS in
OMVs had immunomodulatory effects on chicken splenic mononuclear cells.

To study the effect of LPS and proteins from OMVs on the phagocytic activities of
HD11 cells, purified OMVs were treated with polymyxin B (OMVs + PMB) and proteinase
K (OMVs + PK) before incubation with HD11 for 24 h. As shown in Figure 7, compared
with the OMVs group, both the OMVs + PMB and OMVs + PK groups significantly
reduced the phagocytic activities of HD11 for Salmonella, E. Coli K88, and Staphylococcus
aureus Newman (Figure 7A–C). Compared with the OMVs + PK group, the OMVs + PMB
group significantly reduced the phagocytic activity for FITC-Salmonella (Figure 7A), FITC-
Staphylococcus aureus (Figure 7C), and FITC-dextran (Figure 7D) in HD11. These results
indicated that both LPS and proteins in OMVs could enhance the phagocytic activities of
chicken macrophages HD11.
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(D) of HD11 cells stimulated by OMVs treated with proteinase K or polymyxin B. HD11 cells
were treated with FITC-dextran (1 mg/mL, MW: 40 kDa) or cultured in the presence of FITC-
S. Typhimurium CVCC542, FITC-E. coli and FITC-Newman (multiplicity of infection MOI bacte-
ria/macrophage = 50:1) for three hours. After incubation, the mean fluorescence intensity (MFI) of
cells was determined using a flow cytometer. Data are shown as mean ± SD from three indepen-
dent biological replicates. Different letters above bars indicate significant differences in MFI among
different treatments (p ≤ 0.05).

To confirm the effect of LPS and proteins from OMVs on the phagocytic activities in
HD11 cells, chicken spleen mononuclear cells were used. Compared with the OMVs group,
both the OMVs + PMB and OMVs + PK groups significantly reduced the phagocytosis
of FITC-Salmonella (Figure 8A), while the OMVs + PMB group significantly reduced the
phagocytosis of FITC-dextran by chicken splenic mononuclear cells (Figure 8B). These
results demonstrated that LPS and proteins in OMVs enhance the phagocytic activity of
chicken splenic mononuclear cells.
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Figure 8. Phagocytosis of FITC-Salmonella (A) and FITC-dextran (B) of chicken splenic mononuclear
cells stimulated by OMVs treated with proteinase K or polymyxin B. Chicken splenic mononuclear
cells were treated with FITC-dextran (1 mg/mL, MW: 40 kDa) or cultured in the presence of FITC-
S. Typhimurium CVCC542 (multiplicity of infection MOI bacteria/macrophage = 50:1) for three
hours. After incubation, the mean fluorescence intensity (MFI) of cells was determined using a flow
cytometer. Data are shown as mean ± SD from three independent biological replicates. Different
letters above bars indicate significant differences in MFI among different treatments (p ≤ 0.05).
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3. Discussion

The purpose of the present study was to investigate whether Salmonella OMVs as a
vaccine could activate chicken-derived antigen-presenting cells such as macrophages and
monocytes, and to determine the effect of LPS and proteins on Salmonella OMVs on the
maturation and subsequent phagocytosis of chicken macrophages and monocytes.

A good vaccine should have following characteristics: safety [19], accessibility [20],
stability (quality-controllable) [21], efficacy [19], and immunogenicity [22]. According to
these parameters, our results have demonstrated that Salmonella OMVs could be good
candidates for a vaccine.

Our study showed that Salmonella OMVs are non-replicative. The isolated Salmonella
OMVs were cultured on the LB board, and no colonies were found (data not shown).
Salmonella OMVs could be obtained by centrifugation, which is a cheaper isolation method
compared to manufacturing synthetic molecules [5]. A previous study found that OMVs
were highly stable when exposed to different temperatures and treatments [23]. Salmonella
OMVs in our study maintained a stable spherical structure after being stored in the refrig-
erator at −80 degrees Celsius (Figure 1A). Therefore, Salmonella OMVs are safe owing to
their non-replication and are accessible and stable to be used as a vaccine.

The size of OMVs is suitable for uptake by antigen-presenting cells. A previous
study found that particle sizes of 20–200 nm allow the most efficient uptake by antigen-
presenting cells (APCs) and entry into initial lymphatic vessels [24]. In our study, the
Salmonella OMVs had a nanoparticle size range of 50–300 nm (Figure 1), which promoted the
efficient internalization of OMVs by chicken macrophage HD11 cells (Figure 4). Importantly,
Salmonella OMVs promoted the dendritic formation and increased cellular volume of
chicken monocytes cells derived from chicken bone marrow (Figure 2A), in agreement
with the results of Kim et al. [25]. OMVs also promoted the dendritic formation of chicken
macrophages HD11 (Figure 2B). Therefore, Salmonella OMVs could induce the activation
and maturation of macrophages and mononuclear phagocytes—one requirement of a
potential vaccine candidate.

HD11 cells activated by Salmonella can produce nitric oxide (NO) and secrete a series of
cytokines, such as IL-1β, IL-10, and IL-6 [26]. The iNOS genes are involved in the synthesis
of NO and could be induced by Salmonella [27]. In our study, Salmonella OMVs promoted
the expression of LITAF, IL-6, and iNOS mRNA in HD11 cells (Figure 3), demonstrating that
OMVs from chicken S. Typhimurium CVCC542, could promote the activation of chicken
antigen-presenting cells HD11, accompanied by the expression of LITAF, IL-6, and iNOS
mRNA. Our results were also supported by Mei et al. [28], who observed that the OMVs
from the avian bacillus H. paragallinarum could stimulate the expression levels of IL-1β,
IL-2, IL-6, IL-10, and iNOS in HD11.

The activation of antigen-presenting cell macrophages could enhance phagocytic
activity against microorganisms [29]. Our results showed that Salmonella OMVs enhanced
the phagocytic function of chicken macrophage HD11 cells (Table 2, Figures 5 and 7) and
chicken splenic mononuclear cells (Figure 8). The FITC-Salmonella were added according to
MOI = 50:1 after staining, while the FITC-dextran was added at 1 mg/mL. The different
amounts of fluorescence carried by FITC-Salmonella and FITC-dextran may explain the
different relative fluorescence intensity observed in the phagocytosis of FITC-Salmonella
vs. FITC-dextran. Why the phagocytosis of FITC-Salmonella, but not FITC-dextran, was
reduced after the PK treatment is unknown and needs further investigation. A previous
study observed that E. coli OMVs enhanced the phagocytic ability of mouse macrophages
RAW 264.7 [30]. Oliveira et al. [31] also found that extracellular vesicles from Cryptococcus
neoformans enhanced the phagocytosis of RAW 264.7 cells. Our results clearly demonstrated
that the Salmonella OMVs can increase the phagocytosis of bacterial pathogens by chicken
macrophages and monocytes, another requirement as a potential vaccine candidate.

OMVs have high immunogenicity and inherent adjuvant effects because they contain
many immunogenic components from their parent bacteria, for example, LPS and outer
membrane proteins (OMPs) [32]. A previous study found that Salmonella OMVs carried
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LPS and porin (OmpC, OmpF, and OmpD), which could stimulate B cells to produce anti-
bodies, and the presence of the O antigen in LPS acted as an adjuvant leading to increased
immunogenicity of OMVs [33]. Here, we found that both LPS and membrane proteins
on Salmonella OMVs could activate chicken macrophages and spleen mononuclear cells,
with LPS playing the main role in OMVs. Similarly, Chu et al. [34] showed that incubating
HD11 cells with LPS for 24 h significantly increased the phagocytosis of Chlamydia psittaci
by macrophages, supporting the notion that LPS is important for the immunostimulatory
effect of OMVs. LPS could stimulate the expression of IL-1β, IL-2, IL-6, IL-10, and iNOS in
HD11 cells [28]. We also observed that OMVs from Salmonella entered the cell (Figure 4),
and LPS within the cell can activate inflammasomes and cause the production of IL-1β, as
reported by Vanaja et al. [35], who observed that E. coli OMVs could carry LPS into the
cell to activate the activation of inflammasomes and cause the production of IL-1β. Yang
et al. [36] showed that Salmonella OMVs directly triggered host NLRC4-mediated canonical
inflammasome activation by transporting bacterial flagellin into the cytoplasm of host cells
in mice, leading to IL-1β production. In this study, it was found that OMVs also stimulated
the secretion of IL-1β, and PK treatment degraded flagellin (data not shown) and reduced
the secretion of IL-1β, suggesting that flagellin from Salmonella carried as a cargo by the
OMVs may play a role in stimulating the secretion of IL-1β inflammatory factor in chicken
immune cells. The secretion differences of cytokine IL-10 in HD11 and splenic monocytes
may be related to the cells themselves. As an anti-inflammatory factor, IL-10 plays an
important role in regulating the balance of inflammation. Our results demonstrated the
potential of OMVs from Salmonella as a vaccine. This conclusion is supported by a recent
report by Li et al. [37], who used recombinant outer membrane protein F (rOmpF) and
OMVs from S. Enteritidis as a vaccine against S. Enteritidis challenge in Hyline White
chickens. In return, our study has provided the potential mechanisms explaining why their
OMVs vaccine worked.

4. Materials and Methods
4.1. Bacterial Strains and Chicken Macrophage Cell Line

S. Typhimurium CVCC542 was obtained from the China Veterinary Culture Collection
Center [38]. SALA and SALB strains were isolated and preserved in our laboratory. We
performed 16S rDNA validation on SALA and SALB, as well as Salmonella invasive protein
gene (InvA) and Salmonella Typhimurium specific gene (Sty), on these two isolates. Both
SALA and SALB belong to S. Typhimurium. Escherichia coli F4 (E. coli K88) [39] and
Staphylococcus aureus (S. aureus) Newman [40] were preserved in our laboratory.

CVCC542 and E. coli K88 were cultured in Luria–Bertani (LB) medium in a shaking
incubator (180 rpm) to OD600 = 0.5 at 37 ◦C. Newman cells were cultured in a tryptic soy
broth (TSB) medium in a shaking incubator (180 rpm) to OD600 = 0.5 at 37 ◦C. FITC label-
ing of S. Typhimurium (CVCC542), S. aureus (Newman), and E. coli K88, was performed
using fluorescein isothiocyanate (FITC) staining solution, mainly following the method
of Feng et al. [39]. S. Typhimurium (CVCC542), S. aureus (Newman), and E. coli K88 were
stained with FITC (10 µg/mL, Sigma, USA) and kept in darkness at 37 ◦C for 2 h, then
washed three times with PBS solution (pH 7.4) to remove the unlabeled FITC and resus-
pended with PBS at 4 ◦C. These FITC-labeled bacteria were used in cell phagocytosis assays.
The chicken macrophage HD11 cell line was purchased from Otwo Biotech (HTX2259,
Shenzhen, China).

4.2. Isolation and Characterization of Salmonella OMVs

The bacterial OMVs were isolated according to a protocol previously described by
Prados-Rosales et al. [41] with minor modifications. Briefly, bacteria were cultured in 2 L
Luria–Bertani (LB) (1% tryptone, 0.5% yeast extract, 1% NaCl, pH 7.0) in a shaking incubator
(180 rpm) to OD600 = 1 at 37 ◦C. After removing bacterial cells by centrifugation at 15,000× g
for 20 min at 4 ◦C, the supernatant was filtered through a 0.45 µm filter membrane (Jinteng,
Tianjin, China) by a vacuum pump (AP-01 P, Aotu Science, Tianjin, China). The bacteria-free
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supernatant was concentrated with a 100 kDa membrane (Millipore, Billerica, MA, USA) by
the Amicon Ultrafiltration system (Merck Millipore, Billerica, MA, USA). The concentrate
was filtered through a 0.22 µm membrane (Millipore, Billerica, MA, USA) to remove any
remaining bacteria and was pelleted at 180,000× g for 2 h at 4 ◦C using an ultracentrifuge
(Beckman, CA, USA). The pellet containing OMVs was resuspended, washed three times
with sterile PBS (pH 7.4), and further purified by OptiPrep (Sigma-Aldrich) density gradient
centrifugation (16 h, 200,000× g, 4 ◦C) with Optiprep concentrations ranging from 5% to
45% (w/v) [42].

The fractions containing bacterial OMVs were collected. The concentration of bacterial
OMVs from each fraction was measured by a NanoSight NS300 Nanoparticle Tracking
analyzer (Malvern Panalytical, Worchestershire, UK). The fractions enriched with OMVs
were collected, resuspended in sterile PBS and then centrifuged (2 h, 180,000× g, 4 ◦C) to
remove OptiPrep. The purified OMVs were filtered through a 0.22 µm filter to remove
debris. Protein concentration was determined with the bicinchoninic acid kit (TaKaRa Bio,
Beijing, China). LPS concentration was determined with the LPS kit (Cloud-Clone Corp,
Wuhan, China). The OMV sample was stored at −80 ◦C until use.

Enriched OMVs were analyzed in a NanoSight NS300 nanoparticle analyzer (Malvern
Panalytical, Worchestershire, UK) [42]. The diameter sizes and particle numbers of OMVs
were monitored. Morphological characteristics of Salmonella OMVs were observed by
electron microscopy. For scanning electron microscopy (SEM), OMV samples were plated
on electron microscope silicon wafers (side length, 4 mm), fixed with glutaraldehyde,
washed three times with 0.1 M PBS (pH 7.2), and dehydrated in increasing concentrations
of ethanol (30%, 50%, 70%, 80%, 90%, 100%). After that, OMVs samples were plated
in isoamyl acetate, critical point dried, coated in gold, and imaged with an S-4800 SEM
(Hitachi, Tokyo, Japan) under a beam accelerating voltage of 10 kV.

4.3. Cell Cultures
4.3.1. Generation of Chicken Bone Marrow-Derived Monocyte Cells (BMDMs)

Bone marrow was collected from broiler chickens at four weeks old from a local farm
(Youmin Chicken Farm, Wugong, Shaanxi, China). BMDMs were isolated and cultured as
previously described [43]. In brief, cells were seeded at 1 × 106 cells/mL in 6-well tissue
culture plates in pre-warmed RPMI-1640 (HyClone, Logan, UT, USA), supplemented with
10% fetal bovine serum (Biological Industries BI, Israel), 1% 1 U/mL penicillin and 1 µg/mL
streptomycin, 50 ng/mL recombinant chicken granulocyte colony-stimulating factor (GM-
CSF, Abcam, Waltham, MA, USA), and 50 ng/mL recombinant chicken IL-4 (Kingfisher
Biotech, St Paul, MN, USA) [44]. At day 6, the non-adherent, relatively immature BMD
monocytes were harvested and placed in fresh medium (1 × 106 cells/mL) for further
experiments. BMD monocytes were incubated with PBS (control), LPS (200 ng/mL; Sigma-
Aldrich, from Salmonella enterica serotype Typhimurium) and OMVs containing 200 ng/mL
LPS for 24 h before SEM observation.

4.3.2. Culture of HD11 Cultures

Chicken HD11 cells were cultured in Roswell Park Memorial Institute (RPMI) 1640
medium (HyClone, USA) supplemented with 10% fetal bovine serum (Biological Industries
BI, Israel), 100 U/mL streptomycin, and 100 µg/mL penicillin (Invitrogen, Waltham, MA,
USA). Cells in the 6-well plate (Corning, NY, USA) were cultured in a 37 ◦C incubator
with a humidified atmosphere of 5% CO2. HD11(106 cells/mL) were incubated with PBS
(control), LPS (200 ng/mL; Sigma-Aldrich, from Salmonella enterica serotype Typhimurium)
and OMVs containing 200 ng/mL LPS for 24 h before SEM observation and extraction
of RNAs for gene expression of LITAF, IL-6, and iNOS. RNA was extracted using TRizol
reagent (TaKaRa, Dalian, China) based on the manufacturer’s instructions. RNA was
reverse-transcribed to cDNA using a Primer Script RT Reagent kit (TaKaRa, Dalian, China).
The qRT-PCR was performed using a SYBR Premix Ex Taq kit (TaKaRa, Dalian, China)
on a CFX96 Real-Time PCR System (Bio-Rad, USA). The cycle threshold value (CT) was
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determined, and the relative fold difference was calculated by the 2−∆∆CT method using
GAPDH as the reference gene [45]. The reaction procedures were in accordance with
those of Pourabedin et al. [45]. The primers used are listed in Table 3. The primers were
synthesized by the Xi’an Qingke Biological Company (Xi’an, Shaanxi, China).

Table 3. Primer sequences of genes for real-time PCR.

Gene Sequence (5′−3′) Product Size
(bp)

GenBank
Accession No.

LITAF [45]
F: TACCCTGTCCCACAACCTG

152 XM_015294125.2R: TGAACTGGGCGGTCATAGA

IL-6 [45]
F: ATCCCTCCTCGCCAATCT

142 NM_204628.1R: GGCACTGAAACTCCTGGTCT

iNOS (this study) F: ATTGTGGAAGGACCGAGCTG
141 NM_204961.1R: CCTCGCACACGGTACTCATT

GAPDH [45]
F: TGGAGAAACCAGCCAAGTAT

145 NM_204305.1R: GCATCAAAGGTGGAGGAAT

4.3.3. Preparation of Spleen Mononuclear Cells

Spleens were sterilely harvested from four one-day-old Hailan Brown laying chicks
(Yangling Julong Poultry Industry Co., Ltd., Yangling, Shaanxi, China). The spleen mononu-
clear cellsmonocytes were isolated according to a method described by Feng et al. [39].

4.4. Uptake of Salmonella OMVs by HD11 Cells

To study whether Salmonella OMVs could be ingested by HD11 or not, purified OMVs
were first labeled with dialkylcarbocyanine iodide DiI (Sigma-Aldrich, St. Louis, MO,
USA) fluorescent dye, as described previously [9], bathed in light at 37 ◦C for 30 min,
ultracentrifuged (180,000× g, 3 h, 4 ◦C), and washed with PBS twice, after which the
obtained pellet was resuspended in 100 µL of PBS and stored at −80 ◦C.

When the HD11 cells in the 6-well plate (Corning, NY, USA) reached 80% confluence,
DiI-labeled OMVs containing 200 ng/mL LPS were added to the cells and unlabeled DiI
OMVs were used as the control. After further culture for 0, 8, 16, and 24 h, the cells were
digested with 0.25% trypsin in a 1.5 mL centrifuge tube for fluorescent staining. After
fixation with 4% paraformaldehyde for 30 min in PBS and increasing cell permeability by
0.5% TritonX-100 (Sigma-Aldrich, St. Louis, MO, USA) for 5 min at room temperature, cells
were stained with the DIO (1 µM; Beyotime Biotechnology, Shanghai, China) for 15 min at
room temperature and counter-stained with DAPI (10 µg/mL; SigmaAldrich, St. Louis, MO,
USA) for 15 min at room temperature, then washed with PBS twice. The cells were then
placed on polylysine glass slides and observed under a spinning disk confocal microscope
(Andor Technology, UK).

4.5. Phagocytic Activities of HD11 Cells

In order to study whether Salmonella OMVs could increase the phagocytic activities
of HD11 cells, cells were cultured for 24 h in the presence or absence of Salmonella OMVs
containing 200 ng/mL LPS. Then, HD11 cells were treated with FITC-dextran (1 mg/mL,
MW: 40 kDa, Sigma-Aldrich, St. Louis, MO, USA) or cultured in the presence of FITC-
S. Typhimurium CVCC542 (multiplicity of infection MOI bacteria/macrophage = 50:1)
for three hours. For bacterial treatments, cells were washed 3 times with PBS to remove
unattached bacteria. The cells were further incubated with fresh media containing gen-
tamicin (100 µg/mL) [46] before being digested using 0.25% trypsin. One part of the cell
lysates was used for the flow cytometer FACS Calibur (BD Biosciences, Franklin Lakes, NJ,
USA) to detect the fluorescence intensity, while the other part was lysed with TritonX-100
for plating onto LB agar plates for CFU determination. For each sample, 20,000 cells per
sample were recorded using a flow cytometer, and the mean fluorescence intensity (MFI) of
each sample was analyzed using the FlowJo software.
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4.6. Treatments of OMVs with Polymyxin B and Proteinase K

Purified OMVs were treated with polymyxin B (OMVs + PMB) and proteinase K
(OMVs + PK) using the protocol described previously [47] to neutralize the contribution
of LPS and degrade the protein on OMVs, respectively. In brief, purified OMVs were
preincubated with 0.1 mg of polymyxin B/mL for 30 min at room temperature prior to the
addition of cells. Purified OMVs were treated with 0.1 mg of proteinase K/mL overnight
at 37 ◦C with agitation. Post-incubation, soluble proteins and excess proteinase K were
removed from vesicles by three washes in PBS (150,000× g, 30 min). PMB can bind LPS
and inhibit its functions [48]. We tested the protein concentration of OMVs treated with
proteinase K and PMB. The protein concentration of OMVs before the treatment was
1318.14 µg/1012 particles. The proteinase K treatment reduced it to 725.17 µg/1012 particles,
while the PMB treatment did not affect the protein concentration (1254.03 µg/1012 particles).
Similarly, we measured LPS concentrations of OMVs treated with proteinase K and PMB.
While PMB significantly reduced the LPS concentration from 980.24 µg/1012 particles
to 152.70 µg/1012 particles, the proteinase K treatment did not affect the concentration
of LPS (980.24 µg/1012 particles vs. 889.16 µg/1012 particles). Polymyxin B (PMB) is a
peptide-based antibiotic that neutralizes LPS by binding with LPS and by modifications
of the structure of cholesterol-rich membrane domains and the association of glycosyl
phosphatidylinositol (GPI)-anchored proteins [49].

To further study the role of proteins of OMVs in the activation of HD11, HD11
cells (106 cells/mL) were cultured in 6-well plates, and stimulated with PBS, OMVs,
OMVs + PMB, and OMVs + PK for 24 h. Cytokines (IL-1β, LITAF, IL-10, and IL-6) in
the culture supernatants were quantified using ELISA methods with specific antibodies of
LITAF, IL-1β, IL-6, and IL-10 as described previously [39]. The preliminary study indicated
that the PMB control group did not affect the phagocytosis and secretion of inflammatory
factors of HD11 cells in comparison with the PBS control group. Thus, this group was not
considered in subsequent studies.

4.7. Statistical Analysis

Statistical analyses were conducted using SPSS 21.0 (SPSS Inc., Chicago, IL, USA). One-
way ANOVA followed by LSD or Dunnett’s T3 multiple comparisons test was performed.
Significant differences were defined by p-values (two tailed) < 0.05. Different letters (a, b, c,
and d) represent significant differences (p ≤ 0.05), and the same letters indicate that the
two groups are not significant (p > 0.05).

5. Conclusions

In summary, this study has demonstrated that OMVs from Salmonella could activate
poultry mononuclear phagocytes and macrophages and that LPS or proteins in OMVs
could affect their phagocytic activities and secretion of inflammatory factors. Therefore, this
study suggests that OMVs from Salmonella could be used as a vaccine candidate for poultry.

Author Contributions: Conceptualization, H.C.; methodology, H.C. and H.L.; formal analysis,
H.C.; investigation, H.C., Y.Z. and H.L.; resources, X.Z.; data curation, X.Z.; writing—original draft
preparation, H.C. and Y.S.; writing—review and editing, H.C. and X.Z.; supervision, X.Z.; project
administration, X.Z.; funding acquisition, X.Z. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (31672445)
and a grant from the Shaanxi Key Research and Development Program (2020NY-189; Xi’an).

Institutional Review Board Statement: The animal study and experimental protocols in this study
were approved by the Institutional Animal Care and Use Committee of Northwest A&F University
(permit number: NWAFAC20190901).

Informed Consent Statement: Not applicable.



Pathogens 2022, 11, 339 16 of 18

Data Availability Statement: The datasets analyzed in the present study are available from the
corresponding author on reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Interagency Food Safety Analytics Collaboration(IFSAC). Foodborne Illness Source Attribution Estimates for 2019 for Salmonella,

Escherichia coli O157, Listeria monocytogenes, and Campylobacter Using Multi-Year Outbreak Surveillance Data; Centers for Disease
Control and Prevention (CDC): Atlanta, GA, USA; U.S. Food and Drug Administration (FDA): Silver Spring, MD, USA; U.S.
Department of Agriculture’s Food Safety and Inspection Service (USDA-FSIS): Washington, DC, USA, 2021.

2. Desin, T.S.; Köster, W.; Potter, A.A. Salmonella vaccines in poultry: Past, present and future. Expert Rev. Vaccines 2013, 12, 87–96.
[CrossRef] [PubMed]

3. Azcarate-Peril, M.A.; Butz, N.; Cadenas, M.B.; Koci, M.; Ballou, A.; Mendoza, M.; Ali, R.; Hassan, H. An Attenuated Salmonella
enterica Serovar Typhimurium Strain and Galacto-Oligosaccharides Accelerate Clearance of Salmonella Infections in Poultry
through Modifications to the Gut Microbiome. Appl. Environ. Microbiol. 2018, 84, e02526-17. [CrossRef] [PubMed]

4. van der Pol, L.; Stork, M.; van der Ley, P. Outer membrane vesicles as platform vaccine technology. Biotechnol. J. 2015, 10,
1689–1706. [CrossRef]

5. Balhuizen, M.D.; Veldhuizen, E.J.A.; Haagsman, H.P. Outer Membrane Vesicle Induction and Isolation for Vaccine Development.
Front. Microbiol. 2021, 12, 629090. [CrossRef] [PubMed]

6. Alaniz, R.C.; Deatherage, B.L.; Lara, J.C.; Cookson, B.T. Membrane vesicles are immunogenic facsimiles of Salmonella typhimurium
that potently activate dendritic cells, prime B and T cell responses, and stimulate protective immunity in vivo. J. Immunol. 2007,
179, 7692–7701. [CrossRef] [PubMed]

7. Roy, K.; Hamilton, D.J.; Munson, G.P.; Fleckenstein, J.M. Outer membrane vesicles induce immune responses to virulence proteins
and protect against colonization by enterotoxigenic Escherichia coli. Clin. Vaccine Immunol. 2011, 18, 1803–1808. [CrossRef]
[PubMed]

8. United States Food and Drug Administration. Research Vaccines Licensed for Use in the United States. 2016. Available online:
https://www.fda.gov/BiologicsBloodVaccines/Vaccines/ApprovedProducts/ucm431374.htm (accessed on 3 January 2022).

9. Liu, Q.; Liu, Q.; Yi, J.; Liang, K.; Hu, B.; Zhang, X.; Curtiss, R.; Kong, Q. Outer membrane vesicles from flagellin-deficient
Salmonella enterica serovar Typhimurium induce cross-reactive immunity and provide cross-protection against heterologous
Salmonella challenge. Sci. Rep. 2016, 6, 34776. [CrossRef]

10. Iqbal, M.; Philbin, V.J.; Smith, A.L. Expression patterns of chicken Toll-like receptor mRNA in tissues, immune cell subsets and
cell lines. Vet. Immunol. Immunopathol. 2005, 104, 117–127. [CrossRef] [PubMed]

11. Kaufman, J.; Milne, S.; Göbel, T.W.; Walker, B.A.; Jacob, J.P.; Auffray, C.; Zoorob, R.; Beck, S. The chicken B locus is a minimal
essential major histocompatibility complex. Nature 1999, 401, 923–925. [CrossRef]

12. Lauvau, G.; Chorro, L.; Spaulding, E.; Soudja, S.M. Inflammatory monocyte effector mechanisms. Cell Immunol. 2014, 291, 32–40.
[CrossRef]

13. Jakubzick, C.V.; Randolph, G.J.; Henson, P.M. Monocyte differentiation and antigen-presenting functions. Nat. Rev. Immunol.
2017, 17, 349–362. [CrossRef] [PubMed]

14. Singh, D.; Singh, M.; Chander, V.; Sharma, G.K.; Mahawar, M.; Teeli, A.S.; Goswami, T.K. Differential responses of chicken
monocyte-derived dendritic cells infected with Salmonella Gallinarum and Salmonella Typhimurium. Sci. Rep. 2021, 11, 17214.
[CrossRef] [PubMed]

15. Garcia-Morales, C.; Nandi, S.; Zhao, D.; Sauter, K.A.; Vervelde, L.; McBride, D.; Sang, H.M.; Clinton, M.; Hume, D.A. Cell-
autonomous sex differences in gene expression in chicken bone marrow-derived macrophages. J. Immunol. 2015, 194, 2338–2344.
[CrossRef] [PubMed]

16. Gogoi, M.; Shreenivas, M.M.; Chakravortty, D. Hoodwinking the Big-Eater to Prosper: The Salmonella-Macrophage Paradigm. J.
Innate Immun. 2019, 11, 289–299. [CrossRef] [PubMed]

17. Eisele, N.A.; Ruby, T.; Jacobson, A.; Manzanillo, P.S.; Cox, J.S.; Lam, L.; Mukundan, L.; Chawla, A.; Monack, D.M. Salmonella
require the fatty acid regulator PPARδ for the establishment of a metabolic environment essential for long-term persistence. Cell
Host. Microbe 2013, 14, 171–182. [CrossRef] [PubMed]

18. Aderem, A.; Underhill, D.M. Mechanisms of phagocytosis in macrophages. Annu. Rev. Immunol. 1999, 17, 593–623. [CrossRef]
[PubMed]

19. Jones, C.; Lee, C.K.; Ahn, C.; Shin, J.; Knezevic, I. Working Group on quality, safety and efficacy of typhoid Vi capsular
polysaccharide conjugate, vaccines, Jeju, Republic of Korea, 5–7 September 2012. Vaccine 2013, 31, 4466–4469. [CrossRef]
[PubMed]

20. Hill, A.B.; Kilgore, C.; McGlynn, M.; Jones, C.H. Improving global vaccine accessibility. Curr. Opin. Biotechnol. 2016, 42, 67–73.
[CrossRef]

21. Knezevic, I. Stability evaluation of vaccines: WHO approach. Biologicals 2009, 37, 357–359. [CrossRef]
22. Micoli, F.; MacLennan, C.A. Outer membrane vesicle vaccines. Semin. Immunol. 2020, 50, 101433. [CrossRef]

http://doi.org/10.1586/erv.12.138
http://www.ncbi.nlm.nih.gov/pubmed/23256741
http://doi.org/10.1128/AEM.02526-17
http://www.ncbi.nlm.nih.gov/pubmed/29269490
http://doi.org/10.1002/biot.201400395
http://doi.org/10.3389/fmicb.2021.629090
http://www.ncbi.nlm.nih.gov/pubmed/33613498
http://doi.org/10.4049/jimmunol.179.11.7692
http://www.ncbi.nlm.nih.gov/pubmed/18025215
http://doi.org/10.1128/CVI.05217-11
http://www.ncbi.nlm.nih.gov/pubmed/21900530
https://www.fda.gov/BiologicsBloodVaccines/Vaccines/ApprovedProducts/ucm431374.htm
http://doi.org/10.1038/srep34776
http://doi.org/10.1016/j.vetimm.2004.11.003
http://www.ncbi.nlm.nih.gov/pubmed/15661337
http://doi.org/10.1038/44856
http://doi.org/10.1016/j.cellimm.2014.07.007
http://doi.org/10.1038/nri.2017.28
http://www.ncbi.nlm.nih.gov/pubmed/28436425
http://doi.org/10.1038/s41598-021-96527-w
http://www.ncbi.nlm.nih.gov/pubmed/34446765
http://doi.org/10.4049/jimmunol.1401982
http://www.ncbi.nlm.nih.gov/pubmed/25637020
http://doi.org/10.1159/000490953
http://www.ncbi.nlm.nih.gov/pubmed/30041182
http://doi.org/10.1016/j.chom.2013.07.010
http://www.ncbi.nlm.nih.gov/pubmed/23954156
http://doi.org/10.1146/annurev.immunol.17.1.593
http://www.ncbi.nlm.nih.gov/pubmed/10358769
http://doi.org/10.1016/j.vaccine.2013.07.070
http://www.ncbi.nlm.nih.gov/pubmed/23933367
http://doi.org/10.1016/j.copbio.2016.03.002
http://doi.org/10.1016/j.biologicals.2009.08.004
http://doi.org/10.1016/j.smim.2020.101433


Pathogens 2022, 11, 339 17 of 18

23. Arigita, C.; Jiskoot, W.; Westdijk, J.; van Ingen, C.; Hennink, W.E.; Crommelin, D.J.A.; Kersten, G.F.A. Stability of mono- and
trivalent meningococcal outer membrane vesicle vaccines. Vaccine 2004, 22, 629–642. [CrossRef]

24. Bachmann, M.F.; Jennings, G.T. Vaccine delivery: A matter of size, geometry, kinetics and molecular patterns. Nat. Rev. Immunol.
2010, 10, 787–796. [CrossRef]

25. Kim, O.Y.; Hong, B.S.; Park, K.-S.; Yoon, Y.J.; Choi, S.J.; Lee, W.H.; Roh, T.-Y.; Lötvall, J.; Kim, Y.-K.; Gho, Y.S. Immunization with
Escherichia coli outer membrane vesicles protects bacteria-induced lethality via Th1 and Th17 cell responses. J. Immunol. 2013,
190, 4092–4102. [CrossRef] [PubMed]

26. Peng, L.; Matthijs, M.G.R.; Haagsman, H.P.; Veldhuizen, E.J.A. Avian pathogenic Escherichia coli-induced activation of chicken
macrophage HD11 cells. Dev. Comp. Immunol. 2018, 87, 75–83. [CrossRef]

27. Elsheimer-Matulova, M.; Varmuzova, K.; Kyrova, K.; Havlickova, H.; Sisak, F.; Rahman, M.; Rychlik, I. phoP, SPI1, SPI2 and aroA
mutants of Salmonella Enteritidis induce a different immune response in chickens. Vet. Res. 2015, 46, 96. [CrossRef] [PubMed]

28. Mei, C.; Sun, A.H.; Blackall, P.J.; Xian, H.; Li, S.F.; Gong, Y.M.; Wang, H.J. Component Identification and Functional Analysis of
Outer Membrane Vesicles Released by Avibacterium paragallinarum. Front. Microbiol. 2020, 11, 518060. [CrossRef] [PubMed]

29. Doyle, S.E.; O’Connell, R.M.; Miranda, G.A.; Vaidya, S.A.; Chow, E.K.; Liu, P.T.; Suzuki, S.; Suzuki, N.; Modlin, R.L.; Yeh, W.C.;
et al. Toll-like receptors induce a phagocytic gene program through p38. J. Exp. Med. 2004, 199, 81–90. [CrossRef]

30. Hu, R.; Lin, H.; Li, J.; Zhao, Y.; Wang, M.; Sun, X.; Min, Y.; Gao, Y.; Yang, M. Probiotic Escherichia coli Nissle 1917-derived outer
membrane vesicles enhance immunomodulation and antimicrobial activity in RAW264.7 macrophages. BMC Microbiol. 2020, 20,
268. [CrossRef]

31. Oliveira, D.L.; Freire-de-Lima, C.G.; Nosanchuk, J.D.; Casadevall, A.; Rodrigues, M.L.; Nimrichter, L. Extracellular vesicles from
Cryptococcus neoformans modulate macrophage functions. Infect. Immun. 2010, 78, 1601–1609. [CrossRef]

32. Schwechheimer, C.; Kuehn, M.J. Outer-membrane vesicles from Gram-negative bacteria: Biogenesis and functions. Nat. Rev.
Microbiol. 2015, 13, 605–619. [CrossRef]

33. Schager, A.E.; Dominguez-Medina, C.C.; Necchi, F.; Micoli, F.; Goh, Y.S.; Goodall, M.; Flores-Langarica, A.; Bobat, S.; Cook,
C.N.L.; Arcuri, M.; et al. IgG Responses to Porins and Lipopolysaccharide within an Outer Membrane-Based Vaccine against
Nontyphoidal Develop at Discordant Rates. mBio 2018, 9, e02379-17. [CrossRef] [PubMed]

34. Chu, J.; Li, X.; Qu, G.; Wang, Y.; Li, Q.; Guo, Y.; Hou, L.; Liu, J.; Eko, F.O.; He, C. Chlamydia psittaci PmpD-N Exacerbated Chicken
Macrophage Function by Triggering Th2 Polarization and the TLR2/MyD88/NF-kappaB Signaling Pathway. Int. J. Mol. Sci. 2020,
21, 2003. [CrossRef] [PubMed]

35. Vanaja, S.K.; Russo, A.J.; Behl, B.; Banerjee, I.; Yankova, M.; Deshmukh, S.D.; Rathinam, V.A.K. Bacterial Outer Membrane Vesicles
Mediate Cytosolic Localization of LPS and Caspase-11 Activation. Cell 2016, 165, 1106–1119. [CrossRef] [PubMed]

36. Yang, J.; Hwang, I.; Lee, E.; Shin, S.J.; Lee, E.-J.; Rhee, J.H.; Yu, J.-W. Bacterial Outer Membrane Vesicle-Mediated Cytosolic
Delivery of Flagellin Triggers Host NLRC4 Canonical Inflammasome Signaling. Front. Immunol. 2020, 11, 581165. [CrossRef]
[PubMed]

37. Li, Q.; Ren, J.; Xian, H.; Yin, C.; Yuan, Y.; Li, Y.; Ji, R.; Chu, C.; Qiao, Z.; Jiao, X. rOmpF and OMVs as efficient subunit vaccines
against Salmonella enterica serovar Enteritidis infections in poultry farms. Vaccine 2020, 38, 7094–7099. [CrossRef] [PubMed]

38. Chen, Q.; Tong, C.; Ma, S.; Zhou, L.; Zhao, L.; Zhao, X. Involvement of MicroRNAs in Probiotics-Induced Reduction of the Cecal
Inflammation by Salmonella Typhimurium. Front. Immunol. 2017, 8, 704. [CrossRef]

39. Feng, J.; Wang, L.; Zhou, L.; Yang, X.; Zhao, X. Using In Vitro Immunomodulatory Properties of Lactic Acid Bacteria for Selection
of Probiotics against Salmonella Infection in Broiler Chicks. PLoS ONE 2016, 11, e0147630. [CrossRef] [PubMed]

40. Li, F.; Zhai, D.; Wu, Z.; Zhao, Y.; Qiao, D.; Zhao, X. Impairment of the Cell Wall Ligase, LytR-CpsA-Psr Protein (LcpC), in
Methicillin Resistant Staphylococcus aureus Reduces Its Resistance to Antibiotics and Infection in a Mouse Model of Sepsis. Front.
Microbiol. 2020, 11, 557. [CrossRef]

41. Prados-Rosales, R.; Brown, L.; Casadevall, A.; Montalvo-Quirós, S.; Luque-Garcia, J.L. Isolation and identification of membrane
vesicle-associated proteins in Gram-positive bacteria and mycobacteria. MethodsX 2014, 1, 124–129. [CrossRef]

42. Willms, E.; Johansson, H.J.; Mager, I.; Lee, Y.; Blomberg, K.E.; Sadik, M.; Alaarg, A.; Smith, C.I.; Lehtio, J.; El Andaloussi, S.; et al.
Cells release subpopulations of exosomes with distinct molecular and biological properties. Sci. Rep. 2016, 6, 22519. [CrossRef]

43. Wu, Z.; Rothwell, L.; Young, J.R.; Kaufman, J.; Butter, C.; Kaiser, P. Generation and characterization of chicken bone marrow-
derived dendritic cells. Immunology 2010, 129, 133–145. [CrossRef] [PubMed]

44. Lin, J.; Xia, J.; Zhang, K.; Yang, Q. Genome-wide profiling of chicken dendritic cell response to infectious bursal disease. BMC
Genom. 2016, 17, 878. [CrossRef] [PubMed]

45. Pourabedin, M.; Chen, Q.; Yang, M.; Zhao, X. Mannan- and xylooligosaccharides modulate caecal microbiota and expression of
inflammatory-related cytokines and reduce caecal Salmonella Enteritidis colonisation in young chickens. FEMS Microbiol. Ecol.
2017, 93, fiw226. [CrossRef] [PubMed]

46. Kim, S.I.; Kim, S.; Kim, E.; Hwang, S.Y.; Yoon, H. Secretion of Salmonella Pathogenicity Island 1-Encoded Type III Secretion
System Effectors by Outer Membrane Vesicles in Salmonella enterica Serovar Typhimurium. Front. Microbiol. 2018, 9, e2810.
[CrossRef] [PubMed]

47. Ellis, T.N.; Leiman, S.A.; Kuehn, M.J. Naturally produced outer membrane vesicles from Pseudomonas aeruginosa elicit a potent
innate immune response via combined sensing of both lipopolysaccharide and protein components. Infect. Immun. 2010, 78,
3822–3831. [CrossRef] [PubMed]

http://doi.org/10.1016/j.vaccine.2003.08.027
http://doi.org/10.1038/nri2868
http://doi.org/10.4049/jimmunol.1200742
http://www.ncbi.nlm.nih.gov/pubmed/23514742
http://doi.org/10.1016/j.dci.2018.05.019
http://doi.org/10.1186/s13567-015-0224-x
http://www.ncbi.nlm.nih.gov/pubmed/26380970
http://doi.org/10.3389/fmicb.2020.518060
http://www.ncbi.nlm.nih.gov/pubmed/33101220
http://doi.org/10.1084/jem.20031237
http://doi.org/10.1186/s12866-020-01953-x
http://doi.org/10.1128/IAI.01171-09
http://doi.org/10.1038/nrmicro3525
http://doi.org/10.1128/mBio.02379-17
http://www.ncbi.nlm.nih.gov/pubmed/29511082
http://doi.org/10.3390/ijms21062003
http://www.ncbi.nlm.nih.gov/pubmed/32183481
http://doi.org/10.1016/j.cell.2016.04.015
http://www.ncbi.nlm.nih.gov/pubmed/27156449
http://doi.org/10.3389/fimmu.2020.581165
http://www.ncbi.nlm.nih.gov/pubmed/33312172
http://doi.org/10.1016/j.vaccine.2020.08.074
http://www.ncbi.nlm.nih.gov/pubmed/32951940
http://doi.org/10.3389/fimmu.2017.00704
http://doi.org/10.1371/journal.pone.0147630
http://www.ncbi.nlm.nih.gov/pubmed/26799658
http://doi.org/10.3389/fmicb.2020.00557
http://doi.org/10.1016/j.mex.2014.08.001
http://doi.org/10.1038/srep22519
http://doi.org/10.1111/j.1365-2567.2009.03129.x
http://www.ncbi.nlm.nih.gov/pubmed/19909375
http://doi.org/10.1186/s12864-016-3157-5
http://www.ncbi.nlm.nih.gov/pubmed/27816055
http://doi.org/10.1093/femsec/fiw226
http://www.ncbi.nlm.nih.gov/pubmed/27810877
http://doi.org/10.3389/fmicb.2018.02810
http://www.ncbi.nlm.nih.gov/pubmed/30532744
http://doi.org/10.1128/IAI.00433-10
http://www.ncbi.nlm.nih.gov/pubmed/20605984


Pathogens 2022, 11, 339 18 of 18

48. Hui, W.W.; Hercik, K.; Belsare, S.; Alugubelly, N.; Clapp, B.; Rinaldi, C.; Edelmann, M.J. Salmonella enterica Serovar Typhimurium
Alters the Extracellular Proteome of Macrophages and Leads to the Production of Proinflammatory Exosomes. Infect. Immun.
2018, 86, e00386-17. [CrossRef] [PubMed]

49. Schromm, A.B.; Paulowski, L.; Kaconis, Y.; Kopp, F.; Koistinen, M.; Donoghue, A.; Keese, S.; Nehls, C.; Wernecke, J.; Garidel, P.;
et al. Cathelicidin and PMB neutralize endotoxins by multifactorial mechanisms including LPS interaction and targeting of host
cell membranes. Proc. Natl. Acad. Sci. USA 2021, 118, e2101721118. [CrossRef]

http://doi.org/10.1128/IAI.00386-17
http://www.ncbi.nlm.nih.gov/pubmed/29158431
http://doi.org/10.1073/pnas.2101721118

	Introduction 
	Results 
	The Characterization of Salmonella OMVs 
	OMVs Stimulated Formation of Dendrites in Chicken Bone Marrow-Derived Monocytes (BMDMs) and HD11 Cells 
	OMVs Modulate Cytokine Production in HD11 Cells 
	OMVs Are Internalized by HD11 Cells 
	Salmonella OMVs Improve Phagocytic Capacities of HD11 Cells 
	Involvement of LPS and Proteins from OMVs in the Activation and Phagocytic Capability of the HD11 Cells and Chicken Splenic Mononuclear Cells 

	Discussion 
	Materials and Methods 
	Bacterial Strains and Chicken Macrophage Cell Line 
	Isolation and Characterization of Salmonella OMVs 
	Cell Cultures 
	Generation of Chicken Bone Marrow-Derived Monocyte Cells (BMDMs) 
	Culture of HD11 Cultures 
	Preparation of Spleen Mononuclear Cells 

	Uptake of Salmonella OMVs by HD11 Cells 
	Phagocytic Activities of HD11 Cells 
	Treatments of OMVs with Polymyxin B and Proteinase K 
	Statistical Analysis 

	Conclusions 
	References

