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Abstract

Background: Lactobacillus reuteri strains are widely used as probiotics to prevent and treat inflammatory bowel
disease by modulating the host's immune system. However, the underlying mechanisms by which they
communicate with the host have not been clearly understood. Bacterial extracellular vesicles (EVs) have been
considered as important mediators of host-pathogen interactions, but their potential role in commensals-host
crosstalk has not been widely studied. Here, we investigated the regulatory actions of EVs produced by L. reuteri
BBC3, a gut-associated commensal bacterium of Black-Bone chicken, in the development of lipopolysaccharide
(LPS)-induced intestinal inflammation in a chicken model using both in vivo and in vitro experiments.

Results: L. reuteri BBC3 produced nano-scale membrane vesicles with the size range of 60-250 nm. Biochemical
and proteomic analyses showed that L. reuteri BBC3-derived EVs (LrEVs) carried DNA, RNA and several bioactive
proteins previously described as mediators of other probiotics’ beneficial effects such as glucosyltransferase, serine
protease and elongation factor Tu. In vivo broiler experiments showed that administration of LrEVs exerted similar
effects as L. reuteri BBC3 in attenuating LPS-induced inflammation by improving growth performance, reducing
mortality and decreasing intestinal injury. LrEVs suppressed the LPS-induced expression of pro-inflammatory genes
(TNF-a, IL-1B, IL-6, IL-17 and IL-8), and improved the expression of anti-inflammatory genes (/L-10 and TGF-f3) in the
jejunum. LrEVs could be internalized by chicken macrophages. In vitro pretreatment with LrEVs reduced the gene
expression of TNF-a, IL-18 and IL-6 by suppressing the NF-kB activity, and enhanced the gene expression of IL-10
and TGF-B in LPS-activated chicken macrophages. Additionally, LrEVs could inhibit Th1- and Th17-mediated
inflammatory responses and enhance the immunoregulatory cells-mediated immunosuppression in splenic
lymphocytes of LPS-challenged chickens through the activation of macrophages. Finally, we revealed that the
reduced content of both vesicular proteins and nucleic acids attenuated the suppression of LrEVs on LPS-induced
inflammatory responses in ex vivo experiments, suggesting that they are essential for the LrEVs-mediated
immunoregulation.
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Conclusions: We revealed that LrEVs participated in maintaining intestinal immune homeostasis against LPS-
induced inflammatory responses in a chicken model. Our findings provide mechanistic insight into how commensal
and probiotic Lactobacillus species modulate the host’s immune system in pathogens-induced inflammation.
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Background

Membrane vesicles (MVs) have been recognized as a
form of cell-cell communication used by almost all do-
mains of life: bacteria, archaea and eukaryotes [1]. Over
the years, they have been largely ignored in the field of
microbiology. It is only in the last decade that advances
in biochemical analysis have led researchers to begin to
elucidate the biogenesis and functions of MVs [2, 3].
Bacterial MVs are released from the cell surface into the
extracellular environment, and thus also referred to as
extracellular vesicles (EVs). These vesicles are composed
of spherical proteolipids with a diameter ranging from
50 to 500 nm [1]. Bacterial EVs contain various bioactive
molecules of the parental bacteria, including proteins,
lipids, nucleic acids and polysaccharides, which are in-
volved in a large number of pathological and physio-
logical functions in intercellular interactions such as
nutrient acquisition, biofilm formation, stress response,
delivery of toxins and virulence factors and invasion of
host and immune regulation [2, 3]. Gram-negative bac-
terial EVs are mainly derived from the outer membrane
of the cell envelope, and thus also termed outer mem-
brane vesicles (OMVs) [4]. Most of the early work re-
garding bacterial EVs was conducted mainly on Gram-
negative bacteria, especially pathogenic bacteria, which
has shown that the EVs can mediate bacterial pathogen-
esis and invasion by delivering toxins and virulence fac-
tors into the host cells [4]. OMVs can also activate the
innate and adaptive immune responses and induce the
protective immunity similar to that induced by the intact
bacteria in vivo, suggesting that these OMVs can be used
for the development of novel vaccine candidates and ad-
juvants [5, 6].

Few studies, however, have been performed on Gram-
positive bacterial EVs, because it is believed to be diffi-
cult for Gram-positive bacteria to release EVs due to the
presence of a thick cell wall [1]. It was not until 2009
when direct evidence was provided for the existence of
EVs in Gram-positive bacteria by transmission electron
microscopy and proteomic analyses of EVs from
Staphylococcus aureus [7]. Since then, more and more
Gram-positive bacteria have been demonstrated to be
able to produce EVs, such as Bacillus anthracis (8],
Streptococcus pneumoniae (9], Bacillus subtilis [10] and
Clostridium perfringens [11]. As the most common

Gram-positive bacteria, several Lactobacillus species have
been recently discovered to produce EVs. Rubio et al
[12] demonstrated the probiotic strain L. casei BL23 pro-
duced biofunctional EVs. Li et al. [13] showed that L.
plantarum WCES1 secreted EVs with an average size of
101 nm. EVs derived from L. acidophilus and L. paracasei
have also been isolated and characterized [14, 15]. Re-
cently, several studies also demonstrated the existence of
EVs in L. reuteri strains [14, 16]. However, the potential
roles and functions of these Lactobacillus-derived vesicles
have not been extensively studied.

With the gradual ban on the usage of antibiotic growth
promoters in today’s intensive broiler industry worldwide,
probiotics have been widely used as alternatives to prevent
and treat various inflammatory disorders in the gastro-
intestinal tract. L. reuteri species have been demonstrated
to have beneficial attributes, particularly the ability to
modulating the development and function of the host’s
immune system, in humans and various animals, including
rodents, pigs, turkeys and chickens [17, 18]. A previous
study has demonstrated that L. reuteri inhibits the secre-
tion of pro-inflammatory cytokines tumour necrosis factor
(TNF)-a and interleukin (IL)-6 in murine dendritic cells
(DCs) [19]. Lin et al. [20] revealed that L. reuteri exerted
the suppressive effect on the production of TNF-a in lipo-
polysaccharide (LPS)-challenged human macrophages
(Mo). L. reuteri has also been shown to have an ability to
induce the development of regulatory T cells (Tregs) that
inhibit inflammatory responses [21, 22]. In chickens, L.
reuteri is one of the most abundant Lactobacillus species
in the intestine and has been shown to have an anti-
inflammatory effect against pathogens [23-25]. However,
the underlying molecular mechanisms of L. reuteri-host
interaction have not been clearly understood.

Based on these findings, the present study was initi-
ated to explore whether EVs derived from the probiotic
strain L. reuteri BBC3 (LrEVs), a gut-associated com-
mensal bacterium of Black-Bone chicken, mediate im-
munoregulation in the chicken intestine, especially anti-
inflammatory actions. To achieve this aim, we character-
ized the protein composition of LrEVs using proteomic
analysis, evaluated the protective effects of LrEVs in a
chicken model of LPS-induced intestinal inflammation
and investigated the immune responses mediated by
LrEVs in the LPS-activated M¢ model and M¢-splenic
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lymphocytes coculture system in vitro. We further
attempted to understand the roles of vesicular proteins
and nucleic acids in LrEVs-mediated immunomodula-
tion using an ex vivo experiment.

Materials and methods

Bacterial strain and culture conditions

L. reuteri BBC3 (GenBank accession: MT476913) was
previously isolated by our laboratory from the gastro-
intestinal tract of healthy Black-Bone chickens in free-
range farms (Lueyang, Shaanxi Province, China). This
strain was identified by morphological and physicochem-
ical characterizations and 16S rRNA sequence analysis.
L. reuteri BBC3 was routinely incubated in MRS broth at
37 °C under anaerobic conditions.

Isolation and purification of LrEVs

LrEVs were isolated from the culture supernatants of L.
reuteri BBC3 using a series of (ultra)centrifugation steps
as described previously [26, 27]. Briefly, after growing in
MRS broth for 16 h, the bacteria-free culture superna-
tants were collected by centrifugation (12,000xg, 20 min,
4°C), filtered with a 0.45-um bottle top vacuum filter
(Corning), and then concentrated using an Amicon
Ultrafiltration system (Millipore) with a 100-kDa filter.
The LrEVs pellets were obtained by ultracentrifugation
(150,000xg, 2 h, 4 °C), washed in sterile phosphate buffer
saline (PBS; pH7.4) and then purified by density gradi-
ent centrifugation. For purification, LrEVs were covered
with discontinuous Optiprep (Sigma, #D1556) step-
gradient ranging from 10% to 55% (w/v) and subjected
to ultracentrifugation (16 h, 180,000xg, 4 °C). After cen-
trifugation, nanoparticle tracking analysis (NTA) was
performed to detect the particle numbers of the result-
ing fractions. These vesicle-rich fractions were pooled
and ultra-centrifuged to remove OptiPrep. The purified
LrVs were subjected to filtration (0.45 pm, Millipore) to
eliminate the potential bacterial contamination and
stored at — 80 °C until future use.

Electron microscopy and nanoparticle tracking analysis
Morphological characteristics of L. reuteri BBC3 and
LrEVs were detected by scanning electron microscopy
using a Field Emission Scanning Electron Microscope
(S-4800, Hitachi, Tokyo, Japan). The LrEVs were also
viewed by transmission electron microscopy using
JEM1011 Electron Microscope at 100 kV (JEOL, Tokyo,
Japan) as described previously [28]. NTA was performed
to detect the diameter and particle number of the LrEVs
using an NS300 nanoparticle analyzer (Malvern, Worch-
estershire, UK) with the operating parameters as de-
scribed in our previous study [27].
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Biochemical analysis

The protein content of the LrEVs was determined by the
TaKaRa BCA Protein Assay Kit (TaKaRa Bio, Beijing,
China; #T9300A) following the manufacturer’s instruc-
tions. DNA and RNA in the LrEVs were quantified by
using the Quant-iT™ dsDNA Assay Kit (Invitrogen,
#Q33130) and Quant-iT™ RNA Assay Kit (Invitrogen,
#Q33140) following the manufacturer’s instructions, re-
spectively. The contents of protein, DNA and RNA were
normalized by using 1 x 10'" particles of vesicles. The
amount of LrEVs used in the following experiments was
based on the protein content.

Proteomic analysis

Triplicate biological LrEVs samples were sent to
Hangzhou PTM Biolabs (Hangzhou, Zhejiang Province,
China) for proteomic analysis. In brief, the LrEVs sam-
ples were lysed by sonication on ice in lysis buffer (8
mol/L urea, 1% protease inhibitor cocktail, 2 mmol/L
EDTA), and the protein supernatants were harvested by
centrifugation (12,000xg, 15min, 4°C). The extracted
protein solutions were digested with trypsin (Promega,
#V5111) at a 1:50 (w/w; trypsin to protein) overnight at
37°C. After fractionating by the high pH reverse-phase
HPLC, the tryptic peptides were processed by tandem
mass spectrometry (MS/MS) in Q ExactiveTM Plus
(Thermo) coupled online to the UPLC (LC-MS/MS).
The resulting spectrum was analyzed against L. reuteri
genome draft sequence in the UniProt database. The
subcellular localization of the identified proteins was
predicted by the CELLO v.2.5 online tool (set for Gram-
positive bacteria; http://cello.life.nctu.edu.tw/). The bio-
logical function of the identified proteins was classified
by Gene Ontology (GO) annotation from the UniProt-
GOA database (http://www.ebi.ac.uk/GOA/). If some
identified proteins were not annotated by UniProt-GOA
database, the InterProScan soft (http://www.ebi.ac.uk/
interpro/) would be used to annotate protein’s GO func-
tion based on the protein sequence alignment method.
All parameter settings and bioinformatic annotations
were performed as described in our previous study [27].

Animals and housing

Newly hatched broiler chicks (Arbor Acres) were ob-
tained from Dacheng Poultry Industry Company (Xia-
nyang, Shaanxi Province, China). The chicks were
housed in stainless-steel cages in a sterilized room with
filtered air, strict sanitary conditions and age-appropriate
temperatures. All chicks were fed an age-appropriate
commercial diet containing no antibiotic additives.
Drinking water and diets were offered ad libitum. All
procedures of animal experiments were approved by the
Ethics Committee of Animal Care and Use at Northwest
A&F University.
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LPS-induced intestinal inflammation in broiler chicken
model

A total of 144 broiler chicks (1 male:1 female) were ran-
domly selected and grouped by body weight into 4 treat-
ment groups when they were 7 days of age including: (1)
a negative control challenged with PBS (group PBS;
average BW = 136.3+3.5g); (2) a positive control chal-
lenged with LPS (group LPS; average BW = 137.1+3.1
g); (3) a group treated with L. reuteri BBC3 and chal-
lenged with LPS (group LR+LPS; average BW
= 136.8 + 2.8 g); (4) a group treated with LrEVs and chal-
lenged with LPS (group LrEVs+LPS; average BW
= 135.9 + 3.4 g). All birds were placed in two-level wired
cages and each group had 6 cages (replicates; 3 male and
3 female) of 6 birds each. Three replicates per treatment
group were distributed in the upper cages and the other
three replicates per treatment group were distributed in
the lower cages. At 12, 14 and 18 days of age, the birds
in the three LPS-challenged groups were intraperitone-
ally injected LPS (500 pg/bird; E. coli O111:B4 origin;
Sigma, #L4391) in 100 uL PBS; birds in the PBS group
were intraperitoneally injected an equal volume of sterile
PBS. The dosage of LPS challenge was determined based
on previous reports [29]. Every other day from 7 to 21
days of age, the birds in the LR + LPS and LrEVs+LPS
groups were given by gavage the cultured L. reuteri
BBC3 (5x 10° CFU/bird) and purified LrEVs (200 g/
bird) in 200 pL protectant (5% skim milk), respectively;
the birds in the remaining two groups were given by
gavage an equal volume of PBS in protectant. The chicks
were sacrificed by jugular exsanguination after intraven-
ous injection of pentobarbital sodium (20 mg/kg body
weight) on day 21 for sample collection.

Growth performance and intestinal morphology analysis
The body weight, feed intake and the number of deaths
were recorded on a replicate basis and used to calculate
the growth performance of birds from 7 to 21 days of
age, including average daily weight gain (ADWG), aver-
age daily feed intake (ADFI), feed gain ratio (F/Q).
ADWG, ADFI and F/G were adjusted when any bird
died. Jejunum tissues were sampled at 21 days of age and
fixed in neutral-buffered 4% paraformaldehyde solution.
The fixed tissues were dehydrated through a graded
series of ethanol (50%, 70%, 85%, 95% and 100% alco-
hol), embedded into paraffin and sectioned at a thick-
ness of 3-5pum. After staining with hematoxylin and
eosin, the sections were examined with an Olympus
BX53F microscope (Olympus, Tokyo, Japan) at 20x
magnification. Villus height and crypt depth were mea-
sured from ten representative well-preserved villi per
segment, then the ratio of villus height to crypt depth
(VH/CD) was calculated.
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In vitro macrophage assay

HD11 cells, a transformed chicken M¢ cell line derived
from bone marrow [30], were used in this study and cul-
tured in the complete PRMI-1640 medium (Gibco,
#22400089) supplemented with 10% heat-inactivated
fetal bovine serum (FBS; Zeta-Life, #Z7181FBS-500),
100U/mL  penicillin and 100 pug/mL  streptomycin
(Sigma, #P4333) in an atmosphere of 5% CO? at 37 °C.
Visualization of the internalization of LrEVs by HD11
cells was performed as presented in our previous study
[27]. Briefly, HD11 cells (5x 10° cells/mL) were co-
incubated with Dil (Sigma, #42364)-labeled LrEVs
(10 pg/mL) for 6h. After washing and staining with
4’, move to the same line (DAPIL Sigma, #D9542),
the cells were detected using the high-speed spinning-
disk confocal microscope (Andor Revolution XD,
Andor Technology, UK).

For the LPS-challenged M¢ assay, HD11 cells (5 x 10°
cells/mL), were pretreated with PBS or LrEVs (10 pg/
mL) for 12 h and stimulated with PBS or LPS (1 pg/mL)
for 12 h. The cells were collected for the determination
of cytokine gene expression, NF-kB p65 transcription
factor activity and cell viability. Three independent ex-
periments were performed per treatment.

In vitro Mg-splenic lymphocyte coculture

Splenic lymphocytes were isolated from the spleen of
chickens in the LPS group at day 21 using the Chicken
Splenic Lymphocyte Isolation Kit (Solarbio, #P9120) ac-
cording to the manufacturer’s instructions. The isolated
splenic lymphocytes were maintained in complete
PRMI-1640 medium supplemented with 10% FBS, 100
U/mL penicillin and 100 pg/mL streptomycin in an at-
mosphere of 5% CO” at 37°C. For transwell culture,
LrEVs- or PBS-pretreated HD11 cells (10 pg/mL LrEVs,
5x10° cells/mL, 12h) were added to the basolateral
compartment of a 6-well plate, and splenic lymphocytes
(5x10° cells/mL) were seeded on the apical compart-
ment of 6-well Hanging Inserts (0.4 pum; Corning,
#M150865). After 12-h coculture, splenic lymphocytes
were collected to determine the cytokine gene expres-
sion. Three independent experiments were performed
per treatment.

Enzymatic treatment of LrEVs

To remove vesicular nucleic acids and proteins, 1 mg/
mL of native LrEVs were treated with 10U/mL of
DNase I (Thermo Scientific, #EN0521), 10 U/mL of
RNase I (Solarbio, #R8021), and 1 mg/mL of proteinase
K-agarose (Sigma, #P9290), respectively, as described
previously [16, 31]. The native LrEVs were incubated
with DNase I and RNase I at 37 °C for 30 min, and with
proteinase K-agarose at 37 °C for 2 h. The enzymes were
inactivated at 75°C for 1h. Proteinase K-agarose was
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additionally removed by centrifugation (12,000xg, 1
min).

Ex vivo jejunum explant culture

The culture of jejunum tissues was performed as de-
scribed previously [32]. Briefly, jejunum explants (5
mm x 5 mm) without lesions from healthy broilers of 21
days old were rinsed under sterile saline solution at 4 °C
and maintained in 24-well culture plates with the
complete PRMI-1640 medium supplemented with 10%
EBS, 0.25 pg/mL fungizone (Sigma-Aldrich, #V900919),
100 U/mL penicillin and 100 pg/mL streptomycin (in an
atmosphere of 5% CO? at 37 °C). The explants were pre-
treated with native LrEVs (10 pg/mL), DNase I and
RNase I-treated LrEVs (DR-LrEVs; 10 pg/mL) or pro-
teinase K-agarose-treated LrEVs (PK-LrEVs; 10 pg/mL
before proteinase K-agarose treatment) for 6 h and then
exposed to LPS (1pug/mL) for 6 h. The explants were
collected to determine cytokine gene expression and
myeloperoxidase (MPO) activity. Three independent ex-
periments were performed per treatment.

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from jejunum tissues, HD11
cells, splenic lymphocytes and jejunum explants using
the Total RNA Kit (Omega Bio-Tek, #R1034) following
the manufacturer’s instructions. After examination of
RNA purity and quality, qRT-PCR analysis was con-
ducted with One Step SYBR® PrimeScript™ PLUS RT-
PCR Kit (TaKaRa Bio, Beijing, China; #RR096A) in a
Real-Time PCR Detection System (CFX96 Touch, Bio-
Rad) according to the manufacturer’s instructions. The
primer sequences of target genes and a reference gene
(B-actin) used for qPCR are shown in Supplementary
Table S1. Triplicate qRT-PCR reactions for each sample
were conducted under the following settings: 95 °C for 1
min, 40 cycles of 95°C for 15s and 60 °C for 30s. Rela-
tive mRNA expression was calculated by the method of
the 2724 as described previously [33], and expressed as
the fold-change relative to the control, which was nor-
malized to 1.

NF-kB p65 activity assay

The NF-kB p65 transcription factor activity in the cell
nucleus from chicken M¢ was measured using the NF-
kB p65 Transcription Factor Assay Kit (Abcam,
#ab133112) following the manufacturer’s instructions
with some modifications. Briefly, nuclear protein extracts
were prepared from cultured M¢ using the Nuclear Ex-
traction Kit (Abcam, #ab113474) according to the manu-
facturer’s instructions. The extracted nuclear fractions
were added into black 96-well plates containing the con-
sensus binding sequence for NF-kB p65 and incubated
for 1h at room temperature. After washing, a chicken
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reactive rabbit anti-NF-kB p65 antibody (Abcam,
#ab16502) was loaded into each well and incubated for
1h at room temperature. After washing, the HRP-
conjugated secondary goat anti-rabbit antibody was
added into each well and incubated for 1h at room
temperature. Each well was washed 5 times and loaded
with a developing solution and then incubated for 15—
45 min at room temperature. The OD,s5o values were
measured using a Microplate Reader (Epoch 2, Biotek)
following the addition of stop solution to each well. Each
sample was determined in triplicate.

Cell viability

The viabilities of HD11 cells were determined by Trypan
Blue dye (Sigma, #T6146) exclusion assay as described
previously [34]. Data were presented as the proportion
(%) of viable cells (cells excluding blue dye) to the total
counted cells.

MPO activity assay

Jejunum tissues or explants were collected to determine
the MPO activity using the Myeloperoxidase Assay Kit
(Nanjing Jiancheng Bioengineering Institute, Jiangsu,
China; #A044-1-1) following the manufacturer’s instruc-
tions. Data were presented as a unit of MPO activity (U)
per mg of protein. One U is defined as the amount of
enzyme that catalyzes 1umol peroxide per minute at
37°C.

Statistical analysis

All data were expressed as mean * standard error of the
mean (SEM). Student’s t-test was used for the analysis of
differences between the two groups. One-way ANOVA
with Newman-Keuls test as the post hoc test was per-
formed for comparisons among greater than two groups.
Statistical significance was declared at P <0.05. All ana-
lyses were performed using Graph Pad Prism software
5.0 (San Diego, CA, USA).

Results

L. reuteri BBC3 releases nanosized extracellular vesicles
The 16S rRNA sequence-based phylogenetic analysis in-
dicated that the Lactobacillus isolate used in this study
belonged to a subclade of L. reuteri, showing 99.2—99.5%
similarity to other strains within L. reuteri (Fig. 1a). Ul-
trastructural analysis of the isolate, L. reuteri BBC3,
showed that single vesicles, occasionally multiple vesi-
cles, shed from the surface of individual bacterial cells
(Fig. 1b). As shown in Fig. 3¢, these vesicles were ob-
tained from the culture supernatants of L. reuteri BBC3
using a series of filtration and centrifugation steps. A
large number of vesicle particles were found in fractions
3-5 following purification by density gradient centrifu-
gation (Fig. 1d). The density range for these fractions
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Fig. 1 Preparation and characterization of L. reuteri BBC3-derived EVs (LrEVs). a Phylogenetic diagram of L. reuteri BBC3 based on 16S rRNA
sequences. The 15 most homologous sequences in the GenBank database were selected for the construction of a phylogenetic tree. b
Representative image of the scanning electron microscope for L. reuteri BBC3 cells showing membrane vesicles on the bacterial cell surface. ¢
Isolation and purification procedures of bacterial EVs. d LrEVs were purified by the discontinuous density ultracentrifugation. Nanoparticle tracking
analysis (NTA) was performed to detect the particle numbers of each gradient fraction. Representative images of the scanning electron
microscope (e) and transmission electron microscopy (f) for LrEVs. g Representative image from the recorded movies using a SCMOS camera of
Malven NTA 3.0 when LrEVs were characterized by NTA. h Concentration and size distribution of the purified LrEVs determined by NTA

was from 1.127 to 1.199 g/mL. These EV-containing structures with spherical morphology, and the majority
fractions were pooled and subsequently visualized by of these vesicles ranged from 50 nm to 150 nm in diam-
scanning electron microscopy (Fig. le) and transmission  eter. These findings are consistent with the typical re-
electron microscopy (Fig. 1f). These micrographs re- sults characterized by NTA analysis (Fig. 1g and f),
vealed that the purified LrEVs were membrane-enclosed ~ which showed that the sizes of LrEVs ranged from 60 to
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250 nm and peaked at 105 nm. Together, these results
demonstrate that this L. reuteri BBC3 isolate can release
nano-sized vesicles.

Proteomic analysis of LrEVs

Biochemical analysis revealed that the LrEVs contained
DNA, RNA and proteins, and the protein content was no-
ticeably higher than that of DNA or RNA (Fig. 2a). These
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findings are in accordance with the previously described
composition of EVs derived from other Lactobacillus
strains [12, 14]. Proteomic analysis was further performed
to detect the protein profile of LrEVs. A total of 92 overlap-
ping proteins were identified in triplicate biological LrEVs
samples and selected for further analysis (Fig. 2b). The sub-
cellular localization of these identified proteins showed that
56.5% was originated from the cytoplasm and 43.5%
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S5N3Z5 6 h .
= DR grol immunoregulatory effects [66, 67].
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Fig. 2 Biochemical and proteomic analyses of LrEVs. a Quantifications of protein, DNA and RNA in the LrEVs. b Venn diagram showed that 92
overlapping proteins were identified in triplicate samples. ¢ Subcellular localization of the identified proteins present in the LrEVs. It was found
that 56.5% was cytoplasmic and 43.5% belonged to the membrane and secreted proteins. d Biological function classification of the identified
proteins. It was found that the majority was either metabolic process (39.1%) or proteases and stress (19.6%). e A selected list of the identified
proteins which may function in immune regulation, including protein accession, protein description and possible mechanisms
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belonged to membrane proteins and secreted proteins (Fig.
2¢). According to the distribution of biological functions
analyzed by GO annotation, most of these proteins were
classified into metabolic enzymes, proteases, nucleic-
binding proteins, transporter and membrane proteins and
structural components of the ribosome, suggesting that
LrEVs may be involved in metabolism, transporter activity,
translation and transcription, signaling and stress, etc. (Fig.
2d). The detailed information of all identified proteins is
listed in Supplementary Table S2. Notably, several homolo-
gous proteins that were previously described as mediators
of anti-inflammatory or beneficial effects in other probiotics
or commensal bacterium were also observed in LrEVs, such
as glucosyltransferase, serine protease, 60 kDa chaperonin,
elongation factor Tu and inositol polyphosphate phosphat-
ase 1 (Fig. 2e). Altogether, these findings reveal that LrEVs
carry DNA, RNA and some immunoregulatory proteins,
leading us to investigate the functions of these vesicles in
the underlying mechanism of bacterium-host interactions.

L. reuteri BBC3 and its EVs attenuate LPS-induced
intestinal injury in chickens

To investigate whether L. reuteri BBC3 and LrEVs have
therapeutic effects, broiler chickens were given L. reuteri
BBC3 or LrEVs by gavage during LPS-induced inflammation
(Fig. 3a). Three days post the last LPS injection, ADWG
(P <0.001) and ADFI (P <0.01) of LPS-only group (Fig. 3b;
PBS + LPS) were significantly lower than those of PBS-only
group (Fig. 3b; PBS + PBS); while F/G (P <0.001) and the
cumulative mortality (P <0.01) of LPS-only group were sig-
nificantly higher than those of PBS-only group. Remarkably,
administration of both L. reuteri BBC3 and LrEVs signifi-
cantly attenuated the reduced ADWG (P < 0.001) and ADFI
(P <0.01) and the increased F/G (P <0.001) and mortality
(P <0.05) caused by LPS challenge (Fig. 3b; LR + LPS and
LrEVs+LPS). According to histological analysis of jejunum
tissues, obvious symptoms of intestinal injury, such as thin-
ner mucosa, deformed crypt and many swelled and shed vil-
lus, were found in the LPS-only group; whereas,
administration of L. reuteri BBC3 and LrEVs reduced the
occurrence of intestinal injury (Fig. 3c). Additionally, LPS
challenge significantly decreased the villus height (P < 0.001)
and the value of VH/CD (P <0.001), and significantly in-
creased the crypt depth (P <0.001); while administration of
L. reuteri BBC3 and LrEVs significantly ameliorated the re-
duced villus height (P <0.001) and VH/CD (P <0.01)
and the increased crypt depth (P <0.01) (Fig. 4d).
Interestingly, growth performance, mortality and indi-
cators of villus morphology in the LrEVs+LPS group
were not significantly different (P >0.05) from those
in the LR+PBS group, indicating that LrEVs had
similar effects as L. reuteri BBC3 in attenuating LPS-
induced intestinal injury.
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LrEVs modulate the gene expression of pro- and anti-
inflammatory mediators in jejunum tissues

As shown in Fig. 4a, compared with the PBS-only group,
the gene expression of several pro-inflammatory media-
tors, including TNF-a (P < 0.001), IL-1B (P <0.001), IL-6
(P <0.001), IL-8 (P <0.001), IL-17 (P <0.001) and MIP-
15 (P <0.001), were significantly elicited in the LPS-only
group. However, compared with the LPS-only group, ad-
ministration of LrEVs significantly inhibited the gene ex-
pression of TNF-a (P <0.001), IL-13 (P <0.001), IL-6
(P <0.05), IL-8 (P <0.01), IL-17 (P <0.001) and MIP-1
(P <0.01), implying that LrEVs might mediate protection
in LPS-challenged chickens through suppressing these
pro-inflammatory mediators. Besides, the gene expres-
sion of IL-10 (P <0.01) and TGF-8 (P <0.01) in the
LrEVs+LPS group were significantly higher than those in
the LPS-only group, indicating that these anti-
inflammatory cytokines were also involved in the LrEVs-
mediated regulation of intestinal inflammation. Mean-
while, LrEVs induced stronger suppression of TNF-a
gene expression (P <0.05) and enhancement of [L-10
gene expression (P< 0.01) than LR. Furthermore, the
MPO activity, representing neutrophil infiltration into
inflamed tissues [35], was also significantly inhibited by
L. reuteri BBC3 (P< 0.001) and LrEVs (P< 0.001). Ac-
cordingly, we conclude that the regulation of intestinal
inflammation by L. reuteri BBC3 and LrEVs correlated
with the suppression of pro-inflammatory cytokines and
the activation of anti-inflammatory cytokines.

LrEVs suppress NF-kB-dependent pro-inflammatory
responses in LPS-activated chicken macrophages

The similar protective effects mediated by L. reuteri
BBC3 and LrEVs suggest that L. reuteri BBC3 might
function via LrEVs on the host. To further investigate
the roles of LrEVs in the microbiota-host interactions,
we first examined whether LrEVs could be taken up by
chicken HD11 M¢ in vitro. After co-incubation with
HD11 cells for 6 h, the Dil-labeled LrEVs (red signals)
were found in the cytoplasm of these cells, suggesting
that LrEVs were internalized by M¢ (Fig. 5a). Moreover,
pretreatment with LrEVs markedly inhibited the elevated
activity of NF-kB (P< 0.001) in LPS-activated HD11
cells (Fig. 5b). Meanwhile, compared with stimulation
with only PBS in HD11 cells, stimulation with only LPS
significantly up-regulated the gene expression of NF-«B-
dependent  pro-inflammatory  cytokines = TNF-a
(P< 0.001), IL-1B (P< 0.001) and IL-6 (P< 0.001);
stimulation with only LrEVs significantly enhanced the
gene expression of anti-inflammatory cytokines IL-10
(P< 0.01) and TGF-f (P< 0.001). In LPS-challenged
HD11 cells, pretreatment with LrEVs significantly in-
duced lower gene expression of TNF-a (P < 0.001), IL-1f
(P< 0.001) and IL-6 (P< 0.001) but higher gene
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Fig. 3 L. reuteri BBC3 and LrEVs attenuate lipopolysaccharide (LPS)-induced intestinal injury and inflammation in broiler chickens. a Experimental
schedule for LPS challenge and administration of L. reuteri BBC3 and LrEVs. LPS (500 ug/bird) from E. coli O111: B4 was intraperitoneally injected 3
times; L. reuteri BBC3 (5 x 10° CFU/bird) and purified LrEVs (200 ug/bird) in 200 pL protectant (5% skim milk) were given 7 times by gavage. b
Growth performance of each treatment from 7 to 21 days of age, including average daily weight gain (ADWG), average daily feed intake (ADFI),
feed gain ratio (F/G) and mortality. ¢ Representative image of each treatment group from hematoxylin and eosin-stained jejunum slides. d
Intestinal morphology analysis based on measurements of villus height, crypt depth and the ratio of villus height to crypt depth (VH/CD) in
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expression of IL-10 (P< 0.001) and TGF-S (P< 0.001)
than pretreatment with PBS (Fig. 5c). Additionally,
LrEVs did not affect (P> 0.05) the viability of PBS- or
LPS-treated cells, thus ruling out the possibility that
cytotoxicity was responsible for LrEVs-mediated
suppression of NF-«B activity and pro-inflammatory cy-
tokines. LPS stimulation, but not LrEVs-derived fac-
tors, was associated with the reduced cell viability
(Fig. 5d). Collectively, these data demonstrate the
capacity of internalized LrEVs in the suppression of
NF-kB-dependent pro-inflammatory responses in
LPS-activated M¢.

LrEVs induce anti-inflammatory responses in splenic

lymphocytes through the activation of macrophages

To investigate the crosstalk between LrEVs, antigen-
presenting cells (APCs) and adaptive immune cells, we
performed an in vitro coculture assay of splenic lympho-
cytes with LrEVs-pretreated M¢ using a Transwell sys-
tem (Fig. 6a). The HD11 cells were pretreated with
LrEVs for 12h, washed and subsequently cocultured
with splenic lymphocytes of LPS-challenged chickens for
12h. Splenic lymphocytes cocultured with LrEVs-
pretreated M¢ showed the enhanced gene expression of
IL-10 (P< 0.001) and TGF-B (P< 0.001) compared to



Page 10 of 18

Hu et al. Journal of Animal Science and Biotechnology (2021) 12:25
a
TNF-a IL-1p IL-6
351 - 201 s 151 .
30+ ) dedede vk % ' ! fdedk  dkdk % ' I*
1 LU 1 1 15_ I L1 u 1
& 251 S0 1) 10
£ 0l £ £
< S 104 o)
= 157 = =
£ 104 < £ 57
54
54
0- 0- 0-
PBS PBS LR LrEVs PBS PBS LR LrEVs PBS PBS LR LrEVs
PBS LPS PBS LPS PBS LPS
IL-17 IL-8 MIP-1B
124 e g 61 * 8+ ki3
I 1 L] 1 N
dedk ok dedd Fd ok %k NS§ N
—r— T ) 1 1
& % %
= 8 z 4 =
< P = =
= — = = 4
=] =] =]
= = =
4 g7 :
0- 0- 0-
PBS PBS LR LrEVs PBS PBS LR LrEVs PBS PBG LR LrEVs
PBS LPS PBS LPS PBS LPS
b C
IL-10 TGF-p = 2
‘s 25+ %
15+ 107 < T 1
IEL *** ***
ek ek 81 N o s oo 201
@ @ T 1l 1 1 E
2 107 g 6 2 154
a3 = 01 =
: 5 :
= = 4 E’ 101
ﬁ 5- é =
=1
21 3 57
2
0- 0- S 0
PBS PBS LR LrEVs PBS PBS LR LrEVs PBS PBS LR LrEVs
PBS LPS PBS LPS PBS LPS
Fig. 4 LrEVs modulate the gene expression of pro- and anti-inflammatory mediators in jejunum tissues. a LrEVs suppressed the LPS-induced
gene expression of pro-inflammatory mediators, including pro-inflammatory cytokine genes TNF-q, IL-18, IL-6 and IL-17, and chemokine genes /L-8
and MIP-1B. b LrEVs enhanced the expression of anti-inflammatory cytokine genes IL-10 and TGF-3 under the LPS-challenged condition. ¢ LrEVs
inhibited the LPS-induced activation of myeloperoxidase (MPO). Values are expressed as means + SEM (n = 6). *P < 0.05; **P < 0.01; ***P < 0.001;
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these cells cocultured with PBS-pretreated M¢ (Fig. 6b). (CTLA-4, P< 0.001) and lymphocyte activation gene 3
Moreover, LrEVs significantly downregulated the gene (LAG-3, P< 0.001) in splenic lymphocytes cocultured
expression of IFN-y (P< 0.001) and IL-17 (P< 0.001), with M¢ (Fig. 6d).

the representative Thl and Thl7 cytokines, in splenic

lymphocytes cocultured with M¢; while the gene ex-  Both vesicular proteins and nucleic acids are essential for
pression of IL-4 (P> 0.05), a representative Th2 cyto- the LrEVs-mediated immunoregulation

kine, was not affected by LrEVs (Fig. 6c). We further used an ex vivo jejunum explant culture
Furthermore, LrEVs could also enhance the gene ex- model to investigate the potential roles of these vesicular
pression of CD25 (P< 0.001), T-lymphocyte antigen 4 molecules in LrEVs-mediated regulation. LrEVs were
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treated with DNase I and RNase I (DR) and proteinase
K-agarose (PK) to remove nucleic acids and proteins, re-
spectively. The enzymes were inactivated at 75 °C for 1 h
and proteinase K-agarose was additionally removed by
centrifugation. Surprisingly, although these treatments
significantly decreased the content of vesicular DNA
(P <0.05), RNA (P <0.05) or proteins (P <0.001) to
some extent, they did not remove these components as
much as expected, implying that the signals delivered by
EVs are highly protected against exogenous proteases
(Fig. 7a). Besides, the reduced content of nucleic acids or
proteins might affect the functions of native LrEVs. Sub-
sequently, a jejunum tissue culture system with LPS

challenge was used as a closer model to the LPS-
challenged condition in vive. During ex vivo jejunum ex-
plant culture with LPS challenge, DR treatment signifi-
cantly decreased the suppression of native LrEVs on the
gene expression of TNF-a (P <0.01), IL-6 (P <0.05) and
IL-17 (P <0.05), and PK treatment significantly de-
creased the suppression of native LrEVs on the gene ex-
pression of TNF-a (P <0.01), IL-6 (P <0.01), [FN-y (P <
0.05) and IL-17 (P <0.05) (Fig. 7b). Additionally, DR-
and PK-treated LrEVs showed a lower ability to induce
the gene expression of IL-10 (P <0.001 and P <0.001)
and TGF-f (P <0.05 and P <0.001) compared to native
LrEVs (Fig. 7c). Finally, DR and PK treatments also
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markedly reduced the ability of native LrEVs in the in-  supplementation is becoming one of the most promising
hibition of MPO activity (P <0.05 and P <0.001), indi- ways for the prevention and treatment of various inflam-
cating that these treatments significantly decreased the matory bowel diseases, due to its safety and ability in
suppressive activity of native LrEVs to inflammatory re- modulating intestinal immune homeostasis [36]. Previ-
sponses. Collectively, we conclude that both vesicular  ously, it has been illustrated that L. reuteri has the ability
proteins and nucleic acids are crucial in the LrEVs-  to regulate the host’s immune system in humans and an-
imals [17, 18]. Consistent with these previous results,
the present study demonstrated that administration of L.
Discussion reuteri BBC3 attenuated the LPS-induced intestinal in-
Prohibition of antibiotic growth promoters has pro- jury and inflammation in broiler chickens. We further
moted the development of nutritional immunomodula- revealed that EVs secreted by L. reuteri BBC3, a nano-
tors as a particularly attractive strategy to maintain gut sized vesicle enriched with biological molecules of par-
health in today’s intensive poultry industry. Probiotics ental bacteria, could mediate bacteria-host interactions.

mediated immunoregulation.



Hu et al. Journal of Animal Science and Biotechnology (2021) 12:25

Page 13 of 18

p
a El Native b TNF-a IL-6
i 3 Treatment i 15+ . 104
1 : : [* 1 NS
*kk * % |—é—| 8 ok
row ] ] 1 f 1L 15 = % P  —
£ 2 400 i i w = 104 T J & dk
2 .2 H : 13 = £ | | 2 6 r 1
£ 3001 i : 2= C —
2 | s by o 2 2 4
L= gh | ! T 54 <
‘s = 2004 : ; v R
= s : -6 = 8 2-
E S | ey | -
& I 1001 i i Ly 2 F 0 0
H H - - o
o : - 1 0 = LrEVs - - Native DR PK LrEVs - Native DR PK
Protein DNA RNA Lrs - - + LPS +
IFN-y IL-17
c LE 151
IL-10 , * #k ok
161 f **:w* ! w04 AL o —_—
73 i ()4 &
: T 1 5. 1
o 124 < 4 — < ——
= = =
= o = 54
< 8- = a4 B
=
'O
- 4- 0.
LrEVs - - Native DR PK LrEVs - = Native DR PK
ol LPS - + LPS - +
LrEVs - - Native DR PK
LPS - + d
.E 151
TGF-B s P
—
10 o s ;
— g 104 ,_|***
o 8 =5 ILI
£ 5
g 6 *E
< 5 5
= 41 =
2
24
= (-
04 LrEVs - - Native DR PK
Ve LT
LrEVs Native DR PK LPS _ T
LPS - +
Fig. 7 The reduced content of vesicular proteins and nucleic acids decreased the anti-inflammatory effects of LrEVs. a The content of proteins,
DNA or RNA in the LrEVs treated with proteinase K, DNase | or RNase | (see the method). b The expression of pro-inflammatory cytokine genes
TNF-a, IL-6, IFN-y and IL-17 in ex vivo jejunum explants. The explants were pretreated with native LrEVs (10 ug/mL), DNase | and RNase I|-treated
LrEVs (DR-LrEVs; 10 pg/mL) or proteinase K-agarose-treated LrEVs (PK-LrEVs; 10 ug/mL before proteinase K-agarose treatment) for 6 h and then
stimulated with LPS (1 ug/mL) for 6 h. The gene expression of /L-10 and TGF-$ (c) and MPO activity (d) in ex vivo jejunum explants. Data are
representative of three independent experiments and expressed as means + SEM. *P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant

It is fundamentally important to understand the mo-
lecular mechanisms of the interaction of probiotics with
the host to improve the application and clinical effective-
ness of the probiotics. In addition to direct interaction
with the host, the complex microbiota-host communica-
tion can also be mediated through active mediators se-
creted by microbiota, such as short-chain fatty acids,
histamine and indole [37, 38]. Among various bacteria-
derived mediators, EVs have been proved to play a key
role in intercellular crosstalk or signaling [3, 39]. Bacter-
ial EVs carry various bioactive molecules from parental
bacteria, such as proteins, DNA, RNA and lipids. EVs
are encapsulated vesicles with a nano-sized spherical

lipid bilayer, thereby making them highly biocompatible
and promoting the uptake by the host cells [4]. Much of
the understanding of the role of bacterial EVs in mediat-
ing intercellular signaling is derived from numerous
studies of pathogenic bacterial OMVs, showing that they
are involved in the pathogenesis via delivering virulence
factors to target cells [40, 41]. Only recently has it been
increasingly interested in the mechanism of EVs secre-
tion by which probiotics and commensal microbiota
communicate with the host. Previous studies have re-
vealed that EVs derived from several probiotics and
commensal bacteria, such as Bacteroides fragilis [42],
Akkermansia muciniphila [43)], Escherichia coli Nissle
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1917 [44], Bifidobacterium longum [45] and Lactobacil-
lus paracasei [15], exerted similar effects as their paren-
tal bacteria. Consistent with these studies, we discovered
that L. reuteri BBC3 could produce relatively high quan-
tities of EVs, and treatment of broiler chicks with LrEVs
reproduced the protective effects of L. reuteri BBC3 on
LPS-induced lower performance and intestinal injury
and inflammation.

Gram-negative bacterial LPS is known to induce acute
inflammatory responses of the host by activating the
NF-kB signaling pathway [46, 47]. The relatively high
dose of LPS (500 pg/bird) was used to induce an in vivo
model of intestinal inflammation in the present study.
Previous studies have shown that the recovery of intes-
tinal mucosal is relatively slow after a high dose of LPS
challenge [48-50]. Consistent with these findings, our
results showed that the high mortality and significant in-
testinal injury were observed in the LPS group continued
until the third day after LPS injection. In the model of
LPS-induced intestinal injury, many inflammatory medi-
ators such as pro-inflammatory cytokines TNF-a, IL-1f
and IL-6 and chemokines IL-8, were induced and re-
leased in the intestinal tissue [47, 51]. As a key mediator
involved in inflammatory responses, IL-17 causes tissue
damage via recruiting neutrophils into the gut and pro-
moting the release of pro-inflammatory cytokines [42].
Macrophage inflammatory protein (MIP)-1f is particu-
larly concerning chemokine associated with a variety of
pro-inflammatory activities [52]. Our results showed that
treatment of broiler chicks with LrEVs could attenuate
LPS-induced intestinal inflammation by inhibiting the
expression of these pro-inflammatory mediators and im-
proving the expression of anti-inflammatory cytokines.
Meanwhile, the different degrees of regulation of gene
expression indicated that the induced immunomodula-
tory effectiveness between bacterial EVs and the whole
bacteria are not exactly equal. Despite this fact, these
available results allow us to believe that EVs may act as
an important mechanism of interaction between micro-
biota and the host.

Accordingly, it is conceivable that LrEVs could modu-
late the functions of the host’s immune cells. Indeed, we
found that LrEVs could effectively be internalized by
chicken M¢ and induce the gene expression of IL-10
and TGF-f in vitro, suggesting that these nanovesicles
directly interact with the innate immune cells. Several
investigations have shown that EVs entered host cells via
receptor-mediated pathways or lipid rafts [45, 53]. For
M¢, the uptake of EVs may also be through random
phagocytosis, and the underlying mechanism requires to
be further explored. Besides, it is well-known that M¢ is
important participant in inflammatory responses, which
produce multiple pro-inflammatory cytokines such as
TNE-a, IL-1f and IL-6 [54]. After challenge with LPS,
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M¢ releases large quantities of these pro-inflammatory
cytokines to promote inflammatory responses. In the
model of LPS-activated M¢ used in this study, we ob-
served that LrEVs could effectively suppress the gene ex-
pression of TNF-a, IL-15 and IL-6. Meanwhile, LrEVs
also improved the gene expression of IL-10 and TGF-f.
IL-10 and TGF-p mainly mediate the negative regulation
of inflammatory responses by suppressing the produc-
tion of pro-inflammatory cytokines [55, 56]. Similar sup-
pression of pro-inflammatory cytokines and activation of
anti-inflammatory cytokines induced by L. paracasei-de-
rived EVs have also been observed with LPS-challenged
human colon cancer cells [15]. Furthermore, several
studies have demonstrated that probiotics-derived EVs
controlled inflammatory responses by modulating the
cytokine production in the host’s immune cells [31, 42].
Collectively, these findings support the suggestion that
LrEVs can directly control the increased immune re-
sponses in inflammatory cells by modulating cytokine
gene expression.

Previous studies have shown that L. reuteri has the
ability to induce the development of effector T cells and
forkhead box P3" (Foxp3™) Tregs in the mammalian gut
[21, 22]. Shen et al. revealed that gut commensal B. fra-
gilis-derived EVs could induce the production of IL-10
in mouse DCs, which in turn promotes the development
of Tregs [42]. Similarly, we found that LrEVs could elicit
IL-10 gene expression in the cultured chicken M¢ alone,
and the gene expression of IL-10 and TGF-f in splenic
lymphocytes were also up-regulated when they were
cocultured with LrEVs-stimulated M¢. These findings
indicate that LrEVs can induce anti-inflammatory re-
sponses in splenic lymphocytes through the activation of
M¢. Moreover, IFN-y and IL-17 are representative Thl
and Th17 cytokines, respectively, which are mainly in-
volved in the inflammatory responses [57]. Thl and
Th17-mediated inflammatory responses can be damp-
ened by the Treg-derived IL-10 [57, 58]. The gene ex-
pression of IFN-y and IL-17 in splenic lymphocytes were
down-regulated in this study under the cocultured con-
dition with LrEVs-pretreated M¢, implying that LrEVs
can also inhibit the pro-inflammatory responses in
splenic lymphocytes through the activation of M¢. Fur-
thermore, Foxp3™ Tregs play a curial role in inhibiting
inflammatory responses in the intestine by secreting the
anti-inflammatory cytokines IL-10 and TGEF-f [59].
Mammalian Foxp3™ Tregs can exert the immunosup-
pressive effect on effective T cells by increasing the gene
expression of CTLA-4 [60]. The presence of LAG-3 in
mammalian Tregs can inhibit the maturation of DCs,
thus inducing the Treg-mediated suppression [61]. Ac-
cording to the results of splenic lymphocyte sub-popula-
tion analysis with flow cytometer by Shanmugasundaram
et al, the gene expression of CTLA-4 and LAG-3 can be
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served as markers for the development of chicken
CD4"CD25" cells [62]. Although no Foxp3 ortholog genes
have been identified in chickens to date, CD4"CD25" cells
from chicken spleen tissue have been shown to have the im-
munosuppressive and cytokine-producing properties of
mammalian Foxp3'Tregs [62]. The gene expression of
CD25, CTLA-4 and LAG-3 in splenic lymphocytes were en-
hanced in this study after coculture with LrEVs-pretreated
Mg, implying that CD4*CD25" cells may participate in the
LrEVs-mediated immunomodulation. However, whether IL-
10 activated by LrEVs in M¢ is involved in the immuno-
modulatory activities of LrEVs-stimulated M¢ and exactly
which lymphocyte subtypes are involved in the LrEVs-
mediated immunomodulation remains to be further studied.

Although the LrEVs-mediated immunomodulation
was verified in this study, it is challenging to determine
which specific molecules play the most important role.
Among the compositions of bacterial EVs, proteins ac-
count for the largest proportion and mediate many func-
tions of EVs [1]. Previously, it has been illustrated that
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certain proteins isolated from the probiotic-derived EVs
exert a similar effect of the intact EVs. B. longum KACC
91563-derived EVs contain a protein ESBP that can in-
duce the beneficial effect of the bacterial EVs [45]. EVs
derived from L. casei BL23 carry several proteins associ-
ated with the probiotic effect of the bacteria, such as p40
and p75 [12]. In the present study, we characterized sev-
eral proteins that are potentially associated with immune
regulation in LrEVs, such as glucosyltransferase, serine
protease, 60 kDa chaperonin, elongation factor Tu and
inositol polyphosphate phosphatase 1. Bacterial glucosyl-
transferase may glycosylate the host target proteins, thus
providing glycan decorations that can activate the DC-
SIGN signaling in DCs and induce the production of IL-
10 [63, 64]. Serine protease secreted by L. paracase has
shown to be able to inhibit inflammatory responses by
selectively targeting pro-inflammatory chemokines [65].
Bacterial 60kDa chaperonin, an heat shock protein
analogue, may induce the development of CD4*CD25"
Tregs and mediate TLR-2-dependent immunoregulation
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Fig. 8 Proposed mechanism of LrEVs-mediated bacteria-host crosstalk to drive the intestinal immune homeostasis against pathogens-induced
inflammation in the chicken model. In inflammatory bowel disease, pathogens remarkably proliferate in the gut lumen and produce pro-
inflammatory signals, such as lipopolysaccharide (LPS), which activate inflammatory cells, including macrophages (M), Th1 and Th17 cells, to
produce pro-inflammatory responses (1) [57]. L. reuteri BBC3 releases nanosized and highly biocompatible EVs that can drive the long-distance
transport of interior molecules throughout the intracellular compartments in a concentrated, protected and targeted manner (2) [72]. These
vesicles can suppress the pro-inflammatory mediators produced by inflammatory cells (activated M¢) (3), and activate innate immune cells,

including naive Mo (4) and possibly dendritic cells (DCs) (5), to produce immunoregulatory cytokines (possibly including IL-10) (6) that induce the
development of immunoregulatory CD4"CD25" cells. These resulting CD4"CD25"* cells can produce anti-inflammatory cytokines IL-10 and TGF-§3
that inhibit the production of pro-inflammatory cytokines (7) [62]. Further studies are required to investigate the potential interactions between
LrEVs and other intestinal immune cells, especially DCs (5) and epithelial cells (8)
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[66, 67]. Elongation factor Tu and inositol polyphosphate
phosphatase 1 have also been observed to be involved in
the intercellular signaling [68, 69]. Additionally, nucleic
acid molecules derived from probiotics have also been
proven to exert suppressive activity against inflammatory
responses. Probiotics- and commensal bacteria-derived
CpG DNA can mediate anti-inflammatory responses via
Toll-like receptor 9 signaling [36, 70]. L. gasseri-derived
RNA can inhibit inflammatory responses through a
MyD88-dependent signaling pathway [71]. The study pre-
sented here confirmed that proteins and nucleic acids
present in the LrEVs are essential for the LrEVs-mediated
immunomodulation. Further studies will aim to explore
the exact molecules involved in the immunoregulatory ef-
fect of LrEVs.

Due to the unique nano-scale structure of the lipid
membrane-encapsulated vesicles, EVs can drive the long-
distance transport of interior molecules throughout the
intracellular compartments in a concentrated, protected and
targeted manner [72]. According to the available results, we
present a possible mechanism of LrEVs-mediated intestinal
immune homeostasis against LPS-induced inflammation in
the gut of the chicken model (Fig. 8). LrEVs are transported
through intestinal epithelial cells, then suppress inflamma-
tory responses in the activated M¢ and effector T cells, and
promote  the development of immunoregulatory
CD4"CD25" cells and the induction of anti-inflammatory
cytokines. Further studies are needed to investigate the po-
tential interactions between the LrEVs and other intestinal
immune cells, especially epithelial cells and DCs.

Conclusion

In summary, we revealed that treatment of broiler chicks
with LrEVs recapitulated the suppression of L. reuteri
BBC3 on the LPS-induced intestinal injury and inflamma-
tion by modulating the gene expression of cytokines. We
confirmed that LrEVs could mediate immune responses in
LPS-activated M¢ and splenic lymphocytes cocultured
with M¢ in vitro. Moreover, we demonstrated that vesicu-
lar proteins and nucleic acids were required for LrEVs-
mediated bacteria-host interactions. To the best of our
knowledge, this study is the first to reveal that the EVs se-
creted by L. reuteri played an important role in immune
regulation and disease protection in the gut of the chicken
model.
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