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Human Gut Commensal Membrane Vesicles Modulate

Inflammation by Generating M2-like Macrophages and

Myeloid-Derived Suppressor Cells
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Immunomodulatory commensal bacteria modify host immunity through delivery of regulatory microbial-derived products to host

cells. Extracellular membrane vesicles (MVs) secreted from symbiont commensals represent one such transport mechanism. How

MVs exert their anti-inflammatory effects or whether their tolerance-inducing potential can be used for therapeutic purposes re-

mains poorly defined. In this study, we show that MVs isolated from the human lactic acid commensal bacteria Pediococcus

pentosaceus suppressed Ag-specific humoral and cellular responses. MV treatment of bone marrow–derived macrophages and

bone marrow progenitors promoted M2-like macrophage polarization and myeloid-derived suppressor cell differentiation, re-

spectively, most likely in a TLR2-dependent manner. Consistent with their immunomodulatory activity, MV-differentiated cells

upregulated expression of IL-10, arginase-1, and PD-L1 and suppressed the proliferation of activated T cells. MVs’ anti-

inflammatory effects were further tested in acute inflammation models in mice. In carbon tetrachloride–induced fibrosis and

zymosan-induced peritonitis models, MVs ameliorated inflammation. In the dextran sodium sulfate–induced acute colitis model,

systemic treatment with MVs prevented colon shortening and loss of crypt architecture. In an excisional wound healing model, i.p.

MV administration accelerated wound closure through recruitment of PD-L1–expressing myeloid cells to the wound site. Collec-

tively, these results indicate that P. pentosaceus–derived MVs hold promise as therapeutic agents in management/treatment of

inflammatory conditions. The Journal of Immunology, 2020, 205: 2707–2718.

T
he mammalian gastrointestinal tract harbors hundreds

of species of commensal bacteria, which collectively

modulate host immunity through a variety of stimula-

tory or regulatory microbial-derived ligands (1–3). In this

context, microbiota members like segmented filamentous bacteria

and Bifidobacterium adolescentis elicit TH17 cell development

(4–6), whereas others, including Bacteroides fragilis and certain

Clostridia strains support FOXP3+ regulatory T cell (Treg) differen-

tiation and IL-10 production (7–9). Perturbation in immune system–

microbiota cross-talk has been correlated with pathogenesis and/or

progression of a broad spectrum of diseases, including inflamma-

tory bowel disease, multiple sclerosis, and rheumatoid arthritis

(1, 10). Using the immunomodulatory therapeutic potential of gut

microbiota or microbiota-associated molecules holds great promise

in management/treatment of inflammatory/autoimmune diseases.

One important mechanism by which bacteria manipulate the host

immune response is through the secretion of extracellular mem-

brane vesicles (MVs) (11–13). Existence of these vesicles pro-

duced by pathogenic Gram-negative bacteria have been shown

decades ago (14, 15), whereas the process of MV secretion from

Gram-positive bacteria is a more recently discovered phenomenon

(16, 17). MVs enable the parent bacteria to deliver much of its

biological material, including proteins, DNA, RNA, LPS, pepti-

doglycan (PGN), and enzymes, in a protective, nonreplicative

membranous sphere (11, 17). Considering that MVs represent

natural carrier systems for pattern recognition receptor agonists

and proteins with antigenic potential, extracellular vesicles from

numerous bacteria have been investigated as vaccines or vaccine

adjuvant candidates (18–22). To date, bacterial MV–based thera-

peutics mostly focused on their immunostimulatory potential (18).
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In contrast, excepting a few studies, our understanding of how

bacterial MVs exert immunoregulatory effects and whether we can

tap into their tolerance-inducing potential as a new source of anti-

inflammatory agents is still incomplete (7, 13, 23).

Lactic acid bacteria (LAB), such as Lactobacillus salivarius, are

important constituents of the gut and the genitourinary tract

microbiota. LAB contribute to gut homeostasis by producing an-

timicrobial factors (24) and, depending on the species, suppress

gut epithelial cell responses to TLR ligands (25–27). Among the

large number of LAB species, Pediococcus pentosaceus possess

potent anti-inflammatory properties and can alleviate encepha-

lopathy and chronic and acute liver injury (28–31). Therefore, in

this study, we aimed to test the immunomodulatory therapeutic

activity of MVs isolated from the human lactic acid commensal

bacteria P. pentosaceus. Our results showed that MVs exerted

a protective immunomodulatory response in several in vivo

acute inflammation models by generating alternatively activated

M2 macrophage–like cells and myeloid-derived suppressor–

like cells (MDSCs), but not Tregs. Collectively, data suggest

that P. pentosaceus–derived MVs can be used as potent anti-

inflammatory agents for the treatment of inflammatory diseases.

Materials and Methods
Abs, ELISA kits, and reagents

Abs used for flow cytometry were from BioLegend. The specific Abs
purchased and their catalog numbers were as follows: allophycocyanin
anti-mouse CD274 (B7-H1, programmed cell death ligand 1 [PD-L1];
124311), FITC anti-mouse F4/80 (123107), PE anti-mouse F4/80
(123110), PE anti-mouse Ly-6C (128008), FITC anti-mouse Ly-6G
(127606), PE/Cy7 anti-mouse Ly-6G (127618), PE anti-mouse/human
CD11b (101208), Brilliant Violet 605 anti-mouse CD45 (103155), PE
anti-mouse/rat/human Foxp3 (320008), and PE/Cy5 anti-mouse CD25
(102010) and Alexa Fluor 488 anti-mouse CD4 (100423). Neutralizing
anti-mouse TLR2 Ab was from InvivoGen (C9A12).

ELISA kits for IL-10, IL-6, and TNF-a were purchased from BioLegend
and Mabtech. For IgG ELISA, anti-mouse IgG1, IgG2c, and total IgG
were purchased from SouthernBiotech. p-Nitrophenyl phosphate (PNPP)
substrate was from Thermo Fisher Scientific, and TMB substrate solution
was from BioLegend. Recombinant cytokines and growth factors used
in the study were recombinant mouse M-CSF (Tonbo Biosciences and
BioLegend), recombinant mouse GM-CSF (Tonbo Biosciences), and
recombinant mouse IL-6 (Tonbo Biosciences). LPS (from Escherichia coli

O111:B4) was obtained from Sigma-Aldrich. PGN-SA (isolated from
the Gram-positive bacterium Staphylococcus aureus; TLR2 agonist
activity may depend on other commonly purified molecules such as
LTA), flagellin (ultrapure flagellin from Salmonella typhimurium), and
zymosan (cell wall preparation of Saccharomyces cerevisiae) were
purchased from InvivoGen. Chicken OVA Ag was obtained from Sigma-
Aldrich. OVA MHC class I epitope SIINFEKL peptide was obtained from
AnaSpec.

Bacterial strains, culture media, and growth conditions

Human commensal bacterial strains used in this study, P. pentosaceus, and
L. salivarius (isolated from human fecal samples) were from Ankara
University culture collection and were a kind gift from Dr. F. Kiran. E. coli
DH5a strain was from American Type Culture Collection (67877).

The de Man, Rogosa, and Sharpe (MRS) medium and MRS agar were
purchased from CONDA (Madrid, Spain) and prepared according to the
manufacturer’s protocol. P. pentosaceus and L. salivarius were cultured at
37˚C overnight in MRS broth medium or MRS agar plates. E. coli (DH5a)
was grown at 37˚C at 150 rpm overnight in Luria broth medium or Luria
broth agar.

Isolation of MVs from bacteria

MVs secreted from bacteria were isolated from early steady-state liquid
broth cultures. Cell-free supernatants were obtained by centrifugation for 20
min at 6000 rpm, followed by filtration through 0.20-mm filters. Filtered
supernatants were centrifuged twice (at 100,000 3 g for 70 min), and the
pellets were resuspended in 30 ml of PBS for centrifugation (70 min at
100,000 3 g). Finally, pellets were resuspended in PBS (500 ml–1.5 ml),
and the MVs were stored at 220˚C until further use. Protein content of

MVs were determined at 280 nm using a NanoDrop and/or the Micro BCA
Protein Assay Kit (Thermo Fisher Scientific).

Average particle size analysis and z potential measurements

MVs (1 mg/ml) were diluted 1003 with DNase/RNase-free H2O, and the
final volume was adjusted to 1 ml in a polystyrene cuvette suitable for
dynamic light scattering analysis. For z potential measurements, a dis-
posable capillary cell was used (Nano ZS, Malvern, U.K.). All measure-
ments were carried out using the following parameters: medium refractive
index, 1.330; medium viscosity, 0.88 mPa/s; dielectric constant, 78.54; and
temperature, 25˚C. Measurements were in duplicate, and the results were
expressed as the average of two measurements 6 SD.

Atomic force microscopy

MVs were diluted (1003) in DNase/RNase-free H2O prior to deposition
onto silicon wafers (5 ml of vesicle per wafer). Samples were air dried for
30 min at room temperature. Noncontact mode images were taken using a
PSIA XE-100E model atomic force microscopy (AFM). Multi75Al model
tips were from Budget Sensors. Tips’ resonance frequency and force constant
were 75 kHz and 3 N/m, respectively. Scan rate was kept at 0.73–0.79 Hz.
Images were analyzed using XEI 1.6 software.

Cells and culture conditions

OVA-expressing E.G7–EL4 cells (CRL-2113; ATCC) were cultured in
RPMI 1640 medium supplemented with 10% FBS and 1 mg/ml neomycin.

HEK-BLUE hTLR2 cells carrying a soluble alkaline phosphatase
(SEAP) reporter construct were purchased from InvivoGen (San Diego,
CA). Cells were grown in DMEM supplemented with 10% FCS, 2 mM
L-glutamine, and 100 mg/ml Normocin in the presence of selection anti-
biotic and passaged per the manufacturer’s recommendation.

For bone marrow–derived macrophage (BMDM) generation, C57BL/6
or BALB/c mice bone marrow progenitor cells were plated in 10-cm petri
dishes (1 3 106 cells/ml) or 48-well plates (600,000 cells/ml) and incu-
bated in the presence of 20 ng/ml M-CSF for 6 d. On day 3, fresh 20 ng/ml
M-CSF–containing medium was added to the petri dishes (2 ml) or plates
(200 ml). Six days after the initiation of culture, cells were stimulated with
MVs and/or other ligands.

Differentiation of bone marrow cells by MVs

Bone marrow progenitor cells were incubated with 10 mg/ml MVs in 20%
FBS supplemented RPMI 1640 medium. Additional MV-containing media
were introduced to cultures on day 3. After 6 d, cells were collected to
assess the phenotype of differentiated cells by staining for specific cell-
surface markers and imaging the shape of cellular nuclei. NucBlue Live
Cell Stain (Molecular Probes) was used to stain nuclei (10 ml/well) by
incubation for 15–30 min at room temperature. Cells were visualized using
EVOS FLoid cell imaging system (Thermo Fisher Scientific).

In vitro stimulation of cells with MVs

Immunomodulatory effects of MVs were determined in stimulation assays.
Mouse splenocytes (400,000 cells per well), peritoneal exudate cells (PECs;
100,000 cells per well), or BMDMs (200,000 cells per well) were stimulated
in a total volume of 200 ml in 96-well, flat-bottom plates with three
different concentration of MVs (0.2, 1, and 5 mg/ml). PGN (5 mg/ml),
zymosan (10 mg/ml), or LPS (1–10 mg/ml) was used as positive controls in
stimulations. Cells were incubated at 37˚C for 24 h, supernatants were
collected, and cytokine levels in culture supernatants were determined with
cytokine ELISA. In some experiments, cells were collected from plates and
were either fixed with 4% paraformaldehyde and stained or stained without
fixation on ice with specific surface markers, followed by flow cytometric
analysis.

TaqMan gene expression assay

TaqMan gene expression assay was used to detect two macrophagemarkers:
Arg-1 (arginase; assay identifier: Mm00475988_m1) and NO synthase
(Nos) 2 (assay identifier: Mm00440502_m1) (Applied Biosystems). 18S
rRNA with reporter VIC/MGB was used as endogenous control, and
TaqMan Universal Master Mix II was used as the master mixture.

For RT-PCR, Bio-Rad CFX Connect Real-time system was used. Ex-
pression levels were determined by normalization to 18S rRNA.

Flow cytometry analysis

Cells were collected to Eppendorf tubes and centrifuged at 300 3 g for
5 min. Supernatants were collected for ELISA, and cell pellets were fixed
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in 4% paraformaldehyde fixation medium A (Thermo Fisher Scientific) at
room temperature for 15 min. After fixation, cells were washed twice in
FACS buffer (1% BSA and 0.1% NaN3 sodium azide in PBS) and stored at
4˚C for surface marker staining up to a week. Fixed cells were centrifuged
at 300 3 g for 5 min and resuspended in 100 ml FACS buffer containing
1 mg/ml of fluorochrome-conjugated Abs. Cells were incubated for 30 min
in dark at room temperature. After the incubation, 1 ml FACS buffer was
added to the cells and centrifuged. Cells were washed with FACS buffer for
the last time and resuspended in 200 ml PBS and analyzed on a BD Accuri
C6 flow cytometer or NovoCyte flow cytometry (ACEA Biosciences).

In vivo experiments

All animal studies were conducted with prior approval of the Animal Ethics
Committee of Bilkent University.

Immunization with foot and mouth disease vaccine in the

absence or presence of MVs

Foot and mouth disease (FMD) vaccine was prepared and provided by the
FMD Institute (Ankara, Turkey). Six- to eight-week-old female BALB/c
mice (five per group) were immunized twice (i.p., days 0 and 17) using
the FMD vaccine (FMDV) O/TUR/07 monovalent vaccine (3 mg/mouse)
alone or its combination with 10 mg/mouse of 1) E. coli MVs, 2)
P. pentosaceus MVs (MV1), or 3) L. salivarious MVs (MV2). FMDV-specific
IgG1, IgG2a, and total IgG levels were detected from sera by ELISA 2 wk
after each injection. For this, Immulon 1B plates (Thermo Labsystems) were
coated with rabbit anti–Ser-O Ab (1:2000 diluted, 50 ml/well) in PBS and
incubated overnight at 4˚C. As the source of Ag, 1/20 diluted supernatants of
FMDV-infected Baby Hamster Kidney (BHK) cells (50 ml/well in blocking
buffer) were added and incubated for 2 h at room temperature. Following
washing, 803 diluted mouse sera were introduced to the first row of wells and
serially diluted 2-fold in PBS containing 1:500 diluted rabbit serum. Plates
were incubated overnight at 4˚C and washed as before. Goat anti-mouse IgG1/
alkaline phosphatase (AP), IgG2a/AP, or IgG total/AP (SouthernBiotech) were
1:3000 diluted in PBS–FBS (5%) (50 ml/well). Following incubation and a
final wash, PNPP substrate was added, and color development was recorded at
OD 405 nm using a microplate reader (Thermo Fisher Scientific).

To quantitate the number of FMD-specific memory B cells generated in
vaccinated mice, ELISpot assay was performed. Four months after the
booster injection, mice were sacrificed, and spleens were removed. Single-
cell suspensions were prepared, and cell numbers were adjusted to be 103
106 cells/ml. All samples were stimulated in six-well plates (103 106 cells
in 4 ml complete RPMI 1640 supplemented with 10% FBS) for 6 d with a
combination of LPS (2 mg/ml) and CpG oligodeoxynucleotide (0.5 mg/ml)
to allow for memory B cell expansion and differentiation into Ab-secreting
plasma cells. Following washing, cells (1 3 106/200 ml) were plated on
rabbit anti–Ser-O Ab/FMDV-infected BHK cell lysate–coated plates and
serially diluted 4-fold. After overnight incubation, plates were washed,
followed by 50 ml/well goat anti-mouse IgG1/AP or IgG2a/AP (South-
ernBiotech) addition (1:3000 diluted in T cell buffer). Plates were washed
for the final time and were developed using 70 ml of BCIP-low melting
agarose substrate solution (32). The next day, spots were counted using a
dissecting microscope.

Immunization of mice with OVA model Ag

Six- to eight-week-old C57BL/6micewere immunized with OVAmodel Ag
(7.5 mg/mouse) in the absence or presence of MVs (10 mg/mouse) i.p. on
days 0 and 14. Primary and secondary bleeding were done on days 15 and
33, respectively. Sera were collected from tail vein blood as before. Im-
munized mice were challenged s.c. with 4 3 106 E.G7–OVA cells in their
right dorsal flanks. Tumor development was measured daily by a caliper
and calculated as (length) 3 (width) 3 (height) and recorded as cubic
millimeters. To assess OVA-specific Ab response, Immulon 1B microtiter
plates were coated with 7.5 mg/ml (50 ml/well) OVA, and plates were
blocked with 200 ml blocking buffer. The 163 diluted sera were added to
the first row of the plate and 4-fold serially diluted eight times. Plates were
incubated overnight at 4˚C and washed. Following the washing step, AP-
conjugated anti-Ig Abs (10003 diluted; total IgG, IgG1, and IgG2c) were
added and incubated for 3 h at room temperature. Finally, plates were
washed and PNPP substrate was added (50 ml/well). OD values were de-
tected at 405 nm using an ELISA plate reader.

Determination of phenotype of cells generated following i.p.

injection of MVs

Eight- to twelve-week-old C57BL/6 mice (five mice per group) were i.p.
injected with MVs and PBS as control on days24 and21. On day 0, mice

were sacrificed by cervical dislocation. PECs and spleen cells were col-
lected. Both PECs and splenocytes were fixed and stained with various
cell-surface markers to determine the phenotype of cells generated in re-
sponse to MV administration.

Zymosan-induced peritonitis model

Eight- to twelve-week-old male C57BL/6 mice were immunized with
MVs (10 mg/mouse) and saline on days 23 and 21. On day 0, zymosan
(100 mg/mouse) was administered to mice to induce peritonitis. Six hours
later, mice were sacrificed, and PECs were collected by injecting 10 ml
PBS to peritoneal cavity and collecting resident cells. Collected cells were
fixed and surface stained for cell subset analysis.

Dextran sulfate sodium–induced acute colitis model

Eight-week-old C57BL/6 mice were administered 3% dextran sulfate so-
dium (DSS; 36,000–50,000 m.w., colitis grade) (MP Biologicals) in
drinking water for 4 d. MVs (10 mg/mouse) were injected i.p. on days 23
and 0 (pretreatment group) or on days 0 and +3 (posttreatment group).
Development of colitis was followed by measuring body weight and ex-
amination of blood in stools on a daily basis. After 4 d, drinking water
without DSS was provided for an additional 3 d to allow colon epithelial
cell recovery. On day 7, colons lengths were measured using a caliper.
“Swiss-rolled” colons were placed in 10% buffered formalin solution for
further histological analysis.

Wound healing in excisional wound model

Eight- to twelve-week-old BALB/c mice were used for wound healing
experiments. Briefly, excisional wounds were introduced using a 6-mm
biopsy punch, followed by stabilization with silicone ring splints. MVs
(10 mg/mouse) were administered either topically on the wound or by i.p.
injections every other day. Wound measurements were conducted for 1
wk, mice were sacrificed, and wound area was removed for histological
and flow cytometric cell infiltration analysis. Histological scoring of
inflammatory cell infiltration (polymorphonuclear and mononuclear) in
H&E-stained sections were given scores as 1, discrete (presence of few
inflammatory cells); 2, moderate (many inflammatory cells); and 3, severe
(exaggerated inflammatory cellularity) (33). All evaluations were conducted
in a blinded fashion.

Proteomics study and mass spectrometry

Fifty micrograms of MV protein sample was reduced with DTT (5 mM) and
alkylated using 50 mM iodoacetamide at room temperature for 1 h in dark.
Additional DTT was supplemented to achieve the final concentration of
10 mM. Proteins were precipitated using methanol/chloroform precipitation
and dissolved in 8 M urea and 50 mM Tris buffer (pH 8.5). The urea
concentration was then diluted to 1 M with 50 mM Tris buffer (pH 8.5).
Trypsin was dissolved in 50 mM Tris buffer (pH 8.5) and then added to the
protein solution at a ratio of 1:100 (w/w, trypsin/protein). As such, treated
samples were incubated overnight, followed by trifluoroacetic acid addition
(0.5% v/v) to stop the enzymatic digestion. The samples were cleaned using
Sep-Pak (Waters) according to the manufacturer’s protocol. Samples were
dried using Speed-Vac centrifugal evaporator and then dissolved in MilliQ
water (18.2 MV.cm) to a final protein concentration of 0.5 mg/ml. Liquid
chromatography–tandem mass spectrometry (MS/MS) analyses were per-
formed by trapped ion mobility spectrometry–time-of-flight mass spectrom-
eter equipped with a CaptiveSpray nanoBooster source (Bruker Daltonics,
Bremen, Germany) coupled to an Ultimate 3000 RSLCnano system (Dionex,
Thermo Fisher Scientific).

Proteomics analysis

The raw data from mass spectrometry were analyzed through the Pro-
teinScape version 4.0 for peptide and protein identification. The Mascot
search engine searched MS/MS data against the SwissProt database
(bacteria). Following the initial proteomics analysis, “Retrieve/ID Map-
ping” tool by Uniprot was used for a final list of 103 identifiers to retrieve
corresponding UniProtKB proteins and, ultimately, to obtain relevant Gene
Ontology (GO) terms separately for each close species used to annotate
Mascot input during the annotation step. A total of 275 hits were per-
centage scaled for the cumulative frequency of each GO term observed.
The R function “plotrix” in the Plotrix package was used to create the
three-dimensional (3D) pie chart with the following parameters: explode =
0.1 and u = p/4. Secretome analysis was performed on the same dataset,
with 103 identifiers using the SecretomeP 2.0 software. An SecP score of
0.5 for possible secretion was set as threshold, as suggested by Bendtsen
et al. (34).
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Statistical analysis

Statistical analyses were performed with GraphPad Prism 6 and R (v3.3.3).
For statistical comparison of two means, normality was tested by Shapiro–
Wilk test. If samples fit to normal distribution, means were statistically
compared by using unpaired t test with Welch correction. Otherwise,
means were compared by Mann–Whitney U test. For the comparison of
more than two means, assumptions of ANOVA (normality and equality of
variances) were checked by Shapiro–Wilk test and Brown–Forsythe test.
If assumptions were found to be valid, means were statistically compared
by using one-way ANOVA, followed by either Dunn or Holm–Sidak
multiple comparison tests. If at least one of the assumptions was found to
be violated, means were statistically compared by using Kruskal–Wallis
test, followed by Dunn multiple comparison test, and p , 0.05 was con-
sidered significant. Statistical tests used in each figure are specified in the
figure legends together with exact p values.

Results
P. pentosaceus MVs suppress inflammation-induced liver

fibrosis and vaccination-induced humoral and

cellular immunity

Whether gut-resident LAB secrete MVs and how such MVs impact

the immune system is currently unknown. To address these, we first

purified MVs secreted from two human gut commensal bacteria

isolates (P. pentosaceus and L. salivarius) and from E. coli. Images

of purified MVs were captured using AFM. Vesicles appeared to be

spherical, consistent with closed membrane morphology (Fig. 1A).

Dynamic light scattering measurements showed that E. coli MVs

had an average size of ∼200 nm, whereas commensal-derived MVs

were much larger (∼325–425 nm; Fig. 1B). As expected, MVs had

high negative z potentials that ranged between 235 and 245 mV

(35) (Fig. 1C). To confirm that MVs could be reproducibly puri-

fied with no major alterations in their content, three separate

P. pentosaceus cultures were initiated, followed by MV purifica-

tion. The protein content of these batches was compared using

SDS-PAGE (Supplemental Fig. 1). Different batches of MVs

contained identical proteins of similar concentrations, confirming

the consistency of MV production and isolation procedure.

These vesicles were also subjected to proteomic analysis. Species-

specific functional data for P. pentosaceus were retrieved from

Uniprot database for GO term analysis and the functional en-

richment. The resulting MS/MS spectra of peptides identified in

the P. pentosaceus MVs were searched against the genome of the

bacterium itself, along with those of the evolutionarily closest

relatives identified automatically by the Mascot algorithm. A total

of 103 proteins were identified in the MVs (Supplemental Table I).

Of these, a substantial proportion was identified as of intracellular

and/or cytoplasmic origin (Fig. 1D). Contrary to Gram-negative

MVs in which membrane-associated proteins are abundant, Gram-

positive MV constituents predominantly arise from cytosolic/

cytoplasmic compartments (36). Similarly, a secretome analysis

revealed that out of the 103 proteins identified in P. pentosaceus

MVs, a total of 19 proteins were predicted to be secreted, which

complies with the range estimated for Gram-positive bacteria (34).

To determine whether commensal LAB MVs could modify

inflammatory responses, the effect of systemic MV administration

was tested in an Ag-independent chronic inflammation model. For

this, liver fibrosis was induced in C57BL/6 mice by i.p. injection of

FIGURE 1. Characterization of P. pentosaceus MVs. (A) AFM images of L. salivarius MVs. Topographic image of a 5 3 5 (mm) region containing

numerous MVs (left) and 3D scan of MVs (1 3 1 mm region, right) are shown. The AFM results are representative of at least two independent samples.

Hydrodynamic size (B) and z potential (C) of E. coli MV, MV1 (P. pentosaceus), and MV2 (L. salivarius) were measured by dynamic light scattering.

Measurements from three independent samples 6 SEM are shown. (D) Pie chart depicting the functional classification of 103 proteins identified in

P. pentosaceus MVs. Uniprot Retrieve/ID Mapping tool was used to obtain the GO term hits. Hits were percentage scaled for the cumulative frequency of

each GO term observed. The R function plotrix in the Plotrix package was used to create the 3D pie chart with the following parameters: explode = 0.1 and

u = p/4. Proteomics data show that the constituents of P. pentosaceus MVs predominantly arise from cytosolic/cytoplasmic compartments.
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FIGURE 2. P. pentosaceus MVs suppress Ag-independent and Ag-dependent immune responses in mice. (A) Liver fibrosis-induced mice were either

untreated or treated with three i.p injections (2 d apart) of one of the following MVs isolated from P. pentosaceus (MV1), L. salivarius (MV2), or E. coli.

Severity of fibrosis was evaluated based on expression/accumulation aSMA and collagen by immunofluorescence and Picrosirius red staining. Fibrotic

lesions are shown by arrowheads). (B and C) FMDV-specific IgG responses of mice immunized with FMD Ag (3 mg/mouse) or its combination with MVs

(n = 5). The p values were determined using one-way ANOVA and Dunnett multiple comparison test. *p = 0.0232. IgG1 (Figure legend continues)
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carbon tetrachloride (CCl4) twice a week for 4 wk. Fibrosis-

induced groups were either untreated or treated with three i.p.

injections (2 d apart) of one of the following MVs isolated from

E. coli, P. pentosaceus (MV1), or L. salivarius (MV2). Effect of

MV treatment on the severity of liver fibrosis was evaluated based

on expression/accumulation of two different fibrosis indicators,

a-smooth muscle actin (aSMA), and collagen by immunofluo-

rescence and Picrosirius red staining, respectively (Fig. 2A).

Commensal, but not E. coli, MV administration resulted in de-

creased aSMA expression and collagen accumulation in the liver,

suggesting that commensal MVs had a protective effect in this

model.

Next, effect of these extracellular vesicles on the development of

Ag-specific immune response was tested in a vaccination model.

Inactivated FMDV without the adjuvant Montanide ISA 720 was

used as the model vaccine. Six- to eight-week-old female BALB/c

mice were immunized twice with the FMDV in the absence or

presence of MVs. FMD-specific secondary IgG1 and IgG2a re-

sponses were evaluated 2 wk after the booster injection. Results

showed that P. pentosaceus MV–adjuvanted group did not alter

Ag-specific IgG1 when compared with the FMDValone (Fig. 2B).

Notably, commensal MV–adjuvanted groups decreased IgG2a ti-

ters, which was significantly lower in the case of P. pentosaceus

MV–administered group (p = 0.0232). These results suggest that

commensally derived MVs modulate Th1 responses and, hence,

abate FMD-specific IgG2a production (Fig. 2C).

To assess how memory B cell responses were affected in MV-

adjuvanted groups, splenocytes from vaccinated mice were incu-

bated with LPS plus CpG oligodeoxynucleotide combination for

5 d to enable memory B cell expansion and differentiation into Ab-

secreting plasma cells. FMD-specific IgG production was evaluated

by ELISpot (Fig. 2D). Results showed that P. pentosaceus MV–

adjuvanted group caused a significant decrease in the number of

memory B cells generated when compared with FMDV (2.3-fold

decrease, p = 0.0016; Fig. 2D). MVs isolated from L. salivarius

had no such effect. These results suggested that depending on the

bacterial species, commensal bacteria–derived vesicles subsided

memory B cell responses. Because P. pentosaceus MVs showed a

more pronounced immunoregulatory effect, hereafter, only vesi-

cles from this source were used in other experiments.

To confirm that P. pentosaceus MVs’ inhibitory effect on Th1-

dependent IgG2a class switching was not limited to the FMDV

alone, tolerogenic effect of MVs was assessed in a second im-

munization model. Consistent with previous results, in an OVA-

vaccination model, P. Pentosaceus MVs specifically suppressed

OVA-specific IgG2c, but not IgG1, production when compared

with OVA alone or OVA adjuvanted with bis-(39-59)-cyclic di-

meric GMP (c-di-GMP) (Fig. 2E, 2F). To further test whether

MVs suppressed cell-mediated immunity, immunized mice were

challenged with s.c. injection of OVA-expressing E.G7 tumori-

genic thymoma cells. Tumor growth was monitored, and repre-

sentative tumor images and tumor sizes were obtained 14 d after

spot-forming cells were enumerated by ELISpot (D). Statistical significance was tested by one-way ANOVA and Holm–Sidak multiple comparisons test.

**p = 0.0016. (E and F) Anti-OVA–specific IgG responses of C57BL/6 mice immunized on days 0 and 14 with OVA (7.5 mg/mouse), OVA +MV (10 mg/mouse),

or OVA + c-di-GMP (15 mg/mouse; n = 5). Mice were inoculated with OVA-specific E.G7 thymoma cells (4 3 106 cells per mouse) for tumor challenge.

Representative images of tumors (G) and tumor volumes (H) 14 d after inoculation. Statistical significance was tested by one-way ANOVA Holm–Sidak

multiple comparisons test. *p = 0.0110, OVA versus OVA c-di-GMP; *p = 0.0494, OVA versus OVA MV.

FIGURE 3. An i.p. injection of P. pentosaceus MVs promotes MDSC accumulation in the peritoneal cavity. C57BL/6 mice were i.p. injected with

MVs (10 mg/mouse) or control saline on days 24 and 21. Mice were sacrificed on day 0, and PECs (A) or spleen cells (B) were isolated and analyzed by

flow cytometry. Percentages of granulocytic MDSC, monocytic MDSCs, and Tregs in individual mice are shown. Error bars represent 6 SEM (n = 3–5).

**p = 0.0079, tested by two-tailed Mann–Whitney U test.
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challenge are shown in (Fig. 2G, 2H). MV-adjuvanted OVA groups

exacerbated tumor formation (p = 0.0494), whereas c-di-GMP

adjuvantation triggered significant protective antitumor immu-

nity (p = 0.0110) when compared with OVA alone. Collectively,

these results indicate that P. pentosaceus MVs negatively regulate

Th1-dominated cellular immune responses.

P. pentosaceus MVs promote MDSC differentiation and M2

macrophage polarization in vitro and in vivo

To gain insight into the mechanism of the MV-mediated immune

modulation, C57BL/6 mice were i.p. injected with MVs (10 mg/mouse)

or saline (naive group) on days 24 and 21. On day 0, mice were

sacrificed, and PEC and spleen cells were collected and stained for

monocytic subsets of MDSC (M-MDSC)-specific or granulocytic

MDSC (G-MDSC)-specific markers (CD11b, Ly-6G, and Ly-6C)

or Treg markers (CD4/CD25/Foxp3). A gating strategy to include

single cells (FSC-A/FSC-H plot) and CD11b-positive cells

(CD11b/FSC-H plot) was used as shown in Supplemental Fig. 2.

Granulocytic MDSCs were defined as Ly-6G–positive and Ly-6C–

dim cells (Supplemental Fig. 2A, 2B, R3 gate), whereas mono-

cytic MDSCs were gated as Ly-6C–positive and Ly-6G–negative

cells (Supplemental Fig. 2A, 2B, R2 gate). MVadministration had

no effect on percent of G-MDSCs, whereas M-MDSCs levels

were slightly decreased in the spleen when compared with

naive controls (Fig. 3B). Similarly, MV injection did not alter

Treg percentages in spleen or PEC (Fig. 3). In contrast, sig-

nificant numbers of both granulocytic and monocytic MDSCs

accumulated in the peritoneal cavity of MV-administered mice

when compared with PBS-treated mice (p = 0.0079; Fig. 3A).

These results suggest that MVs act specifically on myeloid cells

and stimulated both M-MDSC and G-MDSC, but not Treg,

development in vivo.

FIGURE 4. P. pentosaceus MVs promote MDSC differentiation and M2 macrophage polarization. (A) HEK-Blue hTLR2 cells expressing an NF-kB–

inducible SEAP reporter gene were stimulated with various doses of MVs, positive control peptidoglycan (PGN), or negative control flagellin for 24 h.

Activation-induced SEAP production was assessed in the culture supernatant using QUANTI-Blue. (B–G) BMDMs were stimulated with the indicated

ligands for 24 h. Culture supernatants were assessed by ELISA for levels of TNF-a (B), IL-6 (C), and IL-10 (D) production. The TLR2 dependency of MV-

or Pam3CsK4-induced IL-10 production from BMDMs was assessed in the presence of TLR2-neutralizing or isotype control Abs (E). Relative mRNA

levels for Arg-1 (F) and Nos2 (G) compared with 18S rRNA expression were assessed using the DDcT-method. (H) Histogram depicting PD-L1 expression

in MV-treated or -untreated BMDMs. CD11b and F4/80 double-positive cells were gated for PD-L1 expression analysis. (I) Representative histograms

showing the suppressive effect of MV-treated BMDMs. CFSE-labeled anti-CD28/anti-CD3–stimulated CD4+ T cells were used as such (left panel) or

cocultured with BMDMs (middle panel) or MV-treated BMDMs (right panel) for 72 h. Except for the representative flow cytometry plots, individual data

points and means 6 SEM were reported (n = 2–4 independent experiments). All treatments were compared with untreated cells. The following statistical

analyses were used for each figure. (B) Kruskal–Wallis test and Dunn multiple comparisons test. *p = 0.0273. (C) Kruskal–Wallis test and Dunn multiple

comparisons test. *p = 0.0277. (D) Ordinary one-way ANOVA and Holm–Sidak multiple comparisons test. ***p = 0.0003, ***p = 0.0001. (E) Kruskal–

Wallis test and Dunn multiple comparisons test. *p = 0.0225. Statistical significance between Pam3CSK4 and Pam3CSK4 + TLR2 Ab was tested by

unpaired t test with Welch correction. ***p = 0.0003. (F) Kruskal–Wallis test and Dunn multiple comparisons test. *p = 0.0429. (G) Kruskal–Wallis test and

Dunn multiple comparisons test. *p = 0.0395.
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TLR2-mediated signaling has been shown to play an essential

role in MDSC induction (37). To determine whether P. Pentosa-

ceus MVs harbored TLR2-stimulating agonists, HEK-BLUE

hTLR2 reporter cells were stimulated with various doses of MVs,

PGN (positive control), or flagellin (negative control). Results

showed that MVs dose-dependently stimulated NF-kB–inducible

SEAP production in the reporter cells (Fig. 4A). Because TLR2

agonists can promote immunosuppressive M2 macrophage de-

velopment (38–40), we next investigated the effect of MVs on

macrophage polarization. For this, BMDMs were generated from

bone marrow progenitors using M-CSF and then stimulated with

three different concentration of MVs or with the M1-polarizing

ligand LPS or the M2-polarizing ligand PGN. MV-treated macro-

phages secreted lower levels of TNF-a and IL-6 than LPS-stimulated

samples (Fig. 4B, 4C). In contrast, MVs dose-dependently stimulated

robust IL-10 secretion from BMDMs (Fig. 4D). IL-10–promoting

activity of MVs was significantly reduced when TLR2 was

blocked by a neutralizing Ab (p = 0.0225; Fig. 4E), suggesting

that TLR2-mediated recognition plays an important role in MV-

dependent macrophage polarization. To confirm the nature of this

polarization, mRNA expression of inducible Nos2 or arginase

(Arg-1) was analyzed by RT-PCR as indicators of M1 or M2

polarization, respectively. Consistent with their role in promoting

M2 differentiation, MVs strongly upregulated the expression of

Arg-1 (p = 0.0429; Fig. 4F), but not Nos2 (Fig. 4G). Furthermore,

MV treatment strongly upregulated PD-L1 expression on BMDMs

(Fig. 4H), implicating that PD-L1/PD-1 interaction might play a

critical role in mediating the immunosuppressive function, MV-

treated myeloid cells. To confirm that MV-stimulated BMDMs

acquire T cell suppressive immunomodulatory activity, CFSE-

labeled, TCR-activated CD4+ T cells were cocultured with un-

treated or MV-treated BMDMs. TcR ligation of CD3 along with

CD28 (CD3/CD28) resulted in robust T cell proliferation, as

evidenced by CFSE dye dilution (Fig. 4I). Coculture with MV-

treated, but not MV-untreated, BMDMs substantially inhibited

proliferation in T cells (Fig. 4I).

Collectively, these results indicate that MV treatment of BMDM

support M2-like immunosuppressive macrophage polarization. It is

likely that such M2-like BMDMs inhibit T cell proliferation

through IL-10, arginase-1–mediated depletion of L-arginine, and/or

through PD-L1/PD-1 pathway.

Because our in vivo data indicated that MV administration

promoted induction of MDSC-like cells (Fig. 3), we next inves-

tigated whether MV treatment could directly act on bone marrow

progenitors to stimulate MDSC development. Briefly, bone mar-

row progenitor cells were incubated in the presence of MVs

without or with M-CSF for 6 d. M-CSF only–treated progenitors

served as the BMDM control and were then differentiated into M1

or M2 macrophages following incubation in the presence of LPS or

PGN, respectively. Consistent with previous results, MV-stimulated

samples supported the differentiation of IL-10–producing cells from

progenitors (Fig. 5A). Importantly, MV activity was direct and did

FIGURE 5. MVs program differentiation of bone marrow precursors into MDSC-like cells. Bone marrow precursor cells were incubated in the presence

of M-CSF (20 ng/ml), M-CSF (20 ng/ml) + LPS (1 mg/ml), M-CSF (20 ng/ml) + PGN (5 mg/ml), or MVs (10 mg/ml) for 6 d. After the incubation period

(A) supernatant IL-10 levels were detected by ELISA. Data are representative of two independent experiments. Error bars represent 6 SEM. Statistical

significance was tested by Kruskal–Wallis and Dunn multiple comparisons test. *p = 0.0429. (B) Flow cytometric analysis of CD11b, Ly-6C, Ly-6G, and

PDL-1 expression in bone marrow precursors treated for 6 d with MVs (left), GM-CSF + IL-6 (to generate MDSCs; middle), or M-CSF (to generate

BMDMs; right). (C) M-CSF (top)– or MV (bottom)–treated cells were stained with NucBlue Live Cell Stain to analyze nuclear morphology. The images

were taken at original magnification 320 under EVOS FLoid cell imaging station (data are representative of three independent experiments).
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not require additional growth factors (i.e., M-CSF). To determine

the phenotype of cells differentiating in response to direct MV

treatment, bone marrow progenitors were treated with MVs and

compared with cells differentiated in the presence of M-CSF or

GM-CSF + IL-6 as BMDM and MDSC controls, respectively. All

treatments resulted in differentiation of CD11b+-positive cells

(Fig. 5B). However, only the MV- or GM-CSF + IL-6, but not

the M-CSF, cultures generated Ly-6C/Ly-6G–expressing cells

in support of MDSC development. Notably, MV-differentiated

samples uniquely expressed high levels of PD-L1 (Fig. 5B).

Microscopic examination of the MV-differentiated cells demon-

strated a significant phenotypic heterogeneity, which included cells

with doughnut-shaped nuclei typical of G-MDSC (Fig. 5C, lower

panel). Such ring-shaped nuclei were absent in M-CSF–generated

BMDM (Fig. 5C, upper panel). These results demonstrate that MVs

program the differentiation of bone marrow precursors into MDSC-

like cells.

P. pentosaceus MV therapy affords protection in experimental

models of inflammation and wound healing

Having established that P. pentosaceus MVs induced immuno-

suppressive cells of myeloid lineage, we next wanted to investi-

gate their therapeutic utility as protective agents in experimental

models of inflammation and wound healing.

FIGURE 6. Systemic MV administration suppress inflammation in zymosan-induced peritonitis and acute DSS-induced colitis. (A) C57BL/6 mice were

pretreated with MVs or control saline on days 23 and 21. Zymosan was injected i.p. on day 0. Six hours later, PECs were collected and stained for

neutrophil markers and analyzed by flow cytometer. (B) Percentage of neutrophils in individual mice. Error bars represent 6 SEM (n = 4). **p , 0.0092,

tested by Kruskal–Wallis test and Dunn multiple comparisons test. (C–E) C57BL/6 mice received 3% DSS in drinking water for 4 d, followed by regular

water supplementation for 3 d. MVs (10 mg/mouse) were injected i.p. on days23 and 0 (pretreatment group) or on days 0 and +3 (posttreatment group). (C)

Macroscopic appearance of excised colons in naive (no DSS), DSS-treated, DSS + MV–pretreated, and DSS + MV–posttreated mice 7 d after DSS

administration.(D) Colon lengths were measured (top), and percentage change in colon lengths (bottom) are displayed. Error bars represent6 SEM (n = 5).

Statistical significance was tested by ordinary one-way ANOVA and Holm–Sidak multiple comparisons test. **p = 0.0038, ***p = 0.0010. (C) Repre-

sentative images of histopathological changes in colon tissue samples examined by H&E staining are displayed (original magnification 34, original

magnification 310, original magnification 340).
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In a zymosan-induced acute peritonitis model, preadministration

of MVs on days 23 and 21 of peritonitis induction resulted in

significantly decreased neutrophil accumulation into the peritoneal

cavity, consistent with reduced inflammation (Fig. 6A, 6B).

Anti-inflammatory protective effects of MVs were also tested in

a DSS-induced colitis model. Mice were supplemented with 3%

DSS in drinking water for the first 4 d, followed by plain drinking

water without DSS for 3 more d to allow epithelial recovery.

Severity of colitis was deduced from colon lengths. Colons of mice

in DSS-induced colitis group had significant reduction in length

when compared with naive controls (Fig. 6C, 6D), indicat-

ing inflammation-associated pathology. In contrast, MV-treated

groups had reduced colon shortening, which was statistically not

different from the healthy control group. When percent colon

length changes were compared, both pre- and posttreatment MV

administration protected against DSS-induced colitis (p = 0.0038

and p , 0.0010 for pre- and posttreatment groups, respectively).

Isolated colons were prepared as Swiss rolls and histologically

FIGURE 7. MVs accelerate wound healing in an in vivo excisional wound model. Excisional wounds were introduced to dorsal skin of BALB/c mice by

a 6-mm biopsy punch. MVs (10 mg/mouse) were administered every second day either i.p. or topically. Length and width of the wound area were measured

every second day. (A) Representative image of wound area on days 0 and 7. (B) Individual wound area measurements on days 5 (top) and 7 (bottom)

(n = 15, compiled from two independent experiments)6 SEM are shown. Statistical significance was tested by ordinary one-way ANOVA Dunnett multiple

comparisons test. ***p = 0.0002, ****p = 0.0001. (C) Representative images of H&E staining of skin tissue isolated from the wound site (original

magnification 34, original magnification 310, original magnification 320, and original magnification 340). (D) Histological scoring of inflammatory cell

infiltration in wounds. Statistical significance was tested by ordinary one-way ANOVA Dunnett multiple comparisons test. **p = 0.0015.
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analyzed in H&E-stained, sectioned samples. Fig. 6E shows that

colon sections of naive mice display intact colonic crypt organi-

zation. In contrast, in DSS-treated mice, crypt architecture was

disrupted and accompanied by inflammation and tissue damage.

Both pretreatment and posttreatment with MVs ameliorated dis-

ease progression, and the crypt architecture was protected in both

pre- and posttreatment groups (Fig. 6E).

Because our data also indicated that MVs supported the dif-

ferentiation of alternatively activated wound healing M2-like

macrophages, we hypothesized that MV treatment would prove

to be of benefit in a wound healing model. To test this hypothesis,

cutaneous excisional wounds were introduced in BALB/c mice.

MVs were either directly applied to the wound area topically or

were administered through i.p. injection every second day for 6 d

after wound excision. Systemic treatment with MVs significantly

improved the wound closure, with a wound area smaller than that in

untreated controls, as indicated in Fig. 7A and 7B (p = 0.0002 and

p = 0.0001 at days 5 and 7, respectively). Topical administration

of MVs had no significant effect on wound healing. Histological

analysis of excised wounds showed that i.p MV-treated group had

lower levels of inflammatory cell infiltration at the wound site

(Fig. 7C, 7D; p = 0.0015). In untreated controls, higher levels of

inflammatory cell infiltrate and cell debris were observed, indic-

ative of ongoing inflammatory phase, whereas in MV-treated

groups, histological findings were consistent with the resolution/

remodeling phase of wound healing. To analyze the phenotype of

cells responsible for accelerated healing in systemic MV-treated

wounds, single-cell suspensions from Liberase-treated wounds

were stained for CD11b, Ly-6G, and PD-L1 expression. Results

demonstrated that i.p. administration of MVs led to significantly

higher numbers of MDSC recruitment to the wound area when

compared with the control group (p = 0.0225; Supplemental Fig.

3). These results suggest that i.p. administration of MVs

accelerated the wound healing process by regulating inflammatory

responses and recruiting suppressor cell types to the wound area.

Discussion
Dysbiosis of gut microbiota has been implicated in the etiology of a

wide range of autoimmune/inflammatory diseases (41, 42). The

ultimate goal of using bacteriotherapy to restore dysbiosis and

prevent/treat pathological conditions holds great promise. How-

ever, given the considerable diversity in gut microbiota between

individuals, what constitutes a “healthy” microbiome is not clear,

making it difficult to define targets for microbial manipulation

(43). Yet, gut microbiota hosts a multitude of immunomodulatory

bacteria and/or bacteria-derived products waiting to be harnessed

for therapeutic purposes (3, 44). In this study, we examined the

immunomodulatory properties of MVs produced by the human

symbiont P. pentosaceus. The rationale for using MVs was 3-fold:

first, MVs play a major role in modulation of bacteria–host inter-

actions (12). Second, MVs reproduce the immunoregulatory func-

tions of the parent bacteria (7, 45). MVs can enter the circulation

and distribute to various organs, eliciting systemic immunological

and metabolic responses (46). Furthermore, a bacterial MV–based

vaccine has already been approved by the European Medicines

Agency since 2013, with no safety concerns after its widespread use

in infants in the U.K. (47). Considering this safety record, we

hypothesized that similar to a drug, bacterial MVs could be ad-

ministered at a specified dose to modulate host responses repro-

ducibly. As a proof of concept, we isolated MVs from a human

lactic acid symbiont, P. pentosaceus. Consistent with previous

reports, these Gram-positive MVs were enriched in cytoplasmic

proteins, suggesting that cytoplasmic components were ex-

truded through the weakened PGN layer by budding out (48–50).

Importantly, our results demonstrate that P. pentosaceus MVs

elicited immunosuppressive responses in fibrosis, vaccination,

peritonitis, colitis, and wound healing models. Contrary to pre-

vious reports in which induction of Tregs was proposed as one of

the mechanisms of action of Bacteroides and Clostridium species

of MVs and/or bacteria (7, 9), P. pentosaceus MVs stimulated the

generation MDSC- and M2 macrophage–like cells. This suggests

that depending on the bacterial species of origin, MVs can elicit

different groups of regulatory cells to control inflammation. Of

note, M. tuberculosis MVs also elicit M-MDSC and G-MDSCs,

but not Tregs, in vivo (51), supporting our observation.

Evidence suggests that TLR ligands enhance MDSC frequency

and activity (52–55). Furthermore, the TLR2/1 agonist PAM3

preferentially supports the generation of immunosuppressive M2-

like macrophages (39). Our data also suggest that P. pentosaceus

MVs activate TLR2 signaling and that TLR2-mediated recogni-

tion most likely plays an important role in the MV-dependent

polarization of immunosuppressive myeloid cells. Based on high

expression levels of IL-10, Arg-1, and PD-L1 in MV-differentiated

cells, it is likely that the immunoprotective effect of MV treatment

in our fibrosis, peritonitis, colitis, and wound healing models

could be through inhibition of inflammation through IL-10, argi-

nase-1–mediated depletion of L-arginine and/or through the PD-

L1/PD-1 pathway.

In conclusion, our results on P. pentosaceus–derived MVs have

shown that these MVs have potent immunomodulatory effects.

MVs’ capacity to mobilize and/or activate suppressive/regulatory

cell types open up the possibility of harnessing their potential in

the treatment of inflammatory diseases.
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