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Asthma is a common chronic inflammatory disease, which is characterized by

airway hyperresponsiveness (AHR), high serum levels of immunoglobulin (Ig)E, and

recruitment of various inflammatory cells such as eosinophils and lymphocytes. Korean

traditional fermented foods have been reported to exert beneficial effects against

allergic diseases such as asthma and atopic dermatitis. In this study, we investigated

whether Staphylococcus succinus strain 14BME20 (14BME20) isolated from doenjang,

a traditional high-salt-fermented soybean food of Korea, exerts suppressive effects on

allergic airway inflammation in a murine model. Mice were orally administered with

14BME20, then sensitized and challenged with ovalbumin as an allergen. Administration

of the 14BME20 significantly suppressed AHR and influx of inflammatory cells into the

lungs and reduced serum IgE levels. Moreover, the proportion of T helper type 2 (Th2)

cells and the production of Th2 cytokines were decreased in 14BME20-treated mice,

whereas dendritic cells (DCs) with tolerogenic characteristics were increased. In contrast,

oral administration of 14BME20 increased the proportion of CD4+CD25+Foxp3+

regulatory T (Treg) cells and the level of interleukin (IL)-10 in 14BME20-treated mice.

Furthermore, 14BME20 induced maturation of tolerogenic DCs, and 14BME20-treated

DCs increased Treg cell population in a co-culture system of DCs and CD4+ T cells. The

addition of a neutralizing anti-IL-10 mAb to the culture of cells that had been treated

with 14BME20 decreased the enhanced Treg cell population, thereby indicating that

14BME20-treated DCs increase Treg cell population via DC-derived IL-10. These results

demonstrate that oral administration of 14BME20 suppresses airway inflammation by

enhancing Treg responses and suggest that the 14BME20 isolated from doenjang may

be a therapeutic agent for allergic asthma.
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INTRODUCTION

Asthma is a T helper type 2 (Th2)-mediated inflammatory
disease, characterized by high levels of immunoglobulin (Ig)E,
airway hyperresponsiveness (AHR), mucus production by goblet
cells, and recruitment of inflammatory cells, such as eosinophils
and lymphocytes (1, 2). The pathogenesis of allergic asthma is
related to innate immune cells, such as type 2 innate lymphoid
cells and mast cells, and adaptive immune cells, such as Th2,
Th17, and Th9 cells (3–6). On the other hand, regulatory T (Treg)
cells induce airway tolerance by regulating immune responses
induced by allergens (7–9).

In the past few decades, many studies have shown that
probiotics have beneficial effects on the development
of allergic asthma. For example, oral administration of
Lactobacillus rhamnosus GG and Bifidobacterium lactis
Bb-12 was shown to attenuate the development of airway
inflammation by decreasing the recruitment of eosinophils
and increasing the expression of transforming growth factor-
β (TGF-β) and Foxp3 (10). Moreover, orally administered
Enterococcus faecalis FK-23 inhibited allergic airway responses
through suppression of Th17 cell development (11) and
Bifidobacterium infantis CGMCC313-2 suppressed airway
asthma by reducing the levels of interleukin (IL)-4 and
IL-13 (12). These studies suggest that probiotics can
alleviate allergic airway inflammation by regulating various
immune functions.

Various probiotics isolated fromKorean fermented foods have
been reported to relieve allergic diseases through modulation
of immune responses. For example, oral administration of
heat-killed Lactobacillus plantarum KTCT3104 and Lactobacillus
curvatus KTCT3767 isolated from kimchi was shown to inhibit
allergic airway inflammation by reducing Th2 responses in
the mediastinal lymph nodes (mLNs) and inducing Foxp3
expression in the intestines (13). In addition, Weissella cibaria
WIKIM28 isolated from got kimchi suppressed the development
of atopic dermatitis by inducing the generation of regulatory
dendritic cells (DCs) and CD4+CD25+Foxp3+ Treg cells
(14). Therefore, these studies suggest that probiotics isolated
from Korean traditional fermented foods can alleviate allergic
diseases by regulating immune functions. However, studies
on the immune function of bacteria isolated from other
fermented foods, except for kimchi, are insufficient. Doenjang
is a traditional high-salt-fermented soybean food of Korea,
and it is consumed with vegetables and meat. Recently,
coagulase-negative staphylococci (CNS) have been isolated as a
predominant bacterial group of doenjang (15). Jeong et al. (16)
assessed the safety and technological properties of Staphylococcus
saprophyticus, Staphylococus succinus, and Staphylococcus xylosus
isolates, which were the predominant species among the CNS
isolates. S. succinus strain 14BME20 (thereafter referred to as
14BME20) cleared the safety and functionality tests, and was
selected as a potential starter culture candidate for soybean food
fermentations. Furthermore, the complete genome sequence
analysis of 14BME20 revealed that the strain does not encode
any of the virulence factors found in the well-known pathogen
Staphylococcus aureus (17).

In this study, we investigated whether 14BME20 isolated
from doenjang regulates immune response and has beneficial
effects on allergic diseases. We assessed allergic asthma
features after oral administration of 14BME20 before allergen
challenge. We found that oral administration of 14BME20
inhibited allergic airway inflammation features, including AHR,
serum levels of IgE, and Th2 responses. In addition, IL-
10 production and CD4+CD25+Foxp3+ Treg cell population
increased in the peripheral lymph nodes of 14BME20-treated
mice. Furthermore, treatment of DCs with 14BME20 induced
tolerogenic DCs that produce IL-10, leading to an increase in
CD4+CD25+Foxp3+ Treg cell population. These results indicate
that 14BME20 protects against allergic asthma via induction of
Treg responses.

MATERIALS AND METHODS

Mice
Seven-weeks-old female BALB/c mice were purchased
from Youngbio (Osan, Korea). All mice were maintained
in specific-pathogen free facility in Korea University. All
animal experiments were performed according to the Korea
University Guidelines for the Care and Use of Laboratory
Animals (approval No. KUIACUC-2015-48, 2016-174,
2017-109).

Preparation of Bacteria
Staphylococcus succinus strain 14BME20 used in this study was
isolated from doenjang, as previously described (15). 14BME20
was cultured in tryptic soy broth (TSB; Difco, Detroit, MI,
USA) at 37◦C for 16 h, and then the culture was diluted
1:100 in fresh TSB and cultured until optimal growth. The
cultured bacteria were washed twice with sterile phosphate-
buffered saline (PBS). For in vivo experiment, the washed
bacteria inactivated by heating at 100◦C for 30min, then live
14BME20 and heat inactivated 14BME20 were immediately
administered to the mice via the oral route. For in vitro
experiment, heat-inactivated 14BME20 were stored at −20◦C
until use.

Induction of Airway Inflammation and Oral
Administration of Staphylococcus
succinus 14BME20
Airway inflammation was induced as previously described (13).
Briefly, 14BME20 was orally administered into the mice by
oral zonde needle as much as 5 × 107 CFU per mouse
every other day from day 0 to day 20. The mice received
100 µg ovalbumin (OVA) (Grade V; Sigma-Aldrich, St. Louis,
MO, USA) dissolved in 2mg of aluminum hydroxide at 7
and 14 days by intraperitoneal injection. One week after
the second OVA injection, mice were challenged with 3%
(day 21 to 23) and 10% (day 24) OVA for 30min in
an exposure chamber using Pulmo-Aid Nebulizer (Devilbiss,
Sunrise Medical Cor. USA). The mice were anesthetized
with avertin (2.5% wt/vol in PBS) at 48 h after the last
OVA challenge, BAL fluids, lung, mediastinal lymph nodes
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(mLNs), mesenchymal lymph nodes (MLNs), and spleen
were collected.

Assessment of Airway
Hyperresponsiveness
Airway hyperresponsiveness was assessed after 24 h the last OVA
challenge. The mice were exposed to various concentrations
(6.25, 12.5, 25, 50, and 100 mg/ml) methacholine (Mch) (acetyl
β-methylcholine chloride; Sigma-Aldrich). Afterward, pause of
breathing (penh) value was measured for 3min using the
OCP-3000 (Allmedicus, Seoul, Korea), a non-invasive whole
body plethysmography.

Bronchoalveolar Lavage (BAL) Fluids
Analysis and Lung Histology
BAL fluids were obtained by tracheal infusions of 1.5ml
PBS. Total BAL fluid cells were stained using trypan blue
and viable cells were counted using a hemocytometer as
previously described (18), and supernatants were stored at
−80◦C until cytokine analysis. The cell numbers of differential
cells such as eosinophils and lymphocytes were counted after
cytocentrifuge and Giemsa staining. For histological analysis,
the lung tissues were fixed in 4% paraformaldehyde solution,
and embedded in OCT compound (Tissue-Tek R©, SAKURA,
USA). OCT compound-embedded lung tissue were sectioned
5µm and were stained with haematoxylin and eosin. Lung
histologic feature was examined by light microscope (Olympus
IX71; Olympus, Tokyo, Japan) and visualized by using RS Image
software. The inflammatory score was assessed peribronchial and
perivascular infiltration of inflammatory cells. The score was
established as previously described (19, 20). 0, no detectable
inflammation; 1, few cells (bronchus or vascular were surrounded
by a few inflammatory cells); 2, a bronchus and vascular
were surrounded by a layer of one cells; 3, a bronchus and
vascular were surrounded by layer of two to four cells; 4,
bronchus and vascular were surrounded by layer of more than
four cells.

Preparation of Mediastinal Lymph Nodes,
Mesenteric Lymph Nodes, and Splenocytes
The mLNs, MLNs, and spleen were isolated from asthmatic
mice. The mLNs and MLNs were minced with slide glass and
then filtered using 40µm cell strainer (BD Biosciences, San
Diego, USA) and washed 2 times with RPMI1640 (Thermo
Fisher Scientific, inc., Waltham, MA, USA) containing 10%
heat-inactivated fetal bovine serum (FBS) (Capricon; Capricorn
Scientific GmbH, Germany), 50µM 2-mercaptoethanol (2-ME;
Sigma-Aldrich; Merck Millipore, Darmstadt, Germany), 10mM
HEPES (Corning; Thermo Fisher Scientific, inc.), 100 U/ml
penicillin, and 100µg/ml streptomycin (both from Invitrogen;
Thermo Fisher Scientific, Inc.). The spleens were also minced
with slide glass and then filtered using a 70µm cell strainer (BD
Biosciences) and the red blood cells (RBC) in splenocytes were
treated with RBC lysis buffer containing 0.15M NH4Cl, 1mM
KHCO3 and 0.1mM EDTA and washed 2 times with RPMI1640.

Single cells were seeded at 3× 106 cells/ml in 24-well plate and re-
stimulated with 100µg/ml OVA and cultured for 4 days at 37◦C
with 5% CO2 incubator.

Preparation of Single Cell Suspensions
From Lungs
Single cell suspensions from mouse lungs were prepared, as
described previously (21). Briefly, the lungs isolated from
anesthetized asthmatic mice were placed in RPMI 1640, and
gentlyminced on ice using a 70µm strainer (BD Biosciences) and
a 10ml syringe piston. The cells were then incubated in RPMI
1640 containing 0.5 mg/ml collagenase D (Roche Diagnostics,
Basel, Switzerland) and 20µg/ml DNase I (Roche Diagnostics) at
37◦C for 2 h with gentle stirring. The digested lungs were filtered
through a 70µm cell strainer, and then RBC were removed by
using RBC lysis buffer. Single cells were seeded at 1× 106 cells/ml
in 24-well plate with 100µg/ml OVA and cultured for 4 days at
37◦C with 5% CO2 incubator.

Measurement of Immunoglobulins and
Cytokines
Immunoglobulins and cytokines were measured via enzyme-
linked immunosorbent assay (ELISA), as previously described
(13, 22). Serum was obtained via cardiac puncture and stored
at −20◦C until analysis. For the detection of OVA-specific
IgE, each well of the plate (Costar 3590, USA) was coated
with 10µg/ml of OVA and detected using biotinylated anti-
mIgE EM95 provided by R. Coffman (DNAX Research Institute,
Palo Alto, USA). For the detection of OVA-specific IgG1 and
OVA-specific IgG2a, wells of plate (Costar 3590) were coated
with 10µg/ml of OVA and detected with anti-OVA IgG1
6C1, anti-OVA IgG2a 3A11, respectively. Specific mAbs for
cytokine detection were used as following; for IL-4, 11B11 (anti-
mIL-4 mAb) and biotinylated anti-mIL-4 BVD6-24G2 (both
obtained from M. Howard, DNAX Research Institute); for
IL-5, TRFK5 (anti-mIL-5 mAb) and biotinylated anti-mIL-5
TRFK4 (both from eBioscience, San Diego, USA) were used.
For the detection of IL-13, IL-10, and IL-12p70 were measured
using ELISA Ready-SET-Go! R© (eBioscience) according to the
manufacturer’s instructions.

Generation and Stimulation of Mouse Bone
Marrow-Derived Dendritic Cells
Mouse bone marrow-derived dendritic cells (DCs) were
generated, as described previously (23). In brief, the femurs
and tibiae of 8-week-old female BALB/c mice were cut and
flushed out with ice-cold RPMI 1640 using a syringe. Thereafter,
cells were dissociated by pipetting and then filtered using a
70µm cell strainer to remove debris. The RBCs were lysed
using RBC lysis buffer. Lastly bone marrow cells (5 × 106

cells/10ml) were seeded in petri dishes with complete RPMI 1640
containing 10 ng/ml GM-CSF (ProSpec, Rehovort, Israel) and
cultured at 37◦C in a 5% CO2 incubator. The fresh RPMI1640
with GM-CSF was added on day 3 and day 5. At day 7, loosely
adherent cells were harvested and seeded in 24-well plate at
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2 × 106 cells/well. Then, the cells were stimulated with heat-
inactivated 14BME20 or lipopolysaccharide (LPS) (100 ng/ml;
Sigma-Aldrich) for 24 h.

Isolation and Characterization of Mucosal
Dendritic Cells
Mice were orally administered with 200 µl PBS or bacterial
suspension containing 5 × 107 CFU of 14BME20 for 10
days. Mice were sacrificed and mucosal dendritic cells (MDCs)
were isolated from lamina propria of small intestines, as
described previously (24). In brief, the small intestines from
the PBS- or 14BME20-treated mice (n = 3) were washed
in cold PBS, and feces, fat tissues and Peyer’s patches were
removed. Afterwards, the intestines were cut into pieces (2–
3 cm) and washed with cold PBS, and then incubated in RPMI
1640 containing 1mM ethylenediaminetetraacetic acid (EDTA)
with gentle stirring at 37◦C for 15min, followed by washing
with warm PBS. Subsequently, the tissues were finely cut and
incubated in RPMI 1640 containing 0.1 mg/ml of collagenase D
(Roche Diagnostics) and 37◦C for 30min with gentle stirring.
The cells were collected using 70µm cell strainer, and the
cells were centrifuged at 400 × g for 3min at 4◦C. Total
lamina propria cells were isolated with 40 and 85% Percoll
gradient media (GE Healthcare Life Science, Little Chalfont,
UK) by gradient centrifugation. Total lamina propria cells were
divided to two groups. One group was immediately stained with
fluorescent antibodies for phenotypic analysis of DCs, and the
other group was purified by CD11c magnetic bead (MACS;
Miltenyi Biotec GmbH, Bergisch Gladbach, Germany) for
mRNA analysis.

Reverse Transcription-Polymerase Chain
Reaction (RT-PCR) Analysis
BMDCs (2× 106 cells/well) were treated for 24 h with 14BME20
or LPS. Total RNA from the BMDCs was extracted with
RiboEX total RNA kit (GeneAll Biotechnology, Seoul, Korea) and
reverse transcribed into cDNA using a RocketScriptTM Reverse
Transcriptase kit (Bioneer Corporation, Daejeon, Korea). After
cDNA was synthesized, the cDNA was amplified by PCR
using AccuPower R© PCR PreMix (Bioneer Corporation). The
sequences of the RT-PCR primers used in this study were as
follows: murine TGF-β forward, 5′-TAT AGC AAC AAT TCC
TGG CG-3′ and reverse, 5′-TCC TAA AGT CAA TGT ACA
GC-3′; murine IL-10 forward, 5′-AGA AAT CAA GGA GCA
TTT GA-3′ and reverse, 5′-CTG CAG GTG TTT TAG CTT TT-
3′; murine IDO forward, 5′-TTA TGC AGA CTG TGT CCT
GGC AAA CTG-3′ and reverse, 5′-TTT CCA GCC AGA CAG
ATA TAT GCG GAG-3′; murine COX-2 forward, 5′-GTG GAA
AAA CCT CGT CCA GA-3′ and reverse, 5′-TGA TGG TGG
CTG TTT TGG TA-3′; murine IL-12p40 forward, 5′-TTA TGC
AAA TTG TGA GCT TG-3′ and reverse, 5′-CCT TTG CAT
TGG ACT TCG GTA G-3′; murine β-actin forward, 5′-CGC
AGA GTC TCG CCA TTA TG-3′ and reverse, 5′-TAA AAC
GCAGCTCAGTAACAGTCCG-3′. After cDNA amplification,
the products were separated on 1.5% (w/v) agarose gels and
stained with StainingSTAR (DyneBio, Gyeonggi-do, Korea).

The relative expression of cytokines was analyzed by Image
J software.

In vitro Polarization of CD4+ T Cells
With DCs
The DCs cultured for 7 days were pulsed with 100µg/ml OVA
for 2 h and then treated with 14BME20 (1:10 cell to bacteria
ratio) or LPS (100 ng/ml) for 24 h. WT mice were injected by
subcutaneous with OVA (100 µg /mouse) and 7 days later CD4+

T cells were obtained from the lymph nodes of OVA-injected
mice by magnetic bead purification (MACS). Naïve CD4+ T
cells were mixed with OVA-pulsed immature DCs or OVA-
pulsed 14BME20- or OVA-pulsed LPS-treated DCs at 1:10 ratio.
After 4 days, the cells were re-stimulated for 5 h with PMA
(50 ng/ml, Sigma-Aldrich), ionomycin (1µg/ml, Sigma-Aldrich)
and brefeldin A (Golgiplug, 1µg/ml; BD Biosciences). After 5 h,
the cells were harvested and stained with fluorescent antibodies
for flow cytometric analysis, and the supernatant was collected
for determining cytokine levels. To determine the effect of IL-
10 on the induction of Treg cells, neutralizing mAb against IL-
10 (eBioscience) and TGF-β (R&D Systems; Minneapolis, MN,
USA) was added to the DC-CD4+ T cell co-cultures.

Flow Cytometric Analysis
For DCs phenotypic analysis, 14BME20- or LPS-treated
cells were harvested, and were washed with FACS buffer
(containing 0.5% fetal bovine serum and 0.05% sodium azide
in PBS). Cells were block the Fc receptors using mIgG
(Sigma-Aldrich) and then washed and stained with APC-
conjugated anti-CD11c (BU15; eBioscience) and PE-conjugated
anti-CD40 (3/23; BD Biosciences), anti-CD86 (GL1; BD
Biosciences), anti-I-Ad (34-5-3S; BD Biosciences), and anti-
CD274 (MIH5; BD Biosciences) and FITC-conjugated anti-
CD103 (2E7, ebioscience) or isotype controls (eBioscience, BD
Biosciences) for 15min. For intracellular staining, CD4+ T
cells stimulated with PMA, ionomycin, and brefeldin A were
harvested and stained FITC-conjugated CD4 mAb (RM4-5;
BD Biosciences), and APC-conjugated CD25mAb (PC61; BD
Biosciences) for 15min. Subsequently, the cells were fixed using
Cytofix/Cytoperm kit (BD Biosciences) for 20min. Afterward,
the fixed cells were then stained with PE-conjugated anti-IL-
4 (11B11; BD Biosciences), anti-IL-13 (eBio13A; eBioscience),
anti-Foxp3 (FJK-16s; eBioscience) or APC-conjugated anti-IL-17
(eBio17B7; eBioscience), anti-IFN-γ (XMG1.2; BD Biosciences),
Percp/cy5.5-conjugated anti-TGF-β1 (TW7-16B4, Biolegend) for
1 h. The stained cells were detected using FACSCalibur and FACS
accuri (BD Biosciences) and the data were analyzed using Cell
Quest and Accuri C6 software (BD Biosciences).

Statistical Analysis
Data are expressed as the means ± standard error of the
mean (SEM) and all experiments were conducted at least
three times independently. Statistical analysis was performed
using SigmaPlot version 12.5 (Systat Software Inc., Washington,
USA), and differences between experimental and control groups
were analyzed using Student’s t-test or one-way analysis
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of variance (ANOVA). A p < 0.05 was considered to be
statistically significant.

RESULT

Oral Administration of 14BME20 Prevents
the Development of Airway Inflammation in
a Murine Asthma Model
To examine whether 14BME20 isolated from doenjang can
be useful in preventing the development of allergic airway
inflammation, we utilized a well-established model of
experimental asthma. Mice were orally administered with
14BME20 every other day and were sensitized to OVA/alum via
intraperitoneal injection, and then challenged with PBS or OVA
via aerosol for 4 days. As shown Figure 1A, 14BME20-treated
mice exhibited significant suppression of the AHR compared

with OVA control mice. We also found that recruitment of
inflammatory cells into the peribronchial and perivascular
tissues was markedly suppressed in mice treated with 14BME20
compared with that in OVA control mice (Figures 1B,C).
In addition, as compared to OVA control mice, mice orally
administered with 14BME20 showed a dramatically reduced
number of total cells, eosinophils, and lymphocytes, and also
exhibited decreased production of Th2-related cytokines, such
as IL-4, IL-13, and IL-5 in BALFs (Figures 1D,E). Moreover, the
serum level of total IgE, one of the hallmarks of asthma, was
significantly decreased in 14BME20-treated mice compared to
that in OVA control mice (Figure 1F). Furthermore, the levels
of OVA-specific IgE and IgG1 associated with Th2 responses
were markedly reduced in 14BME20-treated mice, whereas the
level of IgG2a associated with Th1 responses was not affected
by 14BME20 treatment (Figure 1G). Additionally, heat-killed
14BME20 also dramatically inhibited airway inflammation

FIGURE 1 | 14BME20 suppresses lung airway inflammation. Mice were orally administered with PBS or 14BME20, and then sensitized and challenged with OVA.

(A) The AHR was evaluated by methacholine administration after 24 h of the last OVA challenge. The graph indicates Penh value. (B,C) The lung sections were stained

with hematoxylin and eosin. All tissue images were obtained at 100X magnification. The scale bar shows 500µm. The inflammatory score was assessed by

measuring the infiltration of inflammatory cells into the peribronchial and perivascular tissues. (D) Total inflammatory cells, eosinophils and lymphocytes in the BAL fluid

were counted using trypan blue stain or Giemsa stain, respectively. (E) The level of Th2 cytokines in the BAL fluid was measured by ELISA. (F,G) The level of

immunoglobulins in serum was measured by ELISA. Data are representative of four independent experiments, and bar graphs represent means ± SEM.

###p < 0.001, ##p < 0.01, #p < 0.05 vs. the PBS group, **p < 0.01, *p < 0.05 vs. the OVA group. N.D., not detected.
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as did live 14BME20 (Supplementary Figure 1). Collectively,
these results indicate that oral administration of 14BME20
suppresses the development of allergic airway inflammation
in mice.

14BME20 Inhibits Th2 Responses During
Allergic Airway Inflammation
As T cells are known to play a role in the pathogenesis of airway
inflammation (25), we investigated whether administration
of 14BME20 affects CD4+ T cell-mediated immune response
during airway inflammation. Mice were orally administered with
PBS or 14BME20 and challenged with OVA. Then, the mLNs
were isolated from asthmatic mice and re-stimulated with OVA.
As shown Figures 2A,B, mice treated with 14BME20 showed
remarkably decreased levels of IL-4- and IL-13-expressing CD4+

T cell populations compared to OVA control mice. However,
oral administration of 14BME20 did not affect the populations
of interferon (IFN)-γ- and IL-17-expressing CD4+ T cells. Next,
we measured the cytokine levels produced by the mLNs and
the lungs to confirm that 14BME20 administration reduced
Th2 responses. The levels of Th2 cytokines, such as IL-4, IL-13,
and IL-5 were markedly lower in mice administered 14BME20
than those in OVA control mice (Figures 2C,D). Under naïve
condition, 14BME20 didn’t affect the percentage of Th2 cell
population in the lungs. However, when the animal is exposed
to the allergen, Th2 cell population was decreased in the lungs
of 14BM20-treated mice (Supplementary Figure 2). Consistent
with these results, the levels of IL-4- and IL-13-expressing CD4+

T cell populations were dramatically reduced in the splenocytes
of 14BME20-treated mice compared to those in the splenocytes
of OVA control mice. Moreover, the levels of Th2 cytokines, IL-4,
IL-13, and IL-5, were dramatically decreased in the splenocytes
of mice orally administered with 14BME20 compared to
that in the splenocytes of OVA control mice. However,
oral administration of 14BME20 did not affect the levels of
both IFN-γ- and IL-17-expressing CD4+ T cell populations
in the splenocytes, as in mLNs (Supplementary Figure 3).
Taken together, these data suggest that 14BME20
inhibited allergic airway inflammation by suppressing
Th2 responses.

Oral Administration of 14BME20 Increases
Treg Responses in Asthmatic Mice
Many studies have proven that Treg cells induce airway tolerance
by reducing Th1, Th2, and Th17 responses as well as T cell
proliferation in allergic asthma (7–9, 26, 27). For example,
Kearley et al. demonstrated that the adoptive transfer of
OVA-specific CD4+CD25+ Treg cells to OVA-sensitized mice
decreased the number of Th2 cells and the level of IL-5 and
IL-13, whereas the level of IL-10 was increased (28). These
results indicated that there is a correlation between Th2 and
Treg cells. Additionally, previous studies have reported that
oral administration of probiotics induces CD4+CD25+Foxp3+

Treg cells and increases the levels of IL-10 and TGF-β (10,
13, 14). Therefore, we investigated whether 14BME20, which
inhibited Th2 responses, affects Treg responses in peripheral

LNs, lungs, and MLNs of asthmatic mice. We isolated mLNs,
lungs, and MLNs from asthmatic mice fed PBS or 14BME20
and re-stimulated with OVA for 4 days. The proportion of
CD4+CD25+Foxp3+ Treg cells and the production of IL-10
were higher in the mLNs, lungs, and MLNs of mice treated with
14BME20 than those in OVA control mice (Figure 3). Under
naïve condition, 14BME20 didn’t affect CD4+CD25+Foxp3+

Treg cell population in the lungs. However, when the animal
is exposed to the allergen, 14BME20 increased the percentages
of CD4+CD25+Foxp3+ Treg cell population in the lungs
(Supplementary Figure 2). In addition, the splenocytes of mice
treated with 14BME20 showed an increased (not significant)
proportion of CD4+CD25+Foxp3+ Treg cells and significantly
increased production of IL-10 (Supplementary Figure 3). These
results suggest that oral administration of 14BME20 induced
differentiation of Treg cells and production of IL-10, leading to
suppression of allergic responses.

14BME20 Treatment Induces tolerogenic
DCs in the Asthmatic Mice
Probiotics is known to induce differentiation of naïve CD4+ T
cells into effector T cells via antigen-presenting cells, like DCs
(29, 30). Especially, probiotics have previously demonstrated to
produce Treg cells through tolerogenic DCs (14, 31). Therefore,
we investigated whether 14BME20 induced tolerogenic DCs in
the lungs and MLNs. After isolation of CD11c+ cells from lungs
and MLN of asthmatic mice fed with 14BME20 or PBS alone,
the expression of PD-L1 and CD103, which is known to induce
and maintain Treg cells (32, 33), was examined on CD11c+ cells.
As shown in Figure 4A, PD-L1 expression on the lung CD11c+

cells of the 14BME20-treated mice was significantly increased,
compared to the OVA control mice. On the other hand, CD103+

DCs are known to require for the induction of Foxp3+ Treg cells
in the intestines, and CD103+PD-L1+ DCs induce Treg cells
in the MLN (34). Therefore, we also checked the expression of
CD103 in the MLN cells. The expression of CD103 and PD-L1
was significantly increased in the MLN cells of 14BME20-treated
mice, compared to the OVA control mice (Figure 4B).

The intestinal CD103+ DCs play an important role in
maintaining intestinal immune homeostasis (33, 35), and induce
Treg cells (36). To investigate whether oral administration of
14BME20 also induces tolerogenic DCs in the intestines, mice
were orally administered with 14BME20 or PBS for 10 days, and
mucosal DCs were isolated from the lamina propria of 14BME20-
or PBS-treated mice. As shown Figure 5A, the expression
of CD103 on mucosal DCs of 14BME20-treated mice were
significantly increased, compared to PBS-treatedmice.Moreover,
the PD-L1 expression, which is involved in inducing Treg cells
in the MLN (34, 37), was markedly increased in mucosal DCs
of 14BME20-treated mice (Figure 5B). The expression of IL-
10 and IDO was also increased in mucosal DCs of 14BME20-
treated mice, compared to PBS-treated mice. In contrast, TGF-β
expression was reduced by 14BME20 treatment (Figures 5C,D).
These results indicate that oral administration of 14BME20
induced tolerogenic DCs during allergic airway inflammation
and promoted Treg cell differentiation.
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FIGURE 2 | 14BME20 reduces Th2 immune responses during allergic airway inflammation. Mice were orally administered with PBS or 14BME20, and then

challenged with OVA. Following this, CD4+ T cells were isolated from the mediastinal LNs and lungs, then re-stimulated with OVA (100µg/ml) for 4 days. (A,B) The

proportion of CD4+ T cell subsets was analyzed by flow cytometry. (C,D) Cytokine production in the mediastinal LNs and lungs was measured by ELISA. Data are

representative of more than three independent experiments, and bar graphs represent means ± SEM. ###p < 0.001, ##p < 0.01, #p < 0.05 vs. the PBS group.

**p < 0.01, *p < 0.05 vs. the OVA group. N.D., not detected.

14BME20 Generates Tolerogenic DCs
in vitro
Since tolerogenic DCs in the asthma model were induced
by oral administration of 14BME20, we further investigated
the characteristics of tolerogenic DCs induced by 14BME20
by using BMDCs. The BMDCs were treated with 14BME20
or LPS for 24 h, and the markers of tolerogenic DCs were
identified. The expression of PD-L1 was remarkably enhanced
in 14BME20-treated DCs compared with that in control DCs
(Figures 6A,B). In addition, 14BME20 treatment significantly
increased the mRNA expression of IL-10, IDO, and COX-
2, which are known to be expressed in tolerogenic DCs
(Figure 6C), and also markedly increased IL-10 production
(Figure 6D). However, the expression of TGF-β remained
unchanged in DCs treated with 14BME20. These results
suggest that 14BME20 generated tolerogenic DCs. Additionally,
14BME20 also affected the activation of DCs. The levels of
the activation markers, CD40, CD86, and MHC-II, as well
as the level of IL-12p70 were significantly up-regulated in
14BME20-treated DCs compared to those in control DCs
(Supplementary Figure 4). Collectively, these results indicate

that 14BME20 generated tolerogenic DCs and also induced
DC activation.

14BME20 Induces Treg Cell Differentiation
Through IL-10
Because tolerogenic DCs are known to induce differentiation
of Treg cells (38), we investigated whether 14BME20-treated
DCs also promoted Treg cell differentiation. First, DCs were
pulsed with OVA for 2 h and OVA-pulsed DCs were treated
with 14BM20 or LPS for 24 h. Afterwards, 14BME20- or LPS-
treated OVA-pulsed DCs were co-cultured with naive CD4+

T cells for 4 days. As shown in Figures 7A,B, 14BME20-
treated DCs showed a markedly increased proportion of
CD4+CD25+Foxp3+ Treg cells compared with control DCs.
Moreover, 14BME20-treated DCs showed increased production
of IL-10 compared with control DCs (Figure 7C). However,
other CD4+ T cell subsets, including IFN-γ-, IL-4-, and IL-
17-expressing CD4+ T cells, were not affected by 14BME20
treatment (Supplementary Figure 5). These data show that
14BME20 induced the differentiation of Treg cells and enhanced
the production of IL-10. Next, we investigated whether the
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FIGURE 3 | 14BME20 increases the proportion of Treg cell population and the level of IL-10 in asthmatic mice. The mediastinal LNs (A,B), lungs (C,D), and MLNs

(E,F) were obtained from mice exposed to OVA, followed by administration with 14BME20 or PBS, and then re-stimulated with OVA (100µg/ml) for 4 days.

(A,C,E) The proportion of Treg cells was determined by flow cytometry. (B,D,F) The level of IL-10 was measured by ELISA. Data are representative of three

independent experiments, and bar graphs represent means ± SEM. ##p < 0.01 vs. the PBS group. **p < 0.01, *p < 0.05 vs. the OVA group. N.D., not detected.

increase of Treg cell population by 14BME20 is IL-10 dependent.
For this purpose, the 14BME20-treated OVA-pulsed DCs were
treated with a neutralizing anti-IL-10 mAb, and then co-cultured
with naive CD4+ T cells for 4 days. Addition of anti-IL-10
mAb to the co-culture of 14BME20-treated DCs and CD4+ T
cells dramatically suppressed the differentiation of Treg cells
(Figures 7D,E). Although 14BME20 had no effect on TGF-β
expression, TGF-β in the presence of IL-10 may affect Treg
cell differentiation when CD4+ T cells were co-cultured with
14BME20-treated DCs. Therefore, naïve CD4+ T cells were co-
cultured with 14BME20-treated OVA-pulsed DCs in the absence
or presence of neutralizing anti-IL-10 and/or anti-TGF-β mAbs.
The percentage of Treg cell population in the co-culture treated
with both anti-IL-10 and anti-TGF-β mAbs was similar to that
treated with anti-IL-10 mAb alone (Supplementary Figure 6),
indicating that 14BME20-induced Treg cell differentiation
is IL-10-dependent.

DISCUSSION

In this study, we demonstrated that 14BME20 isolated from
doenjang protected allergic asthma. Oral administration of
14BME20 significantly attenuated AHR, production of Th2
cytokines in BAL fluids, and accumulation of inflammatory cells
in the lungs. In addition, the proportion of Th2 cells and the
level of Th2 cytokines were decreased in the peripheral LNs
of mice treated with 14BME20. In contrast, the level of Treg
cell population and production of IL-10 were enhanced in the
peripheral LNs and MLNs of mice administered with 14BME20.
This study is the first to demonstrate the potential of CNS
inhibiting allergic airway inflammation by modulating immune
response to allergen.

Many studies have reported that probiotics have beneficial
effects in regulating allergen-mediated immune responses
in allergic diseases. Oral administration of L. plantarum
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FIGURE 4 | 14BME20 induces tolerogenic DCs in the asthmatic mice. Lungs (A) and MLNs (B,C) were isolated from mice challenged with OVA following

administration of PBS or 14BME20. Afterwards, the expression of PD-L1 and CD103 were analyzed by flow cytometry. Data are representative of two independent

experiments, and bar graphs represent means ± SEM. *p < 0.05 vs. the OVA group.

KTCT3104, L. curvatus KTCT3767, and Lactobacillus reuteri
ATCC23272 was shown to alleviate allergic asthma by inhibiting
AHR and reducing the production of Th2 cytokines, such
as IL-4 and IL-5 in BAL fluids (13, 39). Another study
demonstrated that mice administered with L. rhamnosus GG
and L. rhamnosus (Lcr35) showed decreased levels of Th2
cytokines, such as IL-4 and IL-5, as well as immunoglobulins
associated with Th2 responses via CD4+CD25+Foxp3+

Treg cells (10, 40). Similar to this, our study showed that
oral administration of 14BME20 significantly suppressed
Th2 responses, such as the populations of CD4+IL-4+ and
CD4+IL-13+ cells and production of Th2 cytokines, whereas
the population of CD4+CD25+Foxp3+ Treg cells and IL-10
production were increased in the peripheral LNs and the lungs
(Figures 2, 3). Therefore, these results suggest that 14BME20
ameliorated allergic airway inflammation by reducing Th2
responses and inducing Treg responses.

Oral administration of probiotics affects intestinal immunity
by inducing Treg cells or immunosuppressive cytokines, such
as IL-10 and TGF-β. For instance, oral administration of

Clostridium butyricum CGMCC0313-1 has been shown to
increase the proportion of CD4+CD25+Foxp3+ Treg cells
in MLNs (41). Additionally, mice orally administered with
Weissella cibaria WIKIM28 isolated from got kimchi showed
increased proportions of CD4+CD25+Foxp3+ Treg cells and
IL-10 production in the MLNs (14). In another study, oral
treatment with Lactobacillus brevis SBC8803 markedly increased
IL-10 and TGF-β production in the payer’s patch (42). Similarly,
our data showed that CD4+CD25+Foxp3+ Treg cell population
and IL-10 production in the MLN of 14BME20-treated mice
were increased (Figure 3). Thus, our data clearly demonstrate
that oral administration of 14BME20 can induce a Treg
response and has beneficial effects on intestinal immunity.
Furthermore, CD4+CD25+Foxp3+ Treg cell population was also
increased in the lungs of 14BME20-treated mice (Figure 3),
indicating that Treg cells increased in the intestines exposed
to 14BME20 can migrate to other organs and regulate the
immune responses.

Although most probiotics have been reported to mitigate
allergic disease through Treg cells, the mechanism by which
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FIGURE 5 | Mucosal DCs isolated from 14BME20-treated mice exhibit the enhanced tolerogenic phenotype. Mice were orally administered with 14BME20 or PBS for

10 days. At day 11, mice were sacrificed and mucosal DCs were isolated lamina propria of small intestines. (A,B) The expression of cell surface markers was analyzed

by flow cytometry. (C) The levels of IL-10, TGF-β, and IDO in mucosal DCs were measured by qRT-PCR. (D) The percentage of CD11c+CD103+TGF-β+ cell

population was analyzed by flow cytometry. Data are representative of two independent experiments (n = 3), and bar graphs represent means ± SEM. **p < 0.01,

*p < 0.05 vs. the PBS-treated mice. N.S., not significant.

they induce Treg cells is not yet clear. However, some
probiotics have demonstrated the underlying mechanism by
confirming that Treg cell is generated through tolerogenic
DCs. Tolerogenic DCs are known to express PD-L1 on their
surface. They primarily produce IL-10, TGF-β, IDO, and COX-
2 and promote the differentiation of naïve CD4+ T cells
into CD4+CD25+Foxp3+Treg cells (38, 43–45). Lim et al.
demonstrated thatW. cibariaWIKIM28 isolated from got kimchi
induced tolerogenic DCs, which were identified by assessing
the production of IL-10 and the expression levels of PD-L1
and ICOS-L on the cell surface. Later, it was demonstrated
that W. cibaria WIKIM28-treated DCs promoted Treg cell
differentiation in a co-culture system (14). In addition, other
studies also proved that oral application of IRT5, which is
a mixture of 5 probiotics, also generated tolerogenic DCs
in the MLNs, draining LNs, and spleens. The population of
CD4+Foxp3+ Treg cells was shown to be increased in CD4+ T

cells co-cultured with IRT5-treated DCs (31, 46). Consistent with
these studies, our data showed that the expression of PD-L1, IL-
10, IDO, and COX-2, which are markers of tolerogenic DCs, was
significantly up-regulated in 14BME20-treated DCs (Figure 6).
As in the in vitro system, tolerogenic DCs were also induced by
14BME20 in both in vivo and ex vivo systems. The population of
CD103+PDL1+ DCs and CD11c+ MHCIIhiPDL1+ tolerogenic
DCs were increased in the MLN and lungs of 14BME20-
treated asthmatic mice, respectively (Figure 4). In the mucosal
DCs isolated from the lamina propria of 14BME20-treated
mice, the expression of CD103 and PDL1, which is known
to be involved in promoting Treg cell differentiation, was
increased, and the mRNA expression of IL-10 and IDO was
also increased. However, in mucosal DCs, 14BME20 reduced
TGF-β expression slightly or had no effect, as in the in vitro
system (Figure 5). CD103+ DC is known to induce Treg cells
by TGF-β- and retinoic acid-dependent ways (36, 47). 14BME20
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FIGURE 6 | 14BME20 generates tolerogenic DCs. BMDCs were treated with various MOIs (0, 1, 2, 5, and 10) of 14BME20 or LPS (100 ng/ml) for 24 h. (A,B) The

expression of PD-L1 was detected by flow cytometry. (C) The expression of immunoregulatory molecules was analyzed by qRT-PCR. (D) The level of IL-10 was

measured by ELISA. Data are representative of three independent experiments, and bar graphs represent means ± SEM. ***p < 0.001, **p < 0.01, *p < 0.05 vs. the

negative control group (no treatment).

used in our study did not affect the expression of TGF-β, a
key factor that induces Treg cells in BMDC and mucosal DCs.
However, Matteoli et al. (48) reported that IDOs expressed
by CD11c+CD103+ DCs in lamina propria play a major role
in Treg cell induction. In our study, 14BME20 increased the
expression of IDO and IL-10 in both BMDC and mucosal DC
(Figures 5, 6). Therefore, we speculate that 14BME20-induced
increase of Treg cell population is dependent on IL-10 and IDO,
not on TGF-β.

In the co-culture system, the proportion of CD4+IFN-
γ+ cells remained unchanged in 14BME20-treated
DCs (Supplementary Figure 5), but the proportion of
CD4+CD25+Foxp3+ Treg cells as well as the levels of IL-
10 were significantly enhanced (Figure 7). Thus, our data
indicate that 14BME20 induced tolerogenic DCs, thereby
promoting the differentiation of CD4+CD25+Foxp3+ Treg cells.

We also found that the generation of Treg cells by
14BME20 is dependent on IL-10. Treg cells were induced by
immunosuppressive cytokines, such as, IL-10 and TGF-β. Our
data showed that 14BME20 treatment increased the production
of IL-10 about 30-fold, while it had no effect on TGF-β levels.
The differentiation of Treg cells was suppressed by treatment

with a neutralizing anti-IL-10 mAb. Thus, our data indicate that
the differentiation of Treg cells induced by 14BME20 is mediated
by IL-10.

Th1 cells are reported to maintain a balance between Th1
and Th2 and prevent Th2-mediated allergic disease. However,
Th1 cells are also known to have no direct effects to inhibit Th2
cells. For example, excessive administration of antigen-specific
Th1 cells does not inhibit airway hyperreactivity caused by Th2
cells (49). Since then, a number of studies have been conducted
to demonstrate that Treg cells producing IL-10 have the ability
to inhibit Th2 responses, such as IgE switching, eosinophilia,
and AHR, to the antigen. For instance, Th1-like Treg cells have
a regulatory effect dependent on IL-10. (50). Immunity to the
antigen is dependent on IL-10 produced in DC, and this induces
generation of CD4+ Treg cells that produce IL-10. (51). In
addition, heat-killed Mycobacterium vaccae significantly reduces
AHR and eosinophila via IL-10 and TGF-β (52). Consistent
with these studies, we demonstrate that 14BME20 can inhibit
eosinophilic airway inflammation by inducing tolerogenic DCs
and Foxp3+ Treg cells that produce IL-10 and IDO.

Cell wall components or metabolites induce a variety
of immune responses, including induction of Treg cells.
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FIGURE 7 | 14BME20-treated DCs increase Treg cell population through IL-10. DCs were treated for 2 h with OVA (100µg/ml). The OVA-pulsed DCs were treated

with 14BME20 (MOI 10) or LPS for 24 h and co-cultured with naïve CD4+ T cells for 4 days. (A,B) The proportion of Treg cells was analyzed by flow cytometry.

(C) The level of IL-10 in the co-culture supernatant was measured by ELISA. (D,E) The OVA-pulsed DCs treated with 14BME20 were incubated for 30min with

IL-10-neutralizing Ab, and then co-cultured for 4 days with naive CD4+ T cells. The proportion of Treg cells was analyzed by flow cytometry. Data are representative of

three independent experiments, and bar graphs represent means ± SEM. ***p < 0.001, **p < 0.01, *p < 0.05 vs. the negative control (no treatment). #p < 0.05 vs.

the 14BME20-treated group. N.D., not detected.

Recently, cell surface β-glucan/galactan polysaccharides (CSGG)
of Bifidobacterium bifidum have been identified as a major
component inducing Treg cells (53). This CSGG induced IL-
10-secreting Foxp3+ Treg cells through regulatory DCs that
produce TGF-β and IL-10. In another study, polysaccharide
A from Bacteroides fragilis is a key molecule that induces
functional Treg cells that produce IL-10 during intestinal
inflammation via TLR2 (54). In addition, γ-PGA, a bio-
active metabolite of Bacillus subtilis, was also found to
regulate the immune response. In particular, γ-PGA isolated
from Bacillus subtilis of chungkookjang, a traditional Korean
fermented food, is reported to alleviate atopic dermatitis by
reducing the production of Th2 and Th17 cytokines (55). In
our study, in addition to the treatment with live 14BME20,
heat-inactivated 14BME20 similarly inhibited allergic airway
inflammation by reducing the Th2 response. Therefore, it is
expected that there will be a heat-stable component inducing
tolerogenic DCs and Treg cells among cellular fractionates
or metabolites, including cell membrane and cell surface
of 14BME20.

In conclusion, our results show that oral administration
of 14BME20 protects against allergic airway inflammation
through IL-10-mediated Treg response. Therefore, 14BME20
can be used as a novel agent to prevent the development
of allergic asthma. This study supports the potential of
CNS species including S. succinus in the treatment of
allergic diseases.
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