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Lactic acid bacteria (LAB) are commonly used in fermented foods, and some LAB modulate the immune response. 
We aimed to investigate the mechanism by which LAB isolates from fermented Brassica rapa L. induce the production 
of anti-inflammatory interleukin (IL)-10 by the murine spleen and RAW264 cells. Spleen cells from BALB/c mice 
or the mouse macrophage cell line RAW264 were cultured with heat-killed LAB isolated from fermented B. rapa 
L., and the IL-10 level in the supernatant was measured. Latilactobacillus curvatus K4G4 provided the most potent 
IL-10 induction among 13 isolates. Cell wall components of K4G4 failed to induce IL-10, while treatment of the 
bacteria with RNase A under a high salt concentration altered K4G4 induction of IL-10 by spleen cells. In general, 
a low salt concentration diminished the IL-10 induction by all strains, including K4G4. In addition, chloroquine 
pretreatment and knock down of toll-like receptor 7 through small interfering RNA suppressed K4G4 induction 
of IL-10 production by RAW264 cells. Our results suggest that single-stranded RNA from K4G4 is involved, via 
endosomal toll-like receptor 7, in the induction of IL-10 production by macrophages. K4G4 is a promising candidate 
probiotic strain that modulates the immune response by inducing IL-10 from macrophages.
Key words: lactic acid bacteria, fermented Brassica rapa L., murine immune cells, interleukin-10,  
single-stranded RNA, toll-like receptor

INTRODUCTION

Lactic acid bacteria (LAB) are a group of gram-positive 
microorganisms that produce lactic acid as their main 
fermentation end product during carbohydrate metabolism 
[1]. They are widespread in nature and are commonly used 
in fermented food manufacturing. Thus, LAB are a highly 
represented group of bacteria in probiotics, which are defined as 
“living microorganisms that confer several health benefits when 
administered in adequate amounts to the host” by the World 
Health Organization [2]. LAB are involved in modulating the 
composition and function of the gut microbiome, and they help 
to improve intestinal barrier functions, immune modulation, 
competitive adhesion of pathogens to mucosal sites, attenuation of 
the virulent factors of pathogens, and the production of bioactive 
compounds with anti-infectious or other functional properties 
[1]. The immune-modulatory functions of LAB include the 
suppression and induction of inflammatory and anti-inflammatory 

cytokine production, respectively, as well as the regulation of the 
T helper (Th) 1/Th2 balance [3, 4].

Th1 cells are involved in cell-mediated immunity, while Th2 
cells are involved in humoral immunity. Th2-skewed immune 
reactions are characterized by increased levels of Th2 cytokines, 
such as interleukin (IL)-4 and IL-5, and they contribute to the 
development of type I allergy [4]. IL-10 is one of the anti-
inflammatory cytokines secreted mainly from macrophages, 
dendritic cells (DCs), monocytes, and regulatory T cells [5–7]. 
Some strains of LAB have been shown to induce IL-10, resulting 
in the suppression of allergic diseases [8]. IL-10 is also involved 
in the suppression of metabolic syndrome, inflammatory bowel 
diseases, and light-induced retinopathy [9–11].

Brassica rapa L., known as Nozawana in Japan, is often 
consumed as a lactic acid-fermented food called Nozawana-
zuke in Nagano prefecture, Japan. Previous research identified 
Latilactobacillus curvatus as the most numerous LAB throughout 
the fermentation of B. rapa L., followed by Lactiplantibacillus 
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plantarum and Levilactobacillus brevis, all of which induce 
IL-10 and interferon-γ production by mouse spleen cells [8]. 
Administration of a boiled-water-insoluble fraction of B. rapa L. 
has been reported to change the composition of the gut microbiota 
by increasing the number of butyrate-producing bacteria, and 
this fraction can also modulate the immune response, such as 
by increased IL-10 production by mouse spleen cells [12]. In 
addition, LAB isolated from fermented B. rapa L. can induce a 
Th1-type of immune modulation [13]. These results have raised 
interest in the functionality of LAB isolated from fermented B. 
rapa L.

Among the LAB isolated from fermented B. rapa L., the 
bacterial components that are involved in IL-10 induction, as 
well as the molecular mechanisms involved in such induction, 
are still unclear. Thus, our study focused on determining which 
LAB isolates from fermented B. rapa L. are able to induce anti-
inflammatory cytokine IL-10 production and on investigating 
the causative mechanism of the IL-10 induction of LAB. Some 
bacterial components have been reported to induce cytokine 
production by immune cells. For example, the amount and 
structure of the teichoic acids (one of the bacterial cell wall 
components in gram-positive bacteria) of L. plantarum OLL2712 
change according to the culture conditions, and thus culture 
conditions can affect the toll-like receptor (TLR) 2-dependent IL-
10 production in bone marrow-derived dendritic cells (BMDCs) 
of BALB/c mice [3]. Furthermore, the amount of lipoteichoic 
acid (LTA) of L. plantarum L-137 is correlated with the 
expression levels of IL-12 p40 in DCs from the BALB/c mouse 
spleen [14]. However, the levels of IL-12 p70 production in the 
spleen and mesenteric lymph node cells of BALB/c mice are 
not correlated with the amount of LTA but rather are positively 
correlated with the levels of peptidoglycan (PGN) of LAB [15]. 
In the case of Pediococcus acidilactici K15, double-stranded (ds) 
RNA from this bacterium is involved in IL-6 or IL-12 induction, 
while single-stranded (ss) RNA is involved in IL-10 induction in 
DCs [16, 17]. In Enterococcus faecalis EC-12, ssRNA mainly 
contributes to the induction of IL-12 in human monocytes [18].

Here, we investigated the mechanism of IL-10 induction by 
LAB previously isolated from fermented B. rapa L. [8]. We 
focused on studying each isolate’s cell wall fractions and RNA 
as the causative agents of IL-10 induction. We first treated spleen 
cells of BALB/c mice with different LAB strains, and then we 
compared the IL-10 induction activities among the different 
strains. We investigated RAW264 cells in a similar manner to 
clarify whether macrophages can be induced to produce IL-10 
by LAB strains. In addition, both spleen and RAW264 cells were 
treated with cell wall fractions and ribonuclease (RNase)-treated 
LAB. Lastly, TLRs of RAW264 cells were knocked down with 
siRNAs to clarify the molecular mechanisms involved.

MATERIALS AND METHODS

Preparation of LAB
L. curvatus K4G4, K4G6, and K4G7 and L. plantarum K4G1, 

K4G2, K4G9, K4G13, K5G6, K5G8, K5G9, K5G18, K5G20, and 
K5G24 were isolated from fermented B. rapa L. [8]. LAB species 
were identified by 16S ribosomal RNA (rRNA) gene sequencing 
and species-specific PCR during previous research [19]. All LAB 
strains were cultured in de Man, Rogosa and Sharpe (MRS) 
broth (Becton Dickinson, Franklin Lakes, NJ, USA) at 37°C for 

24 hr. Bacterial cells were centrifuged at 10,000 × g for 5 min 
and washed with distilled water. The cells were resuspended in 
1 mL of distilled water, heat-killed by incubation at 65°C for 
30 min, and lyophilized. The lyophilized cells were resuspended 
in phosphate-buffered saline (PBS) and stored at −80°C.

Preparation of cell wall components
Cell wall (CW), PGN, and defatted CW fractions of L. 

curvatus K4G4 were prepared as described in previous research 
[14, 20], with slight modifications. K4G4 was cultured in MRS 
broth (800 mL) at 37°C for 24 hr. The cells were collected by 
centrifugation at 10,000 × g at 4°C for 10 min, resuspended in 
0.1 M phosphate buffer (pH 7.2), and then disrupted using an 
ultrasonic generator (VC-500, AS ONE, Osaka, Japan; set at an 
amplitude of 80 and disrupted for 3 min × 3) on ice. Unbroken 
cells were removed by centrifugation at 5,000 × g at 4°C for 
30 min. The resulting supernatant was centrifuged at 19,000 × 
g at 4°C for 30 min, and the precipitate was resuspended in 4% 
SDS solution and boiled at 95°C for 40 min. After cooling to 
room temperature, the solution was pelleted by centrifugation at 
19,000 × g at room temperature for 30 min, and the pellets were 
washed several times with sterilized water and resuspended in 
sterilized water. These suspensions were lyophilized and used as 
the CW fraction. To obtain the PGN fraction, the CW fraction 
was mixed with the same volume of 10% trichloroacetic acid, 
and the mixture was boiled for 20 min. After cooling to room 
temperature, the suspension was washed once with chloroform, 
twice with sterilized water, and then with ethanol. The solution 
was centrifuged at 20,600 × g at room temperature for 10 min, 
and the resulting pellets were lyophilized and used as the PGN 
fraction. The defatted CW fraction was prepared by mixing 
the CW fraction with the same amount of methanol and then 
centrifuging the mixture at 20,600 × g at room temperature 
for 10 min. The precipitate was delipidated through sequential 
suspension in methanol-chloroform-water (1:1:1, v/v), and 
methanol-water (1:1, v/v). The delipidated precipitate was 
completely air-dried and lyophilized, and the resulting product 
was used as the defatted CW fraction. All the different CW 
components were stored at −80°C prior to use.

Ribonuclease treatment
RNase A was used to digest dsRNA and/or ssRNA according 

to previous reports [16, 18]. Briefly, heat-killed LAB (1 mg) were 
suspended either in 120 µL of low-salt (10 mM Tris-HCl, pH 
8.0) or high-salt (10 mM Tris-HCl, pH 8.0, 0.3 M NaCl) buffer, 
and RNase A (Macherey-Nagel, Düren, Germany) was added to 
a final concentration of 24 U/mL. To digest dsRNA, heat-killed 
LAB was digested with 100 U/mL of RNase III (New England 
Biolabs, Tokyo, Japan) in the high-salt buffer [18]. After 2 hr 
of incubation at 37°C, RNase-treated cells were washed twice 
with each respective buffer and resuspended in PBS. The cell 
suspensions were stored at −80°C prior to use.

Preparation and stimulation of splenocytes
Five-week-old female BALB/c mice (Charles River 

Laboratories Japan, Kanagawa, Japan) were housed at 23°C 
± 2°C with a 12 hr light/dark cycle. The mice were rendered 
unconscious by CO2 inhalation and euthanized by cervical 
dislocation. Their spleens were removed by laparotomy and then 
sandwiched between two nylon meshes. The spleens were then 
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crushed using the plunger of a syringe. The crushed spleens were 
treated with hemolysis buffer (Tonbo Biosciences, San Diego, CA, 
USA) to deplete the tissue of red blood cells. After centrifugation, 
spleen cells were resuspended in RPMI-1640 medium (Nacalai 
Tesque, Kyoto, Japan) containing 10% (v/v) fetal calf serum 
(JRH Biosciences, Tokyo, Japan), 1% penicillin-streptomycin, 
and 50 μM 2-mercaptoethanol (Sigma-Aldrich, Tokyo, Japan). 
Spleen cells were cultured in 96-well flat-bottomed plates at a 
concentration of 5 × 105 cells/well in the presence of heat-killed 
LAB at 37°C for 48 hr in an atmosphere containing 5% CO2. 
After incubation, the supernatants were collected and stored at 
−80°C until cytokine measurements.

All experimental procedures were conducted in accordance 
with the Regulations for Animal Experimentation of Obihiro 
University of Agriculture and Veterinary Medicine, Japan 
(approval no. 21-126 and 21-182).

Cultivation and stimulation of RAW264 cells
RAW264 cells derived from murine macrophages were 

purchased from the RIKEN BioResource Center (RCB0535; 
Tsukuba, Ibaraki, Japan). The cells were maintained in RPMI-1640 
medium containing 10% (v/v) fetal calf serum and 1% penicillin-
streptomycin at 37°C in an atmosphere containing 5% CO2. 
RAW264 cells were seeded in 96-well plates at a concentration 
of 5 × 105 cells/well and then allowed to stabilize overnight. 
After seeding, the cells were pretreated with chloroquine (Nacalai 
Tesque, Kyoto, Japan) for 30 min [21] and then treated with 
heat-killed LAB (final concentration: 10 µg/mL) for 24 hr. After 
incubation, supernatants from LAB-treated cells were collected 
and stored at −80°C until subsequent measurements.

RNA interference
The RNA interference procedure is based on previous research 

[18]. TLR7 small interfering RNA (siRNA; Stealth siRNA, ID: 
86644) and a control siRNA (Stealth siRNA negative control) 
were purchased from Thermo Fisher Scientific (Tokyo, Japan). 
RAW264 cells were seeded in 48-well plates at a concentration 
of 1.25 × 105 cells/well and allowed to stabilize overnight. Then, 
48 µL of Lipofectamine RNAiMAX (Thermo Fisher Scientific) 
was diluted with 800 µL of Opti-MEM (Thermo Fisher 
Scientific). The siRNA stock solution was diluted with Opti-
MEM to a concentration of 0.77 μM, and the siRNA solution 
was mixed with the same volume of mixture of the Opti-MEM/
Lipofectamine solution (1:16.7). After a 5-min incubation, 
RAW264 cells were washed with Opti-MEM, and 50 µL of the 
Lipofectamine/siRNA mixture and 200 µL of Opti-MEM were 
added to each well. After 48 hr of further incubation, heat-killed 
K4G4 (final concentration: 10 µg/mL) was added. After 24 hr of 
incubation, the supernatants were collected and stored at −80°C 
until subsequent measurements.

Cytokine assay
The IL-10 concentrations of supernatants were determined with 

a commercial enzyme-linked immune sorbent assay (ELISA) 
kit (Invitrogen, Tokyo, Japan) according to the manufacturer’s 
instructions.

Revers transcription polymerase chain reaction
Total RNA was isolated using an ISOGEN II kit (Nippon Gene, 

Tokyo, Japan) following the manufacturer’s instructions. The 

first-strand complementary DNA (cDNA) was synthesized by 
reverse transcription using ReverTra Ace qPCR RT Master Mix 
with a gDNA Remover (Toyobo, Osaka, Japan) according to the 
manufacturer’s protocols. Real-time polymerase chain reaction 
(PCR) was performed with a 7300 Fast Real-Time PCR System 
(Applied Biosystems), using a KAPA SYBR FAST Universal 
qPCR Kit (Kapa Biosystems, Boston, MA, USA) according 
to the manufacturer’s instructions. The relative levels of gene 
expression were calculated using the delta-delta threshold cycle 
(Ct) method with normalization to glyceraldehyde-3-phospate 
dehydrogenase (Gapdh). All the primer sequences used in this 
study are listed in Supplementary Table 1.

Statistical analysis
All experiments were repeated at least twice. Data are presented 

as means ± standard deviation (SD). Statistical analysis was 
performed by one-way analysis of variance (ANOVA) followed 
by the Tukey–Kramer post hoc test using R version 4.0.5. Mean 
differences were considered statistically significant at p<0.05.

RESULTS

Screening of LAB strains from fermented B. rapa L.
Spleen cells from BALB/c mice were treated with 13 strains 

of heat-killed LAB (3 strains of L. curvatus and 10 strains of 
L. plantarum) for 48 hr. Analysis of the cell-free supernatants 
showed that L. curvatus K4G4 induced the highest level of IL-10 
in the spleen cells (Fig. 1).

IL-10 induction activities of CW components of K4G4
To identify the bacterial components contributing to IL-10 

production by mouse spleen cells, we prepared the CW, PGN, and 
defatted CW fractions from K4G4 cells and added each of them 
to cultured spleen cells. Although heat-killed K4G4 induced IL-
10 production, none of the CW components induced significant 
IL-10 production by spleen cells of mice (Fig. 2).

Effects of RNase A treatment of LAB on IL-10 induction activity
To determine whether LAB RNA is involved in IL-10 induction 

activities, we selected 3 strains of L. curvatus and 4 strains of 
L. plantarum based on their IL-10 induction activities, and we 
treated these 7 LAB strains with RNase A under low (0 M) and 
high (0.3 M) NaCl concentrations prior to their cultivation with 
spleen cells. RNase A treatment under the low NaCl concentration 
clearly resulted in lower IL-10 induction activities in spleen cells, 
irrespective of the LAB strain evaluated (Fig. 3). In contrast, 
RNase A treatment under the high NaCl concentration induced 
different IL-10 activities among the LAB strains. In particular, 
the IL-10 induction activity of K4G4 and K5G18 after RNase 
A treatment under the high NaCl concentration was significantly 
lower than that of untreated strains, and the reduced IL-10 
induction by RNase A treatment of K4G4 was more potent than 
that of K5G18. In contrast, the IL-10 induction activities of other 
LAB strains remained unchanged after RNase A treatment under 
the high NaCl concentration.

IL-10 induction activity of K4G4 in RAW264 cells and effects of 
RNase treatment

Among the immune cells of the spleen, we focused on 
macrophages as possible inducers of IL-10 in response to K4G4 
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stimulation. We treated the murine macrophage cell line RAW264 
with 13 strains of heat-killed LAB and then compared the IL-
10 induction activities. IL-10 induction in RAW264 cells was 
observed only with K4G4 (Supplementary Fig. 1). The bacterial 
components of K4G4 (CW, PGN, defatted CW) failed to induce 
IL-10 in RAW264 cells (data not shown). RNase A treatment of 
K4G4 under both the high and low NaCl concentrations resulted 
in significantly lower levels of IL-10 induction, and RNase III 

treatment of K4G4 did not produce significant changes in IL-10 
induction compared with untreated K4G4 (Fig. 4).

Identification of major receptors responsible for IL-10 induction 
by K4G4 in RAW264 cells

To clarify the mechanism of IL-10 induction by K4G4 RNA, 
we treated chloroquine-pretreated RAW264 cells with K4G4. 
Chloroquine pretreatment of RAW264 cells at concentrations 
of 10 µg/mL or higher resulted in significantly reduced IL-10 
induction by heat-killed K4G4, and with chloroquine pretreatment 
at 20 µg/mL, K4G4 failed to induce IL-10 production (Fig. 5). 
Chloroquine was not cytotoxic at concentrations of 20 µg/mL or 
lower (data not shown).

We pretreated RAW264 cells with TLR7 siRNA. TLR7 siRNA 
pretreatment significantly reduced (p<0.01) Tlr7 expression 
(Supplementary Fig. 2). TLR7 siRNA pretreatment of RAW264 
cells resulted in suppressive IL-10 induction by heat-killed K4G4 
(Fig. 6).

DISCUSSION

IL-10 is an anti-inflammatory cytokine that improves health 
problems [9–11]. Among 13 strains of LAB isolated from 
fermented B. rapa L., L. curvatus K4G4 induced the highest 
level of IL-10 production from murine immune cells, and we thus 
further investigated the mechanism of IL-10 induction in this 
strain.

The 13 LAB strains consisted of 3 strains of L. curvatus and 
10 strains of L. plantarum isolated from fermented B. rapa L. [8]. 
The IL-10 induction activities were compared among the strains, 
because such induction activities are known to be strain specific 
[22]. IL-10 induction activities differed among the LAB strains, 
especially among those belonging to the species L. curvatus 
(Fig. 1). Furthermore, L. curvatus K4G4 induced the highest level 

Fig. 1. IL-10 induction from spleen cells of BALB/c mice by 13 lactic acid bacteria (LAB) strains.
Spleen cells from BALB/c mice (5 × 105 cells/well) were treated without (Con) or with 10 µg/mL of heat-killed bacteria. After 48 hr of culture, cell-free 
supernatants were collected, and IL-10 levels were analyzed using enzyme-linked immune sorbent assay (ELISA) kits. Data are shown as the mean ± SD 
(n=3) and were analyzed using one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison test. Values without common letters 
differ significantly (p<0.05). Con: control.

Fig. 2. IL-10 induction from spleen cells of BALB/c mice by cell wall 
components of K4G4.
Spleen cells from BALB/c mice (5 × 105 cells/well) were treated without 
(Con) or with 10 µg/mL of cell wall components of K4G4. After 48 hr 
of culture, cell-free supernatants were collected, and IL-10 levels were 
analyzed using enzyme-linked immune sorbent assay (ELISA) kits. Data 
are shown as the mean ± SD (n=3). Data were analyzed using one-way 
analysis of variance (ANOVA) followed by Tukey’s multiple comparison 
test. Values without common letters differ significantly (p<0.05).
Con: control; CW: cell wall; PGN: peptidoglycan.
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of IL-10 production in spleen cells (Fig. 1). Thus, we selected 
K4G4 to investigate the mechanisms involved in IL-10 induction. 
The pro-inflammatory cytokine IFN-γ was induced by all strains, 
including K4G4, in spleen cells, and K4G4 had the lowest ability 
to induce IFN-γ production (data not shown). These observations 
are consistent with previous research [23].

CW components are known to be responsible for the immune 
modulation activities of LAB. For example, teichoic acids of 
L. plantarum OLL2712 induce IL-10 production in BMDCs 
of BALB/c mice [3], and LTA of L. plantarum L-137 induces 

the expression of IL-12 p40 in DCs of BALB/c mice [14]. 
Therefore, we prepared the CW, PGN, and defatted CW fractions 
of the K4G4 cell wall and compared their contributions to IL-
10 induction. None of these CW components induced IL-10 
production in murine spleen cells (Fig. 2).

Bacterial RNA is also known to contribute to cytokine induction 
by certain strains of LAB [16, 18]. By treating different LAB 
strains with RNase A under two different NaCl concentrations, we 
determined whether bacterial RNA contributed to IL-10 induction. 
RNase A digests only ssRNA at a high NaCl concentration (0.3 

Fig. 3. Effects of ribonuclease (RNase) A treatment of lactic acid bacteria (LAB) strains on IL-10 production in mouse spleen cells.
LAB were treated with RNase A at a low (0 M) or high (0.3 M) NaCl concentration. Spleen cells from BALB/c mice (5 × 105 cells/well) were treated with 
10 µg/mL of RNase-treated or untreated LAB. After 48 hr of culture, cell-free supernatants were collected, and IL-10 levels were analyzed using enzyme-
linked immune sorbent assay (ELISA) kits. Data are shown as the mean ± SD (n=3). Data were analyzed using one-way analysis of variance (ANOVA) 
followed by Tukey’s multiple comparison test. Within the same bacterial strain, treatment values without common letters differ significantly (p<0.05).

Fig. 4. Effects of ribonuclease (RNase) treatment of lactic acid bacteria 
(LAB) strains on IL-10 production in RAW264 cells.
LAB were treated with RNase A at a low (0 M) or high (0.3 M) NaCl 
concentration or with RNase III. RAW264 cells (5 × 105 cells/well) were 
treated with 10 µg/mL of RNase-treated or untreated LAB. After 24 hr 
of culture, cell-free supernatants were collected, and IL-10 levels were 
analyzed using enzyme-linked immune sorbent assay (ELISA) kits. Data 
are shown as the mean ± SD (n=4). Data were analyzed using one-way 
analysis of variance (ANOVA) followed by Tukey’s multiple comparison 
test. Values without common letters differ significantly (p<0.05).

Fig. 5. Effects of chloroquine on K4G4-induced IL-10 production in 
RAW264 cells.
RAW264 cells (5 × 105 cells/well) were pretreated with 0, 2.5, 5, 10, 
and 20 µg/mL of chloroquine for 30 min, and then they were treated 
with 10 µg/mL of heat-killed K4G4. After 24 hr of culture, cell-free 
supernatants were collected, and IL-10 levels were analyzed using 
enzyme-linked immune sorbent assay (ELISA) kits. Data are shown 
as the mean ± SD (n=4) and were analyzed using one-way analysis 
of variance (ANOVA) followed by Tukey’s multiple comparison test. 
Values without common letters differ significantly (p<0.05). ND: not 
detected.
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M), while it digests ssRNA, dsRNA, and RNA-DNA hybrids at 
a low NaCl concentration (0 M) [18]. Seven strains, including 
K4G4, were treated with RNase A under high and low NaCl 
concentrations, and IL-10 production in murine spleen cells was 
determined. IL-10 induction activity of K4G4 was remarkably 
lower after RNase treatment under the high NaCl concentration 
compared with that with untreated K4G4 (Fig. 3), suggesting that 
ssRNA, rather than dsRNA, of K4G4 was involved in the IL-10 
induction activity. In contrast, the IL-10 induction activities of 
the other 6 LAB strains were not changed remarkably by RNase 
treatment at the high NaCl concentration (Fig. 3), suggesting that 
the ssRNAs of these 6 strains were not much involved in their 
IL-10 induction. In addition, the IL-10 induction activities of 
all the tested RNase A-treated LAB strains without NaCl were 
significantly decreased (Fig. 3), suggesting that the dsRNAs of 
all tested strains were involved in the IL-10 induction activity. 
Therefore, K4G4 induced high levels of IL-10 from spleen cells, 
possibly because both dsRNA and ssRNA were involved in this 
strain’s IL-10-inducing activity.

IL-10 is secreted mainly from macrophages, DCs, monocytes, 
and regulatory T cells [5–7]. We investigated whether macrophages 
secrete IL-10 in response to K4G4 stimulation. When RAW264 
cells were treated with 13 LAB isolates from fermented B. rapa 
L., only K4G4 induced IL-10 production (Supplementary Fig. 1). 
As described above, bacterial cell wall components (CW, PGN, 
and defatted CW) of K4G4 did not induce IL-10 production. In 
addition, RNase A treatment both in the absence and presence of 
NaCl significantly decreased IL-10 induction activities compared 
with untreated K4G4; however, RNase III treatment did not (Fig. 
4). Overall, these results suggest that among the 13 strains isolated 
from fermented B. rapa L., only the ssRNA of K4G4 induced IL-
10 production in RAW264 cells; moreover, in contrast to spleen 
cells, RAW264 cells were not stimulated by bacterial dsRNA. 
Macrophages and other immune cells are known to produce 
IL-10 in response to the recognition of bacterial ssRNA or both 

bacterial dsRNA and ssRNA. The reason why RAW264 cells did 
not react to bacterial dsRNA and induce IL-10 production is still 
unclear. In this study, we conducted RNase treatment of LAB to 
determine whether RNA contributed to the IL-10 induction. Thus, 
the influence of other bacterial components cannot be excluded. 
Therefore, it is necessary to determine the IL-10 induction by 
ssRNA extracted from K4G4. In addition, it is possible that K4G4 
possesses specific ssRNA in terms of structure, amount, size, or 
sequences when compared with other LAB strains; however, the 
details of the mechanisms involved in the high levels of IL-10 
induction by K4G4 need to be clarified.

At least 13 TLRs have been identified in mammals, and 
previous studies have localized TLR3, TLR7, TLR8, and 
TLR9 to the endosomes [24–26]. TLR3 specifically recognizes 
dsRNA, while TLR7 and TLR8 recognize ssRNA [24, 25]. TLR9 
recognizes DNA, particularly hypomethylated CpG-containing 
DNA [24, 25]. Chloroquine is an anti-malaria drug that has also 
been used to treat immune-mediated inflammatory disorders such 
as rheumatoid arthritis and systemic lupus erythematosus [27]. 
It inhibits TLR3, TLR7, TLR8, and TLR9 signals (which are 
located in the endosome) by increasing the pH in the endosome 
and by binding to nucleic acids [21, 26, 28]. Here, we showed 
that pretreatment of chloroquine suppressed IL-10 induction by 
K4G4 in RAW264 cells in a dose-dependent manner (Fig. 5), 
suggesting that K4G4 stimulates endosomal TLRs to induce 
IL-10 production in RAW264 cells. Although TLR7 and TLR8 
are close phylogenetic relatives, ssRNA stimulates human TLR7 
and TLR8 and mouse TLR7 but does not stimulate mouse TLR8 
[29]. As our results suggest that the ssRNA of K4G4 contributes 
to IL-10 induction in RAW264 cells, we knocked down TLR7 
using its siRNA. Although the overall production of IL-10 was 
low due to fewer cells being seeded, the levels of IL-10 induction 
by heat-killed K4G4 were suppressed in TLR7-knocked down 
RAW264 cells (Fig. 6), suggesting that K4G4 is taken up by 
endosomes and that the ssRNA of K4G4 then stimulates TLR7 
to induce IL-10 production in RAW264 cells. The TLR7 agonist 
imiquimod reportedly induced IL-10 production in macrophages 
with accompanying cellular cAMP elevation, whereas another 
agonist, loxoribine, failed to induce IL-10 because of the absence 
of cAMP elevation [30], suggesting the contribution of not only 
TLR7 signaling but also cAMP elevation to IL-10 induction in 
macrophages. Since the pathway from TLR7 to IL-10 induction 
is unknown, it will be necessary to evaluate the details of 
downstream signaling pathways in the future. In addition, it will 
also be necessary to evaluate the anti-inflammatory function of 
K4G4 via IL-10 induction using in vivo models.

Among LAB isolates from fermented B. rapa L., the bacterial 
components that are involved in IL-10 induction and the 
molecular mechanisms involved in such induction have not been 
well determined. We demonstrated here that L. curvatus K4G4 
induced IL-10 production from both murine spleen cells and the 
RAW264 murine macrophage cell line. The mechanism probably 
involves the recognition of bacterial RNA, especially ssRNA of 
K4G4, by endosomal TLR7 of macrophages.

FUNDING

This study was supported by the Station for Management of 
Common Equipment, Obihiro University.

Fig. 6. Effects of toll-like receptor (TLR) knock down on K4G4 
induction of IL-10 production in RAW264 cells.
RAW264 cells (1.25 × 105 cells/well) were pretreated with NC siRNA or 
TLR7 siRNA for 48 hr. After treatment, the cells were treated with 10 µg/
mL of heat-killed K4G4. After 24 hr of culture, cell-free supernatants 
were collected, and IL-10 levels were analyzed using enzyme-linked 
immune sorbent assay (ELISA) kits. Data are shown as the mean ± SD 
(n=4) and were analyzed using one-way analysis of variance (ANOVA) 
followed by Tukey’s multiple comparison test. Values without common 
letters differ significantly (p<0.05).



MECHANISMS OF IL-10 INDUCTION BY LLB. CURVATUS K4G4 233

doi: 10.12938/bmfh.2023-073 ©2024 BMFH Press

CONFLICT OF INTEREST

The authors declare no potential conflicts of interest with 
respect to the research, authorship, and/or publication of this 
article.

REFERENCES

 1. Ren C, Faas MM, de Vos P. 2021. Disease managing capacities and mechanisms of 
host effects of lactic acid bacteria. Crit Rev Food Sci Nutr 61: 1365–1393. [Medline]  
[CrossRef]

 2. Hemarajata P, Versalovic J. 2013. Effects of probiotics on gut microbiota: mechanisms 
of intestinal immunomodulation and neuromodulation. Therap Adv Gastroenterol 6: 
39–51. [Medline]  [CrossRef]

 3. Toshimitsu T, Ozaki S, Mochizuki J, Furuichi K, Asami Y. 2017. Effects of 
Lactobacillus plantarum strain OLL2712 culture conditions on the anti-inflammatory 
activities for murine immune cells and obese and type 2 diabetic mice. Appl Environ 
Microbiol 83: e03001-16. [Medline]  [CrossRef]

 4. Ai C, Ma N, Zhang Q, Wang G, Liu X, Tian F, Chen P, Chen W. 2016. 
Immunomodulatory effects of different lactic acid bacteria on allergic response and its 
relationship with in vitro properties. PLoS One 11: e0164697. [Medline]  [CrossRef]

 5. Dawicki W, Huang H, Ma Y, Town J, Zhang X, Rudulier CD, Gordon JR. 2021. 
CD40 signaling augments IL-10 expression and the tolerogenicity of IL-10-induced 
regulatory dendritic cells. PLoS One 16: e0248290. [Medline]  [CrossRef]

 6. Iyer SS, Cheng G. 2012. Role of interleukin 10 transcriptional regulation in 
inflammation and autoimmune disease. Crit Rev Immunol 32: 23–63. [Medline]  
[CrossRef]

 7. Sabat R, Grütz G, Warszawska K, Kirsch S, Witte E, Wolk K, Geginat J. 2010. Biology 
of interleukin-10. Cytokine Growth Factor Rev 21: 331–344. [Medline]  [CrossRef]

 8. Sandagdorj B, Hamajima C, Kawahara T, Watanabe J, Tanaka S. 2019. Characterization 
of microbiota that influence immunomodulatory effects of fermented Brassica rapa L. 
Microbes Environ 34: 206–214. [Medline]  [CrossRef]

 9. Morita Y, Miwa Y, Jounai K, Fujiwara D, Kurihara T, Kanauchi O. 2018. Lactobacillus 
paracasei KW3110 prevents blue light-induced inflammation and degeneration in the 
retina. Nutrients 10: 1991. [Medline]  [CrossRef]

 10. Yang Y, Zheng X, Wang Y, Tan X, Zou H, Feng S, Zhang H, Zhang Z, He J, Cui B, et 
al. 2022. Human fecal microbiota transplantation reduces the susceptibility to dextran 
sulfate sodium-induced germ-free mouse colitis. Front Immunol 13: 836542. [Medline]  
[CrossRef]

 11. Kim YH, Pyo S. 2019. Interleukin-10 suppresses adipogenesis via Wnt5a signaling 
pathway in 3T3-L1 preadipocytes. Biochem Biophys Res Commun 509: 877–885. 
[Medline]  [CrossRef]

 12. Tanaka S, Yamamoto K, Yamada K, Furuya K, Uyeno Y. 2016. Relationship of enhanced 
butyrate production by colonic butyrate-producing bacteria to immunomodulatory 
effects in normal mice fed an insoluble fraction of Brassica rapa L. Appl Environ 
Microbiol 82: 2693–2699. [Medline]  [CrossRef]

 13. Kawahara T, Otani H. 2006. Stimulatory effect of lactic acid bacteria from commercially 
available Nozawana-zuke pickle on cytokine expression by mouse spleen cells. Biosci 
Biotechnol Biochem 70: 411–417. [Medline]  [CrossRef]

 14. Hirose Y, Murosaki S, Fujiki T, Yamamoto Y, Yoshikai Y, Yamashita M. 2010. 
Lipoteichoic acids on Lactobacillus plantarum cell surfaces correlate with induction of 
interleukin-12p40 production. Microbiol Immunol 54: 143–151. [Medline]  [CrossRef]

 15. Sashihara T, Sueki N, Ikegami S. 2006. An analysis of the effectiveness of heat-
killed lactic acid bacteria in alleviating allergic diseases. J Dairy Sci 89: 2846–2855. 
[Medline]  [CrossRef]

 16. Kawashima T, Ikari N, Watanabe Y, Kubota Y, Yoshio S, Kanto T, Motohashi S, 
Shimojo N, Tsuji NM. 2018. Double-stranded RNA derived from lactic acid bacteria 
augments Th1 immunity via interferon-β from human dendritic cells. Front Immunol 
9: 27. [Medline]  [CrossRef]

 17. Kawashima T, Ikari N, Kouchi T, Kowatari Y, Kubota Y, Shimojo N, Tsuji NM. 2018. 
The molecular mechanism for activating IgA production by Pediococcus acidilactici 
K15 and the clinical impact in a randomized trial. Sci Rep 8: 5065. [Medline]  
[CrossRef]

 18. Nishibayashi R, Inoue R, Harada Y, Watanabe T, Makioka Y, Ushida K. 2015. RNA 
of Enterococcus faecalis strain EC-12 is a major component inducing interleukin-12 
production from human monocytic cells. PLoS One 10: e0129806. [Medline]  
[CrossRef]

 19. Yin T, Bayanjargal S, Fang B, Inaba C, Mutoh M, Kawahara T, Tanaka S, Watanabe J. 
2020. Lactobacillus plantarum Shinshu N-07 isolated from fermented Brassica rapa L. 
attenuates visceral fat accumulation induced by high-fat diet in mice. Benef Microbes 
11: 655–667. [Medline]  [CrossRef]

 20. Kawano M, Miyoshi M, Miyazaki T. 2019. Lactobacillus helveticus SBT2171 induces 
A20 expression via toll-like receptor 2 signaling and inhibits the lipopolysaccharide-
induced activation of nuclear factor-kappa B and mitogen-activated protein kinases in 
peritoneal macrophages. Front Immunol 10: 845. [Medline]  [CrossRef]

 21. Talati AJ, Kim HJ, Kim YI, Yi AK, English BK. 2008. Role of bacterial DNA in 
macrophage activation by group B streptococci. Microbes Infect 10: 1106–1113. 
[Medline]  [CrossRef]

 22. Toshimitsu T, Mochizuki J, Ikegami S, Itou H. 2016. Identification of a Lactobacillus 
plantarum strain that ameliorates chronic inflammation and metabolic disorders in 
obese and type 2 diabetic mice. J Dairy Sci 99: 933–946. [Medline]  [CrossRef]

 23. Kawashima T, Kosaka A, Yan H, Guo Z, Uchiyama R, Fukui R, Kaneko D, Kumagai 
Y, You DJ, Carreras J, et al. 2013. Double-stranded RNA of intestinal commensal but 
not pathogenic bacteria triggers production of protective interferon-β. Immunity 38: 
1187–1197. [Medline]  [CrossRef]

 24. Li X, Sun X, Guo X, Li X, Peng S, Mu X. 2022. Chemical reagents modulate nucleic 
acid-activated toll-like receptors. Biomed Pharmacother 147: 112622. [Medline]  
[CrossRef]

 25. Ablasser A, Poeck H, Anz D, Berger M, Schlee M, Kim S, Bourquin C, Goutagny 
N, Jiang Z, Fitzgerald KA, et al. 2009. Selection of molecular structure and delivery 
of RNA oligonucleotides to activate TLR7 versus TLR8 and to induce high amounts 
of IL-12p70 in primary human monocytes. J Immunol 182: 6824–6833. [Medline]  
[CrossRef]

 26. Kužnik A, Benčina M, Švajger U, Jeras M, Rozman B, Jerala R. 2011. Mechanism of 
endosomal TLR inhibition by antimalarial drugs and imidazoquinolines. J Immunol 
186: 4794–4804. [Medline]  [CrossRef]

 27. Sun S, Rao NL, Venable J, Thurmond R, Karlsson L. 2007. TLR7/9 antagonists as 
therapeutics for immune-mediated inflammatory disorders. Inflamm Allergy Drug 
Targets 6: 223–235. [Medline]  [CrossRef]

 28. Gies V, Bekaddour N, Dieudonné Y, Guffroy A, Frenger Q, Gros F, Rodero MP, 
Herbeuval JP, Korganow AS. 2020. Beyond anti-viral effects of Chloroquine/
Hydroxychloroquine. Front Immunol 11: 1409. [Medline]  [CrossRef]

 29. Gorden KKB, Qiu XX, Binsfeld CCA, Vasilakos JP, Alkan SS. 2006. Cutting edge: 
activation of murine TLR8 by a combination of imidazoquinoline immune response 
modifiers and polyT oligodeoxynucleotides. J Immunol 177: 6584–6587. [Medline]  
[CrossRef]

 30. Ernst O, Failayev H, Athamna M, He H, Tsfadia Y, Zor T. 2020. A dual and conflicting 
role for imiquimod in inflammation: a TLR7 agonist and a cAMP phosphodiesterase 
inhibitor. Biochem Pharmacol 182: 114206. [Medline]  [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/32366110?dopt=Abstract
http://dx.doi.org/10.1080/10408398.2020.1758625
http://www.ncbi.nlm.nih.gov/pubmed/23320049?dopt=Abstract
http://dx.doi.org/10.1177/1756283X12459294
http://www.ncbi.nlm.nih.gov/pubmed/28087537?dopt=Abstract
http://dx.doi.org/10.1128/AEM.03001-16
http://www.ncbi.nlm.nih.gov/pubmed/27764153?dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0164697
http://www.ncbi.nlm.nih.gov/pubmed/33793599?dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0248290
http://www.ncbi.nlm.nih.gov/pubmed/22428854?dopt=Abstract
http://dx.doi.org/10.1615/CritRevImmunol.v32.i1.30
http://www.ncbi.nlm.nih.gov/pubmed/21115385?dopt=Abstract
http://dx.doi.org/10.1016/j.cytogfr.2010.09.002
http://www.ncbi.nlm.nih.gov/pubmed/31167991?dopt=Abstract
http://dx.doi.org/10.1264/jsme2.ME19003
http://www.ncbi.nlm.nih.gov/pubmed/30558320?dopt=Abstract
http://dx.doi.org/10.3390/nu10121991
http://www.ncbi.nlm.nih.gov/pubmed/35237276?dopt=Abstract
http://dx.doi.org/10.3389/fimmu.2022.836542
http://www.ncbi.nlm.nih.gov/pubmed/30642634?dopt=Abstract
http://dx.doi.org/10.1016/j.bbrc.2019.01.033
http://www.ncbi.nlm.nih.gov/pubmed/26921420?dopt=Abstract
http://dx.doi.org/10.1128/AEM.03343-15
http://www.ncbi.nlm.nih.gov/pubmed/16495657?dopt=Abstract
http://dx.doi.org/10.1271/bbb.70.411
http://www.ncbi.nlm.nih.gov/pubmed/20236424?dopt=Abstract
http://dx.doi.org/10.1111/j.1348-0421.2009.00189.x
http://www.ncbi.nlm.nih.gov/pubmed/16840600?dopt=Abstract
http://dx.doi.org/10.3168/jds.S0022-0302(06)72557-7
http://www.ncbi.nlm.nih.gov/pubmed/29410667?dopt=Abstract
http://dx.doi.org/10.3389/fimmu.2018.00027
http://www.ncbi.nlm.nih.gov/pubmed/29567956?dopt=Abstract
http://dx.doi.org/10.1038/s41598-018-23404-4
http://www.ncbi.nlm.nih.gov/pubmed/26083838?dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0129806
http://www.ncbi.nlm.nih.gov/pubmed/33045842?dopt=Abstract
http://dx.doi.org/10.3920/BM2020.0009
http://www.ncbi.nlm.nih.gov/pubmed/31057558?dopt=Abstract
http://dx.doi.org/10.3389/fimmu.2019.00845
http://www.ncbi.nlm.nih.gov/pubmed/18602491?dopt=Abstract
http://dx.doi.org/10.1016/j.micinf.2008.06.001
http://www.ncbi.nlm.nih.gov/pubmed/26686731?dopt=Abstract
http://dx.doi.org/10.3168/jds.2015-9916
http://www.ncbi.nlm.nih.gov/pubmed/23791646?dopt=Abstract
http://dx.doi.org/10.1016/j.immuni.2013.02.024
http://www.ncbi.nlm.nih.gov/pubmed/35008000?dopt=Abstract
http://dx.doi.org/10.1016/j.biopha.2022.112622
http://www.ncbi.nlm.nih.gov/pubmed/19454678?dopt=Abstract
http://dx.doi.org/10.4049/jimmunol.0803001
http://www.ncbi.nlm.nih.gov/pubmed/21398612?dopt=Abstract
http://dx.doi.org/10.4049/jimmunol.1000702
http://www.ncbi.nlm.nih.gov/pubmed/18220957?dopt=Abstract
http://dx.doi.org/10.2174/187152807783334300
http://www.ncbi.nlm.nih.gov/pubmed/32714335?dopt=Abstract
http://dx.doi.org/10.3389/fimmu.2020.01409
http://www.ncbi.nlm.nih.gov/pubmed/17082568?dopt=Abstract
http://dx.doi.org/10.4049/jimmunol.177.10.6584
http://www.ncbi.nlm.nih.gov/pubmed/32828805?dopt=Abstract
http://dx.doi.org/10.1016/j.bcp.2020.114206

