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IL-10-producing B (Breg) cells regulate various immune res-
ponses. However, their phenotype remains unclear. CD40 ex-
pression was significantly increased in B cells by LPS, and the 
Breg cells were also enriched in CD40hiCD5+ B cells. Further-
more, CD40 expression on Breg cells was increased by IL-10, 
CD40 ligand, and B cell-activating factor, suggesting that 
CD40hi is a common phenotype of Breg cells. LPS-induced 
CD40 expression was largely suppressed by an anti-IL-10 re-
ceptor antibody and in IL-10−/−CD5+CD19+ B cells. The auto-
crine effect of IL-10 on the CD40 expression was largely sup-
pressed by an inhibitor of JAK/STAT3. In vivo, the LPS treat-
ment increased the population of CD40hiCD5+ Breg cells in 
mice. However, the population of CD40hiCD5+ B cells was 
minimal in IL-10−/− mice by LPS. Altogether, our findings 
show that Breg cells are largely enriched in CD40hiCD5+ B 
cells and the autocrine effect of IL-10 is critical to the formation 
of CD40hiCD5+ Breg cells. [BMB Reports 2015; 48(1): 54-59]

INTRODUCTION

B cells have been mainly described for their capacity to produce 
antibodies, promote naïve T cell differentiation into helper T 
cells, and antigen presentation (1). However, recent data has 
shown that some B cell subsets play a protective role in various 
inflammatory animal models such as contact hypersensitivity, 
experimental autoimmune encephalomyelitis (EAE), colla-
gen-induced arthritis (CIA), inflammatory bowel disease (IBD), 
and lupus, through the production of IL-10 (2-7). 

A number of regulatory B (Breg) cell phenotypes have been re-
ported as CD1dhi, CD1dhiCD5+, transitional 2 marginal zone 
precursor (T2-MZP), marginal zone (MZ) (CD21hiCD23−), and T 
cell Ig domain and mucin domain protein-1 (Tim-1)-positive in 
various inflammatory disease models. CD1dhi B cells, but not 
CD1d−/− B cells, suppressed the development of chronic colitis 
in mice (2). IL-10-producing T2-MZP and MZ B cells were in-
duced by the stimulation of CD40 signaling pathways to pro-
duce IL-10 in a collagen-induced arthritis model (3, 4). Tedder 
and coworkers also showed that CD1dhiCD5+ B cells regulate 
contact hypersensitivity responses in mice (5). TIM-1 was also 
suggested as a unique marker on IL-10-producing Breg cells (8). 
However, characterization of the phenotypes of Breg cells re-
mains far from complete. 

Recently, Tedder and coworkers suggested that IL-10-produc-
ing Breg (B10) cells originate from a progenitor population 
(B10pro). They reported that the activation of CD40 signaling 
and LPS treatment can induce B10 pro (CD1d−CD5−) cells to 
become competent for IL-10 expression (9). Following a tran-
sient period of IL-10 expression by CD40 and Toll-like receptor 
(TLR) signaling, Breg cells can differentiate into antibody- secret-
ing plasma cells and memory Breg cells (10). Although the differ-
entiation phase of Breg cells has been recognized, the pheno-
typic modulation and cellular mechanisms are not yet fully 
understood.

Here we show that LPS treatment stimulated formation of Breg 
cells and these were significantly enriched in a population of 
CD40hiCD5+ B cells. Furthermore, we show that IL-10 autocrine 
signaling is critical to enhancing the population of CD40hi 

CD5+CD19+ Breg cells.

RESULTS

LPS-stimulated IL-10 production is associated with CD40 
expression on B cells
We initially determined whether splenic B cells produce IL-10 
upon LPS stimulation. The LPS/TLR4 axis is a well-known trigger 
for stimulation of intracellular IL-10 expression and secretion 
from mouse B cells (11). We found that the frequency of Breg 
cells was increased by LPS stimulation in CD19+ B cells in a 
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Fig. 1. LPS-induced CD40 high expression is dependent on IL-10-producing B cell differentiation. (A) Representative images of LPS-induced 
IL-10+ B cell activation in a time-dependent manner. (B) Frequencies of IL-10 in mouse splenic B cells stimulated with LPS. (C) 
Quantitative analysis of secreted IL-10 from LPS-stimulated B cells. Cells were stimulated with LPS for the indicated times and then single 
cells or supernatant were harvested. Data are the means ± SEM from three independent experiments. *P ＜ 0.05; **P ＜ 0.01. n.s., not 
significant. (D) Representative images and (E) mean fluorescence intensity (MFI) analysis of CD40 expression on LPS-stimulated B cells. (F) 
Levels of LPS-stimulated B-cell secretion of IL-10 and surface expression of CD40. Representative images are shown from three in-
dependent experiments. (G) Comparison of CD40 expression on IL-10+ or IL-10− B cells and IL-10 expression in CD40hi or CD40lo B 
cells. (H) Phenotypic analysis of CD40hi or CD40lo B cells by LPS stimulation for 5 or 48 h. (I) Representative image and MFI of IL-10 
expression in CD40hi or CD40lo B cells from indicated tissue-derived cells. MFI values are the means ± SEM from three independent ex-
periments: *P ＜ 0.05; **P ＜ 0.01. n.s., not significant.

time-dependent manner (Fig. 1A and 1B). Accordingly, secre-
tion of IL-10 from Breg cells was strongly elevated in LPS-stimu-
lated B cells (Fig. 1C). Notably, CD40 expression on B cells was 
significantly increased by stimulating with LPS for 48 h, but not 
5 h (Fig. 1D and 1E). This result was further confirmed that the 
expression of CD40 was increased by LPS for 48 h in these cells 
(Fig. 1F). Based on these results, we expected that the activation 
of Breg cells is closely associated with upregulation of CD40 
expression.

Next, we investigated whether upregulation of CD40 is asso-
ciated with IL-10 production in Breg cells. The increase in CD40 
expression was apparent by stimulating with LPS for 48 h, and 
the CD40 expression on IL-10+ B cells was higher than that on 
IL-10− B cells (Fig. 1G). The production of IL-10 by CD40hi B 
cells was consistently robust (Fig. 1G). Next, we phenotypically 

characterized LPS-induced CD40hi Breg cells. We could not find 
any phenotypic differences between CD40hi and CD40lo B cells 
in the expression of IgD, CD11b, CD23, and B220. However, 
expression of CD1d, CD19, CD21, and CD5 was enhanced by 
LPS (Fig. 1H). It was also evident that the production of IL-10 was 
enhanced in the population of CD40hi B cells from spleen, mes-
enteric lymph nodes, inflamed lymph nodes, and blood, but not 
the peritoneal cavity, compared to CD40lo B cells (Fig. 1I). These 
results suggest that LPS-triggered expansion of the CD40hi pop-
ulation is closely correlated with the production of IL-10 in Breg 
cells. 

Expression of IL-10 is dominant in the population of 
CD40hiCD5+ B cells
CD5-expressing B-1a B cells are generally recognized as one of 
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Fig. 2. The predominant IL-10-producing B cells are CD40hiCD5+

B cells in long-term LPS stimulation. (A) Representative images 
and (B) frequencies of IL-10 expression in CD5+ or CD5− B cells 
induced by LPS treatment for 5 or 48 h. (C) Representative histo-
gram and (D) mean fluorescence intensity (MFI) of surface CD40 
expression on CD5+ or CD5− B cells treated with LPS for the in-
dicated times. MFI values are the means ± SEM from three in-
dependent experiments: *P ＜ 0.05; **P ＜ 0.01. n.s., not 
significant. (E) Flow cytometric analysis based phenotypic separa-
tion of CD40hiCD5+, CD40loCD5+, and CD5− LPS-induced B cells.
(F) MFI, (G) representative gene expression images, and (H) numeric
values for IL-10 protein band density in lysates of CD40hiCD5+, 
CD40loCD5+, and CD5− B cells.

the regulatory B cell subsets involved in various autoimmune dis-
eases through IL-10 production (12-15). We therefore sought to 
determine whether IL-10 production is correlated with pheno-
typic features of CD40 expression in LPS-stimulated CD5+ Breg 
cells. As shown in Fig. 2A and 2B, LPS significantly enhanced the 
IL-10 production in CD5+ B cells, but not CD5− B cells, in a 
time-dependent manner. From these results, we hypothesized 
that LPS-induced CD40 expression is closely correlated with the 
production of IL-10 in CD5+ B cells. Next, we compared the ex-
pression level of CD40 in CD5+ and CD5− B cells. CD40 ex-
pression was increased in both CD5+ and CD5− B cells by stim-
ulation with LPS (Fig. 2C and 2D). Notably, the CD40 expression 

in CD5+ B cells was much stronger than that in CD5− B cells after 
48 h of LPS stimulation (Fig. 2D). The analysis of IL-10 expression 
by flow cytometry and RT-PCR showed that IL-10 was produced 
in CD40hiCD5+ B cells, but its expression was minimal in 
CD40loCD5+ B cells (Fig. 2E-2H). These results suggest that 
CD40 expression is closely associated with IL-10 production in 
Breg cells.

Autocrine IL-10-stimulated JAK/STAT3 signaling is critical to 
the induction of CD40hiCD5+ Breg cells 
Next, we investigated whether various IL-10 inducers (LPS, 
IL-10, CD40 ligand, and B cell-activating factor (BAFF)) enhance 
the population of CD40hiCD5+ Breg cells. All inducers 
stimulated both the expression of IL-10 (Fig. 3A) and the for-
mation of CD40hiCD5+ B cells (Fig. 3B). These results suggest 
that the expansion of CD40hiCD5+ Breg cells is associated with 
the IL-10 production capacity of Breg cells.

The above results led us to investigate whether Breg 
cell-produced IL-10 enhances the formation of the CD40hiCD5+ 
B cell population. We reconfirmed that the expansion of 
CD40hiCD5+ B cells is increased by LPS and IL-10 (Fig. 3C). 
Next, we determined whether the expansion of CD40hiCD5+ B 
cells is associated with the autocrine effects of IL-10. The 
expansion of CD40hiCD5+ B cells was significantly suppressed 
by an anti- IL-10 receptor antibody (Fig. 3D). Furthermore, the 
expansion of CD40hiCD5+ B cells was minimal in IL-10−/−
CD5+ B cells stimulated with LPS (Fig. 3E), suggesting that an 
autocrine effect of IL-10 is critical for the expansion of 
CD40hiCD5+ B cells and the production of IL-10. The activation 
of the JAK/ STAT3 signaling pathway by IL-10 is critical for the 
regulation of various immune cells (16). Therefore, we further 
assessed whether the autocrine effect of IL-10 is associated with 
the IL- 10-stimulated JAK/STAT3 pathway in Breg cells. Of note, 
the induction of IL-10 and CD40hi expression by LPS was 
inhibited by AG490, a specific inhibitor of the JAK/STAT3 
pathway (Fig. 3F and 3G), suggesting that IL-10-induced 
JAK/STAT3 signaling is critical to the enhancement of 
CD40hiCD5+ Breg cells. 

Autocrine effect of IL-10 is also critical to the formation of 
CD40hiCD5+ Breg cells in LPS-stimulated mice
To assess the induction of the IL-10-producing CD40hi pop-
ulation of CD5+ B cells in vivo, we intravenously injected LPS 
(1 mg/kg) into mice, and then analyzed the production of 
IL-10-producing splenic CD40hiCD5+ Breg cells. Similar to the 
in vitro results, the expression of IL-10 was significantly in-
creased in a time-dependent manner (Fig. 4A and 4B). Next, 
we determined whether the enhancement of CD40hiCD5+ B 
cells was dependent on IL-10 in mice. The splenic population 
of CD40hiCD5+ Breg cells was substantially increased in 
LPS-stimulated WT (IL-10+/+) mice, but not in IL-10−/− mice 
(Fig. 4C). These results strongly suggest that the formation of 
CD40hiCD5+ Breg cells was regulated by IL-10 in mice.
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Fig. 3. The formation of CD40hiCD5+ B cells is controlled by autocrine IL-10. (A) Frequencies of IL-10 production and (B) CD40hiCD5+ expression
in splenic B cells induced by LPS (10 μg/ml), IL-10 (10 ng/ml), CD40L (1 μg/ml), and BAFF (100 ng/ml) treatment for 5 or 48 h. Representative
images for CD40hiCD5+ expression on B cells induced by LPS, IL-10, CD40L, and BAFF treatment for the indicated times. (C) Representative
images and frequency of CD40hiCD5+ expression in B cells stimulated with LPS or IL-10 for 5 or 48 h. (D) Representative images and frequency
of CD40hiCD5+ B cells after treatment with LPS for 5 or 48 h. (E) Representative images and frequency of CD40hiCD5+ B cells from WT (IL-10+/+)
or IL-10−/− mice. Data are the means ± SEM from three independent experiments. **P ＜ 0.01. n.s., not significant. (F) Representative images
of LPS-induced IL-10 production and (G) CD40hiCD5+ expression in B cells treated with AG490 for 5 or 48 h.

DISCUSSION

Breg cells have been acknowledged to have anti-inflammatory 
activity in various immune responses. However, the phenotypic 
characterization of Breg cells remains incomplete. The goal of 
our study was to determine the phenotypic features of the in-
duction mechanism of Breg cells. We found that the frequency 
of Breg cells was increased by LPS treatment. Interestingly, this 
observation was closely associated with the increased ex-
pression of CD40 on B cells. Although the increased expression 
of CD40 is a typical feature of activated B2 cells (11, 17), the role 
and induction mechanism of CD40 in B1a Breg cells are still in-
completely understood. We observed that the population of 
Breg cells was highly enriched in CD40hiCD5+ B cells, com-
pared to CD40loCD5+ B cells (Fig. 3E and 3F). These results sug-
gest that the high expression of CD40 on B cells is closely asso-
ciated with IL-10 production in Breg cells. 

We next found unexpectedly that the frequency of 

CD40hiCD5+ B cells was increased by various IL-10 inducers in-
cluding LPS, IL-10, CD40 ligand (CD40L), and BAFF (Fig. 3A 
and 3B). Although LPS, IL-10, CD40L, and BAFF stimulate differ-
ent intracellular signaling pathways leading to IL-10 production 
in Breg cells (17, 21), the high expression of CD40 on CD5+ B 
cells was evidenced by the production of IL-10 (Fig. 3A and 3B). 
These results suggest that the formation of CD40hiCD5+ Breg 
cells requires the activation of common signaling proteins in the 
cells. Here, we argue that the LPS-induced CD40hi expression 
was critical to formation of Breg cells. 

The treatment with IL-10 stimulated the formation of IL-10+ 
Breg cells (Fig. 3A and 3B), suggesting that LPS-stimulated Breg 
cell-induced IL-10 may enhance the formation of CD40hi Breg 
cells as an autocrine mechanism. To further determine whether 
the autocrine effect of IL-10 secreted by Breg cells is critical to the 
formation of CD40hiCD5+ B cell subsets, Breg cells were stimu-
lated by LPS with or without anti-IL-10 receptor antibody and fur-
ther investigated in IL-10−/− mice. Recombinant IL-10 showed a 
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Fig. 4. The formation of LPS-induced CD40hiCD5+ B cells is dependent
on endogenous IL-10 production in mice. (A) Representative images, 
(B) frequency and number of IL-10-producing splenic B cells in mice
treated with LPS (1 mg/kg, i.v.) for 0 to 3 days. For intracellular IL-10 
detection, the cells were cultured with LPS, PMA, ionomycin, and bre-
feldin A for 5 h. (C) Representative images and frequency of 
CD40hiCD5+ splenic B cells from WT and IL-10−/− mice treated with 
LPS for 3 days. Data are the means ± SEM from three independent
experiments. *P ＜ 0.05; **P ＜ 0.01. n.s., not significant. (D) Schematic
of the proposed mechanism for the differentiation of IL-10-producing
B cells into CD40hiCD5+ B cells by autocrine IL-10. The activation 
of Breg and Breg progenitor cells can be initiated by LPS and autocrine
IL-10 produced by Breg cells. Costimulation by LPS and autocrine IL-10
leads to the differentiation of IL-10-producing B cells to the CD40hiCD5+

phenotype via the JAK/STAT signaling pathway.

synergistic effect with LPS in enriching CD40hiCD5+ B cell sub-
sets (Fig. 3C). However, the formation of CD40hiCD5+ Breg cells 
was blocked by treatment of IL-10−/− B cells with anti-IL-10 re-
ceptor mAb (Fig. 3D and 3E). These results suggest that the auto-

crine effect of IL-10 is critical for the formation of the CD40hi phe-
notype of Breg cells. Furthermore, the frequency and number of 
splenic Breg cells were increased by LPS in mice (Fig. 4A and 4B). 
The population of CD40hiCD5+ B cells was significantly in-
creased in LPS-treated mice, but this was not observed in IL-10−/− 
mice (Fig. 4C). Overall, our results strongly suggest that the ex-
pression of CD40hi and IL-10 in Breg cells is regulated by both au-
tocrine and paracrine mechanisms of IL-10 in vitro and in vivo 
(Fig. 4D). It has been well established that the JAK/STAT3 pathway 
plays a critical role in regulating various IL-10-mediated immune re-
sponses (16). In the present study, the expression of IL-10 and 
CD40hi was blocked by inhibiting the JAK/STAT3 pathway with 
AG490 (Fig. 3F and 3H). These observations suggest that the auto-
crine IL-10 mechanism regulates the JAK/STAT3 pathway-induced 
formation of IL-10-producing CD40hiCD5+ Breg cells.

In summary, our data demonstrate that Breg cells were en-
riched in a population of CD40hiCD5+ B cells by treatment with 
LPS or other stimulants. The signaling pathway is predominantly 
regulated by autocrine IL-10 (Fig. 4D). These findings suggest 
that the regulation of CD40 expression on Breg cells may pro-
vide an additional therapeutic application for various auto-
immune and inflammatory diseases.

MATERIALS AND METHODS

Material and Methods are described in the online data supple-
ment, available at http://www.bmbreports.org/.
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