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Summary
Regulatory T cells have been well described and the factors regulating
their development and function have been identified. Recently, a growing
body of evidence has documented the existence of interleukin-10 (IL-10)
-producing B cells, which are called regulatory B10 cells. These cells attenuate autoimmune, inflammatory and transplantation reactions, and the
main mechanism of their inhibitory action is the production of IL-10. We
show that the production of IL-10 by lipopolysaccharide-stimulated B
cells is significantly enhanced by IL-12 and interferon-c and negatively
regulated by IL-21 and transforming growth factor-b. In addition, exogenous IL-10 also inhibits B-cell proliferation and the expression of the
IL-10 gene in lipopolysaccharide-stimulated B cells. The negative autoregulation of IL-10 production is supported by the observation that the
inclusion of anti-IL-10 receptor monoclonal antibody enhances IL-10 production and the proliferation of activated B cells. The effects of cytokines
on IL-10 production by B10 cells did not correlate with their effects on
B-cell proliferation or on IL-10 production by T cells or macrophages.
The cytokine-induced changes in IL-10 production occurred on the level
of IL-10 gene expression, as confirmed by increased or decreased IL-10
mRNA expression in the presence of a particular cytokine. The regulatory
cytokines modulate the number of IL-10-producing cells rather than augmenting or decreasing the secretion of IL-10 on a single-cell level. Altogether these data show that the production of IL-10 by B cells is under
the strict regulatory control of cytokines and that individual cytokines differentially regulate the development and activity of regulatory T cells and
IL-10-producing regulatory B cells.
Keywords: autoregulation; B cells; cytokines; interleukin-10 production;
immunosuppression.

Introduction
The immune response is regulated by a number of phenotypically and functionally different cell types. Among T
cells, the populations that suppress1 or negatively regulate2 the immune response have been described and their
development and mechanism of action have been well
characterized.
More recently, a population of B cells that negatively
regulate the immune response in an antibody-independent manner, was described and called regulatory B
(Breg) cells.3–5 The main population of Breg cells acts
through the production of the suppressive cytokine interleukin-10 (IL-10).6–8 Therefore, some authors have
ª 2013 John Wiley & Sons Ltd, Immunology, 141, 577–586

termed these IL-10-producing B cells B10 cells.9 These
cells balance the immune response during inflammation,
autoimmunity, transplantation and cancer. The mechanism of the regulatory action of B cells now appears to
be more complex and other, IL-10 independent, regulatory functions of B cells have been described.10–12 Notably, the expression of Fas ligand, granzyme B or PD-L2
molecules, the production of transforming growth factorb (TGF-b) or the glucocorticoid-induced tumour necrosis
factor ligand-dependent activation of regulatory T (Treg)
cells have all been attributed to Breg cells.11,13,14 However,
the production of IL-10 remains the main mechanism of
action of the heterogeneous Breg population. Furthermore, it has been shown that phenotypically different
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B-cell subpopulations can produce distinct quantities of
IL-10.6,9,14–17 These observations led to the conclusion
that the production of IL-10 does not appear to be confined to one B-cell subset, but rather that different subpopulations of B cells can secret IL-10 under appropriate
stimulation conditions.18
So far, the regulatory activity of B cells has been
described in various models of autoimmunity, transplantation tolerance, anti-tumour immunity and inflammation. In autoimmunity models it has been shown that the
elimination of B cells exacerbates the disease and that the
transfer of B cells suppresses harmful manifestations of
the disease.8,19 In patients, treatment with anti-CD20
antibody often worsened the course of the disease or even
induced other autoimmune disorders.20,21 In a transplantation system, Lee et al.22 described a model of antiCD45RB monoclonal antibody (mAb) induced tolerance
of cardiac allografts that showed some dependence on B
cells. In transplanted patients, an increased number of B
cells displaying an activation phenotype was observed in
those recipients with well-tolerated allografts.23,24
Although data on the immunoregulatory role of B cells
in various models are extensive and the mechanism of Bcell suppression has been intensively studied (reviewed in
refs 5, 13), little is known about the activation of Breg
cells and the role of cytokines in the regulation of IL-10
production by B cells. Stimulation of B cells through the
B-cell receptor and Toll-like receptor has been described
as the strongest signal to induce IL-10 production in B
cells,9,25 but distinct activation signals determine whether
B cells undergo co-stimulation, growth arrest or apoptosis.26 On the basis of our experience with the study of the
role of cytokines in Treg cell development,27,28 we studied
the role of cytokines in the development of IL-10-producing B cells. We found that IL-10 production by lipopolysaccharide (LPS)-activated B cells is tightly modulated by
cytokines and that distinct cytokines regulate the development of Treg cells and IL-10-secreting Breg cells in a
positive and negative manner.

containing 10% heat-inactivated fetal calf serum (Sigma),
antibiotics (100 U/ml penicillin, 100 lg/ml streptomycin),
10 mM HEPES buffer and 5 9 10 5 M 2-mercaptoethanol. The B-cell population was enriched by two cycles of
purification on a nylon wool column (Fenwal Labs, Deerfield, IL) according to the techniques originally described
by Julius et al.29
The purity and phenotype of the enriched B-cell population were characterized by flow cytometry. The following mAb were used: FITC-labelled anti-CD19 (clone
6D5), Alexa Fluor 647-labelled anti-CD5 (clone 53–73),
Alexa Fluor 647-labelled anti-CD22 (clone OX-97),
phycoerythrin-labelled anti-CD1d (clone 1B1), allophycocyanin-labelled anti-CD11b (clone M1/70), phycoerythrin-labelled
anti-CD14
(clone
Sa14-2)
and
allophycocyanin-labelled anti-CD3 (clone 17A2). All antibodies were purchased from BioLegend (San Diego, CA).
Data were collected using an LSRII cytometer (BD Bioscience, Franklin Lakes, NJ) and analysed using FLOWJO software (Tree Stars, Askhland, OR).

Production of IL-10

Mice of both sexes of the inbred strain BALB/c were used
in the experiments at the age of 7–9 weeks. The animals
were purchased from the Institute of Molecular Genetics,
Academy of Sciences of the Czech Republic, Prague. The
use of the animals was approved by the Local Ethics
Committee of the Institute of Experimental Medicine.

B cells at a concentration 09 9 106 cells/ml were incubated in 48-well tissue culture plates (Corning Inc., Corning, NY) in a final volume of 1 ml complete RPMI-1640
medium unstimulated or stimulated with LPS (10 lg/ml;
Difco Laboratories, Detroit, MI). After a 72-hr incubation
at 37° in an atmosphere of 5% CO2 the supernatants
were harvested and tested for the presence of IL-10 and
IL-6. To test the effects of cytokines on IL-10 production
by B cells, mouse recombinant IL-1b, IL-2, IL-4, IL-6,
IL-7, IL-12, IL-13, IL-15, IL-17, IL-21, IL-22, IL-31,
IL-33, interferon-c (IFN-c) or tumour necrosis factor-a
was added to these cultures to final concentrations of
10 ng/ml. Recombinant human TGF-b1 was similarly
tested at 2 ng/ml. All cytokines were purchased from PeproTech (Rocky Hill, NJ).
To test the effects of cytokines on IL-10 production by
T cells, nylon wool non-adherent cells (>98% of CD3+
cells) at a concentration of 06 9 106 cells/ml were stimulated for 72 hr, in the presence of 10% peritoneal macrophages added to the cultures as antigen-presenting cells,
with concanavalin A (10 lg/ml; Sigma) alone or in the
presence of cytokines. The concentrations of IL-10 in the
supernatants were measured by ELISA.
Plastic adherent peritoneal exudate cells (as a source of
macrophages) were stimulated for 72 hr with LPS (10 lg/
ml) and the effects of exogenous cytokines on IL-10 production by macrophages were determined by ELISA.

B-cell enrichment procedure

Proliferation assay

Single-cell suspensions of spleen cells were prepared in
RPMI-1640 medium (Sigma Corp., St Louis, MO)

Purified B cells at a concentration 075 9 106 cells/ml were
cultured in 96-well tissue culture plates (Nunc, Roskilde,

Materials and methods
Mice
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Denmark) in a volume of 200 ll complete RPMI-1640
medium unstimulated or stimulated with 10 lg/ml LPS in
the presence or absence of individual cytokines (10 ng/ml,
only TGF-b1 was used at 2 ng/ml). Cell proliferation was
determined by adding [3H]thymidine (1 lCi/well; Nuclear
Research Institute, Rez, Czech Republic) for the last 6 hr of
the 72-hr incubation period.
In some experiments, the effects of neutralization anticytokine antibodies on the proliferation of LPS-stimulated
B cells or on the production of IL-10 were determined.
In these studies, mAb anti-IL-10 (clone JES55-16E3; BioLegend) or anti-IL-10R (clone 1B1.3a; BioLegend) were
tested, and mAb anti-IL-6 (clone MP5-20F3; BioLegend)
was used as a control antibody. The antibodies were
included into wells containing LPS-stimulated B cells to a
final antibody concentration of 5 lg/ml.

Cytokine detection by ELISA
The production of IL-10 and IL-6 by B cells was determined by ELISA using as capture and detection antibodies anti-IL-10 (purchased from R & D Systems,
Minneapolis, MN) or anti-IL-6 (obtained from PharMingen, San Diego, CA) and following the instructions of the
manufacturers. The reactions were quantified by spectrophotometry using a Sunrise Remote ELISA Reader
(Gr€
oding, Austria).

ELISPOT for IL-10
The complete IL-10 ELISPOT kit was purchased from
U-CyTech (Utrecht, the Netherlands) and the assay was
carried out according to the instructions of the manufacturer. In brief, purified B cells were stimulated for
24 hr or 48 hr with LPS (10 lg/ml; Difco) with or without added cytokines. After this pre-incubation, the cells
were harvested, washed and diluted to the appropriate
concentration. The cells (10 9 105 cells/well and their
two-fold dilutions) were incubated at 37° for another
24 hr in an ELISPOT plate pre-coated with mAb antiIL-10. The cells were incubated in culture medium or in
the medium supplemented with LPS and cytokines corresponding to the pre-incubation conditions. After washing of the plates, the presence of bound IL-10 protein
was visualized using a combination of secondary biotinylated anti-IL-10 detection mAb, streptavidin-horseradish
peroxidase and b-amini-9-ethylcarbazole to yield a coloured zone. The zones were calculated using ELISPOT
Reader CTL-ImmunoSpot S5 UV Analyzer (Shaker
Heights, OH).

Intracellular detection of IL-10
Intracellular IL-10 expression was analysed by flow
cytometry. The isolated B-cell population was stimulated
ª 2013 John Wiley & Sons Ltd, Immunology, 141, 577–586

with LPS (10 lg/ml) in the absence or presence of IL-12,
IL-21, IFN-c or TGF-b, and PMA (20 ng/ml; Sigma),
ionomycin (500 ng/ml; Sigma) and Brefeldin A (5 lg/ml;
eBioscience, San Diego, CA) were added to the cultures
for the last 5 hr of the 48-hr incubation period. Dead
cells were stained with a Live/Dead Fixable Violet Dead
Cell Stain Kit (Molecular Probes, Eugene, OR) before
intracellular staining. Cells were stained with mAb antiCD19 (clone 6D5; BioLegend) and then permeabilized
using a Fixation and Permeabilization Kit (eBioscience)
according to the manufacturer’s instructions. The cells
were intracellularly stained with allophycocyanin-conjugated anti-IL-10 mAb (clone JES5-16E3; eBioscience) and
analysed using an LSRII flow cytometer (BD Bioscience).

Detection of IL-10 gene expression
The expression of the gene for IL-10 was detected using
reverse transcription–polymerase chain reaction (RT-PCR)
as we have described elsewhere.30 In brief, B cells were cultured for 48 hr unstimulated or stimulated with LPS in the
presence of cytokines (IL-12, IL-21, IFN-c, TGF-b). Total
RNA was isolated using TRIreagent (Molecular Research
Center, Cincinnati, OH). One microgram of total RNA
was reverse transcripted into cDNA using SuperScript III
(Invitrogen Corp., Carlsbad, CA) according to the manufacturer’s instructions. The quantities of the cDNA samples
were first normalized to yield equal amounts of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (sense 5′-GGG
TGTGAACCACGAGAAAT-3′, antisense 5′-ACACATTGGG
GGTAGGAACA-3′). Subsequently, the samples were hybridized with 5′ and 3′ primers for IL-10 (sense 5′-GTGAAGACTTTCTTTCAAACAAAG-3′, antisense 5′-CTGCTCCA
CTGCCTTGCTCTTATT-3). The PCR products were analysed by 2% agarose gel electrophoresis.
For a quantitative characterization of IL-10 gene
expression, real-time PCR was used as recently described
in detail elsewhere.31

Statistics
The results are expressed as the mean  SD. Comparisons between two groups were analysed by Student’s
t-test, and multiple comparisons were calculated by analysis of variance. A value of P < 005 was considered statistically significant.

Results
Characterization of the enriched B-cell population
The enriched B-cell population was phenotypically characterized by flow cytometry. As demonstrated in Fig. 1,
the isolated B-cell population contained >87% CD19+
cells. This population included about 86% CD19+ CD22+
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Figure 1. Phenotypic characterization of an enriched B-cell population. B cells were purified by two cycles of purification on nylon wool and the
purity of the cells was characterized using flow cytometry. Representative dot plots indicate the percentage of CD19+ CD1d+, CD19+ CD5+,
CD19+ CD22+, CD3+, CD11b+ and CD14+ cells. One typical of three similar experiments is shown.

cells, 83% CD19+ CD1d+ cells and approximately 6%
CD19+ CD5+ cells. Less than 10% of the cells were
CD3+, around 15% of the cells were CD11b+ and < 3%
were CD14+. To exclude the possibility that the B cells
could be overgrown by minority cell populations during
their 72-hr incubation with IL-12, IL-21, IFN-c or TGFb, the flow cytometry analysis was also performed on B
cells cultured with cytokines. The flow cytometry data
confirmed that the proportion of contaminating cells did
not increase during the cultivation of purified B cells with
cytokines (data not shown).

Effects of cytokines on the development of IL-10-producing B cells
The B-cell-enriched cell population was cultured without
LPS in the presence of a panel of cytokines and the concentrations of IL-10 in the supernatants were determined
by ELISA. As demonstrated in Figure 2(a), none of the
cytokines by itself induced a significant IL-10 secretion
during the 72-hr incubation period. When B cells were
stimulated with LPS, a significant production of IL-10
was detected (Fig. 2b). Furthermore, IL-12 and IFN-c significantly enhanced LPS-induced IL-10 production,
whereas IL-21 and TGF-b had a negative effect on the
development of IL-10-producing B cells. In the preliminary experiments (data not shown), a wider range of cytokine concentrations (from 1 to 100 ng/ml) was tested and
the results were consistent with those in Fig. 2. To
exclude the possibility that the effects of cytokines on
IL-10 production are mediated by minority contaminating
580

cell populations (T cells, macrophages), in a separate
experiment the enriched B-cell population was depleted
of residual contaminating T cells by treatment with cytotoxic anti-CD3 mAb and complement or pre-incubated
on plastic to remove possible contamination with plasticadherent macrophages, and the remaining cells were stimulated with LPS. The preservation of IL-10 production
and the consistent effects of cytokines in these T-celldepleted or macrophage-depleted B-cell populations confirmed that IL-10 was really produced by a population of
B cells and that the effects of the cytokines were not mediated through non-B-cell populations.

Effects of cytokines on B-cell proliferation
A panel of cytokines was tested for their effects on the
proliferation of LPS-stimulated B cells. Figure 3 shows
that more cytokines augmented or inhibited B-cell proliferation, and there was no correlation between the effects
of the cytokines on LPS-induced IL-10 production
(Fig. 2) and B-cell proliferation (Fig. 3).

Distinct effects of IL-12, IL-21, IFN-c and TGF-b on
IL-10 production by B cells, T cells and macrophages
The effects of IL-12, IL-21, IFN-c and TGF-b on IL-10
production by B cells, T cells and macrophages were
compared. Consistent with the results shown in Fig. 2,
IL-12 and IFN-c significantly increased, and IL-21 and
TGF-b decreased, ΙL-10 production by LPS-stimulated B
cells (Fig. 4a). When the effects of the above cytokines
ª 2013 John Wiley & Sons Ltd, Immunology, 141, 577–586
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Figure 2. The effect of cytokines on interleukin-10 (IL-10) production by B cells. Purified B cells were cultured for 72 hr (a) in the presence of
exogenous cytokines without stimulation or (b) stimulated with 10 lg/ml of lipopolysaccharide (LPS) in the absence or in the presence of cytokines and the concentrations of IL-10 in the supernatants were determined by ELISA. Each bar represents the mean  SD from five independent
determinations. Values with asterisks are significantly (*P < 001, **P < 0001) different from the control (the cells stimulated in the absence of
added cytokines).
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Figure 3. The effect of exogenous cytokines on the proliferation of B cells. Purified B cells were stimulated with 10 lg/ml lipopolysaccharide
(LPS) in the absence or presence of exogenous cytokines. Cell proliferation was determined by [3H]thymidine added to the cultures for the last
6 hr of the 72-hr incubation period. Each bar represents the mean  SD from five independent determinations. Values with asterisks are significantly (*P < 005, **P < 001, ***P < 0001) different from the control (the cells stimulated in the absence of added cytokines).

were tested on IL-10 production by Concanavalin
A-stimulated T cells, the production of IL-10 was
strongly enhanced by IL-12, whereas IL-21 and IFN-c
had no effect and TGF-b significantly increased IL-10
production (Fig. 4b). As concerns the effects of cytokines
on IL-10 production by LPS-stimulated macrophages,
IL-12 had no significant effect, IL-21 slightly increased
ª 2013 John Wiley & Sons Ltd, Immunology, 141, 577–586

IL-10 secretion and IFN-c and TGF-b decreased IL-10
production (Fig. 4c). In addition, the effects of the
tested cytokines on IL-6 production from LPS-stimulated
B cells were also determined. As shown in Fig. 4(d), neither IL-12 nor IFN-c significantly enhanced IL-6 production, but production of IL-6 was inhibited by IL-21 and
TGF-b.
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Figure 4. A comparison of the effects of interleukin-12 (IL-12), IL-21, interferon-c (IFN-c) and transforming growth factor-b (TGF-b) on IL-10
production by B cells, T cells and macrophages. Purified B cells (a) were stimulated with LPS (10 lg/ml), purified T cells (b) were stimulated
with Concanavalin A (15 lg/ml) and peritoneal macrophages (c) were stimulated with lipopolysaccharide (LPS) (10 lg/ml), in the absence or
presence of IL-12, IL-21, IFN-c or TGF-b, and the concentrations of IL-10 in the supernatants were determined after a 72-hr incubation period
by ELISA. In addition, the concentrations of IL-6 in the supernatants from stimulated B cells were determined (d). Each bar represents the
mean  SD from four independent determinations. Values with asterisks are significantly (*P < 005, **P < 001, ***P < 0001) different from
the control (the cells stimulated in the absence of added cytokines).

Autoregulation of IL-10 production
The results in Fig. 3 demonstrating the effects of exogenous cytokines on B-cell proliferation suggested a regulatory function of IL-10. To prove an autoregulatory effect
of endogenously produced IL-10 on B-cell proliferation,
B cells were stimulated with LPS in the presence of neutralization anti-IL-10 or anti-IL-10R mAb. As demonstrated in Figure 5(a), the neutralization of endogenously
synthesized IL-10 or the blocking of its binding to IL-10R
resulted in a significant augmentation of B-cell proliferation. In contrast, anti-IL-6 mAb used as a control antibody, did not modulate B-cell proliferation (Fig. 5a). To
test the effect of IL-10 on IL-10 synthesis, B cells were
stimulated with LPS in the presence of added IL-10 and
the expression of the gene for IL-10 was determined by
real-time PCR. As shown in Fig. 5b, exogenous IL-10 significantly inhibited, in a dose-dependent manner, the
expression of the IL-10 gene.
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IL-12, IL-21, IFN-c and TGF-b modulate IL-10 production on the level of IL-10 gene expression
To test whether the regulatory effects of IL-12, IL-21,
IFN-c and TGF-b on IL-10 production by B cells occur
already on the level of IL-10 gene expression, B cells were
stimulated with LPS in the presence of the cytokines and
the expression of the IL-10 gene was determined by RTPCR. It was observed that IL-12 and IFN-c enhanced IL10 mRNA expression, whereas IL-21 and TGF-b
decreased IL-10 mRNA levels (Fig. 6a). To exclude the
possibility that the different quantities of IL-10 protein
detected by ELISA are due to a different absorption of
IL-10 by IL-10R in cultures with cytokines, B cells were
stimulated with LPS in the presence of anti-IL-10R blocking mAb. As shown in Fig. 6(b), the differences in the
level of IL-10 protein observed in B-cell cultures in the
presence of cytokines remained the same when anti-IL10R antibody was included in the cultures (Fig. 6b).
ª 2013 John Wiley & Sons Ltd, Immunology, 141, 577–586
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Figure 5. The regulatory effects of interleukin-10 (IL-10) on B-cell
proliferation and IL-10 gene expression in B cells. (a) Purified B cells
were stimulated with lipopolysaccharide (LPS; 10 lg/ml) in the presence (5 lg/ml) of monoclonal antibody anti-IL-10, anti-IL-10R or
anti-IL-6, and cell proliferation was determined by [3H]thymidine
added to the cultures for the last 6 hr of the 72-hr incubation period.
(b) Purified B cells were stimulated for 72 hr with LPS (10 lg/ml)
in the presence of the indicated concentrations of exogenous
IL-10 and the expression of the IL-10 gene was determined by
real-time PCR. Each bar represents the mean  SD from three or
four independent determinations. Values with asterisks are significantly (*P < 005, **P < 001) different from the control (the cells
stimulated in the absence of added cytokines).

IL-12, IL-21, IFN-c and TGF-b regulate the number of
IL-10-producing B cells
Theoretically, the difference in the concentrations of IL10 produced by B cells in the presence of cytokines can
be due to a difference in IL-10 production by the same
number of IL-10-producing cells, or the cytokines can
modulate the number of cells secreting IL-10. To distinguish between these two possibilities, B cells were stimulated with LPS in the presence of cytokines and the
number of IL-10-producing cells was determined by
ª 2013 John Wiley & Sons Ltd, Immunology, 141, 577–586
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Figure 6. The cytokine-mediated regulation of interleukin-10 (IL10) production occurs on the level of gene expression and is not
caused by differences in IL-10 absorption. (a) Purified B cells were
stimulated for 48 hr with lipopolysaccharide (LPS; 10 lg/ml) in the
presence of IL-12, IL-21, interferon-c (IFN-c) or transforming
growth factor-b (TGF-b) and the expression of the IL-10 gene was
determined by RT-PCR. One representative experiment of four similar ones is shown. (b) Purified B cells were stimulated with 10 lg/ml
LPS in the presence of IL-12, IL-21, IFN-c or TGF-b in cultures
without antibody or with 5 lg/ml of anti-IL-10R neutralization
monoclonal antibody (open bars) or 5 lg/ml of control unrelated
monoclonal antibody anti-IL-6 (dotted bars). The concentrations of
IL-10 in the supernatants were determined by ELISA. Each bar represents the mean  SD from three independent determinations. Values with asterisks are significantly (*P < 005, **P < 001) different
from the control (the cells stimulated with LPS and a particular
cytokine in the absence of added monoclonal antibody).

ELISPOT and by intracellular IL-10 staining. Figure 7(a)
shows a typical ELISPOT experiment and the results are
summarized in Fig. 7(b). Figure 7(a,b) shows that IL-12
and IFN-c significantly increased the number of IL-10producing cells, whereas the number of cells producing
IL-10 was significantly decreased in cultures containing
IL-21 or TGF-b. The regulatory effects of cytokines on
IL-10 production were confirmed by the visualization of
individual IL-10-producing B cells (CD19+ IL-10+ cells)
using intracellular staining and flow cytometry analysis
(Fig. 7c).

Discussion
The immune response is negatively regulated by a
number of phenotypically and functionally distinct cell
populations and cytokines. In the T-cell department,
the development of the most prominent Treg cells is
dependent on TGF-b, and other cytokines, such as IL4, IL-6 or IL-12, skew the TGF-b-dependent developmental programmes of Treg cells into other cell types,
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Figure 7. Detection of interleukin-10 (IL-10)-producing B cells by ELISPOT and intracellular staining. Purified B cells were cultured unstimulated, stimulated with 10 lg/ml lipopolysaccharide (LPS) or stimulated with LPS in the presence of IL-12, IL-21, interferon (IFN-c) or transforming growth factor-b (TGF-b). After a 48-hr pre-incubation, the number of IL-10-producing cells was determined by ELISPOT or by flow
cytometry. (a) A typical ELISPOT experiment (one of five similar ones) is shown: (i) unstimulated cells, (ii) cells stimulated with LPS, or cells
stimulated with LPS in the presence of (iii) IL-12, (iv) IL-21, (v) IFN-c or (vi) TGF-b. Lanes 1 and 2: 10 9 105 cells per well, lanes 3 and 4:
05 9 105 cells/well. (b) An average number of IL-10-producing cells as detected by ELISPOT in cultures containing cytokines is demonstrated.
Each bar represents the mean  SD from five independent determinations. Values with asterisks are significantly (*P < 001, **P < 0001
***P < 00001) different from the control (the cells stimulated with LPS in the absence of added cytokines). (c) Representative dot plots demonstrating the percentages of CD19+ IL-10+ cells, as detected by flow cytometry after intracellular staining. One representative figure from three
independent experiments is shown.

such as T helper type 9, 17, 22 or Th1-like cell populations.26,32–35
Among B cells, a subpopulation inhibiting the immune
response by the production of IL-10 has been identified
and described.3,4 In the present study we show that the
development of IL-10-producing B cells (B10 cells) is regulated by distinct cytokines from the development of Treg
cells. We found that the production of IL-10 is significantly enhanced if B cells are stimulated in the presence
of IL-12 or IFN-c. In contrast, the development of IL-10584

producing B cells was significantly inhibited by TGF-b
and IL-21. This pattern of regulatory activity of
individual cytokines is distinct from their effect on the
development of Treg cells. Namely, TGF-b, which inhibits
Breg-cell development, has been shown to be the main
factor responsible for the activation and functioning of
Foxp3+ Treg cells.36,37 Another cytokine supporting the
development of IL-10-producing B cells, IL-12, rather
skews the development of Treg cells into other proinflammatory Th1-like lineages.27,34 Interferon-c which
ª 2013 John Wiley & Sons Ltd, Immunology, 141, 577–586

Regulation of IL-10 production by B cells
strongly enhanced the development of IL-10-producing B
cells, is not a factor determining the activation of Treg
cells, although in one ex vivo setting the ability of IFN-c
to generate Foxp3+ Treg cells was described.38 The countering effect of IL-21 in the development of B10 cells in a
population of B cells from naive mice has not been
described, but it may be associated with the recently recognized role of IL-21 in states of immunological hyporeactivity.39 On the contrary, the involvement of IL-21 in
expansion of Breg cells has been described in two models
of autoimmunity.40,41 In the study of Yoshizaki et al.40
IL-21 itself induced a high (comparably as LPS) production of IL-10 without any other B-cell stimulation. In our
model, IL-21 did not enhance IL-10 production above
the background secretion, but rather inhibited IL-10 production in LPS-stimulated B cells. Our results are compatible with the findings of Tortola et al.42 who studied
marginal zone B cells in a mouse model and found that
IL-21 negatively regulated B-cell survival and antibody
production. These discrepancies might reflect the different
models used, the different compositions of the isolated B
cells and the variable sensitivity of B cells to distinct activation signals.26
The regulatory effects of cytokines on IL-10 production
by B cells did not correlate with their effects on B-cell
proliferation. Although TGF-b and IL-21 inhibited B-cell
proliferation, IL-12 and IFN-c, which enhanced IL-10
production, did not affect B-cell proliferation. Rather,
other cytokines (such as IL-4, IL-13) enhanced B-cell proliferation without any effect on IL-10 secretion. Hence,
the immunoregulatory effects of cytokines on the development of IL-10-producing B cells appears to be independent of their effects on B-cell proliferation. Moreover,
IL-12, IL-21, IFN-c and TGF-b, which significantly influence IL-10 production by B cells, have a distinct pattern
of effects on IL-10 production by T cells or macrophages.
Another cytokine, which regulates IL-10 production by B
cells, is IL-10 itself. We found that exogenous IL-10
added into cultures of LPS-stimulated B cells inhibited Bcell proliferation and also significantly suppressed IL-10
gene expression. In addition, blocking of endogenously
synthesized IL-10 with a neutralizing anti-IL-10 mAb or
blocking its effect with anti-IL-10R mAb enhanced B-cell
proliferation and IL-10 production. These results suggest
autoregulatory effects of endogenously synthesized IL-10
on the development of IL-10-secreting B cells. Our observations extend the results of Sindhava et al.,43 who
showed in a model of Borrelia infection that stimulation
of peritoneal B-1 cells through Toll-like receptor induced
IL-10 production, and the secreted IL-10 mediated autoregulation of B-1 cells.
To exclude the possibility that the different levels of
IL-10 in B-cell cultures containing the regulatory cytokines were due to a different absorption of IL-10 by IL10R, we determined the concentrations of IL-10 in the
ª 2013 John Wiley & Sons Ltd, Immunology, 141, 577–586

cultures containing anti-IL-10R mAb to prevent the binding of secreted IL-10 to its receptor. The results showed
that the distinct levels of IL-10 observed in the presence
of individual regulatory cytokines remained preserved.
Furthermore, using RT-PCR we showed that the regulatory effects of IL-12, IL-21, IFN-c and TGF-b on IL-10
production by B cells occur already on the level of IL-10
gene expression.
Theoretically, the cytokines could modulate IL-10 production in the cultures of LPS-stimulated B cells by an
increase in level of IL-10 secretion of individual IL-10producing cells, or alternatively the cytokines could regulate the number of cells producing IL-10. To distinguish
between these two possibilities, an ELISPOT assay and
visualization of individual CD19+ IL-10+ cells by flow
cytometry were employed. The results showed that IL-12
and IFN-c significantly increase the number of IL-10-producing cells, whereas the number of B cells secreting
IL-10 was dramatically decreased in cultures containing
IL-21 or TGF-b. These results demonstrated that the four
cytokines modulate the development and the number of
IL-10-secreting B cells after their stimulation through
TLR.
The immunoregulatory activity of Breg cells has been
demonstrated in various models of inflammation,
autoimmunity, transplantation and anti-tumour immunity.4,19,44 In the majority of these models, the secretion
of IL-10 has been shown to be the main mechanism of
Breg-cell-mediated immunosuppression.4,9 Our results
show that the development of B10 cells and IL-10 production by activated B cells are regulated by at least four
cytokines. The involvement of all of these cytokines in
the stimulation of immunity or in the activation of regulatory cells has been reported.27,34,38,39 Hence, there is a
tightly regulated balance of the immune response resulting from the interaction of Treg cells, Breg cells and
numerous cytokines. These cytokines maintain the balance between immunity and tolerance and can have
opposite effects on the development of Treg cells and
IL-10-producing Breg cells or can selectively influence
only one regulatory cell population.
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