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Abstract 
B cells include immune-suppressive fractions, called regulatory B cells (Bregs), which regulate 
inflammation primarily through an interleukin 10 (IL-10)-mediated inhibitory mechanism. Several 
B-cell fractions have been reported as IL-10-producing Bregs in murine disease models and human 
inflammatory responses including autoimmune diseases, infectious diseases, cancer and organ-
transplant rejection. Although the suppressive functions of Bregs have been explored through the 
hallmark molecule IL-10, inhibitory cytokines and membrane-binding molecules other than IL-10 
have also been demonstrated to contribute to Breg activities. Transcription factors and surface 
antigens that are characteristically expressed in Bregs are also being elucidated. Nevertheless, 
defining Bregs is still challenging because their active periods and differentiation stages vary 
among disease models. The identity of the diverse Breg fractions is also under debate. In the first 
place, since regulatory functions of Bregs are mostly evaluated by ex vivo stimulation, the actual in 
vivo phenotypes and functions may not be reflected by the ex vivo observations. In this article, we 
provide a historical overview of studies that established the characteristics of Bregs and review the 
various suppressive mechanisms that have been reported to be used by Bregs in murine and human 
disease conditions. We are only part-way through but the common phenotypes and functions of 
Bregs are still emerging.
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Introduction

B cells are among the main players in the adaptive immune 
system. Their main functions in protecting against pathogens 
include antigen presentation, cytokine secretion and antibody 
production after differentiation into plasma cells (1). These 
mechanisms induce immune reactions resulting in inflamma-
tion and elimination of foreign antigens. X-linked agamma-
globulinemia (XLA) is a genetic disorder caused by defects 
in Bruton’s tyrosine kinase, which is essential for B-cell differ-
entiation and results in the absence of antibody-producing 
plasma cells. Patients with XLA reveal recurrent bacterial and 
viral infections and need appropriate treatments such as anti-
biotics and immunoglobulin replenishment (2).

The clinical manifestations of XLA suggest the crucial 
precipitative function of B cells in the control of infection. On 
the other hand, disorders of B-cell functions also cause auto-
immune diseases such as rheumatoid arthritis (RA), systemic 
lupus erythematosus (SLE), systemic sclerosis (SSc), dia-
betes mellitus (DM), autoimmune skin blistering diseases, mul-
tiple sclerosis (MS) and vasculitis (3, 4). These autoimmune 
conditions are regarded to correlate with overactivation of 

pathogenic B cells, and based on the historical concept of 
effector versus suppressor cells, the existence of B cells with 
suppressive functions towards the convergence of inflamma-
tion have been implied in maintaining healthy conditions.

In this review, we outline the history of studies that estab-
lished the existence and characteristics of regulatory B cells 
(Bregs), and review the molecules related to regulatory func-
tion of Bregs [interleukin 10 (IL-10) and others] in various 
murine and human disease conditions.

Establishing the existence and characteristics of 
Bregs

The regulatory function of B cells was first reported in the 
1970s in the delayed hypersensitivity reaction (DHS) model 
in guinea pigs (5–7). In these studies, cyclophosphamide 
and adoptive transfer of splenocytes depleted of B cells were 
used to diminish the dominance of B cells. The animals with 
a reduced ratio of B cells revealed a more intense and elong-
ated DHS reaction compared with controls, suggesting the 
B cell-mediated suppression of T-cell activity. However, the 
detailed suppressive mechanism was not clarified.
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In the 1990s, a B cell-deficient mouse strain μMT was 
established by disruption of the immunoglobulin μ chain 
gene (8). Mature B cells are absent in μMT mice because 
of the impaired differentiation of the B-cell lineage. In the 
same decade, the experimental autoimmune encephalo-
myelitis (EAE) model was established, which is mediated 
by CD4+ T cells and represents MS (9, 10). Although the 
severity of EAE was comparable between wild-type and 
μMT mice, it turned out that μMT mice showed longer 
disease duration than wild-type counterparts (11). It was 
thus suggested that B cells take part in the convergence 
of disease activity.

In the 2000s, progressive studies focusing on the sup-
pressive mechanisms mediated by B cells were published. 
Chronic colitis and arthritis models, as well as EAE, were 
adapted in these studies, and the involvement of the same 
molecule—IL-10, an immune-regulatory cytokine (12, 13)—
in the suppressive function of B cells was demonstrated 
(14–16). When the humanized anti-CD20 antibody rituximab 
(which depletes B cells) was used for the purpose of avoiding 
antibody-mediated rejection of kidney transplants, most of 
the recipients surprisingly developed acute T cell-mediated 

rejection (17). This observation also gave rise to ideas about 
the potential regulatory function of B cells.

Since then, several phenotypically variable B-cell frac-
tions have been identified as IL-10-producing Bregs (14). 
Furthermore, other immune-suppressive molecules and 
IL-10-independent regulatory mechanisms of B cells have 
also been reported in both human and murine models (18–
24). These Breg fractions are found in various differentiation 
stages and are distributed across a wide range of organs, 
either transiently or continuously, depending on different 
disease and experimental conditions. Their identity and fates, 
and the differences between human and murine models are 
yet to be fully elucidated. The reported Breg fractions, me-
diators and functions are summarized in Table 1 and Fig. 1.

IL-10-producing Bregs

Mouse IL-10-producing Bregs
IL-10 was first reported as a suppressive cytokine secreted 
from Th2 cells that inhibits cytokine production by Th1 cells 
(13, 25). μMT mice reconstructed with IL-10-deficient B cells 

Table 1. Breg subsets in murine models and humans, and the involved immune-suppressive molecules

 Organ Fraction Phenotype Molecule Model Ref. 

Mouse Sp B10 CD1dhiCD5+ IL-10 EAE (30)
Sp B10 CD1dhiCD5+CD9+ IL-10 CHS (111)
Sp B10 CD1dhiCD5+ IL-10 CHS (38)
Sp N/A TIM-1+ IL-10 EAE (100)
Sp B10 CD1dhiCD5+TIM-1+ IL-10 Transplantation (98)
Sp T2 CD21hiCD24hi IL-10 SLE (129)
Sp T2MZP CD23+CD21hi IgM+ IL-10 CIA (32)
Sp N/A N.D. IL-10 EAE (16)
LN PB CD138+CD44hi IL-10 EAE (28)
Sp PC/PB CD138+ IL-10 Infection (45)
Sp/LN PB CD19loCD138hiCD44+ IL-10 SLE (130)
Tumor PC CD138+IgA+PD-L1+ IL-10 Tumor (89)
Sp PC CD138hiCD1dint

TIM-1int
IL-35
IL-10

Infection (21)

Sp PC LAG-3+PD-L1+

PD-L2+IgM+
IL-10 Infection (20)

Sp T2MZP CD1d+ CD1d Arthritis (94)
Sp N/A PD-L1hi PD-L1 EAE (87)
N/A N/A N.D. CD80/CD86 EAE (92)
Perit. cavity B-1 N.D. CD39/CD73 Colitis (19)
Sp B-1/MZ/PC N.D. CD9 Normal (110)
Sp B-1a CD5+ FasL Infection (82)
LN PC/other N.D. GABA DTH, Tumor (23)
Sp MZ CD21hiCD23lo N.D. CHS (35)
Sp N/A N.D. TGFβ Transplantation (18)
Sp N/A FasL TGFβ DM (65)
N.D. N/A N.D. TGFβ EAE (70)

Human Bld PB CD27+CD38hi IL-10 Normal (28)
Bld Memory CD24hiCD27hi IL-10 Normal (59)
Bld Immature CD24hiCD38hi IL-10 SLE (46)
Tumor PC CD138+IgA+PD-L1+ IL-10 Tumor (89)
Bld Memory CD24hiCD27+CD39hi TIGIT Normal (24)
Bld N/A CD19+ CD39/CD73 Normal (106)
Bld PB CD24-CD38+ GzmB Normal (73)
Bld PB-like CD38+CD1d+

IgM+CD147+
GzmB Tumor (77)

Bld N/A CD19+ TGFβ Normal (71)
Bld Immature CD24hiCD38hi TIM-1 SSc (101)

Sp, spleen; N/A, not applicable; N.D., not determined; LN, lymph node; PB, plasmablast; PC, plasma cell; Bld, blood.
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revealed exacerbated arthritis compared with those recon-
structed with wild-type B cells (26), demonstrating the im-
portance of IL-10 production from B cells in controlling the 
disease activity.

The IL-10 signal is mediated by IL-10 receptor (IL-10R), a 
member of the interferon (IFN) receptor family. The activation 
of Jak1/Tyk2 that follows IL-10R signaling leads to the phos-
phorylation of the downstream STAT3. Although the IL-10 
signaling cascade shares the STAT3-mediated signal trans-
duction with the cascades activated by pro-inflammatory 
cytokines IL-6, IL-21 and IL-23, STAT3 phosphorylation by 
IL-10 signaling lasts longer than the activation by IL-6 and 
this difference in the duration of STAT3 activity generates di-
versity in gene transcription (27).

B cell-derived IL-10 suppresses T-cell activation by den-
dritic cells (DCs) (28) as well as directly affecting T-cell func-
tions via IL-10R (29–31). Several B-cell fractions have been 
reported as being Bregs on the basis of IL-10 expression. 
Transitional 2-marginal zone precursor (T2MZP) B cells char-
acterized by the phenotype CD21hiCD23hiIgM+ in the spleen 
and lymph nodes are potent producers of IL-10 among B 
cells in a murine model of collagen-induced arthritis (CIA) 
(32). Marginal zone (MZ) B cells in spleen also produce IL-10 
when activated by apoptotic cells via the Toll-like receptor 
9 (TLR9)-mediated signaling cascade and these B cells are 

involved in the amelioration of CIA (33, 34). The exacerbated 
contact hypersensitivity reaction (CHS) in CD19-deficient 
mice can be ameliorated by wild-type MZ B cells, possibly by 
representing the Breg fraction (35).

B-1 cells predominate over B-2 (‘conventional’) cells in the 
peritoneal cavity. MZ B cells and B-1 cells possess innate 
immune characteristics, with a capacity to produce IL-10 po-
tently upon innate stimulation (12, 36). IL-10-producing B-1 
cells can also exert suppressive function in other organs such 
as skin by immigrating from the peritoneum (37). It is of note 
that both MZ B cells and B-1 cells include CD5+ populations 
and they overlap with a population of CD5+CD1dhi IL-10-
producing B cells that were designated as ‘B10’ cells. B10 
cells suppress the reactivity of CD4+ T cells to IFNγ and tumor 
necrosis factor α (TNFα) and, through IL-10 production, the 
B10 cells diminish the differentiation of the T cells into Th17 
cells (30, 36, 38, 39). CD5 itself also serves as a negative 
regulator of the B-cell receptor (BCR) signal (40).

Studying IL-10-producing Bregs in vitro
The major issue in determining the roles of these fractions 
as Bregs is that IL-10 production is evaluated after artifi-
cial ex vivo stimulation with lipopolysaccharides (LPS), with 
CpG motif-containing oligodeoxynucleotides (CpG) or with 

Fig. 1. Immune-suppressive molecules involved in Breg functions and their target cells. Breg definition depends on the expression of various 
immune-suppressive molecules. Their effects on disease conditions and on distinct immune cells are summarized.
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phorbol myristate acetate (PMA) plus ionomycin, which may 
also affect the phenotypic characteristics of B cells. In add-
ition, in many cases their regulatory functions are evaluated 
only by adoptive transfer into other mice during inflammatory 
disease conditions. It is thus unclear if these Bregs actually 
exert their regulatory function by IL-10 production in vivo 
(41–43). Given this situation, IL-10 reporter mice, in which 
IL-10-expressing cells are recognizable in the absence of 
stimulation, make it easier to evaluate IL-10 production from 
Bregs during the natural disease course (44). So far, plasma 
cells/plasmablasts are the only established lineages of B 
cells that reliably produce IL-10 without ex vivo stimulation 
(28, 42, 43).

IL-10-producing plasmablasts appear in the draining 
lymph nodes after the induction of EAE (28). IRF4, which 
is an essential transcription factor for plasmablast dif-
ferentiation, is required for IL-10 production from these 
plasmablasts. Plasma cells in the spleen are also reported to 
produce IL-10 in vivo from day 1 of Salmonella typhimurium 
infection. In this infection model, the IL-10-producing pheno-
type of plasma cells is regulated by the MyD88-dependent 
pathway, and the produced IL-10 suppresses IFNγ secretion 
from natural killer cells (NK cells) and the accumulation of 
neutrophils in the site of infection (45). On the basis of these 
results, IL-10-producing plasmablasts/plasma cells are rec-
ognized to be involved in both adaptive and innate immune 
reactions.

Human IL-10-producing Bregs
In humans, the findings on IL-10-producing B cells are mostly 
restricted to those in peripheral blood. Immature transitional 
B cells (CD19+CD24hiCD38hi) were the first reported human 
Breg fraction that produces IL-10 following CD40 stimulation 
(46). Their dysfunction is reported in several human immune-
mediated diseases including RA (47), MS (48–50), SLE (46, 
48, 51), type 1 DM (52), inflammatory bowel disease (53) and 
pemphigus vulgaris (54, 55). In SSc subjects, the decreased 
IL-10-producing Bregs and increased IL-6-producing effector 
B cells correlate with the severity of skin fibrosis and intersti-
tial lung disease (56). Human Bregs are also recognized to 
play roles in infectious diseases. For example, the numbers of 
IL-10-producing B cells are elevated in the peripheral blood 
of the HIV-1-infected subjects and suppress the activity of 
HIV-1-specific T cells (57, 58).

Using another phenotypic definition, the CD19+CD24hiCD27+ 
fraction is reported as representing human B10 cells be-
cause of its IL-10-producing potency although the differ-
entiation status of human B10 and murine B10 cells does 
not necessarily overlap. B10 cell maturation into functional 
IL-10-secreting effector cells that inhibit in vivo autoimmune 
disease requires IL-21-dependent and CD40-dependent 
cognate interactions with T cells (30). The upregulation 
of IL-10 from this fraction, which downregulates Th1 and 
Th17 activity by affecting the production of inflammatory 
mediators from other cells such as TNFα from monocytes, 
has been demonstrated in autoimmune disorders including 
RA, SLE and skin blistering disorders (59). Although both 
CD24hiCD38hi and CD24hiCD27+ B cells are able to produce 
IL-10 after stimulation with CD40 ligand (CD40L), CpG and 

anti-BCR antibody, and although both subsets suppress 
proliferation and proinflammatory cytokine production from 
CD4+ T cells, the CD24hiCD27+ B cells exert more efficient 
regulatory function than CD24hiCD38hi B cells, possibly due 
to higher expression levels of transforming growth factor β 
(TGFβ) and granzyme B (GzmB), as well as various cell 
surface integrins and CD39 in CD24hiCD27+ B cells (60).

Plasmablasts in the blood of healthy humans, which are 
possibly differentiated from mature naive or immature naive 
B cells, also secrete IL-10 and soluble IgM after stimula-
tion with IL-2, IL-6, IFNα and CpG (28). Differentiation into 
CD24hiCD38hi Bregs and CD24–CD38hi plasmablasts is pro-
moted by IFNα secreted from plasmacytoid DCs (61).

Whether the regulatory role of Bregs is antigen-specific or 
not is still controversial. CD40 stimulation without antigen and 
BCR interaction, which mimics the stimulation of bystander B 
cells, reportedly induces IL-10 from B cells, whereas CD40 
plus BCR-mediated stimulation leads to the decreased pro-
duction of IL-10 and the augmented production of IL-6, TNFα 
and lymphotoxin (62). In another study, stimulation mediated 
by CpG and CD40L alongside BCR cross-linking induces 
more IL-10 than CpG- and CD40L-mediated stimulation alone 
(60). Further detailed investigation is awaited.

Other regulatory molecules in Bregs

In addition to IL-10, other secreted mediators, cell surface 
molecules and signaling molecules have been reported as 
defining regulatory functions in B cells. However, as de-
scribed below, in many cases their expression was evalu-
ated in relation to the IL-10+ Breg phenotypes and knowledge 
about IL-10-independent regulatory mechanisms is quite 
limited.

Interleukin 35
IL-35 is a heterodimeric cytokine composed of IL-12α and 
IL-27β (63). IL-35 serves as a suppressive factor of T-cell 
proliferation and contributes to the augmented regulatory 
function of regulatory T cells (Tregs). IL-35 promotes the con-
version of B cells to Bregs with CD5 and/or T-cell immuno-
globulin and mucin domain 1 (TIM-1) expression that also 
produces IL-35 besides IL-10. Adoptive transfer of Bregs in-
duced by recombinant IL-35 ameliorates experimental auto-
immune uveitis by inhibiting the pathogenic Th17 and Th1 
cells while promoting Treg expansion (64) although the sites 
where they function have not been determined.

IL-35-producing B cells have also been identified as nega-
tive regulators in the EAE model. Mice in which IL-35 is specif-
ically deleted in B cells fail to recover from the induced EAE. 
On the other hand, these mice obtain increased resistance to 
S. typhimurium infection. IL-35 is induced by B cells via TLR4 
and CD40 signaling, and plasma cells are regarded as the 
IL-35-producing population in this model (21). The homology 
of IL-35- and IL-10-producing Bregs is yet to be elucidated.

In humans, the plasma levels of IL-35 level and the fre-
quency of circulating IL-35+ B cells are decreased in SLE 
and inversely correlate with disease activity (22). The de-
tailed phenotype of the IL-35-producing B cells has not been 
identified.



Suppressive mechanisms of Bregs  59

Transforming growth factor β
The effect of TGFβ produced by B cells was first described 
in a type 1 DM model—non-obese diabetic (NOD) mice (65). 
TGFβ receptor signaling leads to the transcription of target 
genes via the complex of phosphorylated Smad2/3 and 
Smad4 (66,67), and TGFβ from B cells induces anergy in 
CD8+ T cells (68). TGFβ+CD5+ Bregs in murine lymph nodes 
induce naive CD4+ T cells to differentiate into Tregs in vitro 
in a model of allergic airway disease (69). Immune tolerance 
in a murine transplantation model is also mediated by TGFβ 
from Bregs (18). Mice in which TGFβ is specifically depleted 
in B cells show an earlier onset of EAE (70) although, unlike 
IL-10 deficiency, TGFβ deficiency does not affect the elong-
ation of inflammation, suggesting distinct regulatory functions 
of IL-10 and TGFβ.

TGFβ-producing Bregs have been demonstrated in hu-
mans, too. Human blood B cells stimulated with CpG sup-
press the proliferation of T cells and increase the expression 
of Foxp3 and CTLA-4 in Tregs via the TGFβ signaling pathway, 
independent of the IL-10 pathway (71). The phenotypical 
characteristics of TGFβ+ B cells have not been clarified.

Granzyme B
GzmB is a member of the serine protease family that induces 
apoptosis in target cells (72). The expression of GzmB in 
B cells has been explored in humans. IL-21 is regarded as 
the main stimulant of GzmB+ B cells with diminished CD40 
signaling. The major GzmB+ B cells are plasmablasts in 
healthy human blood. Although in vitro plasmablast differen-
tiation does not reproduce GzmB production, GzmB+ B cells 
induced by stimulation with IL-21, CD40L, anti-BCR anti-
bodies, CpG and IL-2 suppress the proliferation of T cells 
in a GzmB-dependent and contact-dependent manner, inde-
pendent of the IL-10 pathway (73).

In SLE subjects, GzmB is produced from CD5+ B cells and 
the viability and proliferation of this population is rather sup-
pressed by IL-21 in vitro (74). As for their function, the degree 
of GzmB+ Breg impairment correlates with the disease ac-
tivity in RA (75). These results suggest that impaired devel-
opment and regulatory functions occur in GzmB+ B cells in 
autoimmune conditions.

Interestingly, untreated HIV subjects, whose CD4+ T cells 
highly express IL-21, have increased blood GzmB+ B-cell 
numbers. A subject with a mutation in NF-κB essential modu-
lator, whose cells lack CD40 signaling, also shows GzmB pro-
duction from the majority of blood B cells (76), leading to the 
suppression of T-cell proliferation. GzmB+ B cells have also 
been reported within tumor-infiltrating B cells. They show a 
CD38+IgM+CD1d+CD5+/– plasmablast-like phenotype and are 
found adjacent to IL-21-producing Tregs. They in turn limit 
T-cell proliferation by degrading the T-cell receptor (TCR) ζ 
chain (77). GzmB+ Bregs also suppress Th1 and Th17 cells 
at least partially by degrading the TCR ζ chain and inducing 
T-cell apoptosis.

γ-Aminobutyric acid
Not only cytokines but also neurotransmitters serve as 
signaling molecules from B cells. In the DHS model, 
γ-aminobutyric acid (GABA) is produced by activated B 

cells in various sites—not only in draining lymph nodes but 
also in the spleen, bone marrow and Peyer’s patches. IgA+ 
plasma cells also produce GABA. B cell-derived GABA in-
duced monocytes to differentiate into anti-inflammatory 
macrophages, which suppress the activity of CD8+ T cells. 
In a tumor implant model, B cell-derived GABA promoted 
tumor growth by diminishing the activity of tumor-infiltrating 
macrophages and then T cells. The infiltration of B cells or 
plasma cells was limited in this tumor model, suggesting that 
GABA from B cells regulates these effector cells during the 
priming or migrating phase, possibly in the draining lymph 
nodes (23).

GABA production from B cells and IgA+ plasma cells is ob-
served in human tonsils and renal cell tumors. The differenti-
ation of human monocytes into macrophages was promoted 
by GABA and thus a similar mechanism is presumed in hu-
mans, too.

Fas ligand
Fas ligand (FasL, CD178) is a mediator of activation-induced 
cell death and is expressed mainly in cytotoxic cells including 
T cells and NK cells (78–80). Murine splenic B cells also ex-
press FasL after antigenic stimulation and IL-4/IL-10 from 
CD4+ T cells, and in turn exert a suppressive function by 
inducing the apoptosis of CD4+ T cells in a FasL-dependent 
manner. However, the activity of apoptosis induction is 
blocked by IL-4, suggesting an elaborate function of IL-4 not 
only taking part in upregulating FasL in B cells but also sup-
pressing the cell-killing activity of FasL+ B cells (81). The po-
tency of inducing apoptosis in CD4+ T cells is augmented in 
splenic B-1a cells during schistosome infection (82). On the 
other hand, CD8+ T cells are not directly suppressed by FasL 
on B cells (68).

Most, but not all, FasL+ B cells are found in the B10 popu-
lation but do not always co-express IL-10. In autoimmune 
disease models, numbers of splenic FasL+CD5+ B cells 
are reduced in the CIA model, and FasL in B cells cor-
relates with a reduction of IL-17 production from antigen-
specific T cells. On the other hand, overexpression of FasL 
in splenic B cells was reported in the MRL/lpr murine SLE 
model and these FasL+ B cells contribute to the cytotoxic 
destruction of Fas+ tissues (83). Similar to the other FasL+ 
immune cells, FasL can be a mediator of both effector and 
regulatory mechanisms in B cells, too. Actually, in humans, 
splenic FasL+CD5+ B-cell numbers are increased in type 1 
DM subjects accompanied with the reduction of IL-10+CD5+ 
B cells, implying a positive role for FasL+ B cells in disease 
activity (84).

Programmed death-ligand 1
Programmed death-ligand 1 (PD-L1) is one of the ligands of 
programmed death 1 (PD-1). PD-1 is expressed on T cells 
and PD-1 signaling inhibits the activation and proliferation of 
T cells (85). In the murine EAE model, PD-L1hi splenic Bregs 
regulate CD4+CXCR5+PD-1+ follicular helper T cells (Tfh 
cells), which are involved in B-cell activation and the gen-
eration of antibody-secreting plasma cells, through PD-L1–
PD-1 signaling (86, 87). PD-L1hi Bregs found in the spleen 
after immunization include both Blimp1lowCD138low B cells 
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and Blimp1hiCD138hiB220low plasma cells (87). B cells found 
in murine models of malignant tumors also express PD-L1 in 
addition to IL-10, IL-35 and TGFβ, and associate with the pro-
gression of tumors (88). In another study, IgA+PD-L1+IL-10+ 
plasma cells in the tumor microenvironment induce CD8+ 
T-cell exhaustion via PD-L1 and IL-10 in treatment-resistant 
prostate cancer both in humans and in murine models (89).

Programmed death 1
PD-1 expression has also been reported in associ-
ation with human tumor-infiltrating Bregs. CD5hiCD24+/–

CD27+CD38dimPD-1+ B cells, which upregulate PD-1 upon 
encountering PD-L1 via a BCL6-mediated pathway, are in-
volved in tumor progression in advanced-stage hepatocellular 
carcinoma subjects by suppressing the activity of tumor-
specific T cells via IL-10 signals (88). As another fraction, 
PD-1+ Bregs that were found to be increased in untreated thy-
roid tumor subjects suppressed the proliferation of T cells via 
the PD-1–PD-L1 pathway, independent of IL-10. This popula-
tion is rare in the blood circulation and is further reduced after 
tumor treatment (90), suggesting its association with tumor 
activity.

CD80/CD86
CD80 and CD86 (B7.1 and B7.2) are expressed on B cells 
and are co-stimulatory molecules that bind to CD28 on T cells 
(91). In the murine EAE model, Bregs induce Tregs to migrate 
into the central nervous system through CD80/CD86–CD28 
interaction and resolve the inflammation via IL-10 from Tregs 
(92). It is of note that the induction of Tregs was delayed in 
the central nervous system but not in cervical lymph nodes by 
B-cell deficiency in this model. However, since these findings 
were based on cell-transfer experiments, the priming sites of 
Tregs could not be determined.

In humans, blood CD19+CD24hiCD38hi Bregs were demon-
strated to inhibit the differentiation of T cells into Th1 cells in 
vitro and this suppressive mechanism is mediated by IL-10 
and CD80/CD86 signaling (46). Further regulatory mechan-
isms have not been disclosed yet.

CD1d
CD1d, which is a major histocompatibility complex (MHC) 
class I (MHC I)-like molecule, presents lipid antigens to in-
variant NK T cells (iNKT cells) via an invariant TCR (93). Bregs 
include a CD1dhi fraction, and lipid-antigen presentation by 
CD1dhi splenic Bregs activates iNKT cells and downregulates 
Th1 and Th17 cell activation in terms of adaptive immune re-
sponses in a murine arthritis model, partially via IFNγ pro-
duction from iNKT cells (94). Although CD1d is a definitive 
marker for B10 cells, the expression of CD1d seems to be 
dispensable for IL-10 production from CD5+ B cells (95). This 
observation also supports an independent regulatory role for 
CD1d in Bregs.

T-cell immunoglobulin and mucin domain 1
TIM-1 is preferably expressed on Th2 cells and is proposed 
to have dual positive and negative immunoregulatory roles 
(96, 97). In murine spleen, the TIM-1+ B-cell population 

largely overlaps with IL-10-secreting B cells. In a murine 
islet-transplantation model, TIM-1+ B cells participate in sup-
pressing immune rejection accompanied by high production 
levels of IL-4 and IL-10. A low-affinity anti-TIM-1 antibody that 
promotes immune tolerance augments the frequency and 
regulatory function of TIM-1+ B cells (98) although the func-
tioning sites of TIM-1+ B cells is not determined.

Another report shows the induction of IL-10+ antigen-
specific Bregs by anti-TIM-1 and anti-CD45RB antibodies 
in the same islet-transplantation model (99). TIM-1 defi-
cient mice reveal a loss of IL-10 production in B cells and 
upregulated Th1 and Th17 reactions. IL-10 production from 
splenic B cells by administration of apoptotic cells is medi-
ated by binding of TIM-1 and phosphatidyl serine on apop-
totic cells, and is involved in ameliorating EAE severity (100). 
On the basis of these observations, TIM-1 can be a mediator 
inducing IL-10-producing Bregs.

In humans, CD24hiCD38hi B cells from peripheral blood 
preferably express TIM-1 (42,101), and a skew in frequency 
and function of TIM-1+ B cells was reported in relation to SSc 
and to allograft rejection in kidney transplantation. The regu-
latory function of TIM-1 occurs via STAT3 signaling, which 
also overlaps with IL-10 signaling, and TIM-1+ B cells are also 
enriched within the peripheral blood from cutaneous squa-
mous cell carcinoma subjects (102).

T-cell immunoreceptor with Ig and ITIM domains
The role of T-cell immunoreceptor with Ig and ITIM domains 
(TIGIT) has been explored on T cells and NK cells. TIGIT works 
as a checkpoint receptor by competing with a co-stimulatory 
immunoreceptor CD226 for the ligands CD155 and CD112 
(103). Mice with TIGIT specifically deleted in B cells develop 
inflammation in the central nervous system with infiltration of 
Th1 and Th17 cells. The expression of TIGIT is enriched on 
TIM-1+ B cells, and aryl hydrocarbon receptor regulates the 
expression of TIGIT and IL-10 in TIM-1+ B cells (104). Thus, 
TIGIT expression can also be downstream of TIM-1 signaling. 
TIGIT expression does not totally overlap with IL-10 produc-
tion in B cells, suggesting that the inhibitory function of TIGIT 
is independent of IL-10.

In humans, CD19+CD24hiCD27+CD39hiIgD–IgM+CD1c+ 
blood memory B cells express TIGIT. In renal and liver allo-
graft subjects, a lack or decrease of TIGIT+ memory B cells 
is associated with increased donor-specific antibodies and 
Tfh cell responses, and decreased Treg responses (24), sug-
gesting some regulatory function of TIGIT+ memory B cells in 
humans, too.

CD39/CD73
Whereas extracellular ATP works as a co-stimulatory factor 
on T cells, extracellular adenosine has an immunosuppres-
sive function via adenosine receptor signaling (105). CD39 
hydrolyzes extracellular ATP and ADP to AMP. CD73 is one 
of the ecto-5ʹ-nucleotidases and catalyzes the conversion of 
extracellular AMP to adenosine. Both CD39 and CD73 are 
expressed on Tregs and coordinately work to generate im-
munosuppressive adenosine pericellularly (105). CD39 ex-
pression is also generally found on murine splenic B cells. 
On the other hand, high expression of CD73 is restricted to 
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splenic B10 cells and peritoneal B-1 cells under stable con-
ditions. Whereas IL-10 production from B cells is not affected 
by CD73 deficiency, CD73 expression is diminished in IL-10 
deficient B cells (19), suggesting that CD73 expression on 
B cells occurs in an IL-10-dependent manner. However, the 
actual regulatory mechanisms mediated by CD39/CD73 on B 
cells have not been clarified.

Most healthy human peripheral blood B cells express both 
CD39 and CD73. B cells activated in vitro by CD40L and 
IL-4 increase CD39 expression and suppress proliferation 
and cytokine production in T cells. In this stimulation model, 
CD73 is downregulated in the activated B cells, suggesting 
that not only adenosine but also AMP generated by the ac-
tivated B cells has a suppressive function on T cells (106). 
Adenosine produced by CD39/CD73 can also cause auto-
crine regulation in B cells themselves through the adenosine 
receptor. Increased CD39 expression on blood B cells has 
been reported in RA subjects after successful treatments 
(107) although the causative roles of CD39 downregulation in 
disease activity have not been addressed. Since CD39/CD73 
expression is also related to IL-10 production and TIGIT/
TIM-1 expression in B cells from tonsils and peripheral blood 
(24), the independent roles of CD39/CD73 from other regula-
tory molecules are still obscure.

Lymphocyte-activation gene 3
Lymphocyte-activation gene 3 (LAG-3, CD223) has been re-
garded as a CD4-related molecule that binds to the stable 
complex of MHC II and the peptide presented by antigen-
presenting cells. The binding affinity of LAG-3 to MHC II is 
higher than that of CD4, and LAG-3 suppresses the activa-
tion of T cells by inhibiting MHC-II–CD4 interaction (108, 109). 
CD138+LAG-3+ IL-10-producing plasma cells exist among 
naive murine spleen cells and are named as natural regula-
tory plasma cells. However, the direct involvement of LAG-3 
in immune regulation has not been identified (20).

CD9
A tetraspanin family member, CD9 is expressed in MZ B cells, 
B-1 cells and plasma cells (110). CD9+ B cells are abundant 
among IL-10-expressing B cells (111), and the co-expression 
of CD80 and CD9 is regarded as characteristic of murine 
splenic B10 and MZ cells (112). CD9+ B cells suppress T-cell 
proliferation in vitro and also suppress in vivo ear swelling 
during CHS, as assessed by a cell-transfer experiment. 
However, CD9-deficient mice reveal no abnormality in B-cell 
development or humoral immunity (113, 114), and the de-
tailed function of CD9 in B-cell immunoregulation is not clear 
yet.

Bregs and human diseases

As above, the function of Bregs has been explored from the 
aspect of their dysfunction in immune-mediated conditions 
including autoimmune/inflammatory disorders, infectious dis-
eases, cancer, and organ-transplant rejection. The reported 
characteristics of Bregs in human disease conditions are 
summarized in this section and in Table 2.

Autoimmune/inflammatory disorders
In the context of autoimmune disorders, impaired IL-10 pro-
duction from CD24hiCD38hi Bregs in peripheral blood has 
mainly been explored in SLE, MS, SSc and autoimmune 
skin-blistering disorders (46, 48, 54, 55, 115). Impairment 
of TIM-1 expression from this fraction is also suggested in 
SSc (101). As for the other fractions, the upregulation of IL-10 
from CD27+CD24hi Bregs in autoimmune disorders SLE, RA, 
MS, Sjögren syndrome and skin-blistering disorders is re-
garded as the reactive consequence of systemic inflamma-
tion (59). On the other hand, diminished IL-10 production is 
reported from CD27+CD24hi Bregs in SSc (116), and the in-
creased splenic FasLhiCD5+ fraction inversely correlates with 
the downregulation of IL-10 from CD5+ B cells in type 1 DM 

Table 2. Breg subsets in human disease conditions

 Organ Fraction Phenotype Molecule Ref. 

SLE Bld Immature CD24hiCD38hi IL-10 (46)
Bld N/A N.D. IL-10, IL-35 (22)

MS Bld Immature CD24hiCD38hi IL-10 (116)
SSc Bld Immature CD24hiCD38hi, IL-10 (115)

Bld B10 CD27+CD24hi IL-10 (131)
Bld Immature CD24hiCD38hi TIM-1 (101)

RA Bld N/A N.D. GzmB (75)
T1DM Bld Immature CD24hiCD38hi, IL-10 (52)

Sp N/A FasLhiCD5+ IL-10 (117)
PV, BP Bld Immature CD24hiCD38hi IL-10 (54, 55)
IBD Bld N/A N.D. IL-10 (53)
Atopic dermatitis Bld N/A N.D. IL-10 (119)
Psoriasis Bld Immature CD24hiCD38hi IL-10 (118)
Infectious disease Bld N/A N.D. IL-10 (57)
Cancer Tumor PC CD138+IgA+PD-L1+ IL-10 (89)

Bld N/A N.D. IL-35 (124)
Bld PB-like CD38+CD1d+

IgM+CD147+
GzmB (77)

Transplant reject Bld N/A N.D. TIM-1 (42)

Bld, blood; N/A, not applicable; N.D., not determined; T1DM, type 1 diabetes mellitus; Sp, spleen; PV, pemphigus vulgaris; BP, bullous pem-
phigoid; IBD, inflammatory bowel disease; PC, plasma cell; PB, plasmablast.
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(117). However, the other observations on Bregs have not 
strictly defined the subpopulation of B cells with regulatory 
fractions. Although the decline of IL-35 in SLE and GzmB in 
RA is suggested to inversely correlate with disease severity, 
these reports are based on the skewed development of B-cell 
fractions and serum concentration of the targeted molecules 
(22, 75). Considering the possibility that the profile of Bregs 
is affected by the severity and the phase of diseases, further 
investigation on the time course changes of Breg fractions 
and their acting regulatory molecules is awaited.

In addition to these autoimmune disorders, the impairment 
of Bregs is reported in inflammatory disorders such as in-
flammatory bowel diseases, psoriasis and atopic dermatitis 
(53, 118, 119). Again, in these disease conditions, the re-
sults are restricted to the impaired IL-10 expression in either 
CD24hiCD38hi Bregs or bulk B cells.

Infectious diseases
The role of IL-10-producing Bregs is suggested in persistent 
viral infection. In chronic hepatitis B virus (HBV) infection, 
the frequency of IL-10-producing B cells, which are predom-
inantly CD24hiCD38hi Bregs, parallels hepatic flares (120). 
They suppress the activity of HBV-specific CD8 T cells via 
IL-10. The enhancement of Tregs is also reported as a func-
tion of Bregs in HBV infection (121). The suppressive role of 
CD24hiCD38hi Bregs on virus-specific T cells was shown in 
HIV-1-infected subjects (57, 58), too. IL-10 from the TIM-1+ 
fraction (58) and the involvement of PD-L1 was suggested 
to be responsible for the suppression of T-cell activity (57). 
As a parasite, Schistosoma Haematobium infection induces 
the production of IL-10 and TGFβ in CD1dhi B cells, which 
leads to reduced T-cell activity (122). Although these infec-
tious conditions are chronic, the antigen specificity of Bregs 
themselves has not been clarified.

As for an acute infectious condition, CD10–CD5+ neonatal 
Bregs with polyreactive BCRs upregulate IL-10 production 
after infection with respiratory syncytial virus (RSV) and cor-
relate with diminished memory Th1 activity (123). It is pos-
sible that this neonatal Breg fraction can serve as first-line 
immune modulation independently of pathogen memory.

Cancer
The involvement of Bregs in cancer progression has mostly 
been evaluated in the cancer microenvironment as tumor-
infiltrating Bregs. The reported Breg fractions are thus in 
a later differentiation stage, such as memory B cells or 
plasmablasts/plasma cells, which potentially have tissue-
tropism (89). In addition to IL-10, IL-35 and TGFβ secretion, 
PD–L1+ plasma cells and PD-1+ memory B cells correlate with 
tumor progression in prostate cancer and hepatocellular car-
cinoma, respectively (88, 90). GzmB from tumor-infiltrating 
plasmablast-like Bregs suppress T-cell functions and induce 
T-cell apoptosis, leading to tumor progression (77).

Although the evaluation of peripheral blood Bregs is 
limited, the increase in IL-35+ B cells and TIM-1+ B cells has 
been suggested in gastric cancer and cutaneous squamous 
cell carcinoma subjects, respectively (102, 124). However, 
their acting points in the tumor progression have not been 
clarified yet.

Organ-transplant rejection
Maintenance of tolerance in transplant recipients is one of the 
major factors for successful organ transplantation. A regula-
tory phenotype of B cells was shown to be associated with 
tolerance in kidney transplant subjects (125–128). Generally, 
CD24hiCD38hi B cells and naive B cells are increased, and 
plasma cells are decreased in tolerant recipients, and IL-10 
production from B cells associates with immune tolerance 
(127). The expression of ICOS-L and CD1b in CD24hiCD38hi 
B cells coincides with IL-10 production, implying the in-
volvement of IL-10-independent regulatory pathways (128). 
The evaluation of the graft-infiltrating memory B cells or 
plasmablasts/plasma cells with a potential of exerting regula-
tory functions is awaited.

Conclusion

Although IL-10 is the most well-studied inhibitory cytokine in 
the Breg fraction, other inhibitory mechanisms independent 
of IL-10 have also been found in B cells. However, because 
these molecules have been evaluated mainly in relation to 
the traditional Breg phenotypes or IL-10-producing signaling 
pathways, their independent regulatory mechanisms are still 
to be revealed. It is also of note that the reported inhibi-
tory mechanisms in Bregs could be shared with those in 
different immune cells and in interactions between them, 
and these mechanisms have been demonstrated to not only 
function alone but also work in concert with other inhibitory 
cascades.

Bregs are well-analyzed in the spleen, lymph nodes, peri-
toneal cavity and peripheral tissues including inflamed gut, 
skin, tumor sites and transplants from murine models, and 
in peripheral blood and peripheral tissues from humans. 
Thus, the evaluation of murine Breg equivalents in humans 
is impossible in many cases. In addition, the timings of Breg 
emergence, their phenotypes and the involved organs are 
diverse depending on the pathological conditions. However, 
the accumulated studies both in murine models and hu-
mans imply that the characteristics of B cells in the analyzed 
lymphoid tissues can reflect those in the involved peripheral 
organs. Further multifaceted studies would help clarify the 
specific Breg phenotypes and functions in a wide range of 
disease conditions including autoimmune disorders, infec-
tious diseases and malignancies.
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