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Abstract
B lymphocytes contribute to physiological immunity through organogenesis of secondary
lymphoid organs, presentation of antigen to T cells, production of antibodies, and secretion of
cytokines. Their role in several autoimmune diseases, mainly as producers of pathogenic
antibodies, is also well known. However, certain subsets of B cells are emerging as the important
regulatory cell populations in both mouse and human. The regulatory functions of B cells have
been demonstrated in a variety of mouse models of autoimmune diseases including collagen-
induced arthritis (CIA), experiment autoimmune encephalomyelitis (EAE), anterior chamber-
associated immune deviation (ACAID), diabetes, contact hypersensitivity (CHS), and intestinal
mucosal inflammation. Accumulating evidence from both mouse and human studies confirms the
existence of regulatory B cells, and is beginning to define their mechanisms of action. In this
article, we first review the history of B cells with regulatory function in autoimmune diseases, and
summarize the current understanding about the characterizations of such B-cell subsets. We then
discuss the possible regulatory mechanisms of B cells, and specifically define the role of
regulatory B cells in immune homeostasis in the intestine.
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History of regulatory B cells in autoimmune diseases
In 1974, Katz et al. [1] provided the first evidence that B cells might harbor the ability of
immunoregulation. They found that depletion of B cells from splenocyte preparation
abolished their ability of inhibiting inflammatory reaction in the skin of the recipient mice.
Their pioneer studies introduced the concept of suppressive B cells in immunoregulation of
T-cell function. Since then, B cells with regulatory functions have been demonstrated in a
variety of mouse models of autoimmune disease (Figure 1), suggesting that in parallel with
the occurrence of autoimmune T- and B-cell reactivity in host, certain B cells with
regulatory function are also generated as a compensatory mechanism to inhibit immune-
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mediated inflammation. A few reviews have summarized the current knowledge of
regulatory B cells [2–4]. In this article, we add the latest advancement in research of
regulatory B cells, and discuss the clinical implications from mouse models to human
diseases.

Collagen-induced arthritis
CIA is a murine model mimicking the immunopathogenesis of human rheumatoid arthritis
[5]. Chronic arthritis develops after immunization of DBA/1-TcR-β-Tg mice with type II
collagen in complete Freund’s adjuvant. Although B cells are required for the disease
initiation and progression [6,7], regulatory B cells have also been identified in CIA [8–10].

Mauri et al. [8] observed the in vitro activation of splenic arthritogenic B cells, with CD40
monoclonal antibody (mAb) and collagen resulted in an increased IL-10 production.
Transfer of these B cells into CIA mice inhibited T helper cell type 1 (Th1) cell
differentiation, prevented arthritis development, and displayed therapeutic effects on the
established disease. A major IL-10-producing B subset, marginal zone (MZ) B cell, and its
precursor, transitional stage 2 (T2-MZP) B cell, were increased during the remission phase
of arthritis. Adoptive transfer of T2-MZP B cells to the CIA mice significantly prevented
disease development and ameliorated established disease [9]. The suppressive effects on
arthritis were paralleled by an inhibition of antigen (Ag)-specific T-cell activation and a
reduction in cells exhibiting Th1 type of immune responses. The authors further
demonstrated that this regulatory B subset displayed its suppression through the secretion of
suppressive cytokines, but not by cell–cell contact.

Gray et al. [10] reported that administration of apoptotic cells (AC) could protect mice from
autoimmune joint inflammation by induction of regulatory B cells. AC treatment increased
the production of IL-10 by activated splenic B cells. Also, passive transfer of B cells from
AC-treated mice provided significant protection from CIA. The IL-10-producing B cells
were able to skew the cytokine profile of effector T cells toward an immunosuppressive
phenotype [10]. These data demonstrate that AC exert profound influence on adaptive
immune response by acting as endogenous Ags through the generation of IL-10-producing
regulatory B cells, which in turn are able to influence T-cell functioning. Although the
mechanism about how AC induce regulatory B cells remains unclear, it reveals the
possibility that breakdown of this negative feedback loop may contribute to the pathogenesis
of autoimmunity.

Experimental autoimmune encephalomyelitis
Experimental autoimmune encephalomyelitis (EAE) in mouse is an autoimmune CD4+ T-
cell-mediated inflammatory disease affecting the central nervous system with clinical
symptoms similar to multiple sclerosis (MS) in human [11]. Whether B cell plays a
protective or pathological role in EAE or MS has been a matter of debate. Although B-cell
depletion with rituximab (anti-CD20 mAb) has shown therapeutic effects in patients with
relapsing–remitting MS [12], more and more evidence suggests that the B cells may also
carry out protective functions.

Wolf and colleagues induced acute EAE in μMT (B-cell-deficient) mice with myelin
oligodendrocyte glycoprotein peptide to test whether the absence of B cells was capable of
preventing the induction of the pathogenic autoimmune responses [13]. Unexpectedly, μMT
developed much more severe disease, suggesting that B cells negatively regulated
inflammatory response in EAE. Following this study, Gonnella and co-workers [14] found
that the major difference in EAE process between the μMT and wild-type (WT) mice was
characterized by different cytokine profiles in the gut-associated lymphoid tissue (GALT).
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An upregulation of B-cell-derived IL-4, IL-10, and TGF-β was detected in WT but not in
μMT mice both in vivo and in vitro. The importance of B-cell-derived IL-10 was further
confirmed by an adoptive transfer study [15]. Specifically, the adoptive transfer of WT B
cells, but not that of IL-10−/− B cells, normalized EAE severity in μMT mice [15].

Accumulating evidence suggested that B cells might play distinguished roles in different
disease stages of EAE development. Indeed, transfer of regulatory B cells was maximally
effective during early EAE initiation, but had no obvious effect in late stage. On the
contrary, B-cell depletion during EAE disease progression dramatically suppressed
symptoms [16]. These results demonstrate dynamic regulatory roles for B cells in EAE
initiation and progression, which indicates that the timing of B-cell depletion treatment is
critical in clinics.

Non-obese diabetes
Non-obese diabetes (NOD) mice have a polygenic susceptibility to spontaneous
development of autoimmune, type I diabetes [17], which is a Th1-mediated autoimmune
disease. Although B cells are a necessary component for the initiation of spontaneous T-cell
autoimmunity to β cells by presenting Ags in NOD mice, a regulatory role of activated B
cells in the autoimmune process has also been observed.

Lipopolysaccharide (LPS)-activated B cells have an increased expression of Fas ligand and
secretion of TGF-β [18]. Transfusion of activated B cells, but not untreated control B cells,
into pre-diabetic NOD mice inhibited spontaneous Th1 autoimmunity. Co-transfer of
activated B cells with diabetogenic splenic T cells prevented the type I diabetes mellitus
(T1DM) in NOD mice. In a separate study, Hussain and colleagues found an increased
production of IL-10 by spleen B cells upon B-cell receptor (BCR) stimulation. Transfusion
of those IL-10-producing B cells significantly delayed disease onset as well as incidence of
disease in an IL-10-dependent manner in NOD mice [19]. However, the same treatment of
mice at later stage only delayed the disease onset, but had no effect on the occurrence of
disease.

Therefore, it is speculated that in NOD mice, there are multiple subsets of regulatory B cells
that develop through the stimulation of different signaling pathways and also exhibit
different functional phenotypes. One important possibility raised by these studies is that
intravenous transfusion of regulatory B cells may be used therapeutically to protect human
subjects at risk for T1DM. Preventative treatment before disease onset is critical for the
protective effect.

Systemic lupus erythematosus
Systemic lupus erythematosus (SLE) is a systemic autoimmune disease characterized by
auto-Ab production associated with a wide range of clinical manifestations. Patients with
SLE and murine lupus models generate high titers of affinity-matured, isotype-switched
auto-Abs featured as T-cell-dependent immune responses. An important target of
autoimmune responses of the disease is a group of small nuclear ribonucleoprotein particles
(snRNP) designated U1 and Sm [20,21].

The first evidence of the existence of regulatory B cells in SLE was from Yan and co-
workers [22], who demonstrated that anti-snRNP B cells from normal mice tolerated T cells
in the periphery and did not secrete auto-Ab. The accelerated development of SLE in BXSB
male mice is associated with the presence of a mutant gene, Yaa (Y-linked autoimmune
acceleration). To explore whether the Yaa mutation would affect the differentiation of B
cells, thereby contributing to the acceleration of the disease, Amano and co-workers showed
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that both BXSB and C57BL/6 Yaa mutant mice displayed an impaired development of MZ
B cells early in life. The lack of selective expansion of MZ B cells in BXSB Yaa lupus mice
strongly argues against a major role of MZ B cells in the generation of pathogenic auto-Abs
in the BXSB model of SLE, but rather a suppressive role in disease progression [23].

Recent studies have shown that CpG oligodeox-ynucleotides (ODNs) can stimulate a subset
of B cells from lupus mice to increase their IL-10 secretion [24,25]. Vice versa, the
abnormal IL-10 response in lupus mice could be down-regulated with inhibitory ODNs
[24,25]. In conclusion, B cells have dual functions in the pathogenesis of lupus, and their
functions are decided by the surrounding environments. They promote disease progression
by presenting self-Ags as antigen-presenting cells (APC), and by producing auto-Ab as
effector cells. Meanwhile, when encountered by specific innate stimulations, they exert
suppressive role by secreting IL-10.

Characterization of regulatory B cells
Studies with animal models as described above have suggested that B cells may play
different roles in the development of autoimmune diseases. Although some B cells are
pathogenic at certain stage of disease process, some of them may also be protective. The
origins of regulatory B cells and how they develop remain unclear. Using IL-10
transcriptional reporter mice, Madan et al. [26] found an unexpected predominance of B
cells among IL-10-expressing cells in peripheral lymphoid tissues in both naïve and immune
system-activated mice, suggesting that negative regulation is a general property of B cells
induced as a consequence of normal B-cell activation.

Identification of regulatory B cells
Distinguished phenotypes of regulatory B cells have been described in numerous studies. It
is most likely that regulatory B cells have multiple subsets with defined phenotypes and
biological functions.

Peritoneal CD5+ B-1a cells are known to produce IL-10 [27,28]. Spleen CD5+ B cells also
produce IL-10 after IL-12 stimulation, whereas CD5−B cells do not [29]. Specifically,
spleen B cells with a CD21+ CD23− MZ phenotype from lupus mice can produce IL-10 in
response to CpG stimulation [25]. Spleen CD1dhiCD21+ CD23+IgM+ B cells with a T2-
MZP phenotype also produce IL-10 and can inhibit CIA [9]. More recently, the IL-10-
producing CD1dhiCD5+ B cells (B10) in the spleen identified by Matsushita et al. [16]
appear to share some phenotypic markers with both CD1dhiCD21+ CD23+ T2-MZP B cells
and CD5+ CD19hiB220lo B-1a cells. However, the frequency of B10 cells in WT mice was
significantly lower than the frequencies of MZ B cells in the spleen. It is still debatable
whether B10 cells represent a novel subset of functional B cells or just different activated
state of MZ or B-1a cells.

Conversely, a B-2-like phenotype (CD5− CD11b− IgD+) of IL-10-producing regulatory B
cells, which were only detectable after IL-7 stimulation, was also documented [4]. IL-7
favors the development of B-2 B cell but not B-1 B subset. Consistent with the above
finding, Booth and co-workers newly identified that a population derived from CD5−

CD11c− CD21+ B cells in Peyer’s patches (PPs) spontaneously secretes high levels of IL-10.
Neutralization of the IL-10 or depletion of CD21+ B cells results in a significant increase in
CpG-induced interferon response in PPs, suggesting that IL-10 from B cells negatively
regulates innate responses in PPs. These IL-10-secreting PP B cells may represent a novel
subset of the recently proposed regulatory B cells in the intestine [30].
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Activation signaling for regulatory B cells
The pathways in generating such regulatory B-cell population have been summarized in an
earlier review [3]. Three pathways appear to be crucial for this process: signals from the
BCR, signals from CD40, and signals from toll-like receptors (TLR) (Figure 2). The
involvement of all these three pathways in the development of regulatory B cells raises a
question: how do the non-specific activating signals trigger the specific regulatory function
of B cells? A few models have been proposed to address this question. Mizoguchi and Bhan
postulated that activation of follicular B cells through BCR and CD40 by ligation with self-
Ags leads to the development of a population of regulatory B cells, whereas activation of
MZ B cells through TLR pathways by ligation with bacterial products matures a different
population of regulatory B cells [4]. Fillatreau and co-workers proposed that the suppressive
function of B cells is determined by its condition of activation and, in particular, by the
different types of TLR agonists available [3].

In addition to BCR, CD40, and TLR signaling, the role of CD19, a B-cell-specific surface
molecule that defines BCR signaling thresholds, has also been found important in the
development of regulatory B cells in various autoimmune models [31–33]. CD19-deficient
mice are hyposensitive to a variety of transmembrane signals. However, deficiency of CD19
results in an increased and prolonged inflammatory reaction in mice prone to autoimmune
diseases, suggesting an overall anti-inflammatory role of CD19. Overexpression of CD19
expanded the population of regulatory B cells in CHS mice suggesting that CD19 plays an
important role in the developmental stage of regulatory B cells [33], potentially through
BCR signaling. However, adoptive transfer experiments revealed that CD19 expression in
recipient mice is required for optimal suppression of inflammatory response in the CHS
model, indicating another possible role of CD19 that it might also be important for the
elicitation phase of the suppressor functions [32].

Interestingly, the effector cytokine IL-10 of regulatory B cells is also required in the
generation of the regulatory B cells [8]. B cells cultured with Ag and anti-CD40 in the
presence of neutralizing anti-IL-10R fail to exert the regulatory functions in recipient mice
with CIA [8]. It is not known what the sources of the IL-10 are in the development of
regulatory B cells. It is possible that CD4+ T cells regulate B cells via the release of soluble
cytokines, or B cells have a positive feedback system.

Molecular mechanisms of regulatory B cells
It has been shown that regulatory B cells can modulate a variety of immune cell populations,
including CD4+ effector T cells (Th1/Th2 response), regulatory T cells (FOXP3+ T cells,
CD8+ T cells, and invariant NKT cells (iNKT)), and dendritic cells (DCs). By studying
murine models of autoimmune diseases, several effector and interaction molecules have
been demonstrated to participate in B-cell-mediated immune regulations. Here, we briefly
summarize the recent understandings in the suppressive mechanisms mediated by regulatory
B cells (Figure 2).

Regulation by effector molecules
Role of IL-10—The role of B-cell-derived IL-10 in autoimmune diseases has been nicely
summarized and reviewed by Aja Rieger and Fillatreau [3,34]. In general, IL-10 suppresses
both Th1 and Th2 polarization, and inhibits Ag presentation and pro-inflammatory cytokine
production by monocytes and macrophages. It also has potent activity in limiting DC
function in secreting IL-6 and IL-12, and thereby inhibits Th17 cells [35]. Furthermore, a
transient reduction in naturally occurring FOXP3+ regulatory T cells can be induced in mice
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when B cells cannot secrete IL-10, suggesting that B-cell-derived IL-10 is required for the
induction of regulatory T cells.

B-cell-derived IL-10 is essential for the regulatory function of B cells in most autoimmune
disease models, as B-cell population isolated from IL-10 knockout mice failed to mediate
the protective function of regulatory B cells in CIA [8], EAE [15], NOD [19], and
inflammatory bowel diseases (IBD) [36].

Role of TGF-β—Additionally, several B-cell subsets have been found to be capable of
producing TGF-β in different disease models [13,18,37,38]. TGF-β is known to be a
multifunctional cytokine, which exerts its anti-inflammatory function by inducing apoptosis
in the effector cells, suppressing cytokine production of T cells, and inhibiting functions of
APC. It also serves as a potent negative regulator of mucosal inflammation in the intestine
[37].

Wolf and colleagues [13] first suggested that regulatory B cells might suppress
inflammatory responses by secreting TGF-β in addition to IL-10. Tian and colleagues
showed that LPS-activated B cells specifically inhibited spontaneous Th1 autoimmunity in
pre-diabetic NOD mice by secreting TGF-β [18]. Their study proved that activated B cells
could down-regulate pathogenic inflammatory response through the induction of the
apoptosis in Th1 cells and/or inhibition of Ag presentation activity in APC by the secretion
of TGF-β. Similarly, Parekh and co-workers discovered that B cells activated by LPS, but
not by anti-Ig and anti-CD40 Ab, induced energy in CD8+ T cells by the expression of TGF-
β but not by IL-10 [38].

Role of anti-inflammatory Ab—B cells are known for their ability to produce Abs.
Evidence has been provided that Ab not only can amplify the inflammatory response in
early stages of the immune response to an infectious agent or in the development of
autoimmune disease, but also down-regulate the inflammatory response. [39–43]. Consistent
with this concept, administration of passive Ab was associated with reversal of the
inflammatory response of B-cell-deficient mice to pro-inflammatory conditions [39,41,44].

Although it is not fully understood how and which Ab isotope functions as a regulator in
autoimmunity, an appealing observation is that IgG is elevated under multiple inflammatory
conditions [44]. IgG has the capability of binding to inhibitory receptor FcγRIIB on DC,
which provides an important mechanism to maintain immune tolerance [45,46].
Administration of IgG has been noted to have beneficial effects in Ab-mediated autoimmune
diseases [47]. Taken together, B cells might control inflammatory responses in certain
situations by the production of specific IgG, which might exert an anti-inflammatory effect
by promoting clearance of microbial Ags, down-regulating pro-inflammatory cytokine
secretion by effector cells, promoting release of anti-inflammatory cytokines, and inducing
DC tolerance [48] (Figure 2).

Regulation by cell–cell interaction
Role of CD1d—The CD1 glycoproteins are family members of major histocompatibility
complex (MHC) class I-like molecules conserved in mammalian species [49]. Although
human expresses multiple CD1 molecules including CD1a, b, c, d, and e, CD1d is the only
molecule in mice and rats that expressed widely on cells of multiple hematopoietic lineages,
including B and T cells, macrophages, and DCs. CD1d presents lipid/glycolipid Ags of host
or microbial origin to a subset of T cells, iNKT cells, which is an important innate-like
lymphocyte population in immune system [50–56]. Deficiency of CD1d-reactive iNKT cells
has been associated with the pathogenesis of autoimmune diseases.
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Intriguingly, several studies have characterized regulatory B-cell subsets with high
expression of CD1d [28,33,57], suggesting a potential regulatory mechanism that involved
regulatory B cells and iNKT cell interaction through CD1d. Study by Mizoguchi et al has
shown that the upregulation of CD1d on GALT B cells is associated with the B-cell-
mediated protection against intestinal mucosal inflammation [28]. CD1d and iNKT cell
interaction participated in the suppression of intestinal inflammatory progression, as CD1d-
deficient TCRα double-knockout mice developed colitis spontaneously [28]. Sonoda and
Stein-Streilein also concluded that the same anti-inflammatory role of CD1d and iNKT cell
interaction using an immune tolerance model was associated with anterior chamber-
associated immune deviation [57].

Role of MR1—Like CD1, MR1 is a non-polymorphic MHC class Ib molecule [58–60],
probably specialized for lipid Ag presentation [61–63]. T cells specific for MR1 (mucosal-
associated invariant T, MAIT) reside primarily in the gut lamina propria, and their post-
thymic expansion depends on both commensal microbiota and B lymphocytes [64–66].
MAIT cells are oligoclonal, predominated by Vα19 and Vα7.2-Jα33 in mouse and human,
respectively [62–64,66,67]. Studies thus far indicate that MAIT cells include distinct sets of
cytokine-producing subpopulations [63,64,67], and are associated with human MS lesions
[67]. Thus, while their effector and regulatory roles are just emerging, MAIT cells represent
a highly B-cell-dependent population of T cells, likely to participate in mucosal homeostasis
and autoimmunity.

Role of Qa-1/HLA-E—Qa-1 is another MHC class Ib molecule expressed by B cells, DC,
and T cells in mouse [68]. Its equivalent molecule in human is HLA-E. Qa-1 mediates an
important immuno-regulatory function in suppression of activated CD4+ T cells by a subset
of Qa-1-restricted invariant CD8+ T cells [69]. Qa-1-restricted CD8+ T cells control
autoimmune response and protect mice from the induction of EAE [70]. In our studies of
mice bearing an altered microbial community, RF microbiota caused expansion of CD8+ T
cells and depletion of selective immune cell types –plasmacytoid DCs (pDC) and MZ B-cell
subsets via a cytolytic CD8+ T-cell mechanism [71,72].

The role of Qa-1 on B cells or other APC such as pDC was particularly interesting, as it
demonstrated that enteric microbiota acted by inducing CD8+ invariant Qa-1 T cells, which
target a conserved nonapeptide encoded by the host stress molecule Hsp60, and by GroEL-
related prokaryote homologues expressed by certain enteric bacteria. Further investigation
into this concept would establish some mechanistic links between enteric microbiota,
mucosal immunoregulation in the intestine, and the pathological biology of IBD (Figure 3).

Role of CD40/CD40L—CD40 is a member of the tumor necrosis factor superfamily
expressing mainly on B cells and DCs as well as on other cell populations [73]. The
interaction between CD40 on B cells and CD40L (CD154) on activated T cells is important
for the activation and differentiation of both B cells and T cells and maintenance of immune
tolerance [74]. As described above, signal through CD40 is required for the development of
regulatory B cells. In addition, CD40 may also be involved in the regulatory mechanisms of
B cells. First, B cells themselves not only express CD40, but also CD40L, allowing possible
B-cell intrinsic control of IL-10 production. Indeed, the production of IL-10 is restricted to
CD40L+ B cells and correlates with their CD40L expression levels in the EAE model
[33,75].

Second, CD40L is also expressed on CD1d or MR1-restricted invariant T cells and effector
T cells, in which CD1d and MR1-restricted invariant T cells convey protection against
autoimmune diseases in mice [76–78]. Therefore, it is possible that regulatory B cells can
directly regulate their functioning through CD40/CD40L engagement. Moreover, B cells

LI et al. Page 7

Autoimmunity. Author manuscript; available in PMC 2013 August 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



suppress spontaneous chronic colonic inflammation by inhibiting proliferation of effector T
cells via CD40/CD40L interaction [36].

However, it is worth to mention that we have observed some controversial results in a co-
transfer model system of Gαi2−/− CD4+ T cells and regulatory B cells from mesenteric
lymph nodes (MLN). Gαi2 protein is one subunit of the trimeric G protein family of
signaling molecules involved in the regulation of cellular physiological function. Deficiency
of Gαi2 in mouse results in spontaneous mucosal inflammation characterized by polarized
Th1 reactivity [79,80] and increased Th17 cells [81].

Transfer of isolated CD4+ T cells from colitis-prone Gαi2−/− mice to immunodeficient Rag
II−/− mice induces severe mucosal inflammation with clinical symptoms similar to Gαi2−/−

mice. Notably, IL-10-producing B cells (T2-MZP B- and B-1a cells) are also selectively
deficient in Gαi2−/− mice [82]. This and later studies [83] have demonstrated that B cells
play an important immune regulatory role in mucosal homeostasis and IBD resistance. Co-
transfer of regulatory MLN B cells with Gαi2−/− CD4+ T cells in immunodeficient mice
allows us to address the mechanisms of B-cell-mediated immunoregulation. In this T- and
B-cell co-transfer system, MLN B cells from CD40−/− mice could still provide protection
against colitigenic CD4+ T-cell-induced mucosal inflammation [84].

CD40−/− MLN B cells were equally effective as WT MLN B cells in suppression of
colitigenic Gαi2−/− CD4+ T-cell expansion and their production of pro-inflammatory
cytokines as well as mucosal damages in recipient mice. These findings indicate that
regulatory B-cell-mediated protection did not require CD40 expression that is typically
required for B cells to interact with CD4+ T cells. The sufficiency of B cells to regulate
disease without co-stimulatory molecules such as CD40 also suggests that B cells may not
regulate colitis through production of immunoglobulin in this model since Ab production by
B cells is a CD40-dependent process.

Regulatory role of B cells in mucosal immune homeostasis
Gastrointestinal tract is one of the most complex functional systems in human. Mucosal
immune homeostasis in the intestine involves the dynamic interaction of enteric microbiota,
the intestinal epithelium, and the mucosal immune system. Dysregulation of mucosal
lymphocyte homeostasis, particularly the reactivity of CD4+ T cells against commensal
microbiota, has been identified as the major pathogenic features in mucosal inflammatory
disorders in the intestine. The mouse models of IBD have been employed to investigate the
host–microbe interactions at intestinal mucosal interfaces and the regulatory mechanisms in
mucosal immune homeostasis due to their unique biological features involving microbiota,
mucosal barrier integrity, and immune regulation.

Regulatory CD4+ T cells and a variety of mucosal-associated regulatory T-cell populations
have been the focus regarding to the immune regulation in mucosal homeostasis, partly due
to their capability of producing TGF-β and IL-10 [85]. However, a series of studies by Atul
Bhan group have revealed a role for B cells in suppressing Th2 T-cell-mediated mucosal
inflammation in TCRα−/− mice [28,86]. The protective function of B cells is dependent on
their capacity to express CD1d and produce IL-10 [44]. Similarly, in transfer models of
colitis induced by colitigenic Th1 or Th17 cells (CD4+ CD45RBhi T or Gαi2−/− T cells as
described above), we have demonstrated that B cells from MLN conferred protection which
also requires the IL-10 sufficiency [81,83].

However, an impressive observation from our studies was that the transferred protective B
cells did not undergo proliferation and expansion during the colitis protection. We actually
rarely observed the significant expansion of protective B cells in the recipients, particularly
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in the GALTs including intra-epithelium, lamina propria, and MLN (data not shown).
Instead, B cells provided protection to CD4+ T-cell-induced mucosal inflammation through
the induction of CD8+ T-cell population systemically and locally in the intestines. This
surprising finding prompts us to address the cellular mechanism of B cells in their regulatory
responses to the development of mucosal inflammation.

In TCR-α−/− mice, B-cell protection was independent of MHC II on B cells, suggesting the
absence of cognate interaction with CD4+ T cells. In mouse models of colitis induced by
transferring colitigenic CD4+ CD45RBhi T and Gαi2−/− T cells, we have observed that B-
cell protection required the presence of CD8+ T cells [81]. Regulatory MLN B cells
participate in intestinal immunoregulation by recruiting mucosal-associated CD8+ T cells.
These findings point to a protective mechanism in mucosal inflammation distinct from
regulatory CD4+ T cells. Notably, CD8+ T cells are the predominant immune cell population
in the intestine. Human studies have identified regulatory CD8+ T cells induced by intestinal
epithelial cells and MHC class Ib molecules, and defects in this interaction are a feature of
some patients with IBD [87,88]. Therefore, we further used genetic approaches to examine
the requirements for B-cell immunoregulation in Gαi2−/− T-cell-transferred colitis model.

Analysis of the genetic requirements for B cells and CD8+ T cells in the immune regulation
of CD4+ T-cell inflammation has indicated that the protective function of B cells in Gαi2−/−

T-cell inflammation requires genetic sufficiency of IL-10, MHC I, and TAP1, but B cells
deficient in B7.1/B7.2, CD40, MHC II (Abb), or native BCR (MD4) were competent for
colitis protection [84]. Notably, TAP-deficient B cells failed to protect, suggesting a
requirement for peptide MHC I presentation. CD8+ T cells deficient in native TCR
repertoire (OT-1) or defective in cytolysis (perforin−/−) also failed to confer protection.
These findings reveal an integrated role for Ag-specific and perforin-dependent CD8+

Immunor-egulation T-cell cytotoxicity in colitis immunoregulation, and its efficient
induction by a subset of mucosal B lymphocytes.

These results suggest that B cells function primarily as class I APC to induce Ag-specific
CD8+ regulatory T cells that act via a cytotoxic mechanism to participate in the
immunoregulation. The presence of such a regulatory mechanism is also supported by the
work from Malin and co-workers [89]. They observed that both impairment of B-cell
activation and decrease in CD8+ T cells was associated with the exacerbation of chronic
intestinal inflammation observed in Gαi2−/− mice. Therefore, we believe that regulatory B
cells also serve as the mediators, interacting with certain regulatory CD8+ T-cell subsets to
control immune responses.

Taken together, we have observed a partnership relationship between regulatory B cells and
CD8+T-cell subsets from a serial of studies. We have understood that MLNs regulatory B
cells, mainly the B cells from MLNs characterized as CD19hiIgMhiCD1dhi, co-ordinate with
CD8+ T cell to perform their protective function. Nevertheless, (i) Not all the B cells are
protective. Similar to regulatory T cells, only certain subset of B cells can modulate the
pathogenic CD4+ T-cell-mediated mucosal and systemic inflammation and provide
protection. (ii) In our experimental system, we have demonstrated that B cells from MLNs
mediate protection to colitigenic CD4+ T-cell-induced mucosal inflammation. Regulatory B
cells co-ordinate with regulatory CD8+ T cells to play an important role in mucosal immune
homeostasis. (iii) Our work also indicates that cytotoxicity is a protective trait of regulatory
CD8+ T cells in the intestine.

Conclusions and future directions
Much evidence now establishes that B cells contribute to the regulation of immune effector
function. There appear to be two functional modes of such regulation: (a) direct regulation
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by B cells polarized for direct expression of secreted or cell interaction regulatory products;
and (b) indirect regulation by B cells bearing MHC class Ib (CD1, Qa-1, and possibly MR1)
which promote expansion and activation of MHC-cognate regulatory T cells. Several
important and interesting mechanistic and translational questions lie ahead. For directly
regulatory B cells, we need to understand what developmental pathway(s) lead to their
formation, in what settings do they substantially contribute to immune homeostasis, and by
what genetic or environmental factors may their deficiency contribute to chronic or
autoimmune inflammatory disease. For B cells interacting with MHC class Ib-restricted
regulatory T cells, what local or developmental processes augment their MHC Ib and Ag
uptake/loading, why do they predominate over other APC types, and in what human disease
settings does their activity promote (or deficiency impair) control of chronic inflammation
and prevention of autoimmu-nity? The resolution of these issues will provide new
perspectives on the pathways of B-cell development, and new modes of immune regulation
that might provide targets for the prevention and treatment of diverse chronic inflammatory
diseases.
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Figure 1.
A summary of the featured publications from 1995 to present on regulatory B cells in
autoimmune diseases. The scheme indicates the trend of increased publications on the
regulatory function of B cells in a variety of mouse model of autoimmune diseases during
the past 15 years.
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Figure 2.
Regulatory mechanisms of B cells in immunoregulation. (A) B-cell-derived effector
molecules, IL-10 and TGF-β that are produced in response to the stimulations via CD40,
TLRs, or BCR, play important roles in suppressing inflammatory T cells. (B) Antibodies
may participate in protective immunoregulation through several pathways by binding to
FcγRIIB on DC and suppressing APC function, or neutralizing self-reactive Ags or labeling
AC to diminish autoimmune responses. (C) Regulatory B cells suppress APC function by
producing IL-10 or CXCL13, or down-regulating CD4+ T-cell responses via engagement
with TCR expression on effector CD4+ T cells. Regulatory B cells can also activate iNKT
cells through an increased CD1d expression and up-regulate iNKT-cell function and induce
immune tolerance. (D) Regulatory B cells from MALT present antigenic peptides through
MHC I or non-classic MHC I molecules, Qa-1 or MR1, to mediate the expansion of
cytolytic CD8+ T cells in the intestine which monitor the activated CD4+ T cells and
suppress mucosal inflammation.
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Figure 3.
Proposed model of regulatory B-cell-mediated immunoregulation in mucosal homeostasis.
Regulatory B cells from mucosal-associated lymphoid tissue induce the expansion of
protective CD8+ T cells in the intestine by presenting antigenic peptides from enteric
microbiota or self-stress responses in an immunogenic setting. These expanded CD8+ T cells
are cytolytic and play a role of monitoring immune responses in the intestine by directly
targeting and killing activated CD4+ T cells. If validated, this concept would establish
mechanistic links between bacterial commensalism, featured intestinal mucosal immune
system, and the biology of IBD susceptibility.
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