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Balance of Tfh/Tfr cell is critically important for the maintenance of immune tolerance, as evidenced by the fact that T follicular helper (Tfh) cells are central to the autoantibodies generation through providing necessary help for germinal center (GC) B cells, whereas T follicular regulatory (Tfr) cells significantly inhibit autoimmune inflammation process through restraining Tfh cell responses. However, signals underlying the regulation of Tfh and Tfr cells are largely undefined. Regulatory B cells (Bregs) is a heterogeneous subpopulation of B cells with immunosuppressive function. Considerable advances have been made in their functions to produce anti‐inflammatory cytokines and to regulate Th17, Th1, and Treg cells in autoimmune diseases. The recent identification of their correlations with dysregulated Tfr/Tfh cells and autoantibody production makes Bregs an important checkpoint in GC response. Bregs exert profound impacts on the differentiation, function, and distribution of Tfh and Tfr cells in the immune microenvironment. Thus, unraveling mechanistic information on Tfh-Breg and Tfr-Breg interactions will inspire novel implications for the establishment of homeostasis and prevention of autoantibodies in diverse diseases. This review summarizes the dysregulation of Tfh/Tfr cells in autoimmune diseases with a focus on the emerging role of Bregs in regulating the balance between Tfh and Tfr cells. The previously unsuspected crosstalk between Bregs and Tfh/Tfr cells will be beneficial to understand the cellular mechanisms of autoantibody production and evoke a revolution in immunotherapy for autoimmune diseases.
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Introduction

Autoimmune disorders encompass a heterogeneous group of diseases in which immune tolerance is broken and the self-immune system mistakenly attack autologous tissues, leading to local and/or systemic damage. In the majority of these diseases, self-reactive lymphocytes and pathogenic autoantibodies are pivotal in inflammation-mediated tissue and organ damage.

The generation of autoantibodies is mainly related to lymphoid follicular germinal centers (GCs), which are microenvironment structures where antigen-specific B cell clones through a multistage differentiation process (1, 2). After priming by antigen, naive B cells undergo somatic hypermutation, affinity maturation, and class switch recombination in a T cell-dependent mechanism in the GCs, and further differentiate into antibody-producing plasma cells and memory B cells. Generally, the GC response is regulated and contributes to the production of antibodies specialized for preventing foreign pathogens. Multiple factors including follicular dendritic cells (FDCs) (3, 4), regulatory T cells (5), and microbiota (6) collaborate to regulate this response. Particularly, T follicular helper (Tfh) cells (7) and T follicular regulatory (Tfr) cells (8–10) are central to the production of antibody in GCs. Tfh cells are characterized by CXC chemokine receptor 5 (CXCR5) and lineage-defining transcription factor B-cell lymphoma 6 (Bcl-6) (11–13). These cells differentiate from naive CD4+T cells after priming by antigen-presenting cells and can access B cell follicles in a CXCR5-dependent manner. During the multistep process of GC reactions, Tfh cells emerge as superior helpers, providing proliferation, selection, and survival signals to cognate B cells, indicating their important role in antibody production (14). However, this help from Tfh cells must be restrained to prevent the production of autoantibodies which underlie unwanted reactions to self-antigens. In 2011, three separate studies initially found a specialized GC-located subset of regulatory T cells (Tregs) required for suppression of the GC response in mice and termed them as Tfr cells (8–10). Since then, Tfr cells in the regulation of immunity have received intense attention. Tfr cells constitutively expressed Foxp3 and CXCR5 and have a phenotype similar to both Treg and Tfh cells. A popular model of their function is to restrain the magnitude of the GC reaction by inhibiting Tfh cell proliferation and self-reactive B cell activation (8–10). Clinical studies have investigated Tfr and Tfh cells in multiple autoimmune diseases and have found a decreased frequency of circulating Tfr cells and an increased Tfh frequency as well as an aberrant Tfh/Tfr ratio in rheumatoid arthritis (RA) (15), systemic lupus erythematosus (SLE) (16) and myasthenia gravis (17). Importantly, the Tfh/Tfr ratios is positively correlated with serum anti-double stranded DNA (dsDNA) antibody level in SLE patients (16). Moreover, previous study transferred Tfr cells in vivo to demonstrate their function in restricting autoreactive GC formation and reducing autoantibody-producing B cells (18). Thus, dysregulation of Tfh and Tfr cells may contribute to the production of autoantibodies in autoimmune diseases.

In addition to Tfh and Tfr cells, regulatory B cells (Bregs) exhibit potent regulatory function in autoantibody production through complex interactions with multiple lymphocytes involved in the GC response. Bregs represent a heterogeneous population of B cells possessing immunosuppressive functions through different mechanisms, and there is no lineage-specific transcription factor for the identification of these cells (19). Indeed, the well-established functions of B cells in immune responses are antibody production, pro-inflammatory cytokine secretion and antigen presentation. It was not until the 1970s, that the existence of suppressive subsets of B cells was first confirmed in delayed hypersensitivity reactions (20). In 2002, Mizoguchi et al. (21, 22) reported that interleukin 10 (IL-10)-producing B cells can suppress intestinal inflammation progression in mouse models and first described these cells as Bregs. Currently, various Bregs have been identified, such as CD1dhiCD5+Bregs (23), CD25hiFoxP3hiBregs (24) and Tim-1+Bregs (25). The potent regulatory functions of various Bregs have been identified in immune-related pathologies, including inflammation, autoimmunity, and transplantation (22, 23, 26). Several research groups have shown the association between numerically and/or functionally aberrant Bregs and autoimmune diseases such as SLE (27), RA (28), and multiple sclerosis (MS) (29).

There is increasing interest in exploring the regulatory mechanisms of Bregs, especially the interaction with multiple targets cells. CD19+CD24hiCD38hi Bregs function to maintain the Th1/Th2 and Th17/Treg balance via IL-10 (28). Moreover, IL-10-producing Bregs inhibit the function of natural killer (NK) cells (30) and plasmacytoid dendritic cells (31). Recently, clinical studies have shown that the dysregulated Tfr and Tfh cells were correlated with impaired Bregs in many autoimmune disorders (32–34). Immunological advance further suggests the regulatory potential of Bregs on Tfr and Tfh cells in the germinal response (26, 33, 35, 36), providing new implications for understanding the production of autoantibodies in autoimmune diseases.

In this review, we briefly outline recent advances in the biology of Bregs and their involvement in autoimmune diseases. In particular, we focus on the interactions between Bregs and Tfh/Tfr cells and how such interactions regulate autoantibody production in autoimmune diseases. Finally, we discuss the therapeutic implications based on Breg-mediated regulation of Tfh/Tfr cells in autoimmune diseases and propose several problems that needed to be solved regarding this therapy. This will give rise to more effective therapies and monitors for autoimmune disorders.



Phenotypes of Bregs

Currently, Bregs are primarily defined by their immunosuppressive function in vitro or in vivo, especially their capacity to produce the anti-inflammatory cytokine IL-10. Diverse B cell subsets with suppressive functions have been identified in experimental animal models and human, although the unique phenotypic markers for distinguishing Bregs from effector B cells have not been unified, due to the strong heterogeneity of Bregs. In mice, Mauri et al. (37) showed that CD1d+CD21+CD23+transitional 2-MZ precursor (T2-MZP) B cells, which secrete IL-10 have immunosuppressive activity both in vitro or in vivo. Studies have also identified CD21+CD23−CD24hi MZ Bregs (38, 39) and CD1dhiCD5+ Bregs (40) with the capacity to produce IL-10 in mice. In addition, IL-10-producing CD19+CD138+ plasmablasts have been found in experimental autoimmune encephalomyelitis (41). A study also indicated that the cluster of differentiation 9 (CD9) is a functional marker of IL-10-expressing Bregs in mice (42). In other studies, T cell immunoglobulin and mucin-domain-containing protein (Tim-1) is an important marker for murine IL-10-producing B cells (25, 43). In the study by Lino et al. (44), LAG-3+CD138hi plasma cells mediated immune regulation in mice. Similarly, CD24hiCD38hi immature B cells (27), CD24hiCD27+ B cells (45, 46), and CD25hiCD71hiCD73lo Br1 cells (47) have been reported in humans. Recently, human IL-10-producing IgA+ B cells induced by a proliferation-inducing ligand have been shown to inhibit T cell and macrophage responses (48).

Apart from the most investigated IL-10-producing Bregs, great efforts have been made to identify expanding Breg subsets independent of IL-10. For example, Liu et al. (49) found novel CD11b+ Bregs can suppress CD4+ T-cell responses in mice with experimental autoimmune hepatitis. Moreover, CD38+CD1d+IgM+CD147+granzymeB+ B cells (50) and IL-35-producing Bregs (51) have been identified in humans and mice, respectively. It has also been determined that murine PD-L1hi B cells can suppress humoral immunity (33). B cells expressing IgD at a low level have been identified as a novel population of Bregs in humans (52).

Collectively, the phenotypes of Bregs in different species, organs, and disease models are partially overlapping or distinct, which might due to their adaption to special immune environments (19). Additional studies are needed to determine whether the immunomodulatory function of Bregs relies on their phenotype.



Origin and Induction of Bregs

The inability to identify different Breg cell subsets in complex immune microenvironment makes it difficult to understand the generation and biological characteristics of Bregs more deeply. Up to now, the origin of Bregs remains elusive and controversial. B cells can be divided into two main populations according to their distinct origins, B1 and B2 B cells. B1 B cells develop in the fetal liver and mainly present in the peritoneal cavity. B2 B cells develop in the bone marrow and further differentiate into marginal-zone (MZ) B cells or follicular B cell after several transitional stages. Some researchers proposed that Bregs with various phenotypes rise from a special progenitor and lineage-defining transcription factors determine their immunosuppressive nature. Early studies have suggested the B1 lineage of IL-10 producing Bregs as B1 B cells are the main source of B cell-derived IL-10 (53). Bregs can also originate from B2 B cells. In one study, Gαi2-deficient mice developed a spontaneous colitis due to the absence of splenic T2-MZP and MZ B cells, although follicular B cells were not altered, suggesting the potential origin of Bregs from T2-MZP and MZ B cells (54). Subsequent studies also demonstrated that T2-MZP can convert into Bregs (37, 55, 56). Notably, the identification of CD19+CD5+CD1dhigh thymic B cells with suppressive ability suggest the thymic origin of partial Bregs (57). However, there is no lineage-specific markers have been identified in the gene arrays of Bregs (47, 51), which does not support the hypothesis that Bregs arise from a dedicated progenitor. Indeed, growing evidence has demonstrated that multiple B cells at different stages of development can acquire suppressive functions under special microenvironmental stimulations (27, 41, 58). Moreover, Maseda’s group (59) reported that antigen-specific in vivo signals initiated genetic and phenotypic alternations in B10 cells and led to the conversion of these cells into antibody-producing plasmablasts. These facts strongly support the hypothesis that any B cell has the potential to convert into Bregs in response to appropriate stimuli and their regulatory capacity may change with the environmental alternations.

A complete understanding of the differentiation of diverse Breg is needed. Currently, great progresses have been made in understanding the induction of Bregs by microenvironmental molecules, especially inflammatory regulators. As extensively summarized elsewhere, B cell receptor (BCR) recognition, CD40, and Toll-like receptors (TLRs), contribute to the induction of IL-10-producing Bregs (60). Pro-inflammatory cytokines such as IL-6, IL-1β (61), IL-21 (62), interferon gamma alpha (IFN-α) (31), and B cell-activating factor (BAFF) (63) are also potent inducers of Bregs. Pro-inflammatory cytokines-mediated induction of Bregs can be explained as a feedback mechanism that suppresses the expansion of pro-inflammatory cells and restores immune homeostasis. However, it appears that not all pro-inflammatory cytokines play a role in the generation of Bregs. For example, the deficiency of IL-17, a pro-inflammatory cytokine, led to an increased number of CD19+IL-10+Breg in the spleen of a murine model of lupus (64). Of note, IL-35 can induce IL-35-producing Bregs as well (65), suggesting the potential role of anti-inflammatory cytokines in the differentiation of Bregs. Moreover, gut-microbiota-derived signals are important in the development of IL-10-producing Bregs and drive their differentiation by inducing the production of pro-inflammatory cytokines by DCs and macrophages (61). This was corroborated by study showing that the elimination of gut microbiota through antibiotic treatment led to reduced IL-10-expressing Breg frequency in mice compared to the controls (61). Subsequent studies suggested that intestinal microbiota drove B cells into IL-10-producing Bregs via TLR2/MyD88/PI3K signaling (66). Furthermore, stimulation from bacteria-derived oligodeoxynucleotides bas been shown to induce the generation of human CD24hiCD38hi Breg-like cells in vitro (67). Similarly, the DNA of gut microbiota has been shown to mediate the expansion of Bregs in MRL/lpr mice (68). More studies are needed to determine the mechanism of underlying bacterial DNA-mediated induction of IL-10-producing Bregs.

A recent study identified IL-10+LAG-3+CD138hi regulatory plasma cells in germ-free mice, suggesting that gut microbiota is not indispensable in the generation of all subsets of Bregs (44). The study also found that these regulatory plasma cells were naturally existed in the spleen and bone marrow of naive mice, rather than develop in response to stimulation. They originate from several B cell subsets including B1a, B1b, and B2 cells in a BCR-dependent manner and produce IL-10 after activation by TLR signals (44). Indeed, the existence of naturally occurring CD19+CD25highCD27highCD86highCD1dhighIL-10high Bregs in humans has also been confirmed (69). A complete understanding of these natural Bregs and their relationship with inducible Bregs is needed. In addition, more studies are needed to explore the origin and development of various Bregs, which will provide novel insights into the therapeutic potential of Bregs in autoimmune disorders.



Suppressive Mechanisms and Effectors of Bregs

The most investigated regulatory mechanism of Bregs centers around their production of IL-10. Mice with IL-10 knocked-out in B cells developed exacerbated arthritis accompanied by increased antibodies and inflammatory Th1 and Th17 cells, suggesting the important role of IL-10 in B cell-mediated immune regulation (70). Consistently, human CD19+CD25high Bregs can inhibit the expansion and function of autologous CD4+ T cells, and promote the differentiation and activity of Tregs via secretion of IL-10 (71). Moreover, CD1dhiCD5+Breg-derived-IL-10 inhibits the activation of IL-13+ type 2 innate lymphoid cells (ILC2s) and thereby suppressing the inflammation response in contact hypersensitivity (72). In experimental allergic encephalomyelitis (EAE), regulatory plasmablast-derived IL-10 also inhibits the production of IFN-α by DCs, a key cytokine in the expansion of pathogenic T cells (41).

The IL-10-independent regulatory mechanisms of Bregs are primarily mediated by IL-35 (51), transforming growth factor beta (TGF-β) (73), and granzyme B (50). These cytokines act by inducing Treg and inhibiting effector T cell differentiation (50, 51, 73). Moreover, programmed death-ligand 1 high (PD-L1hi) Bregs inhibit the expansion of Tfh cells and effector T cells through programmed cell death protein 1 (PD-1)/PD-L1 signaling (33). CD1d+T2-MZP Bregs functioned to regulate the activity of invariant natural killer (iNKT) cells through CD1d–lipid presentation, thereby inhibiting excessive inflammation (74). Notably, specific IgG4 antibodies produced by human CD73−CD25+CD71+ IL-10-producing regulatory B cells also play an important role in the suppression of antigen-specific CD4+ T cell proliferation (47). Other molecules such as glucocorticoid-induced tumor necrosis factor receptor ligand (52, 75), intercellular adhesion molecule 1, and fasciclin 1 also mediate the suppressive function of several populations of Bregs (76). Recently, the importance of microbiota-derived butyrate, a type of short-chain fatty acid (SCFA) in the function of IL-10-producing CD19+CD21hiCD24hiB cells has been identified. Butyrate activates transcriptional marker aryl-hydrocarbon receptor (AhR) in a manner dependent on 5-Hydroxyindole-3-acetic acid (5-HIAA) and therethrough indirectly supports CD19+CD21hiCD24hiBreg cell function (77). Although butyrate supplementation can support suppressive function of Bregs and inhibits arthritis in mouse models, it is unclear which species of the gut microbiota are involved in SCFA-mediated regulation of Bregs. The efficacy of dietary invention with butyrate also remains to be confirmed in RA patients.

Importantly, several transcription factors important for the suppressive functions of Bregs have also been identified. A study from Florian et al. (78) on the transcriptomic meta-analysis of human Bregs identified two critical immune regulatory transcriptional signatures, GZMB and IL10RA, among 126 differentially expressed genes between Bregs and non-Bregs. Recent research also suggests an important role for transcriptional repressor B lymphocyte-induced maturation protein-1 (Blimp-1) in the function of activated B10 cells. The authors found that Blimp-1 promoted the transcription of IL-10 when accompanied by phosphorylated signal transducer and activator of transcription 3 (STAT3) (79). Another transcription factor interferon regulatory factor 4, serves as a crucial modulator of TLR signaling, promoting IL-10 secretion by plasmablasts in the draining lymph nodes (LNs) (41). Studies have also identified the high expression of AhR in Bregs, which maintains the phenotype of splenic CD19+CD21hiCD24hiBregs by regulating IL-10 production and by restricting pro-inflammatory gene expression. This is supported by the fact that mice with AhR deletion developed exacerbated arthritis accompanied by reduced IL-10-producing CD19+CD21hiCD24hiBregs (80). Hypoxia-inducible factor-1α is also a critical transcription factor which regulate IL-10 expression in B cells (81). However, it is unclear whether these transcriptional determinants of Breg immunosuppressive functions are shared by different Breg subsets. To date, Breg-cell-specific transcription factors are largely undefined, and more studies are required in the future.

The potential role of Bregs in regulating Tfh and Tfr cells may also contribute to suppressing inflammation (33). However, this regulation appears more complex and will be discussed below. In summary, diverse mechanisms of Breg function are associated with the complex interactions between Bregs and other immune cells. Further studies are need to explore the transcriptional mechanisms underlying these interactions.



Involvement of Tfh and Tfr in Autoimmune Diseases


Tfh and Tfr Control Autoantibody Production

Autoantibodies are serological markers and pathological contributors to many autoimmune diseases. Autoantibodies can lead to the deposition of immune complex in various organs, thereby activating the complement system and/or activating immune cells, resulting in severe inflammatory damage. Moreover, autoantibodies cause direct damage of target tissue via antibody-dependent cell-mediated cytotoxicity (82). Generally, high-affinity antibodies generated in the GC during humoral immunity are responsible for providing long-term protection against the multiple pathogens. Upon antigen recognition, mature naïve B access the GC and further interact with T cells to differentiate into antibody-producing plasmocyte (1). A central step of high-affinity antibody maturation is somatic hypermutation (SHM) of BCR genes. However, in addition to enhancing affinity, this process can give rise to self-reactive BCRs at the same time (83), which underlines autoantibodies production. Although multiple checkpoints exist, including central (84) and peripheral tolerance (85), elimination of massive autoreactive B cells, more direct regulations at the GC level are necessary to prevent autoantibody production.

Since the discovery of Tfh and Tfr cells, the immunological mechanism underlying autoantibody generation in autoimmune diseases gradually becomes clear. Tfh cells are specialized CD4+ T lymphocytes required for the initiation of GC response in humoral immune responses. CXCR5, BCL6 and IL-21 are functional markers commonly used to define these cells. Within the follicle, Tfh cells provide signals for GC-B cell survival, affinity maturation, proliferation, and differentiation (86). These signals include cytokines such as IL-4 and IL-21 (14), and cellular interaction through surface molecules including CD40L (14, 87, 88), ICOSL (89) and PD-1 (90). The interaction between Tfh and GC-B cells is not well defined. It has been reported that the frequency and antigen affinity of B cells determine their capacity to receive help from T cells (91). Normally, only high-affinity B cells successfully compete for Tfh help and undergo rounds of selection to differentiate into antibody-producing plasma cells, whereas other B cells without this help may die rapidly. A series of studies have indicated that excessive Tfh cell response leads to the production of autoantibodies (92–94). It is possible that self-reactive B cells can receive help from excessive Tfh cell signals and escape from tolerance, leading to the generation of autoantibodies.

Conversely, Tfr cells act as negative regulators of autoantibody generation. Tfr cells are mainly differentiated from thymic forkhead box protein 3 (Foxp3)+ Treg precursors and characteristically express Foxp3 and CXCR5. Moreover, other molecules such as Bcl-6 and PD-1 are also expressed in Tfr cells (8). Tfr cells are critically involved in regulating the GC response. On the one hand, Tfr cells inhibit the proliferation and function of Tfh and B cells in GC in a cytotoxic T-lymphocyte-associated protein 4 (CTLA-4)-dependent manner (95, 96). Deletion of CTLA-4 on Tfr cells results in impaired class-switch recombination to IgG1, as well as unrestrained proliferation of Tfh cells (97). On the other hand, Tfr cells act by secreting anti-inflammatory cytokines including IL-10 (98), TGF-β (10, 99), and granzyme B (10) (Figure 1). Additionally, Tfr cells seem to impair the B-cell response to Tfh cell stimulation by inhibiting B-cell metabolic pathways, thereby leading to decreased antibody production (96). Importantly, studies of infection models have indicated that Tfr cells eliminate autoreactive B cells in the GC response, suggesting the important role of these cells in maintaining B-cell tolerance (100). This is supported by the fact that ablation of Tfr cells promotes autoantibody production in house dust mite models (101). In another study, mice with impaired GC-Tfr cells due to conditional knockout of nuclear factor of activated T-cells 2 showed increased pathogenic anti-dsDNA and developed lupus-like disease after immunization with chromatin (102). Thus, it could be possible that abnormalities in Tfr cells numbers and functions lead to impaired negative selection of autoreactive B cell and enhanced Tfh activity, which ultimately promotes autoantibodies production in autoimmune diseases.




Figure 1 | Dynamics of Tfh and Tfr cells in GC response. Naïve T cells and thymus-derived Treg can differentiate into Tfr and Tfh cells, respectively, after the priming by dendritic cells. Differentiated Tfr and Tfh cells gradually migrate into follicles in a CXCR5-dependant manner to exert profound impacts on GC B cells. Follicular stromal cells such as FDC provide an important plat form for various cellular interaction. In GC, Tfh cells support B cells differentiation and antibodies production by providing essential signals to B cells through direct interactions mediated by PD-1, CD40L, and ICOS, as wells as cytokines such as IL-4 and IL-21. By contrast, Tfr cells uniquely inhibit the differentiation and function of Tfh cells through secreting several anti-inflammatory cytokines (including IL-10, TGF-β, granzyme B) to suppress the GC response. The crosstalk between Tfr and Tfh cells is complex. Tfh cells can convert into Tfr cells after stimulation by IL-2. Moreover, SOSTDC1-producing Tfh cells can serve as an inducer of Tfr cells.



Given the opposing roles of Tfh and Tfr cells, a balance of them is indispensable for fine tuning the GC response. Multiple factors such as microRNAs (103), gut microbiota (104), and cytokines [especially IL-10 (26), IL-2 (100, 105) and IL-21 (18, 106)], are crucial in regulating the Tfr/Tfh balance. Indeed, the interactions of Tfh and Tfr cells are more complex than discussed above. Recent evidence indicates that Tfh cells can convert into Tfr cells in an IL-2 dependent manner, providing new insights into regulation of Tfr/Tfh balance (107). Moreover, in a breakthrough discovery, Wu et al. (108) found a distinct subset of Tfh cells that could promote Tfr cell differentiation by blocking the Wnt-β-catenin axis in a sclerostin domain-containing protein 1-dependent (SOSTDC-1) manner. Elucidating the cellular and molecular mechanisms underlying the activities of Tfh and Tfr cells in the GC response as well as predominant determinants of the Tfr/Tfh balance will contribute to the regulation of autoantibody production.



Dysregulated Tfh/Tfr in Autoimmune Diseases

Investigations of the function of Tfh and Tfr cells in regulating antibody production have promoted the discovery of detailed roles for these cells in the pathogenesis of autoimmune diseases. In various established mouse models of autoimmune diseases, both Tfh and Tfr cells are dysregulated. For example, the frequency of Tfr cells in the spleens of BXD2 mice is reduced, whereas Tfh frequency is significantly increased and positively correlated with the frequency of GC B cells (109). It has also been demonstrated that mice deficient in Tfr cells are more prone to developing experimental Sjögren’s syndrome (ESS) than wild-type mice (110). By contrast, the transfer of Tfr cells into BXD2 mice suppressed GC development (18), indicating the crucial role of these cells in immune tolerance.

Studies on Tfh and Tfr cells in human autoimmune diseases are largely restricted to circulating Tfh (cTfh) and Tfr (cTfr) cells, given the difficulty obtaining human secondary lymphoid organs, although the GC response usually occurs in lymphoid organs. cTfh cells can home to LNs and have the superior capacity to provide help for B-cell activation, whereas cTfr cells have a much lower suppressive capacity than LN Tfr cells (98). Notably, these cells are derived from peripheral lymphoid tissues (111) and have comparable Foxp3 expression with tonsil-derived Tfr cells (112). After special activation, cTfr cells can be recruited to GCs to exert suppressive function (98). As a consequence, cTfh and cTfr cells are also closely related to the GC response. It is possible that cTfh cells and cTfr cells vary with alterations in the germinal center, making them indicators of humoral activity and disease severity (111).

Alterations in cTfr cells and cTfh cells occur in a variety of human autoimmune diseases. Patients with autoimmune diseases such as RA (15, 113), SLE (16, 114), myasthenia gravis (MG) (17), primary biliary cholangitis (PBC) (115), and antineutrophil cytoplasmic antibody-associated vasculitis (116) often have an uncontrolled expansion of Tfh cells and decreased Tfr cells in the blood. In MS patients, the functions of cTfr cells are significantly impaired (112) and the cTfr/cTfh ratio is conversely related to IgG production (117). More importantly, the ratio of cTfh/cTfr is inversely correlated with disease activity in many autoimmune diseases (15, 118, 119). Taken together, these findings raise the possibility that impairment of Tfr cells as well as excessive Tfh activity are implicated in the pathogenesis of autoimmunity.

Inconsistent with the above findings, recent studies have described an increase of cTfr cells in SLE (120), RA (121), Sjögren syndrome (111, 122), and AS (123), as well as unchanged frequency of total cTfh cells in muscle-specific kinase MG (MuSK-MG) patients (124). This can be explained by the heterogeneity of patients in different studies. Alternatively, the increase in Tfr cells can also be considered as feedback to enhance the Tfh response in these patients; however, this feedback might be insufficient. In a study of RA, the Tfr/Tfh ratio decreased, despite increases in both cTfh and cTfr cells (118). Another explanation for cTfr increasing in some studies may be that the proportion of activated cTfr cell subsets is reduced, although overall cTfr cells are increased, ultimately leading to an excessive GC response. Consistently, studies of SLE patients have indicated that the active phenotypes of cTfh and cTfh cells are altered and might lead to autoimmunity, whereas overall cTfh and cTfr cells are not significantly different between patients and healthy controls (107). The recent description of Th2- and Th17-like cell subsets of cTfr cells representing ongoing humoral responses in pSS also supports the imbalance of cTfr subsets in autoimmune diseases to some extent (125). Moreover, observations from Li et al. (124) in MuSK-MG patients support a key role of Tfh17 cells in blood, but not total Tfh or activated Tfh cells, in the activation of B cells, which indicated cTfh subpopulation are also imbalanced in autoimmunity.

Taken together, besides the alternations in frequency and function, the imbalance of specific Tfr cell subsets and Tfh cells subsets in circulating also appears to account for the uncontrolled GC response in autoimmune diseases. The functional diversity of Tfh and Tfr cells in different complex immune compartments such as spleens, Peyer’s patches, CLN, joints synovia of RA, and salivary glands of patients with SS are largely unknown. Although difficult, isolation of Tfh and Tfr cells from human tissue will greatly contribute to uncovering the function and underlying mechanism of these cells in autoimmune diseases in the future.




Regulation of Bregs by Tfh and Tfr Cells

The development and function of Bregs are likely to be regulated by Tfh cells. One of the early lines of evidence from MRL/lpr mice revealed that B10 cells in the spleens were expanded and the percentage of these cells had a strong positive correlation with Tfh percentage (126). In vitro data also showed that supernatants from cultured Tfh cells induced IL-10 production by B10 cells, and this impact could be eliminated by neutralization of IL-21 (126). In this regard, the author speculated that Tfh cell-derived cytokine IL-21 drove the differentiation and IL-10 production of B10 cells. Further data showed that this mechanism was related to the activation of phosphorylated -STAT3 by IL-21 (126). A similar study also revealed that cTfh cell from SLE patient contributed to the expansion of CD19+CD5+CD1dhiBregs (34). This finding proposed that the induction of CD19+CD5+CD1dhiBregs by Tfh-derived IL-21 was regulatory feedback. Indeed, the importance of IL-21 in promoting CD19+CD5+CD1dhiBregs generation has already been identified in mice with MS (62). Moreover, Tfh cells as the predominant origin of IL-21 in GC have also been reported (127). This study on SLE linked IL-21 to Tfh-mediated regulation of B cells, providing important evidence that Tfh cells can induce CD19+CD5+CD1dhiBregs, possibly through IL-21 in autoimmune diseases. Most recently, it was found that CD25+Foxp3+ Treg-like Tfh cells, a specific subset of Tfh cells with the capacity to produce IL-21 during chronic hepatitis B virus (HBV) infection, not only promote the differentiation of B cells into IL-10+CD10-CD27-CD19+ Bregs but also enhance the suppressive function of Breg (128). It is conceivable that excessive Tfh cell responses evoke reactive differentiation of Bregs both in autoimmunity and infection. The upregulation of Bregs by Tfh cells can be considered as a potential regulatory feedback mechanism to inhibit proinflammation response. We speculate the function of these Tfh cell-induced Bregs are likely impaired, which eventually led to autoimmunity.

Studies regarding the regulatory properties of Tfr cells on Bregs in autoimmune diseases are rare. However, in acute respiratory distress syndrome, expanded Tfr cells reportedly significantly increase IL-10+Breg cell frequency significantly in vitro, extending the understanding of Tfr cell function in immune suppression (129). A recent study in atherosclerosis also indicated that Tfr cells are able to promote B220+CD43-CD1dhiCD5+Bregs generation both in vivo and in vitro. In this study, transfer of Tfr cells into mice with atherosclerosis triggered a significant expansion of B220+CD43-CD1dhighCD5+Bregs (130). In vitro studies implicating the Tfr cell-mediated increase of B220+CD43-CD1dhighCD5+Bregs requires direct cellular contact and was in proportion to the number of Tfr cells (130). Besides, this effect relies on the presence of Tfh cells (130). It is possible that excessive Tfh activity initiate a series of Tfr-mediated anti-inflammatory responses, the expansion of B220+CD43-CD1dhighCD5+Bregs Bregs is one of them. Yet Breg expansion in this study may also due to the direct induction by Tfh cells. To date, similar findings in autoimmune diseases have been absent. Further studies are needed to determine how Tfr cell functions to regulate Bregs and whether this impaired regulation correlates with the development of autoimmune diseases.



Novel Insights Into BREG-Mediated Regulation of Tfh and Tfr in Autoantibody Production


Bregs Regulate the Differentiation and Function of Tfh and Tfr Cells

As a potent regulator, Bregs have extensive impacts on various immune cells in complex immune microenvironment (19). The interactions between Bregs and their target cells is a hot topic in immune regulation. Recent evidence suggests the emerging role of several Breg cell types in the regulation of Tfh cell differentiation and function. Tfh and B cells co-culture experiment has shown that the addition of CD19hiIgD+CD38hiCD24hiCD40hiPD-L1+IL-21R+ human Bregs in the system significantly inhibit Tfh cell maturation, while Tfr cells proportion was increased significantly (35). These Bregs also preclude mature Tfh cells-mediated plasma cell survival and IgM, IgG, and IgA production, suggesting an important role of Breg in inhibiting Tfh cell function (35). Consistently, in a variety of diseases, the number and function of Bregs are decreased, and they are also strongly correlated with the frequency and function of Tfh cells. For example, the study conducted on pSS patients have described an inverse relationship between Tfh percentage and IL-10+CD19+CD24+CD38hi Breg percentage in the circulating (32). The authors further confirmed that IL-10-producing ability of these Bregs in pSS patients was significantly impaired than that in healthy controls, and these Bregs could not effectively inhibit autologous Tfh cell expansion (32). Studies performed in mouse models of EAE (33) and atherosclerosis (36) have further confirmed that PD-L1+ Bregs and MZB cells could inhibit the development of Tfh cells and Tfh cell-mediated proatherogenic response, eventually abrogating the acceleration of diseases. Thus, Bregs regulate Tfh cell response and this regulation are more likely to be impaired during various inflammatory diseases.

The detailed Breg regulatory mechanism of Tfh cells differentiation and function are largely undefined and are suggested to rely on direct Breg-Tfh cell contacts and several soluble factors (35). Particularly, Breg-derived IL-10 may play a central role in Tfh cells regulation. Lin et al. (32) found that CD19+CD1dhiCD5+Breg from mice suppressed Tfh cells differentiation in an IL-10-dependent manner in vitro. Adoptive transfer of IL-10−/− B cells into ESS mice led to higher GC Tfh and plasma cell accumulation than control mice transferred with WT B cells. They also detected high expression of IL-10 receptor on Tfh cells in mice and man, suggesting the potential role of IL-10 in the regulation of Tfh (32). Importantly, IL-10 downregulated the expression of transcription factor achaete-scute homologue 2 (Ascl2) in Tfh cells (32). Ascl2 is a key regulator during Tfh cells development (131). Downregulation of Ascl2 is thought to inhibit CXCR5 expression, which results in impaired Tfh differentiation and function as CXCR5 is constitutively expressed in Tfh cells and is critical for the maturation and activity of these cells (86, 132, 133). Notably, p-STAT5 inhibition can eliminate IL-10-mediated suppression on Tfh cells (32). These findings suggest the important role of the IL-10-pSTAT5-Ascl2-CXCR5 axis in Tfh cell differentiation and function. Moreover, PD-1/PD-L1 signaling is also involved in Breg-mediated inhibition of Tfh cells. Splenic B cells show the enhanced capacity to promote functional transcription factor Bcl-6 expression in Tfh cells after blocking PD-L1 on B cells (134). PD-L1- abrogated MZB cells are unable to limit the proatherogenic Tfh response and caused severe atherosclerosis (36). The author further found that MZB cells suppress Tfh cell motility in a PD-L1-mediated manner, which may be associated with the impaired capacity of Tfh cells to provide help for B cells (36).This is in agreement with a previous study which indicated that PD-L1hi Bregs require the high expression of PD-L1 to repress Tfh expansion in EAE mouse models (33). Notably, it is possible that Tfr cells participate in Breg-mediated regulation of Tfh cells, given that the differentiation and function of Tfh cells are restricted by Tfr cells. However, after the transfer of PD-L1hi Breg, the percentage and number of Tfh cells in mice were markedly decreased without an increase in Tfr cells, suggesting that this Breg cell type might act directly on Tfh cells rather than via Tfr cells (33). Additionally, MZB cells inhibit the accumulation of Tfh cells and GC B cells in the spleen to achieve atheroprotective effects, and the activating transcription factor 3 plays a central role in this effect (36). The expression of transcription factor CTLA-4 is downregulated in Tfh cells when MZB cells are deficient, making Tfh cells susceptible to being activated, suggesting the important role of MZB cells in suppressing the activation of Tfh cells (36). Notably, CTLA-4 expressed at a high level in Tfr cells is critically linked to the suppressive capacity of these cells (135). Considering the role of MZB cells in the maintenance of CTLA-4 in Tfh cells, it will be interesting to determine whether MZB cells affect the function of Tfr cells.

Notably, current studies indicate that Tfh cells contain three subsets with different expression of chemokine receptors, including Tfh1, Tfh2, and Tfh17 (136). Thus, studies on the impact of various Bregs on Tfh cells should evaluate the level of these cellular subsets. In patients with idiopathic pulmonary fibrosis, a decrease in circulating CD3-CD19+CD24hiCD27+Bregs has been observed, accompanied by the altered profile of Tfh-cell subsets, in which the proportion of Tfh2 cells and PD-1+ICOS+-activated Tfh cells are elevated while Tfh17 cells are decreased (137). Similarly, Tfh2 skewing and CD19+CD24hiCD27+Bregs decrease also occurs in the peripheral blood of patients with allergic rhinitis (AR) and AR combined with Asthma (138, 139). The %Tfh2 cells per %CD19+CD24hiCD27+Bregs had a positive correlation with the levels of biomarkers of allergic airway inflammation, making it an exaggerating factor during AR progression to AR with asthma (138). Furthermore, the cTfh2/CD19+CD24hiCD27+Bregs ratio correlates with plasma levels of CXCL13 in asthma (139). Studies in autoimmune diseases previously showed that CXCL13 indicated the disease activity (140–142). Thus, the cTfh2/CD19+CD24hiCD27+cBreg ratio might represent a useful biomarker for diagnosis, severity, and treatment efficacy of autoimmune diseases. Taken together, these data raise a question about the impact of Bregs on different subsets of Tfh cells, especially Tfh17 and Tfh2, two subsets of Tfh cells reported to be correlated positively with antibody production in several autoimmune diseases such as myositis (136), vasculitis (143) and Sjögren’s syndrome (144). It is possible that the functional and/or numerical deficit of Bregs contributes to the polarization of Tfh2 and underlies the development of autoimmune diseases. However, after asthma treatment, the symptoms and cTfh2 skewing were improved, while the percentage of CD19+CD24hiCD27+Bregs was not significantly different (139). This finding indicates other mechanisms, independent of Bregs function, operate in the regulation of Tfh cell subsets, which require more in-depth studies.

Although Tfr cells have similar phenotypes to Tfh cells, studies regarding the role of Bregs in regulating Tfr cell generation are rare. IL-10 deficiency in B cells caused decreased Tfr cells in the B cell follicles (26). One in vitro assay cultured Tfh and CD19hiIgD+CD38hiCD24hiCD40hiPD-L1+IL-21R+ Bregs sorted from humans showed that the proportion of Foxp3+ cells was increased, suggesting this type of Bregs can induce Tfr cells (35). The increased level of TGF-β in the cocultures and diminished frequencies of Foxp3+ T cells after anti-TGF-β blocking antibodies indicated the requirement for TGF-β in the induction of Tfr cells by these Bregs (35). Remarkably, the effects of several Bregs types on Tregs, a subset of T cells known to differentiate into Tfr cells (8, 10), have been extensively described. CD19+CD24hiCD38hi Bregs (28) and CD19+CD25hi Bregs (71) from human as well as IL-10+CD1dhiCD5+ Bregs (145) and B220+CD23+T2-MZP B cells (37) from mice all have the capacity to induce Tregs through IL-10 production. Thus, it is conceivable that Bregs promote the development of Tfr cells via inducing Treg cells. Studies have also shown that IL-10 deficiency in B cells leads to impaired Tfr cells differentiation and prevent tolerance to the allogeneic cardiac allograft, indicating an important role for IL-10 in B cells-mediated regulation of Tfr cells (26). Notably, IL-10 production is not unique to Bregs. Tfh and Treg cells reportedly produce IL-10 (146, 147). The possibility that IL-10 produced by these cells is also involved in the Tfr cells regulation cannot be excluded.

Interestingly, the ability of different subsets of Bregs to regulate Tfr cells appears to be distinct, due to their different functional markers. For example, human IL-10-producing CD19hiIgD+CD38hiCD24hiCD40hiPD-L1+IL-21R+ Bregs expand Tfr cells (35), while CD3-CD19+PD-L1hi Bregs in mice exhibit a negative effect on the generation of Tfr cells (33). Considering that Tfr cells express large amounts of PD-1 which inhibit Tfr cell development (135), this difference might be attributed to the interactions between Tfr cells and PD-L1hi Bregs through PD-1/PD-L1. Certainly, species differences might also account for this difference, which needs further confirmation.

Collectively, all these data support the fact that multiple Bregs regulate the function and differentiation of Tfh cells and Tfr cells through complex mechanisms (See Figure 2). Possibly, Bregs balance Tfh and Tfr to ensure central tolerance and prevent autoantibodies production, and dysregulation of Tfh/Tfr cells in autoimmune diseases may due to defective Bregs regulation. Notably, different subsets of Breg and/or different contexts of diseases may cause distinct regulatory effects on Tfh and Tfr cells. The detailed mechanisms of underlying this regulation need further study.




Figure 2 | Regulation of Tfh and Tfr cells by Bregs. Several types of Breg are involved in the regulation of the differentiation, function, and distribution of Tfh and Tfr cells. Firstly, CD40 and TLR9 might favor the migration of CD19hiIgD+CD38hiCD24hiCD40hiPD-L1+IL-21R+ human Bregs into GC by promoting CXCR5 expression. CD19+CD1dhiCD5+Bregs-derived IL-10 downregulates the expression of CXCR5 in Tfh cells by inhibiting Ascl2, the positive regulator of CXCR5, leading to impaired maturation and Il-21 production of Tfh cell. Moreover, MZB cells play a crucial role in the maintenance of CTLA-4 in Tfh cells. The location of Tfh cells can affect their function. IL-10+ MZP B cells direct this migration of Tfh cells out of follicles possibly through altering the expression of CCR7 (crucial chemokine receptors required for the localization of T cells in the LN) in Tfh cells. In turn, Tfh cell activates p-STAT3 in an IL-21-depadent manner therethrough driving the differentiation of CD19+CD5+CD1dhiBregs. CD19hiIgD+CD38hiCD24hiCD40hiPD-L1+IL-21R+ human Bregs can promote Tfr cell differentiation and TGF-β play an important role in this process. Possibly, these Bregs induce Treg through IL-10 production and thereby increase Treg conversion into Tfr cells.





Bregs Appear to Be Critical to the Distribution of Tfh and Tfr Cells

In addition to the function and frequency, the spatial distribution of Tfr cells in the immune environment also appears to be critical to the induction of immune tolerance (99). In particular, Tfr cells at the T-B border and within the follicle, but not in the GC, have the most efficient ability to mediate immune suppression (99). Studies using tolerogen-treated mice have shown that selective deletion of IL-10 in B cells results in reduced localization of both Tfr and Tfh cells in B cell follicles, and, in contrast, increased Th17 cells in the GCs of lymph node (LN) and the spleen (26). This distribution of Tfr and Tfh cells can be restored by adoptive transfer of IL-10+ MZP B cells (26). This study showed that the distribution of Tfh, Tfr, and Th17 cells in secondary lymphoid organs was at least partly controlled by Bregs and this function might be mediated by MZP B cells-derived IL-10, indicating a novel regulatory mechanism for T cell distribution in the GCs. However, it remains largely unknown whether a similar migratory behavior is performed in human. Moreover, the question of what detailed mechanisms are involved in this migration remains. CCR7 are crucial chemokine receptors directing T cells residing in the T zone and down-regulation of CCR7 is indispensable for the follicular positioning of Tfh cells (133). It is possible that MZP B cells downregulate the expression of CCR7 so that Tfh cells can migrate into B cell follicles. However, B cell depletion leads to reduced CCR7 in Tfh cells accompanied by decreased migration of Tfh cells into B cell follicles (26). Thus, the function of MZP B cells in supporting the migration of Tfh cells through CCR7 needs further confirmation. Notably, cTfh cells with low CCR7 expression are increased and have been described as an indicator in autoimmune diseases including AIH (148) and pSS (125), as well as chronic HBV infection (149). CCR7intTfh cells in the blood are closest to tonsillar Tfh lineage cells and exhibit a more potent capacity to induce memory B cells to differentiate into antibody-producing cells than CCR7highTfh cells (150). Therefore, downregulating CCR7 may be important for Tfh cells in promoting antibody production. The effective regulation of GC response may be achieved by altering Tfh cell distribution in the future.

Indeed, the migration of Tfh and Tfr cells into the GC is a complex mechanism with multiple factors involved. Besides CCR7, other elements are also being elucidated. CXCR5 is one of the important molecules guiding the residence in GCs (10, 86, 133). Multiple types of stromal cells in secondary lymphoid organs, including FDCs and fibroblastic reticular cells, which expresses directing signals and provide an important platform for cellular interactions, are also critically determine the GC localization of Tfh and Tfr cells (151). Importantly, activated FDCs express amounts of CXCL13, the ligand for CXCR5, inducing the migration of CXCR5-expressing T and B cell into follicles (132, 152). Whether Bregs change the expression of CXCRL13 in FDCs to mediate the migration of Tfh and Tfr cells warrants further study (26). Notably, positive regulator sphingosine-1-phosphate receptor 2 (153) and negative regulator ephrin-B1 (154) are also involved in the retention of Tfh cells in the GC microenvironment. Thus, the mechanism by which Bregs to regulate the distribution of Tfr and Tfh cells may not be confined to CXCR5. The presence of CXCR5-deficient Tfr cells in the GC also suggest that CXCR5-independent mechanisms operate in their location in the GC (155).

Whether abnormal distribution impacts on the effector functions of Tfh cells and Tfr cells remains unclear. A recent study conducted in fresh human adenoids showed that Tfh cells in distinct locations differed in their motility and functions (156). In outer zones of GC, Tfr cells are fast-migrating and exhibit brief cellular interaction while the majority of Tfr cells in the central GC zone are static with long-lasting capacity to interact with each other (156). Thus, it is possible that the altered location of Tfh and Tfr cells in the GC of secondary lymphoid organs may lead to their changes in function, in parallel. Notably, studies conducted in sarcoidosis have indicated that cTfh cells can migrate into granulomas to play an inflammatory role (157). Thus, the migration of Tfh cells not only exists in the GC microenvironment in one lymphoid tissue or organ but also occurs between different secondary lymphoid organs. Whether Bregs also play a role in directing this distribution between different lymphoid tissues or organs is unknown. Moreover, the impact of Bregs on the migration of Tfh and Tfr cells in the blood and their counterparts in non-lymphoid tissue such as joint synovia of RA patients and salivary glands of patients with pSS warrant further study.




Therapeutic Prospects of Bregs-Mediated Tfr/Tfh Regulation

Given the considerable role of autoantibodies in the development of autoimmune diseases, current therapies focus on eliminating autoantibodies and/or blocking their function in a more precise manner. Particularly, targeting key cells involved in autoantibodies production is more popular due to the high efficacy and less adverse effects. In this regard, Tfr and Tfh cells modulation strategies have potent potential, for the contrasting roles of Tfr and Tfh in the regulation of GC response (158). However, therapies targeting Tfr and Tfh cells directly are extremely limited, due to a poor understanding of their development and function.

Strikingly, specific subsets of Bregs hold considerable promise to regulate Tfr/Tfh balance (26, 32, 33, 35, 36). As mentioned above, defective Bregs may lead to aberrant differentiation, function and distribution of Tfr and Tfh cells in diseases. Indeed, Breg number is decreased and the cross-talks between Breg and their target cells are also compromised in multiple autoimmune diseases (27, 159–161). For instance, in SLE, CD19+CD24hiCD38hi Bregs were unable to restrain IFN-α production by pDCs. pDCs also failed to drive these Bregs differentiation (31). In pSS, CD19+CD24+CD38hi Breg were defective in suppressing the expansion of Tfh cells (32). IL-10+CD19+CD24hiCD38hi Bregs from thyroid associated ophthalmopathy patients also failed to activate IFN-γ+ and IL-17+ T cells (162). Accordingly, therapies of selectively transferring and/or inducing Bregs, such as CD1dhiCD5+Breg and CD19+CD25+CD1dhiIgMhiBreg, have been developed to restore homeostasis and shown some success in mice disease models, which provide evidence for the application of Bregs in the treatment (40, 55, 163, 164). Importantly, in mice models of experimental Sjögren’s syndrome (ESS), adoptive transfer of CD19+CD1dhiCD5+ Bregs effectively suppressed the Tfh cell response, leading to the amelioration of diseases progression (32). It is noteworthy that multiple strategies to induce Breg cell through key molecules, such as anti-CD40 mAb (163), BAFF (63), enteric microbiota (61, 66), and bacteria-derived oligodeoxynucleotides (CpG-ODN) (67), may also indirectly affect the balance of Tfh/Tfr cells; however, studies in this regard are scarce. Furthermore, as discussed above, the immunosuppressive function of Breg is mostly related to IL-10 secretion. IL-10 would be promising to regulate the differentiation, function and migration of Tfr and Tfh cells. However, IL-10 also acts as a B cell growth factor and can promote autoantibody production (165). The application of IL-10 into Tfr and Tfh cells regulation may cause unwanted pro-inflammatory effects. In addition to treatment, Bregs may be an excellent indicator for evaluating the efficacy and prognosis of diseases. A higher ratio of pre-transplant cTfh/IL10+CD19+CD24+CD38+ Bregs is reportedly correlated with graft rejection (166). It may be worth to determine whether this ratio contributes to assessing disease activity and correlates with the level of autoantibody in autoimmune diseases.

However, considering the exact mechanisms underlying the interplays of Breg, Tfh cells, and Tfr cells in health and patients are largely unknown, it is still of great challenge to achieve precise regulation of Tfh and Tfr cells through Bregs. For example, selectively induction of immunosuppressive B cells without activating effector B cells in vivo is still difficult, although the great plasticity of Bregs makes it possible to induce these cells in the various microenvironment. Meanwhile, it is hard to know how to make an adequate induction of Bregs. Excessive or insufficient induction of Breg may lead to various dysregulation of the immune system. The safety and efficacy also needed to be determined in more animal and clinical trials in the future. Moreover, Bregs have vast plasticity in disease microenvironments and can differentiate into other kinds of B cells subset including effector B cells. The maintenance of Bregs immunosuppressive function in vivo after transferring and/or inducing these cells in patients must be taken into consideration. Another limiting factor for Breg immunotherapy is the identification of multiple immunosuppressive Bregs types in humans. Bregs are extremely heterogeneous and not all types of Bregs equally regulate Tfh and Tfr cells.

Taken together, Breg-mediated Tfr/Tfh regulation provides novel insights in limiting the exaggerated autoantibody production without broad immunosuppression in autoimmune diseases.



Conclusions

As demonstrated in numerous reports within the literature, Tfh/Tfr balance is necessary to maintain proper antibody production, and this balance has strong links with several types of Breg, such as PD-L1hiB cells, IL-10+CD19+CD24+CD38hi Bregs, and MZB cells. These Bregs not only regulate the differentiation and function of Tfr and Tfh cells but also appears to affect their distribution in the immune microenvironment. More importantly, Bregs may achieve the fine tune of Tfh and Tfr cells in the level of subpopulations, which contribute to restore the balance of Tfr and Tfh subpopulation in autoimmune diseases. Thus, Breg-based therapy has theoretical feasibility and clinical application prospect to regulate the activity of Tfh and Tfr cells and autoantibody production in autoimmune diseases. However, A number of questions on the development, phenotype, and function of Bregs remain to be answered, which restrain the translation of Bregs into clinical application. A complete understanding of Breg-Tfh cell and Breg-Tfr cell cross-talks in health and autoimmune diseases is needed, which will provide the rationale for designing more effective immunotherapy in autoimmune disorders.



Author Contributions

TD drafted the manuscript, prepared illustrations, and discussed the content with the other authors. CW conceived the topic and revised the content of the manuscript. RS, RW, HX, YW, and RHS revised the manuscript. CG, and XL also critically revised the content of the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the National Natural Science Foundation of China (No. 81971543), Natural Science Foundation of China (No. 81471618), and Key Research and Development (R&D) Projects of Shanxi Province (201803D31119).



References

1. MacLennan, ICM. Germinal Centers. Annu Rev Immunol (1994) 12(1):117–39. doi: 10.1146/annurev.iy.12.040194.001001

2. Ramiscal, RR, and Vinuesa, CG. T-cell subsets in the germinal center. Immunol Rev (2013) 252(1):146–55. doi: 10.1111/imr.12031

3. Suzuki, K, Grigorova, I, Phan, TG, Kelly, LM, and Cyster, JG. Visualizing B cell capture of cognate antigen from follicular dendritic cells. J Exp Med (2009) 206(7):1485–93. doi: 10.1084/jem.20090209

4. Wang, X, Cho, B, Suzuki, K, Xu, Y, Green, JA, An, J, et al. Follicular dendritic cells help establish follicle identity and promote B cell retention in germinal centers. J Exp Med (2011) 208(12):2497–510. doi: 10.1084/jem.20111449

5. Alexander, CM, Tygrett, LT, Boyden, AW, Wolniak, KL, Legge, KL, and Waldschmidt, TJ. T regulatory cells participate in the control of germinal centre reactions. Immunology (2011) 133(4):452–68. doi: 10.1111/j.1365-2567.2011.03456.x

6. Kawamoto, S, Maruya, M, Kato, LM, Suda, W, Atarashi, K, Doi, Y, et al. Foxp3(+) T cells regulate immunoglobulin a selection and facilitate diversification of bacterial species responsible for immune homeostasis. Immunity (2014) 41(1):152–65. doi: 10.1016/j.immuni.2014.05.016

7. Gensous, N, Charrier, M, Duluc, D, Contin-Bordes, C, Truchetet, ME, Lazaro, E, et al. T Follicular Helper Cells in Autoimmune Disorders. Front Immunol (2018) 9:1637. doi: 10.3389/fimmu.2018.01637

8. Chung, Y, Tanaka, S, Chu, F, Nurieva, RI, Martinez, GJ, Rawal, S, et al. Follicular regulatory T cells expressing Foxp3 and Bcl-6 suppress germinal center reactions. Nat Med (2011) 17(8):983–8. doi: 10.1038/nm.2426

9. Wollenberg, I, Agua-Doce, A, Hernandez, A, Almeida, C, Oliveira, VG, Faro, J, et al. Regulation of the germinal center reaction by Foxp3+ follicular regulatory T cells. J Immunol (2011) 187(9):4553–60. doi: 10.4049/jimmunol.1101328

10. Linterman, MA, Pierson, W, Lee, SK, Kallies, A, Kawamoto, S, Rayner, TF, et al. Foxp3+ follicular regulatory T cells control the germinal center response. Nat Med (2011) 17(8):975–82. doi: 10.1038/nm.2425

11. Yu, D, Rao, S, Tsai, LM, Lee, SK, He, Y, Sutcliffe, EL, et al. The transcriptional repressor Bcl-6 directs T follicular helper cell lineage commitment. Immunity (2009) 31(3):457–68. doi: 10.1016/j.immuni.2009.07.002

12. Nurieva, RI, Chung, Y, Martinez, GJ, Yang, XO, Tanaka, S, Matskevitch, TD, et al. Bcl6 mediates the development of T follicular helper cells. Science (2009) 325(5943):1001–5. doi: 10.1126/science.1176676

13. Johnston, RJ, Poholek, AC, DiToro, D, Yusuf, I, Eto, D, Barnett, B, et al. Bcl6 and Blimp-1 are reciprocal and antagonistic regulators of T follicular helper cell differentiation. Science (2009) 325(5943):1006–10. doi: 10.1126/science.1175870

14. Weinstein, JS, Herman, EI, Lainez, B, Licona-Limón, P, Esplugues, E, Flavell, R, et al. TFH cells progressively differentiate to regulate the germinal center response. Nat Immunol (2016) 17(10):1197–205. doi: 10.1038/ni.3554

15. Niu, Q, Huang, Z-C, Wu, X-J, Jin, Y-X, An, Y-F, Li, Y-M, et al. Enhanced IL-6/phosphorylated STAT3 signaling is related to the imbalance of circulating T follicular helper/T follicular regulatory cells in patients with rheumatoid arthritis. Arthritis Res Ther (2018) 20(1):200. doi: 10.1186/s13075-018-1690-0

16. Xu, B, Wang, S, Zhou, M, Huang, Y, Fu, R, Guo, C, et al. The ratio of circulating follicular T helper cell to follicular T regulatory cell is correlated with disease activity in systemic lupus erythematosus. Clin Immunol (2017) 183:46–53. doi: 10.1016/j.clim.2017.07.004

17. Wen, Y, Yang, B, Lu, J, Zhang, J, Yang, H, and Li, J. Imbalance of circulating CD4(+)CXCR5(+)FOXP3(+) Tfr-like cells and CD4(+)CXCR5(+)FOXP3(-) Tfh-like cells in myasthenia gravis. Neurosci Lett (2016) 630:176–82. doi: 10.1016/j.neulet.2016.07.049

18. Ding, Y, Li, J, Yang, P, Luo, B, Wu, Q, Zajac, AJ, et al. Interleukin-21 Promotes Germinal Center Reaction by Skewing the Follicular Regulatory T Cell to Follicular Helper T Cell Balance in Autoimmune BXD2 Mice. Arthritis Rheumatol (2014) 66(9):2601–12. doi: 10.1002/art.38735

19. Mauri, E. Regulatory B Cells: Origin, Phenotype, and Function. Immunity (2015) 42(4):607 – 12. doi: 10.1016/j.immuni.2015.04.005

20. Katz, SI, Parker, D, and Turk, JL. B-cell suppression of delayed hypersensitivity reactions. Nature (1974) 251(5475):550–1. doi: 10.1038/251550a0

21. Mizoguchi, A, Mizoguchi, E, Smith, RN, Preffer, FI, and Bhan, AK. Suppressive role of B cells in chronic colitis of T cell receptor alpha mutant mice. J Exp Med (1997) 186(10):1749–56. doi: 10.1084/jem.186.10.1749

22. Mizoguchi, A, Mizoguchi, E, Takedatsu, H, Blumberg, RS, and Bhan, AK. Chronic intestinal inflammatory condition generates IL-10-producing regulatory B cell subset characterized by CD1d upregulation. Immunity (2002) 16(2):219–30. doi: 10.1016/s1074-7613(02)00274-1

23. Yanaba, K, Bouaziz, JD, Haas, KM, Poe, JC, Fujimoto, M, and Tedder, TF. A regulatory B cell subset with a unique CD1dhiCD5+ phenotype controls T cell-dependent inflammatory responses. Immunity (2008) 28(5):639–50. doi: 10.1016/j.immuni.2008.03.017

24. Vadasz, Z, Peri, R, Eiza, N, Slobodin, G, Balbir-Gurman, A, and Toubi, E. The Expansion of CD25 high IL-10 high FoxP3 high B Regulatory Cells Is in Association with SLE Disease Activity. J Immunol Res (2015) 2015:254245. doi: 10.1155/2015/254245

25. Ding, Q, Yeung, M, Camirand, G, Zeng, Q, Akiba, H, Yagita, H, et al. Regulatory B cells are identified by expression of TIM-1 and can be induced through TIM-1 ligation to promote tolerance in mice. J Clin Invest (2011) 121(9):3645–56. doi: 10.1172/jci46274

26. Lal, G, Kulkarni, N, Nakayama, Y, Singh, AK, Sethi, A, Burrell, BE, et al. IL-10 from marginal zone precursor B cells controls the differentiation of Th17, Tfh and Tfr cells in transplantation tolerance. Immunol Lett (2016) 170:52–63. doi: 10.1016/j.imlet.2016.01.002

27. Blair, PA, Norena, LY, Flores-Borja, F, Rawlings, DJ, Isenberg, DA, Ehrenstein, MR, et al. CD19(+)CD24(hi)CD38(hi) B cells exhibit regulatory capacity in healthy individuals but are functionally impaired in systemic Lupus Erythematosus patients. Immunity (2010) 32(1):129–40. doi: 10.1016/j.immuni.2009.11.009

28. Flores-Borja, F, Bosma, A, Ng, D, Reddy, V, Ehrenstein, MR, Isenberg, DA, et al. CD19+CD24hiCD38hi B Cells Maintain Regulatory T Cells While Limiting TH1 and TH17 Differentiation. Sci Transl Med (2013) 5(173):173ra23. doi: 10.1126/scitranslmed.3005407

29. Lee-Chang, C, Top, I, Zéphir, H, Dubucquoi, S, Trauet, J, Dussart, P, et al. Primed status of transitional B cells associated with their presence in the cerebrospinal fluid in early phases of multiple sclerosis. Clin Immunol (2011) 139(1):12–20. doi: 10.1016/j.clim.2010.11.004

30. Inoue, S, Leitner, WW, Golding, B, and Scott, D. Inhibitory effects of B cells on antitumor immunity. Cancer Res (2006) 66(15):7741–7. doi: 10.1158/0008-5472.Can-05-3766

31. Menon, M, Blair, PA, Isenberg, DA, and Mauri, C. A Regulatory Feedback between Plasmacytoid Dendritic Cells and Regulatory B Cells Is Aberrant in Systemic Lupus Erythematosus. Immunity (2016) 44(3):683–97. doi: 10.1016/j.immuni.2016.02.012

32. Lin, X, Wang, X, Xiao, F, Ma, K, Liu, L, Wang, X, et al. IL-10-producing regulatory B cells restrain the T follicular helper cell response in primary Sjogren’s syndrome. Cell Mol Immunol (2019) 16(12):921–31. doi: 10.1038/s41423-019-0227-z

33. Khan, AR, Hams, E, Floudas, A, Sparwasser, T, Weaver, CT, and Fallon, PG. PD-L1hi B cells are critical regulators of humoral immunity. Nat Commun (2015) 6:5997. doi: 10.1038/ncomms6997

34. Yang, X, Yang, J, Chu, Y, Xue, Y, Xuan, D, Zheng, S, et al. T Follicular Helper Cells and Regulatory B Cells Dynamics in Systemic Lupus Erythematosus. PloS One (2014) 9(2):e88441. doi: 10.1371/journal.pone.0088441

35. Achour, A, Simon, Q, Mohr, A, Seite, JF, Youinou, P, Bendaoud, B, et al. Human regulatory B cells control the TFH cell response. J Allergy Clin Immunol (2017) 140(1):215–22. doi: 10.1016/j.jaci.2016.09.042

36. Nus, M, Sage, AP, Lu, Y, Masters, L, Lam, BYH, Newland, S, et al. Marginal zone B cells control the response of follicular helper T cells to a high-cholesterol diet. Nat Med (2017) 23(5):601–10. doi: 10.1038/nm.4315

37. Evans, JG, Chavez-Rueda, KA, Eddaoudi, A, Meyer-Bahlburg, A, Rawlings, DJ, Ehrenstein, MR, et al. Novel suppressive function of transitional 2 B cells in experimental arthritis. J Immunol (2007) 178(12):7868–78. doi: 10.4049/jimmunol.178.12.7868

38. Bankoti, R, Gupta, K, Levchenko, A, and Stäger, S. Marginal zone B cells regulate antigen-specific T cell responses during infection. J Immunol (2012) 188(8):3961–71. doi: 10.4049/jimmunol.1102880

39. Miles, K, Heaney, J, Sibinska, Z, Salter, D, Savill, J, Gray, D, et al. A tolerogenic role for Toll-like receptor 9 is revealed by B-cell interaction with DNA complexes expressed on apoptotic cells. Proc Natl Acad Sci U S A (2012) 109(3):887–92. doi: 10.1073/pnas.1109173109

40. Matsushita, T, Yanaba, K, Bouaziz, JD, Fujimoto, M, and Tedder, TF. Regulatory B cells inhibit EAE initiation in mice while other B cells promote disease progression. J Clin Invest (2008) 118(10):3420–30. doi: 10.1172/jci36030

41. Matsumoto, M, Baba, A, Yokota, T, Nishikawa, H, Ohkawa, Y, Kayama, H, et al. Interleukin-10-Producing Plasmablasts Exert Regulatory Function in Autoimmune Inflammation. Immunity (2014) 41(6):1040–51. doi: 10.1016/j.immuni.2014.10.016

42. Sun, J, Wang, J, Pefanis, E, Chao, J, Rothschild, G, Tachibana, I, et al. Transcriptomics Identify CD9 as a Marker of Murine IL-10-Competent Regulatory B Cells. Cell Rep (2015) 13(6):1110–7. doi: 10.1016/j.celrep.2015.09.070

43. Xiao, S, Brooks, CR, Sobel, RA, and Kuchroo, VK. Tim-1 is essential for induction and maintenance of IL-10 in regulatory B cells and their regulation of tissue inflammation. J Immunol (2015) 194(4):1602–8. doi: 10.4049/jimmunol.1402632

44. Lino, AC, Dang, VD, Lampropoulou, V, Welle, A, Joedicke, J, Pohar, J, et al. LAG-3 Inhibitory Receptor Expression Identifies Immunosuppressive Natural Regulatory Plasma Cells. Immunity (2018) 49(1):120–33.e9. doi: 10.1016/j.immuni.2018.06.007

45. Iwata, Y, Matsushita, T, Horikawa, M, DiLillo, DJ, Yanaba, K, Venturi, GM, et al. Characterization of a rare IL-10–competent B-cell subset in humans that parallels mouse regulatory B10 cells. Blood (2011) 117(2):530–41. doi: 10.1182/blood-2010-07-294249

46. van der Vlugt, LEPM, Mlejnek, E, Ozir-Fazalalikhan, A, Janssen Bonas, M, Dijksman, TR, Labuda, LA, et al. CD24hiCD27+ B cells from patients with allergic asthma have impaired regulatory activity in response to lipopolysaccharide. Clin Exp Allergy (2014) 44(4):517–28. doi: 10.1111/cea.12238

47. van de Veen, W, Stanic, B, Yaman, G, Wawrzyniak, M, Söllner, S, Akdis, DG, et al. IgG4 production is confined to human IL-10–producing regulatory B cells that suppress antigen-specific immune responses. J Allergy Clin Immunol (2013) 131(4):1204–12. doi: 10.1016/j.jaci.2013.01.014

48. Fehres, CM, van Uden, NO, Yeremenko, NG, Fernandez, L, Franco Salinas, G, van Duivenvoorde, LM, et al. APRIL Induces a Novel Subset of IgA(+) Regulatory B Cells That Suppress Inflammation via Expression of IL-10 and PD-L1. Front Immunol (2019) 10:1368. doi: 10.3389/fimmu.2019.01368

49. Liu, X, Jiang, X, Liu, R, Wang, L, Qian, T, Zheng, Y, et al. B cells expressing CD11b effectively inhibit CD4+ T-cell responses and ameliorate experimental autoimmune hepatitis in mice. Hepatology (2015) 62(5):1563–75. doi: 10.1002/hep.28001

50. Lindner, S, Dahlke, K, Sontheimer, K, Hagn, M, Kaltenmeier, C, Barth, TF, et al. Interleukin 21-induced granzyme B-expressing B cells infiltrate tumors and regulate T cells. Cancer Res (2013) 73(8):2468–79. doi: 10.1158/0008-5472.Can-12-3450

51. Shen, P, Roch, T, Lampropoulou, V, O’Connor, RA, Stervbo, U, Hilgenberg, E, et al. IL-35-producing B cells are critical regulators of immunity during autoimmune and infectious diseases. Nature (2014) 507(7492):366–70. doi: 10.1038/nature12979

52. Ray, A, Khalil, MI, Pulakanti, KL, Burns, RT, Gurski, CJ, Basu, S, et al. Mature IgDlow/- B cells maintain tolerance by promoting regulatory T cell homeostasis. Nat Commun (2019) 10(1):190. doi: 10.1038/s41467-018-08122-9

53. O’Garra, A, Chang, R, Go, N, Hastings, R, Haughton, G, and Howard, M. Ly-1 B (B-1) cells are the main source of B cell-derived interleukin 10. Eur J Immunol (1992) 22(3):711–7. doi: 10.1002/eji.1830220314

54. Dalwadi, H, Wei, B, Schrage, M, Spicher, K, Su, TT, Birnbaumer, L, et al. B cell developmental requirement for the G alpha i2 gene. J Immunol (2003) 170(4):1707–15. doi: 10.4049/jimmunol.170.4.1707

55. Blair, PA, Chavez-Rueda, KA, Evans, JG, Shlomchik, MJ, Eddaoudi, A, Isenberg, DA, et al. Selective Targeting of B Cells with Agonistic Anti-CD40 Is an Efficacious Strategy for the Generation of Induced Regulatory T2-Like B Cells and for the Suppression of Lupus in MRL/lpr mice. J Immunol (2009) 182(6):3492–502. doi: 10.4049/jimmunol.0803052

56. Moreau, A, Blair, PA, Chai, JG, Ratnasothy, K, Stolarczyk, E, Alhabbab, R, et al. Transitional-2 B cells acquire regulatory function during tolerance induction and contribute to allograft survival. Eur J Immunol (2015) 45(3):843–53. doi: 10.1002/eji.201445082

57. Xing, C, Ma, N, Xiao, H, Wang, X, Zheng, M, Han, G, et al. Critical role for thymic CD19+CD5+CD1dhiIL-10+ regulatory B cells in immune homeostasis. J Leukoc Biol (2015) 97(3):547–56. doi: 10.1189/jlb.3A0414-213RR

58. Grasseau, A, Boudigou, M, Le Pottier, L, Chriti, N, Cornec, D, Pers, J-O, et al. Innate B Cells: the Archetype of Protective Immune Cells. Clin Rev Allergy Immunol (2020) 58(1):92–106. doi: 10.1007/s12016-019-08748-7

59. Maseda, D, Smith, SH, DiLillo, DJ, Bryant, JM, Candando, KM, Weaver, CT, et al. Regulatory B10 cells differentiate into antibody-secreting cells after transient IL-10 production in vivo. J Immunol (2012) 188(3):1036–48. doi: 10.4049/jimmunol.1102500

60. Mauri, C, and Bosma, A. Immune regulatory function of B cells. Annu Rev Immunol (2012) 30:221–41. doi: 10.1146/annurev-immunol-020711-074934

61. Rosser, EC, Oleinika, K, Tonon, S, Doyle, R, Bosma, A, Carter, NA, et al. Regulatory B cells are induced by gut microbiota-driven interleukin-1β and interleukin-6 production. Nat Med (2014) 20(11):1334–9. doi: 10.1038/nm.3680

62. Yoshizaki, A, Miyagaki, T, DiLillo, DJ, Matsushita, T, Horikawa, M, Kountikov, EI, et al. Regulatory B cells control T-cell autoimmunity through IL-21-dependent cognate interactions. Nature (2012) 491(7423):264–8. doi: 10.1038/nature11501

63. Yang, M, Sun, L, Wang, S, Ko, K-H, Xu, H, Zheng, B-J, et al. Cutting Edge: Novel Function of B Cell-Activating Factor in the Induction of IL-10–Producing Regulatory B Cells. J Immunol (2010) 184(7):3321. doi: 10.4049/jimmunol.0902551

64. Lee, SY, Lee, SH, Seo, HB, Ryu, JG, Jung, K, Choi, JW, et al. Inhibition of IL-17 ameliorates systemic lupus erythematosus in Roquin(san/san) mice through regulating the balance of TFH cells, GC B cells, Treg and Breg. Sci Rep (2019) 9(1):5227. doi: 10.1038/s41598-019-41534-1

65. Wang, R-X, Yu, C-R, Dambuza, IM, Mahdi, RM, Dolinska, MB, Sergeev, YV, et al. Interleukin-35 induces regulatory B cells that suppress autoimmune disease. Nat Med (2014) 20(6):633–41. doi: 10.1038/nm.3554

66. Mishima, Y, Oka, A, Liu, B, Herzog, JW, Eun, CS, Fan, T-J, et al. Microbiota maintain colonic homeostasis by activating TLR2/MyD88/PI3K signaling in IL-10–producing regulatory B cells. J Clin Invest (2019) 129(9):3702–16. doi: 10.1172/JCI93820

67. Gallego-Valle, J, Pérez-Fernández, VA, Correa-Rocha, R, and Pion, M. Generation of Human Breg-Like Phenotype with Regulatory Function In Vitro with Bacteria-Derived Oligodeoxynucleotides. Int J Mol Sci (2018) 19(6):1737. doi: 10.3390/ijms19061737

68. Mu, Q, Edwards, MR, Swartwout, BK, Cabana Puig, X, Mao, J, Zhu, J, et al. Gut Microbiota and Bacterial DNA Suppress Autoimmunity by Stimulating Regulatory B Cells in a Murine Model of Lupus. Front Immunol (2020) 11:593353. doi: 10.3389/fimmu.2020.593353

69. Kessel, A, Haj, T, Peri, R, Snir, A, Melamed, D, Sabo, E, et al. Human CD19(+)CD25(high) B regulatory cells suppress proliferation of CD4(+) T cells and enhance Foxp3 and CTLA-4 expression in T-regulatory cells. Autoimmun Rev (2012) 11(9):670–7. doi: 10.1016/j.autrev.2011.11.018

70. Carter, NA, Rosser, EC, and Mauri, C. Interleukin-10 produced by B cells is crucial for the suppression of Th17/Th1 responses, induction of T regulatory type 1 cells and reduction of collagen-induced arthritis. Arthritis Res Ther (2012) 14(1):R32. doi: 10.1186/ar3736

71. Hong, M, Liao, Y, Liang, J, Chen, X, Li, S, Liu, W, et al. Immunomodulation of human CD19(+)CD25(high) regulatory B cells via Th17/Foxp3 regulatory T cells and Th1/Th2 cytokines. Hum Immunol (2019) 80(10):863–70. doi: 10.1016/j.humimm.2019.05.011

72. Kim, HS, Lee, MB, Lee, D, Min, KY, Koo, J, Kim, HW, et al. The regulatory B cell–mediated peripheral tolerance maintained by mast cell IL-5 suppresses oxazolone-induced contact hypersensitivity. Sci Adv (2019) 5(7):eaav8152. doi: 10.1126/sciadv.aav8152

73. Bjarnadóttir, K, Benkhoucha, M, Merkler, D, Weber, MS, Payne, NL, Bernard, CCA, et al. B cell-derived transforming growth factor-β1 expression limits the induction phase of autoimmune neuroinflammation. Sci Rep (2016) 6(1):34594. doi: 10.1038/srep34594

74. Oleinika, K, Rosser, EC, Matei, DE, Nistala, K, Bosma, A, Drozdov, I, et al. CD1d-dependent immune suppression mediated by regulatory B cells through modulations of iNKT cells. Nat Commun (2018) 9(1):684. doi: 10.1038/s41467-018-02911-y

75. Ray, A, Basu, S, Williams, CB, Salzman, NH, and Dittel, BN. A novel IL-10-independent regulatory role for B cells in suppressing autoimmunity by maintenance of regulatory T cells via GITR ligand. J Immunol (2012) 188(7):3188–98. doi: 10.4049/jimmunol.1103354

76. Ray, A, Wang, L, and Dittel, BN. IL-10-independent regulatory B-cell subsets and mechanisms of action. Int Immunol (2015) 27(10):531–6. doi: 10.1093/intimm/dxv033

77. Rosser, EC, Piper, CJM, Matei, DE, Blair, PA, Rendeiro, AF, Orford, M, et al. Microbiota-Derived Metabolites Suppress Arthritis by Amplifying Aryl-Hydrocarbon Receptor Activation in Regulatory B Cells. Cell Metab (2020) 31(4):837–51.e10. doi: 10.1016/j.cmet.2020.03.003

78. Dubois, F, Limou, S, Chesneau, M, Degauque, N, Brouard, S, and Danger, R. Transcriptional meta-analysis of regulatory B cells. Eur J Immunol (2020) 50(11):1757–69. doi: 10.1002/eji.201948489

79. Wang, Y-H, Tsai, D-Y, Ko, Y-A, Yang, T-T, Lin, IY, Hung, K-H, et al. Blimp-1 Contributes to the Development and Function of Regulatory B Cells. Front Immunol (2019) 10:1909. doi: 10.3389/fimmu.2019.01909

80. Piper, CJM, Rosser, EC, Oleinika, K, Nistala, K, Krausgruber, T, Rendeiro, AF, et al. Aryl Hydrocarbon Receptor Contributes to the Transcriptional Program of IL-10-Producing Regulatory B Cells. Cell Rep (2019) 29(7):1878–92.e7. doi: 10.1016/j.celrep.2019.10.018

81. Meng, X, Grötsch, B, Luo, Y, Knaup, KX, Wiesener, MS, Chen, X-X, et al. Hypoxia-inducible factor-1α is a critical transcription factor for IL-10-producing B cells in autoimmune disease. Nat Commun (2018) 9(1):251. doi: 10.1038/s41467-017-02683-x

82. Rubin, SJS, Bloom, MS, and Robinson, WH. B cell checkpoints in autoimmune rheumatic diseases. Nat Rev Rheumatol (2019) 15(5):303–15. doi: 10.1038/s41584-019-0211-0

83. Diamond, B, Katz, JB, Paul, E, Aranow, C, Lustgarten, D, and Scharff, MD. The role of somatic mutation in the pathogenic anti-DNA response. Annu Rev Immunol (1992) 10:731–57. doi: 10.1146/annurev.iy.10.040192.003503

84. Pritchard, NR, and Smith, KG. B cell inhibitory receptors and autoimmunity. Immunology (2003) 108(3):263–73. doi: 10.1046/j.1365-2567.2003.01592.x

85. Cyster, JG, Hartley, SB, and Goodnow, CC. Competition for follicular niches excludes self-reactive cells from the recirculating B-cell repertoire. Nature (1994) 371(6496):389–95. doi: 10.1038/371389a0

86. Breitfeld, D, Ohl, L, Kremmer, E, Ellwart, J, Sallusto, F, Lipp, M, et al. Follicular B helper T cells express CXC chemokine receptor 5, localize to B cell follicles, and support immunoglobulin production. J Exp Med (2000) 192(11):1545–52. doi: 10.1084/jem.192.11.1545

87. Ise, W, Fujii, K, Shiroguchi, K, Ito, A, Kometani, K, Takeda, K, et al. T Follicular Helper Cell-Germinal Center B Cell Interaction Strength Regulates Entry into Plasma Cell or Recycling Germinal Center Cell Fate. Immunity (2018) 48(4):702–15.e4. doi: 10.1016/j.immuni.2018.03.027

88. Ueno, H, Banchereau, J, and Vinuesa, CG. Pathophysiology of T follicular helper cells in humans and mice. Nat Immunol (2015) 16(2):142–52. doi: 10.1038/ni.3054

89. Liu, D, Xu, H, Shih, C, Wan, Z, Ma, X, Ma, W, et al. T-B-cell entanglement and ICOSL-driven feed-forward regulation of germinal centre reaction. Nature (2015) 517(7533):214–8. doi: 10.1038/nature13803

90. Good-Jacobson, KL, Szumilas, CG, Chen, L, Sharpe, AH, Tomayko, MM, and Shlomchik, MJ. PD-1 regulates germinal center B cell survival and the formation and affinity of long-lived plasma cells. Nat Immunol (2010) 11(6):535–42. doi: 10.1038/ni.1877

91. Abbott, RK, Lee, JH, Menis, S, Skog, P, Rossi, M, Ota, T, et al. Precursor Frequency and Affinity Determine B Cell Competitive Fitness in Germinal Centers, Tested with Germline-Targeting HIV Vaccine Immunogens. Immunity (2018) 48(1):133–46.e6. doi: 10.1016/j.immuni.2017.11.023

92. Linterman, MA, Rigby, RJ, Wong, RK, Yu, D, Brink, R, Cannons, JL, et al. Follicular helper T cells are required for systemic autoimmunity. J Exp Med (2009) 206(3):561–76. doi: 10.1084/jem.20081886

93. Vinuesa, CG, Cook, MC, Angelucci, C, Athanasopoulos, V, Rui, L, Hill, KM, et al. A RING-type ubiquitin ligase family member required to repress follicular helper T cells and autoimmunity. Nature (2005) 435(7041):452–8. doi: 10.1038/nature03555

94. Faliti, CE, Gualtierotti, R, Rottoli, E, Gerosa, M, Perruzza, L, Romagnani, A, et al. P2X7 receptor restrains pathogenic Tfh cell generation in systemic lupus erythematosus. J Exp Med (2019) 216(2):317–36. doi: 10.1084/jem.20171976

95. Wing, JB, Ise, W, Kurosaki, T, and Sakaguchi, S. Regulatory T cells control antigen-specific expansion of Tfh cell number and humoral immune responses via the coreceptor CTLA-4. Immunity (2014) 41(6):1013–25. doi: 10.1016/j.immuni.2014.12.006

96. Sage, PT, Ron-Harel, N, Juneja, VR, Sen, DR, Maleri, S, Sungnak, W, et al. Suppression by TFR cells leads to durable and selective inhibition of B cell effector function. Nat Immunol (2016) 17(12):1436–46. doi: 10.1038/ni.3578

97. Sage, PT, Paterson, AM, Lovitch, SB, and Sharpe, AH. The coinhibitory receptor CTLA-4 controls B cell responses by modulating T follicular helper, T follicular regulatory, and T regulatory cells. Immunity (2014) 41(6):1026–39. doi: 10.1016/j.immuni.2014.12.005

98. Sage, PT, Alvarez, D, Godec, J, von Andrian, UH, and Sharpe, AH. Circulating T follicular regulatory and helper cells have memory-like properties. J Clin Invest (2014) 124(12):5191–204. doi: 10.1172/JCI76861

99. Sayin, I, Radtke, AJ, Vella, LA, Jin, W, Wherry, EJ, Buggert, M, et al. Spatial distribution and function of T follicular regulatory cells in human lymph nodes. J Exp Med (2018) 215(6):1531–42. doi: 10.1084/jem.20171940

100. Botta, D, Fuller, MJ, Marquez-Lago, TT, Bachus, H, Bradley, JE, Weinmann, AS, et al. Dynamic regulation of T follicular regulatory cell responses by interleukin 2 during influenza infection. Nat Immunol (2017) 18(11):1249–60. doi: 10.1038/ni.3837

101. Clement, RL, Daccache, J, Mohammed, MT, Diallo, A, Blazar, BR, Kuchroo, VK, et al. Follicular regulatory T cells control humoral and allergic immunity by restraining early B cell responses. Nat Immunol (2019) 20(10):1360–71. doi: 10.1038/s41590-019-0472-4

102. Vaeth, M, Müller, G, Stauss, D, Dietz, L, Klein-Hessling, S, Serfling, E, et al. Follicular regulatory T cells control humoral autoimmunity via NFAT2-regulated CXCR5 expression. J Exp Med (2014) 211(3):545–61. doi: 10.1084/jem.20130604

103. Maul, J, Alterauge, D, and Baumjohann, D. MicroRNA-mediated regulation of T follicular helper and T follicular regulatory cell identity. Immunol Rev (2019) 288(1):97–111. doi: 10.1111/imr.12735

104. Teng, F, Klinger, CN, Felix, KM, Bradley, CP, Wu, E, Tran, NL, et al. Gut Microbiota Drive Autoimmune Arthritis by Promoting Differentiation and Migration of Peyer’s Patch T Follicular Helper Cells. Immunity (2016) 44(4):875–88. doi: 10.1016/j.immuni.2016.03.013

105. León, B, Bradley, JE, Lund, FE, Randall, TD, and Ballesteros-Tato, A. FoxP3+ regulatory T cells promote influenza-specific Tfh responses by controlling IL-2 availability. Nat Commun (2014) 5(1):3495. doi: 10.1038/ncomms4495

106. Jandl, C, Liu, SM, Cañete, PF, Warren, J, Hughes, WE, Vogelzang, A, et al. IL-21 restricts T follicular regulatory T cell proliferation through Bcl-6 mediated inhibition of responsiveness to IL-2. Nat Commun (2017) 8:14647. doi: 10.1038/ncomms14647

107. Hao, H, Nakayamada, S, Yamagata, K, Ohkubo, N, Iwata, S, Inoue, Y, et al. Conversion of T Follicular Helper Cells to T Follicular Regulatory Cells by Interleukin-2 Through Transcriptional Regulation in Systemic Lupus Erythematosus. Arthritis Rheumatol (2020) 73(1):132–42. doi: 10.1002/art.41457

108. Wu, X, Wang, Y, Huang, R, Gai, Q, Liu, H, Shi, M, et al. SOSTDC1-producing follicular helper T cells promote regulatory follicular T cell differentiation. Science (2020) 369(6506):984. doi: 10.1126/science.aba6652

109. Kim, YU, Lim, H, Jung, HE, Wetsel, RA, and Chung, Y. Regulation of Autoimmune Germinal Center Reactions in Lupus-Prone BXD2 Mice by Follicular Helper T Cells. PloS One (2015) 10(3):e0120294. doi: 10.1371/journal.pone.0120294

110. Fu, W, Liu, X, Lin, X, Feng, H, Sun, L, Li, S, et al. Deficiency in T follicular regulatory cells promotes autoimmunity. J Exp Med (2018) 215(3):815–25. doi: 10.1084/jem.20170901

111. Fonseca, VR, Agua-Doce, A, Maceiras, AR, Pierson, W, Ribeiro, F, Romão, VC, et al. Human blood Tfr cells are indicators of ongoing humoral activity not fully licensed with suppressive function. Sci Immunol (2017) 2(14):eaan1487. doi: 10.1126/sciimmunol.aan1487

112. Dhaeze, T, Peelen, E, Hombrouck, A, Peeters, L, Van Wijmeersch, B, Lemkens, N, et al. Circulating Follicular Regulatory T Cells Are Defective in Multiple Sclerosis. J Immunol (2015) 195(3):832. doi: 10.4049/jimmunol.1500759

113. Wang, J, Shan, Y, Jiang, Z, Feng, J, Li, C, Ma, L, et al. High frequencies of activated B cells and T follicular helper cells are correlated with disease activity in patients with new-onset rheumatoid arthritis. Clin Exp Immunol (2013) 174(2):212–20. doi: 10.1111/cei.12162

114. Ma, L, Zhao, P, Jiang, Z, Shan, Y, and Jiang, Y. Imbalance of different types of CD4(+) forkhead box protein 3 (FoxP3)(+) T cells in patients with new-onset systemic lupus erythematosus. Clin Exp Immunol (2013) 174(3):345–55. doi: 10.1111/cei.12189

115. Zheng, J, Wang, T, Zhang, L, and Cui, L. Dysregulation of Circulating Tfr/Tfh Ratio in Primary biliary cholangitis. Scand J Immunol (2017) 86(6):452–61. doi: 10.1111/sji.12616

116. Xu, Y, Xu, H, Zhen, Y, Sang, X, Wu, H, Hu, C, et al. Imbalance of Circulatory T Follicular Helper and T Follicular Regulatory Cells in Patients with ANCA-Associated Vasculitis. Mediators Inflamm (2019) 2019:8421479. doi: 10.1155/2019/8421479

117. Puthenparampil, M, Zito, A, Pantano, G, Federle, L, Stropparo, E, Miante, S, et al. Peripheral imbalanced TFH/TFR ratio correlates with intrathecal IgG synthesis in multiple sclerosis at clinical onset. Mult Scler (2019) 25(7):918–26. doi: 10.1177/1352458518779951

118. Wang, X, Yang, C, Xu, F, Qi, L, Wang, J, and Yang, P. Imbalance of circulating Tfr/Tfh ratio in patients with rheumatoid arthritis. Clin Exp Med (2018) 19(1):55–64. doi: 10.1007/s10238-018-0530-5

119. Zhao, S, Ding, J, Wang, S, Li, C, Guo, P, Zhang, M, et al. Decreased expression of circulating Aire and increased Tfh/Tfr cells in myasthenia gravis patients. Biosci Rep (2018) 38(6):BSR20180096. doi: 10.1042/BSR20180096

120. Liu, C, Wang, D, Song, Y, Lu, S, Zhao, J, and Wang, H. Increased circulating CD4+CXCR5+FoxP3+ follicular regulatory T cells correlated with severity of systemic lupus erythematosus patients. Int Immunopharmacol (2018) 56:261–8. doi: 10.1016/j.intimp.2018.01.038

121. Liu, C, Wang, D, Lu, S, Xu, Q, Zhao, L, Zhao, J, et al. Increased Circulating Follicular Treg Cells Are Associated With Lower Levels of Autoantibodies in Patients With Rheumatoid Arthritis in Stable Remission. Arthritis Rheumatol (2018) 70(5):711–21. doi: 10.1002/art.40430

122. Ivanchenko, M, Aqrawi, LA, Björk, A, Wahren-Herlenius, M, and Chemin, K. FoxP3+CXCR5+CD4+ T cell frequencies are increased in peripheral blood of patients with primary Sjögren’s syndrome. Clin Exp Immunol (2019) 195(3):305–9. doi: 10.1111/cei.13244

123. Shan, Y, Qi, C, Zhao, J, Liu, Y, Gao, H, Zhao, D, et al. Higher frequency of peripheral blood follicular regulatory T cells in patients with new onset ankylosing spondylitis. Clin Exp Pharmacol Physiol (2015) 42(2):154–61. doi: 10.1111/1440-1681.12330

124. Li, Y, Guptill, JT, Russo, MA, Howard, JF Jr, Massey, JM, Juel, VC, et al. Imbalance in T follicular helper cells producing IL-17 promotes pro-inflammatory responses in MuSK antibody positive myasthenia gravis. J Neuroimmunol (2020) 345:577279. doi: 10.1016/j.jneuroim.2020.577279

125. Kim, J-W, Lee, J, Hong, S-M, Lee, J, Cho, M-L, and Park, S-H. Circulating CCR7(lo)PD-1(hi) Follicular Helper T Cells Indicate Disease Activity and Glandular Inflammation in Patients with Primary Sjögren’s Syndrome. Immune Netw (2019) 19(4):e26–e. doi: 10.4110/in.2019.19.e26

126. Yang, X, Yang, J, Chu, Y, Wang, J, Guan, M, Zhu, X, et al. T Follicular Helper Cells Mediate Expansion of Regulatory B Cells via IL-21 in Lupus-Prone MRL/lpr Mice. PloS One (2013) 8(4):e62855. doi: 10.1371/journal.pone.0062855

127. Nurieva, RI, Chung, Y, Hwang, D, Yang, XO, Kang, HS, Ma, L, et al. Generation of T Follicular Helper Cells Is Mediated by Interleukin-21 but Independent of T Helper 1, 2, or 17 Cell Lineages. Immunity (2008) 29(1):138–49. doi: 10.1016/j.immuni.2008.05.009

128. Wang, R, Xie, R, and Song, Z. Circulating regulatory Tfh cells are enriched in patients with chronic hepatitis B infection and induce the differentiation of regulatory B cells. Exp Cell Res (2018) 365(2):171–6. doi: 10.1016/j.yexcr.2018.02.031

129. Li, H, Zhou, R, Wang, C, Li, Y, Zheng, G, Jiang, S, et al. T follicular regulatory cells infiltrate the human airways during the onset of acute respiratory distress syndrome and regulate the development of B regulatory cells. Immunol Res (2018) 66(4):548–54. doi: 10.1007/s12026-018-9014-7

130. Burger, F, Miteva, K, Baptista, D, Roth, A, Fraga-Silva, RA, Martel, C, et al. Follicular regulatory helper T cells control the response of regulatory B cells to a high-cholesterol diet. Cardiovasc Res (2020) 117(3):743–55. doi: 10.1093/cvr/cvaa069

131. Liu, X, Chen, X, Zhong, B, Wang, A, Wang, X, Chu, F, et al. Transcription factor achaete-scute homologue 2 initiates follicular T-helper-cell development. Nature (2014) 507(7493):513–8. doi: 10.1038/nature12910

132. Schaerli, P, Willimann, K, Lang, AB, Lipp, M, Loetscher, P, and Moser, B. Cxc Chemokine Receptor 5 Expression Defines Follicular Homing T Cells with B Cell Helper Function. J Exp Med (2000) 192(11):1553–62. doi: 10.1084/jem.192.11.1553

133. Haynes, NM, Allen, CDC, Lesley, R, Ansel, KM, Killeen, N, and Cyster, JG. Role of CXCR5 and CCR7 in Follicular Th Cell Positioning and Appearance of a Programmed Cell Death Gene-1High Germinal Center-Associated Subpopulation. J Immunol (2007) 179(8):5099–108. doi: 10.4049/jimmunol.179.8.5099

134. Xiao, J, Guan, F, Sun, L, Zhang, Y, Zhang, X, Lu, S, et al. B cells induced by Schistosoma japonicum infection display diverse regulatory phenotypes and modulate CD4(+) T cell response. Parasit Vectors (2020) 13(1):147. doi: 10.1186/s13071-020-04015-3

135. Sage, PT, Francisco, LM, Carman, CV, and Sharpe, AH. The receptor PD-1 controls follicular regulatory T cells in the lymph nodes and blood. Nat Immunol (2013) 14(2):152–61. doi: 10.1038/ni.2496

136. Morita, R, Schmitt, N, Bentebibel, S-E, Ranganathan, R, Bourdery, L, Zurawski, G, et al. Human Blood CXCR5+CD4+ T Cells Are Counterparts of T Follicular Cells and Contain Specific Subsets that Differentially Support Antibody Secretion. Immunity (2011) 34(1):108–21. doi: 10.1016/j.immuni.2010.12.012

137. Asai, Y, Chiba, H, Nishikiori, H, Kamekura, R, Yabe, H, Kondo, S, et al. Aberrant populations of circulating T follicular helper cells and regulatory B cells underlying idiopathic pulmonary fibrosis. Respir Res (2019) 20(1):244. doi: 10.1186/s12931-019-1216-6

138. Kamekura, R, Shigehara, K, Miyajima, S, Jitsukawa, S, Kawata, K, Yamashita, K, et al. Alteration of circulating type 2 follicular helper T cells and regulatory B cells underlies the comorbid association of allergic rhinitis with bronchial asthma. Clin Immunol (2015) 158(2):204–11. doi: 10.1016/j.clim.2015.02.016

139. Miyajima, S, Shigehara, K, Kamekura, R, Takaki, H, Yabe, H, Ikegami, I, et al. Activated circulating T follicular helper cells and skewing of T follicular helper 2 cells are down-regulated by treatment including an inhaled corticosteroid in patients with allergic asthma. Allergol Int (2020) 69(1):66–77. doi: 10.1016/j.alit.2019.08.008

140. Rioja, I, Hughes, FJ, Sharp, CH, Warnock, LC, Montgomery, DS, Akil, M, et al. Potential novel biomarkers of disease activity in rheumatoid arthritis patients: CXCL13, CCL23, transforming growth factor alpha, tumor necrosis factor receptor superfamily member 9, and macrophage colony-stimulating factor. Arthritis Rheum (2008) 58(8):2257–67. doi: 10.1002/art.23667

141. Lee, HT, Shiao, YM, Wu, TH, Chen, WS, Hsu, YH, Tsai, SF, et al. Serum BLC/CXCL13 concentrations and renal expression of CXCL13/CXCR5 in patients with systemic lupus erythematosus and lupus nephritis. J Rheumatol (2010) 37(1):45–52. doi: 10.3899/jrheum.090450

142. Barone, F, Bombardieri, M, Rosado, MM, Morgan, PR, Challacombe, SJ, De Vita, S, et al. CXCL13, CCL21, and CXCL12 expression in salivary glands of patients with Sjogren’s syndrome and MALT lymphoma: association with reactive and malignant areas of lymphoid organization. J Immunol (2008) 180(7):5130–40. doi: 10.4049/jimmunol.180.7.5130

143. Liu, D, Liu, J, Wang, J, Guo, L, Liu, C, Jiang, Y, et al. Distribution of circulating T follicular helper cell subsets is altered in immunoglobulin A vasculitis in children. PloS One (2017) 12(12):e0189133. doi: 10.1371/journal.pone.0189133

144. Li, X-Y, Wu, Z-B, Ding, J, Zheng, Z-H, Li, X-Y, Chen, L-N, et al. Role of the frequency of blood CD4+ CXCR5+ CCR6+ T cells in autoimmunity in patients with Sjögren’s syndrome. Biochem Biophys Res Commun (2012) 422(2):238–44. doi: 10.1016/j.bbrc.2012.04.133

145. Sheng, JR, Quan, S, and Soliven, B. IL-10 derived from CD1dhiCD5+ B cells regulates experimental autoimmune myasthenia gravis. J Neuroimmunol (2015) 289:130–8. doi: 10.1016/j.jneuroim.2015.10.023

146. Kim, CH, Rott, LS, Clark-Lewis, I, Campbell, DJ, Wu, L, and Butcher, EC. Subspecialization of Cxcr5+ T Cells: B Helper Activity Is Focused in a Germinal Center–Localized Subset of Cxcr5+ T Cells. J Exp Med (2001) 193(12):1373–82. doi: 10.1084/jem.193.12.1373

147. Häringer, B, Lozza, L, Steckel, B, and Geginat, J. Identification and characterization of IL-10/IFN-γ–producing effector-like T cells with regulatory function in human blood. J Exp Med (2009) 206(5):1009–17. doi: 10.1084/jem.20082238

148. Kimura, N, Yamagiwa, S, Sugano, T, Horigome, R, Setsu, T, Tominaga, K, et al. Usefulness of chemokine C-C receptor 7(-) /programmed cell death-1(+) follicular helper T cell subset frequencies in the diagnosis of autoimmune hepatitis. Hepatol Res (2019) 49(9):1026–33. doi: 10.1111/hepr.13356

149. Huang, YX, Zhao, QY, Wu, LL, Xie, DY, Gao, ZL, and Deng, H. Increased CCR7(lo)PD-1(hi)CXCR5(+)CD4(+) T Cells in Peripheral Blood Mononuclear Cells Are Correlated with Immune Activation in Patients with Chronic HBV Infection. Can J Gastroenterol Hepatol (2018) 2018:1020925. doi: 10.1155/2018/1020925

150. Locci, M, Havenar-Daughton, C, Landais, E, Wu, J, Kroenke, MA, Arlehamn, CL, et al. Human circulating PD-1+CXCR3-CXCR5+ memory Tfh cells are highly functional and correlate with broadly neutralizing HIV antibody responses. Immunity (2013) 39(4):758–69. doi: 10.1016/j.immuni.2013.08.031

151. Denton, AE, and Linterman, MA. Stromal networking: cellular connections in the germinal centre. Curr Opin Immunol (2017) 45:103–11. doi: 10.1016/j.coi.2017.03.001

152. Ansel, KM, Ngo, VN, Hyman, PL, Luther, SA, Förster, R, Sedgwick, JD, et al. A chemokine-driven positive feedback loop organizes lymphoid follicles. Nature (2000) 406(6793):309–14. doi: 10.1038/35018581

153. Moriyama, S, Takahashi, N, Green, JA, Hori, S, Kubo, M, Cyster, JG, et al. Sphingosine-1-phosphate receptor 2 is critical for follicular helper T cell retention in germinal centers. J Exp Med (2014) 211(7):1297–305. doi: 10.1084/jem.20131666

154. Lu, P, Shih, C, and Qi, H. Ephrin B1–mediated repulsion and signaling control germinal center T cell territoriality and function. Science (2017) 356(6339):eaai9264. doi: 10.1126/science.aai9264

155. Vanderleyden, I, Fra-Bido, SC, Innocentin, S, Stebegg, M, Okkenhaug, H, Evans-Bailey, N, et al. Follicular Regulatory T Cells Can Access the Germinal Center Independently of CXCR5. Cell Rep (2020) 30(3):611–9.e4. doi: 10.1016/j.celrep.2019.12.076

156. Donnadieu, E, Reisinger, KB, Scharf, S, Michel, Y, Bein, J, Hansen, S, et al. Landscape of T Follicular Helper Cell Dynamics in Human Germinal Centers. J Immunol (2020) 205(5):1248–55. doi: 10.4049/jimmunol.1901475

157. Ly, NTM, Ueda-Hayakawa, I, Nguyen, CTH, and Okamoto, H. Exploring the imbalance of circulating follicular helper CD4+ T cells in sarcoidosis patients. J Dermatol Sci (2020) 97(3):216–24. doi: 10.1016/j.jdermsci.2020.02.002

158. Deng, J, Wei, Y, Fonseca, VR, Graca, L, and Yu, D. T follicular helper cells and T follicular regulatory cells in rheumatic diseases. Nat Rev Rheumatol (2019) 15(8):475–90. doi: 10.1038/s41584-019-0254-2

159. Gao, N, Dresel, J, Eckstein, V, Gellert, R, Störch, H, Venigalla, RKC, et al. Impaired Suppressive Capacity of Activation-Induced Regulatory B Cells in Systemic Lupus Erythematosus. Arthritis Rheumatol (2014) 66(10):2849–61. doi: 10.1002/art.38742

160. Knippenberg, S, Peelen, E, Smolders, J, Thewissen, M, Menheere, P, Cohen Tervaert, JW, et al. Reduction in IL-10 producing B cells (Breg) in multiple sclerosis is accompanied by a reduced naïve/memory Breg ratio during a relapse but not in remission. J Neuroimmunol (2011) 239(1-2):80–6. doi: 10.1016/j.jneuroim.2011.08.019

161. Kim, Y, Kim, G, Shin, HJ, Hyun, JW, Kim, SH, Lee, E, et al. Restoration of regulatory B cell deficiency following alemtuzumab therapy in patients with relapsing multiple sclerosis. J Neuroinflamm (2018) 15(1):300. doi: 10.1186/s12974-018-1334-y

162. Chen, G, Ding, Y, Li, Q, Li, Y, Wen, X, Ji, X, et al. Defective Regulatory B Cells Are Associated with Thyroid Associated Ophthalmopathy. J Clin Endocrinol Metab (2019) 104:4067–77. doi: 10.1210/jc.2018-01812

163. Mauri, C, Gray, D, Mushtaq, N, and Londei, M. Prevention of Arthritis by Interleukin 10–producing B Cells. J Exp Med (2003) 197(4):489–501. doi: 10.1084/jem.20021293

164. Sattler, S, Ling, G-S, Xu, D, Hussaarts, L, Romaine, A, Zhao, H, et al. IL-10-producing regulatory B cells induced by IL-33 (BregIL-33) effectively attenuate mucosal inflammatory responses in the gut. J Autoimmun (2014) 50:107–22. doi: 10.1016/j.jaut.2014.01.032

165. Rousset, F, Garcia, E, Defrance, T, Péronne, C, Vezzio, N, Hsu, DH, et al. Interleukin 10 is a potent growth and differentiation factor for activated human B lymphocytes. Proc Natl Acad Sci U S A (1992) 89(5):1890–3. doi: 10.1073/pnas.89.5.1890

166. Laguna-Goya, R, Utrero-Rico, A, Cano-Romero, FL, Gómez-Massa, E, González, E, Andrés, A, et al. Imbalance favoring follicular helper T cells over IL10+ regulatory B cells is detrimental for the kidney allograft. Kidney Int (2020) 98(3):732–43. doi: 10.1016/j.kint.2020.02.039



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Ding, Su, Wu, Xue, Wang, Su, Gao, Li and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-12-641013-g002.jpg
CDAOL+TLRY

\3{\‘/

RS —| A

upregulate

convert

=iy






OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu.2021.641013_cover.jpg
, frontiers
in Immunology

Frontiers of Autoantibodies in
Autoimmune Disorders: Crosstalk
Between Tfh/Tfr and Regulatory
B Cells





OEBPS/Images/fimmu-12-641013-g001.jpg





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Frontiers of Autoantibodies in Autoimmune Disorders: Crosstalk Between Tfh/Tfr and Regulatory B Cells

      

        		

          Introduction

        



        		

          Phenotypes of Bregs

        



        		

          Origin and Induction of Bregs

        



        		

          Suppressive Mechanisms and Effectors of Bregs

        



        		

          Involvement of Tfh and Tfr in Autoimmune Diseases

        

          		

            Tfh and Tfr Control Autoantibody Production

          



          		

            Dysregulated Tfh/Tfr in Autoimmune Diseases

          



        



        



        		

          Regulation of Bregs by Tfh and Tfr Cells

        



        		

          Novel Insights Into BREG-Mediated Regulation of Tfh and Tfr in Autoantibody Production

        

          		

            Bregs Regulate the Differentiation and Function of Tfh and Tfr Cells

          



          		

            Bregs Appear to Be Critical to the Distribution of Tfh and Tfr Cells

          



        



        



        		

          Therapeutic Prospects of Bregs-Mediated Tfr/Tfh Regulation

        



        		

          Conclusions

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





