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Expression of Tumor Necrosis Factor Receptor 2 Characterizes TLR9-Driven Formation of Interleukin-10-Producing B Cells
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B cell-derived interleukin-10 (IL-10) production has been described as a hallmark for regulatory function in B lymphocytes. However, there is an ongoing debate on the origin of IL-10-secreting B cells and lack of specific surface markers has turned into an important obstacle for studying human B regulatory cells. In this study, we propose that tumor necrosis factor receptor 2 (TNFR2) expression can be used for enrichment of IL-10-secreting B cells. Our data confirm that IL-10 production can be induced by TLR9 stimulation with CpG ODN and that IL-10 secretion accompanies differentiation of peripheral blood B cells into plasma blasts. We further show that CpG ODN stimulation induces TNFR2 expression, which correlates with IL-10 secretion and terminal differentiation. Indeed, flow cytometric sorting of TNFR2+ B cells revealed that TNFR2+ and TNFR2− fractions correspond to IL-10+ and IL-10− fractions, respectively. Furthermore, CpG-induced TNFR2+ B cells were predominantly found in the IgM+ CD27+ B cell subset and spontaneously released immunoglobulin. Finally, our data corroborate the functional impact of TNFR2 by demonstrating that stimulation with a TNFR2 agonist significantly augments IL-10 and IL-6 production in B cells. Altogether, our data highlight a new role for TNFR2 in IL-10-secreting human B lymphocytes along with the potential to exploit this finding for sorting and isolation of this currently ill-defined B cell subset.

Keywords: human, B cells, interleukin-10, tumor necrosis factor receptor 2, TLR9, Breg

INTRODUCTION

The first observation of regulatory function of B cells producing interleukin-10 (IL-10) was demonstrated in mice with experimental autoimmune encephalomyelitis in 1996 by Janeway and colleagues (1). In the recent years, different subpopulations of IL-10-secreting B cells have been described in the mouse and their regulatory capacity has been demonstrated in models of infection and autoimmune diseases (2–5). However, in the human, very little is known on the role of suppressive B cells and their cellular origin. It was previously shown that a distinct subpopulation of B lymphocytes producing anti-inflammatory cytokines such as IL-10 could be differentiated from peripheral blood B cells via TLR9 stimulation with CpG DNA (6, 7). Furthermore, IL-10-secreting B cells were described in different types of infection including polyclonal B cell expansion triggered by Staphylococcus aureus (8), HIV patients (9, 10), and murine schistosomiasis models (11, 12). Various studies also indicated their reduced representation in peripheral blood of patients with autoimmune diseases and immune deficiencies (13–15).

Earlier, it was proposed that calcium-dependent signaling and vitamin D metabolism enhance or even enable IL-10 production in human peripheral blood B cells (7, 16–18). These molecular mechanisms seem well compatible with the finding that IL-10 production characterizes activated B cells undergoing differentiation to plasma blasts (19, 20). Notably, this finding also confirms earlier studies demonstrating that autocrine production of IL-10 increases plasma blast formation and Ig production (19, 21–23).

While IL-10 is a hallmark cytokine for immune suppression tumor necrosis factor (TNF) is a pleiotropic cytokine, which exists in two biologically active forms: cell-bound as a type II transmembrane protein and in a soluble variant derived thereof by proteolytic processing. TNF is primarily viewed as a cytokine enhancing immune defense against invading pathogens and mediating inflammation. As a consequence, TNF expression is tightly regulated (24–26) and its secretion can be selectively blocked in the context of endotoxin tolerance, which was recently proposed to impair microbial recognition and progression of periodontitis (27). Excessive and deregulated expression of TNF not only plays a crucial role in various autoimmune diseases including rheumatoid arthritis and Crohn’s disease but is also efficiently targeted in the clinic with various TNF-neutralizing drugs.

Tumor necrosis factor elicits its activities by stimulating two structurally related types of receptors, TNF receptor 1 (TNFR1) and tumor necrosis factor receptor 2 (TNFR2). TNFR1 (CD120a) is constitutively expressed on nearly all nucleated cell types, while expression of TNFR2 (CD120b) is limited to a subset of cell types of different origin including certain T lymphocyte subsets, thymocytes, cells of the myeloid lineage, specific neuronal subpopulations, endothelial cells, cardiac myocytes, and human mesenchymal stem cells (25, 28). TNFR1 is efficiently activated by both the soluble and the membrane-bound form of TNF, while TNFR2—despite high-affinity binding of soluble TNF—is only efficiently activated by membrane-bound TNF (29, 30).

The two TNF receptors play different roles in the context of an immune response and TNFR2 might contribute to later stages of the immune response and resolve inflammation rather than potentiating it. Indeed, signaling via TNFR2 has mainly been associated with proliferation, cytokine production, cell survival, differentiation, tissue repair, and angiogenesis, while TNFR1 contains an intracellular death domain that mediates strong activation of the highly proinflammatory classical NFκB pathway but also caspase activation and cell death (31–34). TNFR2 upregulation occurs under inflammatory conditions and could, thus, serve as a negative feedback mechanism to reduce cellular damage and danger signals generated by TNFR1 signaling. Indeed, soluble TNFR2 can capture TNF and prevent engagement of the proinflammatory receptor TNFR1 (35). Moreover, TNFR2 is highly expressed on T regulatory cells (Treg) and promotes the expansion and suppressive activity of this suppressive cell type (36–38). Additionally, TNF derived from conventional T cells supports Treg function in autoimmune diabetes and graft-versus-host disease (39, 40). Notably, these effects were found to be dependent on TNFR2 expression on Treg (41). For oncologists, TNFR2 has become an attractive target for dual suppression of TNFR2+ tumor cells and tumor-infiltrating Tregs, thus facilitating anti-tumor T cell responses and killing of malignant cells (42, 43). In this context, therapeutic inhibition of TNFR2 bears further potential since TNFR2 was identified as a myeloid-derived suppressor cell-promoting factor (44–47). In sum, these findings prompted us to ask whether TNFR2 might exert a similar role in regulatory B cells.

Considering the fact that TNFR2 expression has repeatedly been linked to IL-10 production (48, 49), this seemed an attractive hypothesis. However, while data from mice demonstrated a role of TNFR2 in B cell activation (50), in human B cells only scarce information was available. The published data suggested redundant roles of TNFR2 and CD40 in B cell activation based on the common signaling pathway involving TRAF2 (51). Moreover, in patients, TNF-targeting therapies have been associated with increased development of autoantibodies and lupus-like syndromes (52–54). Albeit these clinical observations are not well understood, they indicate that TNF possesses a so far not acknowledged regulatory role in B cell differentiation. Since expression patterns and function of TNFR2 in B cells remain largely unexplored, we opted to investigate a possible association of TNFR2 with development and function of IL-10-secreting B cells. Here, we present original data showing that TNFR2 expression in B cells is stimulated via TLR9 and coincides with IL-10 release and terminal B cell differentiation.

MATERIALS AND METHODS

Cells

Peripheral blood mononuclear cells (PBMC) were isolated from buffy coats from healthy donors obtained from German Red Cross South institute for transfusion medicine and immune hematology (Frankfurt am Main, Germany). The use was approved by the ethics committee from the medical faculty of the University of Frankfurt, Germany (Approval #154/15). PBMC were isolated by Pancoll gradient centrifugation (PAN-Biotech, Aidenbach, Germany) followed by B cell positive selection with anti-CD19 microbeads (Miltenyi Biotech, Bergisch-Gladbach, Germany) according to the manufacturer’s protocol. For plasmablast enrichment, CD138 MicroBeads (Miltenyi Biotech) were applied. Purity was controlled by flow cytometry and was ≥97%. Isolated cells were cultivated in RPMI 1640 (Gibco, Life Science, Darmstadt, Germany) supplemented with 10% FCS (Sigma-Aldrich Chemie GmbH, Munich, Germany), 1% penicillin/streptomycin, 1% L–glutamine, and 1% HEPES buffer (all from Biochrom, Berlin, Germany). Cells were seeded at a concentration 106 cells/ml (if not stated differently) and cultivated in 96-well plates (Greiner CELLSTAR® round bottom 96-well plates; Greiner Bio-One, Kremsmünster, Austria). All cells were cultivated in a 5% CO2 incubator at 37°C. For stimulation, 1 µM full-length PTO modified CpG 2006 (5′-tcgtcgttttgtcgttttgtcgtt-3′) purchased from Eurofins MWG Biotech (Munich, Germany) was applied. TNC-scTNF(143N/145R), a highly active nonameric human TNF mutant with specificity for TNFR2 as described elsewhere (30). It was used at a concentration of 100 ng/ml. All experiments were performed in technical duplicates.

Cell Sorting

B cell subpopulations were sorted on a FACSAria™ Fusion (BD Biosciences, Heidelberg, Germany) using the version 8.0.1 of the BD FACS Diva software. Purity of sorted subpopulations was confirmed by remeasuring of samples. Sorted cells were washed, counted, and checked for viability using trypan blue (Applichem Panreac, Darmstadt, Germany). TNFR2-positive and -negative B cells were sorted from total B cells stimulated for 2 days by 1 µM CpG ODN 2006, if not stated otherwise.

Flow Cytometry

Phenotypic analysis of human B cell subsets was performed with the following antibodies: anti-CD19-PE-Cy7 (Beckman Coulter, Marseille, France), anti-CD27-BV421 (BD Biosciences, Heidelberg, Germany), anti-IgM-PerCP/Cy5.5 (BioLegend, CA, USA), anti-IgM-BV605 (BioLegend), anti-CD38-PE (BD Biosciences), anti-TNFR1(CD120a)-FITC (Miltenyi Biotech), anti-TNFR2(CD120b)-APC (R&D Systems, Inc., Minneapolis, MN, USA), and murine IgG2A-APC (R&D Systems, Inc.) as isotype control where indicated. Cells were incubated in the dark for 30 min at 4°C in PBS with 0.5% FCS. Samples were acquired using a FACS LSRII SORP (BD Biosciences, Heidelberg, Germany), and cytometry data (LMD files) were analyzed with Kaluza software (Beckman Coulter). The aqua fluorescent reactive dye (LIVE/DEAD Fixable dead Cell stain Kit, Invitrogen, CA, USA) was used for definition of live and dead cells.

For staining of IL-10-producing B cells we used the IL-10 Secretion Assay (Miltenyi Biotech, Bergisch-Gladbach, Germany). B cells were stimulated for 40 h in culture medium with 1 µM CpG ODN 2006. Staining with anti-IL-10 was performed according to the protocol provided by the manufacturer with a prolonged incubation of cells labeled with IL-10 catch reagent (6 h) in presence of 0.25 µM CpG for restimulation. Cells were subsequently stained for expression of other surface markers before measurement on a flow cytometer.

ELISA

Supernatants were collected from cells at the indicated time points. IL-10 and IL-6 were quantified by ELISA (human IL-10 and IL-6 ELISA OptEIA Sets, BD Bioscience, Heidelberg, Germany). Human immunoglobulins were quantified using Human IgG/IgM/IgA ELISA Quantitation Sets (all from Bethyl Laboratories, TX, USA).

ELISpot and FluoroSpot Assays

For ELISPOT assays, experiments were performed in 96-well MultiScreen HTS IP plates (0.45 µm, clear, Merck Chemicals GmbH, Darmstadt, Germany), coated with capture antibody (monoclonal antibody to human IgG MT91/145; MabTech, Stockholm, Sweden) in DPBS overnight at 4°C. On the following day, the ELISpot plate was washed three times with PBS and blocked for 2 h at room temperature with culture medium before cells were seeded. After 20 h, incubation cells were discarded and plates washed with PBS. Biotinylated anti-human IgG detection antibody (MT78/145; MabTech) was added in PBS with 10% FCS and plates incubated for 2 h at room temperature. After washing in PBS with 0.05% Tween20 (Sigma-Aldrich Chemie GmbH, Munich, Germany), alkaline phosphatase (AP)-conjugated Streptavidin (BD Biosciences) was added 1:1,000 in PBS with 10% FCS followed by incubation for 1 h. Development of the plate was performed with the AP conjugate substrate kit (Bio-Rad Laboratories GmbH, München, Germany) and the reaction was stopped with water and the plate dried overnight.

Human IL-10 FluoroSpotBASIC (550) (MabTech) was used for enumeration of IL-10-secreting B cells. The plate was coated with capture antibody in PBS overnight at 4°C, washed three times, and blocked for 2 h before seeding of cells with culture medium supplemented with 10% FCS. After 4 days of cultivation, cells were removed, the plate was washed five times with PBS, and the development of the assay was performed according to the manufacturer’s protocol. Spots from enzymatic and fluorescence assays were quantified with an iSpot FluoroSpot Reader System (AID, Strassberg, Germany).

Proliferation Assay

Proliferation was assessed using CFSE staining. CD19+ isolated B cells were stained in 1 µM solution of CFSE (eBioscience, San Diego, CA, USA) for 10 min at room temperature, staining was stopped with FCS, and cells were washed three times with cold RPMI containing 10% FCS in a pre-cooled centrifuge to remove unbound CFSE. Stained cells were seeded 1 × 106/ml and stimulated for 4 days before quantification of CFSE dilution by flow cytometry.

Statistical Analysis

Statistical analysis of results was carried out using GraphPad Prism 7.01 (Graphpad Software Inc., San Diego, CA, USA). Data were analyzed using paired two-tailed Student’s t-test. A standard level of statistical significance α = 0.05 was used. Symbols representing p values are used as follows: *p < 0.05, **p < 0.01.

RESULTS

Stimulation with CpG ODN Induces Expression of TNFR2 on Human Peripheral Blood B Cells

As previously described IL-10 release from human peripheral blood B cells can be elicited by stimulation of TLR9 with CpG ODN. When compared to release of IL-6, secretion of IL-10 was previously found to be delayed, indicating that B cell differentiation might represent a prerequisite for IL-10 synthesis (6, 7). Here, we confirm that stimulation of human B cells with CpG ODN enables high release of IL-10 when compared to unstimulated B cells where IL-10 levels lay below the detection threshold of the ELISA (Figure 1A). Concomitant analysis of B cell expression of TNFR2 revealed that—similarly to IL-10—TNFR2 surface expression gradually increased after stimulation (Figure 1B). Albeit TNFR2 was detectable on surviving unstimulated cells expression levels were significantly lower (Figure 1B). These observations prompted us to ask whether TNFR2 expression is associated with cell survival and IL-10 secretion and could, possibly, serve as a marker characterizing IL-10-producing B cells. To this end, we used TLR9 ligand CpG ODN 2006 as a tool to study proliferation and the differentiation process into plasmablasts.
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FIGURE 1 | Interleukin-10 (IL-10) production, tumor necrosis factor receptor 2 (TNFR2), and tumor necrosis factor receptor 1 (TNFR1) expression after CpG ODN stimulation of B cells. Freshly isolated B cells (d0) and on days 3 and 5 after stimulation with CpG ODN were studied for (A) IL-10 production in supernatants (n = 5 independent donors) and (B) TNFR2 expression on unstimulated and stimulated B cells (n = 5 independent donors). The histograms for TNFR2 expression are shown as an overlay on days 3 and 5 with marker placed based on level of isotype control fluorescence. The graph summarizes the results from n = 5 independent donors (*p < 0.05, **p < 0.01, n.s., not significant). (C) TNFR1 and TNFR2 expression on total CD19+ B cells was analyzed by flow cytometry in freshly isolated B cells (d0) and on days 3 and 5 after stimulation with CpG ODN. CD38high CD27high plasma blasts are highlighted in red. The lower panel shows the phenotype profile of CpG-stimulated B cells based on IgM and CD27 markers. Results from one representative of four independent donors are depicted.



Analysis of expression of TNFR1 and TNFR2 in freshly isolated human B cells revealed that surface expression of both receptors is nearly absent or low, respectively (Figure 1C). However, stimulation of B cells with TLR9 ligand CpG ODN induced the expression of TNFR2, while expression of TNFR1 remained low and contained to a small and circumscribed B cell population (Figure 1C). Of note, only few B cells highly positive for both TNF receptors were detected. Interestingly TNFR2 expression on B cell surface was reduced on arising CD38high CD27high B cells corresponding to plasma blasts on day 5 (Figure 1C).

Further analysis revealed that CpG-induced TNFR2 expression was high in proliferating B cells stained by CFSE (Figure 2A). Again, loss of TNFR2 expression was observed in developing plasma blasts (CD27high CD38high) (Figure 2A). Notably, TNFR2 expression was absent on CD138+ plasma cells freshly isolated from PBMC (Figure 2B).
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FIGURE 2 | Tumor necrosis factor receptor 2 (TNFR2) expression on proliferating B cells and plasma cells. (A) On day 4 after stimulation with CpG ODN, TNFR2 expression was analyzed on proliferating B cells and plasma blasts (CD38high CD27high highlighted in red). B cell proliferation was visualized by CFSE dilution. Data from one representative donor of four are shown. FSC: Forward scatter; SSC: Side scatter. (B) Plasma cells were enriched by isolation of CD138+ cells from peripheral blood and stained for TNFR2 expression. The results obtained from one representative of four independent donors are provided.



Next, we sought to identify the B cell subsets expressing TNFR2. To this end, we sorted TNFR2+ and TNFR2− B cells on day 2 after stimulation with CpG ODN and analyzed the composition of B cell subpopulations in the CpG ODN-responsive fractions (see Figure 3A for sorting scheme). Notably, expression of CD19 was higher in the TNFR2+ subpopulation, most likely reflecting a higher activation status of these cells (Figure 3B). Furthermore, IgM+ and class-switched memory B cells were predominantly found in the TNFR2+ fraction while CD27− B cells (naïve and transitional B cells) were detectable in both fractions, the TNFR2− fraction consisting of >80% CD27− B cells (Figure 3C).
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FIGURE 3 | Representation of B cell subsets in sorted TNFR2+ and TNFR2− B cell fractions. (A) Gating and sorting strategy for obtaining TNFR2+ and TNFR2− B cells. FSC: Forward scatter; SSC: side scatter. (B) Left: mean fluorescence intensity (MFI) for CD19 expression is compared on TNFR2− and TNFR2+ B cells. Results from n = 5 donors are shown (**p < 0.01). (C) Distribution of B cell subpopulations in TNFR2− and TNFR2+ sorted B cell fractions. The percentage of cells in CD27−, CD27+ IgM+, and CD27+ IgM− subpopulations from total B cells is shown as mean values ± SD of n = 4 donors. B cells subpopulation’s distribution in TNFR2+ and TNFR2− sorted population is statistically different (two-way ANOVA p < 0.0001).



TNFR2-Expressing B Cells Develop into Antibody-Secreting Cells

Phenotypical analysis of day 2-sorted TNFR2+ and TNFR2− B cells was repeated after 3 days of cell culture in the absence of restimulation. The results showed that TNFR2− B cells mainly consisted of IgM+ CD38+ CD27− naïve B cells (Figure 4A, left panel). This population remained unchanged over the culture period. On the contrary, the TNFR2+ fraction contained class-switched and IgM+ memory B cells next to naïve (IgM+ CD27− CD38+/−) B cells (Figure 4A, right panel). The proportional representation was unaltered after the 3-day culture. However, when supernatants of sorted TNFR2+ and TNFR2− B cells were probed for Ig secretion, we found that TNFR2+ B cells secrete large quantities of IgM (143–1584 ng/ml) and IgG (31–364 ng/ml) (Figure 4B). These findings supported the concept that TNFR2+ B cells contain developing plasmablasts. Confirming this, Figure 4C visualizes the formation of antibody-secreting cells via IgG ELISPOT. Notably, TNFR2+ B cells released IgG without restimulation but restimulation with CpG ODN further increased the number of IgG-secreting cells (Figure 4C).
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FIGURE 4 | Differentiation and immunoglobulin production of CpG ODN-induced TNFR2+ B cells. (A) Flow cytometric analysis of B cell phenotypes in TNFR2− and TNFR2+ B cells was performed immediately after sort and after three additional days in culture without restimulation. Cells were stained for TNFR2, IgM, CD27, and CD38. Results from one representative donor are shown. FSC: forward scatter. (B) IgG and IgM production was quantified in supernatants from TNFR2− and TNFR2+ B cells on day 4 after sort without restimulation. The graphs depict results from n = 8 donors and n = 7 donors, respectively (*p < 0.05, **p < 0.01). (C) For visualization of IgG-secreting cells by ELISPOT sorted TNFR2− and TNFR2+ B cell fractions were cultured for 4 days with and without restimulation with CpG ODN. On day 4, B cells were washed, seeded at 15 × 103 B cells/well on the ELISPOT membrane, and incubated overnight. One representative experiment is shown in the left panel; the results obtained from n = 8 donors are shown in the graph on the right (*p < 0.05, **p < 0.01).



TNFR2 Expression Correlates with IL-10 Production

Next, we asked whether TNFR2 expression correlates with IL-10 secretion. Flow cytometric analysis showed that B cells secreting IL-10 are, indeed, TNFR2 positive (Figure 5A). Using this type of analysis they form a subpopulation of the TNFR2+ B cells. Sorting of TNFR2+ and TNFR2− fractions further showed that IL-10 secreting cells are located in the TNFR2+ fraction and nearly absent in the TNFR2− fraction (Figure 5B). Upon restimulation of both fractions with CpG ODN, IL-10 secretion became detectable in the supernatants of TNFR2− B cells but the increase was significantly higher in TNFR2+ B cells (Figure 5C). Altogether, these data indicate that TNFR2-negative B cells are less prone to secrete IL-10 on a per cell basis.
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FIGURE 5 | Correlation of tumor necrosis factor receptor 2 (TNFR2) expression with interleukin-10 (IL-10) secretion. (A) Flow cytometric detection of TNFR2 on the surface of IL-10-secreting cells on day 2 after CpG ODN stimulation. One representative experiment of n = 3 independent experiments is shown. FSC: forward scatter; SSC: side scatter. (B) Quantification of IL-10-producing B cells in TNFR2− and TNFR2+ B cell fractions (30 × 103 cells/well) was achieved by FluoroSpot analysis after 4 days of culture in the absence of restimulation. The results of n = 5 independent donors are shown (**p < 0.01). (C) IL-10 production was measured in 4 day supernatants of sorted TNFR2− and TNFR2+ B cells. Sorted B cells were either left unstimulated or restimulated with CpG ODN. The graph depicts the results obtained in n = 10 independent donors (*p < 0.05, **p < 0.01).



IgM Memory B Cells Represent the Major Source of IL-10

Next, we wanted to investigate whether there is a B cell subset specifically characterized by IL-10 production. To this end, we sorted CD27+ and CD27− B cell fractions (see Figure 6A, left panel for sorting scheme). As previously described, CpG ODN stimulation triggered IgM, IgG, and IgA secretion in CD27+ B cells but not in CD27− B cells (Figure 6A, right panel) (55, 56). IL-10 was induced in both fractions but levels were significantly higher in the CD27+ fraction (Figure 6A, right panel). Further sorting of the memory B cell population, e.g., IgM+ versus class-switched (IgM−) memory B cells (see Figure 6B, left panel for sorting scheme), revealed that albeit CpG ODN-induced IL-10 was detectable in both fractions significantly higher levels were obtained in the IgM+ CD27+ B cell fraction (Figure 6B, right panel). Finally, we sorted three more CpG ODN-responsive fractions: (1) TNFR2+ IgM+ CD27+, (2) residual TNFR2+, and (3) TNFR2− B cells. The results confirmed that TNFR2+ IgM+ memory B cells represent the major source of IL-10 (Figure 7).
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FIGURE 6 | TLR9-dependent interleukin-10 (IL-10) and Ig release in sorted B cell subpopulations. Gating and sorting strategies used for obtaining CD27− and CD27+ (A) or IgM+ memory versus class-switched memory B cells (B) are shown in the left panels. IL-10 and IgM, IgA, and IgG production were quantified in B cell supernatants on day 3 from (A) 2 × 105 cells/well CD27− (dotted frames) and CD27+ B cells (full frames) from n = 5 donors; and from (B) 1 × 105 cells/well IgM memory B cells (M+ = IgM+ CD27+; dotted frames) and switched memory B cells (M− = IgM− CD27+; full frames) isolated from n = 6 (IL-10) and n = 5 donors (Ig).
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FIGURE 7 | Identification of interleukin-10 (IL-10)-producing B cell subsets in the TNFR2+ B cell fraction. (A) Gating and sorting strategies used after 1-day stimulation of total B cells with CpG ODN for obtaining TNFR2+ IgM+ CD27+, residual TNFR2+, and TNFR2− B cells subpopulations. FSC: forward scatter; SSC: side scatter. (B) After four additional days at 25 × 103 cells/well, IL-10-producing cells were enumerated using FluoroSpot. The graph summarizes the results from n = 4 independent donors (*p < 0.05).



TNFR2 Is Functionally Active on B Cells

Finally, we asked whether TNFR2 expressed on B cells is functional. To selectively stimulate TNFR2, we used TNC-scTNF(143N/145R), a nonameric variant of the TNFR2-specific TNF mutant TNF(143N/145R) (57), which mimics the membrane-bound trimeric form of TNF (30, 58). TNC-scTNF(143N/145R) was added to the TNFR2+ B cells stimulated with CpG ODN for 2 days. B cells were kept in culture for additional 4 days and supernatants collected and analyzed for cytokine and Ig production. The results obtained showed that IL-10 production is significantly increased in the presence of TNC-scTNF(143N/145R), which was even more accentuated if B cells were restimulated with CpG ODN (Figure 8A). No relevant effect was observed when the TNFR2 agonist was added to TNFR2− B cell cultures, thus confirming its specificity. Similarly, in TNFR2+ B cells, IL-6 secretion was increased by TNC-scTNF(143N/145R), independent of the restimulation with CpG ODN (Figure 8B). Analysis of IgM and IgG secretion in the presence and absence of TNC-scTNF(143N/145R) revealed high donor variability; no statistically significant alteration could be attributed to TNFR2 stimulation (Figure 8C).
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FIGURE 8 | Functional impact of TNFR2. Sorted TNFR2− and TNFR2+ B cell fraction were either left unstimulated or restimulated with CpG ODN for 4 days. For stimulation of TNFR2, experiments were carried out in the presence or absence of agonist TNC-scTNF(143N/145R) (scTNF). Cytokine [interleukin-10 (A), IL-6 (B)] and Ig [(C); IgM left panel, IgG right panel] secretion were measured in the supernatants with ELISA. Results from individual donors are depicted by the lines connecting the single values obtained (*p < 0.05, **p < 0.01, n.s., not significant).



DISCUSSION

In this study, we investigated whether expression of TNFR2 could be used to characterize and purify human IL-10-secreting B cells. Our results show that in human B lymphocytes, upregulation of TNFR2 expression coincides with IL-10 production. Reasoning that sorting of IL-10-positive B cells cannot be based on IL-10 secretion and that stimulation of the BCR with anti-IgM should be avoided TNFR2 might represent an option for identification and sorting of IgM+ CD27+ IL-10+ B cells, thus avoiding unnecessary manipulation the BCR.

A previous study reported that expression of TNFR1 and TNFR2 is limited to 3 or 10%, respectively, of peripheral CD19+ human B cells (59). In this study, we confirmed that TNF receptor expression is nearly absent in unstimulated B cells (Figure 1C). However, we found that in analogy to other cell types, TNFR2 expression is inducible while TNFR1 expression is constitutive but weak and only altered on a small B cell subset upon TLR9 stimulation (Figure 1C). Notably, the presence of both receptors on stimulated human B cells was described in an early study using anti-μ or S. aureus Cowan strain I for B cell activation (60).

In this study, we investigated whether expression of TNFR2 would be confined to defined B cell subpopulations. Previous studies demonstrated that CpG ODN induce vigorous proliferation of IgM+ B cells that were found to belong to the memory (CD27+) B cell fraction (56, 61–63). In our experiments, the B cells remaining negative for TNFR2 expression upon CpG ODN stimulation belonged to the naïve B cell fraction (Figure 3C), while induction of TNFR2 expression was observed on both naïve and memory B cell subsets (Figure 3C). Nevertheless, we found that TNFR2 expression correlates with B cell proliferation and initial differentiation (Figure 2). It is, however, reduced and finally lost upon terminal differentiation into plasma blasts (Figures 1C and 2A). In accordance, TNFR2 is not expressed on plasma cells isolated from human peripheral blood (Figure 2B).

The expression kinetic of TNFR2 coincided with CpG ODN-induced IL-10 production, which reaches a maximum after approximately 48 h (7). This observation is well in line with the concept that IL-10-secreting B cells arise as an intermediate differentiation stage during terminal B cell differentiation (19, 20) and it was further supported by the finding that the amount of IgM and IgG measured in the supernatants of TNFR2+ B cells was significantly higher than that detected in TNFR2− B cells (Figure 4B). Similarly, Ig-secreting cells were predominantly detected in the TNFR2+ B cell fraction (Figure 4C).

In macrophages, inducibility of TNFR2 expression by TLR9 stimulation was suggested to be mediated by PKB/Akt signaling (64). Previous work from our group and others highlighted the central role of the PKB/Akt pathway in both induction of TLR-dependent IL-10 release (27, 49) and in mediating TLR9-induced B cell effector function including survival, proliferation, cytokine secretion, and differentiation (7, 56). Due to its key role in CpG ODN-triggered B cell proliferation and differentiation, it is, thus, very likely that PKB/Akt signaling also represents a prerequisite for induction of TNFR2 expression in human B cells.

Not surprisingly, origin and development of B regulatory cells are subjects of intense debate. According to the literature, IL-10 is produced in a wide range of B cell subpopulations defined by numerous markers but, to date, no common surface marker has been discovered (65). In this study, we demonstrated that TNFR2 can be used as a cell surface marker for sorting of human IL-10-secreting B cells (Figure 5B). Interestingly, TNFR2− B cells remain responsive to CpG ODN stimulation and secrete IL-10 in response to restimulation of TLR9 (Figure 5C). However, IL-10 secretion levels are markedly higher in unstimulated TNFR2+ B cells and increase further upon restimulation (Figure 5C). Altogether, these data reveal that the IL-10 response is characterized by a certain degree of plasticity, a finding well compatible with an intermediate stage in a process of cellular differentiation.

To date, it is well accepted that B cells producing IL-10 are involved in the regulation and termination of immune responses and that the suppressive effect of IL-10 inhibits antigen presentation and cytokine production by myeloid cells as well as Th1 and Th2 polarization (66–68). It was, therefore, important to prove that TNFR2 is functional on human B cells. Here, we used the TNFR2 agonist TNC-scTNF(143N/145R) (30, 58) to assess the functional impact of TNFR2 on TLR9-mediated B cell activation. Our data revealed that stimulation of TNFR2 augmented IL-10 and IL-6 secretion (Figure 8), two cytokines vital for plasma cell differentiation (19, 21, 69, 70). This effect was accentuated after restimulation of TNFR2+ B cells with CpG ODN (Figure 8). These findings also corroborated the observations by Hostager et al. who described a role of TNFR2 in human B cells stimulated through CD40 (50). However, in contrast to this earlier report, we did not observe a relevant effect on Ig production (Figure 8). Nevertheless, the increased cytokine concentrations could enhance terminal differentiation via autocrine feedback.

In Tregs, TNFR2 was shown to enhance survival and proliferation (71–73). Additionally, signaling via TNFR2 induces an NFκB-dependent transcriptional program that promotes suppressive activity of Treg via enhancement of FoxP3 expression (37, 74, 75). However, the only additional information published on B cells is that interaction of human B cells with membrane-bound TNF presented on activated CD4+ T cells serves as a costimulatory signal for B cell activation in IL-4-mediated IgG4 and IgE production (76). Thus, it can be only speculated that co-stimulation of TNFR2 by T cells or monocytes carrying membrane-bound TNF (26) could influence other B cell functions including suppressive capacity. Follow-up studies will need to explore the activated signaling pathways and the emerging functional properties.

It has further been described that TNFR2+ Tregs are elevated in the blood of asymptomatic malaria patients (77, 78). In this disease state, they might play a role in control of disease manifestation. Interestingly, polyclonal B cell activation accompanies many types of infections and results in the expansion of IL-10-releasing B cells (8). At present, this is thought to represent an immune evasion mechanism that prevents pathogen recognition by T- and B cells (79). However, similarly to Treg in malaria, the role of IL-10-secreting B cells in infection could also consist in limiting the inflammatory reaction to the infecting microbe. Future work will have to prove this hypothesis and confirm TNFR2 expression on pathogen-activated B cells.

Despite the limitations of the experimental system used, e.g., T cell-independent and antigen-independent stimulation of B cells with CpG ODN, the results of this study highlight the potential of TNFR2 to serve as a marker identifying human IL-10-secreting B cells in infection and autoimmune disease. Future studies in different patient populations are needed to define the role of TNFR2-expressing B cells in onset and progression of immune-mediated diseases and infection.

ETHICS STATEMENT

Peripheral blood mononuclear cells (PBMC) were isolated from buffy coats from healthy donors obtained from German Red Cross South institute for transfusion medicine and immune hematology (Frankfurt am Main, Germany). The use was approved by the ethics committee of the Medical faculty of the University of Frankfurt (Approval #154/15).

AUTHOR CONTRIBUTIONS

Conceived and designed the experiments: OT and IB-D. Performed the experiments: OT and LM. Analyzed the data: OT, IB-D, and LM. Contributed reagents/materials: IB-D and HW. Wrote the paper: IB-D, OT, and HW.

REFERENCES

1. Wolf DS, Dittel NB, Hardardottir F, Janeway CA Jr. Experimental autoimmune encephalomyelitis induction in genetically B cell-deficient mice. J Exp Med (1996) 184(6):2271–8. doi:10.1084/jem.184.6.2271

2. Shen P, Fillatreau S. Suppressive functions of B cells in infectious diseases. Int Immunol (2015) 27(10):513–9. doi:10.1093/intimm/dxv037

3. Mizoguchi A, Mizoguchi E, Takedatsu H, Blumberg RS, 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

4. 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

5. 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 (Breg(IL-33)) effectively attenuate mucosal inflammatory responses in the gut. J Autoimmun (2014) 50:107–22. doi:10.1016/j.jaut.2014.01.032

6. Burdin N, Rousset F, Banchereau J. B-cell-derived IL-10. Production and function. Methods (1997) 11(1):98–111. doi:10.1006/meth.1996.0393

7. Ziegler S, Gartner K, Scheuermann U, Zoeller T, Hantzschmann J, Over B, et al. Ca(2+)-related signaling events influence TLR9-induced IL-10 secretion in human B cells. Eur J Immunol (2014) 44(5):1285–98. doi:10.1002/eji.201343994

8. Parcina M, Miranda-Garcia MA, Durlanik S, Ziegler S, Over B, Georg P, et al. Pathogen-triggered activation of plasmacytoid dendritic cells induces IL-10-producing B cells in response to Staphylococcus aureus. J Immunol (2013) 190(4):1591–602. doi:10.4049/jimmunol.1201222

9. Amadori A, Zamarchi R, Ciminale V, Del Mistro A, Siervo S, Alberti A, et al. HIV-1-specific B cell activation. A major constituent of spontaneous B cell activation during HIV-1 infection. J Immunol (1989) 143(7):2146–52.

10. Shirai A, Cosentino M, Leitman-Klinman SF, Klinman DM. Human immunodeficiency virus infection induces both polyclonal and virus-specific B cell activation. J Clin Invest (1992) 89(2):561–6. doi:10.1172/JCI115621

11. Velupillai P, Secor WE, Horauf AM, Harn DA. B-1 cell (CD5+B220+) outgrowth in murine schistosomiasis is genetically restricted and is largely due to activation by polylactosamine sugars. J Immunol (1997) 158(1):338–44.

12. Lundy SK, Boros DL. Fas ligand-expressing B-1a lymphocytes mediate CD4(+)-T-cell apoptosis during schistosomal infection. Induction by interleukin 4 (IL-4) and IL-10. Infect Immun (2002) 70(2):812–9. doi:10.1128/IAI.70.2.812-819.2002

13. Duddy M, Niino M, Adatia F, Hebert S, Freedman M, Atkins H, et al. Distinct effector cytokine profiles of memory and naive human B cell subsets and implication in multiple sclerosis. J Immunol (2007) 178(10):6092–9. doi:10.4049/jimmunol.178.10.6092

14. Kabuto M, Fujimoto N, Takahashi T, Tanaka T. Decreased level of interleukin-10-producing B cells in patients with pemphigus but not in patients with pemphigoid. Br J Dermatol (2017) 176(5):1204–12. doi:10.1111/bjd.15113

15. Vlkova M, Ticha O, Nechvatalova J, Kalina T, Litzman J, Mauri C, et al. Regulatory B cells in CVID patients fail to suppress multifunctional IFN-γ+ TNF-α+ CD4+ T cells differentiation. Clin Immunol (2015) 160(2):292–300. doi:10.1016/j.clim.2015.06.013

16. Heine G, Niesner U, Chang HD, Steinmeyer A, Zügel U, Zuberbier T, et al. 1,25-dihydroxyvitamin D(3) promotes IL-10 production in human B cells. Eur J Immunol (2008) 38(8):2210–8. doi:10.1002/eji.200838216

17. Bhattacharyya S, Deb J, Patra AK, Thuy Pham DA, Chen W, Vaeth M, et al. NFATc1 affects mouse splenic B cell function by controlling the calcineurin – NFAT signaling network. J Exp Med (2011) 208(4):823–39. doi:10.1084/jem.20100945

18. Matsumoto M, Fujii Y, Baba A, Hikida M, Kurosaki T, Baba Y. The calcium sensors STIM1 and STIM2 control B cell regulatory function through interleukin-10 production. Immunity (2011) 34(5):703–14. doi:10.1016/j.immuni.2011.03.016

19. Heine G, Drozdenko G, Grün JR, Chang HD, Radbruch A, Worm M. Autocrine IL-10 promotes human B-cell differentiation into IgM- or IgG-secreting plasmablasts. Eur J Immunol (2014) 44(6):1615–21. doi:10.1002/eji.201343822

20. van Dang D, Hilgenberg E, Ries S, Shen P, Fillatreau S. From the regulatory functions of B cells to the identification of cytokine-producing plasma cell subsets. Curr Opin Immunol (2014) 28:77–83. doi:10.1016/j.coi.2014.02.009

21. Burdin N, van Kooten C, Galibert L, Abrams JS, Wijdenes J, Banchereau J, et al. Endogenous IL-6 and IL-10 contribute to the differentiation of CD40-activated human B lymphocytes. J Immunol (1995) 154(6):2533–44.

22. Groux H, Cottrez F, Rouleau M, Mauze S, Antonenko S, Hurst S, et al. A transgenic model to analyze the immunoregulatory role of IL-10 secreted by antigen-presenting cells. J Immunol (1999) 162(3):1723–9.

23. Liu YJ, Banchereau J. Regulation of B-cell commitment to plasma cells or to memory B cells. Semin Immunol (1997) 9(4):235–40. doi:10.1006/smim.1997.0080

24. Kalliolias GD, Ivashkiv LB. TNF biology, pathogenic mechanisms and emerging therapeutic strategies. Nat Rev Rheumatol (2016) 12(1):49–62. doi:10.1038/nrrheum.2015.169

25. Sedger LM, McDermott MF. TNF and TNF-receptors. From mediators of cell death and inflammation to therapeutic giants – past, present and future. Cytokine Growth Factor Rev (2014) 25(4):453–72. doi:10.1016/j.cytogfr.2014.07.016

26. Horiuchi T, Mitoma H, Harashima S, Tsukamoto H, Shimoda T. Transmembrane TNF-alpha. Structure, function and interaction with anti-TNF agents. Rheumatology (2010) 49(7):1215–28. doi:10.1093/rheumatology/keq031

27. Waller T, Kesper L, Hirschfeld J, Dommisch H, Kölpin J, Oldenburg J, et al. Porphyromonas gingivalis outer membrane vesicles induce selective tumor necrosis factor tolerance in a toll-like receptor 4- and mTOR-dependent manner. Infect Immun (2016) 84(4):1194–204. doi:10.1128/IAI.01390-15

28. Faustman D, Davis M. TNF receptor 2 pathway. Drug target for autoimmune diseases. Nat Rev Drug Discov (2010) 9(6):482–93. doi:10.1038/nrd3030

29. Grell M, Douni E, Wajant H, Lohden M, Clauss M, Maxeiner B, et al. The transmembrane form of tumor necrosis factor is the prime activating ligand of the 80 kDa tumor necrosis factor receptor. Cell (1995) 83(5):793–802. doi:10.1016/0092-8674(95)90192-2

30. Rauert H, Wicovsky A, Muller N, Siegmund D, Spindler V, Waschke J, et al. Membrane tumor necrosis factor (TNF) induces p100 processing via TNF receptor-2 (TNFR2). J Biol Chem (2010) 285(10):7394–404. doi:10.1074/jbc.M109.037341

31. Wajant H, Pfizenmaier K, Scheurich P. Tumor necrosis factor signaling. Cell Death Differ (2003) 10(1):45–65. doi:10.1038/sj.cdd.4401189

32. Wajant H, Scheurich P. TNFR1-induced activation of the classical NF-kappaB pathway. FEBS J (2011) 278(6):862–76. doi:10.1111/j.1742-4658.2011.08015.x

33. Hijdra D, Vorselaars AD, Grutters JC, Claessen AM, Rijkers GT. Differential expression of TNFR1 (CD120a) and TNFR2 (CD120b) on subpopulations of human monocytes. J Inflamm (Lond) (2012) 9(1):38. doi:10.1186/1476-9255-9-38

34. Idriss HT, Naismith JH. TNF alpha and the TNF receptor superfamily. Structure-function relationship(s). Microsc Res Tech (2000) 50(3):184–95. doi:10.1002/1097-0029(20000801)50:3<184:AID-JEMT2>3.0.CO;2-H

35. Aderka D, Engelmann H, Maor Y, Brakebusch C, Wallach D. Stabilization of the bioactivity of tumor necrosis factor by its soluble receptors. J Exp Med (1992) 175(2):323–9. doi:10.1084/jem.175.2.323

36. van Mierlo GJD, Scherer HU, Hameetman M, Morgan ME, Flierman R, Huizinga TWJ, et al. Cutting edge. TNFR-shedding by CD4+CD25+ regulatory T cells inhibits the induction of inflammatory mediators. J Immunol (2008) 180(5):2747–51. doi:10.4049/jimmunol.180.5.2747

37. Chen X, Oppenheim JJ. The phenotypic and functional consequences of tumour necrosis factor receptor type 2 expression on CD4(+) FoxP3(+) regulatory T cells. Immunology (2011) 133(4):426–33. doi:10.1111/j.1365-2567.2011.03460.x

38. Chopra M, Biehl M, Steinfatt T, Brandl A, Kums J, Amich J, et al. Exogenous TNFR2 activation protects from acute GvHD via host T reg cell expansion. J Exp Med (2016) 213(9):1881–900. doi:10.1084/jem.20151563

39. Leclerc M, Naserian S, Pilon C, Thiolat A, Martin GH, Pouchy C, et al. Control of GVHD by regulatory T cells depends on TNF produced by T cells and TNFR2 expressed by regulatory T cells. Blood (2016) 128(12):1651–9. doi:10.1182/blood-2016-02-700849

40. Grinberg-Bleyer Y, Saadoun D, Baeyens A, Billiard F, Goldstein JD, Grégoire S, et al. Pathogenic T cells have a paradoxical protective effect in murine autoimmune diabetes by boosting Tregs. J Clin Invest (2010) 120(12):4558–68. doi:10.1172/JCI42945

41. Okubo Y, Torrey H, Butterworth J, Zheng H, Faustman DL. Treg activation defect in type 1 diabetes. Correction with TNFR2 agonism. Clin Transl Immunology (2016) 5(1):e56. doi:10.1038/cti.2015.43

42. Torrey H, Butterworth J, Mera T, Okubo Y, Wang L, Baum D, et al. Targeting TNFR2 with antagonistic antibodies inhibits proliferation of ovarian cancer cells and tumor-associated Tregs. Sci Signal (2017) 10:462. doi:10.1126/scisignal.aaf8608

43. Williams GS, Mistry B, Guillard S, Ulrichsen JC, Sandercock AM, Wang J, et al. Phenotypic screening reveals TNFR2 as a promising target for cancer immunotherapy. Oncotarget (2016) 7(42):68278–91. doi:10.18632/oncotarget.11943

44. Ba H, Li B, Li X, Li C, Feng A, Zhu Y, et al. Transmembrane tumor necrosis factor-alpha promotes the recruitment of MDSCs to tumor tissue by upregulating CXCR4 expression via TNFR2. Int Immunopharmacol (2017) 44:143–52. doi:10.1016/j.intimp.2016.12.028

45. Zhao X, Rong L, Zhao X, Li X, Liu X, Deng J, et al. TNF signaling drives myeloid-derived suppressor cell accumulation. J Clin Invest (2012) 122(11):4094–104. doi:10.1172/JCI64115

46. Hu X, Li B, Li X, Zhao X, Wan L, Lin G, et al. Transmembrane TNF-alpha promotes suppressive activities of myeloid-derived suppressor cells via TNFR2. J Immunol (2014) 192(3):1320–31. doi:10.4049/jimmunol.1203195

47. Polz J, Remke A, Weber S, Schmidt D, Weber-Steffens D, Pietryga-Krieger A, et al. Myeloid suppressor cells require membrane TNFR2 expression for suppressive activity. Immun Inflamm Dis (2014) 2(2):121–30. doi:10.1002/iid3.19

48. Takasugi K, Yamamura M, Iwahashi M, Otsuka F, Yamana J, Sunahori K, et al. Induction of tumour necrosis factor receptor-expressing macrophages by interleukin-10 and macrophage colony-stimulating factor in rheumatoid arthritis. Arthritis Res Ther (2006) 8(4):R126. doi:10.1186/ar2015

49. Over B, Ziegler S, Foermer S, Weber ANR, Bode KA, Heeg K, et al. IRAK4 turns IL-10+ phospho-FOXO+ monocytes into pro-inflammatory cells by suppression of protein kinase B. Eur J Immunol (2013) 43(6):1630–42. doi:10.1002/eji.201243217

50. Hostager BS, Bishop GA. Role of TNF receptor-associated factor 2 in the activation of IgM secretion by CD40 and CD120b. J Immunol (2002) 168(7):3318–22. doi:10.4049/jimmunol.168.7.3318

51. Munroe ME, Bishop GA. Role of tumor necrosis factor (TNF) receptor-associated factor 2 (TRAF2) in distinct and overlapping CD40 and TNF receptor 2/CD120b-mediated B lymphocyte activation. J Biol Chem (2004) 279(51):53222–31. doi:10.1074/jbc.M410539200

52. Shakoor N, Michalska M, Harris CA, Block JA. Drug-induced systemic lupus erythematosus associated with etanercept therapy. Lancet (2002) 359(9306):579–80. doi:10.1016/S0140-6736(02)07714-0

53. Markham A, Lamb HM. Infliximab. A review of its use in the management of rheumatoid arthritis. Drugs (2000) 59(6):1341–59. doi:10.2165/00003495-200059060-00010

54. Williams EL, Gadola S, Edwards CJ. Anti-TNF-induced lupus. Rheumatology (2009) 48(7):716–20. doi:10.1093/rheumatology/kep080

55. Bernasconi NL, Onai N, Lanzavecchia A. A role for toll-like receptors in acquired immunity. Up-regulation of TLR9 by BCR triggering in naive B cells and constitutive expression in memory B cells. Blood (2003) 101(11):4500–4. doi:10.1182/blood-2002-11-3569

56. Bekeredjian-Ding I, Doster A, Schiller M, Heyder P, Lorenz H-M, Schraven B, et al. TLR9-activating DNA up-regulates ZAP70 via sustained PKB induction in IgM+ B cells. J Immunol (2008) 181(12):8267–77. doi:10.4049/jimmunol.181.12.8267

57. Loetscher H, Stueber D, Banner D, Mackay F, Lesslauer W. Human tumor necrosis factor alpha (TNF alpha) mutants with exclusive specificity for the 55-kDa or 75-kDa TNF receptors. J Biol Chem (1993) 268(35):26350–7.

58. Fischer R, Maier O, Siegemund M, Wajant H, Scheurich P, Pfizenmaier K. A TNF receptor 2 selective agonist rescues human neurons from oxidative stress-induced cell death. PLoS One (2011) 6(11):e27621. doi:10.1371/journal.pone.0027621

59. Lopatnikova JA, Vasilyev FF, Alshevskaya AA, Sennikov SV. Quantitative flow cytometric analysis of expression of tumor necrosis factor receptor types I and II on mononuclear cells. J Recept Signal Transduct Res (2013) 33(1):49–55. doi:10.3109/10799893.2012.756894

60. Erikstein BK, Smeland EB, Blomhoff HK, Funderud S, Prydz K, Lesslauer W, et al. Independent regulation of 55-kDa and 75-kDa tumor necrosis factor receptors during activation of human peripheral blood B lymphocytes. Eur J Immunol (1991) 21(4):1033–7. doi:10.1002/eji.1830210426

61. Vasquez C, Franco MA, Angel J. Rapid proliferation and differentiation of a subset of circulating IgM memory B cells to a CpG/cytokine stimulus in vitro. PLoS One (2015) 10(10):e0139718. doi:10.1371/journal.pone.0139718

62. Capolunghi F, Cascioli S, Giorda E, Rosado MM, Plebani A, Auriti C, et al. CpG drives human transitional B cells to terminal differentiation and production of natural antibodies. J Immunol (2008) 180(2):800–8. doi:10.4049/jimmunol.180.2.800

63. Geffroy-Luseau A, Chiron D, Descamps G, Jego G, Amiot M, Pellat-Deceunynck C. TLR9 ligand induces the generation of CD20+ plasmablasts and plasma cells from CD27+ memory B-cells. Front Immunol (2011) 2:83. doi:10.3389/fimmu.2011.00083

64. Lim E-J, Lee S-H, Lee J-G, Chin B-R, Bae Y-S, Kim J-R, et al. Activation of toll-like receptor-9 induces matrix metalloproteinase-9 expression through Akt and tumor necrosis factor-alpha signaling. FEBS Lett (2006) 580(18):4533–8. doi:10.1016/j.febslet.2006.06.100

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

66. Omosun Y, McKeithen D, Ryans K, Kibakaya C, Blas-Machado U, Li D, et al. Interleukin-10 modulates antigen presentation by dendritic cells through regulation of NLRP3 inflammasome assembly during Chlamydia infection. Infect Immun (2015) 83(12):4662–72. doi:10.1128/IAI.00993-15

67. Skok J, Poudrier J, Gray D. Dendritic cell-derived IL-12 promotes B cell induction of Th2 differentiation. A feedback regulation of Th1 development. J Immunol (1999) 163(8):4284–91.

68. Harris DP, Haynes L, Sayles PC, Duso DK, Eaton SM, Lepak NM, et al. Reciprocal regulation of polarized cytokine production by effector B and T cells. Nat Immunol (2000) 1(6):475–82. doi:10.1038/82717

69. Rousset F, Garcia E, Defrance T, Peronne 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

70. Jego G, Bataille R, Pellat-Deceunynck C. Interleukin-6 is a growth factor for nonmalignant human plasmablasts. Blood (2001) 97(6):1817–22. doi:10.1182/blood.V97.6.1817

71. Kim EY, Priatel JJ, Teh S-J, Teh H-S. TNF receptor type 2 (p75) functions as a costimulator for antigen-driven T cell responses in vivo. J Immunol (2006) 176(2):1026–35. doi:10.4049/jimmunol.176.2.1026

72. He X, Landman S, Bauland SCG, van den Dolder J, Koenen HJPM, Joosten I. A TNFR2-agonist facilitates high purity expansion of human low purity Treg cells. PLoS One (2016) 11(5):e0156311. doi:10.1371/journal.pone.0156311

73. Housley WJ, Adams CO, Nichols FC, Puddington L, Lingenheld EG, Zhu L, et al. Natural but not inducible regulatory T cells require TNF-alpha signaling for in vivo function. J Immunol (2011) 186(12):6779–87. doi:10.4049/jimmunol.1003868

74. Bystrom J, Clanchy FI, Taher TE, Mangat P, Jawad AS, Williams RO, et al. TNFα in the regulation of Treg and Th17 cells in rheumatoid arthritis and other autoimmune inflammatory diseases. Cytokine (2018) 101:4–13. doi:10.1016/j.cyto.2016.09.001

75. Chen X, Baumel M, Mannel DN, Howard OMZ, Oppenheim JJ. Interaction of TNF with TNF receptor type 2 promotes expansion and function of mouse CD4+CD25+ T regulatory cells. J Immunol (2007) 179(1):154–61. doi:10.4049/jimmunol.179.1.154

76. Aversa G, Punnonen J, de Vries Jan E. The 26-kD transmembrane form of tumor necrosis factor on activated CD4 + T cell clones provides a costimulatory signal for human B cell activation. J Exp Med (1993) 177(6):1575–85. doi:10.1084/jem.177.6.1575

77. Wammes LJ, Wiria AE, Toenhake CG, Hamid F, Liu KY, Suryani H, et al. Asymptomatic plasmodial infection is associated with increased tumor necrosis factor receptor II-expressing regulatory T cells and suppressed type 2 immune responses. J Infect Dis (2013) 207(10):1590–9. doi:10.1093/infdis/jit058

78. Minigo G, Woodberry T, Piera KA, Salwati E, Tjitra E, Kenangalem E, et al. Parasite-dependent expansion of TNF receptor II-positive regulatory T cells with enhanced suppressive activity in adults with severe malaria. PLoS Pathog (2009) 5(4):e1000402. doi:10.1371/journal.ppat.1000402

79. Broker BM, Holtfreter S, Bekeredjian-Ding I. Immune control of Staphylococcus aureus – regulation and counter-regulation of the adaptive immune response. Int J Med Microbiol (2014) 304(2):204–14. doi:10.1016/j.ijmm.2013.11.008

Conflict of Interest Statement: 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 © 2018 Ticha, Moos, Wajant and Bekeredjian-Ding. 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) or licensor 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.

OPS/images/fimmu-08-01951-g005.jpg
CD19

LIVE/DEAD

150

°
S

o
S

number of IL-10 spots

TNFR2- TNFR2+

P Treitio T2-110- 2 11,15]

TNFR2

B lymphocytes : 85,8%) 192, T2-IL10- : 2,4%
LM S S
FSC
[ * &k
1000
i *
.
900
400
E
2 300
S
b1

200

100

unst CpG unst CpG
TNFR2- TNFR2+





OPS/images/fimmu-08-01951-g006.jpg
Ig (ng/mi)






OPS/images/fimmu-08-01951-g003.jpg
>
SSC

i

T

X

o o

FSC k1o

eR2pn

-

TNFR2-
» TNFR2+

T

TNFR2

% from total CD19+

100

50

CD19 MFI

40

30

20

10

-
.
.

. .

.

H

coz7-

TNFR2- TNFR2+

Cozrig COZTgn





OPS/images/fimmu-08-01951-g004.jpg
A TNFR2+
L TNFR: : 6,34 T plasma : 0,17 - THERZ: : 94,85
t o o
2 £ s £ t
iy z =g z
z g. = o
< 0
| B vewoon
C7 e FSC
1 THFRZ 17,64 - THFRZ. : 68,84
o0 N fo
> £ 3 &
-} = = g .
| B oewone )
FSC
Cc
200-
. not restimulated CpG
1500 & v % v
g . Cs o
z &
= A S |
)
r . T T
| @8Ea!
£
£ N A . NSNS

50

unst  CpG  unst  CpG
TNFR2- TNFR2+

o
TNFR2- TNFR2+ TNFR2- TNFR2+





OPS/images/fimmu-08-01951-g007.jpg
SSC

CD19

ge] B
]
E
o *
400
r .
.
300
P
K]
a
@ .
° .
T
< 200
]
3
H
E
]
E
100 %
.
.
TNFR2: 74 .
o] s o o . :

T2+IgM+CD27+ other TNFR2+





OPS/images/fimmu-08-01951-g008.jpg
A 1000. L] 1000 b B RN S 800.

700
E 200 600
750 . 600
500
= = 600
z . T
£ £ 2 400 z
2 s00 2 £ £
2 y 2 & 2400
o =2 400 . 2 300 5
250 e\ . 200
. 4 H 200, 200-
N .
1 H . 100
H . i
ol 1t ol 4 L ¢ + 0
oo - .. - o - A . = .
TNE - - + seTNE - - + + “TNE - E + + unst CpG  unst CpG
TNFR2+ TNFR2- TNFR2+ TNFR2- TNFR2+
C  2000; ns. 1000 n
1500 750
H : H
21000 . : 2w .
) @
s00{ e " N 250{ ¢
N N : '
. . H . . .
o o
o T . . v v . A
e - - v e - - v

INFR2+ INFR2+





OPS/images/cover.jpg
? frontiers

in Immunology

Expression of Tumor Necrosis
Factor Receptor 2 Characterizes
TLR9-Driven Formation of
Interleukin-10-Producing B Cells





OPS/images/fimmu-08-01951-g001.jpg
600-

o

total B cells

% TNFR2+ B cells
& 2 8

T 0

[T 004

oy

d3 W unst
o6
|
\

T2 38 | Tz 27

TNFRE
| unst
ds -
TNFRZ
d5 CpG

R

-

RN

L0 20





OPS/images/fimmu-08-01951-g002.jpg
CcD19

T oW W e e

CD38

.

TINFR2S £ 0,6%

TNFR2






OPS/images/logo.jpg
Ghesk for

i@





