







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	letters

	
                                    article


    
        
        
            
            
                
                    	Letter
	Published: 23 February 2014



                    IL-35-producing B cells are critical regulators of immunity during autoimmune and infectious diseases

                    	Ping Shen1 na1, 
	Toralf Roch1 na1 nAff11, 
	Vicky Lampropoulou1, 
	Richard A. O’Connor2, 
	Ulrik Stervbo1, 
	Ellen Hilgenberg1, 
	Stefanie Ries1, 
	Van Duc Dang1, 
	Yarúa Jaimes1, 
	Capucine Daridon1,3, 
	Rui Li4, 
	Luc Jouneau5, 
	Pierre Boudinot5, 
	Siska Wilantri1, 
	Imme Sakwa1, 
	Yusei Miyazaki4, 
	Melanie D. Leech2, 
	Rhoanne C. McPherson2, 
	Stefan Wirtz6, 
	Markus Neurath6, 
	Kai Hoehlig1, 
	Edgar Meinl7, 
	Andreas Grützkau1, 
	Joachim R. Grün1, 
	Katharina Horn1, 
	Anja A. Kühl8, 
	Thomas Dörner1,3, 
	Amit Bar-Or4, 
	Stefan H. E. Kaufmann9, 
	Stephen M. Anderton2 & 
	…
	Simon Fillatreau1 

Show authors

                    

                    
                        
    Nature

                        volume 507, pages 366–370 (2014)Cite this article
                    

                    
        
            	
                        36k Accesses

                    
	
                        761 Citations

                    
	
                            32 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Immunology


    


                
    
    

    
    

                
            


        
            Abstract
B lymphocytes have critical roles as positive and negative regulators of immunity. Their inhibitory function has been associated primarily with interleukin 10 (IL-10) because B-cell-derived IL-10 can protect against autoimmune disease and increase susceptibility to pathogens1,2. Here we identify IL-35-producing B cells as key players in the negative regulation of immunity. Mice in which only B cells did not express IL-35 lost their ability to recover from the T-cell-mediated demyelinating autoimmune disease experimental autoimmune encephalomyelitis (EAE). In contrast, these mice displayed a markedly improved resistance to infection with the intracellular bacterial pathogen Salmonella enterica serovar Typhimurium as shown by their superior containment of the bacterial growth and their prolonged survival after primary infection, and upon secondary challenge, compared to control mice. The increased immunity found in mice lacking IL-35 production by B cells was associated with a higher activation of macrophages and inflammatory T cells, as well as an increased function of B cells as antigen-presenting cells (APCs). During Salmonella infection, IL-35- and IL-10-producing B cells corresponded to two largely distinct sets of surface-IgM+CD138hiTACI+CXCR4+CD1dintTim1int plasma cells expressing the transcription factor Blimp1 (also known as Prdm1). During EAE, CD138+ plasma cells were also the main source of B-cell-derived IL-35 and IL-10. Collectively, our data show the importance of IL-35-producing B cells in regulation of immunity and highlight IL-35 production by B cells as a potential therapeutic target for autoimmune and infectious diseases. This study reveals the central role of activated B cells, particularly plasma cells, and their production of cytokines in the regulation of immune responses in health and disease.
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                    Figure 1: B cells secrete IL-35 upon activation by TLR4 and CD40.[image: ]


Figure 2: IL-35 expression by B cells is required for recovery from EAE.[image: ]


Figure 3: B-cell-derived IL-35 enhances susceptibility to Salmonella.[image: ]


Figure 4: IL-10 and IL-35 are expressed by CD138hi plasma cells during Salmonella infection.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Gene array analysis and IL-35 secretion by B cells activated in vitro.
a, EAE was induced in 
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                           (triangles) and BWT (circles) mice (see Fig. 1). Animals showing a body weight loss >20% and/or sustained front leg impairment were killed in accordance with ethical regulations. Survival curves were compared using Wilcoxon test. b, In the top panels, splenic B cells from C57BL/6 mice were stimulated with lipopolysaccharides (LPS), peptidoglycan (PGN) or CpG DNA oligonucleotides for 72 h, as indicated, and IL-10 concentrations in supernatants were determined by Bio-Plex. Results from stimulated cells were compared to unstimulated B cells (RPMI) using one-way ANOVA followed by Bonferroni post-test (***P < 0.001; **P < 0.01; *P < 0.05; mean ± s.e.m.); in the bottom panels, splenic B cells were simultaneously activated with anti-CD40 (clone FGK-45; in indicated amounts) and LPS (2 µg ml−1), PGN (2 µg ml−1) or CpG (2 µg ml−1). Supernatants were collected after 72 h and analysed for IL-10 content by Bio-Plex. Data shown are pooled from three independent experiments (mean ± s.e.m.). Results from B cells stimulated with LPS, CpG or PGN alone were compared to B cells co-stimulated with anti-CD40 using one-way ANOVA followed by Bonferroni post-test (***P < 0.001; **P < 0.01; *P < 0.05). c, Affymetrix MG 430 2.0 whole genome arrays were performed in quadruplicates for naive B cells, B cells activated by TLR4 for 24 h and 72 h, and B cells activated by TLR4 plus CD40 for 24 h and 72 h (20 arrays in total). To obtain genes significantly regulated upon stimulation with LPS, the expression profiles of naive B cells, B cells activated with LPS for 24 h, and B cells activated with LPS for 72 h were compared to each other, generating three lists of differentially expressed Affymetrix IDs (referred to as genes in this figure), whose union provided a set of n = 9,703 Affymetrix IDs differentially expressed during LPS activation. A similar analysis yielded a set of n = 10,456 Affymetrix IDs differentially expressed during LPS plus anti-CD40 activation. The union of these two sets was computed to obtain the list of Affymetrix IDs modulated during B-cell stimulation with LPS or LPS plus anti-CD40 (n = 12,933). To focus on genes differentially expressed between B cells activated with LPS or LPS plus anti-CD40, the expression profiles of B cells activated with LPS or LPS plus anti-CD40 for 24 h were compared to each other. A similar analysis was done for B cells activated for 72 h. The intersection of these two sets provided the list of Affymetrix IDs differentially expressed between LPS-activated and LPS-activated plus anti-CD40-activated B cells at both 24 h and 72 h (this was done to identify the Affymetrix IDs with long-term differential expression) (n = 436). The intersection of the set n = 12,933 with the set n = 436 gave a list of 417 Affymetrix IDs, which was further filtered on Gene Ontology to extract the Affymetrix IDs corresponding to secreted factors, yielding a final list of 7 genes. d, Signal intensities of p35, Ebi3 and p40 mRNA expression were calculated using the values of the Affymetrix arrays. Data show mean ± s.e.m. e, f, Splenic murine B cells were stimulated with LPS (1 µg ml−1), PGN (10 µg ml−1), CpG ODN 1826 (1 µg ml−1), and anti-CD40 (clone FGK-45; 10 µg ml−1), alone or in combination, as indicated, for 24 h or 72 h. p35 (e) and Ebi3 (f) mRNA expression was then quantified by real-time PCR. Data compile three independent experiments (mean ± s.e.m.). For statistical analysis, one-way ANOVA test followed by Bonferroni post-test was performed comparing each activated B-cell sample to naive B cells (***P < 0.001; **P < 0.01; mean ± s.e.m.). g–i, Splenic murine B cells were stimulated for 72 h with anti-IgM (F(ab′)2 goat anti-mouse IgM; Jackson ImmunoResearch; 5 µg ml−1), LPS (1 µg ml−1) and L47 cells (5 × 104 cells, irradiated), alone or in combinations, as indicated. g, h, Levels of p35 and Ebi3 mRNA expression were quantified by real-time PCR. Data show compilation of three independent experiments (mean ± s.e.m.). i, Splenic murine B cells were activated as indicated for 72 h, and treated with GolgiStop for the last 4 h of culture. B-cell lysates were separated on SDS–PAGE gel and blotted with anti-EBI3 antibody. Data show representative results from three independent experiments. j, Splenic B cell from C57BL/6 and p28 mice were stimulated with LPS (1 µg ml−1), CpG (1 µg ml−1), PGN (10 µg ml−1), anti-CD40 (10 µg ml−1), alone or in combination, as indicated, for 72 h. p28 concentrations in culture supernatants were determined by ELISA. Data shown (mean ± s.em) are pooled from four independent experiments.


Extended Data Figure 2 Characterization of immune reponses during EAE in mice lacking IL-35 expression in B cells.
a, EAE was induced in 
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                           (black diamonds, n = 5) and corresponding BWT mice (white triangles, n = 4). Data show clinical EAE scores (mean ± s.e.m.) from two independent experiments. Cumulative disease scores were compared using two-tailed unpaired t-test. b, EAE was induced in 
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                           (grey squares; n = 10) and corresponding BWT mice (dark grey circles, n = 10). Splenocytes were collected from mice on day 28 after EAE induction, and re-stimulated individually for 48 h with MOG35–55. Supernatants were analysed by ELISA to determine concentrations of IFN-γ (middle) and IL-17 (right). Data (mean ± s.e.m.) are pooled from two independent experiments. c, EAE was induced in 
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Extended Data Figure 3 Lack of IL-35 production by B cells results in increased activation of B cells during EAE.
a, EAE was induced in 
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                           (n = 6) and corresponding BWT mice (n = 6). Mice were killed on day 10 after immunization and splenic B cells were analysed by flow cytometry for surface expression of antigen-presenting molecules (MHC II), co-stimulatory molecules (CD80, CD86), and activation markers (CD44, CD69). MFI, mean fluorescence intensity. Data (mean ± s.e.m.) are pooled from two independent experiments. Results were compared using two-tailed unpaired t-test with Welch’s correction in case of inequal variances. b, Representative histogram plots showing expression of these molecules on wild-type and p35-deficient B cells. Dead cells were excluded using propidium iodide. c, EAE was induced in 
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Extended Data Figure 4 Bacterial burden and T-cell activation in mice lacking IL-35 production by B cells during Salmonella infection.
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Extended Data Figure 5 Role of IL-35 and CD40 expression by B cells during Salmonella infection.
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Extended Data Figure 6 Characterization of IL-10- and IL-35-expressing plasma cells during Salmonella infection.
a, b, C57BL/6 mice were infected intravenously with attenuated Salmonella (strain SL7207; 107 c.f.u.). On indicated days p.i., CD138hi plasma cells and CD19+CD138− B cells were isolated from spleen through magnetic and FACS procedures. a, Strategy for isolation of CD138hi plasma cells and CD19+CD138− B cells: splenocytes were stained with anti-CD138-PE followed by labelling with magnetic anti-PE microbeads, and magnetic separation on autoMACS (Miltenyi Biotech). The obtained CD138-positive and CD138-negative fractions were stained for CD19, CD138 and CD11b/CD11c/TCR-β/DAPI. CD138hiCD11b−CD11c−TCR-β−DAPI− and CD19+CD138−CD11b−CD11c−TCR-β−DAPI− cells were then isolated from CD138-positive and CD138-negative fraction, respectively, by FACS, as bulk or single cells. Numbers in FACS plots indicate the percentages of CD19+CD138− B cells and CD138hi plasma cells in total splenocytes on day 3 after challenge (left plots), after magnetic isolation (middle plots), and after FACS isolation (right plots). b, Single CD138hi cells were isolated on indicated days, and analysed by single cell-PCR using a mix of primers for β-actin, Il10, p35 and Ebi3. Only cells giving a positive signal for β-actin were included in the calculations shown. Data show frequencies of CD138hi cells that gave a positive signal for Il10, both p35 and Ebi3, or Il10 and p35 and Ebi3. Numbers of cells tested: day 1 (181 cells; 86% positive for β-actin), day 3 (156 cells; 79% positive for β-actin) and day 8 (163 cells; 97% positive for β-actin). Cells were obtained from two independent experiments. c, d, CD138hi plasma cells and CD19+CD138− B cells were enriched by magnetic isolation (as described in a) from spleen of C57BL/6 mice on day 3 after infection with attenuated Salmonella (SL7207; 107 c.f.u.). c, Data show expression levels of selected surface receptors on live (DAPI−) CD138hi plasma cells and CD19+CD138− B cells. Cells were gated as in a (middle panels), and analysed by flow cytometry. d, Levels of CD1d and Tim-1 expressed by CD138hi cells were compared to those found respectively on CD1dhi and CD1dlo B cells, and on Tim1+ and Tim1− B cells from spleen of naive C57BL/6 mice. Data show representative results from 2–5 independent experiments.


Extended Data Figure 7 Characterization of plasma cells during Salmonella infection.
a, CD138hi plasma cells and CD19+CD138− B cells were magnetically enriched from spleens of C57BL/6 mice on day 3 after infection with attenuated Salmonella (SL7207; 107 c.f.u.). CD19+CD138− B cells (P1) were then isolated from the CD138-negative fraction by FACS. CD138intCD22+ (P2), CD138hiCD22+ (P3), and CD138hiCD22− (P4) were isolated from the CD138-positive fraction by FACS. b, Frequencies of IgM- and IgG-secreting cells among B cells (CD19+CD138−) and each of these plasma cell subsets (CD138intCD22+, CD138hiCD22+, CD138hiCD22−) were determined by ELISPOT assay. A compilation of two independent experiments is shown (mean ± s.e.m.). c, Blimp1, Irf4, Pax5, Il10, Ebi3 and p35 mRNA expression was quantified by real-time PCR in these populations. Naive splenic B cells (naive CD19+) were isolated from unchallenged C57BL/6 mice by magnetic selection. Data show the compilation of three independent experiments (mean ± s.e.m.). d, Plasma cells accumulate in splenic red pulp aggregates adjacent to white pulp areas on day 3 after Salmonella infection. C57BL/6 mice were infected intravenously with attenuated Salmonella (SL7207; 107 c.f.u.), and spleens were harvested 3 days later. Spleen sections (7 μm) were stained with: top panels: anti-Ig-κ (clone 187.1; green), anti-Igλ (clone SL136; green), anti-CD90 (clone T24; red) and anti-CD22 (clone OX-97; blue); middle panels: anti-Ig-κ (clone 187.1; red), anti-Igλ (clone SL136; red), anti-CD11b (clone M1/70; green), and anti-CD22 (clone OX-97; blue); bottom panels: anti-Ig-κ (clone 187.1; red), anti-Igλ (clone SL136; red), anti-CD169 (clone MOMA-1; green), and anti-CD22 (clone OX-97; blue).


Extended Data Figure 8 Production of IL-10 and IL-6 by plasma cells and B cells after Salmonella infection.
a, CD138hi plasma cells and CD19+CD138− B cells were isolated from spleen of C57BL/6 mice on day 3 after infection with attenuated Salmonella (SL7207; 107 c.f.u.), as described in Extended Data Fig. 6. Isolated cells were activated for 24 h as indicated with LPS (1 µg ml−1), anti-CD40 (10 µg ml−1), and anti-IgM (5 µg ml−1). IL-10 (left) and IL-6 (right) concentrations were determined by Bio-Plex. Data shown are pooled from 2–5 independent experiments (mean ± s.e.m.). Results were compared using two-tailed unpaired t-test. P values > 0.05 are indicated by ns. b, c, CD138hi plasma cells were isolated from spleen of C57BL/6 or IL-10–eGFP mice on day 3 after infection with attenuated Salmonella (SL7207; 107 c.f.u.). b, Cells were analysed by flow cytometry directly after isolation to quantify IL-10–eGFP expression (ex vivo), and 24 h after re-stimulation with PMA plus ionomycin. Data show representative FACS plots and histogram overlays. Numbers in the plots indicate the percentages of IL-10–eGFP-positive cells among total live (PI−) cells. c, Cells isolated from C57BL/6 and IL-10–eGFP mice were re-stimulated for 24 h, as indicated with LPS (1 μg ml−1), anti-CD40 (10 μg ml−1), anti-IgM (5 µg ml−1), IL-4 (20 ng ml−1), IL-5 (20 ng ml−1), IL-6 (20 ng ml−1) and IL-21 (20 ng ml−1). Cells were analysed as in b. Data shown are pooled from 2–4 independent experiments (mean ± s.e.m.). Results were compared between condition RPMI and activated conditions (left) or between condition with added cytokine and condition LPS plus anti-CD40 (right) using one-way ANOVA followed by Bonferroni post-test (*P < 0.05, **P < 0.01; ***P < 0.001). d–g, Expression of IL-6 by IL-10-expressing CD1dhi B cells. d, CD19+CD1dhi and CD19+CD1dlo cells were isolated from spleen of naive C57BL/6 mice according to CD19 and CD1d expression using magnetic and FACS procedures, and stimulated for 24 h, as indicated. IL-6 and IL-10 concentrations in culture supernatants were determined by Bio-Plex. e, f, CD1dhi B cells were isolated from naive IL-10–eGFP mice and stimulated with LPS (2 μg ml−1) for 48 h. IL-6 and IL-10 concentrations in culture supernatants were determined by Bio-Plex (e), and cells were analysed by flow cytometry to determine the frequency of IL-10–eGFP-expressing cells (f). g, CD1dhi B cells were isolated from naive IL-10–eGFP mice, and stimulated with LPS (2 μg ml−1) for 48 h. IL-10–eGFP− and IL-10–eGFP+ cells were then separated by FACS and analysed by real time PCR for expression levels of Il10 and Il6 mRNA. Data shown are pooled from two independent experiments (mean ± s.e.m.).


Extended Data Figure 9 IL-35 and IL-10 production by plasma cells during EAE and Salmonella infection.
a, B cells and plasma cells were isolated from spleens of mice on days 14 and 28 after EAE induction through magnetic and FACS procedures. Splenocytes were stained with anti-CD138-PE followed by labelling with anti-PE microbeads, and magnetic separation. The obtained CD138-positive and CD138-negative fraction were stained for CD19, CD138, and CD11b/CD11c/CD90/DAPI. CD138+CD11b−CD11c−CD90−DAPI− and CD19+CD138−CD11b−CD11c−CD90−DAPI− cells were then isolated from CD138-positive and CD138-negative fractions, respectively, by FACS, as bulk cells. Naive splenic B cells (naive CD19+) were isolated from unchallenged C57BL/6 mice by magnetic selection. Blimp1, Irf4 and Pax5 mRNA expression was quantified by real-time PCR. Data compile 2 independent experiments (mean ± s.e.m.). b, Production of IgM and IgG by plasma cells and B cells isolated from mice during EAE was determined by ELISPOT. A compilation of 3 independent experiments for day 14, and 2 independent experiments for day 28 is shown (mean ± s.e.m.). c, Left, CD19+CD138− B cells (B cell) and CD138+ plasma cells (plasma cell) were isolated from spleens of mice on days 14 and 28 after EAE induction through magnetic and FACS procedures, as described in a, and stimulated for 24 h with PMA plus ionomycin (PMA plus iono) or kept in medium ([image: ]). IL-10 concentrations were determined by Bio-Plex. Data are pooled from 4 independent experiments for day 14 and 2 independent experiments for day 28 (mean ± s.e.m.). Right, B cells (CD19+CD138−) and CD138+ plasma cells (CD138+) were isolated from spleens of mice on day 14 after EAE induction through magnetic isolation. For this, splenocytes were stained with anti-CD138-PE followed by labelling with anti-PE microbeads, and magnetic separation to yield CD138+ plasma cells. B cells were obtained from the CD138-negative fraction after further depletion of remaining CD138+ cells, and positive selection using anti-CD19 magnetic microbeads. Purities were above 95%. Cell lysates were separated on SDS–PAGE gel and sequentially blotted with anti-EBI3, anti-p35, and anti-actin antibodies. Data show representative results of two independent experiments. d, e, Mice in which B cells cannot co-express IL-10 and IL-35 do not develop exacerbated EAE. d Left, 
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