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            Abstract
The antigen-binding variable regions of the B cell receptor (BCR) and of antibodies are encoded by exons that are assembled in developing B cells by V(D)J recombination1. The BCR repertoires of primary B cells are vast owing to mechanisms that create diversity at the junctions of V(D)J gene segments that contribute to complementarity-determining region 3 (CDR3), the region that binds antigen1. Primary B cells undergo antigen-driven BCR affinity maturation through somatic hypermutation and cellular selection in germinal centres (GCs)2,3. Although most GCs are transient3, those in intestinal Peyer’s patches (PPs)—which depend on the gut microbiota—are chronic4, and little is known about their BCR repertoires or patterns of somatic hypermutation. Here, using a high-throughput assay that analyses both V(D)J segment usage and somatic hypermutation profiles, we elucidate physiological BCR repertoires in mouse PP GCs. PP GCs from different mice expand public BCR clonotypes (clonotypes that are shared between many mice) that often have canonical CDR3s in the immunoglobulin heavy chain that, owing to junctional biases during V(D)J recombination, appear much more frequently than predicted in naive B cell repertoires. Some public clonotypes are dependent on the gut microbiota and encode antibodies that are reactive to bacterial glycans, whereas others are independent of gut bacteria. Transfer of faeces from specific-pathogen-free mice to germ-free mice restored germ-dependent clonotypes, directly implicating BCR selection. We identified somatic hypermutations that were recurrently selected in such public clonotypes, indicating that affinity maturation occurs in mouse PP GCs under homeostatic conditions. Thus, persistent gut antigens select recurrent BCR clonotypes to seed chronic PP GC responses.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Access Nature and 54 other Nature Portfolio journals
Get Nature+, our best-value online-access subscription
$29.99 / 30 days
cancel any time

Learn more


Subscribe to this journal
Receive 51 print issues and online access
$199.00 per year
only $3.90 per issue

Learn more


Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Fig. 1: Enrichment of Vh segments and clonotypes recurs in PP GCs.[image: ]


Fig. 2: Microbial and non-microbial factors underlie recurrent PP GC clonotypes.[image: ]


Fig. 3: Affinity maturation of recurrent PP GC clonotypes.[image: ]


Fig. 4: Intrinsic junctional biases contribute to PP GC clonotype recurrence.[image: ]
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                Data availability

              
              The next-generation sequencing data reported in this paper have been deposited in the Gene Expression Omnibus (GEO) database under the accession number GSE140795. All figures have associated raw data deposited. Source data for Figs. 1–3 and Extended Data Figs. 2, 3, 6, 8, 9 are provided with the paper.
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Extended data figures and tables

Extended Data Fig. 1 Overview of Rep-SHM-Seq.
a, Schematic showing the experimental procedure of the Rep-SHM-Seq method. MID, multiple identifier; NP, non-productive; P, productive. b, Left, diagram of the Igh locus in the hVh1-2 mouse model. Positions of bait primers are indicated. Right, the proportions of each Jh segment in hVh1-2DJ junctions are compared between libraries made from splenic B cells with hVh1-2 bait and mixed Jh1-4 bait primers. c, Left, diagram of the Igl locus of the v-Abl kinase-transformed pro-B cell line. Positions of bait primers are indicated. Top right, the Jκ proportions in Vκ3-2,7,10,12Jκ   junctions are compared between libraries made from Vκ3d bait and mixed Jκ1,2,4,5 bait primers. Bottom right, the Jλ proportions in Vλ1,2Jλ junctions are compared between libraries made from Vλd1,2 bait and mixed Jλ1,2,3 bait primers. Three biological repeats were performed for each set of primers. r, Spearman’s correlation coefficient. P values were determined by two-sided Spearman’s correlation test. d, Schematic showing the bioinformatic pipeline of Rep-SHM-Seq. PE, paired-end; QC, quality control.


Extended Data Fig. 2 Rep-SHM-Seq detects NP-antigen-specific selection in GCs.
a, b, Vh (a) and Vl (b) repertoire of productive V(D)J junctions in splenic GC B cells versus naive B cells in five mice that were immunized intraperitoneally with NP-CGG. Data are mean +s.e.m. Vh and Vl segments are each ordered linearly based on their chromosome coordinates, with respect to relative proximity to the D or Jl segments. Vλ segments are plotted on the left of Vκ segments. The distribution of productive clonotypes of each indicated Vh or Vl segment in the GCs is shown as a long-tail-distribution plot, with the y axis representing the fraction of each productive clonotype among all productive clonotypes and the x axis representing the top clonotypes (rank-ordered). The number of mice that contained the clonotype is indicated for dominant recurrent clonotypes. P values for Vh or Vl usage were calculated by two-sided Mann–Whitney U test with FDR correction (**P < 0.05). See Supplementary Table 4 for exact P values. Enrichment of Vh14-3, the key Vh segment in the response of BALB/c mice to NP antigen59,60, is detected here by Rep-SHM-Seq with two recurrent clonotypes (Supplementary Table 2). c, Representative junctional structure of indicated common IgH clonotypes aligned with germline Vh (red), D (blue) and Jh (orange) sequences, with resected sequences shown in grey. The underline indicates microhomology. All possible segment assignments by IGoR with probabilities are shown in Supplementary Table 10. Canonical CDR3 sequences are shown in black, amino acid sequences in purple and the clonotype consensus (CDR3 nucleotide sequences with the same V and J segments, same CDR3 length and more than 90% similarity) in sequence-logo pictures. The number of mice containing the canonical CDR3 sequence or the clonotype consensus is indicated in parentheses after each sequence. d, SHM profile of Vh segments of the indicated PP GC clonotypes and intrinsic mutation pattern, plotted as the mutation rate at each nucleotide. Sequences were stratified by the overall Vh mutation rate19 (see Methods). Data are mean + s.e.m. from five mice. Significance was determined by hierarchical Bayesian modelling with PEP0.1 (see Methods; **PEP0.1 < 0.01, ***PEP0.1 < 0.005). PEP0.1 values and amino acid changes are denoted for significantly enriched SHMs.
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Extended Data Fig. 3 Stable composition of variable-region exon-segment usage in naive B cells across tissues and mice.
a–d, Vh (a), D and Jh (b), Vl (c) and Jl (d) repertoires of productive V(D)J junctions in splenic (SP) versus PP naive B cells. Data are mean + s.e.m. from the five NP-CGG-immunized mice. r, Spearman’s correlation coefficient. P values were determined by two-sided Spearman’s correlation test.
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Extended Data Fig. 4 Representative junctional structure of indicated recurrent PP GC IgH clonotypes in SPF mice.
Junctional structures are aligned with germline Vh (red), D (blue) and Jh (orange) sequences, with resected sequences shown in grey. The underline indicates microhomology. All possible segment assignments by IGoR with probabilities are shown in Supplementary Table 10. For certain clonotypes, the D segment could not be accurately annotated because of the short, aligned D sequence. Canonical CDR3 sequences are shown in black, amino acid sequences in purple and the clonotype consensus in sequence-logo pictures. The number of mice containing the canonical CDR3 sequence or the clonotype consensus is indicated in parentheses after each sequence.


Extended Data Fig. 5 FACS results of PP GC B cells and recurrent PP GC IgH CDR3s in different gnotobiotic mouse categories.
a, FACS plots showing the representative proportion of GC (GL7+CD38−) cells among B220+ cells in PPs. The FACS analysis was performed for 9 SPF mice, 10 pools of 3 germ-free mice, 5 germ-free mice with faecal transfer from SFB-mono mice (GF + SFB mice), 10 germ-free mice with faecal transfer from SPF mice (GF + SPF mice) and 15 Aid−/− SPF mice. Representative results are shown. b, Plot comparing percentage of GC B cells in PPs from different mouse categories. c, Plot comparing the number of sorted PP GC B cells per mouse from different mouse categories. Data are mean ± s.e.m. from 9 SPF mice, 10 × 3 germ-free mice, 5 GF + SFB mice, 10 GF + SPF mice and 15 Aid−/− SPF mice. P values were calculated by two-sided Mann–Whitney U test. d, f, h, Representative junctional structure of common IgH clonotypes aligned with germline Vh, D and Jh sequences for Vh1-47RC and Vh1-12RC in germ-free, GF + SFB and GF + SPF mice (d), Vh1-64RC in GF + SFB mice (f) and Vh6-3RC in GF + SPF mice (h). All possible segment assignments by IGoR with probabilities are shown in Supplementary Table 10. For certain clonotypes, the D segment could not be accurately annotated because of the short, aligned D sequence. Canonical CDR3 sequences are shown in black, amino acid sequences in purple and the clonotype consensus in sequence-logo pictures. The number of mice containing the canonical CDR3 sequence or the clonotype consensus is indicated in parentheses after each sequence. e, g, The distribution of productive clonotypes of each indicated Vh segment enriched in PP GC B cells versus naive B cells in germ-free mice (e) and GF + SPF mice (g) is shown as a long-tail-distribution plot, with the y axis representing the fraction of each productive clonotype among all productive clonotypes and the x axis representing the top clonotypes (rank-ordered). The number of mice that contained the clonotype is indicated for dominant recurrent clonotypes. Note that the Vh5-17 recurrent clonotype in germ-free mice is different from the one in GF + SPF mice.


Extended Data Fig. 6 SHM selection in recurrent PP GC clonotypes.
a, b, SHM profile of Vh segments of the indicated PP GC clonotypes and intrinsic mutation pattern, plotted as the mutation rate at each nucleotide. Sequences were stratified by the overall Vh mutation rate19 (see Methods). Significance was determined by hierarchical Bayesian modelling with PEP0.1 (see Methods; *PEP0.1 < 0.05, **PEP0.1 < 0.01, ***PEP0.1 < 0.005). PEP0.1 values and amino acid changes are denoted for significantly enriched SHMs. Data are mean + s.e.m. from mice containing the indicated clonotype: n = 11 SPF mice, 9 pools of 3 germ-free mice, 4 GF + SFB mice and 8 GF + SPF mice (a) and 3 GF + SFB mice and 4 GF + SPF mice (b). c, Microbial glycan microarray reactivities of mutated Vh1-12RC monoclonal antibody. For full antibody sequences, see Supplementary Table 5. Data are shown as the average fold enrichment over a negative control monoclonal antibody (anti-human PD-1) of four technical repeats.
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Extended Data Fig. 7 Some recurrent PP GC clonotypes do not show selected SHMs.
a–c, SHM profile of Vh segments of the indicated PP GC clonotypes and intrinsic mutation pattern, plotted as the mutation rate at each nucleotide. Sequences were stratified by the overall Vh mutation rate19 (see Methods). Significance was determined by hierarchical Bayesian modelling with PEP0.1 (see Methods; NS, PEP0.1 ≥ 0.05). Data are mean + s.e.m. from mice containing the indicated clonotype: n = 7 SPF mice, 10 pools of 3 germ-free mice, 4 GF + SFB mice and 6 GF + SPF mice (a), 4 SPF mice (b) and 9 pools of 3 germ-free mice (c).


Extended Data Fig. 8 Recurrent PP GC IgH clonotypes are often associated with recurrent IgL clonotypes.
a, Vl repertoire of productive VJ junctions in PP GC B cell versus naive B cells. Data are plotted as mean + s.e.m. from 9 SPF mice (related to Fig. 1). The distribution of productive clonotypes of each indicated Vl segment in the GCs is shown as a long-tail-distribution plot, with the y axis representing the fraction of each productive clonotype among all productive clonotypes and the x axis representing the top clonotypes (rank-ordered). The number of mice that contained the clonotype is indicated for dominant recurrent clonotypes. P values for Vl usage were calculated by two-sided Mann–Whitney U test with FDR correction (*P < 0.1, **P < 0.05, ***P < 0.01, NS, not significant). See Supplementary Table 4 for exact P values. b, Table showing the paired IgL clonotype of recurrent PP GC IgH clonotypes, as inferred by Rep-SHM-Seq (see Methods) from nine SPF mice and/or detected by scRNA-seq from four SPF mice.
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Extended Data Fig. 9 Recurrent clonotypes in chronic splenic and PP GCs in Aid−/− mice.
a, Vh repertoire of productive V(D)J junctions in splenic GC B cells versus naive B cells. Data are mean + s.e.m. from 9 Aid−/− SPF mice. b, Vh repertoire of productive V(D)J junctions in PP GC B cells versus naive B cells. Data are mean + s.e.m. from 15 Aid−/− SPF mice. The distribution of productive clonotypes of each indicated Vh segment in the GCs is shown as a long-tail-distribution plot, with the y axis representing the fraction of each productive clonotype among all productive clonotypes and the x axis representing the top clonotypes (rank-ordered). The number of mice that contained the clonotype is indicated for dominant recurrent clonotypes. The brown colour indicates a clonotype that was common to the splenic and PP GCs of Aid−/− mice. The green colour indicates a clonotype found in wild-type mice of different gnotobiotic categories (related to Fig. 1). P values for Vh usage were calculated by two-sided Mann–Whitney U test with FDR correction (*P < 0.1, ***P < 0.01, NS, not significant). See Supplementary Table 4 for exact P values. c, Schematic summarizing the main findings of the paper. Junctional biases during V(D)J recombination generate a diverse CDR3 repertoire for naive B cells in PPs, with a set of CDR3s occurring at higher frequency. Gut microbial or non-microbial antigens select recurrent IgH clonotypes from this set of CDR3s in multiple mice, most of which have a canonical CDR3 sequence and recurrent pairing of IgL. These recurrently selected antibodies contain selected SHMs, suggesting affinity maturation. The asterisk on Vh6-3RC–Vκ2-109 indicates that this pairing was picked up from scRNA-seq data (using which we expressed the antibody in vitro), rather than being confirmed as a recurrent pairing by Rep-SHM-Seq. The frequency of the BCRs and SHMs represented in this schematic does not correspond to their actual frequency in the naive or GC B cell repertoire of PPs.
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Extended Data Table 1 Summary of recurrent PP GC clonotypes found in different categories of miceFull size table





Supplementary information
Supplementary Tables
This file contains Supplementary Tables 1-10.


Reporting Summary




Source data
Source Data Fig. 1

Source Data Fig. 2

Source Data Fig. 3

Source Data Extended Data Fig. 2

Source Data Extended Data Fig. 3

Source Data Extended Data Fig.6

Source Data Extended Data Fig. 8

Source Data Extended Data Fig. 9




Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Chen, H., Zhang, Y., Ye, A.Y. et al. BCR selection and affinity maturation in Peyer’s patch germinal centres.
                    Nature 582, 421–425 (2020). https://doi.org/10.1038/s41586-020-2262-4
Download citation
	Received: 07 July 2018

	Accepted: 28 February 2020

	Published: 06 May 2020

	Issue Date: 18 June 2020

	DOI: https://doi.org/10.1038/s41586-020-2262-4


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Gut microbiome immaturity and childhood acute lymphoblastic leukaemia
                                    
                                

                            
                                
                                    	Ioannis Peppas
	Anthony M. Ford
	Mel F. Greaves


                                
                                Nature Reviews Cancer (2023)

                            
	
                            
                                
                                    
                                        Tango of B cells with T cells in the making of secretory antibodies to gut bacteria
                                    
                                

                            
                                
                                    	Ludvig M. Sollid
	Rasmus Iversen


                                
                                Nature Reviews Gastroenterology & Hepatology (2023)

                            
	
                            
                                
                                    
                                        Homeostatic serum IgE is secreted by plasma cells in the thymus and enhances mast cell survival
                                    
                                

                            
                                
                                    	Dong-il Kwon
	Eun Seo Park
	You Jeong Lee


                                
                                Nature Communications (2022)

                            
	
                            
                                
                                    
                                        Interpreting the B-cell receptor repertoire with single-cell gene expression using Benisse
                                    
                                

                            
                                
                                    	Ze Zhang
	Woo Yong Chang
	Tao Wang


                                
                                Nature Machine Intelligence (2022)

                            
	
                            
                                
                                    
                                        Diversity and dynamism of IgA−microbiota interactions
                                    
                                

                            
                                
                                    	Kelsey E. Huus
	Charisse Petersen
	B. Brett Finlay


                                
                                Nature Reviews Immunology (2021)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	protocols.io
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter — what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
