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            Abstract
Interactions between different cell types are essential for multiple biological processes, including immunity, embryonic development and neuronal signalling. Although the dynamics of cell–cell interactions can be monitored in vivo by intravital microscopy1, this approach does not provide any information on the receptors and ligands involved or enable the isolation of interacting cells for downstream analysis. Here we describe a complementary approach that uses bacterial sortase A-mediated cell labelling across synapses of immune cells to identify receptor–ligand interactions between cells in living mice, by generating a signal that can subsequently be detected ex vivo by flow cytometry. We call this approach for the labelling of ‘kiss-and-run’ interactions between immune cells ‘Labelling Immune Partnerships by SorTagging Intercellular Contacts’ (LIPSTIC). Using LIPSTIC, we show that interactions between dendritic cells and CD4+ T cells during T-cell priming in vivo occur in two distinct modalities: an early, cognate stage, during which CD40–CD40L interactions occur specifically between T cells and antigen-loaded dendritic cells; and a later, non-cognate stage during which these interactions no longer require prior engagement of the T-cell receptor. Therefore, LIPSTIC enables the direct measurement of dynamic cell–cell interactions both in vitro and in vivo. Given its flexibility for use with different receptor–ligand pairs and a range of detectable labels, we expect that this approach will be of use to any field of biology requiring quantification of intercellular communication.
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                    Figure 1: Using LIPSTIC to track ligand–receptor interactions.[image: ]


Figure 2: LIPSTIC labelling of CD40–CD40L interactions ex vivo.[image: ]


Figure 3: LIPSTIC enables monitoring of CD40–CD40L interactions between T cells and dendritic cells in vivo.[image: ]


Figure 4: Different modalities of the CD40–CD40L interaction between CD4+ T cells and dendritic cells in vivo.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Schematic representation of the SrtA reaction.
The SrtA enzyme recognizes the short amino acid sequence LPXTG (where X is any amino acid). Upon binding, SrtA forms a covalent acyl intermediate between the threonine of the substrate and the cysteine present in its catalytic pocket. The reaction proceeds with the formation of an amide bond between substrate threonine and an N-terminal glycine. Affinities displayed refer to engineered SrtA variants carrying P94S, D160N, and K196T mutations.


Extended Data Figure 2 Two point mutations in the mouse CD40L coding sequence impair binding to CD40.
a, Sequence alignment of human and mouse CD40L proteins. Owing to the lack of crystallographic data describing the mouse CD40–CD40L complex, we identified residues potentially engaged in CD40 binding on the basis of information available for the human CD40–CD40L complex. Residues in human CD40L sequences engaged in the interaction with CD40 based on crystallographic data are highlighted in blue. Among these, residues for which a charge reversal mutation was shown to affect CD40 binding are boxed. Filled boxes identify the residues in mouse CD40L for which a charge reversal mutation was performed (K142E and R202E). Mutations at equivalent locations in the human CD40L coding sequence (K143, R203) have also been detected in patients with hyper-IgM syndrome. CD40L with both mutations (K142E and R202E) is labelled as CD40L*. b, Binding of CD40 to CD40L–SrtA and CD40L*–SrtA. HEK293T cells were transfected with CD40L–SrtA or CD40L*–SrtA, incubated with CD40–Fc protein and analysed by flow cytometry. Histograms show severe impairment of CD40 binding to CD40L*–SrtA. c, B-cell activation by CD40L–SrtA and CD40L*–SrtA. Primary mouse B cells were cultured on a monolayer of HEK293T cells expressing CD40L–SrtA or CD40L*–SrtA. CD86 surface expression was analysed by flow cytometry 18 h later. Histograms show reduced upregulation of CD86 in B cells stimulated with CD40L*–SrtA. Data are representative of two independent experiments.


Extended Data Figure 3 Imaging of LIPSTIC labelling.
a, Experimental setup for live imaging of LIPSTIC labelling. Cd40−/− B cells and Cd40lg−/Y CD4+ T cells were transduced with G5–CD40 (Tomato reporter) or CD40L–SrtA (GFP reporter), respectively. CD40L–SrtA+ T cells were loaded with AlexaFluor647–SELPETGG, mixed with G5–CD40+ B cells on intercellular adhesion molecule (ICAM)-coated chambers to allow interactions and were immediately imaged. b, Time-series showing transfer of AlexaFluor647–SELPETGG (white) from CD40L–SrtA+ T cells (green) to G5–CD40+ B cells (red) upon interaction. Data are representative of two independent experiments.


Extended Data Figure 4 Generation of Cd40G5 and Cd40lgSrtA gene-targeted mice.
a, b, Schematic representation and CRISPR–Cas9 genome-editing strategy for the Cd40G5 (a) and Cd40lgSrtA (b) alleles. HA, homology arm; PAM, protospacer adjacent motif. c, Restriction fragment length polymorphism analysis of Cd40G5/+ mice. PCR products generated using primers surrounding the G5 insertion site were digested with KpnI and analysed by electrophoresis on an agarose gel. WT, wild type. Data are representative of at least two experiments. d, Southern blot analysis of a Cd40lgSrtA/+ mouse. Genomic DNA was extracted, digested with XbaI, and transferred onto a nitrocellulose membrane after electrophoresis on an agarose gel. Genomic DNA fragments were detected using a probe annealing between exons 4 and 5.


Extended Data Figure 5 LIPSTIC labelling ex vivo.
a, Experimental setup used in b, c to assess the influence of substrate incubation length on intercellular labelling between primary dendritic cells and CD4+ T cells. Cd40G5/G5 dendritic cells populations were separately treated with 1 μM of OVA323–339 or LCMV-GP61–80, mixed and co-cultured for 6 h with Cd40lgSrtA/Y CD4-Cre OT-II CD4+ T cells. Biotin–LPETG was added during the final 1, 5, 10, 20, 180 min of co-culture or for the entire co-culture time (360 min) at a final concentration of 10 μM, and cells were analysed by flow cytometry. b, Flow cytometric analysis of co-cultured dendritic cells incubated with biotin–LPETG for the indicated times. c, Percentage of biotin+ dendritic cells gated as in b. d, Experimental setup used in e–g to analyse intercellular labelling ex vivo between primary B cells and CD4+ T cells. Two populations of Cd40G5/G5 B cells that either carried a wild-type polyclonal B-cell receptor repertoire or expressed the B1-8hi Ig heavy chain, which when paired to an Igλ light chain confers specificity towards the hapten 4-hydroxy-3-nitrophenylacetyl (NP), were mixed and treated with the indicated concentrations of NP-OVA. Cells were then co-cultured for 18 h with Cd40lgSrtA/Y CD4-Cre OT-II CD4+ T cells. Biotin–LPETG was added during the last 30 min of co-culture at a final concentration of 100 μM, and cells analysed by flow cytometry. e, Flow cytometric analysis of B cells treated with 1 nM of NP-OVA showing preferential biotin labelling of B1-8hiλ+ B cells. f, Percentage of biotin+ B cells among polyclonal and B1-8hiλ+ populations at the indicated NP-OVA concentrations. g, Flow cytometric analysis of B cells treated with 1 nM of NP-OVA showing positive correlation between biotin labelling and expression of the activation marker CD69. Data are representative of three independent experiments.


Extended Data Figure 6 Characterization of Cd40lgSrtA/Y T cells.
a, Upregulation of CD86 on B cells by CD40L–SrtA. B1-8hi λ+ B cells were treated with the indicated concentrations of NP-OVA and co-cultured with Cd40lgSrtA/Y CD4-Cre OT-II or wild-type OT-II CD4+ T cells for 18 h. Cells were analysed by flow cytometry. The percentage of CD86+ B cells when co-cultured with Cd40lgSrtA/Y CD4-Cre OT-II or wild-type OT-II T cells in the presence of indicated concentrations of NP-OVA is shown. b, Germinal centre formation in Cd40lgSrtA/Y and Cd40lgSrtA/Y CD4-Cre mice. C57BL/6J, Cd40lg+/Y and Cd40lgSrtA/Y CD4-Cre mice were immunized subcutaneously with 20 μg of NP-OVA in alum at the base of the tail. Inguinal lymph nodes were analysed by flow cytometry 12 days after immunization. Dot plots show the absence of germinal centre formation in both Cd40lgSrtA/Y and Cd40lgSrtA/Y CD4-Cre mice, suggestive of an impaired ability of Cd40lgSrtA/Y T cells to activate B cells. A similar phenotype is observed regardless of the presence of Cre recombination, which is likely because of the addition of a translated LoxP site to the C terminus of the CD40L protein. c, In vivo expansion of Cd40lgSrtA/Y CD4-Cre OT-II CD4+ T cells. 5 × 105Cd40G5/G5 dendritic cells treated ex vivo with OVA323–339 were injected subcutaneously into the hind footpad of C57BL/6J recipients. After 18 h, 3 × 105 CFSE-labelled CD40lgSrtA/Y CD4-Cre OT-II (or wild-type OT-II as control) CD4+ T cells were transferred intravenously. PLNs were analysed by flow cytometry 72 h after T-cell transfer. Histograms show comparable expansion of both transferred T-cell populations, as indicated by CFSE dilution. Data are representative of two independent experiments.


Extended Data Figure 7 Characterization of LIPSTIC labelling in vivo.
a, CD40L–SrtA expression in Cd40lgSrtA/Y CD4-Cre OT-II CD4+ T cells in vivo after dendritic cell transfer. Mice were treated as in Fig. 3a. Flow cytometric analysis of PLN cells shows transferred Cd40lgSrtA/Y CD4-Cre OT-II CD4+ T cells expressing CD40L–SrtA as revealed by the detection of biotin staining (formation of an acyl intermediate between SrtA and biotin–LPETG). CD40L–SrtA expression requires dendritic cell presentation of cognate antigen (OVA323–339), is not affected by CD40L-blocking antibody treatment and positively correlates with the activation marker CD69. b, Detection background in major leukocyte populations. Cd40G5/G5 CD45.1/2 dendritic cells were treated with OVA323–339 and transferred subcutaneously (5 × 105 per footpad) into Cd40G5/G5 recipients. After 18 h, 3 × 105CD40lgSrtA/Y CD45.1/1 CD4-Cre OT-II (or Cd40lg+/Y CD45.1/1 OT-II lacking Cre expression as control) CD4+ T cells were transferred intravenously. Biotin–LPETG (or PBS as control) was administered subcutaneously (300 nmol per footpad) 10 to 12 h after T-cell transfer and PLN cells were analysed by flow cytometry. Plots show biotin staining among B cells, CD4+ T cells and dendritic cells. c, Efficiency of labelling of Cd40G5/G5 and Cd40+/+ dendritic cells after T cell–dendritic cell interaction in vivo. Cd40G5/G5 and Cd40+/+ dendritic cells were treated ex vivo with OVA323–339, mixed and injected subcutaneously into C57BL/6J recipients (5 × 105 per footpad). After 18 h, 3 × 105Cd40lgSrtA/Y CD4-Cre OT-II CD4+ T cells were transferred intravenously. Biotin–LPETG was administered subcutaneously (300 nmol per footpad) 10–12 h after T-cell transfer. Dot plots show flow cytometric analysis of transferred Cd40G5/G5 and Cd40+/+ dendritic cells. d, Percentage (left) and MFI (right) of biotin+ dendritic cells (gated as in c) among transferred dendritic cell populations. Labelling of Cd40+/+ dendritic cells probably reflects biotin–LPETG transfer onto endogenous N-terminal glycines. Each symbol represents one mouse; bars indicate the mean. e, Labelling of endogenous N-terminal glycines requires CD40L–CD40 interaction. Experimental setup as in c, except that a mixture of C57BL/6J and Cd40−/− dendritic cells was transferred. Dot plots show flow cytometric analysis of transferred Cd40+/+ and Cd40−/− dendritic cells. f, Percentage of biotin+ dendritic cells gated as in e among transferred dendritic cell populations. Each symbol represents one mouse; bars indicate the mean. g, Graphic representation of the experimental protocol used in h–k to determine the clearance of surface biotin labelling. Cd40G5/G5 dendritic cells were treated with OVA323–339 and transferred subcutaneously (5 × 105 per footpad) into C57BL/6J recipients. After 18 h, 3 × 105CD40lgSrtA/Y CD4-Cre OT-II CD4+ T cells were transferred intravenously, biotin–LPETG was administered subcutaneously (300 nmol per footpad) 10–12 h after T-cell transfer. PLNs were collected and analysed by flow cytometry 0, 4, 8 or 24 h after the final biotin–LPETG injection. h, Flow cytometric analysis of PLN cells showing biotin labelling of transferred Cd40G5/G5 dendritic cells at the indicated hours after biotin–LPETG administration. i, Percentage (left) and MFI (right) of biotin+ dendritic cells among transferred Cd40G5/G5 dendritic cells gated as in h. Each symbol represents one mouse; bars indicate the mean. j, Flow cytometric analysis of PLN cells showing biotin labelling of transferred Cd40lgSrtA/Y CD4-Cre OT-II CD4+ T cells at the indicated time points after biotin–LPETG administration. k, Percentage (left) and MFI (right) of biotin+ cells among transferred Cd40lgSrtA/Y CD4-Cre OT-II CD4+ T cells gated as in h. Each symbol represents one mouse; bars indicate the mean. l, CD40L–SrtA expression in Cd40lgSrtA/Y CD4-Cre OT-II CD4+ T cells in vivo after immunization. Mice were treated as in Fig. 3d. Flow cytometric analysis of PLN cells showing transferred Cd40lgSrtA/Y CD4-Cre OT-II CD4+ T cells in mice left untreated (left) or treated with CD40L-blocking antibody 4 h before PLN collection (right). Data are representative of two independent experiments.


Extended Data Figure 8 CD40–CD40L interaction between CD4+ T cells and dendritic cells in vivo can occur in an antigen-independent manner.
a, MFI of biotin+ dendritic cells 48 h after T-cell transfer in mice treated as in Fig. 4a. Each symbol represents one mouse; bars indicate the mean. Data are pooled from two independent experiments. b, MFI of biotin+ dendritic cells 48 h after T-cell transfer in mice treated as in Fig. 4d. Each symbol represents one mouse; bars indicate the mean. c, Graphic representation of the experimental protocol used in d, e. C57BL/6J mice were lethally irradiated and reconstituted with a mixture of Cd40G5/G5 (80%) and Cd40G5/G5;H2−/− (20%) bone marrow. After reconstitution, bone marrow chimaeras received 3 × 105Cd40lgSrtA/Y CD4-Cre OT-II CD4+ T cells intravenously and were immunized the following day with 10 μg of OVA in alum in the hind footpad. PLN were analysed 24, 48, 72 and 96 h after immunization. Biotin–LPETG was administered subcutaneously (300 nmol per footpad) during the last 2 h before analysis. d, Flow cytometric analysis of PLN cells showing biotin labelling of endogenous Cd40G5/G5 and Cd40G5/G5;H2−/− dendritic cells at 24 or 72 h after immunization. e, Percentage of biotin+ dendritic cells among Cd40G5/G5 and Cd40G5/G5;H2−/− dendritic cells gated as in d. Each symbol represents one mouse; bars indicate the mean. Data are pooled from two independent experiments.


Extended Data Figure 9 CD40–CD40L interaction between CD4+ T cells and dendritic cells ex vivo can occur in an antigen-independent manner.
a, Experimental setup used in b–e. Two Cd40G5/G5 dendritic cell populations were individually treated with the indicated concentrations of either OVA323–339 or LCMV-GP61–80, mixed and co-cultured for 24 h with Cd40lgSrtA/Y CD4-Cre OT-II CD4+ T cells. Biotin–LPETG was added during the last 20 min of co-culture at a final concentration of 10 μM, and cells analysed by flow cytometry. Where indicated, CD40L- or MHC-II-blocking antibodies were added at a final concentration of 150 μg ml−1 either at the beginning of co-culture (t = 0) or 2 h before analysis (t = 22). b, Flow cytometric analysis of dendritic cells treated with 1 μM peptides showing biotin labelling. c–e, Percentage of biotin+ dendritic cells gated as in b. Data are representative of three independent experiments.


Extended Data Figure 10 RNA sequencing analysis of sorted biotin+ dendritic cells.
a, Graphic representation of the protocol for dendritic cell sorting. Five hundred thousand Cd40G5/G5 CFSE-labelled dendritic cells treated ex vivo with OVA323–339 were injected subcutaneously into the hind footpad of Cd40G5/G5 recipients. After 18 h, 3 × 105CD40lgSrtA/Y CD4-Cre OT-II CD4+ T cells were transferred intravenously. Biotin–LPETG was administered subcutaneously (300 nmol per footpad) during the last 2 h before analysis. PLNs were collected 48 h after T-cell transfer and dendritic cell populations were sorted by flow cytometry and later processed for RNA-sequencing analysis. As controls, dendritic cells were also sorted from Cd40−/− mice, which were treated as above except that they received wild-type (instead of Cd40G5/G5) dendritic cells and wild-type OT-II (instead of CD40lgSrtA/Y CD4-Cre OT-II) CD4+ T cells. b, Gating strategy for sorting. Endogenous dendritic cells were first identified as B220−CD3−NK1.1−MHC-II+CD11c+CFSE−. Sorting was restricted to CD11b+XCR1− dendritic cells showing an activated phenotype (MHC-IIhi), which represent the major population involved in bystander interactions. Biotin+ and biotin− dendritic cells were gated as shown. c, Hierarchical clustering of transcriptomic profiles. Colour scheme is based upon Pearson correlation. Data are derived from a single experiment, n = 3. d, Volcano plots showing differential gene expression between biotin+ and biotin− dendritic cells. All genes used for the differential expression analysis are shown; differentially expressed genes (log2(fold change) > 1 and false-discovery rate < 0.05, see Methods) are coloured red. Data are derived from a single experiment, n = 3.





Supplementary information
Life Sciences Reporting Summary
DESCRIPTION (PDF 137 kb)


Supplementary Table 1
Differentially expressed genes between biotin+ and biotin- DC populations. This table contains a list of differentially expressed genes (log2 fold change > 1 and FDR < 0.05, see Methods section) and GSEA analysis showing selected top gene sets obtained by GO enrichment analysis with FDR indicated. Data are derived from a single experiment, n=3. (XLSX 95 kb)


Supplementary Table 2
This table contains the DNA sequences of the plasmids used in the study. (XLSX 90 kb)


Supplementary Table 3
This table contains a list of antibodies used in the study. (XLSX 10 kb)


Imaging of LIPSTIC labeling between lymphocytes in vitro
Lymphocytes were imaged as described in Extended Data Fig. 3a. The video (675X speed, total real time 90 min) shows transfer of AlexaFluor647-SELPETGG (white) from CD40L-SrtA+ T cells (green) to G5-CD40+ B cells (red) upon interaction.  (AVI 21557 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4




Rights and permissions
Reprints and permissions


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



Cite this article
Pasqual, G., Chudnovskiy, A., Tas, J. et al. Monitoring T cell–dendritic cell interactions in vivo by intercellular enzymatic labelling.
                    Nature 553, 496–500 (2018). https://doi.org/10.1038/nature25442
Download citation
	Received: 14 June 2017

	Accepted: 08 December 2017

	Published: 17 January 2018

	Issue Date: 25 January 2018

	DOI: https://doi.org/10.1038/nature25442


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

                
                    	
                            
                                
                                    
                                        Immunity to Cryptosporidium: insights into principles of enteric responses to infection
                                    
                                

                            
                                
                                    	Ryan D. Pardy
	Bethan A. Wallbank
	Christopher A. Hunter


                                
                                Nature Reviews Immunology (2024)

                            
	
                            
                                
                                    
                                        Comparative analysis of cell–cell communication at single-cell resolution
                                    
                                

                            
                                
                                    	Aaron J. Wilk
	Alex K. Shalek
	Catherine A. Blish


                                
                                Nature Biotechnology (2024)

                            
	
                            
                                
                                    
                                        Universal recording of immune cell interactions in vivo
                                    
                                

                            
                                
                                    	Sandra Nakandakari-Higa
	Sarah Walker
	Gabriel D. Victora


                                
                                Nature (2024)

                            
	
                            
                                
                                    
                                        The diversification of methods for studying cell–cell interactions and communication
                                    
                                

                            
                                
                                    	Erick Armingol
	Hratch M. Baghdassarian
	Nathan E. Lewis


                                
                                Nature Reviews Genetics (2024)

                            
	
                            
                                
                                    
                                        Interactions between immune cells recorded
                                    
                                

                            
                                
                                    	Michael A. Wheeler


                                
                                Nature (2024)

                            


                

            

        
    

            
                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
            
        

        
    



            

        
    


    
        Editorial Summary
LIPSTIC for immune cell interactions
Gabriel Victora and colleagues describe a new approach to studying cell–cell interactions in the immune system. The method, which they called Labelling Immune Partnerships by SorTagging Intercellular Contacts (LIPSTIC), relies on chemical labelling (tagging) of genetically modified receptor–ligand pairs, a process mediated by the bacterial enzyme sortase. The history of ligand–receptor interactions is revealed by the presence of reporter tags that can be detected by flow cytometry or microscopy. Using this technique, the authors observe unanticipated CD40–CD40L interactions between T cells and dendritic cells at the non-cognate stage, when the T cell receptor is no longer engaged in the interaction. The method can potentially be applied to other in vitro and in vivo systems.

show all

    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Kiss-and-tell way to track cell contacts
                

                
	Aaron P. Esser-Kahn



                
    
        
            Nature
        
        News & Views
        
        
            17 Jan 2018
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            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
	Protocol Exchange
	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 Korea
	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: ]
