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            Abstract
During chronic viral infection, virus-specific CD8+ T cells become exhausted, exhibit poor effector function and lose memory potential1,2,3,4. However, exhausted CD8+ T cells can still contain viral replication in chronic infections5,6,7,8,9, although the mechanism of this containment is largely unknown. Here we show that a subset of exhausted CD8+ T cells expressing the chemokine receptor CXCR5 has a critical role in the control of viral replication in mice that were chronically infected with lymphocytic choriomeningitis virus (LCMV). These CXCR5+ CD8+ T cells were able to migrate into B-cell follicles, expressed lower levels of inhibitory receptors and exhibited more potent cytotoxicity than the CXCR5âˆ’ subset. Furthermore, we identified the Id2â€“E2A signalling axis as an important regulator of the generation of this subset. In patients with HIV, we also identified a virus-specific CXCR5+ CD8+ T-cell subset, and its number was inversely correlated with viral load. The CXCR5+ subset showed greater therapeutic potential than the CXCR5âˆ’ subset when adoptively transferred to chronically infected mice, and exhibited synergistic reduction of viral load when combined with anti-PD-L1 treatment. This study defines a unique subset of exhausted CD8+ T cells that has a pivotal role in the control of viral replication during chronic viral infection.
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                    Figure 1: Virus-specific CXCR5+CD8+ T cells are generated during chronic infection and migrate into B-cell follicles.


Figure 2: Virus-specific CXCR5+ CD8+ T cells are less exhausted than CXCR5âˆ’CD8+ T cells and control viral load during chronic infection.


Figure 3: The Id2â€“E2A axis is critical for the differentiation of the CXCR5+CD8+ T-cell subset during chronic viral infection.


Figure 4: CXCR5+ CD8+ T cells exhibit greater therapeutic potential than CXCR5âˆ’CD8+ T cells in the control of chronic viral infection.
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Extended data figures and tables

Extended Data Figure 1 Virus-specific CXCR5+ CD8+ T cells are not apparent in acutely infected mice and in the non-lymphoid tissues of chronically infected mice and are not Qa-1-restricted.
a, CXCR5 expression in virus-activated CD8+ T cells in the spleens of Arm+-infected mice. b, CXCR5 expression in virus-activated CD8+ T cells in the lungs and livers of Cl13-infected mice. c, Helios and ICOSL expression in virus-activated CXCR5+ CD8+ T cells during Cl13 infection.


Extended Data Figure 2 Virus-specific CXCR5+CD8+ T cells are less exhausted than CXCR5âˆ’CD8+ T cells on day 8 after Cl13 infection.
a, b, PD-1, Tim-3 and KLRG1 expression on virus-specific CXCR5+ and CXCR5âˆ’CD8+ T cells in the spleens of Cl13-infected mice on day 8 after infection (nâ€‰=â€‰4 or 5). MFI, mean fluorescence intensity. c, Upon stimulation with the indicated peptides, the cytokine production of CXCR5+ and CXCR5âˆ’CD8+ T cells in the spleens of LCMV-Cl13-infected mice was analysed on day 8 post-infection (nâ€‰=â€‰4 or 5). Data are representative of three independent experiments, and were analysed by two-tailed unpaired t-test (b, c). Error bars (b, c) denote s.e.m. *P <â€‰0.05; **Pâ€‰<â€‰0.01; ***Pâ€‰<â€‰0.001. NS, not significant.

                          Source data
                        


Extended Data Figure 3 Virus-specific CXCR5+CD8+ T cells localized in B-cell follicles have minimal effect on germinal centre B and TFH responses.
a, b, Equal numbers of CXCR5+ and CXCR5âˆ’CD8+ T cells sorted from Cl13-infected mice were adoptively transferred into infection-matched CD8âˆ’/âˆ’ mice. On day 5 after transfer, frequency and number of germinal centre B cells and TFH cells in the spleens of recipient mice were analysed (nâ€‰=â€‰3). c, Titration of LCMV-specific IgG in the serum of recipient mice (nâ€‰=â€‰3). d, The expression levels of PD-L1 and PD-L2 on cell subsets residing in the T-cell zone and in B-cell follicles (nâ€‰=â€‰4). DC, dendritic cell; FRC, fibroblast reticular cell. The data are representative of three independent experiments, and were analysed by two-tailed unpaired t-test (bâ€“d). Error bars (bâ€“d) denote s.e.m. *Pâ€‰<â€‰0.05; **Pâ€‰<â€‰0.01; ***Pâ€‰<â€‰0.001. NS, not significant.

                          Source data
                        


Extended Data Figure 4 The maintenance of functional CXCR5+CD8+ T cells is dependent on follicle structures.
a, Equal numbers of virus-activated CXCR5+CD8+ T and CXCR5âˆ’CD8+ T cells obtained from Cl13-infected C57BL/6J (CD45.1) mice were adoptively transferred into infection-matched Î¼MT (CD45.2) or C57BL/6 (CD45.2) (wild-type) mice. Analysis was performed on day 8 after transfer. b, c, Frequency and number of CD45.1+CXCR5+CD8+ T cells in the recipient mice (nâ€‰=â€‰3). d, e, On stimulation of peptide, surface CD107 expression and cytokine production of CD45.1+CXCR5+CD8+ T cells in the recipient mice (nâ€‰=â€‰3). f, Viral titers in the indicated tissues obtained from control wild-type and Î¼MT mice without cell transfer and from wild-type and Î¼MT mice receiving CXCR5+CD8+ T cell transfer (nâ€‰=â€‰3). The data are representative of three independent experiments, and were analysed by two-tailed unpaired t-test (câ€“e). Error bars (câ€“e) denote s.e.m. *Pâ€‰<â€‰0.05; **Pâ€‰<â€‰0.01; ***Pâ€‰<â€‰0.001.

                          Source data
                        


Extended Data Figure 5 CXCR5 expression is critical for the localization of virus-activated CD8+ T cells to B-cell follicles.
a, Set-up of splenic chimaera mice. Total splenocytes obtained from Cxcr5âˆ’/âˆ’ or wild-type mice were mixed with splenocytes obtained from Cd8âˆ’/âˆ’ mice and then transferred to non-lethally irradiated Cd8âˆ’/âˆ’ recipients and immediately infected with Cl13. Analysis was performed on day 15 after infection. b, The localization of virus-activated CD8+ T cells in the lymph nodes was detected by confocal microscopy on day 15 after infection (blue, IgD; red, CD8; green, CD3) and follicular entry coefficiency was calculated (Cxcr5âˆ’/âˆ’, nâ€‰=â€‰15; wild-type, nâ€‰=â€‰20). Scale bar, 100 Î¼m. c, The CD107 expression and IFN-Î³ secretion of wild-type and Cxcr5âˆ’/âˆ’ CD8+ T cells upon peptide stimulation (nâ€‰=â€‰3). d, Viral titers in the indicated tissues from mice that received splenocytes from Cxcr5âˆ’/âˆ’ or wild-type mice (nâ€‰=â€‰3). Data are representative of three independent experiments, and were analysed by two-tailed unpaired t-test (bâ€“d). Error bars (bâ€“d) denote s.e.m. *Pâ€‰<â€‰0.05; **Pâ€‰<â€‰0.01; ***Pâ€‰<â€‰0.001.

                          Source data
                        


Extended Data Figure 6 Distinct transcriptional profiles of CXCR5+ and CXCR5âˆ’CD8+ T-cell populations.
a, Transcriptomic profiling of CXCR5+ and CXCR5âˆ’ cell subsets. b, Gene Ontology (GO) enrichment was analysed using Gene Set Enrichment Analysis (GSEA) and significantly enriched (P valueâ€‰<â€‰0.05) molecular function GO terms were shown with their enrichment scores. c, The enrichment of gene sets containing genes sharing upstream cis-regulatory motifs of transcription factor binding sites were assessed using GSEA. The transcription factor binding sites with significant enrichment (P valueâ€‰<â€‰0.05) in CXCR5+CD8+ cells were listed (left). The GSEA result of the gene set including the E47 (E2A isoform) binding site (denoted as V$E47_02 in the Molecular Signatures Database version 3.0) was shown (right). d, The normalized expression levels of Id2 and E2A isoform E47 in CXCR5+ and CXCR5âˆ’CD8+ cells were calculated on the basis of RNA-seq data and was expressed in reads per kilobase per million mapped reads. e, qPCR analysis of the expression levels of Id2 and E2A isoform E47 in CXCR5+ and CXCR5âˆ’CD8+ cells. Data are from one experiment with two biological replicates (aâ€“d) or are representative of three independent experiments (e), and were analysed by two-tailed unpaired t-test (e). Error bars (e) denote s.e.m. **Pâ€‰<â€‰0.01. NS, not significant.

                          Source data
                        


Extended Data Figure 7 E2A regulates the transcription of Cxcr5 by directly binding to DNA loci.
a, Kinetic analysis of Id2 expression levels in CXCR5+ and CXCR5âˆ’CD8+ T cells during Cl13 infection by qPCR (nâ€‰=â€‰3). b, Id2 mRNA expression in CD8+ T cells in the spleens of littermate control (control) and Id2âˆ’/âˆ’ mice (nâ€‰=â€‰3). c, The number of CD44hiCD8+ T cells in the spleens of control and Id2âˆ’/âˆ’ mice on day 25 after Cl13 infection (nâ€‰=â€‰4). d, An alignment of putative E2A-binding sites in the Cxcr5 intron. The conserved E2A-binding motif â€˜CASSTGâ€™ (or â€˜GTSSACâ€™ on the reverse strand) is highlighted in red, and its locations relative to the transcriptional start site (TSS) of Cxcr5 are marked. e, Retroviral reporter constructs containing a wild-type or mutated Cxcr5 regulatory region and the Psv40 promoter, as well as self-inactivating mutations in the long terminal repeats (SIN), a sequence encoding Thy-1.1, and a PGK-EGFP cassette (including P-Pgk1 (a promoter of the gene encoding phosphoglycerate kinase 1) and EGFP). Arrows indicate the transcription start site and orientation, and the numbers shown above indicate the position. f, Thy-1.1 expression levels on GFP+CD8+ T cells transduced with a reporter construct containing wild-type or mutated Cxcr5 regulatory region, MFI of Thy-1.1 was normalized to GFP expression (nâ€‰=â€‰3). g, CXCR5 expression in non-transduced, E2A-overexpressing, Id2â€“E2A-co-overexpressing and Id2-overexpressing P14 CD8+ T cells on day 8 after Cl13 infection (nâ€‰=â€‰4). E2A refers to E47 isoform. h, PD-1 and CD107 surface expression levels and cytokine production in non-transduced P14 cells and E2A-overexpressing P14 cells (nâ€‰=â€‰4). Data are representative of three independent experiments, and were analysed by two-tailed unpaired t-test (aâ€“c, fâ€“h). Error bars (aâ€“c, fâ€“h) denote s.e.m. *P<0.05; **P<0.01; ***P<0.001. NS, not significant.

                          Source data
                        


Extended Data Figure 8 Virus-activated CXCR5+CD8+ T cells are converted into CXCR5âˆ’CD8+ T cells.
a, Schematic map showing the construction of CXCR5â€“GFP knock-in mice. b, CXCR5-staining and GFP expression in CD19+ cells and in CD44hiCD4+ T cells in CXCR5â€“GFP knock-in mice and from wild-type mice. c, GFP+CD44hiCD8+ T cells and GFPâˆ’CD44hiCD8+ T cells were sorted from day 8 Cl13-infected CXCR5â€“GFP knock-in mice (CD45.2). The cells were labelled with Celltrace Violet and then transferred into infection-matched wild-type recipients (CD45.1). The presence of GFP and Celltrace Violet in the transferred cells (CD45.2) was detected on days 0, 5, and 12 after transfer. d, Id2 expression levels in GFP+ViolethiCD8+ T cells and in GFPâˆ’VioletloCD8+ T cells from recipient mice receiving GFP+CD8+ T cells transfer on day 5 after transfer (nâ€‰=â€‰3). e, Surface expression of CD107 and IFN-Î³ production in GFP+CD8+ T cells, newly converted GFPâˆ’CD8+ (GFP+/GFPâˆ’) T cells and GFPâˆ’CD8+ T cells (GFPâˆ’, nâ€‰=â€‰4, GFP+/GFPâˆ’ and GFP+, nâ€‰=â€‰3). f, Equal numbers of GFP+CD8+ T cells, GFP+/GFPâˆ’ T cells and GFPâˆ’CD8+ T cells were co-cultured with peptide-coated target cells ex vivo, respectively. Five hours later, the killing efficiency of the effector cells was analysed (nâ€‰=â€‰3). g, h, The number of CD44hiCD8+ T cells and the frequency of CXCR5+CD8+ T cells in the spleens of control mice infected on day 28 and thymectomized mice (subject to the surgery at day 21 after infection) (nâ€‰=â€‰4). i, Viral titers in the indicated tissues of control mice, mice received thymectomy and mice received CXCR5+CD8+ T cell transfer after thymectomy (control and CXCR5+ transfer, nâ€‰=â€‰3; thymectomy, nâ€‰=â€‰4). Data are representative of three independent experiments, and were analysed by two-tailed unpaired t-test (dâ€“g, i). Error bars (dâ€“g, i) denote s.e.m. *Pâ€‰<â€‰0.05; **Pâ€‰<â€‰0.01; ***Pâ€‰<â€‰0.001. NS, not significant.

                          Source data
                        


Extended Data Figure 9 The HIV-specific CXCR5+CD8+ T-cell subset is present in chronically HIV-infected patients.
a, CXCR5 expression in HIV-specific CD8+ T cells in blood of HIV-infected patients. b, The expression levels of PD-1and Tim-3 in HIV-specific CXCR5+ and CXCR5âˆ’CD8+ T cells in blood of HIV-infected patients (PD-1, nâ€‰=â€‰13; Tim-3, nâ€‰=â€‰12). c, The correlation between viral copy number in serum and CXCR5+CD8+ T cell number in blood in chronic HIV-infected patients prior to anti-retroviral treatment (nâ€‰=â€‰14). d, HIV-specific (IFN-Î³+) CXCR5+CD8+ T cells in lymph nodes of HIV-infected patients. e, CD8+ T-cell localization in the lymph nodes of HIV-infected patients and HIV-negative donors by confocal microscopy (green, CD20; red, CD8). Scale bar, 20Î¼m. f, The expression levels of CD107 and perforin and cytokine production in HIV-specific CXCR5+ and CXCR5âˆ’CD8+ T cells in lymph nodes of HIV-infected patients (nâ€‰=â€‰4). g, The expression levels of E2A isoform E47 and Id2 in IFN-Î³+CXCR5+ and IFN-Î³+CXCR5âˆ’CD8+ T cells in lymph nodes of HIV-infected patients (nâ€‰=â€‰4). Data are representative of two independent experiments and analysed by two-tailed paired t-test (b, f, g). The correlation between viral load and CXCR5+CD8+ T cell number was analysed by non-parametric Spearman correlation test (c). *Pâ€‰<â€‰0.05; **Pâ€‰<â€‰0.01; ***Pâ€‰<â€‰0.001. NS, not significant.

                          Source data
                        


Extended Data Figure 10 Diagrammatic summary of the fate of CXCR5+CD8+ T cells during chronic viral infection.
During chronic viral infection, virus-specific exhausted CD8+ T cells differentiate into CXCR5+ and CXCR5âˆ’ subsets governed by the Id2/â€“E2A axis. The CXCR5+CD8+ subset migrates into B-cell follicles, where a lesser inhibitory microenvironment prevents the rapid exhaustion and loss of effector functions of these cells. By contrast, the CXCR5âˆ’ subset undergoes severe exhaustion owing to the inhibitory microenvironment outside B-cell follicles. Follicular CXCR5+CD8+ T cells eventually convert into CXCR5âˆ’ cells, presumably driven by increased Id2 expression. The de novo converted CXCR5âˆ’CD8+ T cells possess better cytotoxicity, hence they are capable of clearing virus-infected cells more efficiently outside of follicles when they exit B-cell follicles.





Supplementary information
Supplementary Information
This file contains the data for Supplementary Tables 1-2. (PDF 132 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4




Source data
Source data to Fig. 1

Source data to Fig. 2

Source data to Fig. 3

Source data to Fig. 4

Source data to Extended Data Fig. 5

Source data to Extended Data Fig. 6

Source data to Extended Data Fig. 7

Source data to Extended Data Fig. 8

Source data to Extended Data Fig. 9

Source data to Extended Data Fig. 10

Source data to Extended Data Fig. 11

Source data to Extended Data Fig. 12




Rights and permissions
Reprints and permissions


About this article
       



Cite this article
He, R., Hou, S., Liu, C. et al. Follicular CXCR5-expressing CD8+ T cells curtail chronic viral infection.
                    Nature 537, 412â€“416 (2016). https://doi.org/10.1038/nature19317
Download citation
	Received: 16 December 2015

	Accepted: 20 July 2016

	Published: 02 August 2016

	Issue Date: 15 September 2016

	DOI: https://doi.org/10.1038/nature19317


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

                
                    	
                            
                                
                                    
                                        An angel or a devil? Current view on the role of CD8+ T cells in the pathogenesis of myasthenia gravis
                                    
                                

                            
                                
                                    	Yong Peng
	Huan Yang
	Shun-yu Yao


                                
                                Journal of Translational Medicine (2024)

                            
	
                            
                                
                                    
                                        FOXP1 and KLF2 reciprocally regulate checkpoints of stem-like to effector transition in CAR T cells
                                    
                                

                            
                                
                                    	Ziang Zhu
	Guohua Lou
	Tuoqi Wu


                                
                                Nature Immunology (2024)

                            
	
                            
                                
                                    
                                        Id2 epigenetically controls CD8+ T-cell exhaustion by disrupting the assembly of the Tcf3-LSD1 complex
                                    
                                

                            
                                
                                    	Yiming Li
	Mingwei Han
	Liang Chen


                                
                                Cellular & Molecular Immunology (2024)

                            
	
                            
                                
                                    
                                        Transcription factors in chimeric antigen receptor T-cell development
                                    
                                

                            
                                
                                    	Anran Dai
	Xiangzhi Zhang
	Feng Yu


                                
                                Human Cell (2024)

                            
	
                            
                                
                                    
                                        Mitochondrial dysfunction promotes the transition of precursor to terminally exhausted T cells through HIF-1Î±-mediated glycolytic reprogramming
                                    
                                

                            
                                
                                    	Hao Wu
	Xiufeng Zhao
	Martin Vaeth


                                
                                Nature Communications (2023)

                            


                

            

        
    

            
                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
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Defining CD8+ T cells that provide the proliferative burst after PD-1 therapy
                

                
	Se Jin Im
	Masao Hashimoto
	Rafi Ahmed



                
    
        
            Nature
        
        Letter
        
        
            02 Aug 2016
        
    


            

        

    


                        

                    
                        
                            
    
        
            
                
                    Cytotoxic T cells that escape exhaustion
                

                
	Cindy S. Ma
	Stuart G. Tangye



                
    
        
            Nature
        
        News & Views
        
        
            24 Aug 2016
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            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


    





        
    
        
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    
                    Sign up for the Nature Briefing newsletter â€” 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
            
        


    









    








