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            Abstract
Tumour-associated antigens (TAAs) comprise a large set of non-mutated cellular antigens recognized by T cells in human and murine cancers. Their potential as targets for immunotherapy has been explored for more than two decades1, yet the origins of TAA-specific T cells remain unclear. While tumour cells may be an important source of TAAs for T cell priming2, several recent studies suggest that infection with some viruses, including Epsteinâ€“Barr virus and influenza virus can elicit T cell responses against abnormally expressed cellular antigens that function as TAAs3,4. However, the cellular and molecular basis of such responses remains undefined. Here we show that expression of the Epsteinâ€“Barr virus signalling protein LMP1 in B cells provokes T cell responses to multiple TAAs. LMP1 signalling leads to overexpression of many cellular antigens previously shown to be TAAs, their presentation on major histocompatibility complex classes I (MHC-I) and II (MHC-II) (mainly through the endogenous pathway) and the upregulation of costimulatory ligands CD70 and OX40L, thereby inducing potent cytotoxic CD4+ and CD8+ T cell responses. These findings delineate a mechanism of infection-induced anti-tumour immunity. Furthermore, by ectopically expressing LMP1 in tumour B cells from patientsÂ with cancer and thereby enabling them to prime T cells, we develop a general approach for rapid production of autologous cytotoxic CD4+ T cells against a wide range of endogenous tumour antigens, such as TAAs and neoantigens, for treating B cell malignancies. This work stresses the need to revisit classical concepts concerning viral and tumour immunity, which will be critical to fully understand the impact of common infections on human health and to improve the rational design of immune approaches to treatment of cancers.
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                    Fig. 1: T cells from CL mice recognize CD40-activated B cells lacking LMP1.[image: ]


Fig. 2: LMP1-induced TAAs are targets of T cells.[image: ]


Fig. 3: Ectopically expressing LMP1 in mouse tumour B cells enables generation of CD4 CTLs that target unmodified tumour B cells in vitro and in vivo.[image: ]


Fig. 4: Ectopically expressing LMP1 in tumour B cellsÂ from patients with cancer enables generation of autologous CD4 CTLs targeting tumour antigens.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 LMP1+ B cells drive CD4+ T cell differentiation into EOMES-programed granzyme/perforin-dependent cytotoxic effectors.
a, FACS analysis of EOMES, granzyme B and perforin expression in CD4 cells, from mice with CD4-specific Eomes knockout (Cd4-cre;EomesF/F) or with normal levels of EOMES (Cd4-cre), primed in vitro by LMP1+ B cells. Granzyme B and perforin levels in EOMES+ CD4 cells from Cd4-cre mice (P3) were compared with those in EOMESâ€“ CD4 cells from the same mice (P2) or Cd4-cre;EomesF/F mice (P1), and are shown on the right. For these analyses, FOXP3+ Treg cells were excluded. b, c, Killing activity of EOMES-null CD4 cells (from Cd4-cre;EomesF/F mice) or perforin-null CD4 cells (from Prf1â€“/â€“ mice) in comparison with wide-type (WT) CD4 cells, primed as in a, against LMP1+ lymphoma cell targets. E:T ratio, effector-to-target cell ratio. All mice are on the B6 background. Statistics and reproducibility are presented in theÂ Supplementary Information.
Source data


Extended Data Fig. 2 CD4 and CD8 cells mount a polyclonal response to LMP1+ B cells.
a, b, Analysis of TCR VÎ² repertoire on CD8 cells (a) and CD4 cells (excluding FOXP3+ Treg cells) (b) from spleen (Spl) or bone marrow (BM) of control or CL mice, using a panel of monoclonal antibodies for the indicated VÎ² chains. These antibodies collectively detected 85â€“95% of TCRs in all the samples. The majority of CD4 and CD8 cells in the spleen and BM of 8-day-old CL mice and BM of adult CL mice were CD44+CD62Lâ€“ effector/memory cells6,9. Control d8, 8-day-old Cd19-cre/+ mice; CL adult, 6- to 12-week-old CL mice. In a, b, data are shown as meanÂ Â±Â s.e.m. c, In vitro killing of LMP1+ lymphoma cells by the indicated CD4 subsets from 6- to 8-day-old CL mice. All mice are on the CB6F1 background. Statistics and reproducibility are presented in theÂ Supplementary Information.
Source data


Extended Data Fig. 3 Transient reduction of germinal centre (GC) B cells around the time of peak T cell response.
a, Frequency of spontaneous GC B cells (CD19+FAShighCD38low) analysed by FACS in the mesenteric lymph nodes of the inducible LMP1-expressing ERT2-CL mice and littermate controls (ERT2-C) after tamoxifen treatment. Data are meanÂ Â±Â s.e.m. b, c, Numbers (b) and representative FACS plots (c) of GC B cells from the indicated mice 7 days post-tamoxifen treatment as in a. Statistics and reproducibility are presented in theÂ Supplementary Information.
Source data


Extended Data Fig. 4 LMP1 signalling and CD40 activation in B cells lead to differential expression of costimulatory ligands.
a, Relative transcript levels of the indicated costimulatory molecules in LMP1+ B cells compared with CD40-activated B cells and control B cells. Splenic B cells from LMP1flSTOP/YFPflSTOP and YFPflSTOP/+ mice (both on the CB6F1 background) were treated with TAT-Cre to generate LMP1+ B cells and YFP control B cells; naive B cells (ex vivo) and anti-CD40-activated B cells were prepared from B6 mice. All treated B cells were analysed 2 days post-treatment. b, Numbers (mean) of CD4 cells recovered after 7-day co-culture with B cells expressing LMP1 or the signalling dead mutant LMP1TM1m, or pre-activated with anti-CD40 antibody. Purified CD4 cells (1.5Â Ã—Â 106) were cultured with irradiated B cells as indicated at 1:1 ratio in duplicate wells of 12-well plates. No exogenous cytokine was added. c, EOMES expression in CD4 cells co-cultured with the indicated B cells as in b. Ex vivo CD4 cells served as control. B and T cells in b,Â c are from spleens of 2- to 3-month-old naive B6 mice. Statistics and reproducibility are presented in theÂ Supplementary Information.
Source data


Extended Data Fig. 5 Specificity analysis of CD8 cells in ERT2-CL mice using MHC-I tetramers.
a, Representative FACS analysis of splenic CD8 cells from control mice (ERT2-C) or mice expressing inducible LMP1 (ERT2-CL) stained with survivin20â€“28 tetramer (Surv-Tetrm) versus an irrelevant control tetramer (H-2Db loaded with the LCMV GP33â€“41 epitope peptide (LCMV GP-Tetrm)). b, Validation of the LCMV GP-tetramer by staining splenic CD8 cells from LCMV (clone 13)-infected mice at day 8 post-infection, versus uninfected control mice. c, Representative FACS analysis of splenic CD8 cells from the indicated mice stained with anti-CD44 and Surv-Tetrm (top) or EPHA2682â€“689 tetramer (EPHA2-Tetrm) (bottom). d, FACS analysis of splenic CD8 cells from the indicated mice stained with the indicated tetramers labelled with PE and APC. Representative FACS plots are shown on the left, and summary data on the right. Each circle represents one mouse; bars show meanÂ Â±Â s.e.m. All ERT2-CL and littermate control mice were analysed on day 5 after tamoxifen treatment. Mice used in a, c are on the CB6F1 background; in b, d on the B6 background. Statistics and reproducibility are presented in theÂ Supplementary Information.
Source data


Extended Data Fig. 6 Schematic view of how LMP1 signalling in B cells induces cytotoxic CD4 and CD8 T cell responses to TAAs.
LMP1 signalling in B cells induces massive cellular gene expression. This leads to (1) upregulation of cellular machinery involved in antigen processing and presentation, (2) upregulation of costimulatory ligands (CD70, OX40L and others), and (3) overexpression of many cellular antigens known as TAAs. Presentation of the LMP1-induced cellular antigens/TAAs and simultaneous costimulation through CD70 and OX40L drive cytotoxic CD4 and CD8 T cell responses.


Extended Data Fig. 7 No discernible pathological changes in non-lymphoid tissues of LMP1 mice after contraction of the T cell response.
Representative haematoxylin and eosin staining of liver, kidney, pancreas and intestine sections from control (C) and CL mice at 6â€“7 weeks after birth, at which time the T cell response against LMP1+ B cells has contracted9. All mice are on the CB6F1 background. Scale bar, 1,000 Î¼m. Statistics and reproducibility are presented in theÂ Supplementary Information.


Extended Data Fig. 8 Schematic of the proposed LMP1-based CD4 CTL therapeutic strategy.
Ectopically expressing LMP1 in tumour B cellsÂ from patients with cancer will (1) enhance presentation of endogenous antigens, such as TAAs and neoantigens, on MHC-II, and (2) provide costimulation through CD70 and OX40L, thereby eliciting CD4 CTLs against these tumour antigens. CD4 CTLs generated in this fashion will mediate cytotoxicity to unmodified tumour B cells that express the same antigens.


Extended Data Fig. 9 Characterization of CD4 CTLs primed by LMP1-transduced A20 cells.
a, Cytotoxicity of CD4 CTLs primed by LMP1-A20 cells against the B cell lymphoma line BCL1 at an E:T ratio of 50:1, in the presence of MHC-II blocking antibody or isotype control antibody. b, Representative FACS analysis of intra-tumoral CD45.1+ adoptive CD4 cells (excluding FOXP3+) recovered from A20-bearing mice (CD45.2+) treated as in Fig. 3gâ€“i. All mice are on the BALB/c background. Statistics and reproducibility are presented in theÂ Supplementary Information.
Source data


Extended Data Fig. 10 Reactivity analysis of autologous CD4 cells before and after stimulation with LMP1-transfected tumour B cellsÂ from patients with cancer.
a, Co-expression of CD69 and CD40L in effector/memory CD4 cells from two patientsÂ with CLL after culture for 18 h with or without LMP1-transfected CLL (LMP1-CLL) cells. Pt., patient. b, Co-expression of CD69 and CD40L in effector/memory CD4 cells from a patientÂ with CLL assessed after culture for 18 h alone, with untransfected CLL cells, LMP1TM1m- or LMP1-transfected CLL cells. c, d, Analysis of IFNÎ³ ELISPOT responses of CD4 cells pre-stimulated with LMP1-CLL cells (c) or unstimulated (ex vivo) CD4 cells (d), against individual (CTSH185â€“198) or pooled (TFRC198â€“210 plus TFRC680â€“693 or VAMP244â€“60 plus VAMP250â€“66) epitope peptides from the selected CLL TAAs pulsed on autologous dendritic cells. PMA- and ionomycin-stimulated CD4 cells served as positive control; an irrelevant HIV p24164â€“181 peptide as negative control. Numbers of spot-forming cells (SFC) in individual wells and their mean value per initial seeding number of CD4 cells are presented on the yÂ axis; representative ELISPOT images below the xÂ axis. e, Summary of IFNÎ³ ELISPOT responses of the CD4 cells pre-stimulated with LMP1-CLL cells, against the indicated CLL TAA epitopes in the five patientsÂ with CLL tested (patientÂ 11 in c; patientsÂ 7, 8, 9 and 10 in Fig. 4f). +, positive ELISPOT response (Methods); â€“, no response. Statistics and reproducibility are presented in theÂ Supplementary Information.
Source data





Supplementary information
Supplementary Information
This file contains Supplementary Discussion, Statistics and reproducibility, and Supplementary Figures 1-3. Supplementary Figure 1 contains source images for western blot data. Supplementary Figure 2 contains gating strategies for cell analysis by flow cytometry. Supplementary Figure 3 contains gating strategies for cell sorting.


Reporting Summary




Source data
Source Data Fig. 1

Source Data Fig. 2

Source Data Fig. 3

Source Data Fig. 4

Source Data Extended Data Fig. 1

Source Data Extended Data Fig. 2

Source Data Extended Data Fig. 3

Source Data Extended Data Fig. 4

Source Data Extended Data Fig. 5

Source Data Extended Data Fig. 9

Source Data Extended Data Fig. 10




Rights and permissions
Reprints and permissions


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



Cite this article
Choi, IK., Wang, Z., Ke, Q. et al. Mechanism of EBV inducing anti-tumour immunity and its therapeutic use.
                    Nature 590, 157â€“162 (2021). https://doi.org/10.1038/s41586-020-03075-w
Download citation
	Received: 10 August 2019

	Accepted: 10 November 2020

	Published: 23 December 2020

	Issue Date: 04 February 2021

	DOI: https://doi.org/10.1038/s41586-020-03075-w


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
                        








            


            

            
                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: Cancer]
                    Sign up for the Nature Briefing: Cancer newsletter â€” what matters in cancer research, free to your inbox weekly.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


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

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get what matters in cancer research, free to your inbox weekly.
            Sign up for Nature Briefing: Cancer
            
        


    









    [image: ]







[image: ]
