







    Skip to main content




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


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	letters

	
                                    article


    
        
        
            
            
                
                    	Letter
	Published: 14 September 2016



                    Ionic immune suppression within the tumour microenvironment limits T cell effector function

                    	Robert Eil1Â na1Â nAff4, 
	Suman K. Vodnala1Â na1, 
	David Clever1, 
	Christopher A. Klebanoff1,2, 
	Madhusudhanan Sukumar1, 
	Jenny H. Pan1, 
	Douglas C. Palmer1, 
	Alena Gros1Â nAff4, 
	Tori N. Yamamoto1, 
	Shashank J. Patel1, 
	Geoffrey C. Guittard1, 
	Zhiya Yu1, 
	Valentina Carbonaro3, 
	Klaus Okkenhaug3, 
	David S. Schrump1, 
	W. Marston Linehan1, 
	Rahul Roychoudhuri3 & 
	â€¦
	Nicholas P. Restifo1Â 

Show authors

                    

                    
                        
    Nature

                        volumeÂ 537,Â pages 539â€“543 (2016)Cite this article
                    

                    
        
            	
                        36k Accesses

                    
	
                        388 Citations

                    
	
                            134 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Immunotherapy
	Signal transduction
	Translational research
	Tumour immunology


    


                
    
    

    
    

                
            


        
            Abstract
Tumours progress despite being infiltrated by tumour-specific effector T cells1. Tumours contain areas of cellular necrosis, which are associated with poor survival in a variety of cancers2. Here, we show that necrosis releases intracellular potassium ions into the extracellular fluid of mouse and human tumours, causing profound suppression of T cell effector function. Elevation of the extracellular potassium concentration ([K+]e) impairs T cell receptor (TCR)-driven Aktâ€“mTOR phosphorylation and effector programmes. Potassium-mediated suppression of Aktâ€“mTOR signalling and T cell function is dependent upon the activity of the serine/threonine phosphatase PP2A3,4. Although the suppressive effect mediated by elevated [K+]e is independent of changes in plasma membrane potential (Vm), it requires an increase in intracellular potassium ([K+]i). Accordingly, augmenting potassium efflux in tumour-specific T cells by overexpressing the potassium channel Kv1.3 lowers [K+]i and improves effector functions in vitro and in vivo and enhances tumour clearance and survival in melanoma-bearing mice. These results uncover an ionic checkpoint that blocks T cell function in tumours and identify potential new strategies for cancer immunotherapy.
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                    Figure 1: Elevated [K+] within TIF silences the TCR-induced anti-tumour function of mouse and human T cells.[image: ]


Figure 2: [K+]e inhibits TCR-induced transcripts and function by suppressing Aktâ€“mTOR phosphorylation.[image: ]


Figure 3: [K+]e-mediated T cell suppression requires intact PP2A activity and is associated with elevations in [K+]i.[image: ]


Figure 4: Kcna3 overexpression lowers [K+]i, enhances Aktâ€“mTOR signalling and augments anti-tumour effector function to improve tumour clearance and host survival.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Extracellular K+ release from apoptotic and necrotic cells inhibits T cell effector function.
a, [K+] in TIF, RPMI medium and mouse serum. b, Ratio of indicated ions in normal human tissue in comparison to serum measured on the day of tissue collection in cancer patients undergoing resection of nearby cancers originating from the same tissue type. c, Representative flow cytometry plots of B16 melanoma tumour cells following the indicated treatment. d, [K+]e quantification following the indicated treatment. e, f, Representative flow cytometry plots of anti-CD3/CD28-stimulated CD8+ T cells cultured in isotonic or hypertonic RPMI medium in the indicated conditions. g, Quantification of f. h, Quantification of cytokine production by CD8+ T cells following stimulation in the indicated conditions; elevated Ca2+ and Mg2+ are 2â€‰mM, in comparison to 0.4â€‰mM for control conditions. i, Cytokine production by T cells across a titration of anti-CD3 in the indicated conditions. j, Representative flow cytometry plots and quantification following anti-CD3/CD28 titration-based activation of CD8+ T cells in the indicated conditions. Centre values and error bars represent meanâ€‰Â±â€‰s.e.m. *Pâ€‰<â€‰0.05; **Pâ€‰<â€‰0.01; ***Pâ€‰<â€‰0.001; ****Pâ€‰<â€‰0.0001 between selected relevant comparisons, two-tailed Studentâ€™s t-tests (aâ€“d, h), two-way ANOVA (g, i, j). a, nâ€‰=â€‰at least three biological replicates; b, nâ€‰=â€‰5 biological replicates; c, d, nâ€‰=â€‰4 experimental replicates; eâ€“j, nâ€‰=â€‰3 culture replicates per condition; câ€“j, representative of at least two independent experiments.


Extended Data Figure 2 Potassium-induced T cell suppression is functionally non-redundant with CTLA-4 and PD-L1 co-inhibitory signals and is present in TIL neoantigen responses.
a, b, IFNÎ³+ from CD8+cells in the indicated conditions. c, d, Flow cytometry analysis of cytokine production by CD4+ T cells polarized under TH1 (c) or TH17 (d) conditions and subsequently re-activated via immobilized anti-CD3/CD28 in the indicated experimental conditions. e, Annexin V and propidium iodide (PI) staining following activation of primed CD8+ T cells in the indicated conditions. f, Representative flow cytometry plots and quantification of human neo-antigen-selected TILs from three patients (Pt.) stimulated in the indicated conditions with cognate mutated (mut) neo-antigen peptide-pulsed target cells (autologous B cells). g, Relevant somatic mutation-induced neoepitopes for three patients Aâ€“C in f. h, Representative flow cytometry and quantification of peripheral blood leukocytes from three patients transduced with an HLA*A201-restricted NY-ESO-1 TCR were assayed in the indicated conditions for IFNÎ³ production. Additional [K+]eâ€‰=â€‰40â€‰mM for aâ€“e, [K+]eâ€‰=â€‰50â€‰mM for f, h; nâ€‰=â€‰3 culture replicates per patient per data point, representative of two independent experiments. Centre values and error bars represent meanâ€‰Â±â€‰s.e.m. *Pâ€‰<â€‰0.05; **Pâ€‰<â€‰0.01; ***Pâ€‰<â€‰0.001; ****Pâ€‰<â€‰0.0001, two-tailed Studentâ€™s t-tests (aâ€“h). aâ€“h, nâ€‰=â€‰at least three culture replicates per data point and representative of at least two independent experiments.


Extended Data Figure 3 Elevated [K+]e acts independently of TCR-induced tyrosine phosphorylation and Ca2+ to suppress serine/threonine phosphorylation in the Aktâ€“mTOR axis.
a, Flow cytometry analysis of TCR-induced Ca2+ influx in the indicated conditions (AUC, area under the curve). b, Flow cytometry analysis of TCR-induced phosphorylation of the indicated phospho-residues in primed CD8+ T cells. c, Immunoblot analysis of phospho-tyrosine (4G10) residues from primed CD8+ T cells stimulated as above. For immunoblot source image see Supplementary Fig. 1. d, Flow cytometry analysis of CD8+ T cells stimulated via TCR-crosslinking for the indicated phospho-residues and representative histograms at early time points. Filled grey histograms represent unstimulated cells. e, Flow cytometry analysis of the indicated phospho-proteins in CD8+ T cells stimulated at later time points following immobilized anti-CD3 and anti-CD28 stimulation in the indicated conditions. Elevated [K+]eâ€‰=â€‰40â€‰mM, isotonic. Centre values and error bars represent meanâ€‰Â±â€‰s.e.m.; *Pâ€‰<â€‰0.05; **Pâ€‰<â€‰0.01; ***Pâ€‰<â€‰0.001; ****Pâ€‰<â€‰0.0001 between selected relevant comparisons. Two-tailed Studentâ€™s t-tests (a, b), two-way ANOVA (d, e). a, nâ€‰=â€‰3 biologic replicates per condition; b, d, e, nâ€‰=â€‰3 technical replicates per data point. Representative of three (aâ€“d) or two (e) independent experiments.


Extended Data Figure 4 Suppression of TCR-induced Aktâ€“mTOR signalling by elevated [K+]e limits activation-induced nutrient consumption and T cell effector lineage commitment.
a, b, Flow cytometry analysis of the indicated phospho-proteins in CD8+ T cells stimulated by anti-CD3 and anti-CD28 cross-linking in the indicated conditions. c, 2-NBDG uptake in primed CD8+ T cells induced by TCR stimulation in the indicated conditions with representative histograms and quantification. d, Seahorse XF Bioflux analysis of CD3/CD28 Dynabead-induced extracellular acidification (ECAR) and oxygen consumption rate (OCR) of CD8+ T cells in the indicated conditions. eâ€“g, Flow cytometry analysis of CD4+ T cells polarized in the indicated experimental condition concurrently with TH1 (e), TH17 (f), or iTreg cytokines (g). Elevated [K+]eâ€‰=â€‰40â€‰mM. Centre values and error bars represent meanâ€‰Â±â€‰s.e.m. *Pâ€‰<â€‰0.05; **Pâ€‰<â€‰0.01; ***Pâ€‰<â€‰0.001; ****Pâ€‰<â€‰0.0001 between selected relevant comparisons; two-way ANOVA (a, b), two-tailed Studentâ€™s t-tests (câ€“g). nâ€‰=â€‰3 technical (a, b) or culture (câ€“g) replicates per data point. aâ€“g, Representative of two independent experiments.


Extended Data Figure 5 Pharmacologic inhibition and genetic disruption of PP2A function restores T cell effector function in elevated [K+]e.
a, Flow cytometry analysis of the indicated phospho-proteins in primed CD8+ T cells stimulated via TCR crosslinking in the indicated conditions. b, c, Flow cytometry analysis of CD8+ T cell IFNÎ³ production following immobilized anti-CD3/CD28 and induced stimulation in the indicated conditions (b), or among cells expressing a PP2A_DN isoform (c). d, Ppp2r2d expression in the indicated populations followed by flow cytometry analysis of IFNÎ³ production by the populations. e, Flow cytometry analysis of IFNÎ³ production by CD8+ T cells expressing an Akt1-CA isoform stimulated in the indicated conditions. Centre values and error bars represent meanâ€‰Â±â€‰s.e.m. *Pâ€‰<â€‰0.05; **Pâ€‰<â€‰0.01; ***Pâ€‰<â€‰0.001; ****Pâ€‰<â€‰0.0001 between selected relevant comparisons. Two-way ANOVA (a), two-tailed Studentâ€™s t-tests (bâ€“e). Where noted in aâ€“e, additional [K+]eâ€‰=â€‰40â€‰mM. aâ€“e, nâ€‰=â€‰3 culture replicates per condition and representative of at least two independent experiments.


Extended Data Figure 6 Depletion of intracellular potassium restores T cell cytokine production in the presence of elevated [K+]e.
a, b, [K+]i of CD8+ T cells in the indicated conditions assayed via relative fluorescence of Asante-Green 4. c, Flow cytometry analysis of IFNÎ³ production by primed CD8+ T cells following immobilized anti-CD3/CD28 based activation in the indicated conditions. d, Vm of CD8+ T cells in the indicated conditions assayed with the voltage-sensitive fluorescent indicator DiSBAC4. e, Relative [K+]i of CD8+ T cells in the indicated conditions assayed with Asante-Green 4. f, Pictorial representation of the resultant intracellular changes in Vm and [K+]i in the presence of valinomycin. g, Flow cytometry analysis of CD8+ T cells following immobilized anti-CD3/CD28-based re-activation in the indicated conditions. h, Vm of CD8+ T cells in the indicated conditions assayed with DiSBAC4(3). i, Relative [K+]i of CD8+ T cells in the indicated conditions assayed with Asante-Green 4. j, Pictorial representation of the resultant intracellular changes in Vm and [K+]i in the presence of ouabain. k, Flow cytometry analysis of CD8+ T cells following immobilized anti-CD3/CD28 based re-activation in the indicated conditions. Centre values and error bars represent meanâ€‰Â±â€‰s.e.m. *Pâ€‰<â€‰0.05; **Pâ€‰<â€‰0.01; ***Pâ€‰<â€‰0.001; ****Pâ€‰<â€‰0.0001 between selected relevant comparisons; two-tailed Studentâ€™s t-tests (c, g, k). nâ€‰=â€‰3 technical (a, b, d, e, h, i) or culture (c, g, k) replicates per data point. aâ€“k, Representative of at least two independent experiments.


Extended Data Figure 7 Elevated [K+]e does not permanently affect T cell [K+]i, Vm, or subsequent response to K+-induced suppression of effector function.
a, Flow cytometry-based calibration of [K+]i. For all values cells were treated with 50â€‰Î¼M gramicidin in titrated doses of [K+]e to provide a known [K+]i. b, Intra-experimental quantification of [K+]i in control conditions and elevated [K+]e based on calibration from a. c, Flow cytometry analysis of the relative Vm of CD8+ T cells of the indicated origin using DiSBAC4(3). d, Cells of the indicated origin assayed in the indicated conditions as in c. e, Flow cytometry analysis of relative [K+]i of CD8+ T cells of the noted origin washed and assayed in indicated conditions, quantified by relative fluorescence of Asante-Green 4. f, Compiled analysis of relative IFNÎ³ production by CD8+cells of the indicated origin washed and subjected to TCR stimulation in the indicated conditions. Centre values and error bars represent meanâ€‰Â±â€‰s.e.m. NS, not significant, between experimental and control conditions as assessed by two-tailed Studentâ€™s t-test (c) or two-way ANOVA (dâ€“f). For chronic conditioning, additional [K+]eâ€‰=â€‰40â€‰mM, nâ€‰=â€‰3 technical (aâ€“e) or culture (f) replicates per condition. aâ€“f, Representative of two independent experiments.


Extended Data Figure 8 Enforced Kcna3 or Kcnn4 expression in CD8+ T cells augments effector function.
a, Flow cytometry analysis of CD8+ T cells retrovirally engineered with Ctrl-Thy1.1 or Kcna3-Thy1.1 encoding constructs assayed for relative [K+]i quantified by relative fluorescence of Asante-Green 4. b, Flow cytometry analysis of CD8+ T cells following re- activation in the indicated conditions. c, Flow cytometry analysis of CD8+ T cells retrovirally engineered with Ctrl-Thy1.1, Kcna3-Thy1.1, or Kcnn4-Thy1.1 constructs and re-activation in the indicated conditions. d, Flow cytometry analysis of IFNÎ³+ in CD8+ cells following re-activation in the indicated conditions. e, Flow cytometry analysis of IFNÎ³ production in Pmel-1 CD8+Thy1.1+ TILs 6â€“8 days after transfer into tumour-bearing hosts following ex vivo re-activation. f, g, Pmel-1 CD8+ T cells retrovirally engineered with Ctrl-Thy1.1 or Kcna3-Thy1.1 constructs and transferred into C57BL/6 hosts in conjunction with human gp10025-33-encoding vaccinia virus and quantified by cell number (f) or surface phenotype (g) found in the blood of recipients. Centre values and error bars represent meanâ€‰Â±â€‰s.e.m.; two-tailed Studentâ€™s t-tests (aâ€“d), two-way ANOVA (f, g); NS, not significant; *Pâ€‰<â€‰0.05; **Pâ€‰<â€‰0.01; ***Pâ€‰<â€‰0.001; ****Pâ€‰<â€‰0.0001. nâ€‰=â€‰3 technical (a) or culture (bâ€“d) replicates per condition; e, nâ€‰=â€‰7 mice per group, f, g, nâ€‰=â€‰5 mice per group. aâ€“g, Representative of two independent experiments.


Extended Data Figure 9 Elevated [K+]i-induced suppression of human CD8+ TIL effector function requires intact PP2A activity.
a, Flow cytometry analysis of relative [K+]i using Asante-Green 4 on human CD8+ TILs in the indicated conditions. b, Representative flow cytometry of the cells in a following TCR-based activation in the indicated conditions; quantification depicted in Fig. 4e. c, Flow cytometry analysis of CD8+ T cells retrovirally engineered with Ctrl-Thy1.1, Kcna3-Thy1.1 or Kcna3_PD-Thy1.1 constructs. d, Flow cytometry analysis of Thy1.1+ (transduced) Pmel-1 CD45.1+CD8+ TILs re-isolated 6 days after transfer into B16 melanoma-bearing mice and re-stimulated ex-vivo. e, f, Immunoprecipitated PP2A protein complexes isolated and assayed for relative phosphatase activity in titrated concentrations of okadaic acid (e) or the indicated conditions (f). Additional [K+]eâ€‰=â€‰40â€‰mM for mouse cells and 50â€‰mM for human cells unless otherwise indicated. Centre values and error bars represent meanâ€‰Â±â€‰s.e.m. NS, not significant between selected relevant comparisons; *Pâ€‰<â€‰0.05; **Pâ€‰<â€‰0.01; ***Pâ€‰<â€‰0.001; ****Pâ€‰<â€‰0.0001; two-tailed Studentâ€™s t-tests (c, f). nâ€‰=â€‰3 technical (a, e, f) or culture (b, c) replicates per condition; d, nâ€‰=â€‰5 mice per group. aâ€“f, Representative of two independent experiments.


Extended Data Figure 10 Intratumoural inhibition of T cell effector function via an ionic checkpoint.
a, Healthy tissue contains limited local cellular decay, maintaining the interstitial [K+]e close to serum levels. T cells are robustly activated following TCR stimulation. b, Tumour-intrinsic phenomena produce a high density of cell death within cancers. Cell death leads to release of intracellular K+ into the extracellular space. The resultant elevated [K+]e acts to increase the [K+]i of T cells, limiting their activation and effector function. c, Reduction of [K+]i and increased effector function can be imparted to tumour-specific T cells by overexpression of Kv1.3 (Kcna3).
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