







    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



	articles

	
                                    article


    
        
        
            
            
                
                    	Article
	Published: 13 December 2017



                    Origin and differentiation of human memory CD8 T cells after vaccination

                    	Rama S. Akondy1,2, 
	Mark Fitch3Â na1, 
	Srilatha Edupuganti4Â na1, 
	Shu Yang1,2Â nAff14, 
	Haydn T. Kissick5, 
	Kelvin W. Li6, 
	Ben A. Youngblood1,2,7, 
	Hossam A. Abdelsamed7, 
	Donald J. McGuire1, 
	Kristen W. Cohen8, 
	Gabriela Alexe9,10, 
	Shashi Nagar4, 
	Megan M. McCausland1,2, 
	Satish Gupta11, 
	Pramila Tata11Â nAff15, 
	W. Nicholas Haining9,10, 
	M. Juliana McElrath8, 
	David Zhang12, 
	Bin Hu12, 
	William J. Greenleaf13, 
	Jorg J. Goronzy12, 
	Mark J. Mulligan1,4, 
	Marc Hellerstein3,6 & 
	â€¦
	Rafi Ahmed1,2Â 

Show authors

                    

                    
                        
    Nature

                        volumeÂ 552,Â pages 362â€“367 (2017)Cite this article
                    

                    
        
            	
                        37k Accesses

                    
	
                        330 Citations

                    
	
                            157 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Cellular immunity
	Medical research


    


                
    
    

    
    

                
            


        
            Abstract
The differentiation of human memory CD8 T cells is not well understood. Here we address this issue using the live yellow fever virus (YFV) vaccine, which induces long-term immunity in humans. We used in vivo deuterium labelling to mark CD8 T cells that proliferated in response to the virus and then assessed cellular turnover and longevity by quantifying deuterium dilution kinetics in YFV-specific CD8 T cells using mass spectrometry. This longitudinal analysis showed that the memory pool originates from CD8 T cells that divided extensively during the first two weeks after infection and is maintained by quiescent cells that divide less than once every year (doubling time of over 450 days). Although these long-lived YFV-specific memory CD8 T cells did not express effector molecules, their epigenetic landscape resembled that of effector CD8 T cells. This open chromatin profile at effector genes was maintained in memory CD8 T cells isolated even a decade after vaccination, indicating that these cells retain an epigenetic fingerprint of their effector history and remain poised to respond rapidly upon re-exposure to the pathogen.
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                    Figure 1: Measuring the turnover rate and half-life of human YFV-specific CD8 T cells using in vivo deuterium labelling.[image: ]


Figure 2: Heavy water labelling during different stages of the immune response to investigate the in vivo kinetics of YFV-specific CD8 T cells.[image: ]


Figure 3: Phenotypic, functional and transcriptional profiling of long-lived YFV-specific memory CD8 T cells.[image: ]


Figure 4: Long-lived YFV-specific memory CD8 T cells retain the epigenetic marks of their effector history.[image: ]
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Extended data figures and tables

Extended Data Figure 1 The dynamics of deuterium enrichment in body water.
Deuterium enrichment in body water for each vaccinee in study 1 (nâ€‰=â€‰10). Plasma or saliva was used to sample body water.


Extended Data Figure 2 Investigating the in vivo kinetics of YFV-specific CD8 T cells using heavy water labelling at a range of stages of the immune response to YFV-17D.
a, Kinetics of the CD8 T cell response tracked by MHC class-I tetramer staining for vaccinees in study 2. b, c, Graphs show dynamics of the deuterium enrichment in body water for each vaccinee in study 2 (b, nâ€‰=â€‰8) and study 3 (c, nâ€‰=â€‰8). The period of water intake is indicated by the shaded blue area. d, The cell division rate constant (mean and s.d.) of A2-NS4B214 tetramer+ CD8 T cells. This represents the rate per day of newly divided A2-NS4B214 tetramer+ CD8 T cells during the D2O labelling period. Deuterium incorporation at the end of the water intake period in each study was used for this calculation. e, The percentage of deuterium-labelled A2-NS4B214 tetramer+ CD8 T cells (mean and s.d.) at the end of the water intake period in each study. f, The cell division rate constants of YFV-specific memory CD8 T cells during the maintenance period (same data as in Fig. 2f). Each circle represents data from one donor; horizontal lines show mean and s.e.m. The division rate constants were calculated by dilution kinetics of deuterium enrichment (studies 1 and 2) or by incorporation kinetics of deuterium uptake (study 3).


Extended Data Figure 3 Transcriptional and epigenetic changes during effector and memory differentiation of YFV-specific CD8 T cells.
a, Schematic of time points used for transcriptional or epigenetic analysis of tetramer-sorted YFV-specific CD8 T cells. b, Gene expression (by microarray analysis) was normalized to fold change over naive samples, and unsupervised k-means clustering was performed. Four major expression patterns emerged: genes that were up- or downregulated during the effector phase and then reverted to the naive state, and genes that were up- or downregulated during the effector stage and persisted into the memory phase. Red lines show the mean expression and numbers on the graph indicate the number of transcripts within each cluster. Data represent mean of four donors for tetramer+ effector CD8 T cells and six donors for tetramer+ memory CD8 T cells. c, MeDIPâ€“seq analysis of genome-wide DNA methylation in bulk naive and tetramer-sorted effector and memory CD8 T cell subsets. The figure shows the top 4,000 regions that were differentially methylated (2,000 methylated and 2,000 demethylated regions) in the YFV-specific effector CD8 T cells relative to the naive CD8 T cells. Each band represents a 1,000-bp region surrounding a differentially methylated region. Regions methylated in naive CD8 T cells (blue), YFV-specific effector CD8 T cells (red) and YFV-specific memory CD8 T cells (green) are shown. Each sample was obtained from a single donor.


Extended Data Figure 4 Pathways enriched in YFV-specific effector and memory CD8 T cells.
Genes from the transient or maintained clusters identified from the microarray analysis in Extended Data Fig. 3 were analysed using MSigDB to identify Reactome pathways and transcription factors associated with each expression pattern. Figures show the topmost ten significant pathways (a) and transcription factors (b) associated with each expression pattern and the corresponding negative logarithm of the P values.


Extended Data Figure 5 Naive and YFV memory CD8 T cell responses to homeostatic cytokines.
Proliferation of naive CD8 T cells (upper panels) or YFV-specific long-term (>8 years) memory CD8 T cells (lower panels) after stimulation in vitro with different doses of IL-7 or IL-15 (nâ€‰=â€‰3). Histogram plots are gated on naive CD8 T cells or tetramer+ CD8 T cells.


Extended Data Figure 6 RNA-seq analysis of YFV tetramer-sorted effector and long-term memory CD8 T cells.
Scatter graphs show the expression of selected genes plotted as normalized reads (meanâ€‰Â±â€‰s.d.) from RNA-seq analysis of naive, YFV-effector (day 14) and YFV-memory (4â€“13 years) CD8 T cells.


Extended Data Figure 7 Comparing human YFV-specific effector and memory CD8 T cell signatures with mouse effector and memory CD8 T cells.
The RNA-seq data from YFV-tetramer+ effector and long-term memory CD8 T cells was compared with published mouse transcriptional profiles. The following datasets were used: (1) from ref. 20; (2) from ref. 27; (3) from ref. 28; (4) from ref. 29; and (5) from ref. 30. a, Enrichment plots show the proportion of genes in the leading edge; the colour of the plots shows the normalized enrichment score. The size of the circles represents the number of genes in the mouse signatures that are present in the leading edge of the enrichment plots. b, The GSEA leading edge analysis tool was used to identify genes that were commonly correlated to the effector or memory phenotype and that overlapped with genes in the corresponding mouse signatures.


Extended Data Figure 8 Analysis of open chromatin sites in YFV-specific effector and memory CD8 T cells using ATACâ€“seq.
ATACâ€“seq analysis was performed using naive CD8 T cells (nâ€‰=â€‰15) and YFV-tetramer+ effector (nâ€‰=â€‰8), early memory (nâ€‰=â€‰5) and long-lived memory CD8 T cells (nâ€‰=â€‰3). a, Principal component analysis of ATACâ€“seq data showing principal component 1 (PC1) versus 2 (PC2). Each shape represents a sample from one donor. b, Comparison of the number of open chromatin peaks that are significantly different between CD8 T cell subsets. Bars to the left, number of open sites in the subset listed to the left; bars to the right, number of open sites in the CD8 T cell subset that was used for comparison. The day 90 YFV-memory (nâ€‰=â€‰5) and >4 year YFV-memory (nâ€‰=â€‰3) samples were all placed in the memory group for this comparison.


Extended Data Figure 9 Open chromatin sites near the TSSs of BCL2 and IL7R in YFV-specific effector and memory CD8 T cells.
Plots show traces of chromatin openness (y axis) at the IL7R and BCL2 loci (x axis). The dashed rectangles represent the ATACâ€“seq peaks identified as open that were significantly different between at least two subpopulations. The RefSeq gene tracks are represented in the bottom row. We identified open sites at the TSS as well as immediately upstream and downstream of the TSS for IL7R in naive cells that all transiently lost accessibility in effector CD8 T cells and then opened in the YFV-specific memory CD8 T cells. A similar temporary pattern was seen for open chromatin regions in the BCL2 gene. We found an accessible site downstream of the BCL2 TSS that partially closes in effector cells but then regains openness to an even greater extent in memory CD8 T cells than in naive cells, consistent with previous observations that memory cells are characterized by increased BCL-2 expression.


Extended Data Figure 10 Phenotypic comparison between YFV-specific long-term memory CD8 T cells and bulk stem-like memory (TSCM) CD8 T cell population.
Samples were obtained from individuals vaccinated with YFV-17D more than 8 years previously and CD8 T cells enriched by negative selection were used to compare bulk naive and bulk TSCM CD8 T cells with A2-NS4B214 tetramer+ CD8 T cells in the same stain. a, The gating schemes for naive, TSCM and A2-NS4B214 tetramer+ CD8 T cells. b, Histogram plots show the expression of CD58 (also known as LFA-3) and CD122 (also known as IL-2RÎ²) on gated naive (filled grey histogram), TSCM (blue) and A2-NS4B214 tetramer+ CD8 T cells (red). Data are representative of three experiments.
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