







    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 Genetics]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	nature genetics

	articles

	
                                    article


    
        
        
            
            
                
                    	Article
	Published: 23 September 2019



                    Chromatin activity at GWAS loci identifies T cell states driving complex immune diseases

                    	Blagoje Soskic1,2 na1, 
	Eddie Cano-Gamez1,2 na1, 
	Deborah J. Smyth1,2, 
	Wendy C. Rowan3, 
	Nikolina Nakic4, 
	Jorge Esparza-Gordillo5, 
	Lara Bossini-Castillo1, 
	David F. Tough6, 
	Christopher G. C. Larminie5, 
	Paola G. Bronson7, 
	David Willé8 & 
	…
	Gosia Trynka 
            ORCID: orcid.org/0000-0002-6955-95291,2 

Show authors

                    

                    
                        
    Nature Genetics

                        volume 51, pages 1486–1493 (2019)Cite this article
                    

                    
        
            	
                        14k Accesses

                    
	
                        54 Citations

                    
	
                            133 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Epigenomics
	Functional genomics
	Genomics
	Immunogenetics


    


                
    
    

    
    

                
            


        
            Abstract
Immune-disease-associated variants are enriched in active chromatin regions of T cells and macrophages. However, whether these variants function in specific cell states is unknown. Here we stimulated T cells and macrophages in the presence of 13 cytokines and profiled active and open chromatin regions. T cell activation induced major chromatin remodeling, while the presence of cytokines fine-tuned the magnitude of changes. We developed a statistical method that accounts for subtle changes in the chromatin landscape to identify SNP enrichment across cell states. Our results point towards the role of immune-disease-associated variants in early rather than late activation of memory CD4+ T cells, with modest differences across cytokines. Furthermore, variants associated with inflammatory bowel disease are enriched in type 1 T helper (TH1) cells, whereas variants associated with Alzheimer’s disease are enriched in different macrophage cell states. Our results represent an in-depth analysis of immune-disease-associated variants across a comprehensive panel of activation states of T cells and macrophages.
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                    Fig. 1: Quantitative changes in chromatin activity distinguish immune cell states.[image: ]


Fig. 2: Overview of the CHEERS method.[image: ]


Fig. 3: Enrichment of disease-associated SNPs in H3K27ac regions in cytokine-induced cell states.[image: ]


Fig. 4: Example loci that drive the enrichment of SNPs associated with immune diseases in cytokine-induced cell states.[image: ]
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              All of the raw-sequencing files are deposited in the EGA. ATAC-seq data are available at EGAS00001003501. H3K27ac data are available at EGAS00001002749.
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Integrated supplementary information

Supplementary Fig. 1 Quality control of ATAC and H3K27ac data.
a) Purity of naive T cells (CD4+CD45RA+), memory T cells (CD4+CD45RO+) and macrophages. Representative plots were from three biologically independent samples in T cells and two biologically independent samples in macrophages. b) Number of reads, number of peaks, fraction of reads in peaks (FRiP) and mean q-value of H3K27ac and ATAC peaks. Peak q-values were determined using MACS2. Number of samples in H3K27ac is: 38 (naive_16h), 35 (naive_5d), 32 (memory_16h), 35 (memory_5d), 16 (macrophage_6h) and 17 (macrophage_24h). Number of samples in ATAC is: 36 (naive_16h), 31 (naive_5d), 34 (memory_16h), 28 (memory_5d), 19 (macrophage_6h) and 20 (macrophage_24h). Minima, maxima, centre, and percentiles are reported in Supplementary Table 2. c) Number of peaks in resting and stimulated naive and memory T cells. Stimulated cells were cultured with anti-CD3/anti-CD28 beads. Number of samples in H3K27ac is: 15 (resting) and 125 (stimulated). Number of samples in ATAC is: 10 (resting) and 119 (stimulated). We performed two tailed t-test (ChM: t = 4.58, df = 25.1, p-value = 0.0001; ATAC: t = 0.87, df = 10.55, p-value = 0.41). Minima, maxima, centre, and percentiles are reported in Supplementary table 2. d) Percentage of reproducible peaks per condition. Reproducible peaks are peaks that were observed in at least two biological replicates of the same condition. Number of samples in H3K27ac and ATAC is the same as in panel B. Minima, maxima, centre, and percentiles are reported in Supplementary table 2. e) Comparison of read counts in peaks between biologically independent samples (between individuals) and 15 technical replicates (within an individual) included in our study. The red line represents the mean R2.


Supplementary Fig. 2 Chromatin regulatory landscape in cytokine induced immune cell states captured by H3K27ac ChM-seq and ATAC-seq.
a) Distribution of ATAC and H3K27ac peak length. b) Distribution of ATAC and H3K27ac peaks relative to TSS. c) Proportion of ATAC and H3K27ac in different genomic annotations. d) Overlap between ATAC and H3K27ac peaks (upper panel) and of the genes in proximity to peaks (bottom panel). e) Pathway enrichment analysis using genes in proximity to the top and bottom 1% variable H3K27ac peaks. P-values were calculated using g:ProfileR with default parameters. The number of genes used for the enrichment analysis was 1,156 (nearby top variable peaks) and 1,253 (nearby bottom variable peaks).


Supplementary Fig. 3 PCA of H3K27ac and ATAC data.
a) PCA using H3K27ac and b) ATAC-seq data across all cell types and cell states within the study (left), and T cells only (right). Each sample is colored by broad cell lineage, while the color shade represents duration of activation. Circles represent resting cells and triangles correspond to stimulated cells. PCA plots were derived using 73 naive T cells, 67 memory T cells and 33 macrophage states for H3K27ac (a) and 67 naive T cells, 62 memory T cells and 39 macrophage states for ATAC (b). c) PCA of T cells using reads in H3K27ac peaks within cell type and stimulation time point. PCA plots were derived using 31 naive D5 T cells, 29 memory D5 T cells, 14 macrophages stimulated for 6h and 15 macrophages stimulated for 24h cell states.


Supplementary Fig. 4 ATAC-seq read pile-ups at hallmark loci for cytokine induced cell states.
ATAC-seq read pile ups in regions proximal to condition specific hallmark genes: CD3 (T cells), CD14 (macrophages), KI67 (T cell activation), TBX21 (Th1), GATA3 (Th2), IL35B (that is EBI3, iTreg), IFIT2 (IFN-induced). Genomic coordinates (GRCh38) for each gene are labeled. ATAC-seq tracks were generated after merging three biologically independent samples per cell state.


Supplementary Fig. 5 Binary SNP-peak overlap does not discriminate between closely related cell states.
We used GoShifter to test for SNP enrichment across cytokine induced cell states. GoShifter was performed after merging three biologically independent samples per cell state. P-values were calculated using 10,000 permutations implemented in GoShifter.


Supplementary Fig. 6 Power calculations for CHEERS.
Colors represent percentile of top cell state peak specificity ranks which were sampled to compute power of detecting significant enrichment under different percentages (x-axis) of SNPs mapping in these top peaks.


Supplementary Fig. 7 Disease SNP enrichment in H3K27ac regions in blood cell types from the BLUEPRINT and ROADMAP projects.
a) One-sided p-values are reported from a discrete uniform distribution. CHEERS was performed after merging one to six biological replicates per cell type (sample sizes are shown in Supplementary Table 2) resulting in 236,222 peaks. GWAS data and the statistical methods are described in the “GWAS data processing” and “CHEERS” sections of the Methods. The dotted gray line marks the nominal p-value threshold of 0.05, while the solid gray line represents the Bonferroni-corrected significance threshold (p-value ≤ 0.0026). b) Correlation of -log10(p-values) across diseases. Pearson’s correlations between 13 diseases were calculated using 20 cell types. c) Proportion of peaks shared by multiple immune cell types (barplot) and coefficient of variation of read counts per peak between cell types in the BLUEPRINT data. Number of peaks is 236,222. d) One-sided p-values are reported from a discrete uniform distribution. CHEERS was performed on one sample resulting in 174,296 peaks. GWAS data and the statistical method are described in the “GWAS data processing” and “CHEERS” sections of the Methods.


Supplementary Fig. 8 Disease SNP enrichment in TSS proximal and distal H3K27ac regions.
One-sided p-values are reported from a discrete uniform distribution. CHEERS was performed after merging three biologically independent samples. GWAS data and the statistical method are described in the “GWAS data processing” and “CHEERS” sections of the Methods. The dotted gray line marks the nominal p-value threshold of 0.05, while the solid gray line represents the Bonferroni-corrected significance threshold (p-value ≤ 9 x 10-4). A) Enrichment using proximal (≤5kb from TSS, 79,419 peaks) and B) distal peaks (>5kb from TSS, 48,305 peaks).


Supplementary Fig. 9 Clustering by cell state specificity score of peaks overlapping SNPs associated with Crohn’s disease, rheumatoid arthritis and Alzheimer’s disease.
a) Each row corresponds to a H3K27ac peak, while each column corresponds to a cytokine induced cell state. Shades of blue represent specificity of a peak (specificity rank of a peak normalized to the mean specificity rank of all peaks). b,c,d) Genomic coordinates (GRCh38) for each gene are labeled. H3K27ac tracks are generated after merging three biologically independent samples per cell state. b) Read pileups of H3K27ac (blue) and ATAC-seq (red) peaks at loci driving the enrichment of allergy variants in T cell activation. c) Read pileups of H3K27ac (blue) and ATAC-seq (red) peaks at loci driving the enrichment of RA variants in T cell activation. d) Read pileups of H3K27ac (blue) and ATAC-seq (red) peaks at loci driving the enrichment of IBD variants in Th1 cells.


Supplementary Fig. 10 CHEERS SNP enrichment in ATAC-seq defined regions in cytokine induced cell states.
a) One-sided p-values are reported from a discrete uniform distribution. CHEERS was performed after merging three biologically independent samples resulting in 136,692 peaks. GWAS data and the statistical method are described in the “GWAS data processing” and “CHEERS” sections of the Methods. The dotted gray line marks the nominal p-value threshold of 0.05, while the solid gray line represents the Bonferroni-corrected significance threshold (p-value ≤ 9 x 10-4). b) Correlation of 55 p-value ranks from CHEERS SNP enrichments obtained using H3K27ac and ATAC-seq. The grey line depicts the identity line. Pearson’s correlation coefficient (PCC) is provided below each disease label.


Supplementary Fig. 11 Disease SNP enrichment in TSS proximal and distal ATAC peaks.
One-sided p-values are reported from a discrete uniform distribution. CHEERS was performed after merging three biologically independent samples. GWAS data and the statistical method are described in the “GWAS data processing” and “CHEERS” sections of the Methods. The dotted gray line marks the nominal p-value threshold of 0.05, while the solid gray line represents the Bonferroni-corrected significance threshold (p-value ≤ 9 x 10-4). A) CHEERS was performed on proximal ATAC peaks (≤ 5kb from TSS, 88,150 peaks). B) CHEERS was performed on distal peaks (> 5kb from TSS, 48,543 peaks).





Supplementary information
Supplementary Text and Figures
Supplementary Figs. 1–11


Reporting Summary

Supplementary Table 1
Cytokine concentrations.


Supplementary Table 2
Sample sizes and violin plot details.





Rights and permissions
Reprints and permissions


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



Cite this article
Soskic, B., Cano-Gamez, E., Smyth, D.J. et al. Chromatin activity at GWAS loci identifies T cell states driving complex immune diseases.
                    Nat Genet 51, 1486–1493 (2019). https://doi.org/10.1038/s41588-019-0493-9
Download citation
	Received: 14 February 2019

	Accepted: 30 July 2019

	Published: 23 September 2019

	Issue Date: October 2019

	DOI: https://doi.org/10.1038/s41588-019-0493-9


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

                
                    	
                            
                                
                                    
                                        Mapping the functional impact of non-coding regulatory elements in primary T cells through single-cell CRISPR screens
                                    
                                

                            
                                
                                    	Celia Alda-Catalinas
	Ximena Ibarra-Soria
	Radu Rapiteanu


                                
                                Genome Biology (2024)

                            
	
                            
                                
                                    
                                        Multi-omic analysis reveals dynamic changes of three-dimensional chromatin architecture during T cell differentiation
                                    
                                

                            
                                
                                    	Ge Zhang
	Ying Li
	Gang Wei


                                
                                Communications Biology (2023)

                            
	
                            
                                
                                    
                                        Genetic architecture of spatial electrical biomarkers for cardiac arrhythmia and relationship with cardiovascular disease
                                    
                                

                            
                                
                                    	William J. Young
	Jeffrey Haessler
	Patricia B. Munroe


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Comprehensive assessment of differential ChIP-seq tools guides optimal algorithm selection
                                    
                                

                            
                                
                                    	Thomas Eder
	Florian Grebien


                                
                                Genome Biology (2022)

                            
	
                            
                                
                                    
                                        Variant to function mapping at single-cell resolution through network propagation
                                    
                                

                            
                                
                                    	Fulong Yu
	Liam D. Cato
	Vijay G. Sankaran


                                
                                Nature Biotechnology (2022)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Landscape of stimulation-responsive chromatin across diverse human immune cells
                

                
	Diego Calderon
	Michelle L. T. Nguyen
	Jonathan K. Pritchard



                
    
        
            Nature Genetics
        
        Article
        
        
            30 Sept 2019
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    Reviews & Analysis
                                
                            
	
                                
                                    News & Comment
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Collections
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Aims & Scope
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Editorial Policies
                                
                            
	
                                
                                    Content Types
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Web Feeds
                                
                            
	
                                
                                    Posters
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Research Cross-Journal Editorial Team
                                
                            
	
                                
                                    Reviews Cross-Journal Editorial Team
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    Submission Guidelines
                                
                            
	
                                
                                    For Reviewers
                                
                            
	
                                
                                    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 Genetics (Nat Genet)
                
                
    
    
        ISSN 1546-1718 (online)
    
    


                
    
    
        ISSN 1061-4036 (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: Translational Research]
                    Sign up for the Nature Briefing: Translational Research newsletter — top stories in biotechnology, drug discovery and pharma.

                

                
                    
                        
                        

                        
                        
                        
                        

                        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 translational research, free to your inbox weekly.
            Sign up for Nature Briefing: Translational Research
            
        


    









    [image: ]







[image: ]
