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            Abstract
The majority of genetic variants associated with common human diseases map to enhancers, non-coding elements that shape cell-type-specific transcriptional programs and responses to extracellular cues1,2,3. Systematic mapping of functional enhancers and their biological contexts is required to understand the mechanisms by which variation in non-coding genetic sequences contributes to disease. Functional enhancers can be mapped by genomic sequence disruption4,5,6, but this approach is limited to the subset of enhancers that are necessary in the particular cellular context being studied. We hypothesized that recruitment of a strong transcriptional activator to an enhancer would be sufficient to drive target gene expression, even if that enhancer was not currently active in the assayed cells. Here we describe a discovery platform that can identify stimulus-responsive enhancers for a target gene independent of stimulus exposure. We used tiled CRISPR activation (CRISPRa)7 to synthetically recruit a transcriptional activator to sites across large genomic regions (more than 100 kilobases) surrounding two key autoimmunity risk loci, CD69 and IL2RA. We identified several CRISPRa-responsive elements with chromatin features of stimulus-responsive enhancers, including an IL2RA enhancer that harbours an autoimmunity risk variant. Using engineered mouse models, we found that sequence perturbation of the disease-associated Il2ra enhancer did not entirely block Il2ra expression, but rather delayed the timing of gene activation in response to specific extracellular signals. Enhancer deletion skewed polarization of naive T cells towards a pro-inflammatory T helper (TH17) cell state and away from a regulatory T cell state. This integrated approach identifies functional enhancers and reveals how non-coding variation associated with human immune dysfunction alters context-specific gene programs.
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                    Figure 1: Discovery of putative enhancers with a tiling CRISPRa screen.


Figure 2: Identification of a stimulation-dependent disease-associated IL2RA enhancer.


Figure 3: In vivo modelling of sequence variation in Il2ra enhancer.


Figure 4: Il2ra enhancer controls IL-2Ra induction in response to TCR stimulation in vivo and skews T cell differentiation in vitro.
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In this Letter, the data used to generate Extended Data Fig. 9d contained errors and were not correctly analysed. The corrected and reanalysed Extended Data Fig. 9d is shown in the Supplementary Information to the accompanying Amendment. The original Letter has not been corrected.
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Extended data figures and tables

Extended Data Figure 1 Upregulation of target gene expression on gRNA-expressing cells.
a, Distribution of CD69 expression on Jurkat-dCas9-VP64 cells transduced with the CD69 tiling gRNA library. b, c, Representative flow cytometry plots of CD69 expression on Jurkat (b) or HuT78 cells (c) transduced with dCas9-VP64 and individual gRNAs. For each target region or control, solid black lines represent gRNA 1 and dashed black lines represent gRNA 2. Shaded grey histograms represent isotype control staining. Cells stimulated for 48â€‰h with plate-bound anti-CD3/CD28 antibodies are shown for comparison. d, e, Isotype-subtracted geometric MFI of data in b and c. f, g, Representative flow cytometry plots of IL-2Ra expression on Jurkat (f) and HuT78 cells (g) as in d. h, i, Isotype-subtracted geometric MFI of data in f and g. Statistical tests were performed on log-transformed MFI values. PBS and anti-CD3/CD28-treated samples were compared using an unpaired two-tailed Studentâ€™s t-test. TSS and CaRE gRNA samples were compared to each non-targeting (NT) gRNA sample using one-way ANOVA followed by Sidakâ€™s multiple comparisons test. Data are presented as meanâ€‰Â±â€‰s.d., nâ€‰=â€‰3 biological replicates. Data in bâ€“i are representative of at least 2 independent experiments. **Pâ€‰â‰¤â€‰0.01, ***Pâ€‰â‰¤â€‰0.001, ****Pâ€‰â‰¤â€‰0.0001. j, Jurkat dCas9-VP64 cells were transduced with individual gRNAs from the IL-2Ra library, and surface IL-2Ra expression was measured by flow cytometry. The isotype-subtracted geometric MFI of the transduced cells is plotted against gRNA enrichment in the indicated bin in the IL-2Ra screen.


Extended Data Figure 2 Correlation of results across CRISPRa screen replicates.
a, b, Normalized read counts for gRNAs in the indicated cell populations are compared between biological replicates of the CD69 screen (a) and IL-2Ra screen (b).


Extended Data Figure 3 Activation of CaREs by CRISPRa specifically upregulates IL2RA.
a, Transcriptome comparison of HuT78 cells expressing dCas9-VP64 transduced with individual gRNAs targeting the IL2RA TSS, CaRE3 or CaRE4 versus a non-targeting sgRNA. Cells stimulated for 48 h with plate-bound CD3 and CD28 antibodies were also analysed. Scatter plots show gene-level abundance estimates averaged over two replicates for each condition. Genes called as differentially expressed for each targeting guide, as described in Methods, are highlighted in red in their respective plot. For visualization purposes, transcripts per million values have been scaled by the transformation xâ†’x1/10. b, RNA-seq read coverage for IL2RA non-targeting, TSS, CaRE3 and CaRE4 gRNA samples.


Extended Data Figure 4 Chromatin features and enhancer activity of CD69 CaREs.
a, Results of the CD69 CRISPRa screen are overlapped with DNase I hypersensitivity, H3K27ac, and H3K4me1 datasets from various primary human haematopoietic cell types. Data are shown for the indicated reference epigenomes from the Roadmap Epigenomics Project. Jurkat DNase HS data are from ENCODE. b, Jurkat cells were nucleofected with luciferase reporter constructs containing sequences from CD69 CaREs upstream of a generic minimal promoter. 18â€‰h after nucleofection, cells were split between a stimulation plate coated with anti-CD3/CD28 antibodies or a PBS control plate. Cells were lysed after 24â€‰h of stimulation, followed by measurement of luciferase activity. Data are presented as meanâ€‰Â±â€‰s.d., nâ€‰=â€‰4 biological replicates. Data are representative of two independent experiments. The dotted line represents the threshold of relevant luciferase activity defined as two times the value from a sequence-scrambled IL-2Ra CaRE4 control construct. ****Pâ€‰â‰¤â€‰0.0001 by one-way ANOVA followed by Dunnetâ€™s multiple comparisons test.


Extended Data Figure 5 Chromatin features and enhancer activity of IL2RA CaREs.
a, Results of the IL2RA CRISPRa screen are overlapped with with DNase I hypersensitivity, H3K27ac, and H3K4me1 datasets from primary human haematopoietic cell types. Data from the Roadmap Epigenomics Project. Jurkat DNase HS data are from ENCODE. b, Jurkat cells were nucleofected with luciferase reporter constructs containing IL2RA CaRE sequences upstream of a generic minimal promoter. 18â€‰h after nucleofection, cells were split to a stimulation plate coated with anti-CD3/CD28 or a PBS control plate. Cells were lysed 24â€‰h later and luciferase activity was measured. Data are presented as meanâ€‰Â±â€‰s.d., nâ€‰=â€‰4 biological replicates, representative of two independent experiments. Dotted line represents relevant luciferase activity defined as two times activity of sequence-scrambled IL2RA CaRE4 control. ****Pâ€‰â‰¤â€‰0.0001 by one-way ANOVA followed by Dunnetâ€™s multiple comparisons test.


Extended Data Figure 6 IL2RA CaRE4 harbours a risk variant that is linked to Crohnâ€™s disease and reduced IL2RA expression in stimulated CD4+ T cells.
a, HiChIP looping data anchored at IL2RA CaRE4 reveals that in addition to interacting with the IL2RA promoter, CaRE4 physically associates with other sites in the IL2RA locus as well as the promoters of IL15RA and RBM17. b, IL2RA regional association plot. P values of variants associated to Crohnâ€™s disease were taken from the inflammatory bowel diseases fine-mapping study18, including all SNPs and indels in the 1000 Genomes phase 1 project. New SNPs and INDELs from the 1000 Genomes phase 3 and the UK10K projects were not included in this figure, but none of these has high LD with rs61839660 that could explain the SNP association. Genes within 150 kbp of IL2RA (from UCSC Genome Browser human GRCh37 assembly) were plotted. Figure generated using Locuszoom (http://locuszoom.org). c, Reduced IL2RA levels in stimulated primary human T cells with the natural rs61839660 variant. The minor â€˜Tâ€™ allele of rs61839660 is associated with reduced IL2RA levels in stimulated primary human T cells without conditioning. d, rs61839660 is the mostly highly associated SNP with IL2RA levels in stimulated primary human T cells at 48â€‰h after conditioning on rs2476491.


Extended Data Figure 7 Il2ra enhancer-edited mice show no steady-state immune dysfunction.
Enhancer-edited mice and littermate controls were immunophenotyped at 2â€“4 months of age. a, Spleens from wild-type, SNP and 12DEL mice. b, Total number of cells in spleen, peripheral lymph nodes (peri-LNs) and thymus. c, Percentage of naive (CD4+CD62L+CD44âˆ’) and memory (CD4+CD62Lâˆ’CD44+) CD4+ T cells isolated from spleen and peri-LNs. d, Percentage of thymocytes in T cell developmental stages from the thymus. Data shown for CD4/CD8 single-positive, double-positive, and double-negative populations. e, f, Quantification of percentage IL-2Ra+ double-negative thymocytes and IL-2Ra MFI on IL-2Ra+ double-negative thymocytes. g, Percentage of Treg cells of CD4+ T cells in tissues of enhancer edited mice and littermate controls at 2â€“4 months of age. h, Quantification of IL-2Ra surface staining (geometric MFI) on FOXP3+ cells. All data are presented as meanâ€‰Â±â€‰s.d. and are representative of at least two independent experiments. Data are biological replicates of wild-type (nâ€‰=â€‰7), SNP (nâ€‰=â€‰4), and 12DEL (nâ€‰=â€‰5) mice (aâ€“f) and of wild-type (nâ€‰=â€‰6), SNP (nâ€‰=â€‰4), and 12DEL (nâ€‰=â€‰5) mice (g, h). A non-parametric one-way ANOVA (*Pâ€‰â‰¤â€‰0.05) followed by Dunnâ€™s multiple comparison test was used to compare enhancer-edited mice to wild-type controls.


Extended Data Figure 8 IL-2Ra induction in stimulated SNP and 12DEL T cells.
a, Wild-type, SNP and 12DEL cells that were stimulated only (â€˜stimâ€™ (anti-CD3/CD28)) or stimâ€‰+â€‰50â€‰U mlâˆ’1 IL-2 over 3 days. b, Percentage of CD69+ cells by surface levels on wild-type and enhancer edited cells 1 day after stimulation. c, Statistical analysis using Fisherâ€™s LSD at each day of stimulation time course comparing wild-type and SNP naive T cells, with or without IL-2. d, IL-2Ra MFI on IL-2Ra+ T cells with stim or stimâ€‰+â€‰50â€‰U mlâˆ’1 IL-2 over 3 days. Table shows the Fisherâ€™s LSD statistical analysis at each day of T cell stimulation time course. e, IL-2Ra MFI on 12DEL naive T cells with stim, with stimâ€‰+â€‰IL-2 or 10â€‰Î¼g mlâˆ’1 anti-IL-2 blocking antibody. Data displayed in c, d and e are representative of two independent experiments. Data in d are from wild-type (nâ€‰=â€‰3) and SNP (nâ€‰=â€‰3) gender matched littermate controls. All data are normalized to IL-2Ra MFI on wild-type stim only cells at day 3. A two-way ANOVA with multiple comparisons testing followed by Fisherâ€™s LSD test was used for statistical analysis. Data in e are from wild-type (nâ€‰=â€‰2) and 12DEL (nâ€‰=â€‰2) littermate controls. *Pâ€‰â‰¤â€‰0.05, **Pâ€‰â‰¤â€‰0.01, ***Pâ€‰â‰¤â€‰0.001, ****Pâ€‰â‰¤â€‰0.0001.


Extended Data Figure 9 Characterization of Il2ra enhancer deletion (EDEL) on the NOD background.
a, Representative spleens from wild-type and EDEL mice. b, Naive (CD62L+CD44âˆ’) and memory (CD44+ CD62Lâˆ’) compositions of CD4+ T cells in wild-type and EDEL. c, Representative lymph node staining showing Treg (CD4+FOXP3+) and Teff (CD4+FOXP3âˆ’) compartments. d, Quantification of Treg cell abundance across multiple different tissues. e, As we did not uncover defects in steady state T cells, we isolated naive T cells and activated them in vitro with anti-CD3/CD28 antibodies. qPCR on naive T cells from wild-type or EDEL mice 8â€‰h after stimulation. Relative transcript levels for Il2ra, CD69 (control), Il15ra (adjacent gene), and Rbm17 (adjacent gene) are shown. The average Ct value for each transcript on wild-type cells is shown. f, CD69 protein surface expression on wild-type and EDEL naive T cells 1 day after stimulation with anti-CD3/CD28. g, Representative flow plot of 3 day time course with naive T cells stim only (anti-CD3/CD28), stimâ€‰+â€‰50â€‰U mlâˆ’1 IL-2 or stimâ€‰+â€‰10â€‰Î¼g mlâˆ’1 anti-IL-2. (h) Quantification of percentage of IL-2Raâˆ’ cells in the time course. i, Quantification of IL-2Ra MFI on IL-2Ra+ cells. Data were generated from two independent experiments with wild-type (nâ€‰=â€‰6) and EDEL (nâ€‰=â€‰6) mice. EDEL and wild-type mice were treated with 50â€‰Î¼g anti-CD3 to assess the in vivo T cell response to stimulation. Mice were killed one day after treatment and IL-2Ra surface levels were checked by flow cytometry on T cells from spleen, peripheral lymph nodes (pLN), mesenteric lymph nodes (mLN) and colon. j, Representative IL-2Ra MFI histograms on CD4+ and CD8+ T cells from various tissues. kâ€“m, Quantification of IL-2Ra MFI on CD4+FOXP3âˆ’ Teff, CD4+FOXP3+ Treg and CD8+ T cells from different tissues. n, Abundance of regulatory T cells in tissues following acute stimulation with anti-CD3 antibody. Data are representative of two experiments. EDEL (nâ€‰=â€‰8) and wild-type (nâ€‰=â€‰3) littermate mice were used for experiments. A two-way ANOVA with Holmâ€“Sidak multiple comparisons test was used for statistical analysis. *Pâ€‰â‰¤â€‰0.05, **Pâ€‰â‰¤â€‰0.01, ****Pâ€‰â‰¤â€‰0.0001.


Extended Data Figure 10 Il2ra enhancer deletion promotes TH17 and inhibits iTreg CD4+ T cell differentiation in IL-2-limiting conditions.
Naive CD4+ T cells were activated with anti-CD3/anti-CD28 and differentiated in the presence of TGFÎ², anti-IL-4, anti-IFNÎ³ with high (20â€‰ng mlâˆ’1), medium (2â€‰ng mlâˆ’1) or no IL-6. The IL-2 activity was varied within each IL-6 concentration by adding IL-2-blocking antibody (10â€‰ng mlâˆ’1, 1â€‰ng mlâˆ’1 or 0.01â€‰ng mlâˆ’1), no IL-2 or 50â€‰U mlâˆ’1 IL-2. aâ€“e, Five days after initial activation flow cytometry was used to assess IL-17A for TH17 differentiation (a), FOXP3 for iTreg differentiation (b), viability (c), and IL-2Ra induction (d, e). Experiments were carried out with wild-type (nâ€‰=â€‰3) and EDEL (nâ€‰=â€‰3) age matched and sex matched littermate controls. A two-way ANOVA with Holmâ€“Sidak multiple comparisons test was used for statistical analysis. **Pâ€‰â‰¤â€‰0.01, ***Pâ€‰â‰¤â€‰0.001.
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