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            Abstract
The identification of mechanisms to promote memory T (Tmem) cells has important implications for vaccination and anti-cancer immunotherapy1,2,3,4. Using a CRISPR-based screen for negative regulators of Tmem cell generation in vivo5, here we identify multiple components of the mammalian canonical BRG1/BRM-associated factor (cBAF)6,7. Several components of the cBAF complex are essential for the differentiation of activated CD8+ T cells into T effector (Teff) cells, and their loss promotes Tmem cell formation in vivo. During the first division of activated CD8+ T cells, cBAF and MYC8 frequently co-assort asymmetrically to the two daughter cells. Daughter cells with high MYC and high cBAF display a cell fate trajectory towards Teff cells, whereas those with low MYC and low cBAF preferentially differentiate towards Tmem cells. The cBAF complex and MYC physically interact to establish the chromatin landscape in activated CD8+ T cells. Treatment of naive CD8+ T cells with a putative cBAF inhibitor during the first 48â€‰h of activation, before the generation of chimeric antigen receptor T (CAR-T) cells, markedly improves efficacy in a mouseÂ solid tumour model. Our results establish cBAF as a negative determinant of Tmem cell fate and suggest that manipulation of cBAF early in T cell differentiation can improve cancer immunotherapy.
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                    Fig. 1: An in vivo CRISPRâ€“Cas9 screen reveals a key role of the cBAF complex in T cell fate decisions.[image: ]


Fig. 2: cBAF asymmetrically segregates to daughter cells in activated CD8+ T cells during the first division.[image: ]


Fig. 3: MYC interacts with the cBAF complex and enhances cBAF chromatin binding and function.[image: ]


Fig. 4: Transient inhibition of cBAF during T cell activation improves adoptive T cell therapy.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Deletion of Smarcd2 or Arid1a promotes Tmem generation.
a, Venn diagram of the overlapping candidates negatively regulating Tmem generation from enriched genes in MP relative to TE cells at day 7.5 post-infection and in total cells at day 36 relative to total cells at day 7.5. b, Flow cytometry plot of TE (KLRG1highCD127low), MP (KLRG1lowCD127high), KLRG1highCX3CR1high, CD62L+, and CXCR3highCD27high CD8+ T cells in sgNTC- and the indicated sgRNA-transduced OT-I cells at day 7.5 post Lm-Ova infection (nâ€‰=â€‰6 mice). c, Quantification of splenic TE and MP cell numbers at day 7.5 post Lm-Ova infection (nâ€‰=â€‰5 mice). d, Transcriptome profiling by microarray of sgNTC and the indicated sgRNA-transduced OT-I cells at day 7.5 post Lm-ova infection in vivo (nâ€‰=â€‰4 mice). e, f, CellTrace Violet labelled WT and Arid1aâˆ’/âˆ’ naÃ¯ve CD8+ T cells were activated by anti-CD3/CD28 plus ICAM1 for 36â€‰h, and first-division cells were sorted for RNA-seq (nâ€‰=â€‰5 mice). e, Volcano plot of differentially expressed genes assessed by RNA-seq in WT and Arid1aâˆ’/âˆ’ first-division CD8+ T cells. Teff and Tmem associated genes are highlighted in red and green respectively. f, Gene set enrichment analysis (GSEA) of RNAseq results from WT and Arid1aâˆ’/âˆ’ first-division CD8+ T cells using the C7 immunological collections. Shown are all enriched Teff-associated or Tmem-associated gene sets. Data are shown as meanÂ±s.e.m. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001; two-tailed paired Studentâ€™s t-test (c); two-sided Wald test and adjusted with Benjamini-Hochberg procedure (e); two-sided permutation test and adjusted with Benjamini-Hochberg procedure (f).
Source data


Extended Data Fig. 2 Deficiency in SWI/SNF promotes bona fide Tmem formation.
a, Diagram of experimental approach to evaluate Tmem function. p.i., post-infection. b, Quantification of numbers of OT-I cells expressing the indicated sgRNA in multiple tissues at day >30 post-infection (nâ€‰=â€‰5 mice per group). c, Flow cytometry analysis (left) and quantification (right) of the mean fluorescence intensity (MFI) of CellTrace Violet (CTV) dilution in donor-derived OT-I cells. Splenic Tmem OT-I cells transduced with either sgNTC (GFP+ spike cells) or the indicated sgRNA (Ametrine+) were isolated from mice that were challenged with Lm-Ova at day >30 prior, labelled with CTV, mixed at a 1:1 ratio, and transferred to Rag1-deficient recipients. Cells were analysed at day 7 post-transfer (nâ€‰=â€‰3 mice per group). d, e, Splenic Tmem OT-I cells transduced with sgNTC (GFP+ spike cells) or the indicated sgRNA (Ametrine+) were isolated from mice that were challenged with Lm-Ova at day >30 prior, mixed at a 1:1 ratio, and transferred to naÃ¯ve C57BL/6 recipients followed by Lm-Ova re-challenge. The cells were analysed at day 6 after re-challenge. d, Flow cytometry plot and quantification of cells expressing both interferon-Î³ (IFNÎ³) and TNFÎ± after ovalbumin peptide stimulation for 5â€‰h in the presence of monensin (nâ€‰=â€‰5 per group). e, Quantification of Granzyme B (GZMB) MFI (nâ€‰=â€‰5 per group). Data are compiled from at least two independent experiments (bâ€“e). Data are shown as meanÂ±s.e.m. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01; two-tailed paired Studentâ€™s t-test (b, c, d, e).
Source data


Extended Data Fig. 3 The cBAF complex but not the PBAF complex affects CD8+ T cell differentiation.
a, Immunoblot of PBRM1 in naÃ¯ve CD8+ T cells from Pbrm1fl/fl and Cd4CrePbrm1fl/fl mice. bâˆ’e Pbrm1fl/fl and Cd4CrePbrm1fl/fl mice were challenged with Lm-Ova and analysed at day 7.5 (b, c) or at day >30 post-infection (d, e). b, Flow cytometry analysis (left) and quantification (right) of the frequencies and numbers of total CD8+ T cells (upper) and Ova-specific CD8+ T cells (lower) (Pbrm1fl/fl, nâ€‰=â€‰8 mice; Cd4CrePbrm1fl/fl, nâ€‰=â€‰6 mice). c, Flow cytometry analysis (left) and quantification (right) of Ova-specific TE (KLRG1highCD127low), MP (KLRG1lowCD127high), CXCR1highKLRG1high and CD62L+ cells in spleen (nâ€‰=â€‰6 per group). d, Flow cytometry analysis (left) and quantification (right) of Ova-specific Tmem cells in the spleen and indicated organs (Pbrm1fl/fl, nâ€‰=â€‰5 mice; Cd4CrePbrm1fl/fl, nâ€‰=â€‰8 mice). e, Percentage of splenic CD62L+ TCM population (Pbrm1fl/fl, nâ€‰=â€‰5 mice; Cd4CrePbrm1fl/fl, nâ€‰=â€‰8 mice). f, Flow cytometry analysis of splenic TE (KLRG1highCD127low), MP (KLRG1lowCD127high) and CD62L+ OT-I cells transduced with sgNTC or the indicated sgRNA targeting ncBAF complex components at day 7.5 post Lm-Ova infection (sgNTC, nâ€‰=â€‰4 mice; sgBrd9-1, nâ€‰=â€‰5 mice; sgBrd9-2, n = 4; sgBrd9-3, n = 3; sgBicra-1, n = 5 mice; sgBicra-2, n = 4 mice; sgBicra-3, n =4 mice). g, Flow cytometry analysis of splenic TE (KLRG1highCD127low), MP (KLRG1lowCD127high) and CD62L+ OT-I cells transduced with sgNTC or the indicated sgRNA at day 7.5 post Lm-Ova infectionÂ (sgNTC, n = 5 mice; sgBrg1-1, n = 4 mice; sgBrg1-2, n = 4 mice; sgBrm-1, n = 5 mice; sgBrm-2, n = 5 mice; sgSmarcc1-1, n = 3 mice; sgSmarcc1-2, n = 3 mice). Data are compiled from two (bâˆ’e) or representative of two (a, f, g) independent experiments. Data are shown as meanÂ±s.e.m. **Pâ€‰<â€‰0.01, NS, not significant; two-tailed unpaired Studentâ€™s t-test (bâˆ’g).
Source data


Extended Data Fig. 4 cBAF components asymmetrically segregate to daughter cells during the first division after activation.
a, Representative images (left) of conjoined first-division daughter MYC-GFP-expressing CD8+ T cells, stained for Hoechst (blue), PBRM1 (red) and Tubulin (white); and quantification (right) of asymmetric index (difference in fluorescence intensity/total) (nâ€‰=â€‰12 cells). Arrows mark tubulin bridges. Scale bar: 5â€‰Î¼m. b, Sorting strategy for first-division MYC-GFPhigh and MYC-GFPlow CD8+ T cells. NaÃ¯ve CD8+ T cells were labelled with CellTrace Violet (CTV) and activated with anti-CD3Îµ (2â€‰Î¼g/ml), anti-CD28 (1â€‰Î¼g/ml) plus ICAM1 (0.5â€‰Î¼g/ml) for 36â€‰h prior to sorting. c, d, Immunoblot of BAF components in MYC-GFPhigh and MYC-GFPlow (c) or CD98high and CD98low (d) first-division CD8+ T cells. e, Principal component analysis of the ATAC-seq data in sorted MYC-GFPhigh and MYC-GFPlow daughter cells from first-division stage (nâ€‰=â€‰3 biological replicates). f, Heatmap of open chromatin regions in sorted MYC-GFPhigh and MYC-GFPlow CD8+ T cells at the promoter, intron and intergenic regions (nâ€‰=â€‰3 biological replicates). g, Teff and Tmem cell-associated gene sets identified by enrichment analysis of differentially accessible chromatin peaks between MYC-GFPhigh and MYC-GFPlow CD8+ T cells (nâ€‰=â€‰3 biological replicates). h, Diagram of deletion of Arid1a in sorted MYC-GFPhigh and MYC-GFPlow OT-I cells prior to IAV-Ova infection (related to Fig. 2f, g). Data are representative of one (eâˆ’g) or at least two independent experiments (a, c, d). Data are shown as meanÂ±s.e.m. **Pâ€‰<â€‰0.01, NS, not significant; one-way ANOVA (a).
Source data


Extended Data Fig. 5 The cBAF complex shares binding sites with MYC in T cell differentiation-associated chromatin loci.
aâ€“d, WT and Arid1aâˆ’/âˆ’ naÃ¯ve CD8+ T cells were activated by anti-CD3/CD28 plus ICAM1 for 36â€‰h, and first-division CD8+ T cells were sorted for CUT&RUN assay. a, Venn diagram of the overlap between CUT&RUN peaks in WT first-division CD8+ T cells for ARID1A and BRG1 (nâ€‰=â€‰2 biological replicates). b, Relative locations of MYC peaks to BAF components peaks in chromatin. c, Enrichment analysis of BRG1 and MYC shared binding sites in first-division WT CD8+ T cells using Hallmark gene sets (upper) and Gene ontology gene sets (lower). The co-bound sites were annotated to the nearest genes and enrichment was calculated with over-representation approach. d, Genome browser tracks of MYC and cBAF shared binding sites at Gzmb, Il2ra and Tbx21 loci. The overlapping peaks are highlighted. Data are representative of one experiment (aâˆ’d). The P-value was calculated by hypergeometric distribution, one-sided and adjusted with Benjamini-Hochberg procedure (c).
Source data


Extended Data Fig. 6 Arid1a deletion reduces chromatin accessibility to sites associated with the Teff gene signature.
a, Volcano plot of ATAC-seq peaks from WT and Arid1aâˆ’/âˆ’ first-division CD8+ T cells (nâ€‰=â€‰3 biological replicates). b, Teff and Tmem cell-associated gene sets as analysed by enrichment analysis of differentially accessible chromatin peaks between first-division WT and Arid1aâˆ’/âˆ’ CD8+ T cells (nâ€‰=â€‰3 biological replicates). c, Genome browser tracks of chromatin accessibility at Gzma, Il2 and Klrg1 loci (nâ€‰=â€‰3 biological replicates). d, Gene set enrichment analysis of MYC targets and mTORC1 signalling gene sets in WT and Arid1aâˆ’/âˆ’ first-division CD8+ T cells from RNA-seq (nâ€‰=â€‰3 biological replicates). e, Normalized read count of Myc mRNA from RNA-seq (left), and immunoblot for MYC (right) in WT and Arid1aâˆ’/âˆ’ activated CD8+ T cells. (nâ€‰=â€‰3 biological replicates) P-value was calculated with two-sided Wilcoxon test. Data are representative of one (aâˆ’e, RNA-seq) or three (e, immunoblot) experiments. The P-value was calculated with Wald test, two-sided and adjusted with Benjamini-Hochberg procedure (a) or permutation test, two-sided and adjusted with Benjamini-Hochberg procedure (d).
Source data


Extended Data Fig. 7 cBAF cooperates with MYC to restrict CD8+ Tmem differentiation.
a, b, NaÃ¯ve CD8+ T cells from Rosa26creERT2Mycfl/fl and Mycfl/wt littermates were treated with 4OHT overnight in IL-2-containing medium prior to activation with anti-CD3/CD28 plus ICAM1 for 36â€‰h. a, Volcano plot of gene profiles in Mycâˆ’/âˆ’ versus WT activated CD8+ T cells as determined by RNA-seq analysis. BAF components are highlighted (nâ€‰=â€‰5 biological replicates). b, Immunoblot of BAF components in WT and Mycâˆ’/âˆ’ CD8+ T cells. c, d, NaÃ¯ve CD8+ T cells from WT and Myc+/âˆ’ mice were activated by anti-CD3/CD28 plus ICAM1 for 28â€‰h before immunofluorescent staining. Representative image (c) and quantification (d) of conjoined WT and Myc+/âˆ’ daughter CD8+ T cells that were fixed and stained for Hoechst (blue), ATAC-see (red), Lamin B1 (green) and Tubulin (white). Scale bar: 5â€‰Î¼m. Asymmetric indexÂ = (fluorescence intensity in daughter cell 1âˆ’fluorescence intensity in daughter cell 2)/(fluorescent intensity in daughter cell 1+ fluorescence intensity in daughter cell 2). e, Quantification of the normalized CX3CR1highKLRG1high (left) or CD27highCXCR3high (right) ratio in OT-I cells at day 7.5 post Lm-Ova infection. sgNTC (GFP+ spike)- and the indicated constructs (GFP+Ametrine+)-transduced OT-I cells were mixed at a 1:1 ratio and transferred to C57BL/6 hosts followed by Lm-Ova infection. The normalized cell ratio was calculated by dividing the proportions of CX3CR1highKLRG1high cells or CD27highCXCR3high cells in GFP+Ametrine+ cells by their proportions in GFP+ spike cells. Data are representative of one (a) or two (b, c) or compiled from two independent experiments (d, e). Data are shown as meanÂ±s.e.m. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001; NS, not significant; two-tailed unpaired Studentâ€™s t-test (d, e), two-sided Wald test and adjusted with Benjamini-Hochberg procedure (a).
Source data


Extended Data Fig. 8 Pharmacological or genetic inhibition of cBAF promotes CD8+ Tmem generation and tumour control.
a, Diagram of tumour rechallenge assay used in Fig. 4a. b, Gene set enrichment analysis of Arid1a knockout (KO) upregulated gene sets and Arid1a KO downregulated gene sets in CD8+ T cells activated for 48â€‰h in the presence of BD98 versus vehicle. Arid1a KO upregulated and downregulated genes sets were inferred as differentially expressed genes from RNA-seq data of Arid1a KO versus WT activated CD8+ T cells, with thresholds FDRâ€‰<â€‰0.05, fold change>2. c, Peak set enrichment analysis of Arid1a KO upregulated and downregulated chromatin accessibility signatures in CD8+ T cells activated for 48â€‰h in the presence of BD98 versus vehicle. Arid1a KO upregulated and downregulated ATAC-seq peaks sets were inferred as differentially accessible regions from ATAC-seq of Arid1a KO versus WT activated CD8+ T cells with thresholds FDRâ€‰<â€‰0.05, fold change>2, the top 500 down-regulated peaks (ranked by fold change) were used to avoid inaccurate normalization. d, Representative flow cytometry plot of the frequency of CD44+CD62L+ cells among OT-I CD8+ T cells treated with DMSO or BD98 during anti-CD3/CD28 stimulation with IL-2 for 48â€‰h, followed by culturing in IL-2 containing medium for another 2 days. e, Scheme of murine B7-H3-CAR and STOP-CAR constructs. H/TM: hinge/transmembrane domain. f, Flow cytometry analysis of B7-H3 expression in F420 and GL261 cell lines. The percentage of B7-H3-expressing cells is indicated. g, Diagram of CAR-T cell experiment. h, Flow plot (left) and quantification (right) of B7-H3 CAR expression at day 8 with or without BD98 pretreatment (nâ€‰=â€‰5 biological replicates). Data are representative of at least three independent experiments (d, f, h). Data are shown as meanÂ±s.e.m. NS, not significant; two-tailed unpaired Studentâ€™s t-test (h). The P-value was calculated from permutation test, two-sided and adjusted with Benjamini-Hochberg procedure (b,c).
Source data


Extended Data Fig. 9 Pharmacological inhibition of cBAF promotes CD8+ Tmem generation and tumour control with lymphodepleting chemotherapy.
a, Diagram of CAR-T cell experiments with lymphodepleting chemotherapy. Murine osteosarcoma cell line F420 was injected subcutaneously into naÃ¯ve B6 (bâ€“d) or B6 albino mice (e, f). At 7 days after tumour inoculation, cyclophosphamide was injected i.p. (200â€‰mg/kg), and CAR-T cells were transferred 2 days after cyclophosphamide treatment. b, Tumour growth and survival curves of F420 tumour-bearing mice treated with B7-H3 CAR-T cells pre-treated with or without BD98 during the first 48â€‰h of T cell activation (nâ€‰=â€‰5 mice per group). STOP CAR-T: a control CAR containing only the scFv fragment, as a negative control for CAR-T. c, Flow cytometry plots (left) and quantification (right) of intratumoral CD45.1+CD45.2- donor-derived CAR-T cells in F420 tumour bearing mice at day 37 after tumour challenge (day 28 after adoptive transfer of CAR-T cells) (nâ€‰=â€‰5 mice). d, Quantification of GZMB, TNFÎ±, IFNÎ³ and B7-H3 CAR expression levels in intratumoral CAR-T cells (nâ€‰=â€‰5 mice). e, f, Representative bioluminescence images (e) and quantification (f) for CAR-T cells expansion in vivo. The CAR-T cells expressing luciferase were generated from naÃ¯ve CD8+ T cells isolated from the spleens of CAG-luc-eGFP L2G85 transgenic mice and transferred 2 days after cyclophosphamide injection. Data are representative of one (e, f) or at least two independent experiments (bâ€“d). Data are shown as meanÂ±s.e.m. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001, ****Pâ€‰<â€‰0.001; two-tailed unpaired Studentâ€™s t-test (c, d), two-way ANOVA (b, f); and log-rank (Mantel-Cox) test was performed to compare survival curves (b).
Source data


Extended Data Fig. 10 A putative Arid1a inhibitor promotes human CD8+ TCM and TSCM formation following activation.
a, b, Flow cytometry plot of human TCM (CD45RAâˆ’CCR7+), TEM (CD45RAâˆ’CCR7âˆ’) and TSCM (CD45RA+CCR7+CD27+CD95+) populations. Human naÃ¯ve CD8+ T cells from healthy donors were enriched and stimulated with anti-CD3/CD28 for 2 days and culturing in IL-15 (a) or IL-2 (b) containing medium. BD98 was added at indicated time points, and the cells were assessed at day 8. c, Quantification of the percentages of TCM, TEM and TSCM cells in (b) (nâ€‰=â€‰6 biological replicates). d, Representative flow cytometry plot of total human CD8+ T cells (upper) in the spleen of NSG mice at day 30 after adoptive transfer, and percentage of TCM-like (CD45RA-CD62L+) cells (lower) in total human CD8+ T cells (nâ€‰=â€‰12 mice per group). Data are representative of two (a, b, d) or compiled from two (c) independent experiments. Data are shown as meanÂ±s.e.m. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001; one-way ANOVA(c).
Source data
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