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            Abstract
Somatic gene mutations can alter the vulnerability of cancer cells to T-cell-based immunotherapies. Here we perturbed genes in human melanoma cells to mimic loss-of-function mutations involved in resistance to these therapies, by using a genome-scale CRISPRâ€“Cas9 library that consisted of around 123,000 single-guide RNAs, and profiled genes whose loss in tumour cells impaired the effector function of CD8+ T cells. The genes that were most enriched in the screen have key roles in antigen presentation and interferon-Î³ signalling, and correlate with cytolytic activity in patient tumours from The Cancer Genome Atlas. Among the genes validated using different cancer cell lines and antigens, we identified multiple loss-of-function mutations in APLNR, encoding the apelin receptor, in patient tumours that were refractory to immunotherapy. We show that APLNR interacts with JAK1, modulating interferon-Î³ responses in tumours, and that its functional loss reduces the efficacy of adoptive cell transfer and checkpoint blockade immunotherapies in mouse models. Our results link the loss of essential genes for the effector function of CD8+ T cells with the resistance or non-responsiveness of cancer to immunotherapies.
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                    Figure 1: 2CT-CRISPR assay system confirms functional essentiality of antigen presentation genes for immunotherapy.[image: ]


Figure 2: Genome-wide CRISPR mutagenesis reveals essential genes for the effector function of T cells in a target cell.[image: ]


Figure 3: Categorization of candidate essential genes for EFT using available knowledge database.[image: ]


Figure 4: Validation of top candidate genes across cancers.[image: ]


Figure 5: Functional loss of APLNR reduces efficacy of cancer immunotherapy.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Intratumoral expression of antigen presentation genes, B2M and TAP1 informs long-term survival of patients with melanoma treated with anti-CTLA4 (ipilimumab) immunotherapy.
a, Pearsonâ€™s correlation matrix of intratumoral cytolytic activity (CYT, expression of perforin and granzyme A15) with tumour-infiltrating effector cell markers for natural killer (NK, expression of NCAM1 and NCR1), regulatory T (Treg, expression of FOXP3 and IL2RA), CD4+ T (expression of CD3E and CD4) and CD8+ T cells (expression of CD3E and CD8A). b, Pearsonâ€™s correlation matrix of CYT with the expression of MHC class I antigen presentation genes. c, Pearsonâ€™s correlation matrix of CYT with the expression of IFNÎ³ signalling genes. dâ€“g, Kaplanâ€“Meier survival plots of patient overall survival with the expression of antigen presentation genes after ipilimumab immunotherapy (Van Allen et al. cohort3). Data were divided into quartiles based on RPKM values of each individual gene and the four groups were evaluated for their association with survival. The global P values shown indicate the overall association of the quartiles of gene expression levels with survival. nâ€‰=â€‰42 patients (aâ€“g).

                          Source data
                        


Extended Data Figure 2 Optimization of selection pressure and duration of co-culture for 2CT-CRISPR assay system.
a, FACS plots showing percentages of CD4+ and CD8+ T cells in three different patient PBMCs after transduction with a retroviral plasmid encoding NY-ESO-1 TCR and expansion for 7 days. b, Transduction efficiency of T cells transduced with a retroviral plasmid encoding NY-ESO-1 TCR as determined by FACS. T cells were obtained from the peripheral blood of patients with metastatic melanoma. c, Transduction efficiency of T cells transduced with a retroviral plasmid encoding NY-ESO-1 TCR as determined by FACS. T cells were obtained from the peripheral blood of healthy donors. d, Transduction efficiency of T cells transduced with a retroviral plasmid encoding MART-1 TCR as determined by FACS. T cells were obtained from the peripheral blood of healthy donors. e, Representative plots of FACS-based determination of live, PIâˆ’ (propidium iodine) CD3âˆ’ tumour cell counts after co-culture of patient ESO T cells with Mel624 cells at an E:T ratio of 100 for 24â€‰h. f, Bar plot quantifies the cytolytic efficiency of T cells for data shown in e. nâ€‰=â€‰3 biological replicates. g, Optimization of selection pressure exerted by ESO T cells on Mel624 cells at variable timings of co-culture and E:T ratios. Numbers in the grid represent average tumour cell survival (%) after co-culture. Data pooled from 3 independent experiments. nâ€‰=â€‰3 culture replicates. h, Upregulation of Î²2M expression at 0, 6 or 12â€‰h after co-culture of Mel624 cells with ESO T cells at an E:T ratio of 0.5. Left, representative FACS plot showing distribution of Î²2M-expressing tumour cells. Right, bar plot depicts mean fluorescence intensities of nâ€‰=â€‰3 co-culture replicates. i, Specific reactivity of ESO T cells against NY-ESO-1 antigen assessed in tumour lines by IFNÎ³ secretion (pg mlâˆ’1) after overnight co-culture. nâ€‰=â€‰3 co-culture replicates. Values in f and h are meanâ€‰Â±â€‰s.e.m. ***Pâ€‰<â€‰0.001 as determined by two-tailed Studentâ€™s t-test.

                          Source data
                        


Extended Data Figure 3 Optimization of 2CT-CRISPR assay system for genome-scale screening.
a, Representative FACS plot of Î²2M expression in Mel624 cells on day 5 after transduction with lentiCRISPRv2 lentivirus containing a pool of three sgRNAs targeting B2M. b, c, Cas9 disruption of MHC class I antigen presentation/processing pathway genes reduces efficacy of T-cell-mediated cytolysis. Timeline shows 12â€‰h of co-culture of ESO T cells with individual gene edited Mel624 cells at E:T ratio of 0.5. Live cell survival (%) was calculated from control cells unexposed to T cell selection. Each dot in the plot represents independent gene-specific CRISPR lentivirus infection replicate (nâ€‰=â€‰3). Improvement in CRISPR-edited cell yields at 60â€‰h time point compared to 36â€‰h after 2CT assay as shown in c. All values are meanâ€‰Â±â€‰s.e.m. Data are representative of two independent experiments.

                          Source data
                        


Extended Data Figure 4 Genome-scale 2CT-CRISPR mutagenesis identifies genes in tumour cells essential for the effector function of T cells.
a, Scatterplot of sgRNA representation in the plasmid pool and Mel624 cells at Day 7 after transduction with the GeCKOv.2 library for 2CT-CRISPR screens with E:T of 0.5 and 0.3. b, Scatterplot showing the effect of T cell selection pressure on the global distribution of sgRNAs after co-culture at E:T of 0.5 and 0.3. c, Agreement between top ranked genes enriched via two different metrics: the second-most-sgRNA and RIGER P value analyses in 2CT-CRISPR screens performed at E:T of 0.5. d, Scatterplot showing the enrichment of the most versus the second-most-enriched sgRNAs for top 100 genes after T-cell-based selection at E:T 0.3. Data pooled from two independent screens with libraries A and B. e, Overlap of genes and microRNAs (miRs) enriched after T-cell-based selection at E:T of 0.5 (high selection) and 0.3 (low selection). Venn diagrams depicts shared and unique most-enriched candidates in top 5% of the second-most-enriched sgRNA. f, Common enriched genes across all screens within the top 500 genes ranked by the second-most-enriched sgRNA.

                          Source data
                        


Extended Data Figure 5 Association of candidate essential genes with cytolytic activity and mutation spectrum.
a, Top candidate genes are categorized based on their inducibility by effector cytokines IFNÎ³ (light blue) or TNFÎ± (orange), using publicly available gene expression profiles GSE3920, GSE5542, GSE2638. b, Genes whose expression are positively correlated (Pâ€‰<â€‰0.05) with cytolytic activity (defined as the geometric mean of PRF1 and GZMA expression) in TCGA datasets for 36 human cancers. c, Overlap (Jaccard coefficient) between genes correlated with cytolytic activity (from b) with top 2.5% of CRISPR screen gene hits (with second best sgRNA enrichment >0.5). d, Bubble plot depicting the number of overlapping genes from b correlated across multiple cancers. Previously known genes B2M, CASP7 and CASP8, and novel validated genes from CRISPR screen are highlighted (in bold) according to their correlation to the cytolytic activity in the number of different cancer types. The size of each bubble represents the number of genes in each dataset. e, f, Pan-cancer mutational heterogeneity of top candidate genes from CRISPR screens with T cell based selection at E:T of 0.5 (e) and 0.3 (f). Patient tumour data containing genetic aberrations including missense, nonsense, non-start, frameshift, truncation or splice-site mutations, or homozygous deletions was retrieved from TCGA database.

                          Source data
                        


Extended Data Figure 6 Validation of top ranked candidate genes using Mel624 cells and two different T cell receptors.
a, b, Survival of Mel624 cells edited with individual sgRNAs (2â€“4 per gene) after co-culture with ESO T cells (a) and MART-1 T cells (b) at E:T ratio of 0.5 in 2CT assay. P value calculated for positively enriched gene-targeting sgRNAs compared to control sgRNA by Studentâ€™s t-test. Data representative of at least two independent experiments. nâ€‰=â€‰3 replicates per sgRNA. c, Representative histogram of deep sequencing analysis of on-target insertionâ€“deletion (indel) mutations by individual lentiCRISPR. d, e, Deep sequencing analysis of indels generated by CRISPRâ€“Cas9 at each exonic target site for the genes validated in Mel624 cells at day 20 after transduction.

                          Source data
                        


Extended Data Figure 7 Gene perturbation efficiency and indel mutations after CRISPRâ€“Cas9 targeted disruption in A375 cells.
Deep sequencing analysis of indels generated by CRISPRâ€“Cas9 at the exonic target site of each gene validated in A375 cells at day 5 after transduction. Average values are mean. Error bars denotes s.e.m.

                          Source data
                        


Extended Data Figure 8 Characterization of non-synonymous mutations in APLNR identified in patient tumours resistant to immunotherapy.
a, List of all somatic mutations in APLNR from four published immunotherapy studies3,5,28,29 and one unpublished patient tumour from NCI Surgery Branch. b, Schematic of the re-introduction of wild-type or mutated APLNR in APLNR-edited cells to functionally verify the point mutations from the NCI Surgery Branch and Van Allen et al.3 cohorts. Blasticidin selects for cells that received the wild-type/mutated APLNR rescue construct.


Extended Data Figure 9 APLNR modulates IFNÎ³ signalling via physical interaction with JAK1.
a, Pull-down of JAK1 and APLNR in the extracts from HEK293T cells transiently transfected with APLNR-Flag plasmid. b, Immunoblot showing the upregulation of JAK1 protein expression in APLNR overexpressing A375 cells (APLNR OE). EV: empty vector control. c, Effect of overexpression of APLNR in tumour cells on T-cell-mediated cytolysis. nâ€‰=â€‰4 biological replicates. d, Immunoblot showing that addition of 100â€‰Î¼M apelin ligand does not induce phosphorylation of JAK1 in tumour cells. e, Immunoblot showing the phosphorylation levels of JAK1 at Tyr1022/1023 residues and STAT1 at Tyr701 residue upon 100â€‰ng mlâˆ’1 IFNÎ³ treatment for 30â€‰min in APLNR-edited cells versus cells receiving a control sgRNA. f, Quantitative reverse-transcription PCR analysis of JAK1â€“STAT1 pathway-induced genes in APLNR-edited cells after 4, 8 and 24â€‰h of treatment with 1â€‰Î¼g mlâˆ’1 IFNÎ³. nâ€‰=â€‰3 biological replicates. g, Induction of surface expression of Î²2M on APLNR-edited cells upon co-culture with ESO T cells for 6â€‰h as measured by FACS. h, Intracellular staining assay performed on CD8+ T cells to measure IFNÎ³ production after co-culture with A375 cells as target for 5â€“6â€‰h. nâ€‰=â€‰3 biological replicates. All data are representative of at least two independent experiments. Data represent meanâ€‰Â±â€‰s.e.m. of replicate measurements. ****Pâ€‰<â€‰0.0001, ***Pâ€‰<â€‰0.001, **Pâ€‰<â€‰0.01, *Pâ€‰<â€‰0.05.

                          Source data
                        


Extended Data Figure 10 APLNR knock-down decreases the efficiency of in vivo adoptive cell transfer immunotherapy.
Subcutaneous tumour growth in mice receiving ACT of Pmel T cells. a, b, Tumour area (a) and overall survival (b) are shown. Significance for tumour growth kinetics were calculated by Wilcoxon rank-sum test. Survival significance was assessed by a log-rank Mantelâ€“Cox test. nâ€‰=â€‰5 mice per â€˜untreatedâ€™ groups. nâ€‰=â€‰10 mice per â€˜Pmel ACT treatedâ€™ groups. All values are meanâ€‰Â±â€‰s.e.m. ****Pâ€‰<â€‰0.0001, **Pâ€‰<â€‰0.01, *Pâ€‰<â€‰0.05. Data are representative of two independent experiments.

                          Source data
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CRISPR screen identifies genes driving resistance to cancer immunotherapy
Some mutations in cancer cells make them resistant to immunotherapy. Nicholas Restifo and colleagues designed a 'two-cell-type' CRISPRâ€“Cas9 screen to identify tumour-intrinsic genetic mutations associated with the sensitivity of melanoma cells to effector T cell function. The candidate genes identified included mediators of MHC class I antigen presentation and genes unknown to be involved in these immunity processes. The authors highlight the interaction between T-cell-secreted apelin and its receptor APLNR on tumour cells as a node for potent T-cell-mediated killing of cancer cells.
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