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            Abstract
Immunotherapy with PD-1 checkpoint blockade is effective in only a minority of patients with cancer, suggesting that additional treatment strategies are needed. Here we use a pooled in vivo genetic screening approach using CRISPRâ€“Cas9 genome editing in transplantable tumours in mice treated with immunotherapy to discover previously undescribed immunotherapy targets. We tested 2,368 genes expressed by melanoma cells to identify those that synergize with or cause resistance to checkpoint blockade. We recovered the known immune evasion molecules PD-L1 and CD47, and confirmed that defects in interferon-Î³ signalling caused resistance to immunotherapy. Tumours were sensitized to immunotherapy by deletion of genes involved in several diverse pathways, including NF-ÎºB signalling, antigen presentation and the unfolded protein response. In addition, deletion of the protein tyrosine phosphatase PTPN2 in tumour cells increased the efficacy of immunotherapy by enhancing interferon-Î³-mediated effects on antigen presentation and growth suppression. In vivo genetic screens in tumour models can identify new immunotherapy targets in unanticipated pathways.
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                    Figure 1: In vivo CRISPRâ€“Cas9 screening recovers known mediators of immune evasion and resistance.[image: ]


Figure 2: Loss-of-function screening identifies targets that increase the efficacy of immunotherapy.[image: ]


Figure 3: Deletion of Ptpn2 sensitizes tumours to immunotherapy.[image: ]


Figure 4: Deletion of Ptpn2 improves antigen presentation and T cell stimulation.[image: ]


Figure 5: Deletion of Ptpn2 sensitizes tumours to IFNÎ³.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Analysis of screen performance.
a, Western blot of for Cas9 and Î²-actin B16 cell lysate of uninfected cells or after transduction with a lentiviral vector encoding Cas9. For western blot source data, see Supplementary Fig. 1. b, Pie chart showing the fraction of genes targeted in the screen in each of the GO term categories indicated. c, Tumour volume for individual animals (dots) on the day of euthanasia in the conditions indicated. Data are meanâ€‰Â±â€‰s.d. d, 2D frequency histograms showing the pair wise distribution of sgRNAs abundance (averaged for each condition). e, Saturation analysis of animal replicates from the three in vivo screening conditions. Pearsonâ€™s correlations are calculated for the library distribution in one animal versus any other animal, then for two animals averaged versus any other two averaged, and so on. Saturation approaches râ€‰=â€‰0.95. f, A matrix of the Pearsonâ€™s correlations of the library distribution from one animal compared to any other animal for B16 pool 1. g, Expression of PD-L1 (top) or CD47 (bottom) after infection of B16-Cas9 cells with four different sgRNAs targeting the indicated gene. h, Enrichment analysis (hypergeometric test) of functional classes of genes (GO) targeted by sgRNAs that were enriched or depleted in tumours in animals treated with GVAX and anti-PD-1 compared to Tcraâˆ’/âˆ’ animals. **Pâ€‰<â€‰0.01; ***Pâ€‰<â€‰0.001; ****Pâ€‰<â€‰0.0001.

                          Source data
                        


Extended Data Figure 2 Additional validation data for screen hits.
a, Expression of CD47 by B16 cells transfected with either CD47-targeting (red) or control (grey) sgRNA. b, Tumour volume over time for CD47-null or control tumours growing in mice treated with GVAX and PD-1 blockade. Data are meanâ€‰Â±â€‰s.e.m.; nâ€‰=â€‰10 animals per group; representative of two independent experiments. c, Tumour growth in immunotherapy-treated animals challenged with B16 cells lacking the indicated genes. Each line represents one animal; nâ€‰=â€‰5 animals per group. d, Tumour volume averaged for each group at each time point (left) and survival (right) for Braf/Pten melanoma cells lacking the indicated gene in mice treated with PD-1 blockade. Data are meanâ€‰Â±â€‰s.e.m.; nâ€‰=â€‰5 animals per group. e, Change in the ratios (log2(normalized fold change)) of B16 cells lacking the indicated genes:control cells after in vitro culture with the combinations of cytokines indicated below. Data are meanâ€‰Â±â€‰s.e.m.; nâ€‰=â€‰3 replicates per group. f, Expression of MHC-I (H2K(b)/H2D(b)) on B16 cells lacking the indicated genes with or without IFNÎ³ treatment. g, Change in the ratios (log2(normalized fold change)) of OVA-expressing B16 cells lacking the indicated genes:control cells after in vitro co-culture with OVA-specific T cells at the indicated ratio of T cells:tumour cells. Data are meanâ€‰Â±â€‰s.d.; nâ€‰=â€‰3 replicates per group. *Pâ€‰<â€‰0.05; **Pâ€‰<â€‰0.01; ***Pâ€‰<â€‰0.001; ****Pâ€‰<â€‰0.0001.

                          Source data
                        


Extended Data Figure 3 Additional validation data for Ptpn2.
a, Western blot of B16 cell lysate for PTPN2 and Î²-actin after transfection with either control or Ptpn2-targeting sgRNAs. For western blot source data, see Supplementary Fig. 1. b, Ptpn2 transcript abundance for the same conditions as in a measured by qPCR. Data are meanâ€‰Â±â€‰s.d. c, Change in the ratios (log2(normalized fold change)) of B16 cells lacking Ptpn2:control cells in immunotherapy-treated mice relative to Tcraâˆ’/âˆ’ mice with three different sgRNAs. Data are meanâ€‰Â±â€‰s.d.; nâ€‰=â€‰5 animals per group; representative of two independent experiments. d, Survival analysis for Ptpn2-null (red) or control (grey) B16 cells growing in mice treated with GVAX and PD-1 blockade. nâ€‰=â€‰20 animals per group; representative of two independent experiments. **Pâ€‰<â€‰0.01; ****Pâ€‰<â€‰0.0001.

                          Source data
                        


Extended Data Figure 4 Deletion of screen hits from tumour cells.
a, Western blot of B16 cell lysate for STAT1 (left) and JAK1 (right) after transfection with the indicated sgRNA and Cas9. Î²-Actin serves as a loading control for each. The numbers below the lane indicate the per cent expression of the target relative to control sgRNA cells. b, The same as in a, but for Braf/Pten melanoma cells. c, Expression of Ifngr1 in B16 cells transfected with the indicated Ifngr1-targeting (red) or control (grey) sgRNA and Cas9 (left) and quantification of mean fluorescence intensity (right). d, The same as in c, but for Braf/Pten melanoma cells. e, Expression of Ifnar2 in B16 cells transfected with the indicated Ifnar2-targeting or control sgRNA and Cas9 (left) and quantification of mean fluorescence intensity (right). f, Western blot of Braf/Pten melanoma cell lysate for PTPN2 and Î²-actin after transfection with either control or Ptpn2-targeting sgRNAs (left) and Ptpn2 transcript abundance for the same conditions measured by qPCR (right). Data are meanâ€‰Â±â€‰s.d. g, Expression of H2-T23 by B16-Cas9 cells infected with the indicated H2-T23-targeting (red) and control (grey) sgRNA. For western blot source data, see Supplementary Fig. 1. **Pâ€‰<â€‰0.01.

                          Source data
                        


Extended Data Figure 5 Ptpn2-null tumour cells do not have a growth disadvantage in vivo in the absence of T cells or immunotherapy and MC38 colon carcinoma cells are sensitive to Ptpn2 deletion in vivo.
a, Tumour volume averaged for each group at each time point for Ptpn2-null (red) or control (grey) B16 cells growing in wild-type (WT) mice with no treatment. Data are meanâ€‰Â±â€‰s.e.m.; nâ€‰=â€‰10 animals per group. b, Survival analysis for the groups shown in a. c, Tumour volume averaged for each group at each time point for Ptpn2-null or control B16 cells growing in Tcraâˆ’/âˆ’ mice with no treatment. Data are meanâ€‰Â±â€‰s.e.m.; nâ€‰=â€‰10 animals per group. d, Survival analysis for the groups shown in c. Both groups reached the end point on the same day. e, Tumour volume averaged for each group at each time point for Ptpn2-null or control Braf/Pten melanoma cells growing in Tcraâˆ’/âˆ’ mice with no treatment. Data are meanâ€‰Â±â€‰s.e.m.; nâ€‰=â€‰5 animals per group. f, Survival analysis for the groups shown in e. g, Tumour volume averaged for each group at each time point for Ptpn2-null or control MC38 cells growing in wild-type mice with no treatment. Data are meanâ€‰Â±â€‰s.e.m.; nâ€‰=â€‰10 animals per group. h, Survival analysis for the groups shown in g. i, Tumour volume averaged for each group at each time point for Ptpn2-null or control MC38 cells growing in Tcraâˆ’/âˆ’ mice with no treatment. Data are meanâ€‰Â±â€‰s.e.m.; nâ€‰=â€‰5 animals per group. j, Survival analysis for the groups shown in i. Both groups reached the end point on the same day. *Pâ€‰<â€‰0.05.

                          Source data
                        


Extended Data Figure 6 Analysis of Ptpn2 amplifications in human cancer using exome sequencing.
a, Patients treated with anti-PD-1, anti-PD-L1 or anti-CTLA-4 therapies in four cancer types: bladder cancer, head and neck squamous cell carcinoma (HNSCC), lung cancer and melanoma with copy-number amplifications (CNA) of PTPN2 were grouped according to whether or not they received clinical benefit from immunotherapy. The mutational burden is indicated on the y axis and the type of amplification event (focal, arm level or chromosome level) is indicated for each patient.

                          Source data
                        


Extended Data Figure 7 Ptpn2-null tumours have increased effector T cell populations, but no other significant differences in immune infiltrates compared with control tumours were found.
a, Representative plots showing the gating strategy for the data shown in Fig. 4a. Populations of interest are gated in blue. b, The number of CD45+ cells per mg of tumour for Ptpn2-null (red) and control (grey) B16 tumours. Data are meanâ€‰Â±â€‰s.d. c, Representative plots showing the gating strategy for the quantification of T cell populations from Ptpn2-null and control B16 tumours shown in d. Populations of interest are gated in blue. d, Quantification of effector T cell populations in either Ptpn2-null or control B16 tumours. Data meanâ€‰Â±â€‰s.d. Data pooled from two independent experiments with a minimum of eight mice per group.

                          Source data
                        


Extended Data Figure 8 Ptpn2-null tumours show no significant differences in myeloid cell infiltration compared to control tumours.
a, Representative plots showing the gating strategy for the myeloid cell populations quantified in b30. Populations of interest are gated in blue. b, Numbers of myeloid cells per mg of tumour for Ptpn2-null (red) and control (grey) B16 tumours. Data are mean s.d. Data pooled from two independent experiments with a minimum of eight mice per group.

                          Source data
                        


Extended Data Figure 9 Ptpn2-null tumour cells have increased MHC-I expression after IFNÎ³ stimulation and have increased sensitivity to costimulation with TNF and IFNÎ³.
a, Expression of MHC-I (H2K(b)/H2D(b)) on either Ptpn2-null (red) or control (grey) B16 cells after stimulation with IFNÎ³ for 72â€‰h (left) and quantification of mean fluorescence intensity (right). Data are meanâ€‰Â±â€‰s.d. b, Gene set enrichment analysis showing enrichment of signatures for IFNÎ³, IFNÎ± and TNFÎ± signalling via NF-ÎºB in Ptpn2-null B16 cells after costimulation with TNF and IFNÎ³ relative to Ptpn2-null cells stimulated with IFNÎ³ alone.





Supplementary information
Supplementary information
This file contains uncropped western blot scans with size marker indications.


Supplementary Table 1
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Differentially expressed genes between control and Ptpn2 null HT-29 colon carcinoma cells treated with IFNÎ³. DESeq2 analysis package was used to identify genes that were differentially expressed between control and Ptpn2 null HT-29 cells treated with IFNg. This file contains all the genes with a Benjaminiâ€“Hochberg (BH) adjusted p-value <0.05. The first column lists the human gene name, the second column is the mean normalized count for that gene across all the samples included in the differential analysis. The third column lists the log2 fold change between control and Ptpn2 null samples. The fourth column lists the standard error of the log2 fold change for each gene between the two conditions. The fifth column lists the Wald test statistic for each gene. The sixth and seventh columns list the p-value and BH adjusted p-value, respectively, for each gene.


Supplementary Table 6
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        Editorial Summary
Ptpn2 deletion enhances tumour suppression
Cancer immunotherapy treatments, such as PD-1 checkpoint blockade, are only effective in a minority of patients, suggesting the need to investigate new treatment strategies. Nicholas Haining and colleagues describe a functional genomics approach using the CRISPRâ€“Cas9 system to identify genes that affect the response to immune checkpoint blockade in the B16 mouse transplantable tumour model. They show that loss of function of the phosphatase PTPN2 in tumour cells enhances interferon-Î³-mediated effects on antigen presentation and growth suppression. This finding suggests that PTPN2 is a potential target for cancer immunotherapy and that in vivo genetic screenings of tumour models could help identify other possible targets.
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