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            Abstract
Recent clinical trials showed that targeting of inhibitory receptors on T cells induces durable responses in a subset of cancer patients, despite advanced disease. However, the regulatory switches controlling T-cell function in immunosuppressive tumours are not well understood. Here we show that such inhibitory mechanisms can be systematically discovered in the tumour microenvironment. We devised an in vivo pooled short hairpin RNA (shRNA) screen in which shRNAs targeting negative regulators became highly enriched in murine tumours by releasing a block on T-cell proliferation upon tumour antigen recognition. Such shRNAs were identified by deep sequencing of the shRNA cassette from T cells infiltrating tumour or control tissues. One of the target genes was Ppp2r2d, a regulatory subunit of the PP2A phosphatase family. In tumours, Ppp2r2d knockdown inhibited T-cell apoptosis and enhanced T-cell proliferation as well as cytokine production. Key regulators of immune function can therefore be discovered in relevant tissue microenvironments.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Subscribe to this journal
Receive 51 print issues and online access
$199.00 per year
only $3.90 per issue

Learn more


Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Figure 1: In vivo RNAi discovery of immunotherapy targets.[image: ]


Figure 2: shRNA-driven accumulation of T cells in B16 melanoma.[image: ]


Figure 3: Changes in T-cell function induced by Ppp2r2d shRNA.[image: ]


Figure 4: Cytokine secretion by gene-silenced tumour-infiltrating T cells.[image: ]


Figure 5: Ppp2r2d silencing enhances anti-tumour activity of CD4 and CD8 T cells.[image: ]
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Extended data figures and tables

Extended Data Figure 1 In vivo RNAi screening procedure.
a, Infection of CD8+ T cells from Rag1âˆ’/âˆ’/OT-I TCR transgenic mice with shRNA pools. T cells were either activated with anti-CD3/CD28 beads or exposed to recombinant murine IL-7/IL-15 for 48â€‰h. T cells were then infected with a LacZ control shRNA lentiviral vector and cultured for an additional three days. Transduction efficiency was determined based on expression of the Thy1.1 reporter encoded by the lentiviral vector. Cytokine-cultured T cells expressing the LacZ control shRNA were then stained with a panel of activation markers (blue lines; isotype control, shaded). The majority of infected T cells showed a central memory phenotype (CD62L+CD44+). b, Representative flow cytometry plots of OT-I T cells sorted from tumours and secondary lymphoid organs for deep sequencing analysis (dLN, tumour-draining lymph node; irLN, irrelevant lymph node). CD8+VÎ±2+VÎ²5+Thy1.1+ cells were sorted and genomic DNA was extracted for PCR amplification of the shRNA cassette. c, Deep sequencing results from T-cell dysfunction screen. shRNA sequencing reads for genes positive in secondary screen are plotted in comparison to spleen for tumours (red), irrelevant lymph nodes (irLN, blue) and tumour-draining lymph nodes (dLN, green), with dashed lines indicating a deviation of log2 from the diagonal. Data show enrichment of particular shRNAs representing these genes in tumours compared to spleens or lymph nodes. d, Deep sequencing results from kinase and phosphatase screen, as described in c.


Extended Data Figure 2 Validation of shRNAs from in vivo RNAi screen.
a, FACS-based analysis of T-cell enrichment in tumours. Positive shRNAs from deep sequencing analysis were cloned into vectors driving expression of one of four distinct fluorescent proteins (TFP, GFP, RFP, ametrine) or Thy1.1. OT-I T cells were transduced with shRNA vectors and the five populations of T cells (normalized for transduction efficiency) were co-injected into B16-Ova tumour-bearing mice. T cells were isolated from tumours and spleens on day 7, and the percentage of reporter-positive CD8+VÎ±2+VÎ²5+ T cells was determined by flow cytometry. b, FACS analysis of T-cell enrichment in tumours compared to spleen (as described above) for cells expressing a panel of Ppp2r2d or Cblb shRNAs (upper panels). Also, Ppp2r2d and Cblb mRNA levels were measured by qPCR before T-cell transfer (lower panels). The strongest T-cell enrichment in tumours was observed for shRNAs with >80% knockdown efficiency at the mRNA level (shRNAs 1 and 2 for both Ppp2r2d and Cblb). Data represent biological replicates (n = 3), each value represents mean Â±â€‰s.d.


Extended Data Figure 3 Specificity of Ppp2r2d shRNA.
a, Generation of mutant Ppp2r2d cDNA with wild-type protein sequence but disrupted shRNA binding site. Both mutant and wild-type Ppp2r2d cDNAs were cloned into a modified pLKO.3G vector with a 2A peptide ribosomal skip sequence and GFP. This approach resulted in stoichiometric expression of Ppp2r2d protein and GFP in EL4 thymoma cells. GFP-expressing EL4 cells were sorted to purity and transduced with LacZ or Ppp2r2d shRNA vectors expressing a Thy1.1 reporter. shRNA-transduced (Thy1.1+) cells were analysed by flow cytometry for GFP expression. The Ppp2r2d shRNA reduced GFP levels when wild-type Ppp2r2d cDNA, but not when mutant Ppp2r2d cDNA was co-expressed. b, Expression of Ppp2r2d mutant cDNA prevents phenotype induced by Ppp2r2d shRNA. OT-I T cells were transduced with a vector encoding LacZ shRNA, Ppp2r2d shRNA or Ppp2r2d shRNA plus mutant Ppp2r2d cDNA. The different T-cell populations were normalized for transduction efficiency and co-injected into B16-Ova tumour-bearing mice. The percentage of each T-cell population in tumours and spleens was quantified by gating on CD8+VÎ±2+VÎ²5+ T cells; transduced cells were detected based on expression of Thy1.1 or ametrine/GFP fluorescent reporters (representative data from 2 independent experiments, n = 3 mice per experiment). c, qPCR analysis for Ppp2r2d expression in OT-I T cells transduced with LacZ shRNA, Ppp2r2d shRNA, and Ppp2r2d shRNA plus Ppp2r2d mutant cDNA. Data represent biological replicates (n = 3), each value represents mean Â±â€‰s.d.


Extended Data Figure 4 Expression profiles of gene-silenced CD8 T cells in tumours.
OT-I T cells were transduced with lentiviral vectors driving expression of one of five experimental shRNAs or LacZ control shRNA. T cells were injected into day 14 B16-Ova tumour-bearing mice and isolated from tumours and spleens 7â€‰days later. Cells were sorted to high purity and total RNA was obtained for Affymetrix gene expression profiling. For each shRNA, arrays were performed in triplicate (6 mice per group). a, Two genes (Egr2 and Ptpn2) have known functions in T cells. Enrichment in tumour versus spleen was calculated based on deep sequencing results from the secondary screen. b, Clustering of mean expression levels for mRNAs found to be significantly regulated by T cells in spleens or tumours expressing the LacZ control shRNA or one of five experimental shRNAs. Significant expression differences were defined as an ANOVA P valueâ€‰â‰¤â€‰0.01 between T cells expressing LacZ control shRNA or one of five experimental shRNAs (Alk, Arhgap5, Egr2, Ptpn2 or Ppp2r2d) (JMP-Genomics 6.0, SAS Institute). mRNAs significantly regulated in one or more treatment groups are shown after clustering (fast Ward). c, Venn diagram showing overlaps between expression signatures by tumour-infiltrating T cells transduced with one of the five experimental shRNAs (signatures defined as an ANOVA Pâ€‰â‰¤â€‰0.01 as described above). Indicated are the numbers of overlapping probe IDs for any combination of the 5 signatures, as indicated by the overlapping ovals. The significance of the overlaps versus those expected by random chance (Fisherâ€™s exact test) is shown in the accompanying table.


Extended Data Figure 5 Ppp2r2d shRNA enhances T-cell proliferation and reduces apoptosis.
a, Proliferation of Ppp2r2d shRNA-expressing T cells in tumours and tumour-draining lymph nodes. OT-I T cells expressing Ppp2r2d or LacZ shRNAs were labelled with CFSE and injected into B16-Ova tumour-bearing mice. T cells were isolated from the indicated organs on days 1, 3, 5 and 7 to examine the extent of T-cell proliferation based on CFSE dilution. T cells that had not diluted CFSE (non-dividing cells) were quantified (right). b, Viability of tumour-infiltrating T cells. OT-I T cells expressing Ppp2r2d or LacZ shRNAs were injected into B16-Ova tumour-bearing mice. T cells were isolated on day 7 and apoptosis was assessed by intracellular staining with an antibody specific for activated caspase-3 (some T-cell death may have been caused by the isolation procedure from tumours). c, Intracellular cytokine staining for IFN-Î³ by LacZ and Ppp2r2d shRNA-expressing T cells collected from B16-Ova tumours (primary flow cytometry analysis for data summarized in Fig. 4d); T cells were labelled with CFSE before injection. Data for all experiments are representative of two independent trials. Statistical analysis was performed on biological replicates (n = 3); *Pâ€‰â‰¤â€‰0.05, **Pâ€‰â‰¤â€‰0.01, two-sided Studentâ€™s t-test. Each value represents mean Â±â€‰s.d.


Extended Data Figure 6 Phenotypic characterization using memory, activation and exhaustion markers.
a, The majority of adoptively transferred OT-I cells have a memory phenotype in lymph nodes but an effector phenotype in tumours. Cytokine pre-treated cells expressing Ppp2r2d or LacZ shRNAs were injected into mice bearing day 14 B16-Ova tumours. On day 7 following transfer, T cells were collected from the indicated organs and stained with CD62L and CD44 antibodies. FACS analysis of shRNA-expressing OT-I cells was performed by gating on CD8/Thy1.1 double-positive cells. b, Analysis of exhaustion markers. OT-I cells were collected from draining lymph nodes and tumours of mice and stained with antibodies specific for TIM-3, LAG-3, PD-1 and CD25. For all experiments (n = 3 biological replicates; *Pâ€‰â‰¤â€‰0.05, **Pâ€‰â‰¤â€‰0.01, two-sided Studentâ€™s t-test); each value represents mean Â±â€‰s.d.


Extended Data Figure 7 Mechanisms of anti-tumour activity of Ppp2r2d-silenced T cells.
a, Intracellular staining for granzyme B by OT-I T cells in tumour-draining lymph nodes and tumours. b, Infiltration of shRNA-expressing T cells into tumours. OT-I T cells were transduced with LacZ or Ppp2r2d shRNA vectors encoding a GFP reporter and injected into B16-Ova tumour-bearing mice. After 7â€‰days, tumours were excised and frozen sections stained with anti-GFP and DAPI to enumerate shRNA-expressing OT-I T cells in tumours. c, Tumour cell apoptosis. TUNEL immunohistochemistry was performed on tissue sections and apoptotic cells were quantified. d, MHC class I expression by tumour cells. Tumours were digested with collagenase and stained with CD45.2 and H-2Kb antibodies. FACS analysis for H-2Kb expression was performed by gating on CD45.2-negative melanoma cells. Data represent biological replicates (n = 3), each value represents mean Â±â€‰s.d.


Extended Data Table 1 Tumour-enriched shRNAs from secondary screenFull size table
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