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            Abstract
Immune checkpoint blockade has revolutionized the field of oncology, inducing durable anti-tumour immunity in solid tumours. In patients with advanced prostate cancer, immunotherapy treatments have largely failed1,2,3,4,5. Androgen deprivation therapy is classically administered in these patients to inhibit tumour cell growth, and we postulated that this therapy also affects tumour-associated T cells. Here we demonstrate that androgen receptor (AR) blockade sensitizes tumour-bearing hosts to effective checkpoint blockade by directly enhancing CD8 T cell function. Inhibition of AR activity in CD8 T cells prevented T cell exhaustion and improved responsiveness to PD-1 targeted therapy via increased IFNÎ³ expression. AR bound directly to Ifng and eviction of AR with a small molecule significantly increased cytokine production in CD8 T cells. Together, our findings establish that T cell intrinsic AR activity represses IFNÎ³ expression and represents a novel mechanism of immunotherapy resistance.




            
                
                    

    
        
            
                
                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
            
        

        
    



                    
                

                
    
    Access Nature and 54 other Nature Portfolio journals
Get Nature+, our best-value online-access subscription
$29.99 /Â 30Â days
cancel any time

Learn more


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
        



    

                
                    Fig. 1: The immune landscape of tumours from patients with mCRPC prior to checkpoint therapy.[image: ]


Fig. 2: CD8 T cell signature associated with response implicates a functional role for AR.[image: ]


Fig. 3: Dual inhibition of AR and PD-1/PD-L1 improves T cell function and overall survival in mouse tumour models.[image: ]


Fig. 4: Suppressing AR function in T cells promotes IFNGÂ activity.[image: ]
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                Data availability

              
              The sequence data generated in this study will be deposited in the Gene Expression Omnibus (GEO). Additional datasets generated during the current study for Clinical Trial NCT02312557 are available from the corresponding author on reasonable request.Â Source data are provided with this paper.

            

Code availability
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Extended data figures and tables

Extended Data Fig. 1 Clinical trial scheme of patients enrolled and details on biopsy location and genomics.
a. Clinical trial study scheme. b. Per-patient tumor mutations are shown in a table with each row representing an individual participant on study, and each column representing the unique participant identifier (StudyID), the participantâ€™s response to study treatment (Outcome), the site of biopsied tissue specimen analyzed (Biopsy Site), the relative (%) change in PSA with treatment (PSA change), the number of somatic variants detected in that tumor specimen (Somatic_variant_count), and the coverage-adjusted tumor mutational burden defined as the Somatic_variant_count / #Mbp genome covered by â‰¥ 6 reads (Coverage_adj_mtl_burden). c. Comparison of the somatic variant counts (left) or coverage-adjusted tumor mutational burdens (right) for study responders (R, nâ€‰=â€‰3 patients) versus non-responders (NR, nâ€‰=â€‰5 patients); NS represents no significant difference detected by two-tailed Studentâ€™s t-test; mean values are depicted as bold horizontal lines. Error bars represent S.E.M.


Extended Data Fig. 2 CD8 T cell subset associated with response to checkpoint therapy in mCRPC patients.
a, Representative flow cytogram for sorting tumor-associated leukocytes prior to scRNAseq. b, UMAP of all single cells (nâ€‰=â€‰16,044 cells) in this study colored by patient. c, Stack bar graph showing the % of cells per sample for immune cell clusters across each patient biopsy. d, e, Box plots comparing the % of cells per sample for immune cell clusters between responders (nâ€‰=â€‰3 patients) and non-responders (nâ€‰=â€‰5 patients). Percentage was calculated out of all immune cells (d) or all T/NK cells (e). Two-tailed unpaired Studentâ€™s t-test. Box center line, median; box, the interquartile range (IQR, the range between the 25th and 75th percentile); whiskers, 1.58 times IQR. f, Heatmap showing the expression of CTLA4, HAVCR2, PDCD1, TIGIT, CD274, LAG3, ICOS, BTLA in various T cell clusters. g, Pathways enriched in dysfunctional CD8 T cells (C4 cluster). h, Percentage of cells co-expressing a combination of PDCD1, LAG3, HAVCR2, CTLA4, TNFRSF4, and TIGIT in dysfunctional CD8 T cells (C4 cluster)
Source data


Extended Data Fig. 3 Expression of various genes associated with CD8 T cytotoxicity and exhaustion.
a, Venn diagram and contingency table showing the significant overlap between CD8_R and CD8_k1 (Top, Pâ€‰<â€‰0.0001) and between CD8_NR and CD8_k2 (Bottom, Pâ€‰<â€‰0.0001). All cells: all the single cells that passed quality control in this study, as shown in Fig. 1a. Two-tailed Fisherâ€™s exact test. b, Percentage of CD8_k1 or CD8_k2 clusters per sample in responders (nâ€‰=â€‰3 patients) and non-responders (nâ€‰=â€‰5 patients). Two-tailed unpaired Studentâ€™s t-test. Box center line, median; box, the interquartile range (IQR, the range between the 25th and 75th percentile); whiskers, 1.58 times IQR. c, d, Violin plot comparing the gene expression in CD8_k1 and CD8_k2 (c), and CD8_R and CD8_NR (d). R, responder; NR, non-responder
Source data


Extended Data Fig. 4 CD4_k1 is not associated with response.
a, UMAP plot showing the two distinct CD4 T cells states identified using k-means clustering (nâ€‰=â€‰5,322 cells). b, UMAP plot showing CD4 T cells colored by response and non-response patient groups (nâ€‰=â€‰5,322 cells). c, Percentage of CD4_k1 or CD4_k2 clusters per sample in responders (nâ€‰=â€‰3 patients) and non-responders (nâ€‰=â€‰5 patients). Two-tailed unpaired Studentâ€™s t-test. Box center line, median; box, the interquartile range (IQR, the range between the 25th and 75th percentile); whiskers, 1.58 times IQR. R, responder; NR, non-responder.
Source data


Extended Data Fig. 5 Survival data following orthotopic PPSM implantation and enzalutamide + anti-PD-L1 treatment.
a, Ar expression by qPCR in mouse CD8 T cells, as compared with PPSM and 688m AR positive and negative control cell lines, respectively. Data combined from 3 independent experiments. b, Summary table of the experiments described in Fig. 3a. c, Average tumor growth of PPSM tumor bearing animals treated with different treatment combination as described in Fig. 3a. Data combined from 4 independent experiments, 8 to 10 animals per group. d, 12â€“14 wk old male mice were orchiectomized and PPSM tumor cells were injected orthotopically in the anterior lobe of the prostate. One week later, animals were treated with enzalutamide or enzalutamide + anti-PD-L1 (5 animals per group). 4 weeks post tumor inoculation, tumors were collected and measured. eâ€“f, PPSM tumor bearing animals were treated along the same timeline as Fig. 3a but in the absence of ADT. Average tumor growth (e) and survival curves (f) of tumor bearing animals treated with combination therapy in the presence or absence of ADT (data depict one representative experiment of two experiments, 8 animals per group). g, Survival curves of PPSM tumor bearing animals orchiectomized or not at day 7 (5 animals per group). h, Average tumor growth of PPSM tumor bearing animals treated with combination therapy and Î±-CD8 depleting antibody (data depict one representative experiment of two experiments, 10 animals per group). Error bars represent S.E.M. Two-way ANOVA was used for c, e and h, and log-rank (Mantel-Cox) was used for f and g.
Source data


Extended Data Fig. 6 Phenotyping data of tumor infiltrating CD8 T cells from orthotopic PPSM tumors, degarelix treated, and enzalutamide + anti-PD-L1 treated.
aâ€“d, PPSM tumor bearing animals were treated as in FigÂ 3a. CD8 T cell number (a), Ki67 expression (b), PD-1 MFI (c) and CD44 MFI (d) in CD8 T cells in the tumor theÂ day after the 3rd treatment with Î±-PD-L1. Data representative of 3 independent experiments with 3 animals per group. eâ€“g, PPSM tumor cells were surgically injected orthotopically in the prostate, and orchiectomy was performed. One week later, animals were treated with enzalutamide only or enzalutamide + Î±-PD-L1 (5 animals per group). 4 weeks post tumor inoculation, tumors were harvested and processed for flow cytometry. Graphs show percent IFNÎ³+ (e), TNFÎ±+ (f) and IFNÎ³+TNFÎ±+ double producing (g) CD8 T cells in the tumor (nâ€‰=â€‰5 animals). hâ€“l, PPSM tumor bearing animals underwent ADT (degarelix, 1 dose, d14 post tumor inoculation), enzalutamide (started at d14) and Î±-PD-L1 (3 doses, d14, 17, 20). Tumors were harvested on day 21 and processed for flow cytometry. Graphs show percent Ki67+ (h), IFNÎ³+ (i), TNFÎ±+ (j), IFNÎ³+TNFÎ±+ (k) and granzyme B+ (l) CD8 T cells in the tumor. Data representative of 2 independent experiments with 3 animals per group. mâ€“o, PPSM tumor bearing animals were treated with the same timeline as in Fig. 3a, but with enzalutamide + Î±-PD-L1 or ADT + Î±-PD-L1. Tumors were harvested the day after the 3rd dose of Î±-PD-L1 and processed for flow cytometry. m, Percent granzyme B+ CD8 T cells in the tumor. n, Representative flow cytogram showing IFNÎ³ and TNFÎ± expression in CD8 T cells in the tumor, and o, Summarized percent IFNÎ³+TNFÎ±+ CD8 T cells in the tumor. Data representative of 2 independent experiments with 3 animals per group. Error bars represent S.E.M. Two-tailed unpaired Student t-test.
Source data


Extended Data Fig. 7 Enzalutamide treatment leads to increased cytokine production in tumour specific T cells.
a, Experimental design. Male or female Ripm-OVA animals were implanted with MCA-OVA tumours. Male animals were treated with ADT (degarelix) at time of tumour inoculation. At d7 animals were adoptively transferred with OT1;Thy1.1 CD8 T cells, and half of the animals were started on enzalutamide treatment (5 animals per group). 12 days post adoptive transfer, tumors were harvested, and TILs were stimulated with SIINFEKL peptide followed byÂ ICCS. b, c, Representative flow cytograms showing CD44 and IFNÎ³ expression in OTI T cells in the tumor, and summarized % IFNÎ³+ and PD-1 MFI in OTI in the tumor in males (b) and females (c). Data representative of 2 independent experiments with 5 animals per group ICCS; intra-cellular cytokine staining. Error bars represent S.E.M. Two-tailed unpaired Student t-test.
Source data


Extended Data Fig. 8 T cell deletion of Ar.
a, Open chromatin regions (OCRs) containing predicted androgen receptor elements (AREs) in Ifng and Gzmb loci. b, Experimental design of the generation of Ar-KO CD8 T cells in vitro using CRISPR/Cas9. Purified CD8 T cells were electroporated with Cas9/gRNA complex (NT or AR gRNA), and put in culture in vitro for 3 days in plates coated with Î±-CD3 and Î±-CD28. 3 days later, stimulated cells were harvested, and RNA was extracted or cells were restimulated in vitro for 5â€‰h with PMA/Ionomycin, followed by ICCS (made with www.BioRender.com). c, Ar mRNA levels by qPCR in CD8 T cells electroporated with non-targeting (NT) or Ar gRNA/Cas9 after 3 days of in vitro stimulation. Data representative of 4 independent experiments with 3 replicate wells. d, Representative flow cytograms of IFNÎ³ and TNFÎ± expression after restimulation with PMA/Ionomycin. e, Schematic of LCMV experiment (made with www.BioRender.com), 3 animals per group. f, Ar mRNA levels in purified P14 at day 7 post adoptive transfer (from experiment described in Fig. 4eâ€“g). Data representative of 2 independent experiments with 3 replicate wells. g, PD1 MFI and percent IFNÎ³+ in P14 in the blood at day 7 post adoptive transfer. Error bars represent S.D. for c and f, and S.E.M for g.
Source data
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