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            Abstract
Cancer cells exploit the expression of the programmed death-1 (PD-1) ligand 1 (PD-L1) to subvert T-cell-mediated immunosurveillance1,2. The success of therapies that disrupt PD-L1-mediated tumour tolerance has highlighted the need to understand the molecular regulation of PD-L1 expression1. Here we identify the uncharacterized protein CMTM6 as a critical regulator of PD-L1 in a broad range of cancer cells, by using a genome-wide CRISPRâ€“Cas9 screen. CMTM6 is a ubiquitously expressed protein that binds PD-L1 and maintains its cell surface expression. CMTM6 is not required for PD-L1 maturation but co-localizes with PD-L1 at the plasma membrane and in recycling endosomes, where it prevents PD-L1 from being targeted for lysosome-mediated degradation. Using a quantitative approach to profile the entire plasma membrane proteome, we find that CMTM6 displays specificity for PD-L1. Notably, CMTM6 depletion decreases PD-L1 without compromising cell surface expression of MHC class I. CMTM6 depletion, via the reduction of PD-L1, significantly alleviates the suppression of tumour-specific T cell activity in vitro and in vivo. These findings provide insights into the biology of PD-L1 regulation, identify a previously unrecognized master regulator of this critical immune checkpoint and highlight a potential therapeutic target to overcome immune evasion by tumour cells.
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                    Figure 1: CMTM6 is a principal regulator of PD-L1 expression in multiple tumour types.[image: ]


Figure 2: CMTM6 shows functional specificity for PD-L1.[image: ]


Figure 3: CMTM6 is required for efficient endocytic recycling of PD-L1.[image: ]


Figure 4: CMTM6 regulates tumour-specific T cell activity by regulating PD-L1 levels.[image: ]
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Extended data figures and tables

Extended Data Figure 1 A CRISPRâ€“Cas9 screen in the pancreatic cancer cell line BxPC-3 identifies CMTM6 as a principal regulator of PD-L1 expression.
a, PD-L1 is expressed at the cell surface in BxPC-3 cells and upregulated following treatment with IFNÎ³. Cell surface PD-L1 was analysed by flow cytometry following incubation with or without IFNÎ³ 500â€‰IU mlâˆ’1 for 48â€‰h. b, BxPC-3 cells stably expressing Cas9 were mutagenized by infection with a pooled lentiviral gRNA library and rare PD-L1low cells enriched by two successive rounds of FACS sorting for mCherry-positive (containing sgRNA vector) PD-L1low cells. FACS plots depict sorted and unsorted mutagenized populations stained for PD-L1 (top panel) and MHC class I control (bottom panel). c, Total cellular PD-L1 levels are markedly reduced following shRNA-mediated depletion of CMTM6 in both IFNÎ³-treated and non-IFNÎ³-treated cells. Immunoblot for PD-L1, CMTM6 and HSP60 control in MDA-MB-231 cells transduced with shRNAs targeting CMTM6 or control shRNA. d, Reduced cell surface PD-L1 following shRNA-mediated depletion of CMTM6 in BxPC-3 cells.


Extended Data Figure 2 Downregulation of cell surface PD-L1 following effective RNA interference (RNAi)-mediated depletion of CMTM6.
a, Efficiency of CMTM6 depletion was assessed by quantitative reverse-transcription PCR (qRTâ€“PCR) in cells transduced with shRNAs targeting CMTM6 or a non-targeting control shRNA. The mean and s.e.m. of 3 technical replicates are shown. b, RNAi-mediated depletion of CMTM6 reduces cell surface PD-L1 expression both in the presence and absence of IFNÎ³ stimulation. Cell surface PD-L1 was analysed by flow cytometry in the indicated cell lines transduced with lentiviral vectors encoding shRNAs targeting CMTM6 or control shRNA (left). The adjacent bar chart (right) shows fold change in cell surface PD-L1 fluorescence intensity following CMTM6 depletion (mean and s.e.m.). BxPC-3, HCC-827 and A375 cells were pre-treated with IFNÎ³ 500â€‰IU mlâˆ’1 for 48â€‰h before analysis. Experiments were performed at least twice in each cell type.

                          Source data
                        


Extended Data Figure 3 CRISPRâ€“Cas9-mediated knockout of CMTM6 reduces cell surface PD-L1 expression in a broad range of cancer cells.
Flow cytometry analysis of cell surface PD-L1 in cells transduced with different sgRNAs targeting CMTM6 compared to parental Cas9-expressing cells. Cell lines depicted are melanoma (A375 and WM-852), triple-negative breast cancer (MDA-MB-231), non-small cell lung cancer (HCC-827) and pancreatic cancer (BxPC-3). All cells were pre-treated with IFNÎ³ 500â€‰IU mlâˆ’1 for 48â€‰h before analysis. Selected representative histograms are presented in Fig. 1e.


Extended Data Figure 4 CMTM6 selectively regulates both constitutive and interferon-induced PD-L1 without compromising tumour cell MHC class I expression.
a, Cell surface MHC class I expression is unaffected by shRNA-mediated depletion of CMTM6. Flow cytometry analysis of surface MHC class I and PD-L1 in MDA-MB-231 and A375 cells transduced with shRNAs targeting CMTM6 or control shRNA. Cells were pre-treated with IFNÎ³ 500â€‰IU mlâˆ’1 for 48â€‰h before analysis. b, CMTM6 knockout leads to loss of both constitutive and IFNÎ³-induced PD-L1 expression. Flow cytometry analysis of cell surface PD-L1 in Cas9-expressing MDA-MB-231 cells transduced with sgRNA targeting either PD-L1, JAK2 or CMTM6 (red) compared to parental Cas9-expressing cells (blue). PD-L1 expression is reduced in both the presence and absence of IFNÎ³ stimulation following knockout of CMTM6. In contrast, knockout of the IFNÎ³ pathway component JAK2 leads to selective loss of IFNÎ³ induced upregulation of PD-L1 with no effect on constitutive PD-L1 expression.


Extended Data Figure 5 CMTM6 is not regulated by IFNÎ³ and co-localizes with PD-L1 at the cell surface in both the presence and absence of IFNÎ³ stimulation.
a, CMTM6 regulates cell surface and total PD-L1 levels in a dose-dependent manner. Single-cell clones isolated from WM-852 cells transduced with Cas9 and an sgRNA-targeting CMTM6 were analysed by flow cytometry for surface PD-L1 and immunoblot for total PD-L1 and CMTM6 following incubation with 500â€‰IU mlâ€“1 IFNÎ³ for 48â€‰h. b, qRTâ€“PCR analysis of relative CMTM6 mRNA expression in the indicated cell lines incubated with or without IFNÎ³ 500â€‰IU mlâˆ’1 for 48â€‰h before analysis. The data were obtained in control shRNA-expressing cells depicted in Extended Data Fig. 2a. Graphs show mean and s.e.m. of two biological replicates (MDA-MB-231 and HCC-827) or three technical replicates (BxPC-3). c, To confirm specific staining of endogenous CMTM6 by the anti-CMTM6 antibody, CMTM6-knockout MDA-MB-231 cells were labelled with CFSE before mixing with wild-type MDA-MB-231 cells, fixed and immunostained for CMTM6. Scale bar, 10â€‰Î¼m. d, MDA-MB-231 cells treated with IFNÎ³ 500â€‰IU mlâˆ’1 for 48â€‰h were fixed, immunostained for CMTM6 and PD-L1 and analysed by confocal microscopy. Scale bar, 10â€‰Î¼m.

                          Source data
                        


Extended Data Figure 6 CMTM6 shows functional specificity for PD-L1.
a, b, CMTM6 specifically regulates PD-L1, with no effect on cell surface PD-L2 levels in THP-1 cells. THP-1 cells expressing Cas9 and transduced with CMTM6 sgRNA were treated with IFNÎ³ 500â€‰IU mlâˆ’1 and TNFÎ± 20â€‰ng mlâˆ’1 for 24â€‰h as indicated before staining of cell surface PD-L1 and PD-L2 and analysis by flow cytometry. c, Mass spectrometry analysis identifies PD-L1 as a principal interaction partner of CMTM6. CMTM6 was immunoprecipitated from digitonin lysates of IFNÎ³-treated MDA-MB-231 cells, and CMTM6-knockout cells as a control. Immunoprecipitates were analysed by mass spectrometry. Table represents all CMTM6 interaction partners identified by at least three unique peptides and absent from the control immunoprecipitation from CMTM6-knockout cells. d, Increased degradation of EndoH-resistant PD-L1 species in the absence of CMTM6. IFNÎ³-treated CMTM6-knockout or parental Cas9-expressing WM-852 cells were pulse-labelled with 35S-methionine/cysteine for 30â€‰min before chase incubation at 37â€‰Â°C. PD-L1 was immunoprecipitated from detergent lysates at the indicated times. e, f, IFNÎ³ 500â€‰IU mlâˆ’1 was added to CMTM6-knockout and parental Cas9-expressing WM-852 cells and samples taken at the indicated time-points for analysis by flow cytometry. A representative example of an experiment done in biological triplicate is shown. g, Lysates of CMTM6-knockout cells incubated with IFNÎ³ for the indicated times were treated with or without EndoH before SDSâ€“PAGE analysis and immunoblot to assess modification of N-linked glycans on PD-L1 as a marker of passage through the Golgi.

                          Source data
                        


Extended Data Figure 7 Cellular localization of PD-L1.
a, Loss of CMTM6 leads to selective destabilization of PD-L1 with no effect on the stability of cell surface MHC class I. IFNÎ³-treated CMTM6-knockout and Cas9 control WM-852 cells were labelled as described in Fig. 3b with APC-conjugated antibodies specific for either PD-L1 or MHC class I on ice before incubation at 37â€‰Â°C. Samples taken at the indicated time-points were analysed by flow cytometry. Experiment performed twice. b, MDA-MB-231 cells were fixed, immunostained for PD-L1 together with a marker of the ER (CANX), Golgi (GM130 and TGN46), early endosome (EEA1) or late endosome/lysosome (LAMP1) before analysis by confocal microscopy. Scale bar, 10â€‰Î¼m.

                          Source data
                        


Extended Data Figure 8 PD-L1 endocytosis and recycling assays.
a, Internalization assay (relates to data presented in Fig. 3g). Cells were labelled with unconjugated PD-L1-specific antibodies at 4â€‰Â°C. After washing off unbound antibody, cells were incubated at 37â€‰Â°C to allow PD-L1 internalization. Remaining cell surface antibody-labelled PD-L1 was detected with an AF647-conjugated anti-mouse secondary antibody and analysed by flow cytometry. b, Recycling assay 1. Cell surface PD-L1 in IFNÎ³-treated CMTM6-knockout and Cas9 control WM-852 cells was labelled with an unconjugated PD-L1-specific antibody and allowed to internalize for 30â€‰min at 37â€‰Â°C as described in a. Remaining cell-surface bound antibody was stripped by washing in pH 2.5 buffer and cells were either kept on ice (post-strip baseline) or re-incubated at 37â€‰Â°C for the indicated times. Recycled PD-L1 was detected with an AF647-conjugated anti-mouse secondary antibody. c, Recycling assay 2 (relates to data presented in Fig. 3h). Cells were labelled with an AF488-conjugated PD-L1-specific antibody, washed and incubated at 37â€‰Â°C to allow endocytosis. Remaining cell surface AF488 was quenched by incubation with an AF488-specific antibody for 1â€‰h on ice before reincubation at 37â€‰Â°C to allow recycling of antibody-labelled PD-L1. Samples were split and incubated with or without an AF488-specific antibody for 1â€‰h on ice to re-quench cell surface AF488. Recycled PD-L1 was detected by the reappearance of cell surface â€˜quenchableâ€™ AF488 signal. After normalization for incomplete quenching at baseline by subtracting the â€˜quenchableâ€™ AF488 fluorescence at time zero, the fluorescence intensity of recycled PD-L1 at each time-point was compared to that of the total internalised PD-L1 after the endocytosis step to calculate the proportion of PD-L1 recycled.


Extended Data Figure 9 PD-L1 is targeted for degradation in the lysosome following depletion of CMTM6.
a, b, PD-L1 is targeted for lysosome-dependent degradation in the absence of CMTM6. IFNÎ³-treated CMTM6-knockout and Cas9 control WM-852 cells were labelled with APC-conjugated PD-L1-specific antibody as in Fig. 3b. Cells were chased at 37â€‰Â°C in the presence or absence of either 50â€‰nM concanamycin-A, 50â€‰Î¼M chloroquine or 400â€‰nM bafilomycin A1 (two experiments (mean, s.e.m.)). c, IFNÎ³-treated CMTM6-knockout and Cas9 control WM-852 cells were incubated with con-A, chloroquine or bafilomycin-A1 for 16â€‰h before analysis by immunoblot. d, Following inhibition of lysosomal degradation PD-L1 remains sequestered intracellularly in the absence of CMTM6. MDA-MB-231 cells expressing shRNAs targeting CMTM6 or control shRNA were incubated with 50â€‰nM concanamycin-A (conA) for 16â€‰h before flow cytometry analysis for cell surface PD-L1. e, Jurkat cells co-cultured with a CMTM6-knockout tumour show enhanced Il-2 secretion. Jurkat cells were pre-activated overnight with PMA and PHA and co-cultured with PD-L1-knockout, CMTM6-knockout or control vector expressing WM-852 Cas9 cells pre-treated with 500â€‰IU mlâˆ’1 IFNÎ³ for 24â€‰h to upregulate PD-L1 expression. IL-2 levels in the culture supernatant were measured by cytometric bead array after 48â€‰h and 72â€‰h co-culture of Jurkat cells and tumour. Graphs show percent change in Il-2 secretion compared to control cell co-culture (mean and s.e.m. of experimental duplicates). fâ€“h, Reduction in cell surface PD-L1 following knockout or knockdown of CMTM6 in NY-ESO-1 expressing melanoma cell lines used in T cell co-culture assays. All cells were treated with IFNÎ³ before flow cytometry analysis for cell surface PD-L1. f, A375 cells stably expressing Cas9 were transduced with two different sgRNA-targeting CMTM6 and CMTM6-knockout clones were isolated by dilution cloning. g, Patient-derived melanoma cell line LM-MEL-44 was transduced with CMTM6 targeting or control shRNA. h, Patient-derived melanoma cell line LM-MEL-53 was sequentially transduced with Cas9 and either one of two different sgRNAs targeting CMTM6, an sgRNA-targeting PD-L1 or a control vector.

                          Source data
                        


Extended Data Figure 10 CMTM6 regulates tumour-specific T cell activity by regulating PD-L1 levels.
a, Schematic overview of T cell and tumour co-culture assays to evaluate PD-L1-dependent inhibition of T cell activity. b, Increased PD-1 expression on NY-ESO-192â€“100 HLA-CW3-restricted T lymphocytes following 24 h co-culture with LM-MEL-53 melanoma. Staining with APC-conjugated anti-PD-1 antibody is completely blocked following addition of anti-PD-1 antibody nivolumab (BMS) at a saturating concentration (10â€‰Î¼g mlâˆ’1). câ€“g, CMTM6 regulates the anti-tumour activity of NY-ESO-1 antigen-specific T lymphocytes. câ€“e, NY-ESO-192â€“100 HLA-CW3-restricted or NY-ESO-1157â€“165 HLA-A2-restricted CTLs were incubated with the indicated melanoma cells at an effector:target ratio of 1:1 (c, e) or 1:2 (d) for 24â€“48â€‰h at 37â€‰Â°C, then washed off. CTL-mediated tumour lysis was determined by MTS assay and normalized to control wells with no CTLs. f, g, Enhanced T cell activation following co-culture with a CMTM6-depleted cancer cells. f, NY-ESO-192-100 HLA-CW3-restricted T lymphocytes were cultured with CMTM6 sgRNA, PD-L1 sgRNA or control vector transduced LM-MEL-53 melanoma cells stably expressing Cas9 for 24â€‰h before incubation with brefeldin A for 6â€‰h and intracellular staining for TNFÎ±. Where indicated, 10â€‰Î¼g mlâ€“1 nivolumab (anti-PD-1 antibody) was added to the co-cultures. Graphs show triplicates (mean + s.e.m.). *Pâ€‰<â€‰0.05, unpaired two-tailed t-test (câ€“f). g, Supernatants from 3 day co-cultures of NY-ESO-192â€“100 CTLs and control vector or CMTM6 sgRNA transduced LM-MEL-53 cells were analysed by multiplex bead immunoassay (Luminex). Chemokines detected at increased levels following inclusion of 10â€‰Î¼g mlâˆ’1 nivolumab (anti-PD-1 antibody) in the co-cultures are shown. Graphs show triplicates (mean + s.e.m.). *Pâ€‰<â€‰0.05, unpaired two-tailed t-test with Holmâ€“Sidak correction for multiple testing. h, Efficiency of CMTM6 depletion was assessed by qRTâ€“PCR in B16-OVA cells transduced with shRNA targeting CMTM6 or a non-targeting control shRNA. i, j, Growth of CMTM6-deficient and control shRNA expressing B16-OVA tumours injected subcutaneously in C57BL/6 mice. Data are from two independent experiments. Where indicated, mice were treated with anti-CTLA-4 or isotype control antibody from day 4 after tumour cell injection.
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Regulating immunity evasion
Understanding the molecular regulation of programmed death-1 ligand 1 (PD-L1) expression could help to explain the success of certain anti-tumour therapies that disrupt PD-L1-mediated tumour tolerance. Mark Dawson and colleagues identify a novel regulator of PD-L1 expression, CMTM6, through a genome-wide CRISPRâ€“Cas9 screen. CMTM6 functions to maintain PD-L1 at the plasma membrane by inhibiting its lysosome-mediated degradation and promoting its recycling. Elsewhere in this issue, Ton Schumacher and colleagues describe a haploid genetic screen to identify molecules and pathways that influence the cell surface expression of PD-L1. They also identify chemokine-like factors CMTM6 and CMTM4 as cell endogenous regulators of PD-L1 stability, and suggest that this axis could be targeted therapeutically to improve cancer immunotherapy.
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