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            Abstract
Inactivating mutations in LKB1/STK11 are present in roughly 20% of nonsmall cell lung cancers (NSCLC) and portend poor response to anti-PD-1 immunotherapy. Unexpectedly, we found that LKB1 deficiency correlated with elevated tumor mutational burden (TMB) in NSCLCs from nonsmokers and genetically engineered mouse models, despite the frequent association between high-TMB and anti-PD-1 treatment efficacy. However, LKB1 deficiency also suppressed antigen processing and presentation, which are associated with compromised immunoproteasome activity and increased autophagic flux. Immunoproteasome activity and antigen presentation were restored by inhibiting autophagy through targeting the ATG1/ULK1 pathway. Accordingly, ULK1 inhibition synergized with PD-1 antibody blockade, provoking effector T-cell expansion and tumor regression in Lkb1-mutant tumor models. This study reveals an interplay between the immunoproteasome and autophagic catabolism in antigen processing and immune recognition, and proposes the therapeutic potential of dual ULK1 and PD-1 inhibition in LKB1-mutant NSCLC as a strategy to enhance antigen presentation and to promote antitumor immunity.
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                    Fig. 1: Increased TMB in LKB1-mutant NSCLC tumors.[image: ]


Fig. 2: LKB1 is critical for maintaining HR during DNA DSB repair.[image: ]


Fig. 3: Suppressed antigen presentation machinery and immunoproteasome function in KL tumors.[image: ]


Fig. 4: ULK1 as therapeutic target for LKB1-mutant tumors through inhibition autophagic flux.[image: ]


Fig. 5: Targeting ULK1 increases immunoproteasome activity and T cell activity in vivo.[image: ]


Fig. 6: ULK1 inhibition restores antitumor immunity in LKB1-mutant lung cancers.[image: ]
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              All data generated and supporting the findings of this study are available within the paper. The RNA-seq data have been deposited in the Gene Expression Ominbus accession number GSE137244 and GSE137396. The whole-exome sequencing data have been deposited in the NCBI Sequence Read Archive accession number PRJNA564395. TCGA data used are publicly available at the Genomic Data Commons portal (https://portal.gdc.cancer.gov/). Source data are available for this paper. All other data supporting the findings of this study are available from the corresponding author on reasonable request.
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Extended data

Extended Data Fig. 1 Mutational burden and signature analysis for LKB1 mutant tumors.
a, Comparison of tumor mutational burden (TMB) of nonsynonymous mutation using freshly isolate NSCLC GEMMs lung nodules from KrasG12DLkb1fl/fl (KL) or KrasG12DTrp53fl/fl (KP) from RNA sequencing. nâ€‰=â€‰5 lung nod each group. (unpaired t-test, two sided, FDRâ€‰<â€‰0.05) b, TMB analysis of cell lines derived from KrasG12DLkb1fl/flTrp53fl/fl (KLP) NSCLC GEMM nodules using RNA sequencing (Upper table) or whole exome sequencing (WES) (lower table) for each cell line. c, Validation of KP, KL, KLP lines used. Upper panel, PCR result of indicated primers for each cell line. Lower panel, western blot result of LKB1, TRP53 and P16 protein levels of each cell lines. Blots are cropped and that uncropped images can be found in Source Data. Data represents one of three independent experiments. d, Representative IHC images of KL allograft lung tumors showing adenocarcinoma (left panels) or squamous tumor (right panels). Data represents one of three independent experiments. Scale bar, 100Î¼m. e, Co-mutational analysis of NSCLC patients analyzed in Fig. 1b, including KRAS, STK11 and TP53 as total patient number and percentage within each group. f, Top suppressed biological process pathways from Kras/Lkb1 comparing with Kras/Trp53 mutant mouse cell lines. x-axis, -log2q value (Bonferroni) between the two groups. nâ€‰=â€‰5 cell lines each group.

                          Source data
                        


Extended Data Fig. 2 Mutational signature analysis and gene set enrichment analysis (GSEA) from KL and KP tumors.
a, Point nonsynonymous single-nucleotide variations (SNV) numbers from either KP or KL cells. KP nâ€‰=â€‰6, KL nâ€‰=â€‰5 cell lines each group. (meanÂ±sd, unpaired t test, two tailed). b, Percentage of Indels and SNVs in KP and KL cells KP nâ€‰=â€‰6, KL nâ€‰=â€‰5 cell lines each group. (unpaired t test, two sided. Pâ€‰=â€‰0.0032). c, Percentage of each COSMIC mutational signature detected in the cell lines examined. Each column represents one individual cell line. d, Fold change of the signatures shown in (a) and normalized to average levels of corresponding signature in KP. KL, KP nâ€‰=â€‰5 cell lines each group. (meanâ€‰Â±â€‰sd, multiple t test, FDRâ€‰<â€‰0.05). e, GSEA of DNA repair related pathways, including HR repair-replication independent DSB, non-homologous end joining, nucleotide excision repair and mismatch repair, and related autophagy pathway and unfolded protein response (UPR) pathway of KL and KP GEMM lung nodules. KL nâ€‰=â€‰5, KP nâ€‰=â€‰5 lung nodules each group. f, Gene set enrichment analysis (GSEA) of TCGA patients for autophagy pathway and UPR pathway. KL nâ€‰=â€‰19, KP nâ€‰=â€‰22 patients each group.

                          Source data
                        


Extended Data Fig. 3 LKB1 mutant tumor double strand break repair.
a, HR and NHEJ levels in Kras/Lkb1/Trp53 mutant cell lines comparing with Kras/Trp53 cells. nâ€‰=â€‰3 cell cultures for each group. (meanÂ±sd, two-sided t test, unpaired). b, NHEJ ratio changes in human NSCLC LKB1 mutant cell lines H23, A427 and H460 with empty vector (pBABE), LKB1 or KLB1-KD overexpression were determined by flow cytometry. nâ€‰=â€‰3 individual cell cultures for each group. (meanÂ±sd, two-sided t test, unpaired). c, Quantification of Rad51 and pH2AX positive cells percentage in KLP cells. Result is combined from three independent experiments. KP UT, KP NCS and KLP UT nâ€‰=â€‰4, KLP NCS nâ€‰=â€‰3 individual cell cultures each group. Data shown one of two independent experiments. (mean Â± sd, one-way ANOVA, multiple two-sided comparison, Tukey test). d, LKB1 forms complex with BRCA1 in response to DNA damage. Upper panel, immunoprecipitation assay showing LKB1 interacting proteins in response to neocarzinostatin (NCS) treatment induced DNA damage. Lower panel, western blot showing total level of input proteins from whole-cell extract (WCE). Data represents one of two independent experiments. Blots are cropped and uncropped images can be found in Source Data.

                          Source data
                        


Extended Data Fig. 4 Immunoproteasome activity changes in LKB1 mutant tumors upon IFNÎ³ stimulation.
a, Real-time PCR showing antigen presentation genes expressing in LKB1 mutant lines with LKB1 overexpression. Left, H460 human NSCLC cells. Right, mouse KL cells with or without LKB1 over-expression. nâ€‰=â€‰3 experiments each group. (meanâ€‰Â±â€‰sd, unpaired t test, two tailed). *Pâ€‰<â€‰0.05, ***Pâ€‰<â€‰0.001. b, Western blot showing immunoproteasome subunits PSMB9 and PSMB8 levels, TAP1, Tapasin and B2M expression (Upper panel) and conventional proteasome subunits PSMB5 and PSMB6 expression (lower panel) from KP or KL lung nodules. Samples are derived from the same experiment and blots were processed in parallel. Blots are cropped and uncropped images can be found in Source Data. c, KL Ulk1 shRNA cell lines (upper panel) and KP Ulk1 shRNA cell lines (lower panel) were stimulated with IFN Î³ (10â€‰ng/ml) for 24 hrs before the measurement of immunoproteasome activities showed as relative fluorescent units (RFU) per min (Vmax). nâ€‰=â€‰3 cell cultures for each group. (meanâ€‰Â±â€‰sd, multiple two-sided unpaired t test, two-stage step-up method of Benjamini, Krieger and Yekutieli). d, Immunoproteasome cleavage activity corresponding to indicated substrate for two KLP cells (KLP T1 and KLP T2) after IFNð�›¾ stimulation shown as Vmax fold change compared with KL vehicle control group. nâ€‰=â€‰3 cell cultures each group. (meanâ€‰Â±â€‰sd, two-sided unpaired multiple t test, two-stage step-up method of Benjamini, Krieger and Yekutieli). e, Immunoproteasome activity for KL (left) and H460 (right) with or without LKB1 over-expression. nâ€‰=â€‰3 cell cultures each group. (meanâ€‰Â±â€‰sd, two-sided unpaired multiple t test, two-stage step-up method of Benjamini, Krieger and Yekutieli).

                          Source data
                        


Extended Data Fig. 5 MHCI levels in KL and KP tumors.
a, MHCI levels from KP or KL allograft tumors as quantified as median fluorescent intensity (MFI) (left). Right, representative histograms depict MHCI level from mice with KP and KL tumors. nâ€‰=â€‰5 tumors each group. (meanâ€‰Â±â€‰sd, two-sided t test, unpaired) b, MHCI levels from KP or KL tumor cell lines stimulated with IFNÎ³ as shown MFI levels. Left panel, representative histograms. Right panel, quantification of MHC I expression levels in KP and KL after IFNÎ³ (100â€‰ng/ml) stimulation for 18 hrs. nâ€‰=â€‰3 cell cultures each group. Shown representative result of three independent experiments (meanâ€‰Â±â€‰sd, multiple t test, FDRâ€‰<â€‰0.05). c, MHC I subunit H-2K and H-2D levels change in response to ULK1 inhibitor MRT68921 in mouse KL line in vitro 48hrs after the treatment. Data representative of two independent experiments.

                          Source data
                        


Extended Data Fig. 6 Targeting autophagy pathway in LKB1 mutant NSCLC tumors.
a, Representative immunofluorescent (IF) image of autophagy flux in KL and KL-LKB1 tumor cells in response to MRT using GFP-mCherry-LC3B reporter. Red, GFP-mCherry+ LC3 puncta; yellow, GFPâ€‰+â€‰mCherry+ puncta. scale bar, 15 ð�œ‡m. Data representative of 2 independent experiments. b, Quantification of autophagic flux by GFP-RFP-LC3 reporter in KL tumors treated with MRT as left using flow cytometry analysis. Upper panel, gating strategy. Lower panel, quantification of autophagic flux shown as RFP:GFP ratios. nâ€‰=â€‰3 cell cultures each group. Data shown represents one of three independent experiments (meanâ€‰Â±â€‰sd, two-tailed t test for high group, unpaired). c, Quantification of autophagic flux ratio (RFP:GFP) in KL cells with GFP-RFP-LC3 reporter transduced with Ulk1 shRNA. nâ€‰=â€‰3 cell cultures each group. Data shown one of two independent experiments. (meanâ€‰Â±â€‰sd, two-tailed t test for high group, unpaired). Samples were compared with NT shRNA cells for high group. d. western blot showing ULK1 protein levels in KL (left) and KP (right) stable cell lines with Ulk1 shRNA. Data represents one of two independent experiments. e, Western blot of ULK inhibitor MRT68921 in human LKB1 isogenic lines for TBK1/STING pathway changes of H460 (left) and H23 (middle) and H1792 (right). Data represents one of two independent experiments. f,g,h, Immunoproteasome activity for KL stable cell lines with Atg7 or Atg13 for ANW (f), KQL (g) or PAL (h) substrate. nâ€‰=â€‰3 independent experimental samples for each group. (data presented are shown as meanÂ±sd, two-sided one-way ANOVA, Tukey test, statistics presented on top of each column is compared with vehicle group, and pairwise comparisons between groups after 100â€‰ng/ml IFNÎ³ treatment shown on top of columns). Data shown one of two independent experiments. i, Western blot of KL stable cell lines generated with either Atg7 shRNA (left panel) or Atg13 shRNA (right panel). Shown one of two independent experiments. Blots in panels d, e and i are cropped and uncropped images can be found in Source Data.

                          Source data
                        


Extended Data Fig. 7 Targeting autophagy in LKB1 mutant NSCLC tumors in vivo.
a, validation of KL cells transduced with autophagy flux reporter GFPâ€“LC3-RFP (GLR). Generated KL GLR cells were starved in EBSS buffer for 24 hrs before FACS analysis for RFP/GFP signals. b, Representative FACS analysis of GFP/RFP ratio of KL tumors after indicated treatments. Data representative of 2 independent experiments. c, Western blot shows conventional proteasome subunits PSMB5 and PSMB6 expression levels from KL lung nodules after MRTâ€‰+â€‰PD1 treatment. Each lane represents one individual mouse tumor nodule. d, Toxicity of MRT68921 shown as mouse body weight change percentage after the drug treatment. Each line represents one mouse. nâ€‰=â€‰9. e, Tumor volume changes after 2-week treatment of KL GEMM tumors with MRTâ€‰+â€‰PD1. Veh nâ€‰=â€‰9, PD1 nâ€‰=â€‰14, MRT nâ€‰=â€‰8, MRTâ€‰+â€‰PD1, nâ€‰=â€‰14 tumors each group. (meanâ€‰Â±â€‰sd, one-way ANOVA). f, Tumor volume change of KP allograft tumor 1 week after indicated treatment. Veh, MRT, MRTâ€‰+â€‰PD1 nâ€‰=â€‰10; PD1 nâ€‰=â€‰8 tumors each group. (meanâ€‰Â±â€‰sd, one-way ANOVA).
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Extended Data Fig. 8 Immune infiltrates analysis in KL tumors after ULK1 inhibitor treatment.
a, Gating strategy used for immune analysis. b, FACS analysis of CD4â€‰+â€‰(left) and CD8â€‰+â€‰(right) T lymphocytes among total tumor infiltrating CD45â€‰+â€‰leukocytes in KL tumor after the treatment of ULK1 inhibitor MRT68921 (MRT). Veh nâ€‰=â€‰12, MRT nâ€‰=â€‰5 tumors each group. (meanâ€‰Â±â€‰sd, unpaired t test, two tailed). c, CD8/Treg ratio of total tumor infiltrating leukocytes (TILs) after the indicated drugs treatment. veh nâ€‰=â€‰12, MRT nâ€‰=â€‰5, MRTâ€‰+â€‰PD1 nâ€‰=â€‰12 tumors each group. (meanâ€‰Â±â€‰sd, unpaired t test, two tailed). d, CD69, CCR7 and 2B4 levels within CD8â€‰+â€‰T cells after MRT68921 (MRT) and anti-PD1 treatment. Left panel, veh nâ€‰=â€‰12, MRTâ€‰+â€‰PD1 nâ€‰=â€‰10. Middle and right panel, veh nâ€‰=â€‰8, MRTâ€‰+â€‰PD1 nâ€‰=â€‰10 tumors each group. (meanâ€‰Â±â€‰sd, unpaired t test, two tailed.).
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