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            Abstract
The immune system influences the fate of developing cancers by not only functioning as a tumour promoter that facilitates cellular transformation, promotes tumour growth and sculpts tumour cell immunogenicity1,2,3,4,5,6, but also as an extrinsic tumour suppressor that either destroys developing tumours or restrains their expansion1,2,7. Yet, clinically apparent cancers still arise in immunocompetent individuals in part as a consequence of cancer-induced immunosuppression. In many individuals, immunosuppression is mediated by cytotoxic T-lymphocyte associated antigen-4 (CTLA-4) and programmed death-1 (PD-1), two immunomodulatory receptors expressed on T cells8,9. Monoclonal-antibody-based therapies targeting CTLA-4 and/or PD-1 (checkpoint blockade) have yielded significant clinical benefitsâ€”including durable responsesâ€”to patients with different malignancies10,11,12,13. However, little is known about the identity of the tumour antigens that function as the targets of T cells activated by checkpoint blockade immunotherapy and whether these antigens can be used to generate vaccines that are highly tumour-specific. Here we use genomics and bioinformatics approaches to identify tumour-specific mutant proteins as a major class of T-cell rejection antigens following anti-PD-1 and/or anti-CTLA-4 therapy of mice bearing progressively growing sarcomas, and we show that therapeutic synthetic long-peptide vaccines incorporating these mutant epitopes induce tumour rejection comparably to checkpoint blockade immunotherapy. Although mutant tumour-antigen-specific T cells are present in progressively growing tumours, they are reactivated following treatment with anti-PD-1 and/or anti-CTLA-4 and display some overlapping but mostly treatment-specific transcriptional profiles, rendering them capable of mediating tumour rejection. These results reveal that tumour-specific mutant antigens are not only important targets of checkpoint blockade therapy, but they can also be used to develop personalized cancer-specific vaccines and to probe the mechanistic underpinnings of different checkpoint blockade treatments.
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                    Figure 1: Mutations in Lama4 and Alg8 form top predicted d42m1-T3 epitopes.[image: ]


Figure 2: Mutant Lama4 and mAlg8 are therapeutically relevant d42m1-T3 TSMA.[image: ]


Figure 3: Differential effects of checkpoint blockade therapy on tumour-antigen-specific CD8+ T cells.[image: ]


Figure 4: Checkpoint blockade therapy alters the functional phenotypes of tumour-antigen-specific CD8+ T cells.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Innate and adaptive immune components are required for rejection of d42m1-T3 after checkpoint blockade therapy.
a, Cohorts of Rag2âˆ’/âˆ’, Batf3âˆ’/âˆ’ or wild-type mice were treated with control mAb, anti-CD4, anti-CD8Î± or anti-IFN-Î³ mAbs and then were injected with 1Â Ã—Â 106 d42m1-T3 tumour cells subcutaneously and subsequently treated with anti-CTLA-4 on days 3, 6 and 9 post-transplant. b, c, d42m1-T3 (b) or F244 (c) tumour cells were injected subcutaneously into wild-type mice (n = 5) that were subsequently treated with anti-PD-1 on days 3, 6, and 9. Fifty days after tumours were rejected, mice were rechallenged with d42m1-T3 or F244 tumour cells. Data are presented as average tumour diameterÂ Â±Â s.e.m. of 5 mice per group and are representative of at least two independent experiments.


Extended Data Figure 2 H-2Db mutant epitopes of d42m1-T3 tumours.
a, Missense mutations in d42m1-T3 were subjected to in silico analysis for the potential to form H-2Db-binding epitopes using three epitope prediction algorithms. The median predicted epitope-binding affinity for each peptide was calculated and expressed as â€˜median affinity valueâ€™ where affinity value = 1/IC50Â Ã—Â 100. Predicted epitopes are arrayed along the x-axis in alphabetical order based on their protein of origin. b, Unfiltered median affinity values for the four predicted H-2Db epitopes. c, Median affinity values of remaining two H-2Db epitopes after filtering. d, Tetramer staining of CD8+ TIL from tumour-bearing mice treated with anti-PD-1 using H-2Db tetramers loaded with top 4 H-2Db synthetic peptides. e, IFN-Î³ and TNF-Î± intracellular cytokine staining of CD8+ TIL from tumour-bearing mice treated with anti-PD-1 immunotherapy following co-culture with naive irradiated splenocytes pulsed with the top four H-2Db synthetic peptides added at 1Â Î¼M final concentration. Data are presented as per cent of CD8+ TIL positive for IFN-Î³, TNF-Î± or both cytokines. Data are representative of two independent experiments.


Extended Data Figure 3 mLama4 and mAlg8 stimulate CD8+ T cell lines generated against d42m1-T3 following anti-PD-1 immunotherapy.
a, CD8+ T cell lines generated from splenocytes of individual d42m1-T3-tumour-bearing mice that rejected their tumours after anti-PD-1 therapy were incubated with irradiated d42m1-T3 tumour cells (or F244 tumour cells) treated with blocking mAb specific for H-2Kb, and/or H-2Db and IFN-Î³ production was quantitated. Data are presented as meansÂ Â±Â s.e.m. and are representative of two independent experiments. Samples were compared using an unpaired, two-tailed Studentâ€™s t test (***PÂ <Â 0.001). b, IFN-Î³ release by the CTL 74 T cell line following co-culture with naive irradiated splenocytes pulsed with the top 62 H-2Kb synthetic peptides added at 1Â Î¼M final concentration.


Extended Data Figure 4 mLama4 and mAlg8 bind H-2Kb and stimulate CD8+ T cell lines generated against d42m1-T3 following anti-PD-1 immunotherapy.
a, IFN-Î³ release by CTL 62, CTL 73 or CTL 74 T cell lines following stimulation with naive irradiated splenocytes pulsed with wild-type or mutant forms of Lama4 or Alg8 peptides. b, RMA-S cells were incubated with 8 amino acid peptides of mLama4 or mAlg8 and surface expression of H-2Kb or H-2Db was assessed by flow cytometry. Mean fluorescent intensity of H-2Kb and H-2Db was expressed as peptide binding score. Data presented are representative of at least two independent experiments.


Extended Data Figure 5 Identification of a peptide bound to H-2Kb on d42m1-T3 tumour cells corresponding to mutant Lama4.
a, Identification of the peptide, VGFNFRTL, corresponding to mLama4 by discovery mass spectrometry. b, Validation of the mLama4 peptide using an isotope-labelled synthetic peptide (VGFNFRTL (13C6, 15N1)).


Extended Data Figure 6 Generation of SRM assay library for the detection of mutant H-2Kb peptides on d42m1-T3.
a, SRM transitions were optimized for 51 of the 62 top predicted H-2Kb peptides. The 51 peptides chosen were selected based on having physiochemical properties that would allow their detection by mass spectrometry if present. Only Lama4 and Alg8 are shown here for simplicity. The 51 peptides were synthesized and LC-tandem mass spectrometry acquisition was performed on each peptide to determine the best collision energy and to obtain the full fragment ion spectrum (left panel); three to seven of the highest intensity peaks were selected to be built into SRM transitions. Optimal SRM transitions displayed as extracted ion chromatograms are shown (right panel). Q1â€“Q3 transitions are indicated in parenthesis. The mutated amino acid in the peptide sequence is marked in red. b, F244 tumour cells, which lack the mLama4 and mAlg8 d42m1-T3 epitope, lack detectable mLama4 or mAlg8 in complex with H-2Kb as assessed by SRM.


Extended Data Figure 7 CD8+ T cells specific for mutant forms of Lama4 and Alg8 infiltrate d42m1-T3, but not F244, tumours.
a, Detection of tumour-infiltrating mLama4- or mAlg8-specific T cells infiltrating d42m1-T3 or F244 tumours of mice treated with anti-PD-1. Tumours were harvested on day 12 post-transplant. Cells were gated on live CD45+ and CD8Î±+ tumour-infiltrating lymphocytes. Detection of mLama4- or mAlg8-specific T cells was achieved by staining with peptide-MHC H-2Kb PE-labelled tetramers. Data are representative of at least five independent experiments. b, Detection of mLama4-specific tumour-infiltrating T cells from tumour-bearing mice treated with anti-PD-1, anti-CTLA-4, both anti-PD-1 plus anti-CTLA-4 or control mAb. Detection of mLama4-specific T cells was achieved by staining with mLama4-MHC H-2Kb PE-labelled tetramers. Data presented are plotted as the mean mLama4 tetramer-positive as a percent of CD8Î±+ tumour-infiltrating cells and are representative of at least three independent experiments.


Extended Data Figure 8 mAlg8 and mLama4 SLP vaccine control d42m1-T3 tumour outgrowth when administered therapeutically or prophylactically.
a, Tumour growth of d42m1-T3 tumours from mice therapeutically vaccinated with mLama4 and mAlg8 SLP plus poly(I:C), HPV control SLP plus poly(I:C) or poly(I:C) alone. Data shown are meanÂ Â±Â s.e.m. Mutant Lama4 and mAlg8 SLP vaccine group was compared to HPV control SLP vaccine group using an unpaired, two-tailed Studentâ€™s t test (*PÂ <Â 0.05 and **PÂ <Â 0.01). b, Kaplanâ€“Meier survival curves of d42m1-T3-tumour-bearing mice (7 per group) prophylactically vaccinated with SLP vaccines plus poly(I:C). mLama4 plus mAlg8 compared to HPV control: P = 0.0003 (log-rank (Mantelâ€“Cox) test). Representative of two independent experiments. c, Cumulative number of mice (7â€“10 per group) from at least two independent experiments rejecting d42m1-T3 or F244 tumours as a consequence of SLP or minimal epitope peptide prophylactic vaccination.


Extended Data Figure 9 Detection of TIM-3, LAG-3, IFN-Î³ and TNF-Î± expression in tumour-infiltrating CD8+ T cells.
a, Representative histogram of TIM-3 or LAG-3 expression on mLama4-specific CD8+ tumour-infiltrating T cells from tumour-bearing mice treated with anti-PD-1, anti-CTLA-4, both anti-PD-1 and anti-CTLA-4 or control mAbs. b, TIM-3 and LAG-3 are reduced in mAlg8-specific CD8+ TIL from tumour-bearing mice treated with anti-PD-1, anti-CTLA-4, or both anti-PD-1 and anti-CTLA-4 compared to mice treated with control mAb. n = 5 mice per group pooled. Data are presented as meanÂ Â±Â s.e.m. of at least three independent experiments. Samples were compared using an unpaired, two-tailed Studentâ€™s t test (*PÂ <Â 0.05, **PÂ <Â 0.01). c, Representative dot plots of IFN-Î³ and TNF-Î± stained CD8+ tumour-infiltrating T cells from tumour-bearing mice following treatment with anti-PD-1, anti-CTLA-4, both anti-PD-1 and anti-CTLA-4 or control mAbs. Data presented are representative of at least three independent experiments.


Extended Data Table 1 Commonly differentially regulated genes and GSEA pathways in mLama4+ TIL during checkpoint blockade therapyFull size table
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