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            Abstract
Human tumours typically harbour a remarkable number of somatic mutations1. If presented on major histocompatibility complex class I molecules (MHCI), peptides containing these mutations could potentially be immunogenic as they should be recognized as ‘non-self’ neo-antigens by the adaptive immune system. Recent work has confirmed that mutant peptides can serve as T-cell epitopes2,3,4,5,6,7,8,9. However, few mutant epitopes have been described because their discovery required the laborious screening of patient tumour-infiltrating lymphocytes for their ability to recognize antigen libraries constructed following tumour exome sequencing. We sought to simplify the discovery of immunogenic mutant peptides by characterizing their general properties. We developed an approach that combines whole-exome and transcriptome sequencing analysis with mass spectrometry to identify neo-epitopes in two widely used murine tumour models. Of the >1,300 amino acid changes identified, ∼13% were predicted to bind MHCI, a small fraction of which were confirmed by mass spectrometry. The peptides were then structurally modelled bound to MHCI. Mutations that were solvent-exposed and therefore accessible to T-cell antigen receptors were predicted to be immunogenic. Vaccination of mice confirmed the approach, with each predicted immunogenic peptide yielding therapeutically active T-cell responses. The predictions also enabled the generation of peptide–MHCI dextramers that could be used to monitor the kinetics and distribution of the anti-tumour T-cell response before and after vaccination. These findings indicate that a suitable prediction algorithm may provide an approach for the pharmacodynamic monitoring of T-cell responses as well as for the development of personalized vaccines in cancer patients.
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                    Figure 1: Identification of MHCI-presented tumour-specific mutations in MC-38 and TRAMP-C1 tumour cell lines.[image: ]


Figure 2: Modelling of mutant peptide–MHCI complexes.[image: ]


Figure 3: Immunogenicity of mutated peptides in vivo.[image: ]


Figure 4: Vaccination with immunogenic peptides provides protection and delays tumour growth.[image: ]
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Extended data figures and tables

Extended Data Figure 1 TRAMP-C1 tumours are less immunogenic than MC-38 tumours.
a, MC-38 or TRAMP-C1 tumours (150–250 mm3 in size) were grown in vivo in C57BL/6 mice. TILs were collected and screened by flow cytometry to quantitate absolute numbers of CD45+ immune cells or CD8 T cells in each tumour sample. n = 9 for MC-38 and n = 5 for TRAMP-C1. **P ≤ 0.01, ***P ≤ 0.001 by two-tailed unpaired Student’s t-test. b, MHCI surface expression on MC-38 and TRAMP-C1 cell lines. Cells grown in vitro were stained with anti-H-2Db (biotinylated) or anti-H-2Kb (PE-conjugated) antibodies or isotype controls and analysed for surface expression by flow cytometry.


Extended Data Figure 2 Tandem mass spectra of endogenous mutant MC-38 MHC antigen peptides and their corresponding synthetic peptides.
a, AALLNSAVL; b, AQLANDVVL; c, ASM(ox)TNM(ox)ELM(ox), ox, oxidized; d, MAPIDHTTM; e, SSPYSLHYL; f, SIIVFNLL; and g, EEKNTGLI. The peak at 460.9511 m/z corresponds to a co-eluting, singly charged contaminant background ion isolated with peptide precursor (EEKNTGLI is an example of a low-confidence spectral identification, based on comparing the endogenous and synthetic spectra). Mutation sites are indicated with the amino acid underlined. Spectral differences in endogenous and synthetic peptide spectra maybe due to co-eluting peptides in the highly complex sample. Although present, not all fragment ions are labelled due to overlapping peak labels.


Extended Data Figure 3 Variant peptide expression is retained in vivo for the chosen peptides.
Total RNA-seq reads covering the variant position for the genes corresponding to the 7 MS/MS-identified variant peptides are shown. Both the reference and the alternate alleles are shown for an in vitro and an in vivo sample of the MC-38 line. Expression of the variant allele is observable both in vitro and in vivo. Alt, alternate allele; Ref, reference allele.


Extended Data Figure 4 Tandem mass spectra of endogenous wild-type MC-38 MHC antigen peptides and their corresponding synthetic peptides.
a–c, Wild-type MC-38 peptides AQLPNDVVL (a), ASM(ox)TNRELM(ox), ox, oxidized (b), and SSISNFQAV (c). Spectral differences in endogenous and synthetic peptide spectra maybe due to co-eluting peptides in the highly complex sample. Although present, not all fragment ions are labelled due to overlapping peak labels.


Extended Data Figure 5 wild-type-counterpart peptides for Adpgk and Reps1 are not immunogenic in vivo.
a–d, C57BL/6 mice were immunized with 100 µg wild-type or mutant Adpgk or Reps1 peptides with adjuvant (100 µg Poly (I:C) plus 50 µg anti-CD40) or adjuvant alone, at day 0 and day 14. At day 21, splenic CD8 T cells from mice immunized with wild-type (GIPVHLELASMTNRELMSSIVHQQVFPT) or mutant (GIPVHLELASMTNMELMSSIVHQQVFPT) Adpgk peptide were stained with mut-Adpgk–H-2Db dextramers (a) or WT-Adpgk–H-2Db dextramers (b). Similarly CD8 T cells from mice immunized with wild-type (GRVLELFRAAQLPNDVVLQIMELCGATR) or mutant Reps1 (GRVLELFRAAQLANDVVLQIMELCGATR) peptide were stained with Mut-Reps1/H-2Db dextramers (c) or WT-Reps1/H-2Db dextramers (d) and analysed by flow cytometry. Frequency of indicated peptide–MHCI dextramer+ of CD8 T cells is shown. Mice immunized with adjuvant alone were used as the reference. Data are from one experiment with n = 5 each group with bars representing means. *P ≤ 0.05 (unpaired two-tailed Student’s t-test). e, CD8 TILs from MC-38 or TRAMP-C1 tumours (300–500 mm3) grown in vivo in C57BL/6 mice were stained with PE-labelled Adpgk–H-2Db dextramers and analysed using flow cytometry. Frequency of Adpgk dextramer+ among CD8 T cells is shown in two different tumour samples.


Extended Data Figure 6 Frequency of peptide-specific CD8 T cells in MC-38 tumours of varying size grown in vivo in C57BL/6 mice.
a, b, CD8 T cells in TILs from tumours of indicated sizes were stained with PE-labelled pooled peptide–MHCI dextramers (Adpgk+Reps1+Dpagt1) and analysed by flow cytometry. The graphs are showing percent of peptide–MHCI dextramer+ among CD8 T cells (a) and the frequency of CD8 T cells among CD45+ cells (b) in TILs. Each point represents an individual mouse and the bars represent means.


Extended Data Figure 7 Frequency of Reps1- and Dpagt1-specific CD8 T cells in blood after immunization with peptides.
Blood CD8 T cells from C57BL/6 mice were analysed a day before inoculation (at day −1) with MC-38 tumours, after immunization with vaccine as outlined in Fig. 4a. The frequencies of peptide-specific CD8 T cells in the adjuvant alone (Adj) or adjuvant plus peptides (Adj+Pep) groups are shown by staining CD8 T cells with indicated peptide–MHCI dextramers and analysed using flow cytometry. The two mice that developed tumours in Adj+Pep group (in Fig. 4b) are highlighted in red filled circles. Pooled data from two experiments are shown with the bars representing means.


Extended Data Figure 8 Frequency of Reps1 and Dpagt1-specific CD8 T cells in spleen after immunization of MC-38 tumour bearing or non-tumour-bearing mice.
Tumour bearing or non-tumour-bearing C57BL/6 mice were immunized with adjuvant (anti-CD40 plus poly(I:C) alone (Adj) or 50 μg of Reps1, Dpagt1 and Adpgk peptides with adjuvant (Adj+Pep)) as outlined in Fig. 4d. a, b, Seven days after immunization splenic CD8 T cells were analysed for peptide-specific CD8 T cells by staining with Reps1–H2-Db-specific (a) or Dpagt1–H2-Kb-specific (b) dextramers and analysed using flow cytometry. Two groups of non-tumour-bearing mice were also immunized and splenic CD8 T cells were analysed at day 7 after immunization. Data are representative of two independent experiments and bars represent means.


Extended Data Figure 9 Increased frequency of Adpgk-specific CD8 T cells and IFN-γ-producing CD4 T cells upon immunization of MC-38 tumour-bearing mice.
a, Frequency of Adpgk–H-2Db dextramer+ CD8 T cells among total live cells in MC-38 tumours. TILs were analysed after immunization of MC-38 tumour bearing C57BL/6 mice with adjuvant alone (Adj) or adjuvant with peptides (Adj+Pep) or no treatment (Control) (as in Fig. 4d). Tumour CD8 T cells were stained with PE-labelled Adpgk–H-2Db dextramers and analysed using flow cytometry. Frequency of Adpgk–H-2Db dextramer+ CD8 T cells of total live cells in tumours is shown. b, Frequency of IFN-γ expressing CD4 T cells in tumours or spleen at day 7-post immunization. As in Fig. 4i, TILs or splenocytes were stimulated with PMA and ionomycin and IFNγ production among CD4 T cells was determined by intracellular cytokine staining. Data are representative of two independent experiments with bars representing means.
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Immunogenic tumour mutations predicted
Mahesh Yadav et al. use a combination of genome-wide exome and transcriptome analysis, mass spectrometry and computational structural modelling to identify immunogenic neo-antigens in two mouse tumour cell lines. Mice vaccinated with predicted immunogenic peptides yielded therapeutically useful cytotoxic T-lymphocyte responses.
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