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            Abstract
The ability of the immune system to eliminate and shape the immunogenicity of tumours defines the process of cancer immunoediting1. Immunotherapies such as those that target immune checkpoint molecules can be used to augment immune-mediated elimination of tumours and have resulted in durable responses in patients with cancer that did not respond to previous treatments. However, only a subset of patients benefit from immunotherapy and more knowledge about what is required for successful treatment is needed2,3,4. Although the role of tumour neoantigen-specific CD8+ T cells in tumour rejection is well established5,6,7,8,9, the roles of other subsets of T cells have received less attention. Here we show that spontaneous and immunotherapy-induced anti-tumour responses require the activity of both tumour-antigen-specific CD8+ and CD4+ T cells, even in tumours that do not express major histocompatibility complex (MHC) class II molecules. In addition, the expression of MHC class II-restricted antigens by tumour cells is required at the site of successful rejection, indicating that activation of CD4+ T cells must also occur in the tumour microenvironment. These findings suggest that MHC class II-restricted neoantigens have a key function in the anti-tumour response that is nonoverlapping with that of MHC class I-restricted neoantigens and therefore needs to be considered when identifying patients who will most benefit from immunotherapy.
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                    Fig. 1: mITGB1 is a major MHC-II-restricted neoantigen of T3 sarcoma cells.[image: ]


Fig. 2: ICT-mediated rejection of a nonimmunogenic sarcoma requires CD4+ and CD8+ T cells.[image: ]


Fig. 3: CD4+ T cell help is required for the generation of functional CD8+ CTLs during ICT.[image: ]


Fig. 4: MHC-II neoantigens are required for optimal tumour vaccine efficacy.[image: ]


Fig. 5: Expression of an MHC-II neoantigen by tumour cells has localized impact on tumour composition.[image: ]
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                Data availability

              
              Nucleotide variant calls generated from cDNA capture sequencing of the T3 and KP9025 sarcoma lines and used in the prediction of antigens shown in Fig. 1a, Extended Data Fig. 3a, b and 6b are provided as Supplementary DataÂ 1 and Supplementary DataÂ 2.

            

Code availability

              
              Code for the hmMHC algorithm used to predict presentation of neoantigens by I-Ab can be accessed at https://github.com/artyomovlab/hmmhc.
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Extended data figures and tables

Extended Data Fig. 1 The hmMHC predictive algorithm and IEDBâ€²18 H2-I-Ab training dataset composition.
a, An example of a fully connected HMM with three hidden states, and emissions corresponding to amino acids. bâ€“d, Composition of IEDB dataset (MHC full ligand export downloaded on 25 November 2018) represented as number of peptides per binding category and measurement type (b, c) and binding category and peptide length (d). Strong binders: IC50Â â‰¤Â 50Â nM; binders: 50Â nMÂ <Â IC50Â â‰¤Â 500Â nM; weak binders: 500Â nMÂ <Â IC50Â â‰¤Â 5,000Â nM; non-binders: all remaining peptides.

                          Source data
                        


Extended Data Fig. 2 Performance of hmMHC compared to netMHCII-2.3 and netMHCIIpan-3.2.
a, hmMHC (orange shapes) underwent 10Ã— cross-validation. In each of the ten cross-validation partitions, on average there were 4,412 binders in the training set, and 771 binders and 77,086 random natural peptides in the validation set. Performance was compared in terms of AUROC to the performance of netMHCII-2.3 (blue triangles) and netMHCIIpan-3.2 (purple triangles) applied on the same validation sets. For hmMHC, performance for different numbers of hidden states is shown. For netMHCII-2.3 and netMHCIIpan-3.2, performance is shown for both predicted affinity and percentile rank (PR). b, Receiver operating characteristic (ROC) curves showing the performance of hmMHC on the H2-I-Ab dataset compared to existing predictors. ROC curves of all peptides and per specific peptide length for every cross-validation partition are shown. c, Illustration of percentile rank for strong binder classification calibrated on random natural peptides. Red lines indicate the percentile ranks of peptides screened for CD4+ T cell reactivity.

                          Source data
                        


Extended Data Fig. 3 mITGB1 is a major MHC-II-restricted neoantigen in T3 sarcomas.
a, b, T3 MHC-II neoantigen predictions for all expressed mutations were made using hmMHC (a) and netMHCII-2.3 (b) (netMHCIIpan-3.2 predictions yielded very similar results, dataÂ not shown). The predictions are shown as âˆ’log10odds predictor value or logIC50 (smaller values indicate higher likelihood of being presented by I-Ab) and expression level (FPKM). Strong binders are defined as mutations residing in the second percentile of I-Ab binding predictions for random natural peptides for each algorithm (âˆ’log10oddsÂ â‰¤Â 26.21 or logIC50Â â‰¤Â 343.8Â nM). The N710Y mutation in ITGB1 met the strong binder threshold in the hmMHC predictions but not in the netMHCII-2.3 predictions. Red dots indicate all mutations that were screened for CD4+ T cell reactivity. Green line denotes high-expression cut-off (FPKMÂ =Â 89.1). Blue line indicates strong binder cut off for each algorithm. c, Two million T3 sarcoma cells were injected subcutaneously into syngeneic mice and CD4+ TILs were isolated on day 12. IFNÎ³ ELISPOT was performed using naive splenocytes pulsed with 2Â Î¼gÂ mlâˆ’1 of the indicated peptides. Data are shown as mean of three independent experimentsÂ Â±Â s.e.m. d, Gating strategy for pI-Ab tetramer staining of whole TILs. e, Quantification of mITGB1â€“tetramer and CLIPâ€“tetramer staining of CD4+ T cells from whole T3 TILs 12 days after transplantation. Data are shown as meanÂ Â±Â s.e.m. per cent tetramer-positive cells of CD4+ cells from three independent experiments. f, Syngeneic 129S6 mice were injected subcutaneously with 2Â Ã—Â 106 T3 sarcoma cells and TIL-derived CD4+ T cells were collected 12 days after transplantation. CD4+ T cells were stimulated with naive splenocytes pulsed with 2Â Î¼gÂ mlâˆ’1 OVA323â€“339 control or mITGB1697â€“724 peptide for a flow-based multi-cytokine array. Representative data from one of two independent experiments using pools of five tumours each are shown as average of technical triplicate wells from three pooled tumours.

                          Source data
                        


Extended Data Fig. 4 T3 TIL-derived CD4+ T cell hybridomas are reactive against mITGB1.
CTLL assay of T3 TIL-derived CD4+ T cell hybridoma lines stimulated with naive splenocytes pulsed with 2Â Î¼gÂ mlâˆ’1 of the individual indicated peptides. Representative data from one of three independent experiments are shown as average cpm from technical duplicate wells.

                          Source data
                        


Extended Data Fig. 5 The mITGB1 epitope is presented on I-Ab.
a, T3 CD4+ T cell hybridomas were stimulated with 2Â Î¼gÂ mlâˆ’1 mITGB1(710Y) or wild-type ITGB1(710N) peptide-pulsed splenocytes. Activation was measured by CTLL assay. Representative data from three independent hybridoma lines are shown as average of technical replicate wells. b, Mapping of the mITGB1 MHC-II binding core was performed using the CD4+ T cell hybridoma line 41 stimulated with naive splenocytes pulsed with 2Â Î¼gÂ mlâˆ’1 of overlapping peptides covering mITGB1697â€“724. Red denotes the T3-specific mutant amino acid at position p1 of the minimal epitope; underlining denotes the validated binding core. Green amino acids represent random residue substitutions used to specifically define valines at residues 715 and 718 as the p6 and p9 MHC-II binding positions and the complete MHC-II binding core. Representative data from two independent experiments are shown as the average of technical triplicate wells. c, MHC-II I-Ab staining of parental T3 cells, IFNÎ³-stimulated T3 cells and T3 cells transduced with a vector encoding CIITA (T3.CIITA). Representative data from one of three independent experiments are shown. d, Mirror plot showing match between MS/MS spectra of the 14-mer peptide sequence encompassing the N710Y site of mITGB1 eluted from T3.CIITA cells (positive axis) and a corresponding synthetic peptide (negative axis). Labelled m/z values reflect those experimentally observed for the endogenous peptide, with peaks representing b ions highlighted in blue and y ions in red.

                          Source data
                        


Extended Data Fig. 6 mITGB1 CD4+ T cells are required for tumour rejection in response to ICT.
a, Comparison of total number of expressed missense mutations between ten different MCA-induced sarcomas and KP9025 cells. Mutations were defined by whole-exome sequencing and RNA sequencing, and mutational load is shown on a per cell basis. b, Comparison of predicted neoantigen MHC-I affinity values between KP9025 and MCA-induced sarcoma F244 for H-2Db (top) and H-2Kb (bottom). KP9025 cells were not predicted to express any MHC-I neoantigens. c, Rag2âˆ’/âˆ’ mice were subcutaneously injected with 1Â Ã—Â 106 KP.mLAMA4, KP.mITGB1, KP.mLAMA4.mITGB1 or KP.mSB2.SIINFEKL cells. Representative data from one of two independent experiments are presented as tumour diameters from individual mice (nÂ =Â 5 mice per group for KP.mLAMA4, KP.mITGB1 and KP.mLAMA4.mITGB1 and nÂ =Â 3 mice for KP.mSB2.SIINFEKL group per experiment). d, Wild-type syngeneic 129S4 mice were injected subcutaneously with 1Â Ã—Â 106 KP.mLAMA4, KP.mITGB1 or KP.mLAMA4.mITGB1 cells and treated with anti-PD-1 (top) or anti-CTLA single agent ICT (bottom) on days 3, 6, and 9 after transplantation. Representative data from one of three independent experiments are shown as tumour diameters from individual mice (nÂ =Â 5 in all groups per experiment). e, Survival curves for experiments in d and Fig. 2e (nÂ =Â 15 in all groups).

                          Source data
                        


Extended Data Fig. 7 Outgrowth of nonimmunogenic sarcoma cells expressing MHC-I neoantigens is not a result of cancer immunoediting.
a, Rag2âˆ’/âˆ’ or wild-type 129S4 mice were injected with 1Â Ã—Â 106 KP9025 or KP.mLAMA4 cells and treated with anti-PD-1, anti-CTLA or anti-PD-1 + anti-CTLA4 on days 3, 6 and 9 after injection. Tumours were removed once they reached a maximum diameter of 20Â mm in any direction and sarcoma cell lines were established ex vivo. Cell lines were stimulated with IFNÎ³ to upregulate MHC-I and subsequently used to stimulate the mLAMA4-specific CD8+ 74.14 T cell clone. Secretion of IFNÎ³ by T cells was measured using enzyme-linked immunosorbent assay (ELISA). Representative data from two independent experiments are represented as the average of two independent tumour samples in each group. b, Wild-type 129S4 mice were injected with 1Â Ã—Â 106 KP.mSB2.SIINFEKL cells and treated with anti-PD-1Â +Â anti-CTLA4 combination ICT on days 3, 6 and 9 after injection. Tumours were removed as in a. Established ex vivo cell lines were cloned by limiting dilution and parental KP.mSB2.SIINFEKL cells or individual clones from outgrown tumours were used to stimulate the mSB2-specific C3 CD8+ T cell clone; production of IFNÎ³ was quantified using ELISA. Representative data from four independent experiments are presented as average IFNÎ³ concentration of eight individual clonesÂ Â±Â s.e.m. Significance was determine using an unpaired, two-tailed t-test. c, Cell surface staining of SIINFEKL-H-2-Kb expressed by unstimulated or IFNÎ³-stimulated parental KP.mSB2.SIINFEKL cells or individual clones described in b. A representative histogram is shown. d, Quantification of meanÂ Â±Â s.e.m. SIINFEKL-H-2-Kb mean fluorescence intensity (MFI) from eight individual clones in c. NS, not significant. e, Survival curves of wild-type 129S4 mice injected subcutaneously with 1Â Ã—Â 106 KP.mSB2.SIINFEKL.mITGB1 cells. Mice were treated with control monoclonal antibodies or anti-PD-1 + anti-CTLA4 combination ICT on days 3, 6 and 9 after injection. nÂ =Â 10 mice per group from two independent experiments. ****PÂ =Â 1.5Â Ã—Â 10âˆ’5, Mantelâ€“Cox test.

                          Source data
                        


Extended Data Fig. 8 mITGB1-specific CD4+ T cells display an activated TH1 phenotype.
a, Whole TILs from KP.mLAMA4.mITGB1 tumours 12 days after transplantation were stained with mITGB1-I-Ab tetramers. Populations were previously gated on viable CD11bâˆ’CD4+ cells. Representative data from one of two independent experiments with five pooled tumours each are shown. b, mITGB1-I-Ab tetramer-negative and tetramer-positive cells described in a were analysed for expression of T-BET and FOXP3. Representative plots are shown. c, Quantification of two independent experiments in b as average per cent of tetramer-negative and tetramer-positive cells staining positive for the indicated protein. Tumour-bearing mice were treated with control monoclonal antibodies or anti-CTLA4 on days 3, 6, and 9 after transplantation where indicated. d, mITGB1-I-Ab tetramer-positive and tetramer-negative cells in a were analysed for expression of PD-1. Representative plots are shown. e, Quantification of two independent experiments described in d shown as average per cent of tetramer-negative and tetramer-positive cells staining positive for PD-1. f, mITGB1-I-Ab tetramer-positive cells in a were analysed for expression of the indicated proteins. Representative histograms from one of two independent experiments using pools of five tumours each are shown.

                          Source data
                        


Extended Data Fig. 9 CD4+ T cell help is required at the tumour site during primary and memory responses.
a, Rag2âˆ’/âˆ’ mice were simultaneously injected with 1Â Ã—Â 106 KP.mLAMA4 and KP.mLAMA4.mITGB1 cells on opposite flanks. Representative data from one of two independent experiments are shown as individual tumour diameter (nÂ =Â 3 in each experiment). b, Wild-type 129S4 mice were injected with 1Â Ã—Â 106 KP.mITGB1 cells and were treated with anti-PD-1 + anti-CTLA4 combination ICT on days 3, 6, and 9 after injection. Representative data from one of two individual experiments are shown as individual tumour diameters (nÂ =Â 5 in all experiments). c, Wild-type 129S4 mice were simultaneously injected with 1Â Ã—Â 106 KP.mLAMA4 and KP.mLAMA4.mITGB1 cells on opposite flanks and treated as in b. Representative data from one of two individual experiments are shown as individual tumour diameters (nÂ =Â 5 in all experiments). d, Wild-type 129S6 mice were injected subcutaneously with 2Â Ã—Â 106 T3 sarcoma cells and were treated with anti-PD-1 + anti-CTLA4 combination ICT on days 3, 6, and 9 after injection. Following tumour rejection and a 30-day recovery period, tumour-experienced mice were rechallenged with 2Â Ã—Â 106 T3 cells in the presence of control monoclonal antibody or CD4-depleting antibody, or with irrelevant sarcoma cells. Representative data from one of two independent experiments are shown as average tumour diameterÂ Â±Â s.e.m. (nÂ =Â 5 in all groups per experiment). e, Wild-type 129S4 mice were injected subcutaneously with 1Â Ã—Â 106 KP.mLAMA4.mITGB1 cells followed by surgical resection 10 days after transplantation. After a 30-day recovery period, tumour-experienced mice were rechallenged with 1Â Ã—Â 106 KP9025, KP.mLAMA4.mITGB1, or KP.mLAMA4 cells. Representative data from one of two independent experiments are shown as average tumour diameterÂ Â±Â s.e.m. (nÂ =Â 5 in all groups per experiment). ****PÂ =Â 2Â Ã—Â 10âˆ’6 by two-way ANOVA with multiple comparisons and Bonferroni correction. f, Quantification of data from three independent experiments in Fig. 5c is shown as average number of spotsÂ Â±Â s.e.m. (left) and average number of mITGB1-specific CD4+ cellsÂ Â±Â s.e.m. (right). **PÂ =Â 0.003, ****PÂ =Â 7.2Â Ã—Â 10âˆ’5 (unpaired, two-tailed t-test). g, CD45+Ly6Gâˆ’MHCII+CD64+CD25âˆ’CD11b+F4/80+ macrophages in TILs from mice bearing the indicated contralateral tumours were analysed for expression of iNOS 11 days after tumour transplant. Representative data from four independent experiments are shown. h, Quantification of iNOS+ macrophages from experiments in f as a per cent of total CD45+ cells. Data are shown as averageÂ Â±Â s.e.m. of four independent experiments. *PÂ =Â 0.03 by unpaired, two-tailed t-test. i, CD45+Ly6Gâˆ’MHCII+CD64+CD25âˆ’CD11b+F4/80+ macrophages from the indicated contralateral tumours described were isolated 11 days after transplantation and analysed for expression of iNOS. Representative plots from two independent experiments are shown. j, Quantification of iNOS+ macrophages from two independent experiments in h is shown as average per cent of total CD45+ cells.
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Extended Data Fig. 10 Gating strategies for multi-colour flow cytometry.
Gating strategies for multi-colour flow cytometry analysis of tumour-infiltrating macrophage (a) and T cell (b) populations.
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