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            Abstract
Neoantigens are peptides derived from non-synonymous mutations presented by human leukocyte antigens (HLAs), which are recognized by antitumour T cells1,2,3,4,5,6,7,8,9,10,11,12,13,14. The large HLA allele diversity and limiting clinical samples have restricted the study of the landscape of neoantigen-targeted T cell responses in patients over their treatment course. Here we applied recently developed technologies15,16,17 to capture neoantigen-specific T cells from blood and tumours from patients with metastatic melanoma with or without response to anti-programmed death receptorÂ 1 (PD-1) immunotherapy. We generated personalized libraries of neoantigenâ€“HLA capture reagents to single-cell isolate the T cells and clone their T cell receptors (neoTCRs). Multiple T cells with different neoTCR sequences (T cell clonotypes) recognized a limited number of mutations in samples from seven patients with long-lasting clinical responses. These neoTCR clonotypes were recurrently detected over time in the blood and tumour. Samples from four patients with no response to anti-PD-1 also demonstrated neoantigen-specific T cell responses in the blood and tumour to a restricted number of mutations with lower TCR polyclonality and were not recurrently detected in sequential samples. Reconstitution of the neoTCRs in donor T cells using non-viral CRISPRâ€“Cas9 gene editing demonstrated specific recognition and cytotoxicity to patient-matched melanoma cell lines. Thus, effective anti-PD-1 immunotherapy is associated with the presence of polyclonal CD8+ T cells in the tumour and blood specific for a limited number of immunodominant mutations, which are recurrently recognized over time.
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                    Fig. 1: Neoantigen-specific T cell screening and TCR clonotype identification.[image: ]


Fig. 2: Neoantigen-specific T cell isolation from TILs and PBMCs in patients with a response to anti-PD-1 therapy.[image: ]


Fig. 3: Antitumour activity of the neoantigen-specific TCRs isolated in patients with a response to anti-PD-1.[image: ]


Fig. 4: Neoantigen-specific T cell isolation from TILs and PBMCs, and neoTCR antitumour activity in patients without a response to anti-PD-1.[image: ]
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                Data availability

              
              Raw sequencing data derived from cell line and normal PBMC control samples collected under UCLA Institutional Review Board approvals 11-003254 have been deposited to dbGAP under accession number phs003153.v1.p1.

            

Code availability

              
              The software used to analyse the data include: WA-MEM, Sentieon (v.201911.01), VarScan2 (v.2.3.9 and v.2.4.2), MuTect (v.1.1.7 and v.3.6), HISAT2 (v.2.0.4), STAR, RSEM, StringTie (v.1.2.2), Optitype (v.1.3.1), netMHCpan (v.3.4 and v.4.1), CWL (v.1.1), Strelka (v.2.9.9), Pindel (v.0.2.4b8), pVACtools (v.1.1.4; supported by NetMHCpan (v.4.0), NetMHC (v.4.0), NetMHCcons (v.1.1), PickPocket (v.1.1), SMM (v.1.0), SMMPMBEC (v.1.0), MHCflurry (v.1.2.2) and MHCnuggets (v.2.2)), Kallisto and MiXCR (v.2.1.3).
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Extended data figures and tables

Extended Data Fig. 1 Neoantigen-specific T-cell isolation and TCR clonotype identification. Summary of key parameters from the longitudinal landscape analysis of neoantigen-specific T cells in patients with and without response to therapy.
a, Total number of non-synonymous mutations. b, Total number of mutations screened. c, Total number of predicted neoantigenâ€“HLA complexes screened. c, Total number of mutations targeted. e, Total number of neoantigen-specific TCR clonotypes isolated. f, Ratio of the number of neoantigen specific TCR clonotypes isolated per mutation targeted in each patient. Mean Â± SD and individual values are plotted. (n) indicates the number of different patients, nâ€‰=â€‰7 for responders and nâ€‰=â€‰4 for non-responders. * pâ€‰<â€‰0.05, two-tailed unpaired t test, using the Two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli, with Qâ€‰=â€‰1%. pâ€‰=â€‰0.0190 for TCR clonotypes and pâ€‰=â€‰0.0434 for TCR clonotype/mutation targeted.


Extended Data Fig. 2 Neoantigen-specific T-cell isolation from PBMCs in patients with response to anti-PD-1 therapy.
a, Landscape analysis of the neoantigen-specific T cells over time in patient 3. Bottom panel shows mRNA expression and predicted HLA binding affinity of the putative neoantigens screened. Neoantigens targeted by T cells are highlighted in different colours. The same colour code is used in the top panels to show the neoantigen specificity of the isolated T cells. The top panels show the evolution over time of the neoantigen-specific T cells in PBMCs. Each box represents one isolated T cell, each cross is equivalent to ten isolated T cells, and each circle is equivalent to 100 isolated T cells. Each colour represents a different neoantigen-specific T-cell clonotype. The TCR ID is also plotted. The number of isolated T cells is normalized to 100,000 CD8+ T cells using a round up method to plot the data. The mutated gene name, the point mutation, the sequence of the neoantigen, and the HLA are indicated on top of the figure. The T cell clonotypes shown have not been validated by expression in healthy donor T cells and binding to neoantigenâ€“HLA complexes. b, Same as a for patient 4. c, Same as a for patient 5. d, Same as a for patient 7.


Extended Data Fig. 3 Captured neoTCR specific neoantigenâ€“HLA binding validation.
After capture of the neoantigen-specific T cells, the cognate TCR is sequenced, and the sequence used to gene edit healthy donor T cells replacing the endogenous TCR by the neoTCR. The neoTCR specificity and stability are validated by multimer staining of the gene-edited T cells. Only validated TCRs are shown. a-f. Multimer staining of the gene edited T-cell products gated on live cells from patient 1 or Live/CD45+ cells from patients 2, 6, 9, 10, 11 (nâ€‰=â€‰1 for patient 1, nâ€‰=â€‰2 for patient 6, 9 and 11, and nâ€‰=â€‰3 for patients 2 and 10). Mean Â± SD and individual values are plotted. (n) indicates the number of technical replicates.


Extended Data Fig. 4 Cytotoxicity induced by neoantigen-specific TCRs from patient 1 upon co-culture with the autologous cell line.
Healthy donor T cells genetically engineered to express the captured neoTCRs from patient 1 were co-cultured with the autologous (M495) or a mismatched cell line (M202). a-b, Specific target-cell killing by neoTCR gene-edited T cells of the autologous cell line and the mismatched control (P:T ratio 5:1, nâ€‰=â€‰4)). Melanoma cell lines were pre-treated with media with IFNÎ³ 24â€‰h prior co-culture with T cells. The plots are divided between TCRs without killing activity (a) and TCRs with intermediate killing (b). * pâ€‰<â€‰0.05 vs Neo12, two-tailed unpaired t test with Holm-Sidak adjustment for multiple comparison (n) indicates the number of biological replicates. Exact p-values provided inÂ Supplementary Information. Mean and individual values are shown. All T-cell products contain CD8+ and CD4+ gene-edited T cells.


Extended Data Fig. 5 Titration of cytokine secretion by neoantigen-specific TCRs from patient 1 upon binding to specific neoantigenâ€“HLA multimer.
Healthy donor T cells genetically engineered to express the captured neoTCRs from patient 1 were incubated with increasing amounts of plate-bound neoantigenâ€“HLA multimer specific for each TCR and, 24â€‰h after incubation, the IFNÎ³, IL-2, and TNF secreted were measured. a, NeoTCRs targeting UBE2J1 mutation presented by HLA-A*24:02. b, NeoTCRs targeting NUP188 mutation presented by HLA-A*24:02. c, NeoTCRs targeting WDR1 mutation presented by HLA-A*03:01. d, NeoTCRs targeting NRP1 mutation presented by HLA-A*03:01. e, NeoTCRs targeting TRAPPC10 mutation presented by HLA-C*04:01. f, NeoTCRs targeting IFNLR1 mutation presented by HLA-A*03:01. g, NeoTCRs targeting PLA2G4A mutation presented by HLA-A*03:01. h, NeoTCRs targeting SLC6A3 mutation presented by HLA-A*03:01. i, NeoTCRs targeting GSDMB mutation presented by HLA-C*12:02. j, Summary EC50 calculated for each TCR and each cytokine. (nâ€‰=â€‰2), (n) indicates the number of biological replicates. Mean and individual values are shown. All T-cell products contain CD8+ and CD4+ gene-edited T cells.


Extended Data Fig. 6 Activation, cytotoxicity, cytokine secretion, and proliferation induced by neoantigen-specific TCRs from patient 2 upon co-culture with the autologous cell line.
Healthy donor T cells genetically engineered to express the captured neoTCRs from patient 2 were co-cultured with the autologous (M489) or a mismatched cell line (M202). a, 4-1BB, OX-40, and CD107a upregulation in the CD8+ neoTCR+ T cells after co-culture. Melanoma cell lines were pre-treated with regular media or media with IFNÎ³ 24â€‰h prior co-culture with T cells (nâ€‰=â€‰3). b, percentage of tumour growth inhibition in M489 autologous cell line compared to the cell growth in media alone at 24, 48, 72 and 96â€‰h (nâ€‰=â€‰4). c, Cytokine release at 24â€‰h after co-culture (nâ€‰=â€‰3). d, Proliferation of CD8+ neoTCR+ T cells measured by Ki67 mean fluorescence intensity upon 24, 48 and 72â€‰h co-culture with autologous melanoma cell line (M489, top panel) or a mismatched cell line (M202, bottom panel) (nâ€‰=â€‰3). * pâ€‰<â€‰0.05, ** pâ€‰<â€‰0.005, ***pâ€‰<â€‰0.0005, ****pâ€‰<â€‰0.0001 vs Neo12, two-tailed unpaired t test with Holm-Sidak adjustment for multiple comparisons in figure a, b and c. * pâ€‰<â€‰0.05, ** pâ€‰<â€‰0.005, ***pâ€‰<â€‰0.0005, ****pâ€‰<â€‰0.0001 vs M202, two-tailed unpaired t test with Holm-Sidak adjustment for multiple comparisons in figure d. Exact p-values provided inÂ Supplementary Information. (n) indicates the number of biological replicates. Mean Â± SD and individual values are shown. All T-cell products contain CD8+ and CD4+ gene-edited T cells.


Extended Data Fig. 7 Function of the CD8-independent TCRs in gene-edited CD4+ T cells.
a,c,e,g,i. Percentage of CD8+ and CD4+ in the neoTCR+ T cell population. nâ€‰=â€‰2 for patients 6, 9 and 11, and nâ€‰=â€‰3 for patients 2 and 10). CD8-dependent TCRs, described as TCRs that require CD8 co-receptor engagement to bind to the MHC-peptide, are marked with a red arrow. b,d,f,h, Percentage of OX-40+ cells in the NeoTCR+CD4+ T cells. (nâ€‰=â€‰3) *pâ€‰<â€‰0.05, **pâ€‰<â€‰0.005, ***pâ€‰<â€‰0.0005,****pâ€‰<â€‰0.0001 vs Neo12, two-tailed unpaired t test with Holm-Sidak adjustment for multiple comparison in figures b, d, and h. The same test without adjustment for multiple comparisons was used in figure f. Exact p-values provided inÂ Supplementary Information. (n) indicates the number of biological replicates. Mean Â± SD are shown. All T-cell products contain CD8+ and CD4+ gene-edited T cells.


Extended Data Fig. 8 Activation, cytotoxicity, cytokine secretion, and proliferation induced by neoantigen-specific TCRs from patient 6 upon co-culture with the autologous cell line.
Healthy donor T cells genetically engineered to express the captured neoTCRs from patient 6 were co-cultured with the autologous (M490) or a mismatched cell line (M202). a, 4-1BB and OX-40 upregulation in the CD8+ neoTCR+ T cells after co-culture. Melanoma cell lines were pre-treated with regular media or media with IFNÎ³ 24â€‰h prior co-culture with T cells (nâ€‰=â€‰3). b, Specific target-cell killing in the autologous cell line (top panel) or a mismatched cell line (bottom panel), (P:T ratio 10:1, nâ€‰=â€‰4). c, Cytokine release at 24â€‰h after co-culture (nâ€‰=â€‰3). Melanoma cell lines were pre-treated with IFNÎ³ for 24â€‰h before co-culture with T cells. d, Proliferation of CD8+ neoTCR+ T cells measured by Ki67 mean fluorescence intensity upon 24, 48 and 72â€‰h co-culture with autologous melanoma cell line (M490, top panel) or a mismatched cell line (M202, bottom panel). Melanoma cell lines were pre-treated with IFNÎ³ 24â€‰h prior co-culture with T cells (nâ€‰=â€‰3). *pâ€‰<â€‰0.05, **pâ€‰<â€‰0.005, ***pâ€‰<â€‰0.0005, ****pâ€‰<â€‰0.0001 vs Neo12, two-tailed unpaired t test with Holm-Sidak adjustment for multiple comparisons in figure a, b and c. *pâ€‰<â€‰0.05, **pâ€‰<â€‰0.005, ***pâ€‰<â€‰0.0005, ****pâ€‰<â€‰0.0001 vs M202, two-tailed unpaired t test with Holm-Sidak adjustment for multiple comparisons in figure d. (n) indicates the number of biological replicates. Exact p-values provided inÂ Supplementary Information. Mean Â± SD and individual values are shown in a, c and d. Mean and individual values are shown in b. All T-cell products contain CD8+ and CD4+ gene-edited T cells.


Extended Data Fig. 9 Neoantigen-specific T-cell isolation from PBMCs in patients without response to anti-PD-1 therapy.
a, Landscape analysis of the neoantigen-specific T cells over time in patient 8. Bottom panel shows mRNA expression and predicted HLA binding affinity of the predicted neoantigens screened. Neoantigens targeted by T cells are highlighted in different colours. The same colour code is used in the top panels to show the neoantigen specificity of the isolated T cells. The top panels show the evolution over time of the neoantigen-specific T cells in PBMCs. Each box represents one isolated T cell, each cross is equivalent to ten isolated T cells, and each circle is equivalent to 100 isolated T cells. Each colour represents a different neoantigen-specific T-cell clonotype. The number of isolated T cells is normalized to 100,000 CD8+ T cells using a round up method to plot the data. The mutated gene name, the point mutation, the sequence of the neoantigen, and the HLA are indicated on top of the figure. The T cell clonotypes shown have not been validated by expression in healthy donor T cells and binding to neoantigenâ€“HLA complexes.


Extended Data Fig. 10 Activation, cytokine secretion, and proliferation induced by neoantigen-specific TCRs from patients without response to anti-PD-1 upon co-culture with the autologous cell lines.
Healthy donor T cells genetically engineered to express the captured neoTCRs from patient9 (a), 10 (b-d) and 11 (e-f) were co-cultured with the autologous (M488, M485 and M486 respectively) or a mismatched cell line (M202). a, 4-1BB upregulation in the CD8+ neoTCR+ T cells from patient 9 after co-culture. Melanoma cell lines were pre-treated with regular media or media with IFNÎ³ 24â€‰h prior co-culture with T cells (nâ€‰=â€‰3). b, 4-1BB, OX-40, and CD107a upregulation in CD8+ neoTCR+ T cells from patient 10 after co-culture. Melanoma cell lines were pre-treated with regular media or media with IFNÎ³ 24â€‰h prior co-culture with T cells (nâ€‰=â€‰3). c, Cytokine release at 24â€‰h after co-culture (nâ€‰=â€‰3). d, Proliferation of CD8+ neoTCR+ T cells from patient 10 measured by Ki67 mean fluorescence intensity upon 24, 48 and 72â€‰h co-culture with autologous melanoma cell line (M485, top panel) or a mismatched cell line (M202, bottom panel) (nâ€‰=â€‰3). e, 4-1BB and OX-40 upregulation in CD8+ neoTCR+ T cells from patient 11 after co-culture. Melanoma cell lines were pre-treated with regular media or media with IFNÎ³ 24â€‰h prior co-culture with T cells (nâ€‰=â€‰3). f, Cytokine release at 24â€‰h after co-culture (nâ€‰=â€‰3). * pâ€‰<â€‰0.05, ** pâ€‰<â€‰0.005, ***pâ€‰<â€‰0.0005, ****pâ€‰<â€‰0.0001 vs Neo12, two-tailed unpaired t test with Holm-Sidak adjustment for multiple comparisons in figure a, b, c, e, and f. * pâ€‰<â€‰0.05, ** pâ€‰<â€‰0.005, ***pâ€‰<â€‰0.0005, ****pâ€‰<â€‰0.0001 vs M202, two-tailed unpaired t test with Holm-Sidak adjustment for multiple comparisons in figure d. Exact p-values provided inÂ Supplementary Information. (n) indicates the number of biological replicates. Mean Â± SD and individual values are shown. All T-cell products contain CD8+ and CD4+ gene-edited T cells.
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