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            Abstract
Immune-related adverse events, particularly severe toxicities such as myocarditis, are major challenges to the utility of immune checkpoint inhibitors (ICIs) in anticancer therapy1. The pathogenesis of ICI-associated myocarditis (ICI-MC) is poorly understood. Pdcd1–/–Ctla4+/– mice recapitulate clinicopathological features of ICI-MC, including myocardial T cell infiltration2. Here, using single-cell RNA and T cell receptor (TCR) sequencing of cardiac immune infiltrates from Pdcd1–/–Ctla4+/– mice, we identify clonal effector CD8+ T cells as the dominant cell population. Treatment with anti-CD8-depleting, but not anti-CD4-depleting, antibodies improved the survival of Pdcd1–/–Ctla4+/– mice. Adoptive transfer of immune cells from mice with myocarditis induced fatal myocarditis in recipients, which required CD8+ T cells. The cardiac-specific protein α-myosin, which is absent from the thymus3,4, was identified as the cognate antigen source for three major histocompatibility complex class I-restricted TCRs derived from mice with fulminant myocarditis. Peripheral blood T cells from three patients with ICI-MC were expanded by α-myosin peptides. Moreover, these α-myosin-expanded T cells shared TCR clonotypes with diseased heart and skeletal muscle, which indicates that α-myosin may be a clinically important autoantigen in ICI-MC. These studies underscore the crucial role for cytotoxic CD8+ T cells, identify a candidate autoantigen in ICI-MC and yield new insights into the pathogenesis of ICI toxicity.
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                    Fig. 1: scRNA–TCR-seq reveals abundant clonal effector CD8+ T cells in ICI-MC.[image: ]


Fig. 2: CD8+ T cells are necessary for myocarditis.[image: ]


Fig. 3: α-myosin is a MHC-I-restricted autoantigen in mouse myocarditis.[image: ]


Fig. 4: α-myosin-expanded TCRs are present in cardiac and skeletal muscle of patients with ICI-MC.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Myocardial immune infiltrate does not differ by sex.
a) Quantification of immunohistochemistry (IHC) for CD8 and CD4 in male and female Pdcd1−/−Ctla4+/− mice with MC. Cells are counted as number of positive cells per high power (40x) field (HPF). Each data point represents an average of three high power fields per mouse. n = 4 female mice, n = 4 male mice. Box plots show the median, first and third quartiles. The whiskers extend to the maxima and minima but no further than 1.5 times the inter-quartile range. b) Representative IHC for IgG and B220 (CD45R) in hearts of mice with MC and positive control staining in spleen. Images are representative of n = 8 independent Pdcd1−/−Ctla4+/− mice with MC (n = 4 male; n = 4 female). Scale bars represent 50 µm
Source data


Extended Data Fig. 2 MC is characterized by activated immune cells and clonal T cells.
a) Gene expression of key identity genes, showing cell types of clusters. b) Differential gene expression for T, c) myeloid, B and NK cells in MC compared to control cardiac CD45+ cells. Red indicates FDR-corrected p-value (q-value) < 0.05. Black indicates not significant.


Extended Data Fig. 3 T cells in MC are effector or proliferating, tissue-resident and clonal.
a) Expression of key T cell genes by cluster in single cell data. b) Differential gene expression for Cluster 0 vs. Cluster 3 T cells. Red indicates FDR-corrected p-value (q-value) < 0.05. Black indicates not significant. c) Violin plots show expression of key tissue residency associated genes by cluster and MC vs. control. d) Shannon diversity on bulk TCR sequencing beta chain repertoires. Color indicates sex. Shape indicates whether the tissue was derived from a control wild type mouse (open circle) or a Pdcd1−/−Ctla4+/− mouse with MC (filled circle). P = 0.0002, two-sided Wilcoxon test. Box plots show the median, first and third quartiles. The whiskers extend to the maxima and minima but no further than 1.5 times the inter-quartile range. e) TCR counts in single cell data. MC sample is divided by mouse of origin. Clonal TCRs are found in all 4 sequenced hearts
Source data


Extended Data Fig. 4 Confirmation of cell type depletion.
a) Female Pdcd1−/−Ctla4+/− mice were treated with dexamethasone (1mg/kg/day; n = 18) or vehicle (n = 17) starting at 21 days of life. Time is measured since birth. P = 0.49, two-sided cox proportional hazard test. b) Representative flow cytometry gated on live CD45+ cells isolated from blood of different treatment groups, at week 3 of treatment. c) Representative flow cytometry on CD8 depleted (via magnetic beads) compared to whole splenocytes used for adoptive transfer. d) Representative immunohistochemistry on hearts of a CD8 depleted splenocyte recipient compared to a whole splenocyte recipient. Only cardiac sections are shown. Scale bars show 50 μm. Representative of n = 10 animals per group. e) Total TCR reads for cardiac TCR beta chain sequencing on donor and recipient hearts
Source data


Extended Data Fig. 5 Thymic expression of Myh6 and flow cytometry gating for murine α-myosin tetramers.
a) Gene expression for Myh6, Nppa, Nppb, and Sbk2 in the heart and thymus of n = 3 each male and female Pdcd1−/−Ctla4+/− mice. Gene expression is normalized to beta-actin. Gene expression is plotted as 2^-(Ct gene of interest minus Ct of beta-actin). Box plots show the median, first and third quartiles. The whiskers extend to the maxima and minima but no further than 1.5 times the inter-quartile range. b) Gating strategy for H2-Kb tetramers on murine heart samples. Debris, doublets and dead cells (Zombie Violet positive) are excluded. CD3+CD8+ cells are used for tetramer analysis. Staining for Control (SIINFEKL) H2-Kb, and VQQVYYSI H2-Kb tetramers are shown. c) Quantification of spleen tetramer positive CD3+CD8+ cells, by sex of the mouse. The spleens used in this experiment correspond to the mice show in Fig. 3f, which all have α-myosin tetramer positive MC
Source data


Extended Data Fig. 6 TCR sequencing on exPBMC shows expansion of α-myosin and CEF specific TCRs.
a) Comparison of TCR beta chain abundance in α-myosin exPBMC and pre-expansion PBMC for all patients. Each plot is within the same patient only. Color represents change from PBMC to exPBMC. Minimal change is less than a 50 read count change. b) Comparison of TCR beta chain abundance in CEF exPBMC and pre-expansion PBMC for all healthy donors. Color represents change from PBMC to CEF exPBMC. Minimal change is less than a 50 read count change. c) Total TCR reads for biopsy (heart), autopsy, and PBMC samples from patients 1, 2 and 3.


Extended Data Fig. 7 α-myosin expanded TCRs are found in the hearts and skeletal muscles of patients with ICI-MC.
a) Change in TCR counts from PBMC to α-myosin exPBMC plotted by abundance of the same TCR beta chain in the autologous inflamed cardiac or skeletal muscle tissue of each patient. Minimal change is less than a 50 read count change. Not present means not found in either PBMC or exPBMC, but present in indicated tissue. b) Comparison of TCR beta chain abundance in α-myosin exPBMC and heart (biopsy for patient 1 and 3 or right ventricle for patient 2). Color represents change from PBMC to exPBMC. Minimal change is less than a 50 read count change. Not present means not found in either PBMC or exPBMC, but present in heart.


Extended Data Fig. 8 Purity analysis for single cell sequencing on exPBMCs from patient 1.
a) Gene expression is shown on single cell sequencing of CD3 sorted exPBMCs from patient 1. b) Violin plots of key gene expression by presence or absence in cardiac TCR repertoire and clonality in exPBMC. Identity genes are shown in light blue. Genes associated with naïve T cells are shown in dark blue. Genes associated with T cell activation are shown in red.


Extended Data Fig. 9 TCR from Pt 1 exPBMC recognizes α-myosin epitope.
a) TCR-Pt1, which was cloned and transduced into Jurkat NFAT-GFP reporter cells, is shown in red on the same plot show in Fig. 4c. This shows the expansion of this TCR in the exPBMC and abundance in the heart. b) Representative flow cytometry scatter plots are shown for the TCR-pt1 Jurkat cell line is stained with A*24:02 tetramer with RINATLETK or A*03:01 tetramer with RINATLETK. c) Full flow cytometry gating strategy for human PBMC and exPBMC tetramer staining. Debris, doublets and dead cells (Zombie Violet positive) are excluded. CD3+CD8+ cells are used for tetramer analysis. Tetramer staining for all samples is shown.


Extended Data Fig. 10 Tumor-specific MYH6 expression.
a) MYH6 transcripts per million are shown for n = 91 pre-treatment RNA-sequencing melanoma samples. Bars are colored by what ICI treatment the patient received. b) MYH6 expression is shown for n = 363 melanoma samples accessed from TCGA. Samples to the right of the dotted lines have detectable MYH6 expression.


Extended Data Table 1 Amino acid sequences for α-myosin, ANP, BNP and SBK2 peptides included in the peptide libraryFull size table


Extended Data Table 2 Prediction scores for binding of α-myosin peptides to MHC-I molecules in C57BL/6 mice generated by TepiToolFull size table


Extended Data Table 3 HLA types of healthy donors and patients with ICI-MCFull size table
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