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T cells specific for α-myosin drive 
immunotherapy-related myocarditis

Margaret L. Axelrod1, Wouter C. Meijers1,2,3, Elles M. Screever1,2,3, Juan Qin1,4, 
Mary Grace Carroll1, Xiaopeng Sun1, Elie Tannous1, Yueli Zhang1, Ayaka Sugiura1, 
Brandie C. Taylor1, Ann Hanna1, Shaoyi Zhang4, Kaushik Amancherla1, Warren Tai1,5, 
Jordan J. Wright1, Spencer C. Wei6, Susan R. Opalenik1, Abigail L. Toren1, 
Jeffrey C. Rathmell7,8,9, P. Brent Ferrell1, Elizabeth J. Phillips1,7,10,11,12, Simon Mallal1,10,13, 
Douglas B. Johnson1,8, James P. Allison6,14, Javid J. Moslehi1,4 ✉ & Justin M. Balko1,7,8 ✉

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.

ICIs have substantially altered the treatment landscape and prognosis 
for many cancers. However, not all patients respond to treatment and 
many experience immune-related adverse events (irAEs), especially 
when ICIs are used in combination. Therefore, preventing, diagnosing 
and treating irAEs are urgent clinical challenges. Currently, clinically 
actionable biomarkers of response and toxicity are limited, and the 
mechanistic basis of irAEs is poorly defined.

Myocarditis is a rare irAE that affects <1% of patients receiving an 
ICI, but has a mortality rate of nearly 50%1,5. Combination ICI therapy 
(anti-PD-1 and anti-CTLA4 antibodies) is the most well-established 
risk factor for ICI-MC6–9. ICI-MC is pathologically characterized by the 
predominance of T cells and macrophages in the heart and often occurs 
together with myositis. Moreover, previous studies have demonstrated 
the presence of common clonotypes of cells in both tissue types5. These 
data indicate the possibility of shared target antigens that drive T cell 

expansion and activation, which would be crucial for pathogenesis; 
however, experimental data are lacking.

Generally, mice treated with ICIs do not replicate the full spectrum 
of irAEs seen in patients, which limits research into the mechanisms 
of toxicity. We recently described a mouse model of ICI-MC2 in which 
C57BL6/J mice with homozygous knockout of Pdcd1 and heterozygous 
deletion of Ctla4 die prematurely and specifically due to myocarditis. 
Therefore, this mouse model recapitulates clinical and pathologi-
cal features of ICI-MC2. Severe inflammation is specific to the heart 
in these mice. Flow cytometry analyses showed that the myocardial 
immune infiltrate is primarily composed of CD8+ T cells, similar to 
patients with ICI-MC. Furthermore, treatment with abatacept, a CTLA4 
fusion protein, attenuates myocarditis and increases survival in the 
mice, consistent with previous clinical data from patients with ICI-MC 
treated with abatacept2,10. Here we use this mouse model of ICI-MC to 
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characterize cardiac immune infiltrates. We establish CD8+ T cells as 
necessary for disease and identify α-myosin as a cognate antigen for 
the most abundant TCRs in myocarditis. Furthermore, we extend these 
findings to human disease and show that α-myosin-expanded TCRs are 
present in inflamed cardiac and skeletal muscle in patients with ICI-MC.

Cardiac clonal CD8+ T cells are abundant
Fulminant myocarditis affected 50% of Pdcd1–/–Ctla4+/– mice and histo-
logical analyses showed destruction of the myocardial architecture2 
(Fig. 1a,b). Incidence was higher in female mice, which is in line with 
data in patients that female sex is a risk factor for developing ICI-MC2,9. 
The myocardial immune infiltrate in affected mice was primarily com-
posed of CD8+ T cells and did not differ by sex2 (Extended Data Fig. 1a). 
No significant antibody deposits or B220+ B cells were observed in the 
hearts of mice with myocarditis, which provided support for the further 
study of T cells at the site of disease (Extended Data Fig. 1b). We used 
single-cell RNA and TCR sequencing (scRNA–TCR-seq) to characterize 
sorted CD45+-infiltrating immune cells from the hearts of four Pdcd1–/– 
Ctla4+/– mice affected by myocarditis and six healthy wild-type mice. 
Dimensionality reduction with uniform manifold approximation and 
projection (UMAP), clustering with Louvain and cluster cell-type anno-
tation assisted by SingleR showed distinct immune cell populations 
in myocarditis compared with control samples (Fig. 1c and Extended 
Data Fig. 2a). The largest difference was seen in the activated T cell 
cluster, which made up 34% of the myocarditis immune cells and only 
2% of the control immune cells. Markers of activation such as Ccl5, 
Ccl4, Tigit, Nkg7 and Gzmb were upregulated in the T cell clusters in 
myocarditis compared with control T cell clusters (Extended Data 
Fig. 2b). Conversely, markers of naive status such as Ccr7, Lef1 and 
Sell were upregulated in control T cells. Activation markers were also 
upregulated in other clusters, including myeloid cell subsets, in the 
myocarditis samples (Extended Data Fig. 2c). AW112010, a long noncod-
ing RNA essential for the orchestration of mucosal immunity during 
infections and in colitis, was strongly upregulated in several clusters 
in the myocarditis samples11,12. By contrast, B cells made up most of the 
immune cells in the control samples, which is consistent with previous 
studies13–15.

To further characterize T cells, we performed dimensionality 
reduction and clustering on Cd3e+ and TCR+ cells, which showed dif-
ferential cluster abundance in myocarditis compared with control 
samples (Fig. 1d). Differential gene expression analyses and plotting 
of key identity genes revealed distinct cluster identities (Fig. 1e and 
Extended Data Fig. 3a). Cluster 0 cells were activated effector CD8+ 
T cells that expressed Gzmb, Ifng and Nkg7. Cluster 1 cells were resting 
CD8+ T cells that expressed Ccr7, Sell and Klf2. Cluster 2 cells were CD4+ 
T cells that expressed Cd4, Ccr7 and Cd40lg. Cluster 3 cells were prolif-
erative CD8+ T cells that expressed Mki67, Cdk1 and Tk1. Cluster 4 cells 
were Cd24a-expressing T cells and constituted a small fraction of the 
total T cells. CD24 is upregulated with TCR signalling and is necessary 
for T cell proliferative capacity16,17. Cluster 0 (effector CD8+T cells) con-
stituted most of the myocarditis cells. Cluster 3 (proliferating CD8+ T  
cells) and cluster 0 were enriched in the myocarditis sample relative 
to the control sample. Cluster 0 and cluster 3 also had the highest TCR 
density, defined as the number of neighbouring cells with the same TCR 
α chain and β chain. High TCR density was limited to the myocarditis 
sample (Fig. 1f). Genes upregulated in cluster 0 T cells included Ccl5, 
Nkg7, Ccl4, Cxcr6, Lag3 and Prf1 (Fig. 1g and Extended Data Fig. 3b). We 
also sought to investigate genes associated with tissue residency, as 
intravascular immune cells were not excluded in our tissue prepara-
tion protocol. We found substantial expression of Cd69, Itgb1, Itgal, 
Cxcr3, Cxcr6 and Runx3 in myocarditis T cell clusters, whereas levels 
of these genes were lower in control T cells18,19 (Extended Data Fig. 3c). 
These data suggest that myocarditis T cells are CD8+, tissue-resident, 
effector and proliferating.

We next sought to assess the clonality of TCRs in the myocarditis 
samples using both bulk and single-cell TCR-seq. Cardiac tissue from 
affected Pdcd1–/–Ctla4+/– mice had lower Shannon diversity than splenic 
tissue from healthy wild-type mice or mice with myocarditis. This result 
indicated a higher degree of clonal TCRs in mycocarditis (Extended Data 
Fig. 3d), which did not differ by sex. No clonal (>2 cells with the same 
TCR clonotype) cells were identified by single-cell TCR-seq of cardiac 
immune infiltrate from healthy mice. By contrast, 63% of TCR+ cells 
in the myocarditis samples represented clonal TCRs (Extended Data 
Fig. 3e). A comparison of gene expression by clonality showed that 
non-clonal cells from control samples expressed Cd8a, Cd4 and markers 
associated with naive status rather than activation. By contrast, clonal 
cells from myocarditis samples expressed Cd8a and cytotoxicity genes 
such as Nkg7 and Gzmb, but not Cd4 or markers of naive status (Fig. 1h). 
These data show that there is a large population of highly activated, 
clonally expanded CD8+ T cells in mouse ICI-MC.

CD8+ T cells are necessary for myocarditis
Early administration of corticosteroids, which exert immunosuppres-
sive effects through various mechanisms, may associate with better  
survival in patients with ICI-MC, but severe cases are refractory to 
steroids20,21. In our mouse model, dexamethasone treatment did 
not attenuate myocarditis or extend survival, which provides sup-
port for the severity of the phenotype (Extended Data Fig. 4a). Using 
anti-CD8-depleting and anti-CD4 depleting antibodies (starting at 
21 days of age and administered three times per week; confirmation 
shown in Extended Data Fig. 4b), we tested whether depletion of these 
cell subsets would attenuate myocarditis and affect survival of Pdcd1–/– 
Ctla4+/– mice. Depletion of CD8+ cells but not CD4+ cells significantly 
rescued survival in these mice (Fig. 2a). In corroboration of these data, 
adoptive transfer of whole splenocytes, but not splenocytes from which 
CD8+ cells were depleted (Extended Data Fig. 4c), from Pdcd1–/–Ctla4+/– 
mice with myocarditis to Rag1–/– recipients was sufficient to induce fatal 
myocarditis (Fig. 2b,c). The single fatality in the CD8-depleted group 
was probably due to a bowel obstruction, as there was no evidence 
of myocarditis histologically. Immunohistochemistry (IHC) showed 
abundant cardiac infiltration of CD3+ and CD8+ cells, and limited CD4+ 
cells and F4/80+ cells, in the recipients of whole splenocytes but not 
in the CD8-depleted recipients (Fig. 2d and Extended Data Fig. 4d). 
We performed TCR β chain sequencing of cardiac tissue from one 
donor mouse (donor) and from four recipients of whole splenocytes 
(Rec1–Rec4) (Fig. 2e). High numbers (>2,000) of TCR reads were seen 
in all sequenced hearts, which indicated the presence of significant 
T cell infiltration, consistent with the histology results (Extended Data 
Fig. 4e). In all four of the recipient mice, the most clonal TCR β chain 
occupied >65% of the total cardiac TCR repertoire, which indicated 
that there was strong monoclonal expansion. The most clonal TCR 
β chain (CDR3: CASSLRRGEQYF) in the donor heart (which constituted 
37% of the donor cardiac repertoire) was expanded in three out of the 
four recipients (Rec1, Rec3 and Rec4). Notably, in one recipient mouse 
(Rec2), a low frequency TCR from the donor was expanded and occu-
pied most of the TCR β chain repertoire (CDR3: CASSLGGTVQDTQYF). 
This high degree of expansion from donor to recipient cardiac tissue 
suggests that a single TCR clonotype may drive myocarditis in the recipi-
ent animals. Together, these results strongly indicate that CD8+ T cells 
are necessary for the development of myocarditis.

Myocarditis TCRs recognize α-myosin
Next we aimed to identify the cognate antigen for clonal mouse TCRs. 
For antigen discovery, we tested five TCRs derived from scRNA–TCR-seq 
data and selected on the basis of their abundance. These TCRs (TCR-A 
and TCR1–TCR4) were primarily associated with cluster 0 effector CD8+ T  
cells and cluster 3 proliferating T cells (Fig. 3a). We also included two 
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TCRs that were expanded the hearts of recipient mice in adoptive trans-
fer experiments (TCR-B and TCR-C). TCR-B was the most abundant 
TCR in the heart of the donor and three recipients (β CDR3: CASSLR-
RGEQYF). TCR-C was the most abundant TCR in the heart of recipient 2 
(β CDR3: CASSLGGTVQDTQYF) (Fig. 2e). CDR3 amino acid sequences, 
V genes and J genes are shown in Table 1. These TCRs were reconstructed 

using Stitchr, cloned and retrovirally transduced into Jurkat nuclear fac-
tor of activated T cells (NFAT) cells expressing GFP as the reporter22–24. 
Syngeneic bone-marrow-derived dendritic cells (BMDCs) were used as 
antigen-presenting cells (APCs).

We used a candidate autoantigen approach for TCR screening. Analy-
sis of published human RNA-seq data of thymic APCs showed four 
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the 100 nearest neighbours share the same TCR α chain and β chain.  
TCR density is shown for each cluster and split by control or myocarditis.  
g, Differential gene expression between cluster 0 T cells and all other T cell 
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cardiac-enriched genes (genes in which expression in the heart was 
significantly enriched relative to other tissues) with no detectable 
expression in the thymus4 (MYH6, NPPA, NPPB and SBK2) (Fig. 3b). Lack 
of thymic expression would be predicted to enable self-reactive T cells 
to escape negative selection, an important mechanism of self-tolerance. 
Expression of these genes was also low to absent in the thymus of Pdcd1–/– 
Ctla4+/– mice and did not differ by sex (Extended Data Fig. 5a). We 
used a library of 172 overlapping peptides, covering all of α-myosin 
(encoded by Myh6), ANP (encoded by Nppa), BNP (encoded by Nppb) 
and SBK2 (encoded by Sbk2) (Extended Data Table 1). Three TCR cell 
lines, including both expanded TCRs (B and C), had NFAT activity in 
response to α-myosin peptides. None of the other three tested cardiac 
proteins activated any of the TCR cell lines (Fig. 3c). MYH6 (α-myosin) 
is not expressed in the thymus in mice or humans and is a major his-
tocompatibility class II (MHC-II)-restricted autoantigen in mouse  
models3,25,26. Notable, four out of five single-cell-derived TCR cell lines 
did not recognize any of the tested cardiac peptides (denoted TCR1–
TCR4 to differentiate from TCR-A to TCR-C from which cognate antigens 

were identified). These data suggest two important possibilities: (1) the 
presence of ‘bystander’ T cells that are attracted to the site of inflamma-
tion but are not specific for disease-causing antigens or (2) the possibil-
ity that these TCRs recognize other cardiac antigens that are important 
in disease pathogenesis. The bystander TCR hypothesis is supported 
by previous literature on tumour immunology showing that a minor-
ity of tumour-infiltrating T cells are likely to be tumour-specific27–31.

TCR-A and TCR-B activated NFAT reporters in response to the same 
α-myosin peptide (MYH6181–200), whereas TCR-C had NFAT activity 
against a distinct α-myosin peptide (MYH6406–425) (Fig. 3c). From these 
20-amino-acid peptides, we used TepiTool to identify the most probable 
immunogenic epitopes32 and re-screened these epitopes against the 
reporter TCR lines. TCR-A and TCR-B recognized MYH6191–198 (VIQYFASI),  
whereas TCR-C recognized MYH6418–425 (VQQVYYSI) (Fig. 3d). VIQYFASI 
and VQQVYYSI both had strong predicted binding to H2-Kb (Extended 
Data Table 2). The tyrosine and phenylalanine residues at position five 
of the peptides are key binding epitopes for H2-Kb33. In line with these 
predictions, antibody blockade of H2-Kb, but not H2-Db, abrogated 
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from Rec2 are shown. Flow between samples indicates shared TCRs. CDR3 
sequences in bold indicate the most clonal TCRs.
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NFAT reporter activity for all three cell lines (Fig. 3e). Next we compared 
an empty H2-Kb tetramer loaded with either VIQYFASI or VQQVYYSI 
with a tetramer loaded with an irrelevant peptide (SIINFEKL). We found 
that 6–30% of the cardiac-infiltrating CD8+ T cells were specific for 

one of the two α-myosin peptides in nine additional Pdcd1–/–Ctla4+/– 
mice with myocarditis (Fig. 3f,g and Extended Data Fig. 5b). We did not 
identify any mice with myocarditis that lacked VIQYFASI or VQQVYYSI 
tetramer-positive CD8+ T cells in their hearts. This result demonstrates 
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the ubiquity of α-myosin-reactive T cells in this mouse model. Notably, 
high levels of α-myosin tetramer-positive CD8+ T cells were confined 
to the hearts (Extended Data Fig. 5c). These data strongly suggest 
that α-myosin is an important MHC-I-restricted autoantigen in mouse 
immune checkpoint deficiency myocarditis.

α-myosin TCRs are found in patients with ICI-MC
We next aimed to test the relevance of α-myosin as a potential autoan-
tigen in humans. We analysed samples from three healthy donors and 
from three patients with histologically proven fulminant ICI-MC. Patient 
information is summarized in Table 2. First, we tested whether it was 
possible to expand α-myosin-specific T cells from peripheral blood 
mononuclear cells (PBMCs). PBMCs were stimulated with α-myosin 
peptides or with control cytomegalovirus, Epstein–Barr virus and 

influenza (CEF) peptides (in healthy donor PBMCs only) for 14 days 
to generate expanded PBMCs (exPBMCs). TCR β chain sequencing 
was used to assess expansion. Shannon diversity decreased from 
pre-expansion PBMCs to α-myosin exPBMCs for healthy donors and 
for patients with ICI-MC, which indicated the presence of clonal expan-
sion of α-myosin-specific T cells. Notably, Shannon diversity did not 
change from baseline to CEF peptide expansion, which suggested that 
α-myosin is a strong stimulus for clonal T cell expansion (Fig. 4a). For all 
donors, both α-myosin and CEF stimulation resulted in the expansion 
of some individual TCR clonotypes. This expansion could be seen by 
comparing the frequency of each TCR β chain in the baseline PBMCs 
compared with the exPBMCs from the same patient (Extended Data 
Fig. 6a,b). These data suggest that both healthy donors and patients 
with ICI-MC have peripheral α-myosin-specific T cells that are capable 
of expansion under certain conditions.

Table 1 | Summary of TCR CDR3, V and J genes for TCRs used in antigen discovery experiments

TCR ID TCR source β CDR3 TRBV TRBJ α CDR3 TRAV TRAJ Antigen

A Mouse single-cell 
sequencing

CSAAWGGSAETLYF TRBV1 TRBJ2-3 CAVSDRGSALGRLHF TRAV7-3*04 TRAJ18 MYH6191–198 
(VIQYFASI)

1 Mouse single-cell 
sequencing

CASSPGQGAYAEQFF TRBV12-2 TRBJ2-1 CAVSSGYGSSGNKLIF TRAV7-5 TRAJ32 Unknown (not in 
α-myosin, SBK2, 
ANP or BNP)

2 Mouse single-cell 
sequencing

CASKTGYNYAEQFF TRBV19 TRBJ2-1 CALNTGYQNFYF TRAV4-4-DV10 TRAJ49 Unknown (not in 
α-myosin, SBK2, 
ANP or BNP)

3 Mouse single-cell 
sequencing

CASGGLGGPSQNTLYF TRBV12-2 TRBJ2-4 CALERSTGNYKYVF TRAV13-1 TRAJ40 Unknown (not in 
α-myosin, SBK2, 
ANP or BNP)

4 Mouse single-cell 
sequencing

CASSDAGYAEQFF TRBV13-3 TRBJ2-1 CALGDSNYQLIW TRAV6-6 TRAJ33 Unknown (not in 
α-myosin, SBK2, 
ANP or BNP)

B Adoptive transfer 
(donor, Rec1, Rec3 
or Rec4)

CASSLRRGEQYF TRBV15 TRBJ2-7 CALERASGSWQLIF TRAV13-1 TRAJ22 MYH6191–198 
(VIQYFASI)

C Adoptive transfer 
(Rec2)

CASSLGGTVQDTQYF TRBV12-2 TRBJ2-5 CALGDRNNAGAKLTF TRAV6D-6 TRAJ39 MYH6418–425 
(VQQVYYSI)

TCR-Pt1 Patient 1 exPBMCs 
(single-cell 
sequencing)

CASSPYQSSGANVLTF TRBV9 TRBJ2-6 CALSDRYGGATNKLIF TRAV19 TRAJ32 MYH6443–451 
(RINATLETK)

Table 2 | Summary of information for patients with myocarditis

Patient Age 
(years)

Sex ICI history Primary tumour Disease tissue 
TCR-seq

Brief clinical course

1 75 Male Ipilimumab and 
nivolumab

Renal cell carcinoma Cardiac biopsy; 
autopsy of diaphragm 
and psoas

The patient presented to the emergency department with 
chest pain 3 weeks after initiation of ICI and was found to 
have VT and elevated troponin. EMB confirmed myocarditis. 
The patient’s clinical course was complicated by cardiogenic 
shock, acute hypoxic respiratory failure and acute renal 
failure, despite high-dose steroids. The patient and family 
declined further aggressive treatment with curative intent 
and opted for palliative extubation.

2 64 Male Nivolumab Small cell lung cancer Autopsy of RV and 
LV, interventricular 
septum, deltoid and 
diaphragm

The patient was admitted to the hospital with recurrent 
VT and elevated troponin. The patient was found to have a 
dilated RV by echocardiography. Prednisone treatment was 
initiated. EMB was complicated by RV perforation leading 
to acute cardiac tamponade, left atrial thrombus and rapid 
clinical deterioration. Family opted for palliative extubation.

3 78 Male Pembrolizumab Lung adenocarcinoma Cardiac biopsy The patient was evaluated for fatigue and myalgias and 
was found to have elevated troponin. The patient was 
admitted, started on high-dose steroids and myocarditis 
was confirmed by EMB. The patient recovered with steroid 
treatment and did not experience recurrence of myocarditis. 
The patient died 5 months later in home hospice owing 
to complications related to a haemothorax, which was 
potentially related to the underlying malignancy.

EMB, endomyocardial biopsy; LV, left ventricle; RV, right ventricle; VT, ventricular tachycardia.
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To assess whether α-myosin-expanded TCR clones might be involved 
in cardiac and skeletal muscle toxicity, we compared TCR β chain rep-
ertoires in the heart and inflamed muscle to those over-represented in 
α-myosin exPBMCs relative to unexpanded PBMCs. We performed bulk 
TCR β chain sequencing on formalin-fixed paraffin-embedded tissues 
from endomyocardial biopsy samples (patients 1 and 3) and autopsy 
material (patients 1 and 2). Information regarding tissue samples from 
each patient with myocarditis is summarized in Fig. 4b. High numbers 
of total TCR reads (>1,500) were obtained in all samples, which was 
consistent with the observed high T cell infiltration (Extended Data 
Fig. 6c). Shannon diversity was lower in the hearts and skeletal muscle 

of patients with ICI-MC compared to inflamed colonic tissue of patients 
with ICI-associated colitis or Crohn’s disease. This result indicates the 
high clonality of TCR repertoires seen in ICI-MC compared with another 
immunotherapy-related toxicity associated with high infiltration of 
T cells34 (Fig. 4a). Biopsy samples from patients with acute cellular 
rejection following cardiac transplantation were also included as a 
cardiac-specific comparison of TCR repertoires. These samples had 
low Shannon diversity, which provides support for T cell-mediated 
anticardiac autoimmunity (Fig. 4a).

We plotted the degree of α-myosin expansion (count in α-myosin 
exPBMCs minus the count in pre-expansion PBMCs) (Fig. 4c and 
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Extended Data Fig. 8a, with expansion shown in red) against the abun-
dance of the same TCR β chain in the autologous inflamed tissue of 
patients with ICI-MC. This showed that α-myosin-expanded TCRs are 
present in inflamed hearts from all three patients (Fig. 4c and Extended 
Data Fig. 8a). Some α-myosin-expanded TCRs were abundant in the 
inflamed heart and skeletal muscle (Fig. 4c and Extended Data Fig. 7), 
which suggested that α-myosin may be a relevant disease antigen for 
ICI-MC and myositis. We performed scRNA–TCR-seq on sorted CD3+ 
exPBMCs from patient 1. Gene expression analysis of TCR+ cells showed 
expression of CD3E in all cells (including cells that expressed both CD8A 
and CD4) and a small population of residual B cells that expressed 
CD79A (Extended Data Fig. 8a). We further filtered cells on the basis 
of a shared TCR β chain with the cardiac TCR repertoire (overlap with 
bulk β chain sequencing), which would be expected to be enriched for 
disease-relevant TCRs. Following dimensionality reduction with UMAP, 
the cells clustered distinctly by group (Fig. 4d). Of the cells with TCR 
clonotypes shared with the heart, a significantly higher proportion 
were clonal in exPBMCs relative to cells with TCRs not present in the 
heart (Fig. 4e). Moreover, these clonal cells had high expression of 
CD8A (Fig. 4f and Extended Data Fig. 8b). Clonal cells in the exPBMCs 
are expected to be enriched for α-myosin specificity. Clonal cells with 
TCRs present in the heart also had high expression of markers of activa-
tion such as NKG7, GZMB and GNLY (Fig. 4f and Extended Data Fig. 8b).

To confirm that α-myosin expansion generates clonal TCRs spe-
cific for α-myosin, we aimed to map the epitope specificity and MHC 
restriction of a TCR found in both exPBMCs and cardiac tissue of 
patient 1 (TCR-Pt1) (Extended Data Fig. 9a). HLA types for patients 
with ICI-MC and healthy donors are shown in Extended Data Table 3. 
We reconstructed and transduced TCR-Pt1 into Jurkat NFAT–GFP 
reporter cells (TCR CDR3 and gene information is shown in Table 1). 
We then used the same approach as for the mouse TCR cell lines 
for testing against the α-myosin 20-amino-acid peptide library fol-
lowed by TepiTool-guided epitope narrowing. The results showed 
that TCR-Pt1 activated the NFAT reporter specifically to MYH6443–451 
(RINATLETK) (Fig.  4g). This peptide has strong predicted bind-
ing to HLA-A*03:01 using TepiTools. In line with this prediction, the 
TCR-Pt1 cell line stained with a tetramer with MYH6443–451 loaded on 
HLA-A*03:01 but not with a tetramer with the same peptide loaded on 
HLA-A*24:02 (Extended Data Fig. 9b). Patient 1 carries both of these 
HLA-A alleles. We next tested MYH6443–451 on the A*03:01 tetramer 
against exPBMCs of healthy donors and patients with ICI-MC bear-
ing HLA-A*03:01. We found a high prevalence of MYH6443–451-specific  
T cells in exPBMCs from patient 1 with ICI-MC and from two healthy 
donors and low but detectable MYH6443–451-specific T cells in exPB-
MCs from patient 3 with ICI-MC (Fig. 4h,i and Extended Data Fig. 9c). 
Patient 2 was not assessed because they lacked the HLA-A*03:01 allele. 
Thus, CD8+ cytotoxic T cells specific for α-myosin are present in the 
blood and diseased hearts of patients with fulminant ICI-MC and may 
be present in healthy individuals.

Tumour-specific MYH6 expression
The importance of α-myosin as an autoantigen in ICI-MC raises the 
possibility that tumour cells may aberrantly express MYH6. Moreover, 
tumour-reactive T cells specific for α-myosin epitopes may develop and 
lead to an increased risk for developing ICI-MC. It has been previously 
reported by our group that a patient with fulminant ICI-MC had aberrant 
melanoma-specific expression of muscle transcripts, including MYH6 
(ref. 5). Analyses of a previously published RNA-seq dataset of melanoma 
tumours treated with ICIs35 showed that 37 out of 91 tumours expressed 
low but detectable levels of MYH6 (Extended Data Fig. 10a). Despite 
treatment with an ICI, none of these patients developed clinically sig-
nificant myocarditis or myositis. However, few patients with MYH6 
expression were treated with combination anti-CTLA4 and anti-PD-1, 
which is a known risk factor for ICI-MC. Given the rarity of myocarditis 

and the comparatively low patient numbers examined here, these data 
are insufficient to determine whether tumour-specific MYH6 expres-
sion may be a risk factor for ICI-MC. HLA type may be an important 
modifying factor. Notably, tumour-specific MYH6 expression is not 
unique to this dataset. Analysis of The Cancer Genome Atlas (TCGA) 
melanoma cohort showed that 250 out of 363 tumours had detectable 
MYH6 expression (Extended Data Fig. 10b).

Discussion
Immunotherapy-associated toxicities are important limitations to 
the use of ICIs. Here we presented a new perspective on ICI-MC as an 
antigen-driven, cytotoxic T cell-mediated toxicity. We used a geneti-
cally altered mouse to model a human drug toxicity and demonstrated 
that Pdcd1–/–Ctla4+/– mice recapitulate many of the important clin-
icopathological features of ICI-MC seen in humans, including severe 
cardiac inflammation predominately composed of CD8+ T cells. The 
mice also had significant conduction abnormalities and preserved 
ejection fraction2. Animal models that used pharmacological methods 
have not replicated these important features. MRL mice treated with 
an anti-PD-1 and an anti-CTLA-4 for 8 weeks develop mild myocarditis 
that is only evident histologically2. Monkeys treated with anti-PD-1 
and anti-CTLA-4 antibodies develop mild-to-moderate inflammation 
in all organs examined, including the heart, in which mild CD4+ T cell 
infiltration is seen36.

We showed in our mouse model that myocarditis is characterized by 
cytotoxic CD8+ T cells with highly clonal TCRs, and that CD8+ cells are 
necessary for the development of myocarditis. Although CD4 deple-
tion did not rescue survival, it is unknown what part CD4+ T cells play, 
particularly in the initiation of myocarditis, which is more difficult 
to determine in a genetic model and is a limitation of our study. The 
CD8 dependence of our model is in contrast to the CD4 dependence 
of myocarditis seen in Pdcd1–/–Lag3–/– mice, which raises the possi-
bility of distinct mechanisms of myocarditis with different immune 
checkpoint deficiencies37,38. Three of the most clonal TCRs, derived 
from independent mice, recognized α-myosin epitopes. Notably, 
α-myosin-specific TCRs expanded when transferred to recipient mice 
and occupied >65% of the highly inflamed cardiac TCR repertoire at the 
time of death from myocarditis. Lack of thymic expression suggests that 
α-myosin-specific T cells may escape central tolerance mechanisms3. 
α-myosin-specific T cells could be expanded from the blood of healthy 
donors and of patients with ICI-MC. This finding, which may not be 
specific to α-myosin, suggests that the presence of α-myosin-specific 
T cells in the periphery is common in humans. Furthermore, we found 
that T cells specific for the exact epitope MYH6443–451 on HLA-A*03:01 
could be expanded from the blood in all four tested samples from 
patients with the HLA-A*03:01 allele. It is currently unknown whether 
particular HLA alleles may be a risk factor for ICI-MC. Several studies 
have recently examined associations of HLA alleles and response or 
toxicity to ICI39–42, but more work is needed, particularly for rare tox-
icities such as myocarditis. In addition, the effect of the microbiome 
on ICI-MC risk is unknown and should be explored in future work43,44.

The α-myosin-expanded TCRs overlapped with TCR repertoires in 
the diseased hearts and skeletal muscle of three patients with ICI-MC. 
Although the presence of shared clones is insufficient to establish cau-
sality, these data suggest that α-myosin may be an important autoanti-
gen in ICI-MC. The presence of other high-frequency TCRs in the hearts 
that were not enriched in the α-myosin-expanded repertoires could 
point to other relevant antigens, particularly by the time myocarditis 
has become severe.

Previous studies have shown that α-myosin is a MHC-II restricted 
autoantigen in mouse models, primarily using transgenic TCRs or 
α-myosin vaccination approaches, in which α-myosin is used to initiate 
an immune response3,45–50. Our data here identified MHC-I-restricted 
α-myosin epitopes in a spontaneous mouse model of myocarditis that 
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is dependent on CD8+ T cells. Furthermore, we identified a candidate 
autoantigen for an immunotherapy toxicity in humans. We also identi-
fied new specific TCR-peptide–MHC interactions for three mouse TCRs 
and one human TCR. Knowledge of the most relevant disease antigens 
may facilitate antigen-directed approaches to suppress inflammation 
without compromising on antitumour efficacy such as tolerogenic vac-
cines. Identification of α-myosin as an autoantigen may also guide the 
identification of biomarkers to predict which patients are at higher risk 
for myocarditis, such as surveillance of peripheral α-myosin-reactive 
T cells or identification of pre-existing autoantibodies.
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Methods

Mice
Pdcd1–/–Ctla4+/– mice were maintained as previously described2. Female 
mice were primarily (but not exclusively) used in these studies owing 
to their higher incidence of myocarditis. Rag1–/– mice were purchased 
from The Jackson Laboratory (002216)51. For the generation of survival 
curves, events were defined as either death (that is, mice found dead) 
or identification of mice that required euthanasia (for example, due 
to lethargy, moribund, dyspnoea or weight loss). All mice were housed 
at Vanderbilt University Medical Center vivarium, an animal facility 
accredited by the Association for Assessment and Accreditation of 
Laboratory Animal Care International and is specific pathogen-free. 
All experiments were performed in accordance with Vanderbilt Uni-
versity Medical Center Institutional Animal Care and Use Committee 
guidelines. No blinding was used in the studies. Where possible, mice 
were randomized to treatment groups or study arms. Mice were on 12-h 
light–dark cycles, which coincided with daylight hours in Nashville, TN, 
United States. The mouse housing facility was maintained at 20–25 °C 
and 30–70% humidity.

Preparation of cardiac dissociates for scRNA–TCR-seq
Single-cell suspensions were obtained from mouse hearts by mincing 
followed by enzymatic digestion with 125 U ml–1 DNase I (Worthington, 
LS002138) and 250 U ml–1 collagenase 3 (Worthington, LS004182). Dis-
sociated hearts were filtered through a 30-μm filter. Red blood cells were 
lysed using ACK lysing buffer (KD Medical/MediaTech, NC0274127). 
Single-cell suspensions were either used fresh or cryopreserved in 10% 
DMSO with 90% FBS. Before sorting, cells were stained with Alex Fluor 
488 (AF488) anti-mouse CD45 (BioLegend, clone 30-F11, 103122; dilu-
tion 1:1,000) for 20 min at 4 °C. Following staining and washing with 
PBS, cells were resuspended in PBS with DAPI (1:20,000). Live CD45+ 
immune cells were sorted by FACS on AF488-positive DAPI-negative 
events. The wild-type control sample consisted of pooled, without 
hashing, cardiac immune infiltrates from six female mice to obtain 
sufficient cells, as the healthy heart has a low frequency of cardiac 
immune cells. The myocarditis sample consisted of four inflamed hearts 
from female Pdcd1–/–Ctla4+/– mice. Inflammation was confirmed by flow 
cytometry for CD45. Only mice with CD45+ cells constituting >10% of the 
total single cells were included. Mice ranged from 3 to 6 weeks in age. 
One inflamed heart was run as an individual sample on a 10x Genomics 
chromium platform. The additional three inflamed hearts were hashed 
together using Total Seq C reagents according to the manufacturer’s 
instructions (BioLegend, TotalSeq-C0301, 155861; TotalSeq-C0302, 
155863; TotalSeq-C0303, 155865).

scRNA–TCR-seq
Each sample (targeting 5,000–15,000 cells per sample) was processed 
for single-cell 5′ RNA and TCR sequencing utilizing the 10x Chromium 
system. Libraries were prepared following the manufacturer’s proto-
col. The libraries were sequenced using NovaSeq 6000 with 150 bp 
paired-end reads. RTA (v.2.4.11; Illumina) was used for base calling, 
and analysis was completed using 10x Genomics Cell Ranger software. 
Data were analysed in R using the filtered h5 gene matrices in the Seurat 
package52–54. In brief, samples were subset to include cells with >200 
but <3,000 unique transcripts to exclude probable non-cellular RNA 
reads and doublets. Cells with >15% of reads coming from mitochon-
drial transcripts were also excluded as probable dying cells. For mouse 
hearts, hash tag oligonucleotides were deconvoluted using HTODemux,  
with the positive quantile set at 0.85. Samples were downsized so that 
equivalent numbers of cells originating from healthy wild-type or myo-
carditis Pdcd1–/–Ctla4+/– cardiac-infiltrating immune cells were included 
(2,509 cells per genotype of origin). Ten clusters were identified using 
a resolution of 0.4. UMAP was used for dimensionality reduction with 
15 nearest neighbours and minimum distance of 0.5. SingleR was used 

to assist with cell-type annotation of clusters. Clonal is defined as more 
than two cells with the same TCR clonotype (defined by unique combi-
nations of CDR3 regions). T cells were subset on the expression level 
of Cd3e >1.5 and presence of a TCR (n = 1,266 cells). Clustering with the 
Louvain algorithm at resolution of 0.3 produced five distinct clusters. 
Additional subclustering produced small clusters of <15 cells. Differ-
ential gene expression analyses were used to identify clusters. TCR 
density is defined as the number of the 100 nearest cell neighbours 
expressing the same TCR clonotype (α and β chain).

TCR-seq
TCR-seq and clonality quantification was assessed in formalin-fixed 
paraffin embedded (FFPE) or snap-frozen samples of mouse hearts 
or spleens. All human samples were derived from FFPE samples or 
isolated PBMCs. For FFPE samples, RNA was extracted from 10-μm 
sections using Promega Maxwell 16 FFPE RNA kits per the manufac-
turer’s protocol. TCRs were sequenced using the TCR Immunoverse 
all chain assay per the manufacturer’s protocol (Invitae/ArcherDX). 
Sequencing results were evaluated using Archer Immunoverse analyser. 
CDR3 sequences and frequency tables were extracted from the manu-
facturers’ analysis platform and imported into R for analysis using the 
Immunarch package (https://immunarch.com) in R.

Antibody-mediated depletion and dexamethasone treatment
Female Pdcd1–/–Ctla4+/– mice were randomly assigned to control or 
dexamethasone treatment at 21 days of age. Mice were treated with 
1 mg kg–1 day–1 of dexamethasone. Experiments were concluded when 
mice reached 115 days of age. Female Pdcd1–/–Ctla4+/– mice were ran-
domly assigned to control, anti-CD8a or anti-CD4 injections at 21 days 
of age. Mice were intraperitoneally injected three times a week with 
200 μg of anti-CD4 (BioXCell, BE0003-1, clone GK1.5) or anti-CD8 (BioX-
Cell, BE0061, clone 2.43) antibodies or vehicle, all in a maximum volume 
of 100 μl. Treatment lasted until 90 days of age. Peripheral blood was 
sampled by tail prick for assessment of depletion efficiency at week 3. 
To detect an anticipated mortality difference of 50% (for control) to 5% 
(for an intervention that reduces mortality) with an α of 0.05 and 80% 
power, a sample size of 14 mice per group was needed.

Adoptive transfer
Splenocytes were isolated from Pdcd1–/–Ctla4+/– mice with myocarditis 
by manual dissociation, filtering and red blood cell lysis. Myocarditis 
of the donor mice was confirmed by either haematoxylin and eosin 
(H&E) staining or dissociation of the heart and flow cytometry for 
CD45+ immune cells. A portion of each spleen underwent CD8 deple-
tion using magnetic bead isolation (Miltenyi CD8 (TIL) MicroBeads, 
mouse, 130-116-478). One million whole or CD8-depleted splenocytes 
were injected into each Rag1–/– recipient mouse in 100 μl PBS through 
tail vein injection. Mice were monitored for death or signs of distress. 
At death or euthanasia, hearts, spleens, livers, lungs and kidneys were 
stained by H&E and evaluated by microscopy. To detect an anticipated 
mortality difference of 50% (for whole splenocyte transfer) to 1% (for 
CD8-depleted splenocyte transfer) with an α of 0.05 and 80% power, 
a sample size of 11 mice per group was needed.

Histology and pathology
Formalin-fixed tissues were processed routinely into paraffin blocks, 
sectioned at 5 μm and stained with H&E using standard protocols at 
Vanderbilt University Medical Center’s Translational Pathology Shared 
Resource (TPSR) core laboratory. To further characterize the mono-
nuclear cardiac infiltrates detected by light microscopy, a panel of 
IHC markers was used. IHC staining was performed at the TPSR using 
standard, validated protocols for chromogenic IHC. All steps besides 
dehydration, clearing and coverslipping were performed on a Leica 
Bond-Max IHC autostainer (Leica Biosystems). Slides were deparaffi-
nized. Antigen retrieval was performed using EDTA (CD markers) or 
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proteinase K (F4/80) or on the Bond Max using their Epitope Retrieval 
2 solution for 20 min (CD45R and IgG). Slides were incubated with pri-
mary antibodies as indicated below. Secondary antibody labelling was 
performed for all markers except CD3 and IgG by incubating in rabbit 
anti-rat antibody (BA-4001, Vector Laboratories) for 15 min at a 1:650 
dilution. Immunolabelling by rabbit antibody was visualized using a 
Bond polymer refine detection system (DS9800, Leica Biosystems). 
Slides were then dehydrated, cleared and coverslipped. For primary 
antibodies, anti-CD3 (Abcam, Ab16669) was used at 1:250 dilution, 
anti-CD4 (eBioscience, 14–9766–82) was used at 1:1,000 dilution, 
anti-CD8 (eBioscience, 14–0808–82) was used at 1:1,000 dilution, 
anti-F4/80 (Novus Biologicals, NB600–404) was used at 1:900 dilu-
tion and anti-CD45R/B220 (553086, BD Pharmingen, clone RA3-6B2) 
was used at 1:20,000 dilution. For IgG, slides were placed in a Biotin 
Blocking system (x0590, Dako) for 10 min each. Slides were incubated 
in biotinylated goat anti-mouse IgG (BA-9200, Vector Laboratories) for 
15 min at 1:2,000 dilution. A Bond Intense R detection system (DS9263, 
Leica Biosystems) was used for visualization. IHC quantification is 
reported as number of positive cells per high power field (×40), aver-
aged over three high power fields per slide. Slide images were obtained 
using Olympus cellSens Standard v.1.17.

RNA preparation and quantitative PCR analysis
Flash-frozen mouse tissue (cardiac ventricle or thymus) was homog-
enized using a TissueLyser II (Qiagen) for 2 min at 30 Hz. RNA was 
collected from dissociated tissue using a Maxwell 16 automated worksta-
tion (Promega) and a LEV simplyRNA Tissue kit (Promega, AS1280). RNA 
was then analysed for concentration using a NanoDrop 2000 (Thermo 
Fisher Scientific) before cDNA synthesis using a SensiFAST cDNA Syn-
thesis kit (Bioline, Meridian Bioscience, BIO-65054) with 1 μg of RNA 
per sample. cDNA and SsoAdvanced Universal SYBR Green Supermix 
(Bio-Rad, 1725270) were then combined with target-specific primers on a 
CFX96 Touch Real-Time PCR Detection system (Bio-Rad). The following 
primer pairs were used: Sbk2 forward 5′-CTCTGAGCCCAGAAATGCCA-3′ 
reverse 5′-AATGTGTTCCAGGGCAGAGG-3′; Nppb forward 5′-CGTTT 
GGGCTGTAACGCACTG-3′ reverse 5′-TCACTTCAAAGGTGGTCCCAG-3′; 
Nppa forward 5′-TCTGATGGATTTCAAGAACCTGCT-3′ reverse 5′- 
ACACACCACAAGGGCTTAGG-3′; Myh6 forward 5′-AACCAGA 
GTTTGAGTGACAGAATG-3′ reverse 5′-ACTCCGTGCGGATGTCAA-3′; 
Actb forward 5′-ACGGCCAGGTCATCACTATTG-3′ reverse 5′-AGGAT 
TCCATACCCAAGAAGGAA-3′. Three technical replicates were used for 
each reaction. Actb (encoding β-actin) was used as the housekeeping 
gene. Data were analysed using the ΔCt method in which the number 
of cycles needed to amplify the gene of interest is normalized to the 
number of cycles needed to amplify the housekeeping gene.

Flow cytometry for mouse cell populations and Jurkat reporter 
cells
Samples were run on an Attune NxT Acoustic Focusing cytometer (Life 
Technologies). Data were collected using Attune NxT software v.3.2.1. 
Analysis was performed in FlowJo v.10.6. Gating was first done on for-
ward scatter and side scatter to exclude debris. Doublets were excluded 
by gating on FSC area versus FSC height. DAPI was used to exclude dead 
cells from analyses. The following antibodies were used: CD45-PerCP/
Cy5.5 (BioLegend, 103132, clone 30-F11; dilution 1:400); CD3-AF488 
(BioLegend, 100210, clone 17A2; dilution 1:200); CD4-APC (BioLegend, 
100412, clone GK1.5; dilution 1:100); CD8a-PE/Cy7 (BioLegend, 100722, 
clone 53-6.7; dilution 1:400); Thy1.1 (BioLegend, 202506, clone OX-7; 
dilution 1:1,000 for AF488, 1:500 for APC/Cy7); and TCR β chain-PE (Bio-
Legend, 109208, clone H57–597; dilution 1:200). All cell lines were rou-
tinely tested and confirmed to be clear of mycoplasma contamination. 

TCR sequences and cloning
TCR sequences were generated from CDR3 regions, V genes and J genes  
using Stitchr22. Paired TCR α and β sequences were derived from 

single-cell sequencing or from the adoptive transfer experiments in 
which pairing of chains could be inferred from bulk sequencing as single 
α and β chains made up the majority of each repertoire. Genes for α 
and β chains were separated using a T2A sequence. Restriction digest 
sites were added to either end. Full TCR gene blocks were synthesized 
as custom orders from Genewiz. Full TCR block sequences can be found 
in Supplementary Information. TCR sequences were cloned into a 
MSCV-IRES-Thy1.1 DEST vector. MSCV-IRES-Thy1.1 DEST was a gift from 
A. Rao (Addgene plasmid 17442; RRID: Addgene_17442)55. Retrovirus 
was made using the platA retroviral packaging cell line (Cell BioLabs 
RV-102). Jurkat-TCR-ko-CD8+-NFAT-GFP reporter cells were a gift from 
P. Steinberger. Reporter cells were retrovirally transduced with TCRs of 
interest. TCR expression was confirmed by flow cytometry for Thy1.1 
and TCR β chain. Retrovirally transduced cells were sorted on a WOLF 
cell sorter (NanoCellect) for Thy1.1-AF488. Cells were confirmed to be 
>90% Thy1.1-positive after sorting before use in downstream assays.

Antigen discovery
Jurkat-NFAT–GFP cell lines with reconstructed TCRs were used for anti-
gen screening. Syngeneic (derived from C57BL/6 mice) BMDCs were 
used as APCs. BMDCs were generated by flushing femurs and tibias 
from mice with PBS, filtering the cells though a 70-μm filter, lysing 
red blood cells and plating in RMPI medium with 10% FBS, 1% HEPES 
and 20 ng ml–1 GM-CSF (ProSpec, CYT-222). BMDCs were polarized 
in GM-CSF-containing medium for 9 days (replacing the medium at 
days 3 and 6) before collecting the adherent fraction through mechani-
cal dissociation using a cell scraper and cryopreservation for subse-
quent experiments. For antigen discovery, BMDCs were thawed into 
GM-CSF-containing medium in flat-bottom plates the day before add-
ing TCR cell lines and peptides. Cells were plated at a ratio of 1 TCR 
cell to 3 BMDCs. The α-myosin, ANP, BNP and SBK2 peptide library 
was generated as 20-amino-acid peptides with 5-amino-acid over-
laps from GenScript. Owing to insolubility in aqueous solution, two 
20-amino-acid peptides were replaced by three 10-amino-acid peptides 
each. Sequences of all 172 peptides are shown in Extended Data Table 1. 
Peptides were added at a concentration of 10 μg ml–1, and co-cultures 
were incubated overnight. TCR cell lines were stained with DAPI to 
assess viability and analysed by flow cytometry for NFAT–GFP reporter 
activity. For the human TCR (TCR-Pt1), autologous lymphoblastoid 
B  cell lines (LCLs) were used as APCs. TCR-Pt1 was screened against 
130 α-myosin peptides.

MHC blockade
Jurkat TCR cell lines were co-cultured with EL-4 cells as APCs with or 
without 10 μg ml–1 cognate peptide overnight. EL-4 cells were a gift from 
S. Mallal. Blocking antibodies (anti-Db clone 28-14-8S or anti-Kb clone 
B8-24-3) were added to cells at a concentration of 10 μg ml–1 for 1 h before 
adding peptides. Blocking antibodies were provided by J. Sidney. TCR 
cell lines were stained with Thy1.1-APC/Cy7 (BioLegend, 202506, clone 
OX-7; dilution 1:500) to differentiate from EL-4s and with DAPI to assess 
viability and analysed by flow cytometry for NFAT–GFP reporter activity.

Patients
All studies were conducted in accordance with the Declaration of Hel-
sinki principles under protocols approved by the Vanderbilt University 
Medical Center Institutional Review Board. Healthy donors provided 
informed consent under an institutionally approved protocol (IRB 
number 030062). Patients with myocarditis and family members 
provided informed consent for research use of biospecimens and 
clinical data (IRB number 191213). Patients with ICI-associated coli-
tis and patients with Crohn’s disease provided informed consent for 
research use of biospecimens and clinical data (IRB number 09109). 
Patients that underwent a cardiac transplant and patients with heart 
failure provided informed consent for research use of biospecimens 
and clinical data (IRB number 200551). Information regarding patients 



that formed the RNA-seq cohort has been previously published35. An 
additional melanoma gene expression dataset was generated by The 
Cancer Genome Atlas Research Network (https://www.cancer.gov/
tcga) and accessed using cBioPortal56,57.

Generation of LCLs from PBMCs
Epstein–Barr virus (EBV)-transformed LCLs were generated from cryo-
preserved donor PBMCs by infection with EBV virus stock58,59. Approxi-
mately 1–3 × 106 PBMCs in RPMI-1640 medium supplemented with 
non-heat-inactivated 20% FBS, 1 μg ml–1 cyclosporin A (Sigma-Aldrich, 
C1832) and 2.5 μg ml–1 CpG (Invitrogen, ODN2006) were infected with 
filtered EBV stock and cultured for 2–3 weeks until clusters of cells 
were visible by light microscopy. All cell lines were routinely tested 
and confirmed to be clear of mycoplasma contamination. 

PBMC expansion
PBMCs were isolated from EDTA collection tubes and processed using 
a Ficoll gradient. Antigen-specific PBMC expansion was adapted from 
previously described protocols60,61. Fresh or cryopreserved PBMCs were 
stimulated with 130 pooled α-myosin peptides at a final concentra-
tion of 400 ng ml–1 of each peptide or a pool of control CEF peptides 
(AnaSpec, AS-61036-003). PBMCs were cultured in CTS OpTmizer 
medium (CTS OpTmizer T Cell Expansion SFM with CTS supplement 
A1048501, substituted with 2 mM l-glutamine and 2% human serum, 
Sigma-Aldrich, H3667) with cytokine supplementation (25 ng ml–1 each 
of rhIL-2, rhIL-7 and rhIL-15, Peprotech). For patients with myocarditis 
(patients 1, 2 and 3), expansion cultures were also supplemented with 
autologous LCLs to serve as APCs at a ratio of 1 APC per 10 PBMCs. For 
healthy donors, expansion was done directly from fresh, not cryopre-
served, blood. Peptides were only added on the first day of culture. On 
day 3, additional medium with cytokines was added. On day 7, cells were 
transferred to a new culture dish with fresh medium with cytokines. 
Cells were analysed or cryopreserved on day 14.

Single-cell sequencing of exPBMCs
exPBMCs from patient 1 were prepared for single-cell sequencing as 
follows. exPBMCs were incubated with Human TruStain FcX (Fc recep-
tor blocking solution, BioLegend, 422302; dilution 1:100) for 5 min on 
ice. Cells were then washed and incubated with human anti-CD3-AF488 
(BioLegend, 300319, clone HIT3a; dilution 1:200) for 30 min on ice, and 
then washed and resuspended to a concentration of 5 × 105 cells per ml. 
SYTOX AADvanced Ready Flow reagent (Invitrogen, R37173, dilution 2 
drops per 1 ml) was used per the manufacturer’s instructions to exclude 
dead cells. CD3+ live cells were sorted on a WOLF cell sorter (Nanocel-
lect). Cells were sequenced and data were analysed as described above. 
Data were analysed in R using the filtered h5 gene matrices in the Seurat 
package52–54. In brief, samples were subset to include cells with >200 
but <4,000 unique transcripts to exclude probable non-cellular RNA 
reads and doublets. Cells with >15% of reads coming from mitochon-
drial transcripts were also excluded as probable dying cells. Clonal is 
defined as more than two cells with the same TCR clonotype (defined 
by specific combinations of CDR3 regions). For exPBMCs, 5,816 cells 
with TCR reads were analysed. To identify TCRs overlapping with the 
cardiac repertoire, β CDR3 sequences were used.

Tetramer staining and flow cytometry
Mouse tetramer staining was done using an empty H-2Kb-PE tetramer 
(Tetramer Shop). Empty tetramer was loaded with peptide by incubat-
ing 5 μl of empty tetramer with 0.5 μl of 200 μM peptide solution (all 
peptides were custom ordered from GenScript, in this case VIQYFASI, 
VQQVYYSI or SIINFEKL as an irrelevant peptide control, which is known 
to strongly bind to H-2Kb) for at least 30 min at 4 °C. Loaded tetramers 
were centrifuged at 3,300g for 5 min before use. Mouse hearts were dis-
sociated as described above. Cells were first stained with Zombie Violet 
(BioLegend, 423113; dilution 1:1,000) for 15 min at room temperature 

in PBS with no added protein. Cells were then incubated with TruStain 
FcX block (BioLegend, 101319, clone 93; dilution 1:100) for 5 min at 
room temperature. Cells were washed in PBS with 2% FBS. Cells were 
stained with 5 μl of loaded tetramer in 50 μl PBS with 2% FBS for 20 min 
at 37 °C. Without washing, 20 μl of solution containing the desired 
surface antibodies was added and cells were incubated for 20 min at 
4 °C. The following surface antibodies used: anti-CD3-APC (BioLeg-
end, 100235, clone 17A2; dilution 1:400) and anti-CD8a-FITC (Thermo 
Fisher, MA5–16759, clone KT15; dilution 1:200). Samples were washed 
and then analysed.

Human tetramer staining was done using empty tetramers easYmer 
HLA-A*03:01 (Eagle Biosciences, 1016-01-20) or easYmer HLA-A*24:02 
(Eagle Biosciences, 1020-01-20). Monomers were loaded with peptide 
per the manufacturer’s instructions and incubated for 48 h at 18 °C. 
Tetramers were produced by adding 2.1 μl of streptavidin–PE antibody 
(BioLegend, 405203) and incubating for at least 1 h at 4 °C. Cells were 
first stained with Zombie Violet (BioLegend, 423113; dilution 1:1,000) 
for 15 min at room temperature in PBS with no added protein. Cells were 
then incubated with TruStain FcX block (BioLegend, 422301; dilution 
1:200). Cells were stained with tetramer in PBS with 2% FBS for 20 min 
at room temperature. Cells were then washed and stained with the 
surface antibodies anti-CD3-AF488 (BioLegend, 300319, clone HIT3a; 
dilution 1:200) and anti-CD8a-APC (BioLegend, 301014, clone RPA-T8; 
dilution 1:200) for 20 min at 4 °C. Samples were washed in PBS with 2% 
FBS. Samples were run on an Attune NxT Acoustic Focusing cytometer 
(Life Technologies). Analysis was performed in FlowJo. Gating was first 
done on forward scatter and side scatter to exclude debris. Doublets 
were excluded by gating on FSC area versus FSC height. Zombie Violet 
was used to exclude dead cells from analyses.

Statistical analysis
All statistical analyses were performed in R v.4.1.1. All single-cell statisti-
cal analyses were calculated in R using the Seurat package52–54. Visualiza-
tion and graph generation was performed in R. Shannon diversity was 
calculated using the R package vegan62. The R package immunarch was 
used for evaluating TCR repertoires63. P value cut-offs displayed on 
plots correspond to not significant (NS; P > 0.05), *P < 0.05, **P < 0.01, 
***P < 0.001 and ****P < 0.0001.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
Sequencing data have been deposited in the Gene Expression Omnibus 
under accession number GSE213486. Source data are provided with 
this paper.
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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.
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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.
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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.



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.
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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.
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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.
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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 library
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Extended Data Table 2 | Prediction scores for binding of α-myosin peptides to MHC-I molecules in C57BL/6 mice generated 
by TepiTool



Extended Data Table 3 | HLA types of healthy donors and patients with ICI-MC
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