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Single-cell transcriptomic analysis deciphers
the inflammatory microenvironment
characterized by CXCL9+ fibroblasts

and ACKR1+endothelial cells in immune-
related myocarditis
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Abstract

Background Immune-related myocarditis induced by immune checkpoint inhibitors (ICls) is a rare immune-related
adverse event (irAE) but is characterized by a high mortality rate. However, the specific pathological mechanisms
underlying immune-related myocarditis remain largely unclear. In this study, we aimed to elucidate the inflammatory
microenvironment within cardiac tissues affected by immune-related myocarditis at the single-cell level to identify
potential therapeutic targets.

Methods We performed single-cell RNA sequencing (scRNA-seq) on an endomyocardial biopsy specimen
obtained from a patient with pancreatic neuroendocrine carcinoma who developed immune-related myocarditis
following treatment with ICls. Additionally, the scRNA-seq data of heart specimens from deceased donors without
cardiovascular diseases were collected and applied as normal control. To validate our findings and assess their
specificity to ICl-related pathology, we analyzed mouse scRNA-seq data, including controls, ICl-related myocarditis,
viral myocarditis, and autoimmune myocarditis.

Results We found elevated proportions of lymphocytes, myeloid cells, and fibroblasts in the irAE group, suggesting
an intensified inflammatory microenvironment in human immune-related myocarditis. Within the lymphocyte
compartment, increased proportions of CD8+T exhausted cells and CD8+T proliferative cells were observed in the
irAE group. The upregulated differentially expressed genes in myeloid cells in the irAE group were enriched in pro-
inflammatory pathways, consistent with the observed metabolic shift from oxidative phosphorylation to glycolysis.
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CXCL9 +fibroblasts, characterized by the production of multiple pro-inflammatory cytokines and enriched in the JAK-
STAT and TNFa signaling pathways, were predominantly found in the irAE group. Venous endothelial cells specifically
expressing atypical chemokine receptor-1 (ACKR1) interacted with myeloid cells and CXCL9 +fibroblasts through the
CXCL signaling pathway, facilitating chemokine transcytosis and leukocyte recruitment. Analysis of murine scRNA-seq
data further supported these findings, revealing that exhausted CD8+T cells and pro-inflammatory fibroblasts were
uniquely enriched in ICl-related myocarditis, reflecting its distinct inflammatory microenvironment.

Conclusions We elucidated the unique inflammatory microenvironment of immune-related myocarditis at the
single-cell level. Our work revealed key cell subpopulations that were significantly implicated in inflammation, thus

offering potential therapeutic targets.

Keywords Immune checkpoint inhibitor, Immune-related myocarditis, Single-cell RNA sequencing, Intercellular

communication, Inflammatory microenvironment

Background

Immunotherapy has profoundly transformed the para-
digm of cancer treatment in the past decade. Immune
checkpoint inhibitors (ICIs) mainly target programmed
cell death 1 (PD-1) or programmed cell death 1 ligand
1 (PD-L1) and cytotoxic T lymphocyte-associated pro-
tein 4 (CTLA-4), releasing T cells from the inhibition by
cancer cells and thus enhancing their cytotoxicity. While
the application of ICIs has yielded substantial survival
benefits for patients across diverse cancer types, it also
comes with the potential for various immune-related
adverse events (irAEs) affecting multiple organs and tis-
sues throughout the body [1]. Severe irAEs can inter-
rupt anti-tumor therapy, compromise organ function,
and even pose life-threatening risks. Myocarditis is a rare
irAE but has a high mortality rate ranging from 25 to 50%
in patients receiving ICIs [2]. Mechanistically, immune-
related myocarditis is characterized by the infiltration
of T cells and macrophages into heart tissues, leading
to localized inflammation and cardiomyocyte damage
[3]. However, the more specific mechanisms of immune-
related myocarditis have not yet been fully elucidated.
Corticosteroids are the first-line therapy recommended
for immune-related myocarditis, with additional treat-
ments such as immunosuppressive agents, intravenous
immunoglobulin, and plasmapheresis being utilized in
some complicated cases [4]. Nevertheless, some patients
exhibit poor responses to treatment, indicating the need
for further exploration into the complex microenviron-
ment of immune-related myocarditis. Moreover, ICI-
related myocarditis may exhibit distinct inflammatory
and immunopathological features compared to myocar-
ditis caused by other etiologies, such as viral infections,
autoimmunity, or toxin exposure [5].

The emergence of single-cell technologies, exempli-
fied by single-cell RNA sequencing (scRNA-seq), has
encouraged researchers to elucidate the characteristics
of individual cells within tissues. Several studies have
leveraged single-cell technologies to decipher the cellu-
lar landscape of heart tissues affected by immune-related

myocarditis in mice. Zhu et al. reported an expansion
of effector memory CD8+T cells in the heart tissues
of Pdcdl™~ mice with spontaneous myocarditis com-
pared with those of controls [6]. Axelrod et al. revealed
that effector CD8+T cells present in the hearts of
Pdcd1™~ Ctlad*'~ mice were specific for a-myosin and
that depletion of CD8+ T cells could attenuate myocar-
ditis [7]. Ma et al. discovered that in Ctla4*/~ Pdcd1™/~
ICI myocarditis mice, CXCL9+CXCL10 + macrophages
interacted with CD4+and CD8+T cells through the
interferon (IFN)-y signaling pathway [8]. Blockade of
IFN-y signaling was shown to reduce the expansion of
CXCL9 + CXCL10 + macrophages and ameliorate myo-
carditis. These studies primarily concentrated on T cells
and macrophages infiltrating heart tissues in mice, yet
they lacked investigations into stromal cells, which con-
stitute a significantly higher proportion and may also
contribute to immune-related myocarditis in humans.

In this study, we conducted scRNA-seq on the endo-
myocardial biopsy sample obtained from a patient diag-
nosed with immune-related myocarditis. Additionally, we
utilized scRNA-seq data of normal heart tissues obtained
from donated specimens as controls [9], aiming to com-
pare the cellular composition and functional differences
between immune-related myocarditis and normal car-
diac tissues. We identified crucial subpopulations of T/
natural killer (NK) cells, myeloid cells, endothelial cells,
and fibroblasts, which might contribute to myocardial
inflammation and represent potential therapeutic targets.
To validate our findings, we compared immune-related
myocarditis with controls using mouse scRNA-seq data
and further contrasted it with viral and autoimmune
types, highlighting the unique inflammatory features of
immune-related myocarditis.

Methods

Patient information and sample collection

A 71-year-old male with stage IV pancreatic neuroendo-
crine carcinoma (T4NxM1) and a PD-L1 tumor propor-
tion score (TPS) of 30% received combination therapy of
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lenvatinib (8 mg/day) and toripalimab (a PD-1 inhibitor,
240 mg every three weeks). Eighteen days after the ini-
tiation of immunotherapy, he developed precordial dis-
comfort and intermittent chest pain. Laboratory tests
revealed markedly elevated cardiac biomarkers, including
creatine kinase (CK: 959 U/L), creatine kinase-MB (CK-
MB: 35 ug/L), and cardiac troponin I (cTnl: 0.19 pg/L),
raising clinical suspicion of immune-related myocar-
ditis. Cardiac magnetic resonance imaging revealed
linear mid-wall late gadolinium enhancement in the
basal interventricular septum, with no abnormalities on
T2-weighted imaging. Endomyocardial biopsy was per-
formed for immunohistochemistry and scRNA-seq to
confirm the diagnosis of immune-related myocarditis.
Biopsies were taken from the right side of the interven-
tricular septum. This study was approved by the Ethics
Committee of Peking Union Medical College Hospital.
Written informed consent was provided by the patient.

scRNA-seq data acquisition and generation

The endomyocardial biopsy sample was washed in ice-
cold RPMI1640 medium and dissociated using Multi-tis-
sue dissociation kit 2 (Miltenyi). The number and viability
of cells were determined by a fluorescence cell analyzer
(Countstar® Rigel S2) with acridine orange (AO)/prop-
idium iodide (PI) reagent after removing erythrocytes
(Miltenyi 130-094-183). Then debris and dead cells were
removed (Miltenyi 130-109-398/130-090-101). Finally,
cells were washed twice in the RPMI1640 and resus-
pended in 1xphosphate-buffered saline (PBS) containing
0.04% bovine serum albumin at a concentration of 1 x 10°
cells/mL. The scRNA-seq libraries were constructed
using a SeekOne® MM Single Cell 3’ Library Preparation
Kit following the manufacturer’s instructions (SeekGene,
Beijing, China). The indexed sequencing libraries were
cleaned with SPRI beads and sequenced on the Illumina
NovaSeq 6000 platform with PE150 read length.

The raw scRNA-seq data of normal hearts were down-
loaded from the Human Cell Atlas (ERP123138) [9].
Heart samples were obtained from deceased donors
without a history of cardiovascular disease. Four nor-
mal heart tissue samples, including two right verticle
(RV) samples and two interventricular septum (SP)
samples, were included in our study as normal controls.
The raw data were then mapped to the reference genome
GRCh38-3.0.0 with the CellRanger (v3.1.0) provided by
10x Genomics. Downstream bioinformatic analysis was
carried out using R software (v4.3.1). The clinical infor-
mation and sample details were summarized in Addi-
tional file 1: Table S1.

scRNA-seq data processing
The R package Seurat (v4.3.0.1) was applied to analyze
the scRNA-seq data [10]. A total of 19,121 cells from
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five samples were integrated and used for downstream
analysis. For quality control, cells with 200 < gene num-
bers (nFeature_RNA)<3500, mitochondrial gene per-
centage<20%, and ribosomal gene percentage<20%
were retained. Potential doublets were detected using
the Python package Scrublet (v0.2.3) [11], and cells with
doublet scores>0.3 were excluded. Ambient RNA con-
tamination was assessed using the R package DecontX
(v1.4.0) [12], and cells with contamination scores>0.15
were removed. A total of 15,639 high-quality cells passed
the quality control filtering and were utilized for subse-
quent analysis. The single-cell count data matrix was
normalized using the “NormalizeData” function. The top
2000 highly variable features were selected for principal
component analysis (PCA) dimensionality reduction via
the “RunPCA” function. For batch correction, we applied
the “RunHarmony” function in the R package harmony
(v0.1.1) to integrate different samples and eliminate the
technical batch variations across patients [13]. Then we
used “FindNeighbors” and “FindClusters” to cluster the
cells. The R package clustree (v0.5.0) was applied to show
the relationships between clusters and determine the
clustering resolution [14]. “RunUMAP” and “RunTSNE”
were used to visualize the dimension reduction plots of
cells.

Cell type annotation

We identified the marker genes of each cluster by run-
ning the “FindAllMarkers” algorithm and annotated the
clusters manually based on the expression of cell-specific
genes reported in previous studies. We first grouped cells
into seven major clusters, including lymphocytes (NKG?7,
TRBC2, and CD3D) [15], myeloid cells (S100A8, S100A9,
and LYZ) [16], fibroblasts (DCN, COL1A1, and GSN) [9,
17], endothelial cells (VWF, CLDNS, and PECAMI) [9,
18], pericytes (AGT, RGSS, and ABCC9) [9, 19], smooth
muscle cells (TAGLN, MYHI11, and TPM2) [9, 20], and
neuronal cells (PLPI, NRXNI, and S100B) [9, 18]. To
delve deeper into the subclusters of these major cell
types, we reclustered lymphocytes, myeloid cells, fibro-
blasts, and endothelial cells by repeating the aforemen-
tioned steps. Endothelial cell (EC) subpopulations were
annotated based on reported marker genes: arterial ECs
(ARL1S, HEY1, SEMA3G, and IGFBP3) [9, 21], capil-
lary ECs (FCN3, RGCC, and CA4) [9, 21], venous ECs
(VCAMI, PLVAP, and ACKRI) [9, 22], and lymphatic
ECs (TBX1, PROX1, CCL21, and MMRNI) [9, 21, 23].

Gene enrichment analysis

To investigate the differences in pathway enrich-
ment between two clusters or two groups, differen-
tially expressed genes (DEGs) were first identified with
“FindAllMarkers” or “FindMarkers” in Seurat. Genes
with|avg_log,FC| > 0.5 and adjusted p-values <0.05 were
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considered as significant DEGs and were selected for
enrichment analysis. Then the R package clusterProfiler
(v4.11.0) was used to perform Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGGQG)
pathway analyses on selected DEGs with “enrichGO”
and “enrichKEGG” [24]. Enriched pathway items with
adjusted p-values <0.05 were considered to be function-
ally significant. Gene set enrichment analysis (GSEA)
was performed by “gseGO” and “GSEA” in clusterProfiler.
Hallmark gene sets used in GSEA were downloaded from
the MSigDB database (https://www.gsea-msigdb.org/gse
a/msigdb).

Gene set variation analysis

Gene set variation analysis (GSVA) was performed with
the R package GSVA (v1.42.0) [25]. Hallmark (H), curated
(C2), and ontology (C5) gene sets were downloaded from
the MSigDB database. The signature gene sets of T cells
were based on previous studies [26, 27], including naive
signature (CCR7, LEF1, SELL, and TCF7), regulatory
signature (IL2RA, IL4R, IL7, TGFBI, TGFB3, TGFBI,
and TGFBRI), costimulatory signature (CD226, ICOS,
SLAMF1, TNFRSF14, TNFRSF25, and TNFRSF9), cyto-
toxic signature (CST7, GZMA, GZMB, IFNG, NKG7, and
PRF1), exhausted signature (BTLA, CTLA4, HAVCR2,
LAG3, PDCDI, and TIGIT), and proliferative signature
(STMN1 and TUBB). The metabolic signature gene sets
were downloaded from a curated database [28].

Signature score calculation

To evaluate the inflammatory signatures of subsets of
monocytes/macrophages in the irAE and normal groups,
we calculated the signature scores of CD14+ monocytes,
CD16 + monocytes, antigen-presenting macrophages,
and LYVE1+macrophages in the irAE and normal
groups. The M1, M2, pro-inflammatory, and anti-inflam-
matory signature gene sets were obtained from previous
studies [29, 30] and were listed in Additional file 1: Table
S2. The enrichment score of each cell was calculated
using “AddModuleScore” in Seurat.

Developmental trajectory analysis

To construct single-cell developmental trajectories of
monocytes/macrophages, we adopted the R package
monocle3 (v1.2.9) to calculate the pseudotime values of
single cells [31]. We set the parameter num_dim =100
in “preprocess_cds” and reduction_method=“UMAP”
in “reduce_dimension” and “plot_cells” In addition,
“learn_graph” was used to establish the trajectory.
We set CD14+monocytes as the root of trajectory
in “order_cells” based on previous literature indicat-
ing that CD14 + monocytes might be the precursors of
monocytes/macrophages. The function “graph_test”
was adopted to identify genes that were differentially
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expressed along the trajectory, and the alterations in gene
expression were displayed in the form of heatmaps. The
monocle2 algorithm (v2.30.0) was also applied to con-
struct a differentiation tree for monocytes/macrophages
using the DDRTree method with default parameters [32].

Cell-cell communication analysis

The R package CellChat (v1.6.1) was applied to infer the
ligand-receptor interactions among different cell clusters
[33]. The normalized gene expression matrix of cells was
used as input data. The visualization of cell-cell commu-
nication results was also achieved by CellChat. To com-
pare the intercellular communication networks between
immune-related myocarditis and normal heart tissue,
we ran CellChat on gene expression matrices of the irAE
group and normal group separately and merged them by
the “mergeCellChat” function. Ligand-receptor interac-
tions with p-values <0.05 were considered significant.

Pathway analysis and transcription factor analysis

The R package decoupleR (v2.8.0), which facilitates access
to the PROGENy model and DoRothEA gene regulatory
network, was applied to calculate the biological activities
of single cells based on the normalized log-transformed
gene expression matrix [34]. The PROGENy model con-
tains signature genes of 14 canonical pathways and was
used to calculate the pathway activity scores of each cell.
The DoRothEA network is a database containing infor-
mation on the interactions between transcription factors
and their targets and was used to predict the transcrip-
tion factor activities of each cell.

Cytokine signaling analysis

We utilized the CytoSig platform (https://cytosig.ccr.ca
ncer.gov/) to predict cytokine signaling activities of diffe
rent cellular clusters [35]. We generated the scaled gene
expression matrix of four fibroblast subclusters using the
“AverageExpression” function in Seurat and used it as
input data for CytoSig. Then we downloaded the cytokine
activity prediction results and employed them for subse-
quent analysis and visualization in R.

Analysis of murine scRNA-seq data

To validate findings in humans and compare immune-
related myocarditis with other myocarditis subtypes,
we analyzed five publicly available mouse scRNA-seq
datasets from the Gene Expression Omnibus database:
GSE213486 [7] and GSE227437 [8] for ICI-related myo-
carditis; GSE174458 [36] and GSE189636 [37] for viral
myocarditis; and GSE142564 [38] for autoimmune myo-
carditis (Additional file 1: Table S5). Corresponding con-
trol samples were used as references for downstream
comparisons. The canonical correlation analysis (CCA)
method was applied to correct for batch effects in mouse
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Fig. 1 Single-cell landscape of immune and stromal cells of heart tissues. (A) Workflow of the overall study design. Created with BioRender.com. (B) He-
matoxylin-eosin (H&E) staining and immunohistochemistry (IHC) staining (positive for CD3, CD4, CD8, and CD63; negative for CD20) of endomyocardial
biopsies from the patient diagnosed with immune-related myocarditis (150x magnification). (C) Uniform Manifold Approximation and Projection (UMAP)
projection of all captured cells which are colored by major cell types. (D) Dot plot showing the expression of marker genes of seven major cell types. The
dot size and color indicate the percentage and level of expression, respectively. (E) Heatmap of the top 5 differentially expressed genes (DEGs) expres-
sion of each major cell cluster. (F) Cell type correlation heatmap showing the relationship among seven major cell subpopulations based on the average
expression of the top 2,000 variable genes ranked by standard deviation, using Spearman’s correlation analysis. (G) Proportions of major cell types in the

irAE and normal groups. irAE, immune-related adverse event

data [39]. The cell distribution variance of each cell sub-
set across different pathogenic groups was assessed by
calculating the ratio of observed to expected (Ro/e) cell
numbers [40]. An Ro/e score greater than 1 indicated
enrichment of the particular cell cluster in the corre-
sponding group.

Statistical analysis

All statistical analyses and presentations were performed
in R. All statistical tests used were defined in the figure
legends. Statistical significance was set at p-value or
adjusted p-value <0.05.

Results

Single-cell characterization of the immune-related
myocarditis microenvironment

To explore the mechanisms underlying immune-related
myocarditis, we performed scRNA-seq on the endomyo-
cardial biopsy obtained from a patient who received the
anti-PD-1 inhibitor toripalimab and was pathologically
confirmed to have immune-related myocarditis (Fig. 1A,
B). Moreover, we collected scRNA-seq data from 4 heart
samples obtained from deceased donors to serve as nor-
mal controls, aiming to elucidate the differences between
the irAE group and the normal group (Fig. 1A).

After stringent quality control, a total of 15,639 single
cells were obtained from irAE and normal heart tis-
sues. Cardiomyocytes were excluded as they were diffi-
cult to capture by droplet-based scRNA-seq technology
[41] and all other cells were included in the subsequent
analysis. The cells were clustered into seven major cell
types, including lymphocytes, myeloid cells, endothe-
lial cells, fibroblasts, smooth muscle cells, pericytes,
and neuronal cells (Fig. 1C; Additional file 2: Fig. S1A).
The clusters were identified based on the expression
of canonical cell markers (Fig. 1D, E; Additional file 2:
Fig. S1B). Non-immune cells dominated heart tissues,
while immune cells, including lymphocytes and myeloid
cells, were scarce. The cell type correlation matrix also
revealed a distinct separation of phenotypes between
immune cells and non-immune cells, with stronger cor-
relations observed among endothelial cells, pericytes,
and smooth muscle cells, which were associated with
the cardiac vasculature (Fig. 1F). Compared with normal
heart tissues, the heart with immune-related myocarditis
had an increased proportion of immune cells, consistent

with the fact that a large number of immune cells were
recruited to the heart in myocarditis (Fig. 1G). This pat-
tern was consistent across all the samples (Additional file
2: Fig. S1C). Notably, fibroblasts were significantly more
abundant in the irAE group, indicating that damaged
myocytes were gradually substituted by fibroblasts when
the inflamed heart tissue healed [42].

CD8+T cells were converted to an exhausted state in
immune-related myocarditis

To gain a deeper understanding of the T/NK compart-
ment, we identified 5 subsets of lymphocytes, includ-
ing CD4+T, CD8+effector memory T (CD8+Tem),
CD8 +exhausted T (CD8+ Tex), CDS8 + proliferative T
(CD8+ Tprolif), and NK cells (Fig. 2A; Additional file 2:
Fig. S2A). Among the subpopulations of CD8+T cells,
CD8+Tem cells highly expressed the cytotoxic marker
GZMA and the effector memory marker GZMK (Fig. 2B)
[43]. CD8+ Tex cells expressed high levels of immune
checkpoint genes CTLA4, HAVCR2, LAG3, and TIGIT
(Additional file 2: Fig. S2B, C), representing an exhausted
state. CD8+ Tprolif cells exhibited specific expression
of proliferative markers MKI67, STMNI, and TOP2A
(Fig. 2B; Additional file 2: Fig. S2B, C). Utilizing canoni-
cal gene signatures of T cell subtypes, we observed that
CD8+Tem cells displayed the highest cytotoxic score
among T cell subsets, while CD8+ Tex cells showed a
slight reduction in cytotoxicity compared to CD8 + Tem
cells (Fig. 2C; Additional file 2: Fig. S2C). The proportions
of CD8+Tex and CD8+ Tprolif cells were significantly
increased in immune-related myocarditis (Fig. 2D), indi-
cating that CD8 + T cells continued to replicate and grad-
ually became exhausted during chronic antigen exposure
and sustained inflammatory stimulation.

Given that CD8+Tem cells constituted a significant
proportion of both the irAE and normal groups, we com-
pared the signatures of CD8 + Tem cells between the two
groups. Notably, CD8 + Tem cells exhibited significantly
lower cytotoxicity in immune-related myocarditis than
other samples in the normal group, whereas they showed
increased exhaustion scores in the irAE group (Fig. 2E).
This might be explained by the transition of CD8 + T cells
from the effector memory state to the exhausted state
in immune-related myocarditis. In addition, we investi-
gated the metabolic characteristics of all T/NK subsets
in irAE and normal heart tissues. Compared with those
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in normal heart tissues, all subpopulations of lympho-
cytes in myocarditis tissue showed decreased oxidative
phosphorylation and fatty acid oxidation pathway activi-
ties (Fig. 2F). This could be explained by a metabolic
shift from oxidative phosphorylation to aerobic glycoly-
sis under inflammatory conditions, enabling sufficient
energy generation for cell proliferation and cytokine syn-
thesis [44]. We evaluated the glycolysis pathway enrich-
ment of all T/NK cells and found that lymphocytes in
immune-related myocarditis significantly upregulated
glycolysis metabolic activities (Fig. 2G), confirming the
metabolic switch from oxidative phosphorylation to
glycolysis. Moreover, the O-glycan and N-glycan bio-
synthesis pathways were found to be upregulated in lym-
phocytes in the irAE group (Fig. 2F). Previous studies
reported that O-glycans might play a role in leukocyte
trafficking to inflamed tissues [45, 46] and N-glycans
might be related to ligand-receptor binding during
immune responses [47], potentially exacerbating inflam-
mation in immune-related myocarditis.

Enhanced pro-inflammatory signatures in myeloid cells in
immune-related myocarditis
Myeloid cells were classified into 6 subpopulations
based on cluster-specific markers (Fig. 3A, B; Addi-
tional file 2: Fig. S3A, B). To explore the relationships
among the subsets of monocytes/macrophages, we per-
formed trajectory analysis on antigen-presenting mac-
rophages, LYVE1+macrophages, CD14 +monocytes,
and CD16+monocytes. The trajectory started from
CD14+ monocytes, transited through CD16+mono-
cytes, and bifurcated into two branches toward antigen-
presenting macrophages and LYVE1+macrophages
(Fig. 3C; Additional file 2: Fig. S3C). DEGs along the
trajectory were identified, and tissue-resident markers
of LYVE1 + macrophages, including COLECI2, FI3Al,
LYVEI, CD209, and FOLR2, were upregulated at the
later stage of pseudotime (Additional file 2: Fig. S3D)
[48, 49]. LYVE] + macrophages resided in the heart and
played a crucial role in tissue homeostasis maintenance
and anti-inflammation [41]. Antigen-presenting macro-
phages showed high expression levels of cytokine genes
such as CCL3L1, CCL3, CCL4, CXCL9, and CXCLI10 as
well as antigen-presentation genes such as HLA-DQBI,
HLA-DPAI1, HLA-DQA1, HLA-DPBI, and HLA-DRBS,
indicating their essential role in immune cell recruitment
and regulation of immune responses (Additional file 2:
Fig. S3E). The proportion of antigen-presenting macro-
phages in the irAE group was higher than that in the nor-
mal group, which might explain the higher inflammatory
levels in immune-related myocarditis (Fig. 3D).
Moreover, to study the transcriptomic differences of
myeloid cells between immune-related myocarditis and
normal heart tissues, we identified DEGs between the
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two groups. Notably, myeloid cells in the irAE group
exhibited significant upregulation of genes related to
cytokines or chemokines (ILIB, CCL2, CCL3, CCL4,
CCL3L1, CXCL2, CXCL3, CXCL8, and CXCLY9), major
histocompatibility complex (MHC) proteins (HLA-
DRBS, HLA-DQA1I, HLA-DQBI, HLA-DPA1, and HLA-
B), interferon signaling (IFI30), and tumor necrosis
factor (TNF) (Fig. 3E; Additional file 1: Table S3). Func-
tional enrichment analysis showed that upregulated
genes in irAE were associated with cytokine production
and leukocyte migration, activation, and differentiation,
as well as inflammatory pathways such as the NF-«kB,
TNE, IL-17, and chemokine signaling pathways (Fig. 3F).
GSEA revealed that myeloid cells in the irAE group were
enriched in GO pathways such as adaptive immune
response, cytokine-mediated signaling pathway, leu-
kocyte migration, and positive regulation of leukocyte
cell-cell adhesion (Additional file 2: Fig. S3F), as well
as hallmark pathways including TNFa signaling via
NF-«B, inflammatory response, and hypoxia (Fig. 3G, H).
Notably, the oxidative phosphorylation pathway activ-
ity was significantly downregulated in myeloid cells in
immune-related myocarditis (Fig. 3H). The inflamma-
tory processes in myocarditis might induce a hypoxic
microenvironment, thereby inhibiting electron transport
in myeloid cells and suppressing oxidative phosphoryla-
tion [44]. We next evaluated the inflammatory signa-
tures of monocyte/macrophage subsets in the irAE and
normal groups. Among the four monocyte/macrophage
subpopulations, antigen-presenting macrophages exhib-
ited the highest M1 and pro-inflammatory scores, while
LYVE1 + macrophages showed higher M2 scores than M1
scores, consistent with their role in homeostatic regula-
tion as tissue-resident macrophages (Fig. 3I). Moreover,
antigen-presenting macrophages, CD14 +monocytes,
and CD16 + monocytes in the irAE group exhibited sig-
nificantly higher M1 and pro-inflammatory scores than
those in the normal group, consistent with previous
findings suggesting that pro-inflammatory macrophages
showed impaired oxidative phosphorylation metabolism
and relied primarily on glycolysis instead [50, 51].

Enhanced intercellular communications among immune
cells in immune-related myocarditis

The interplay among immune cells directly contributes
to inflammation and leads to damage to myocardial tis-
sue. Consequently, we compared intercellular com-
munications among immune cells between the irAE
group and the normal group. We observed height-
ened interaction strength among immune cells with
increased enrichment of pathways including CCL,
CXCL, MHC-II, and TNF in the irAE group, reveal-
ing a more pronounced inflammatory state in immune-
related myocarditis (Fig. 4A; Additional file 2: Fig.
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Fig. 2 CD8+T cells were converted to exhausted states in the irAE group. (A) UMAP projection of all lymphocytes across all samples as well as the irAE
and normal groups, respectively. (B) Heatmap of marker gene expression of T/NK subpopulations. (C) Heatmap showing the signature scores of T cell
subpopulations, including naive, regulatory, costimulatory, cytotoxic, exhausted, and proliferative. (D) Proportions of T/NK subpopulations in the irAE and
normal groups. (E) Cytotoxic and exhausted signature scores of CD8 +Tem cells in the irAE and normal groups. P values were determined by the Wilcoxon
test. (F) Metabolic activity scores of T/NK subpopulations in the irAE and normal groups. (G) Violin plots showing the glycolysis scores of lymphocytes in
the irAE and normal groups. P values were determined by the Wilcoxon test. * p <0.05, ** p < 0.01, *** p<0.001, and **** p < 0.0001 were considered statis-
tically significant. CD8+Tem, CD8 + effector memory T, CD8 +Tex, CD8 +exhausted T; CD8 + Tprolif, CD8 + proliferative T; NK, natural killer; UMAP, Uniform

Manifold Approximation and Projection; irAE, immune-related adverse event

S4A). Stronger intercellular interactions were identified
in the irAE group, with myeloid cells acting as send-
ers and lymphocytes acting as receivers (Fig. 4B). Anti-
gen-presenting macrophages, CD14 +monocytes, and
CD16 + monocytes demonstrated stronger interactions
with other immune cells in immune-related myocardi-
tis (Fig. 4C). Further investigation of the CCL pathway
revealed more signals sent from antigen-presenting mac-
rophages, CD14 + monocytes, and CD16 + monocytes to
CD8+T cells and NK cells in the irAE group (Fig. 4D;
Additional file 2: Fig. S4B). Antigen-presenting macro-
phages, CD14 + mono, and CD16+ mono were also key
sources of signaling in the upregulated TNF pathway net-
work of immune-related myocarditis, with S100P - neu-
trophils, S100P + neutrophils, and T/NK cells being the
primary receivers (Fig. 4E; Additional file 2: Fig. S4C).
The top ligand-receptor pairs between myeloid cells and
lymphocytes significantly upregulated in the irAE group
included TNF-TNFRSF1B, CCL4-CCR5, CCL3-CCR5,
CCL3-CCR1, and CCL3L1-CCR1 (Fig. 4F). Further-
more, enhanced interactions of S100P — and S100P + neu-
trophils with CD8 + Tex cells through CXCL16-CXCR6
were also observed in the irAE group (Fig. 4F). These
findings might explain the heightened secretion of
inflammatory cytokines and the increased recruitment
of immune cells to heart tissue in immune-related myo-
carditis, identifying potential therapeutic targets to
inhibit immune cell interactions and alleviate myocardi-
tis severity.

Augmented inflammatory responses related to endothelial
cells in immune-related myocarditis

As non-immune cells constituted the vast majority
of cells in heart tissue, we subsequently conducted a
detailed investigation into subpopulations of vascular
cells and fibroblasts. Within vascular cells, in addition to
smooth muscle cells and pericytes, we identified 5 sub-
sets of endothelial cells: arterial ECs (HEY1 + SEMA3G+),
capillary ECs (RGCC+ CA4+), immune capillary ECs
(CX3CL1+ GBPI+), venous ECs (ACKRI + PLVAP+), and
lymphatic ECs (TBX1+PROXI1+) (Fig. 5A, B; Additional
file 2: Fig. S5A, B). GO analysis was performed on the
genes upregulated in venous ECs, and pathways associ-
ated with cytokine binding, MHC-II protein function,
and leukocyte activation and adhesion were enriched
(Fig. 5C). These results might suggest a crucial role for

venous ECs in inflammatory regulation, consistent with
the findings of a previous study [52]. Moreover, we iden-
tified DEGs of endothelial cells between the irAE group
and the normal group and found that endothelial cells
in immune-related myocarditis significantly upregu-
lated genes related to inflammatory chemokines (CCL2,
CXCL3, CX3CL1, and CXCLI12), antigen presentation
(CD74, HLA-DPA1, HLA-DRBS, and HLA-B), TNF, and
inflammation-related transcription factors (FOSB, JUN,
JUNB, and JUND) (Fig. 5D; Additional file 1: Table S4).
These upregulated genes in the irAE group were enriched
in pathways including antigen processing and presen-
tation, the TNF signaling pathway, the IL17 signaling
pathway, Th17 cell differentiation, and viral myocarditis
(Fig. 5E). These findings indicated that endothelial cells in
immune-related myocarditis displayed close connections
with immune cells, potentially contributing to the dis-
semination and amplification of inflammation.

CXCL9 +fibroblasts were expanded in immune-related
myocarditis
We next explored the heterogeneity of fibroblasts and
identified 4 subsets based on the expression of cluster-
specific marker genes: GPX3+Fibro, BTG2 +Fibro,
CXCL9 +Fibro, and POSTN +Fibro (Fig. 6A, B; Addi-
tional file 2: Fig. S6A, B). GPX3+and POSTN + fibro-
blasts were present in both immune-related myocarditis
and normal cardiac tissues, whereas CXCL9+and
BTG2 +fibroblasts were almost exclusively found in tis-
sues with myocarditis (Fig. 6A). GO analysis showed the
enrichment of GPX3+fibroblasts and POSTN + fibro-
blasts in pathways related to extracellular matrix organi-
zation, essential for cardiac tissue homeostasis (Fig. 6C).
BTG2 + fibroblasts were enriched in stress response path-
ways such as response to unfolded protein, response to
topologically incorrect protein, and unfolded protein
binding, suggesting the stressed conditions in immune-
related myocarditis (Fig. 6C). CXCL9 + fibroblasts exhib-
ited high expression levels of chemokine genes (CXCL9
and CXCL10) and antigen-presenting genes (CD74
and HLA class II genes) and were enriched in pathways
involved in antigen processing and presentation, MHC
protein complex assembly, and response to type II inter-
feron (Fig. 6B, C; Additional file 2: Fig. S6C).

As CXCL9 +fibroblasts were rarely present in healthy
heart tissues, we extensively investigated the function of
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Fig. 3 Upregulation of pro-inflammation signatures in myeloid cells in the irAE group. (A) UMAP projection of all myeloid cells across all samples as well
as the irAE and normal groups, respectively. (B) Heatmap of marker gene expression of myeloid cell subpopulations. (C) Monocle3 pseudotime trajectory
showing the developmental paths of monocyte/macrophage subsets. (D) Proportions of myeloid cell subpopulations in the irAE and normal groups. (E)
Volcano plot showing DEGs of myeloid cells between the irAE group and the normal group. (F) Top enriched Gene Ontology (GO) and Kyoto Encyclope-
dia of Genes and Genomes (KEGG) pathways of DEGs upregulated in myeloid cells in the irAE group. (G) Gene set enrichment analysis (GSEA) showing
activated and suppressed hallmark pathways of myeloid cells in the irAE group. (H) GSEA revealing upregulation of pathways including TNFa signaling via
NFkB, inflammatory response, and hypoxia, as well as downregulation of oxidative phosphorylation pathway in myeloid cells in the irAE group. (I) Heat-
map showing the M1, M2, pro-inflammatory, and anti-inflammatory signature scores of monocyte/macrophage subsets in the irAE and normal groups.
LYVET, lymphatic vessel endothelial hyaluronan receptor 1; ST00P, S100 calcium binding protein P; Antigen-presenting Macro, antigen-presenting mac-
rophage; CD14+Mono, CD14+monocyte; CD16+Mono, CD16+monocyte; LYVET +Macro, LYVET +macrophage; NES, normalized enrichment score;

UMAP, Uniform Manifold Approximation and Projection; irAE, immune-related adverse event

CXCL9 +fibroblasts in immune-related myocarditis. We
first calculated the pathway activities of four fibroblast
subclusters and found that CXCL9 +fibroblasts showed
high activities in the JAK-STAT and TNFa pathways,
which were closely associated with inflammatory and
autoimmune diseases (Fig. 6D) [53, 54]. Additionally, we
inferred the transcription factors regulating each fibro-
blast subset and found that the activities of many tran-
scription factors were upregulated in CXCL9 + fibroblasts
(Additional file 2: Fig. S6D). Compared to those in the
other three clusters, transcription factors enriched in
CXCL9 +fibroblasts were related to MHC class II gene
expression (CIITA, RFXAP, RFXANK, and RFXS5) [55,
56] and interferon signaling pathways (IRFI, IRF9, and
STAT1I) [57], contributing to the heightened immune
response in immune-related myocarditis (Fig. 6E). To
further investigate the cytokine signaling profiles of
CXCL9 +fibroblasts, we applied Cytosig to predict the
cytokine signatures of the four fibroblast subclusters.
Consistent with the findings of the pathway analysis and
transcription factor analysis, CXCL9 +fibroblasts dem-
onstrated elevated activities of pro-inflammatory cyto-
kine pathways such as IFNG, PDGFD, IL1B, and TNFA,
and downregulated expression of anti-inflammatory
cytokine signaling pathways IL4 and IL10 (Fig. 6F) [58].
These findings revealed the crucial role of CXCL9 + fibro-
blasts in presenting antigens to immune cells, produc-
ing and responding to cytokines, and thereby promoting
inflammation.

The interaction between stromal cells and immune

cells contributed to inflammation in immune-related
myocarditis

As endothelial cells and fibroblasts participated signifi-
cantly in inflammation, we explored the cell-cell com-
munications between stromal cells and immune cells in
heart tissue. Interestingly, in the CXCL and CCL signal-
ing pathway networks, venous ECs were the main sig-
naling receiver and antigen-presenting macrophages
were the major sender (Fig. 7A, B). CD14 + monocytes
and CXCL9 +fibroblasts also contributed to the CXCL
pathway by producing CXC-chemokines (Fig. 7A). As
myeloid cells were the main providers of CXCL signaling,

we next compared the differences in the CXCL pathway
between myeloid cells and venous ECs in the irAE group
and the normal group. In immune-related myocardi-
tis, the CXCL pathways exhibited increased enrichment
between venous ECs and myeloid cells including anti-
gen-presenting macrophages, CD14+monocytes, and
CD16 + monocytes, as compared to normal heart tissues
(Fig. 7C). The ligand-receptor pair analysis revealed that
CXCL2-ACKR1, CXCL3-ACKR1, CXCL8-ACKRI, and
CXCL9-ACKRI1 interactions were enriched in immune-
related myocarditis (Fig. 7D). Atypical chemokine recep-
tor-1 (ACKRI) was highly expressed in venous ECs
(Fig. 5B) and was involved in the transcytosis of chemo-
kines from the subluminal to luminal side upon binding
to them, thereby facilitating the recruitment of circulat-
ing leukocytes to the inflamed tissues [59].

Furthermore, CXCL9 +fibroblasts were also identi-
fied as an important source of CXCL and CCL signaling
pathways (Fig. 7A, B), prompting us to further investi-
gate their interactions with other cells. Notably, among
the four fibroblast subsets, CXCL9 + fibroblasts demon-
strated the most significant enrichment of signaling path-
ways toward lymphocytes and myeloid cells, such as the
MHC-I, MHC-II, CXCL, and CCL pathways. It indicated
that CXCL9 + fibroblasts showed strong interactions with
immune cells, primarily through the presentation of anti-
gens or the production of chemokines by lymphocytes
and myeloid cells (Additional file 2: Fig. S7A, B). Addi-
tionally, we explored the interactions between fibroblasts
and endothelial cells and found a notable enrichment
of CXCL pathways between CXCLO +fibroblasts and
venous ECs (Fig. 7E; Additional file 2: Fig. S7C). Among
the CXCL and CCL pathways, the most significantly
enriched ligand-receptor pairs between CXCL9 + fibro-
blasts and venous ECs included CXCL2-ACKRI,
CXCL8-ACKR1, CXCL9-ACKR1, CXCL10-ACKRI,
and CXCL11-ACKR1, with CCL2-ACKR1 exhibiting
notable prominence (Fig. 7F). CXCL9 + fibroblasts exhib-
ited robust interactions with venous ECs and the chemo-
kines produced by CXCL9 +fibroblasts could undergo
transcytosis by venous ECs and enter the bloodstream,
thereby enhancing leukocyte recruitment and exacerbat-
ing cardiac tissue inflammation.



Sun et al. Journal of Translational Medicine (2025) 23:555 Page 12 of 21

>

C Differential interaction strength

B Differential interaction strength

|
| |

se3 A48 105.966
100 Antigen-presenting Macro - [ |
) LYVE1+ Macro ']
f =4
S 4000 CD14+ Mono [ |
§ % 76.501 5 CD16+ Mono [ | [}
2 e 75 3 K $100P- Neutrophil T E
£ 3000 o 3 El A
- a N b S100P+ Neutrophil [ ]
:;_,E_’ 5 s100P+fieliffoph AT g cDas T R
g 5 50 \ G 3 CD8+ Tem | L R
5 2000 8 “v yET— o DB+ Tex ]
g = J /7 DB+ Tprolif ]
£ S X/ N NK
Z 1000 » CD4+ | ’ $ —!'_'_
cocoozErFExEX °
2 §E8EEE 84382
SS22E£ £+ 48
0 0 gri8232°88¢
EY¥aaTI °°8
Normal irAE Normal irAE CD8+ Tprolif g 50044
‘ 5 gg
CDB8+ Tex L » »n
&
z
<
D CCL Normal signaling pathway network CCL irAE signaling pathway network
CD16+ Mono
CD14+ Mono
S100P- Neutrophil
e \ | LYVE1+ Macro
$100P+ Neutqrophil NI A
E TNF Normal signaling pathway network
CD16+ Mono
° CD14+ Mono
S100P- Neutrophil o
[
LYVE1+ Macro
[ ]
S$100P+ Neutrophil
Antigen-@resenting Macro
o
CD4+T
®NK
[ J
+ " + "
CDg+ Tem L CD%+ Tprolif CDg+ Tem CDB8+ Tprolif
CD8+ Tex CD8+ Tex
Commun. Prob.
F TNF - TNFRSF1A max
TNF - TNFRSF1B L] L] L] L] L] L] L] L] L] L] L] L] L] L] L]
LGALS9 - CD44 e @0 00 @ ° ° °
CCL4 - CCR5 o o
CCL3 - CCR5 o o @ ° min
CCL3 - CCR1 e o o o ¢ e o o ® e o p-value
CCL3L1 - CCR1 o o o o o o o o o o o .+ p>005
CXCL16 - CXCR6 ° | ° ° o o © 001<p<005
® <001
DO N N N NN N DO N N N NN NN N NN N N NN N DD N DN N N
e R R e R B R A R R R SRR E TR
R A A A I AN NS
if@@@@ +®«§§\Q@\§_®\§;\ NE) «\é’\“’& S@@‘Q&_@ e*;\@hx’\st‘@ﬁs‘«eg@éﬁ_@ AN 6\5‘@}@@\\\@6&“ e*‘@\e aﬁ@«z’f@qﬁ_\‘ G‘@t‘&aﬁ\ < \Q@\‘:_@é‘
sy A N7 RS A8 NAIN T TP A FAXN 7 e 48 AN 7 (o 4@ox A N ug gy A8 NASN 7
S S St 7o G s Sl o o e S o o G e Sty oo (K Sader A P Sty
750 702,208‘40 N S ﬂc%ﬂo 5 OO TS /‘L&*ﬂo O N9 00,—1102 ,L&x RO NS ,1102,20@40 A ,1102;;08‘4(:@ N
g0 4 A g 0 7 X O 7 0 7/ O 7 O AR N 7 A, N 7 @'
& P «01&' G '&\:“\\0’5’2 o;“ $ /@'o"&;' SORX _L\\@:“o‘ix‘io’\}c“cply A o@.\u"&"\gﬁ* “ ®o° o/@PQ;' SOSPQ @5‘\\ *l\&o‘fﬂ é\\\o“'oé‘@\' ,\é?\&/\,\o‘fﬂ @&‘\' S
Sk R A R A O I Sa R R R M A S I U N N O S
AV [ e N CT ST O BR8N © SRS SR S K WG S RSKe®
S GRS O NS K TR SN & HOIT Y P 8 RI® o o 00 S RE r X SES
FRANE SRS ARAET & O \e) Q) Sge) ORI X xS ox
ELE LTRSS S QOO S S O S
ST S A S oS S XA
S & 2 ,59 ,59
&

Fig. 4 (See legend on next page.)



Sun et al. Journal of Translational Medicine (2025) 23:555 Page 13 of 21

(See figure on previous page.)

Fig. 4 Increased cell-cell communications among immune cells in the irAE group. (A) Bar plots showing the number of interactions and interaction
strength among immune cells in the irAE and normal groups. (B) Circle plot showing differential interaction strength among immune cell subpopulations
between the irAE group and the normal group. Red colored lines represent increased signaling and blue colored lines represent decreased signaling in
the irAE group. (C) Heatmap illustrating differential interaction strength among immune cell subsets in the irAE group vs. the normal group. The x-axis
represents the signaling receivers and the y-axis represents the signaling senders. (D) Circle plots showing the CCL signaling pathway networks among
immune cells in the irAE and normal groups. (E) Circle plots showing the TNF signaling pathway networks among immune cells in the irAE and normal
groups. (F) Bubble plot showing the enriched ligand-receptor pairs among immune cells with color representing the communication probability and
size reflecting the p-value significance. CD8+Tem, CD8 +effector memory T; CD8 +Tex, CD8 + exhausted T; CD8 + Tprolif, CD8 + proliferative T; NK, natural
killer; Antigen-presenting Macro, antigen-presenting macrophage; CD14+Mono, CD14+monocyte; CD16+Mono, CD16+monocyte; LYVET +Macro,

LYVET + macrophage; CCL, C-C motif chemokine ligand; TNF, tumor necrosis factor; irAE, immune-related adverse event

Murine single-cell profiling validated unique immune and
stromal characteristics in immune-related myocarditis

To validate the inflammatory features of human immune-
related myocarditis and assess their specificity to ICI-
related pathology, we analyzed mouse scRNA-seq data,
comparing ICI-related myocarditis with controls, as well
as with viral and autoimmune myocarditis. The major
cell subpopulations were also identified in mice (Fig. 8A;
Additional file 2: Fig. S8A-D). As only CD45 + cells were
available for autoimmune myocarditis, it was excluded
from stromal cell comparisons.

Across the four conditions, the irAE group showed
the highest proportion of T/NK cells among all immune
cells (Additional file 2: Fig. S8E). Consistent with human
data, exhausted CD8 + T cells were significantly enriched
in immune-related myocarditis compared to controls, as
well as viral and autoimmune myocarditis (Fig. 8B; Addi-
tional file 2: Fig. SOA-C). T/NK cells in the irAE group
exhibited the highest overall expression of exhaustion
signatures (Fig. 8C), suggesting lymphocyte exhaus-
tion as a distinct feature of immune-related myocarditis.
Additionally, T/NK cells in the irAE group had higher
glycolysis scores than controls but lower than the autoim-
mune group (Fig. 8C). Within the myeloid compartment,
we identified a cluster resembling antigen-presenting
macrophages in human hearts, showing high Cxc/9 and
antigen-presentation genes (H2-DMbl1, H2-DMb2, and
H2-DMa) expression, which was designated as Macro_
Cxcl9 (Additional file 2: Fig. S10A-C). Another subset,
Macro_Folr2, highly expressed tissue-resident markers
Folr2 and Lyvel, recapitulating the phenotype of human
LYVELI + macrophages (Additional file 2: Fig. S10A-C).
Across conditions, monocyte/macrophage subsets in the
irAE group exhibited the highest M1 and pro-inflam-
matory signatures, with Macro_Cxcl9 being the most
prominent (Fig. 8D). DEGs upregulated in the irAE group
compared to the other groups were consistently enriched
in immune activation and immune response regulation
pathways, underscoring the unique characteristics of
myeloid cells in immune-related myocarditis (Additional
file 2: Fig. S10D-F).

Murine endothelial cell subpopulations largely cor-
responded to their human counterparts (Additional file
2: Fig. S11A-C), though venous ECs lacked expression

of Ackrl, a marker gene for human venous ECs (Addi-
tional file 2: Fig. S11D). Compared to controls, endo-
thelial cells in the irAE group exhibited upregulated
genes enriched in multiple inflammatory pathways,
whereas those upregulated relative to the viral group
were linked to metabolism and immune cell chemotaxis
(Additional file 2: Fig. S11E, F). The Tnf-Tnfrsfla inter-
action between macrophages and ECs was stronger in
the irAE group than in the control group (Fig. 8E). Ccl
chemokine—Ackr2 interactions were enriched exclu-
sively between macrophages and lymphatic ECs in the
irAE group, reflecting a species-specific mechanism of
leukocyte recruitment (Fig. 8E). We also identified a
fibroblast cluster, Fibro_Cxcl10, characterized by high
expression of Cxcl9, Cxcl10, interferon-stimulated genes
(Gbp4, Gbp6, Gbp10, and Statl), and MHC-I genes (H2-
Q4, H2-Q6, and H2-Q7) (Additional file 2: Fig. S12A-C).
This cluster was significantly enriched in the irAE group,
with higher levels than in the control and viral myocardi-
tis samples (Fig. 8F). It exhibited strong activation of the
JAK-STAT and TNFa pathways and was highly involved
in immune response regulation (Fig. 8G; Additional file
2: Fig. S12D). Intercellular communication analysis iden-
tified Cxcl10 + fibroblasts as the most prominent signal-
ing senders (Fig. 8H), highly paralleling the role of human
CXCL9 +fibroblasts (Fig. 6G). They maintained extensive
interactions with other stromal and immune cells (Addi-
tional file 2: Fig. S12E), underscoring their involvement in
myocarditis progression.

Discussion

Immune-related myocarditis is rare but can be life-
threatening. Elucidating the mechanisms underlying
immune-related myocarditis is crucial for identifying
key pro-inflammatory cells, identifying potential thera-
peutic targets, and improving patient prognosis. Current
single-cell research primarily utilizes mouse models and
focuses on immune cells, and further investigations into
the role of stromal cells within the myocarditis micro-
environment in humans are lacking. In this study, we
performed scRNA-seq on the endomyocardial biopsy
sample obtained from a patient with immune-related
myocarditis and used heart specimens from donors with-
out heart diseases as the control group. We conducted a
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Fig. 7 The interaction between stromal cells and immune cells contributed to inflammation in immune-related myocarditis. (A) Heatmaps showing the
signaling roles and contributions of cell subpopulations in the CXCL signaling pathway network. (B) Heatmaps showing the signaling roles and contribu-
tions of cell subpopulations in the CCL signaling pathway network. (C) Interaction strengths of CXCL signaling pathways between myeloid cell subpopu-
lations (senders) and venous ECs (receivers) in the irAE and normal groups. (D) Bubble plot showing the enriched ligand-receptor pairs of CXCL signaling
pathways between myeloid cell subpopulations and venous ECs in the irAE and normal groups. (E) Chord diagrams of CCL and CXCL signaling pathways
between fibroblast subpopulations (senders) and endothelial cell subpopulations (receivers). (F) Bubble plot showing the enriched ligand-receptor pairs
of CCL and CXCL signaling pathways between CXCL9 +fibroblasts and other cells. CCL, C-C motif chemokine ligand; CXCL, C-X-C motif chemokine ligand;

irAE, immune-related adverse event

detailed investigation into the functions of immune cells
and stromal cells and compared their differences between
the irAE and normal groups. Our analysis revealed an
increase in immune cells and fibroblasts in immune-
related myocarditis, contributing to cardiac inflamma-
tion, as well as the injury and repair of cardiomyocytes.

To elucidate the mechanisms of localized inflammation
in immune-related myocarditis, we undertook a deeper
investigation into the cellular subpopulations. Within the
lymphocyte compartment, there was a greater propor-
tion of CD8 + Tex and CD8 + Tprolif cells than in normal
heart tissues, indicating that a highly inflammatory envi-
ronment contributed to the exhaustion and proliferation
of CD8+T cells. Similar patterns have been reported
in anti-PD-1-induced type 1 diabetes and immune-
related colitis, where CD8 + T cells demonstrated a shift
toward the terminally exhausted/effector-like pheno-
type, as compared to both non-irAE inflammatory tis-
sues and healthy controls [60]. During pro-inflammatory
responses, the activities of fatty acid oxidation and oxi-
dative phosphorylation in immune cells are inhibited,
whereas glycolysis is enhanced [61]. Consistently, in our
study, the single-cell metabolic analysis of lymphocytes
also revealed a shift from oxidative phosphorylation and
fatty acid oxidation to glycolysis in immune-related myo-
carditis, revealing the highly inflammatory nature of this
condition.

Antigen-presenting macrophages with high expres-
sion levels of cytokine and antigen-presentation genes,
indicative of an inflammatory macrophage subpopula-
tion, comprised a higher proportion in immune-related
myocarditis. Myeloid cells in immune-related myocar-
ditis significantly upregulated genes related to antigen
presentation, immune cell migration, and inflammatory
pathways. Moreover, myeloid cells in the irAE group
also exhibited upregulation of pathways associated with
the inflammatory response and hypoxia, while demon-
strating decreased activity of oxidative phosphorylation.
The hypoxic environment in immune-related myocardi-
tis induced by inflammatory interactions might prompt
a metabolic switch from oxidative phosphorylation to
glycolysis, thereby increasing the expression of M1 and
pro-inflammatory patterns [44]. Within the microenvi-
ronment of immune-related myocarditis, antigen-pre-
senting macrophages were the primary signaling sender
of multiple inflammatory pathways, including CXCL,

CCL, and TNF. Compared to normal heart tissues, anti-
gen-presenting macrophages in the irAE group showed
significantly enhanced interactions with T/NK cells, with
enriched ligand-receptor pairs such as TNF-TNFRSF1B,
CCL3-CCR1, and CCL3L1-CCR1. The CCL/CXCL
pathways increase the recruitment of T/NK cells and
the TNF-TNFRSF1B signaling pathway can induce the
activation of T/NK cells [62, 63]. The heightened inter-
cellular interactions between myeloid cells and T/NK
cells increased the quantity and activity of immune cells
infiltrating the heart tissue, indicating a markedly more
inflammatory microenvironment of immune-related
myocarditis. Targeting these enriched ligand-receptor
interactions could serve as a promising therapeutic
approach for attenuating immune-related myocarditis.
As stromal cells constitute a substantial proportion of
heart tissues, it is also essential to explore their contri-
butions to immune-related myocarditis. Within the com-
partment of endothelial cells, venous ECs specifically
expressed ACKRI1, which encodes an atypical receptor
for CXC- and CC-chemokines. ACKR1 enables the tran-
scytosis of chemokines to the luminal surfaces of endo-
thelial cells, thereby recruiting the circulating leukocytes
[59]. Moreover, the expression of ACKR1 receptors on
endothelial cell surfaces can promote the transendothelial
migration of lymphocytes and myeloid cells through the
chemotactic action of CXC- and CC-chemokines [64].
The interactions between endothelial cells and immune
cells through ACKR1 and CXC-chemokines have also
been observed in other autoimmune or inflammatory
diseases, such as Hashimoto’s thyroiditis [64], multiple
sclerosis [65], interstitial cystitis [66], and inflamma-
tory skin diseases [67], which highlights the significance
of ACKR1 expression in inflammation. In our study,
antigen-presenting macrophages, CD14 +monocytes,
and CXCL9 +fibroblasts were identified as the primary
sources of CXC-chemokines, while antigen-presenting
macrophages were found to be the main producers of
CC-chemokines. Inhibiting the interactions between
these chemokines and ACKR1 might decrease immune
cell recruitment to inflamed tissues, offering a potential
therapeutic approach for immune-related myocarditis.
CXCL9 +fibroblasts were predominantly present in
heart tissues affected by immune-related myocarditis.
Consistently, a previous study also reported an expan-
sion of CXCL10+CCL19+inflammatory fibroblasts
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Fig. 8 Mouse single-cell transcriptomic analysis revealed distinct immune and stromal features of immune-related myocarditis. (A) UMAP projection
of cardiac cell populations in murine hearts across four groups: control, irAE, viral, and autoimmune myocarditis. (B) Group prevalence of each T/NK cell
subset estimated by the Ro/e score, representing the ratio of observed to expected cell numbers. (C) Boxplots showing the exhaustion and glycolysis
signature scores of all T/NK cells in each group. P values were determined by the Wilcoxon test. (D) Heatmap showing the M1, M2, pro-inflammatory, and
anti-inflammatory signature scores of monocyte/macrophage subpopulations across four groups. (E) Bubble plot showing the enriched ligand-receptor
pairs of TNF and CCL signaling pathways between monocytes/macrophages and endothelial cells. (F) Group prevalence of each fibroblast subset esti-
mated by the Ro/e score. (G) Heatmap of normalized PROGENy pathway activity scores of fibroblast subpopulations in murine hearts. (H) Incoming and
outgoing interaction strengths of all cell subpopulations in murine heart tissues. * p<0.05, ** p<0.01, *** p<0.001, and *** p<0.0001 were considered
statistically significant. irAE, immune-related adverse event; UMAP, Uniform Manifold Approximation and Projection; TNF, tumor necrosis factor; CCL, C-C

motif chemokine ligand

in inflamed tissues compared to healthy tissues, across
various diseases including rheumatoid arthritis, inflam-
matory bowel disease, interstitial lung disease, and
Sjogren’s syndrome [68]. We explored the inflamma-
tory characteristics of CXCL9 +fibroblasts and found
that CXCL9 +fibroblasts showed enrichment in JAK-
STAT and TNFa pathways and upregulated transcrip-
tion factors related to MHC class II gene expression
and interferon signaling pathways. Additionally,
CXCL9 +fibroblasts exhibited high expression of various
pro-inflammatory cytokines, including IFNG, PDGED,
IL1B, and TNFA. Moreover, CXCL9 +fibroblasts
exhibited close interactions with venous ECs through
CXCL2-ACKR1, CXCL8-ACKR1l, CXCL9-ACKRI,
CXCL10-ACKR1, CXCL11-ACKR1, and CCL2-
ACKR], facilitating the transcytosis of chemokines pro-
duced by CXCL9 +fibroblasts and the recruitment of
circulating immune cells. These findings indicate the sig-
nificant pro-inflammatory role of CXCL9 + fibroblasts in
immune-related myocarditis, highlighting its potential as
a therapeutic target.

Our analysis of murine scRNA-seq data validated
the key findings in humans and further delineated the
distinct inflammatory microenvironment of immune-
related myocarditis compared to other myocarditis types.
The strong concordance between mouse and human
cardiac cell populations supported the utility of mouse
models in studying myocarditis pathogenesis. In murine
ICI-related myocarditis, lymphocytes exhibited higher
levels of exhaustion signatures compared to controls and
remained higher than those in other myocarditis types.
Myeloid cell subsets exhibited the highest M1-like and
pro-inflammatory signatures, further highlighting the
distinct immunopathological features of this condi-
tion. Moreover, Cxcl9 + Cxcl10 + fibroblasts identified in
murine hearts shared key biological characteristics with
human CXCL9 +fibroblasts, with heightened activity
in the JAK-STAT and TNFa pathways and the strongest
outgoing signaling toward other cell types. This sub-
set was most abundantly enriched in mouse ICI-related
myocarditis, indicating its role as a key pathogenic popu-
lation uniquely associated with immune-related myocar-
ditis. Unlike in humans, ACKRI expression was lacking
in murine cardiac endothelial cells, in agreement with the

review by Miranda et al. [41]. Nevertheless, endothelial
cells in murine ICI-related myocarditis were still overall
enriched for pathways associated with immune response
regulation and immune cell chemotaxis, suggesting con-
served features of immune-related myocarditis across
species.

Several limitations of this study should be acknowl-
edged. First, due to the invasive nature and limited
diagnostic sensitivity, endomyocardial biopsy is rarely
performed in clinical practice, which poses challenges in
obtaining sufficient samples [69, 70]. Second, our analy-
sis primarily focused on immune and stromal cells, while
cardiomyocytes were not effectively captured owing to
the technical constraints of droplet-based scRNA-seq
platforms. Third, this study was limited to single-cell
transcriptomic analysis and lacked integration with other
omics approaches, such as spatial transcriptomics, pro-
teomics, or epigenomics [71]. Future studies involving
larger patient cohorts and multi-omics profiling are war-
ranted to further explore microenvironmental differences
among myocarditis subtypes and to identify potential
therapeutic targets.

In summary, our single-cell analysis of immune-related
myocarditis reveals distinct immune and stromal popula-
tions driving cardiac inflammation, offering insights into
potential therapeutic strategies for this life-threatening
irAE.
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