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Single‑cell RNA sequencing in donor 
and end‑stage heart failure patients 
identifies NLRP3 as a therapeutic target 
for arrhythmogenic right ventricular 
cardiomyopathy
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Yanyun Liu6, Xiao Chen3, Yicheng Yang3, Ningning Zhang3, Xiaohu Wang3, Zirui Liu3, Guangxin Yue1, 
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Abstract 

Background  Dilation may be the first right ventricular change and accelerates the progression of threatening ven-
tricular tachyarrhythmias and heart failure for patients with arrhythmogenic right ventricular cardiomyopathy (ARVC), 
but the treatment for right ventricular dilation remains limited.

Methods  Single-cell RNA sequencing (scRNA-seq) of blood and biventricular myocardium from 8 study partici-
pants was performed, including 6 end-stage heart failure patients with ARVC and 2 normal controls. ScRNA-seq data 
was then deeply analyzed, including cluster annotation, cellular proportion calculation, and characterization of cellu-
lar developmental trajectories and interactions. An integrative analysis of our single-cell data and published genome-
wide association study-based data provided insights into the cell-specific contributions to the cardiac arrhythmia 
phenotype of ARVC. Desmoglein 2 (Dsg2)mut/mut mice were used as the ARVC model to verify the therapeutic effects 
of pharmacological intervention on identified cellular cluster.

Results  Right ventricle of ARVC was enriched of CCL3+ proinflammatory macrophages and TNMD+ fibroblasts. 
Fibroblasts were preferentially affected in ARVC and perturbations associated with ARVC overlap with those reside 
in genetic variants associated with cardiac arrhythmia. Proinflammatory macrophages strongly interact with fibroblast. 
Pharmacological inhibition of Nod-like receptor protein 3 (NLRP3), a transcriptional factor predominantly expressed 
by the CCL3+ proinflammatory macrophages and several other myeloid subclusters, could significantly alleviate right 
ventricular dilation and dysfunction in Dsg2mut/mut mice (an ARVC mouse model).
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Background
Arrhythmogenic right ventricular cardiomyopathy 
(ARVC) is a rare inherited heart disease, mainly involv-
ing the right ventricle. Importantly, dilation without 
visible affection of ventricular function may be the first 
right ventricular changes, which may imply that the 
patient is transitioning to a level of higher risk of ven-
tricular arrhythmia and heart failure [1, 2]. Currently, the 
medical treatment for right ventricle dilation of ARVC 
is still dissatisfactory, partially due to the knowledge gap 
between the pathological remodeling and underlining 
pathogenesis.

Recent studies partially showed the pathogenesis of 
pathological remodeling and subsequent structural/func-
tional alterations for ARVC at the cellular level [3–5]. For 
example, inflammatory cells were observed in the heart 
of ARVC patients [6]. In the Dsg2 mutant mice, T cells 
and macrophages were enriched in the heart [3]. A study 
identified a mix of macrophages, neutrophils, and mast 
cells in the right ventricle of ARVC patients [4]. However, 
most related studies are limited on traditional definition 
of cell types but neglect the complicated cell heteroge-
neity at a higher resolution, which might miss valuable 
information like pathogenic cellular subpopulations. 
Therefore, it is essential to comprehensively map the cell 
atlas of human ARVC, which is the fundamental of medi-
cal treatment development.

In this study, we performed single-cell RNA sequencing 
(scRNA-seq) of non-cardiomyocytes (NCMs) in bi-ven-
tricle and peripheral blood mononuclear cells (PBMCs) 
in blood from ARVC patients and normal control (NC) 
to dissect the heterogeneity and functionality at the tran-
scriptomic level. We revealed different cellular landscape 
between NC and ARVC, as well as between the bi-ven-
tricle of ARVC. Nod-like receptor protein 3 (NLRP3) 
inhibition might be a potential therapy to alleviate right 
ventricular dilation and dysfunction of ARVC.

Methods
Human specimen collection
This study was approved by the Ethics Committee of 
Fuwai Hospital, Chinese Academy of Medical Sciences 
and Peking Union Medical University, as well as by the 
Ministry of Science and Technology, with the approval 
number of FW-2022–0043. Written informed consent 

for tissue donation, which clearly stated the purpose 
of our study, was obtained from all of the patients. The 
diagnosis of ARVC was confirmed via a comprehensive 
assessment of clinical, magnetic resonance imaging, and 
pathological results as we have previously described [7] 
(Additional file  1: Table  S1). The pathological result of 
myocardium was the gold standard for diagnosing ARVC, 
and the pathological pictures were assessed by two 
pathologists at Fuwai Hospital. Blood, left and right ven-
tricle myocardium samples were obtained from ARVC 
patients and NC. Diseased hearts were obtained from 
6 ARVC patients with end-stage heart failure undergo-
ing heart transplantation (HTx). The ARVC patients did 
not receive ventricular assist device or chronic inotropic 
therapy prior heart transplant. Two NC hearts were 
obtained from brain-death donors with normal circula-
tory supply, who were not suitable for transplantation 
due to the technical or non-cardiac reasons by following 
the guideline of China Transplant Services. A table with 
the clinical characteristics of the patients and normal 
controls was provided in Additional file 1: Table S2.

Isolation of cardiac cells
Myocardium was collected in 10  mL Dulbecco’s modi-
fied Eagle’s medium (DMEM; 11,885,084, Thermo Fisher, 
Waltham, MA) containing 10% fetal bovine serum (FBS; 
10,091,148, Thermo Fisher, Waltham, MA) on ice. The 
epicardium and endocardium were removed. Sam-
ples were washed by phosphate buffered saline (PBS) 
to remove the remaining blood cells and then cut into 
1-mm3 pieces and digested in Hanks’ Balanced Salt Solu-
tion (HBSS; 14175095, Thermo Fisher, Waltham, MA) 
containing 600 U/mL Collagenase, type 2 (LS004176, 
Worthington Biochemical, Lakewood, CA) at 37  °C for 
15  min with gently shaking. The supernatant was fil-
tered with a 40-μm cell strainer (431750, Corning, NY, 
USA) and mixed with equal volume of 10% FBS/DMEM 
collected by centrifugation at 300 g, 4  °C for 5 min. The 
supernatant was discarded, and the cell pellets were 
resuspended in 1  mL of 2% FBS/DMEM on ice. These 
steps were repeated 3 times. Next, the cell pellet was 
resuspended in 1  ml red blood cell lysis buffer (C3702, 
Beyotime, Shanghai, China) and incubated for 5  min at 
room temperature. The resulting suspension was further 
diluted to 11 ml with PBS, then filtered and centrifuged 
at 300 g, 4 °C for 5 min. The cell precipitate was washed 

Conclusions  This study provided a comprehensive analysis of the lineage-specific changes in the blood and myocar-
dium from ARVC patients at a single-cell resolution. Pharmacological inhibition of NLRP3 could prevent right ventricu-
lar dilation and dysfunction of mice with ARVC.
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twice with PBS containing 2% FBS (washing buffer, WB) 
and finally resuspended in 500 µl WB on ice. In addition, 
peripheral blood was collected into EDTA-containing 
tubes, and the mononuclear cells were isolated by gra-
dient centrifugation (HISTOPAQUE-1077, Sigma–
Aldrich). The cell pellets were resuspended in WB.

Flow cytometry and cell sorting
The single-cell suspensions consisting of immune cells 
and non-immune cells were stained with BB515 mouse 
anti-human CD45 (564585, BD, CA, USA) at a concen-
tration of 1:200 on ice in the dark for 30  min, washed 
with WB and centrifuged at 300  g, 4  °C for 5  min. The 
washing step was repeated twice. Then the cells were 
resuspended with 500  µl WB and stained with 7-AAD 
(559925, BD, CA, USA) 1:20 and analyzed on a FACSAria 
II cell sorter (FACSAria II, BD biosciences, CA, USA). 
Live non-immune cells (7-AAD negative/CD45 positive 
cells) were sorted for scRNA-seq.

Single‑cell library construction and sequencing
Single-cell suspensions were processed through the 
10 × Genomics Chromium System (10 × Genomics, 
Pleasanton, CA, USA), followed by the construction of 3’ 
gene expression v3.1 libraries and sequencing on an Illu-
mina Noveseq6000 sequencer. Briefly, cells (> 90% viabil-
ity), reagents, gel beads, and partitioning oil are loaded 
onto 10 × Chromium Chip B. Ideally, each individual cell 
is wrapped with an oil drop that contains gel beads and 
reagents. This creates an independent reaction space for 
each cell called gel bead in emulsion (GEM). The prim-
ers provided by the gel bead contain a sequencing primer, 
barcode, UMI, and poly (dT) sequence. The cell in the 
GEM is lysed, and incubation of the GEM produces bar-
coded, full-length cDNA from poly-adenylated mRNA. 
Next, all cDNAs are pooled together, and the steps of 
general library construction are performed including 
amplification, fragmentation, end repair, adapter liga-
tion, and sample index polymerase chain reaction (PCR) 
(98 °C for 45 s; [98 °C for 20 s, 67 °C for 30 s, and 72 °C 
for 1 min] × 14 cycles; 72 °C for 1 min). The libraries were 
then sequenced using Illumina Noveseq6000 by Capi-
talBio Technology (Beijing, China). Sequencing data are 
available at Genome Sequence Archive (accession no. 
HRA005871).

scRNA‑seq data preprocessing
The scRNA-seq data in FASTA files was processed by 
Cell Ranger software (Version 6.1.2, 10 × genomics). 
The sequencing reads were demultiplexed, mapped to 
the GRCh38 human reference genome, and counted by 
unique molecular identifier (UMI). Then the UMI count 
matrix was analyzed using the Seurat package (v3.2.0) in 

R software (v3.6.1). Cells expressing hemoglobin genes 
were removed from the data set, as they likely repre-
sented erythrocytes. Only the cells with 200 ~ 4000 
detected genes and < 10% mitochondrial UMIs were con-
sidered valid cells and were then used for downstream 
analysis [8]. The counts of different biotypes were sum-
marized in Additional file 1: Table S3.

Dimensional reduction and clustering
The UMI counts were next normalized for library size 
and log-transformed using Seurat’s default normalization 
parameters (normalization.method = "LogNormalize", 
scale.factor = 10,000). Highly variable genes were identi-
fied using Seurat and used to perform principal compo-
nent analysis. To prevent clusters from being biased by 
mitochondrial transcript content, the gene expression 
values were scaled based on the cell mitochondrial tran-
script content. The first 14 principal components were 
used as an input for SNN clustering and for embedding 
using the uniform manifold approximation and pro-
jection (UMAP). The batch effect among the different 
samples was corrected using the Seurat V4 integration 
algorithm. The clustering analysis yielded 37 clusters 
(C0–C36) (Additional file 2: Fig. S1). We combined Sin-
gleR with manual annotation to assign cell types to the 
different clusters. C32, C33, C35, and C36 were excluded 
because they contained doublets (C32 and C35) or low-
quality cells (characterize low number of features and 
unclear marker gene expression; C33 and C36) (Addi-
tional file  2: Fig. S2; Additional file  1: Table  S4 [9–16]); 
thus, 247,684 cells were included for further analysis.

Hierarchical clustering of major cellular clusters
To measure the similarities among major cellular clusters 
in different samples, we calculated the distance between 
cellular clusters. The distance defined as (1-Pearson cor-
relation coefficient)/2 [17], and the Pearson correlation 
coefficient was calculated using top 25% highly variable 
genes.

Functional enrichment
To identify the potential biological functions of cell clus-
ters, we performed enrichment analysis with marker 
genes for cell clusters. Marker genes detected in > 25% 
cells in a cluster with average log-fold-change > 0.5 were 
used in the analysis. Enrichment analyses were per-
formed using R package clusterProfiler (Version 3.14.3). 
Over-representation tests on Gene Ontology (GO) Bio-
logical Processes terms were performed using cluster-
Profiler function enrichGO, and comparisons among 
different cell clusters were performed using clusterPro-
filer function compareCluster.



Page 4 of 20Fu et al. BMC Medicine           (2024) 22:11 

Enrichment scores were calculated using Seurat func-
tion AddModuleScore. AddModuleScore function calcu-
lated the average expression of a gene set subtracting the 
aggregated expression of control gene sets, which could 
be deemed as the average relative expression. Genes 
associated with each term were retrieved from R package 
org.Hs.eg.db (Version 3.10.0) according to the GO iden-
tity of the term.

Transcription factor activity analysis
To infer potential regulatory transcription factors (TFs) 
and their target genes in cell clusters, we ran pySCENIC 
(Version 0.10.3) on the UMI count matrices of major cell 
populations. In brief, pySCENIC infers TFs and their tar-
get genes from correlations between the expression of 
genes across cells. A TF and its target genes are defined 
as a regulon. The regulons are then refined by pruning 
targets based on enriched motifs. Finally, the activity of 
a regulon is measured by an AUCell value in each sin-
gle cell. A high AUCell value indicates high activity and 
enrichment of a regulon in a cell.

Cell cycle analysis
To predict the cell cycle phases of each individual cells 
in the given cluster, we used Seurat function CellCycleS-
coring. The previous well-defined marker genes of S and 
G2/M phases were used to calculate the S-scores and 
G2/M-scores, respectively [18].

Trajectory analysis
Slingshot was used to perform trajectory analysis [19]. In 
brief, slingshot first identifies the global lineage structure 
with a cluster-based minimum spanning tree and then 
fits simultaneous principal curves to describe each line-
age and determines the pseudotime of each cell.

Intercellular communication analysis
To study the intercellular communication among cell 
populations, R package "CellChat" (version 1.1.3) was 
applied [20]. Using the “aggregateNet” function in Cell-
Chat, the aggregated cell–cell communication network 
was calculated. The results were visualized using the 
function "netVisual_circle" and “netVisual_chord_gene”.

Genetics analysis
The genomic DNA was extracted from peripheral blood 
according to the manufacturer’s instruction (Blood 
DNA Extraction Kit, Enriching Biotechnology, China). 
Probands were screened with 14 ARVC related genes 
including 5 desmosome genes and nondesmosomal 
genes including TMEM43, PLN, CTNNA3, LMNA, DES, 
transforming growth factor beta 3 (TGFB3), Sodium 
Voltage-Gated Channel Alpha Subunit 5 (SCN5A), Titin 

(TTN), and Ryanodine receptor 2 (RYR2) by captured 
next-generation sequencing using Illumina 2500 platform 
(Illumina, USA). All variants were annotated by the fol-
lowing strategies: (1) variants with a MAF less than 5% 
in 1000 genomic data (1000g_all) [21], esp6500siv2_all 
(http://​evs.​gs.​washi​ngton.​edu/​EVS), and gnomAD data 
(gnomAD_ALL and gnomAD_EAS) [22]. (2) Only sin-
gle-nucleotide variants (SNVs) occurring in exons or 
splice sites (splicing junction 10 bp) are further analyzed 
since we are interested in amino acid changes. (3) Then 
synonymous SNVs which are not relevant to the amino 
acid alternation predicted by dbscSNV are discarded. 
The small fragment non-frameshift (< 10 bp) indel in the 
repeat region defined by RepeatMasker are discarded. 
(4) Variations are screened according to scores of SIFT 
[23], Polyphen [24], MutationTaster [25], and CADD 
[26] software. The potentially deleterious variations 
are reserved if the score of more than half of these four 
software support harmfulness of variations [27]. Sites 
(> 2 bp) did not affect alternative splicing were removed. 
(5) For TTN variants, only truncated variants remained 
for pathogenesis analysis. Sanger sequencing was used to 
validate putatively pathogenic variants and screen family 
members.

In order to better predict the harmfulness of varia-
tion, the classification system of the American College of 
Medical Genetics and Genomics was used. The variations 
are classified into pathogenic, likely pathogenic, uncer-
tain significance, likely benign, and benign [28].

Immunofluorescence staining
Immunofluorescence staining was performed as pre-
viously described [29]. Formaldehyde-fixed paraffin-
embedded sections were dewaxed with methanol, 
subjected to antigen retrieval, blocked for 1 h, and incu-
bated with primary antibodies overnight at 4  °C. After 
washing with PBS (10,010,023, Thermo Fisher, Waltham, 
MA) 3 times, the slides were incubated with appropri-
ate fluorescence-labeled secondary antibodies for 30 min 
at 37  °C. The slides, shielded from light, were washed 3 
times in PBS, and then counterstained and mounted 
with DAPI (ZLI-9557, ZSGB-BIO, Beijing, China). The 
primary antibodies used were as follows: anti-CD68 
(1:200, ab303565, Abcam, Cambridge, MA), anti-CCL3 
(1:200, ab277944, Abcam, Cambridge, MA), anti-CD11c 
(ab219799, Abcam, Cambridge, MA), anti-CD14 (1:1000, 
17,000–1-AP, proteintec, Wuhan, China), anti-tenomod-
ulin (1:200, ab203676, Abcam, Cambridge, MA). Biotin 
bound anti-mouse or anti-rabbit secondary antibodies 
and streptavidin horseradish peroxidase were used to 
detect primary antibodies. Antibody staining was visual-
ized using the perkinlemer opal polychromatic IHC sys-
tem according to the manufacturer’s protocol. The entire 

http://evs.gs.washington.edu/EVS
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slide was scanned using the Vectra Polaris system (Perki-
nElmer), which initially captured the fluorescence spectra 
of five channels (DAPI, FITC, Cy3, Texas Red, and Cy5).

Animal experiments
Animal experiments were approved by the Animal Eth-
ics Committee of Fuwai Hospital. Animal experiments 
were designed according to the ARRIVE guidelines 2.0 
[30] (Additional file 3). Cardiomyote-specific Dsg2 gene 
mutation (Dsg2mut/mut) mouse was produced by mating 
Myh6-cre mouse with Dsg-loxP mouse. Both Myh6-cre 
and Dsg-loxP mouse were purchased from Cyagen Bio-
science. A total of 24 eight-week-old Dsg2mut/mut male 
mice and age- and strain-matched wild type (WT) male 
mice were used in this study [31]. We performed geno-
typic and phenotypic assays to confirm the deletion of 
Dsg in the heart of mutant mice. Mice were maintained 
in a specific pathogen-free facility and provided free 
access to water and food. Mutant mice were continu-
ously infused with the NLRP3 inflammasome inhibitor 
MCC950 [32] (5 mg/kg/day) or with PBS vehicle via sub-
cutaneous alzet osmotic pump 2004 for four consecutive 
weeks. Randomization was used to allocate experimental 
units to control and treatment groups. Then, mice were 
anesthetized with isoflurane inhalation with 2 ~ 5% iso-
flurane for electrocardiogram and echocardiogram, and 
their hearts were harvested for histology and immunohis-
tochemistry. Mouse feeding, injection of MCC950, and 
phenotype identification are handled by different indi-
viduals, and the person responsible for phenotype identi-
fication is not aware of the group information in advance. 
Two mice died in the experiment due to the arrhythmic 
events. The minimum number of mice in each group was 
not less than six.

Echocardiographic parameters were measured using a 
Vevo-2100 echocardiography system (VisualSonics Inc, 
Toronto, Canada) according to the American Society of 
Echocardiography guidelines [33]. Mice underwent two-
dimensional transthoracic echocardiography at endpoint 
(after 4-week treatment). Appropriate concentration of 
isoflurane was used to maintain heart rate within 450–
500  bpm. Parasternal short-axis views at the papillary 
muscle level were recorded, followed by the quantifica-
tion of parameters of cardiac structure (left ventricular 
internal diameter and right ventricular area) and func-
tion (ejection fraction and fractional shorting). Measure-
ments were obtained on at least five consecutive cardiac 
cycles. All the image analyses were conducted by an inde-
pendent trained observer who was blinded to the experi-
mental groups.

Electrocardiogram was recorded and analyzed accord-
ing to published literatures [3, 34]. Anesthetized mice 
were fixed on a wooden board, followed by three 

electrodes inserted into the subcutaneous tissues of the 
left and right shoulders and the right hind leg. Then 
standard lead II electrocardiogram recordings (10  min 
for each mouse) were obtained with an electrocardio-
gram (ECG) processor (EP-2B, Softron Biotechnology, 
Beijing, China) and analyzed with a data acquisition pro-
gram (SP2006, Softron Biotechnology, Beijing, China). 
Electrocardiographic parameters, including heart rate, 
P-wave amplitude, Q-wave amplitude, R-wave amplitude, 
and S-wave amplitude, were calculated using electrocar-
diograms lasting at least five consecutive heartbeats.

Statistical analyses
R (version 3.6.1) was used for the statistical analysis. The 
Mann–Whitney U test by the Seurat (version 3.2.0) Fin-
dAllMarkers function was used to identify differentially 
expressed genes (DEGs) between the cell clusters. The 
cell ratios of each group were compared using logit trans-
formation, followed by Student’s t test (two-sided with 
or without Welch’s correction) or Mann–Whitney U test 
between each group according to the results of normal-
ity test and variance homogeneity test. For differential 
expression and proportion, p-values were adjusted for 
multiple hypothesis testing using the Benjamini–Hoch-
berg method. A p-value of < 0.05 was considered statisti-
cally significant.

Results
Cell atlas of blood and myocardium for ARVC patients
As NCMs were known to play pivotal roles in heart 
homeostasis and disorders [35, 36], we sought to deter-
mine their composition and the potential pathological 
cells in the heart with ARVC. We obtained 16 myocar-
dium samples and 8 peripheral blood samples from 
6 ARVC and 2 NC patients (left ventricle of ARVC 
[AC_LV], n = 6; right ventricle of ARVC [AC_RV], n = 6; 
PBMC of ARVC [AC_PBMC], n = 6; left ventricle of NC 
[NC_LV], n = 2; right ventricle of NC [NC_RV], n = 2; 
PBMC of NC [NC_PBMC], n = 2).

The freshly collected myocardium were digested enzy-
matically to prepare the single-cell suspension, and the 
PBMCs were isolated by gradient centrifugation, and 
flow cytometry and cell sorting was performed to col-
lect CD45− and CD45+ cells from myocardium and 
CD45+ cells from PBMC. Then, the scRNA-seq was per-
formed using the 10 × Genomics Chromium platform. 
The sequencing reads were demultiplexed, mapped to the 
GRCh38 human genome, and counted by unique molec-
ular identifier (Fig. 1A).

After quality control (Additional file 2: Fig. S1, S2), we 
clustered a total of 247,684 cells (198,434 cells from ven-
tricles and 49,250 cells from blood; 48,757 cells in NC 
and 198,927 cells in ARVC) and visualized the results 
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using unsupervised clustering and uniform manifold 
approximation and projection (UMAP), respectively. 
Depending on the marker genes, a total of 13 cell types 
were identified (Fig. 1B, C; Additional file 2: Fig. S3). The 
marker genes for each cluster are available in a supple-
mentary table (Additional file 4). Similar cell types were 
aggregated together based on transcriptional similarity, 
for example, vascular smooth muscle cell (VSMC) was 
aggregated pericyte, T cell was aggregated with natu-
ral killer (NK) cell. It was interesting that fibroblast was 
aggregated with neuron, providing clues for the potential 
origin of neurons, a minor population in human myocar-
dium (Fig. 1D). Consistent with our previous work [12], 
the most abundant cell types were myeloid cells, endothe-
lial cells, T cells, NK cells, and fibroblasts (Fig. 1E, F).

CCL3+ myeloid cells accumulated in the right ventricle 
of ARVC patient
Myeloid cells were further classified into 14 subclusters 
(Mye0-13) comprising macrophages (MPs; including 
Mye0, 2, 4, 6, 7, 8, 10, and 11), monocytes (MOs, includ-
ing Mye1 and 3), and dendritic cells (DCs; including 
Mye5, 9, 12, and 13) (Fig.  2A, B; Additional file  2: Fig. 
S4A-C). The marker genes for each cluster are available 
in a supplementary table (Additional file  5). Compar-
ing the composition of myeloid subpopulations across 
patients, we observed a credible increase in the abun-
dance of Mye2 in ARVC (AC_RV vs NC_RV, 2.14 fold, 
P = 0.016) (Fig. 2C; Additional file 2: Fig. S4C, D), which 
was consistent with previous reports [37]. Mye2 was 
identified as M1-like macrophage as it typically expressed 
proinflammatory genes like IL1B, TNF, and CCL. Mye11 
was annotated as proliferated macrophage according 
to the top marker (TUBB and MKI67) and the func-
tion of nuclear division (Fig.  2B; Additional file  2: Fig. 
S4B, 4C). The accumulation of proinflammatory mac-
rophage (Mye2) in myocardium with ARVC was assistant 
with previous report that the presence of inflammatory 
cell infiltration have been found in up to two-thirds of 
ARVC hearts [38]. We further found that Mye2 was 
more abundant in AC_RV when compared with AC_LV 
(Fig. 2C). The proinflammatory genes such as IL1B, IL6, 
and TNF were significantly upregulated in AC_RV when 

comparing to AC_LV and NC_RV (Additional file 2: Fig. 
S5A). Moreover, IL1B and TNF were mainly expressed in 
myeloid cells, predominantly in Mye2 (Additional file 2: 
Fig. S5B, S6B).

To reveal the possible pseudotime trajectory of Mye2, 
we constructed a trajectory analysis by using slingshot15 
and observed two distinct trajectories: Mye1 con-
nected with Mye3, Mye4, and Mye8, which subsequently 
branched into two different lineages, i.e., Mye10 and 
Mye2 (Fig.  2D), which was consisted with monocle2 
results (Additional file 2: Fig. S5C). Along the Mye2 line-
age, the AC_RV-cells were enriched toward the end while 
AC_PBMC-cells were enriched in the origin (Fig.  2E). 
Classical monocyte markers such as S100A8 and FCN1 
were downregulated, non-classical monocyte markers 
such as FCGR3A and TCF7L2 were gradually upregu-
lated and then downregulated, and Mye2 markers such 
as CCL3 and CCL4 were upregulated (Additional file  2: 
Fig. S5D), confirming that Mye2 originated from classi-
cal monocyte and enriched in AC_RV along the Mye2 
lineage. Immunostaining results showed a 2.21-fold and 
5.13-fold increase in CCL3+ macrophages (Mye2) cell 
ratio in samples from AC_RV myocardium compared to 
AC_LV (P = 0.013) and NC_RV (P < 0.001), respectively 
(Fig. 2F).

Activated fibroblasts in myocardium of ARVC patient
Fibroblasts were further split into seven subclusters 
(FB0-6, Fig.  3A). FB0 was identified as activated fibro-
blast as it typically expressed pro-fibrosis gene POSTN 
and the function of response to TGFβ (Fig.  3B, C). The 
highest expression of pre-adipocyte marker CFD [13] and 
fibro-adipogenic progenitor (FAP) marker PDGFRA indi-
cating that FB3 was FAP-like. FB4 was annotated as stro-
mal fibroblast as its higher expression of CD34. FB5 was 
annotated as myofibroblast according to the contractile 
marker (ACTA2 and TAGLN). FB6 highly expressed adi-
pocyte markers such as FABP4 and FABP5 (Fig. 3B; Addi-
tional file 2: Fig. S6A). The marker genes for each cluster 
are available in a supplementary table (Additional file 6).

Comparing the composition of fibroblast subpopula-
tions between ARVC and NC, we observed a statisti-
cally credible increase in the abundance of FB0 (AC_RV 

Fig. 1  Overview of the 247,684 single cells isolated from ARVC and NC human hearts. A Workflow of the present study. B UMAP plots 
of the 247,684 cells colored according to the 13 major cell types, two phases, and 8 patients (left to right). C Expression of classic marker genes 
used to define the major cell types. D Dendrogram demonstrating the similarity of cluster centroids. E Cell numbers of each of the 13 major cell 
types. F Stacked bar plot depicting the cell-type composition of each sample. UMAP, uniform manifold approximation and projection; ARVC, 
arrhythmogenic right ventricular cardiomyopathy; NC, normal control; AC_LV, left ventricle of ARVC; AC_RV, right ventricle of ARVC; NC_LV, left 
ventricle of NC; NC_RV, right ventricle of NC; AC_PBMC, PBMC of ARVC; PBMC, peripheral blood mononuclear cell; NK, natural killer; NP, neutrophils; 
VSMC, vascular smooth muscle cell

(See figure on next page.)
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Fig. 1  (See legend on previous page.)
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vs NC_RV, 4.29 fold, P = 0.032; AC_LV vs NC_LV, 5.21 
fold, P = 0.027) and FB5 (AC_RV vs NC_RV, 2.46 fold, 
P = 0.043) in ARVC (Fig. 3D; Additional file 2: Fig. S6B). 
Slingshot revealed additional phenotypic heterogeneity 
and identified three trajectories, namely FB0, FB5, and 
FB6 lineages (Fig. 3E). Briefly, FB4 connected closely with 

FB3, which branched-off into two different trajectories to 
form FB5 lineage and FB6 lineage. FB4 originally formed 
FB0 lineage as well. RNA velocity analysis confirmed 
these trajectories (Fig.  3F). Consistent with the greater 
abundance of FB0 in the AC_LV and AC_RV compared 
with the NC_LV and NC_RV, FBs in the AC_LV and 

Fig. 2  Myeloid subpopulations in ARVC human hearts. A UMAP embedding of 18 myeloid subpopulations. B Dot plot showing the top five 
marker genes of each subcluster. Dot color and size correspond to the expression of each gene and the proportion of cells expressing each gene, 
respectively. C The ratio of each subcluster in the different phases and topographic regions. D, E Trajectory analysis of selected clusters. F Multiple 
labeling staining for CCL3+ CD68+ macrophages; scale bar indicates 100 μm. Each spot represents one sample. Data are mean ± SD. Mann–Whitney 
U test was performed to compare the cellular ratio of Mye2 between ARVC and NC. UMAP, uniform manifold approximation and projection; ARVC, 
arrhythmogenic right ventricular cardiomyopathy; NC, normal control; AC_LV, left ventricle of ARVC; AC_RV, right ventricle of ARVC; NC_LV, left 
ventricle of NC; NC_RV, right ventricle of NC; AC_PBMC, PBMC of ARVC; PBMC, peripheral blood mononuclear cell; MP, macrophage; MO, monocyte; 
DC, dendritic cell; DEGs, differentially expressed genes. Gene names mentioned in the main text are color-coded
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AC_RV were enriched toward the end of FB0 (Fig. 3G). 
The starkest change in cell-type composition observed 
in ARVC was FB0 that was found almost exclusively in 
patient with ARVC, especially in AC_LV_4 and AC_
RV_3 (Additional file 2: Fig. S6C). To better understand 
the gradient of expression between quiescent and acti-
vated fibroblasts, we extracted cells of patient AC_LV_4 
and AC_RV_3 from FB0 lineage and performed a trajec-
tory analysis. Several genes, including pro-fibrosis genes 
AEBP1, COL1A1, and COL14A1 and genes rarely studied 
in the field of fibrosis (GABARAPL2, PALLD, PMEPA1, 
MEOX2, TNMD, and DPYSL3) showed increased 
expression across the trajectory, whereas CD34 showed 
decreased expression across the trajectory. Notably, 
a subset of genes including RBM3, CACYBP, CEBPD, 
YWHAG, and RSRC2 showed increased expression at 
various stages along the gradient (Fig. 3H). Immunostain-
ing results showed a 14.25-fold increase in TNMD+ fibro-
blast cell ratio in samples from AC_RV myocardium 
compared to NC_RV (P < 0.001) and a 10.83-fold increase 
in TNMD+ fibroblast cell ratio in samples from AC_LV 
myocardium compared to NC_LV (P < 0.001) (Fig. 3I).

Interestingly, FBs in the ARVC were especially enriched 
toward the end of FB5 and FB6 (Additional file  2: Fig. 
S6D). Along the FB5 lineage, FAP-like genes (CFD, PDG-
FRA, and PTGDS) increased halfway through the tra-
jectory, but then decreased. Contractile genes (ACTA2, 
TAGLN, and MYL9) were upregulated along the lineage 
(Additional file  2: Fig. S6E). Immunofluorescence result 
showed a 4.13-fold increase in FB5 cell ratio from AC_
RV compared with NC_RV (P < 0.001) and a 2.77-fold 
increase in FB5 cell ratio from AC_RV compared with 
NC_RV (P < 0.001) (Additional file 2: Fig. S6F).

Fibroblasts may partially contribute to the cardiac 
arrhythmia of ARVC
To identify key changes in ARVC tissues, we compared 
data between AC_RV and NC_RV, AC_LV and NC_LV, 

and AC_RV and AC_LV tissues at the level of pseudo-
bulk and each cell type. Substantial differences were 
observed in transcriptional level (Fig. 4A). Notably, the 
largest number of DEGs between each of the ARVC and 
NC group (false discovery rate (FDR) < 0.01) was found 
in fibroblasts, suggesting that the largest transcrip-
tional differences occur in this cell type. The marker 
genes for each cluster are available in Additional file 7. 
There was also a huge set of genes that were differen-
tially expressed between AC_RV and AC_LV hearts 
(Fig.  4B). Next, we performed pathway enrichment 
analyses by cell type to identify any systematic pat-
terns in gene dysregulation (Fig. 4C). In general, similar 
pathway enrichments were observed in AC_RV ver-
sus NC_RV and AC_LV versus NC_LV DEGs. Of note, 
neuron showed no systematic up- or downregulation 
in patients with AC. Conversely, we observed robust 
dysregulation in ARVC of several pathways in myeloid, 
including cytokine signaling in immune system, neu-
trophil degranulation, and signaling by robo receptors. 
Similarly, multiple pathways in endothelial exhibited 
dysregulation among ARVC hearts, including cytokine 
signaling in immune system, interleukin 1 signaling, 
and MHC II antigen presentation. There were specific 
pathways dysregulated in AC_RV, including co-stimu-
lation of the CD28 family, interferon signaling and gen-
eration of secondary messenger molecules in myeloid, 
collagen chain trimerization, and ECM organization in 
fibroblasts.

To further determine the enrichment of ARVC DEGs 
within genetic variants associated with complex traits 
and diseases in a cell-type-specific fashion, we obtained 
genome-wide association study (GWAS) summary sta-
tistics for cardiac arrhythmia traits (Additional file  1: 
Table  S5). We found a strong enrichment of fibroblast 
DEGs residing within GWAS hits of cardiac arrhyth-
mia traits, especially in sudden cardiac arrest (Fig. 4D). 
Together, these data suggest that fibroblasts may par-
tially contribute to the cardiac arrhythmia of ARVC.

Fig. 3  Fibroblast subpopulations in ARVC human hearts. A UMAP embedding of eight fibroblast subpopulations. B Dot plot showing the top 
five marker genes of each subcluster. Dot color and size correspond to the expression of each gene and the proportion of cells expressing each 
gene, respectively. C The top five enriched GOBP of each cluster. D The ratio of each subcluster in the different phases and topographic regions. 
E Trajectory analysis of selected fibroblast clusters based on Slingshot. F RNA velocity of fibroblast clusters. G Density plots reflecting the number 
of FB cells along the lineage FB0 stratified for different phases and topographic regions. H Predicted expression of genes showing interesting 
patterns based on a negative binomial generalized additive model (NB-GAM) for each gene across pseudotime in patient AC_LV_4 (left) and patient 
AC_RV_3 (right). Normalized expression is smoothed expression from NB-GAM scaled to the maximum value for each gene. I Multiple labeling 
staining for TNMD+ VIM+ fibroblasts; scale bar indicates 100 μm. Each spot represents one sample. Data are mean ± SD. Mann–Whitney U test 
was performed to compare the cellular ratio of TNMD+ VIM+ fibroblasts between ARVC and NC. FAP, fibro-adipogenic progenitor; FB, fibroblast; 
ARVC, arrhythmogenic right ventricular cardiomyopathy; NC, normal control; AC_LV, left ventricle of ARVC; AC_RV, right ventricle of ARVC; NC_LV, 
left ventricle of NC; NC_RV, right ventricle of NC; AC_PBMC, PBMC of ARVC. Gene names mentioned in the main text were color-coded

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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Predicted and altered cell–cell interactions in the heart 
of ARVC patient
By examining the expression of genes encoding for 
receptors and ligands, we inferred intercellular signal-
ing and communication [20]. We initially quantified 
the probability of cell–cell interactions and compared 
signaling between cell types, and then aggregated infor-
mation to produce cell-specific and across all-cell-type 
data for ARVC relative to controls. This sequential 
approach accounted for differential abundances of cell 
states. Compared with NC_RV, the number of interac-
tions in AC_RV were increased (Fig. 5A), especially the 
fibroblast-neuron interaction (Fig.  5B). We detected 
aberrant intercellular signaling across disease (Fig. 5C), 
including upregulation of the proinflammatory TNF, 
MK [40], and IL1 pathway. Signaling depending on 
EGF was also increased in disease, implying pro-fibro-
sis BMP, FN1, collagen, EGF, IGF, and TGF pathways 
that promote fibrosis. Signaling dependent on VEGF, 
NOTCH, and ANGPT was also increased in disease, 
implying vascular remodeling. Aberrant intercellular 
signaling pathways were also identified between NC_
LV and AC_LV, as well as AC_LV and AC_RV (Addi-
tional file  2: Fig. S7): Comparing to NC_LV, signaling 
such as pro-fibrosis TGFβ, and pro-inflammation MK, 
TNF, and IL1 were upregulated in AC_LV. Comparing 
to AC_LV, signaling such as HSPG, CCL, BAFF, and 
CD86 were upregulated in AC_RV.

Since fibroblasts may partially contribute to the car-
diac arrhythmia of ARVC (Fig.  4D), we focused on the 
influences from each cell type to fibroblast. To identify 
the differences between NC_RV and AC_RV, we filtered 
ligands-receptors which were only enriched in NC_RV 
or AC_RV (Fig.  5D). Fibroblasts in AC_RV especially 
received TNF/TNFSF12 from myeloid cells. Besides, the 
ECM-receptor interactions of fibroblasts with VSMC, 
neuron, endothelial cells, and fibroblasts were strongly 
enriched.

Pharmacological inhibition of proinflammatory 
macrophages significantly alleviate the right ventricular 
dysfunction in a ARVC mouse model
Due to the enrichment and possible cell–cell interaction 
of Mye2 in AC_RV (Fig. 2; Additional file 2: Fig. S8), we 
explored whether inhibition of Mye2 could rescue the 
phenotype of ARVC mouse model. NLRP3 was identified 
as the potential target because results showed it was one 
marker of Mye2 (Additional file 5), and studies suggested 
it played a key role in inflammatory response through the 
processing and release of IL-1β and the induction of cell 
death processes [41]. NLRP3, coding a cytosolic multi-
protein complex, was preferentially expressed in myeloid 
cells, especially in subcluster Mye2 and other three sub-
clusters (Mye1, Mye5, and Mye9) (Additional file 2: Fig. 
S9A, B). Similar to the enrichment of Mye2 in AC_RV 
(Fig. 2G), NLRP3 was expressed at the highest levels on 
AC_RV when analyzing all myeloid cells or subclusters 
(Mye2, Mye1, Mye5, and Mye9) (Additional file  2: Fig. 
S9C-G). What is more, we observed the consistent trend 
of NLRP3 and proinflammatory genes IL1B and CXCL8 
along the Mye2 lineage (Additional file 2: Fig. S9H). Fur-
ther, the expression level of NLRP3 positively correlated 
with IL1B and CXCL8 among myeloid subclusters (Pear-
son r = 0.812, P < 0.001, and Pearson r = 0.856, P < 0.001, 
respectively) (Additional file 2: Fig. S9I, J). These results 
suggested NLRP3 could be one potential target to treat 
ARVC by alleviating the inflammatory effects of myeloid 
cells, especially for proinflammatory Mye2.

Then we explored the effects of NLRP3-targeted ther-
apy in a ARVC model by infusing MCC950, a diaryl-
sulfonylurea-containing compound that was shown to 
selectively inhibit the oligomerization and activation of 
the NLRP3 inflammasome in response to canonical and 
non-canonical stimuli [32]. Dsg2mut/mut mice were treated 
with MCC950 by continuous infusion over a 4-week 
period beginning when the mice were 8 weeks of age [42] 
(Fig. 6A). Approximately 25% (2 of 8) of the PBS-infused 

(See figure on next page.)
Fig. 4  Fibroblasts may partially contribute to the cardiac arrhythmia of ARVC. A Log-fold-change and two-sided P-value for expression 
changes between AC_RV (n = 6) and NC_RV (n = 2) (left), AC_LV (n = 6) and NC_LV (n = 2) (center), and AC_RV and AC_LV (right) hearts for each 
gene tested using limma–voom differential expression analysis. Genes are colored by cell type with larger, opaque dots representing genes 
with FDR < 0.01 based on the Benjamini–Hochberg procedure. B The number of significantly differentially expressed genes (FDR < 0.01) by cell 
type for each comparison in (A). C Reactome pathway enrichment for differential expression between each comparison in (A) by cell type. The 
size of each square represents a two-sided P-value from GSEA and shading represents the normalized enrichment score (NES). Only pathways 
with a Benjamini–Hochberg FDR < 0.05 in both the GSEA and hypergeometric test for over-representation in at least one cell type are shown. 
Pathways with FDR < 0.05 in the GSEA test are denoted with a black outline. D Dot plot showing the number of DEGs per cell type that overlaps 
as GWAS risk variants across cardiac arrhythmia traits from the GWAS catalog (NHGRI-EBI) [39]. Significance of overlap is based on FDR < 0.05. GSEA, 
gene set enrichment analysis; NES, normalized enrichment score; FDR, false discovery rate; ARVC, arrhythmogenic right ventricular cardiomyopathy; 
NC, normal control; AC_LV, left ventricle of ARVC; AC_RV, right ventricle of ARVC; NC_LV, left ventricle of NC; NC_RV, right ventricle of NC; AC_PBMC, 
PBMC of ARVC; PBMC, peripheral blood mononuclear cell; NK, natural killer; NP, neutrophils; VSMC, vascular smooth muscle cell; DEGs, differentially 
expressed genes
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Dsg2mut/mut mice died because of cardiac failure or 
arrhythmias, whereas none of the PBS-infused WT mice 
or MCC950-treated Dsg2mut/mut mice died (Fig.  6B). 
Compared to PBS-infused WT mice, PBS-infused 

Dsg2mut/mut mice display apparently impaired left ven-
tricular function (ejection fraction, 31.52% vs 68.31%, 
P < 0.001; fraction shortening, 15.16% vs 36.82%, P < 0.001; 
diastolic LVID/tibial length, 3.02 vs 1.74, P < 0.001; 

Fig. 4  (See legend on previous page.)
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Fig. 5  Predicted and altered cell–cell interactions in ARVC patient hearts. A Net plot showing the interaction number and weight among the 12 
major cell clusters. Each dot indicates one cell cluster and its size is proportional to the number of cells in the cluster. The thickness of the lines 
connecting cell clusters indicates the differential interaction number (blue line indicates an increase in NC_RV, red line indicates an increase 
in AC_RV). B Differential number of the cellular interactions between NC_RV and the AC_RV. Red and blue represent enrichment in the AC_RV 
and NC_RV, respectively. C Circos plots showing the inferred intercellular communication network among the major cell types. D Bubble plot 
showing the selected ligand–receptor interactions between the 12 major cell types (ligand) and fibroblasts. ARVC, arrhythmogenic right ventricular 
cardiomyopathy; NC, normal control; AC_LV, left ventricle of ARVC; AC_RV, right ventricle of ARVC; NC_LV, left ventricle of NC; NC_RV, right ventricle 
of NC; AC_PBMC, PBMC of ARVC; PBMC, peripheral blood mononuclear cell; NK, natural killer; NP, neutrophils; VSMC, vascular smooth muscle cell
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systolic LVID/tibial length, 2.64 vs 1.13, P < 0.001), right 
ventricular dilatation (RV area/tibial length, 4.52 vs 2.47, 
P < 0.001), electrocardiographic abnormalities like Q- and 
S-wave amplitude (Q-wave, − 0.97 vs − 0.24, P < 0.001; 
S-wave, − 0.06 vs − 0.35, P < 0.001), increased cardiac 
fibrosis (3.18% vs 0.57%, P < 0.001), and a marked accu-
mulation of proinflammatory macrophages, CD14+ 
monocytes, and CD11c+ DC cells in myocardium (19.16 
vs 3.51/mm2, P < 0.001; 23.15 vs 3.24/mm2, P < 0.001; 5.33 
vs 2.16/mm2, P < 0.001, respectively). In contrast, those 
changes were alleviated in MCC950-treated Dsg2mut/

mut mice (Fig. 6C–I; Additional file 2: Fig. S10). Overall, 
compared with PBS-treated Dsg2mut/mut mice, MCC950-
treated Dsg2mut/mut mice exhibited better biventricular 
function (ejection fraction, 56.33% vs 31.52%, P < 0.001; 
fraction shortening, 27.29% vs 15.16%, P < 0.001; diastolic 
LVID/tibial length, 1.97 vs 3.02, P < 0.001; systolic LVID/
tibial length, 1.52 vs 2.64, P < 0.001), less right ventricular 
dilatation (RV area/TL, 3.38 vs 4.52, P < 0.001), decreased 
cardiac fibrosis (2.04% vs 3.18%, P < 0.001), and less pro-
inflammatory macrophages, CD14+ monocytes, and 
CD11c+ DC cell infiltration compared with PBS-infused 
Dsg2mut/mut mice (3.51 vs 9.27/mm2, P < 0.001; 8.22 vs 
23.15/mm2, P < 0.001; 3.34 vs 5.33/mm2, P < 0.001).

Together, these results suggest that pharmacological 
inhibition of NLRP3 may inactivate myeloid cell sub-
population associated with ARVC (Mye2) to solve to the 
inflammation and fibrosis of ARVC.

Discussion
Understanding cellular-specific regulatory changes under 
diseased conditions is of fundamental importance for 
successful drug development in case lacking effective 
drug treatment for ARVC. In this study, cells from blood 
and biventricular myocardium of ARVC were sequenced 
by scRNA-seq to define specific changes in expression 
profile, subpopulation composition, and intercellular 
communication (Fig.  7). By comparing gene expres-
sion profiles from ARVC patients’ ventricles, we were 
able to show an enrichment for known and markers of 
cell changes induced in ARVC condition. Based on this 

heterogeneity, we bioinformatically clustered transcrip-
tionally related cells or genes, each of which is likely 
related to different cellular functions (Additional file  1: 
Table  S6). In addition, based on scatter properties of 
ARVC cells, we were able to determine the enrichment 
of ARVC DEGs within genetic variants associated with 
complex traits and diseases in a cell-type-specific fashion. 
Previous single-nucleus/cell studies on cardiac tissues 
may report different numbers of cardiomyocyte or non-
cardiomyocyte subpopulations of ARVC due to different 
resolutions applied for clustering across studies includ-
ing human and animal model [16, 43, 44]. However, 
our report enrolled different tissues of ARVC patients 
including blood samples and both ventricles which was 
the most complete sample in one study as known, and all 
the reports and ours suggested that the transcriptomic 
states of cells in human hearts and blood were continu-
ous rather than discrete.

While the mechanism of ARVC is orchestrated by mul-
tiple cell types, among which immune cells have attracted 
more and more attention that inflammatory signaling is 
activated in ARVC and drives key features of the disease 
[3, 6, 45, 46]. As such, pharmacological interventions 
that directly target immune cells may be the most prom-
ising strategy for alleviating pathological arrhythmia 
or mitigating the progression in ARVC [3]. Proinflam-
matory myeloid subpopulation in ARVC patient hearts 
was found to play essential roles in the pathogenesis of 
ARVC as previous report that the presence of inflamma-
tory infiltrates in more than two-thirds of ARVC hearts 
[38]. According to the cellular function, we found that 
myeloid cells included classified 14 subclusters of mye-
loid cells comprising MPs, MOs, and DCs. As for MPs, 
8 subpopulations were included: CCL3+ MPs, MHCIIlow 
MPs, MO-derived MPs, TREM2+ MPs, MHCIIint MPs, 
MYL2+ MPs, proliferation MPs, and HSP+ MPs. Some 
of these MP clusters have been reported in our previous 
study about human heart failure, such as TREM2+ MPs, 
proliferation MPs, and MHCII-associated MPs (MHCI-
Ilow and MHCIIint) [12], which indicated that these cell 
clusters participated in the process of heart failure. Heart 

(See figure on next page.)
Fig. 6  Pharmacological inhibition of proinflammatory macrophages significantly alleviate the right ventricular dysfunction in a ARVC mouse 
model. A Experimental protocol. B Survival curve. C Representative short-axis M-mode Echo from PBS-infused wild type and Dsg2mut/mut mice, 
and MCC950-infused Dsg2mut/mut mice at 12 weeks of age. D Echo of PBS-infused wild type and Dsg2mut/mut mice, and MCC950-infused Dsg2mut/mut 
mice at 12 weeks of age. E, F Representative signal-averaged electrocardiograms (E) and electrocardiogram parameters (F) of PBS-infused wild type 
and Dsg2mut/mut mice, and MCC950-infused Dsg2mut/mut mice at 12 weeks of age. G, H Representative gross pathology (G) and long-axis sections 
of the hearts stained with H&E-stained (H) micrographs from PBS-infused wild type and Dsg2mut/mut mice, and MCC950-infused Dsg2mut/mut mice 
at 12 weeks of age. Scale bar, 1000 µm. I Multiple labeling staining for CCL3+ CD68+ macrophages; scale bar indicates 100 μm. Each spot represents 
one sample. Data are mean ± SD. The Mann–Whitney U test was performed to compare the cellular ratio of CCL3+ CD68+ macrophages.TL, tibial 
length; LVIDs, left ventricular internal diameter at end-diastole; LVIDs, left ventricular internal diameter at end-systole; P-Amp, P-wave amplitude; 
R-Amp, R-wave amplitude; Q-Amp, Q-wave amplitude; S-Amp, S-wave amplitude
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Fig. 6  (See legend on previous page.)
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failure was one of characteristics of ARVC. CCL3+ MPs 
(Mye 2) was not reported in the pathogenesis of ARVC 
before, and the cell density plot reflecting the AC_RV-
cells were enriched toward the end of CCL3+ MPs from 
AC_PBMC-cells (Fig. 2D). Besides, CCL3 and CCL4 were 
upregulated in this clusters identified as proinflamma-
tory myeloid subpopulation, consistent with that the two 
genes were markers of myeloid chemotaxis and activa-
tion [47]. The NLRP3 inflammasome is a macromolecu-
lar platform that senses tissue injury and, in response, 
processes active IL-1β (upregulation in CCL3+ MPs) 
and IL-18, two major proinflammatory cytokines, and 
could induce an inflammatory form of cell death termed 
pyroptosis, participating in inflammatory disease such as 
Alzheimer disease, inflammatory bowel disease, experi-
mental autoimmune encephalitis, myocardial infarction, 
and so on [48]. Pharmacologically targeting NLRP3 with 
novel small molecules has become a potential strategy 
for treatment of inflammatory diseases. In our study, 
we found that MCC950, an inhibitor of NLRP3 which 
could attenuate the severity of experimental autoim-
mune encephalomyelitis, could significantly alleviate the 
cardiac inflammatory, cardiac function and arrythmia of 
Dsg2mut/mut mice exhibiting better biventricular function, 
less left ventricular diameter, and less proinflammatory 

CCL3+ macrophage infiltration (Fig. 6). Our experimen-
tal evidence indicated that alleviating right ventricular 
dysfunction phenotype in mice by a reduction in CCL3+ 
CD68+ cells in heart tissue. This study and our previous 
work have demonstrated an associated between PBMC 
and cardiac myeloid cells [12], so the question that inhib-
iting the recruitment of proinflammatory macrophages 
into the heart also have an ameliorative effect need to be 
explored in the future. Although the recruitment mecha-
nism of proinflammatory macrophages into heart was 
complex, some chemokines such as CCL5 was reported 
to play roles in disease pathogenesis and its antibody 
could inhibit the progression of some immune diseases 
like multiple sclerosis [49]. We also found that proin-
flammatory macrophages expressed high CCL3, which 
maybe a potential target to inhibit the recruitment of 
proinflammatory macrophages in heart. These observa-
tions might provide further evidence that ARVC disease 
alleles (DSG2) activated an innate immune response that 
was independent of the actions of professional inflamma-
tory cells associated with heart failure. More, pharmaco-
logical inhibition of NLRP3 activation results in potent 
therapeutic effects in a wide variety of rodent models of 
inflammatory diseases [50, 51], which have been taken 
into consideration in clinic. More approaches should 

Fig. 7  Summary of the present study. We constructed a comprehensive cellular landscape of human biventricular myocardium and blood 
from 6 end-stage heart patients with ARVC and 2 normal controls by using single-cell RNA sequencing. We identified the increased cell ratios 
of M1-macrophage, activated fibroblast, and myofibroblast in right ventricle with ARVC compared to normal control. The cell type-specific 
association with ARVC were also described. To sure robust science, we used two validation methods of the key findings of single-cell RNA 
sequencing data, including pathological staining in human heart with a larger sample size and drug intervention in an ARVC mouse model. ARVC, 
arrhythmogenic right ventricular cardiomyopathy
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be performed such as genetic disruption and another 
NLRP3 inhibitor in the future. Besides, it was meaning-
ful for ARVC drug treatment due to lack of efficient drug 
treatment, but more investigations were needed to sup-
port in the future.

Fibrosis was reported to be a common response to car-
diomyocyte injury in the heart, and ARVC was no excep-
tion [52]. Unfortunately, the molecular mechanism of 
recruiting fibrofatty tissue to the damaged myocardium 
remained poorly known. A complex network of interac-
tions promoting cardiac fibrosis was to be regarded by 
investigation into scar formation after myocardial infarc-
tion and diabetes-mellitus-induced cardiac fibrosis. It 
was reported that myocardial fibrosis predicts ventricular 
arrhythmias and sudden death, which were the leading 
cause of death in ARVC [53]. Based on the GWAS anal-
ysis, we found a strong enrichment of fibroblasts DEGs 
residing within GWAS hits of some cardiac arrhythmia 
traits, especially sudden cardiac arrest. Fibroblast activa-
tion was an inducer of cardiac fibrosis. Understanding the 
regulatory mechanism underlying fibroblast activation in 
ARVC was critical for developing effective medical thera-
pies to alleviate cardiac fibrosis and, as a result, prevent 
adverse outcomes including sudden cardiac death in 
ARVC patients. The activated fibroblast cluster FB0 was 
found to be significantly expanded in ARVC (Fig. 3D). In 
order to reveal the mechanism of activated fibroblasts, 
a total of 11 potential key genes were identified to con-
tribute into the activation of fibroblasts. Among them, 
AEBP1 has been demonstrated to be associated with 
fibrosis in DCM [12] and THBS4 has also been demon-
strated to promote skin fibrosis [54]. In our study, TNMD 
was found to be upregulated in fibroblasts of ARVC. 
TNMD was the ECM-associated gene and increased in 
human visceral adipocytes [55]. The association between 
proinflammatory immune cells such as macrophages and 
fibroblast has been reported in many disease including 
cancer [56], cardiovascular disease [12, 57], and aging 
[58]. In our study, we found that fibroblasts in AC_RV 
especially received TNF/TNFSF12 from proinflamma-
tory macrophages (Mye2), indicating that proinflamma-
tory macrophages strongly interact with fibroblast with 
the largest number of ligand–receptor pair in AC_RV 
(Fig.  5B). Besides, we found that fibroblasts could also 
interact with macrophages through MK (Fig.  5C), MK 
was reported as proinflammatory signaling pathway [59]. 
Together, these results indicated that the relationship 
of macrophage and fibroblast was more complex than 
we expected. And inhibiting NLRP3 by MCC950 could 
ameliorate the phenotype of ARVC including fibrosis, 
which also support the relationship between proinflam-
matory and fibroblasts (Additional file  2: Fig. S10A). In 
the future, more investigation should be performed to 

uncover the veil between these two cell types. As for the 
detail mechanism, how TNMD promotes cardiac fibrosis 
of ARVC need more investigation in the future.

The limitation of our study included three points: the 
small sample size of healthy controls (n = 2), the enroll-
ment of ARVC patients with end-stage heart failure 
patients, and the other was lack of in-depth mechanisms. 
First, due to the difficulty to get heart tissue, especially 
fresh and healthy heart tissue, we only collected 24 sam-
ples from 8 objects (only 2 for healthy controls) in total. 
However, such sample size was accepted in the area of 
scRNA-seq for healthy human myocardium [12, 60]. 
What is more, scRNA-seq paid more attention to the 
cell number than patients’ sample size, and we enrolled 
247,684 cells (including 198,927 cells from patients with 
ARVC) for analysis, which was hug cell number com-
pared to previous scRNA-seq studies for ARVC, no mat-
ter in animals [43] or in human [16]. In addition, key 
findings from scRNA-seq data were further validated 
by pathological staining in more human samples or by 
animal experiments to sure robust science. Second, the 
ARVC patients enrolled in the present study were end-
stage heart failure patients, meaning that the cellular 
landscape in ARVC might be affected by heart failure. 
However, it does not affect the reliability of the key con-
clusions in the study. Third, as for in-depth mechanisms, 
we have identified some key genes involved with the 
pathogenesis of immune cells (NLRP3 for macrophages) 
and fibroblasts (TNMD). Although we have investigated 
that targeting on NLRP3 with MCC950 could signifi-
cantly alleviate the cardiac phenotype in a ARVC mouse 
model, more mechanism study should be performed to 
apply in clinical practice. Especially for cellular source 
of the adipocytes and the signals inducing the formation 
of adipocytes, genetic lineage tracing approaches in pig 
models of ARVC ought to be useful in addressing this 
question, because of that mouse models of ARVC gen-
erally do not have the robust fatty involvement seen in 
humans [61, 62].

Conclusions
We provided a comprehensive analysis of the lineage-
specific changes in the blood and cardiac tissues from 
ARVC patients at a single-cell resolution. We found that 
NLRP3 contributed into the pathogenesis of ARVC via 
regulating the myeloid cells, especially the CCL3+ mac-
rophages. Pharmacological inhibition of NLRP3 could 
serve as a promising medical therapy for an early stage of 
ARVC which was characteristic with right ventricle dila-
tion and dysfunction. We also identified fibroblasts as a 
potential cellular source of adipocytes.
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