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Introduction: Kawasaki disease (KD) is an acute autoimmune vasculitis that 
predominantly affects children under 5 years of age. Although immune 
dysregulation is considered central to KD pathogenesis, the cellular 
heterogeneity and regulatory mechanisms underlying this process remain 
incompletely understood. Single-cell multi-omics technologies provide an 
opportunity to characterize immune alterations at high resolution.
Methods: Peripheral blood mononuclear cells (PBMCs) were obtained from two 
children with typical KD and two age-matched healthy controls. Integrated 
single-cell RNA sequencing (scRNA-seq) and single-cell assay for transposase-
accessible chromatin sequencing (scATAC-seq) were performed to characterize 
immune cell composition, transcriptional profiles, and chromatin accessibility. 
Comparative analyses were conducted to identify altered immune cell subsets 
and dysregulated signaling pathways in KD.
Results: Children with KD exhibited marked immune dysregulation, 
characterized by altered proportions and functional states of multiple PBMC 
subsets, including T cells, B cells, and natural killer (NK) cells. Notably, 
specific NK cell subsets were associated with the pathogenesis of intravenous 
immunoglobulin (IVIG)-resistant KD. Pathway analyses revealed significant 
dysregulation of toll-like receptor signaling, B cell and T cell receptor signaling, 
Th17 and Th1/Th2 differentiation, NK cell–mediated cytotoxicity, and platelet 
activation pathways.
Discussion: By integrating scRNA-seq and scATAC-seq data, this study 
delineates the heterogeneity of immune cell populations in KD at the 
single-cell level. The findings highlight coordinated immune and platelet 
activation pathways that may contribute to KD-associated inflammation 
and IVIG resistance. These results provide mechanistic insights into KD

 

Frontiers in Molecular Biosciences 01 frontiersin.org

https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org/journals/molecular-biosciences#editorial-board
https://doi.org/10.3389/fmolb.2026.1758948
https://crossmark.crossref.org/dialog/?doi=10.3389/fmolb.2026.1758948&domain=pdf&date_stamp=
2026-01-14
mailto:18938690175@163.com
mailto:18938690175@163.com
https://doi.org/10.3389/fmolb.2026.1758948
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fmolb.2026.1758948/full
https://www.frontiersin.org/articles/10.3389/fmolb.2026.1758948/full
https://www.frontiersin.org/articles/10.3389/fmolb.2026.1758948/full
https://www.frontiersin.org/articles/10.3389/fmolb.2026.1758948/full
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org


Fan et al. 10.3389/fmolb.2026.1758948

immunopathogenesis and suggest potential cellular and molecular targets for 
therapeutic intervention.

KEYWORDS

immunological disturbance, Kawasaki disease, scATAC-seq, ScRNA-seq, vascular 
inflammation 

1 Introduction

Kawasaki disease (KD) is an immune-mediated systemic 
vasculitis syndrome that primarily affects children under the age 
of 5 and that can lead to coronary artery lesions (CALs). It has 
become one of the most common causes of acquired heart disease 
in children in many developed countries (McCrindle et al., 2017; 
Noval et al., 2024; Jone et al., 2024). The etiology of KD 
remains unclear, and diagnosis depends mainly on clinical features 
(Cannon et al., 2023; Beltran et al., 2023; Wang et al., 2023). High-
dose intravenous immunoglobulin (IVIG) administered within 10 
days after the onset of a high fever is the standard treatment 
for KD and can significantly reduce the incidence of CALs. 
However, approximately 10%–20% of KD patients are resistant 
to IVIG and have an increased risk of developing CALs (Day-
Lewis et al., 2024; Du and Lee, 2023).

The current widely accepted view on the pathogenesis of KD 
is that it is a clinical syndrome caused by the abnormal activation 
of the autoimmune system that is triggered by one or more widely 
existing infectious agents based on certain genetic susceptibility 
(DeHaan et al., 2024; Noval and Arditi, 2020). The immune response 
during the acute phase of KD involves the activation of many 
different components of the innate and adaptive immune systems 
(Burns, 2024). Researchers have mostly found that dynamic immune 
disorders occur in patients with KD, including the enhancement of 
early innate immunity and the imbalance of Th17/Treg/CTL/B cell 
response in adaptive immunity (Chen et al., 2021).

Single-cell sequencing encompasses genomics, transcriptomics, 
epigenomics, proteomics, and metabolomics sequencing and differs 
from bulk sequencing, which provides average data. It is a powerful 
tool for deciphering cellular and molecular landscapes at a single-cell 
resolution (Lei et al., 2021; Li and Wang, 2021; Paik et al., 2020).

However, the immunopathological mechanisms of 
KD—particularly those underlying IVIG resistance—remain 
insufficiently defined, partly due to the limitations of bulk profiling 
approaches that obscure cell-type–specific regulatory signals. Given 
the marked heterogeneity of immune responses in patients with KD, 
a higher-resolution strategy is required to dissect the transcriptional 

Abbreviations: ATAC, Assay for transposase-accessible chromatin; BSA, 
Bovine serum albumin; CAL, Coronary artery lesion; DEG, Differentially 
expressed gene; GO, Gene ontology; HC, Healthy control; HIE, Hypoxic 
ischemic encephalopathy; IVIG, Intravenous immunoglobulin; KD, Kawasaki 
disease; KEGG, Kyoto Encyclopedia of Genes and Genomes; NK, Natural 
killer (cell); PBS, Phosphate-buffered saline; PBMC, Peripheral blood 
mononuclear cell; QC, Quality control; scATAC-seq, Single-cell assay 
for transposase-accessible chromatin sequencing; scRNA-seq, Single-
Cell RNA Sequencing; Treg, Regulatory T cell; UMAP, Uniform manifold 
approximation and projection; WBC, White blood cell; NEUT, Neutrophil 
count; LYM, Lymphocyte count; MONO, Monocyte count.

and epigenetic dynamics at the single-cell level. Single-cell RNA 
sequencing (scRNA-seq) and assay for transposase-accessible 
chromatin sequencing (scATAC-seq) enable the simultaneous 
exploration of gene expression and chromatin accessibility across 
individual immune cell subsets. Therefore, we performed an 
integrated scRNA-seq and scATAC-seq analysis to characterize 
the immune landscape of KD and to uncover molecular features 
associated with IVIG resistance. 

2 Materials and methods

Four children aged 3–5 years were enrolled in the study, 
including two patients with acute KD and two age-matched healthy 
controls undergoing routine well-child evaluations. Participants 
were recruited from Shenzhen Children's Hospital and the Third 
People's Hospital of Longgang District. The diagnosis of KD was 
based on the criteria of the American Heart Association. Two-
dimensional echocardiography was performed during both the 
acute and convalescent phases to assess cardiac function and 
coronary artery status. Neither KD patient developed coronary 
aneurysms within 1 month of onset. Clinical characteristics are 
summarized in Tables 1, 2. Peripheral blood samples (2 mL) 
were collected from all subjects. KD patients' blood was drawn 
during the acute phase and prior to the initiation of intravenous 
immunoglobulin or corticosteroid therapy. 

2.1 Cell and nuclei suspension preparation 
and single-cell RNA and ATAC library 
construction

Blood samples (3 mL per participant) were diluted with an 
equal volume of phosphate-buffered saline (PBS). Peripheral blood 
mononuclear cells (PBMCs) were isolated using Ficoll-Paque PLUS 
at a 1:1 ratio. The cell pellets were resuspended in 1 mL PBS 
supplemented with 0.04% bovine serum albumin (BSA) and then 
filtered through a 40-µm Flowmi cell strainer to obtain a single-
cell suspension. A hemocytometer was employed to ascertain 
the cell concentration. The PBMCs were transferred to a 2 mL 
microcentrifuge tube, and a chilled lysis buffer (10 mM Tris-HCl, 
3 mM MgCl2, 10 mM NaCl, 0.1% Tween-20, 0.1% Nonidet P40 
substitute, 1% BSA) was added to achieve a uniform nuclear 
suspension.

For the scRNA-seq, cellular suspensions from the patients 
with KD and the healthy controls were mixed in equal volumes 
and diluted to a concentration of 1 × 106 cells/mL. Subsequently, 
the cell suspension was processed on the 10x Genomics 
platform to generate barcoded complementary DNA libraries 
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TABLE 1  Clinical information on children with Kawasaki disease (KD group) and healthy children (HC group).

Characteristic KD group HC group

Patient 1 Patient 2 Case 1 Case 2

Age (years) 4 5 3 3

Gender Female Male Female Male

Symptoms Fever, rash, bilateral bulbar conjunctival injection 
without exudate, strawberry tongue, cervical 
lymphadenopathy, IVIG resistance

Fever, rash, bilateral bulbar conjunctival injection without 
exudate, strawberry tongue, cervical lymphadenopathy

Normal Normal

TABLE 2  Laboratory information on children with Kawasaki disease (KD 
group) and healthy children (HC group).

Laboratory 
parameter

KD group HC group

Patient 1 Patient 2 Case 1 Case 2

WBC (×109/L) 12.56 12.86 7.9 6.6

NEUT (×109/L) 10.03 9.97 3.9 3.0

LYM (×109/L) 1.62 1.76 3.3 2.6

MONO (×109/L) 0.56 1.09 0.52 0.78

for individual cells (Wang et al., 2021a). The scATAC-seq was 
conducted using the 10x Genomics Single Cell ATAC Reagent v1.1 
kit according to the manufacturer's protocol. Library concentrations 
were quantified using a Qubit ssDNA Assay Kit. The libraries were 
sequenced using an MGISEQ-2000 sequencer. 

2.2 ScRNA-seq data analysis

Raw sequencing data (FASTQ files) were processed using Cell 
Ranger (v5.0.1) from 10x Genomics to generate a gene expression 
matrix. Subsequently, downstream analysis was performed using 
the Seurat R package (v3.2.0). Raw FASTQ files were meticulously 
filtered, demultiplexed, and aligned to the hg38 reference genome. 
Subsequently, gene quantification was meticulously carried out 
using CellRanger (version 5.0.1), yielding filtered gene–barcode 
matrices. These matrices served as the foundation for the creation 
of a Seurat object. The scRNA-seq data were subjected to a rigorous 
standard processing workflow, which included quality control (QC), 
data normalization, and scaling, all performed using Seurat (version 
3.0.2). Cells of inferior quality, characterized by unique feature 
counts below 200 or exceeding 90% of the most abundant gene 
counts, as well as those with mitochondrial counts in the top 15%, 
were meticulously excluded. To identify highly variable genes, we 
employed the DoubletDetection (version 3.0) package. The default 
setting returned 2,000 features per dataset. The top 15 principal 
components were selected for dimensionality reduction and utilized 
in uniform manifold approximation and projection (UMAP) 
visualization and clustering analyses. Cell clustering was executed 

based on the CellMarker database (http://biocc.hrbmu.edu.cn/
CellMarker/Index.jsp), leading to the delineation of 17 distinct cell 
clusters. To uncover differentially expressed genes (DEGs) between 
these clusters, the FindMarkers function was applied with the default 
parameters—that is, a Benjamini–Hochberg adjusted p-value of < 
0.05 in the Wilcoxon rank-sum test and a log2 fold change greater 
than 0.25. For each cluster, the marker genes were identified using 
the FindAllMarkers function in the Seurat package, and then the 
cell type was annotated by the SCSA method based on published 
KD-related marker gene sets. 

2.3 ScATAC-seq data analysis

The scATAC-seq reads were matched to the GRCh38 reference 
genome and quantified using the CellRanger count pipeline. We 
used Signac (https://satijalab.org/signac/) to process the QC of cells 
and peaks with peak_region_fragments greater than 1,000, peak_
region_fragments lower than 20,000, pct_reads_in_peaks greater 
than 15, a blacklist_ratio lower than 0.05, and a nucleosome_
signal lower than 10. For each subpopulation-specific peak, the 
screening criteria were only. pos = TRUE, min. pct = 0.25, and 
logfc. threshold = 0.25. Nonlinear dimensionality reduction analysis 
was performed based on the UMAP algorithm, and graph-based 
algorithms were used to cluster cells into several categories. Each 
cluster was annotated with marker peaks, the marker peaks were 
associated with genes, the two most significant marker peaks 
associated with genes in each cluster were selected for annotation, 
and the clusters were reannotated with the CellMarker database. 

2.4 Integrated analysis of scRNA-seq and 
scATAC-seq datasets

Gene activity was calculated by quantifying fragments within 
the 2 kb upstream region and gene body, serving as a measure 
of chromatin accessibility and enabling correlation analysis 
with gene expression. scATAC-seq and scRNA-seq data were 
integrated using Seurat's canonical correlation analysis (CCA) 
via the FindTransferAnchors function (dims = 1:30, reduction = 
“cca”), based on the top 2,000 variable genes identified by the 
FindVariableFeatures function. Cell-type annotations from scRNA-
seq were subsequently transferred to scATAC-seq cells using the 
TransferData function. To generate a co-embedded UMAP, we 
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applied the FindIntegrationAnchors (anchor.features = 2,000, 
dims = 1:30) and IntegrateData (dims = 1:30) functions in 
Seurat. Peak-to-gene links were identified following previously 
described methods (Granja et al., 2019), based on significant 
trans-correlations after null model adjustment. 

2.5 Enrichment analysis and peak 
associated genes

KEGG pathway and GO enrichment analyses of DEGs were 
completed using the Dr. Tom platform (Shao et al., 2022). By 
utilizing FindAllMarkers software to analyze the scATAC clustering 
subgroups, we obtained the marker peaks for each subgroup. The 
top-ranked peak, defined by the highest avg_logFC value, was 
selected, and the corresponding genes were assigned according to 
its genomic position. 

3 Results

3.1 Cell-type annotation of scRNA-seq and 
scATAC-seq clusters

We generated scRNA-seq and scATAC-seq profiles for PBMC 
samples from the healthy control (HC) and KD groups to 
obtain specific transcriptional profiles for each immune cell 
subpopulation. After a rigorous QC (Figure 1A), 85,514 cells 
were clustered into 17 PBMC subgroups in the scRNA-seq data 
(Figure 1B). The 17 clusters were then annotated into 3 B cells 
(CCSER1, PCDH9, and SOX5), CD1C–CD141–dendritic cells 
(SLC8A1), CD8+T cells (NELL2), naive T cells (PLCL1), six natural 
killer (NK) cells (AC243829.2, AL136456.1, ATP8B4, DIAPH3, 
GNLY, and JCHAIN), plasmacytoid dendritic cells (IGLC2), 
regulatory T (treg) cells (RBMS3), and 3 T cells (IFNG−AS1, 
NELL2, and TSHZ2). We obtained 30 cell clusters generated 
from the scATAC-seq data, but six subgroups could not be 
annotated. As shown in Figure 1C, SLC16A7+ cells, monocytes, 
hematopoietic stem cells, astrocytes, natural killer T (NKT) 
cells, trophectoderm cells, and oogenesis-phase fetal germ cells 
were dominant clusters. We found that in the HC group, the 
SLC16A7+ and trophectoderm cell subpopulations were obviously 
more abundant than in the KD group, while the situation 
for monocytes was the opposite (Supplementary Figure S1). In 
addition, we annotated 17 cell clusters generated from the scRNA-
seq data by integrating the scRNA-seq and scATAC-seq matrices. 
We identified these corresponding scATAC-seq clusters as naive T 
cells, B cells, T cells, and NK cells, closely resembling the annotation 
results obtained from the scRNA-seq analysis (Figure 1D). The cell-
type–specific marker genes and the proportions of each cell subset 
are shown in Figure 1E.

3.2 Epigenetically and transcriptionally 
distinct cell subpopulations in KD

To better understand the changes in the biological processes of 
PBMC subgroups during KD, we assessed the enrichment degree 

of pathways for each PBMC subset based on the DEG matrix. The 
findings indicate that among the 18 pathways enriched, 11 were 
related to the immune system, from the toll-like receptor signaling 
pathway to the B cell receptor signaling pathway, corresponding 
to the functional descriptions in the lower central area of the 
bubble chart. The VEGF signaling pathway was absent for the 3 B 
cell subtypes. The immune-related pathways for all PBMC subsets 
included Th17 cell differentiation, the T cell receptor signaling 
pathway, the chemokine signaling pathway, the B cell receptor 
signaling pathway, the C-type lectin receptor signaling pathway, 
Th1 and Th2 cell differentiation, hematopoietic cell lineage, NK-
cell−mediated cytotoxicity, and platelet activation (Figures 2A–D).

3.3 Comparison of single-cell sequencing 
results in two children with Kawasaki 
disease

During treatment, two patients with KD were identified: One 
was IVIG responsive and one was IVIG resistant. To investigate 
the immunological basis of the treatment response, we compared 
their single-cell gene expression profiles. Among the 16 identified 
immune cell subsets (Figure 3A), a total of 3,195 DEGs were 
detected, with NK cells showing the highest DEG burden (471 
upregulated and 1,110 downregulated genes). Subsequently, we 
performed intersection and union set analyses for five types of B 
and T cell subsets and five types of NK cell subsets, obtaining 421 
and 389 DEGs, respectively (Figures 3B,D). Given the differences 
in treatment response, we focused on the molecular functions 
of these DEGs in the GO enrichment analysis. Among the 
GO terms of the two groups (Figures 3C,E), the majority were 
related to binding functions. Among the NK cell subsets, there 
were a significant number of differentially expressed GO terms. 
Additionally, in the functional enrichment of the two groups, 
functions such as the structural constituent of ribosome, RNA 
binding, protein binding, mRNA 5′-UTR binding, ubiquitin ligase 
inhibitor activity, and cadherin binding were shared by 10 cellular
subsets.

4 Discussion

KD is a common acute vasculitis in children that usually affects 
those under 5 years of age. Approximately 25% of untreated children 
will develop coronary artery aneurysms. KD cases have been 
reported worldwide, and it is the leading cause of acquired heart 
disease in children in developed countries (Jone et al., 2024; Rife and 
Gedalia, 2020; Aggarwal et al., 2023; Watts et al., 2022). Currently, 
there is increasing evidence that the pathogenesis of KD is caused by 
abnormal and unbalanced innate and adaptive immune responses 
(Goel and Yalcindag, 2024; Kumrah et al., 2020; Wang et al., 2021b). 
Our study aimed to further characterize the cellular and molecular 
landscapes of acute immune dysregulation in KD through single-cell 
multi-omics sequencing.

KD exhibits complex immune cell dysregulation, including 
a range of immune cell types (Giryes and McGonagle, 2023; 
Saadoun et al., 2021). Using single-cell sequencing technology, it 
was further confirmed that KD patients have immune cell disorders 

Frontiers in Molecular Biosciences 04 frontiersin.org

https://doi.org/10.3389/fmolb.2026.1758948
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org


Fan et al. 10.3389/fmolb.2026.1758948

FIGURE 1
Cell-type identification of single-cell RNA sequencing (scRNA-seq) and single-cell assay for transposase-accessible chromatin sequencing 
(scATAC-seq) clusters. (A) Flowchart of the study and results of the data quality control. (B) Uniform manifold approximation and projection (UMAP) 
plots visualizing clusters of peripheral blood mononuclear cells (PBMCs) derived from scRNA-seq data. (C) UMAP plot visualizing clusters of PBMCs 
derived from scATAC-seq data. (D) UMAP plots visualizing clusters. (E) UMAP plots showing representative marker gene expression levels in PBMC 
subpopulations.
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FIGURE 2
Changes in the biological process of PBMC subpopulations based on scRNA-seq data. (A) UpSet diagram illustrating the comprehensive comparative 
analysis of differentially expressed genes (DEGs) across PBMC subpopulations in the Kawasaki disease (KD) and healthy control (HC) groups. The lateral 
bars on the left side of the diagram denote the number of DEGs for each PBMC subpopulation. Each hue corresponds to a distinct PBMC cluster. The 
singular points represent DEGs set to a particular cell group, while the connecting lines signify the overlap of DEGs among different PBMC 
subpopulations. The vertical bars represent the counts of DEGs within their respective DEG sets. (B) Bar chart of the percentage composition of PBMC 
subpopulations based on scRNA-seq. (C) Heat map showing the expression levels of the common DEGs (98 genes) in the 17 PBMC subpopulations. 
The expression level has been standardized, with red indicating high expression and blue-gray indicating low expression. (D) KEGG enrichment analysis 
of DEGs in all PBMC subpopulations. The dot size denotes the enrichment factor. The color bars show the p-values.

at the single-cell level (Geng et al., 2021; Sharma et al., 2024; 
Lin et al., 2024; Liu et al., 2023). We identified different immune 
cell clusters, including T cells, B cells, NK cells, and dendritic cells. 

Furthermore, we observed significant differences in the distribution 
and activation status of these immune cell subsets compared with 
the HCs. These findings support the idea that KD is characterized 
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FIGURE 3
Differences in the molecular function of PBMC subpopulations based on the scRNA-seq data. (A) Bar plot showing the DEGs of each cluster in two KD 
patients. (B) Venn diagram of DEGs for 2 T cell clusters and 3 B cell clusters in two patients. (C) Bubble chart of GO enrichment analysis for molecular 
functions (TOP 20) of the intersection of DEGs (421) among 5 T cell and B cell clusters. (D) Venn diagram of DEGs for five natural killer (NK) cell clusters 
in two patients. (E) Bubble chart of GO enrichment analysis for molecular functions (TOP 20) of the intersection of DEGs (379) among the five NK 
cell clusters.

by a dysregulated immune response involving multiple immune 
cell types.

By observing the enrichment degree of pathways for each PBMC 
subset based on the DEG matrix, we found that most of the 
enriched pathways were related to the immune system, which is 
consistent with previous research results. Including the toll-like 
receptor signaling pathway, the B cell receptor signaling pathway, 
the T cell receptor signaling pathway, Th17 cell differentiation, Th1 
and Th2 cell differentiation, the chemokine signaling pathway, the 

C-type lectin receptor signaling pathway, hematopoietic cell lineage, 
natural killer cell-mediated cytotoxicity, and platelet activation, a 
series of pathways is involved in the immune response process in the 
acute phase of KD, which may lead to excessive inflammation and 
vascular damage in this disease (Folga et al., 2023; Chen et al., 2024a; 
Cao et al., 2023; Schnell et al., 2023).

Although intravenous immunoglobulin combined with 
aspirin is currently the standard treatment for KD, 10%–20% of 
children do not respond to this treatment (Broderick et al., 2023; 
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Chen et al., 2023). The early identification of IVIG-resistant KD 
patients is helpful in providing active intensive treatment as soon 
as possible, which reduces the rate of IVIG resistance and CAL 
incidence and improves patient prognosis (Zheng et al., 2024).

Lymphocyte subsets are key components of the innate immune 
system and important indicators for assessing the function of cellular 
and humoral immunity (Fan et al., 2021; Kim et al., 2023). Studies 
have shown that lymphocyte subsets are involved in the development 
of a variety of immune diseases and can be used to monitor 
the progression and treatment outcomes of autoimmune diseases 
(Chen et al., 2024b). We selected two patients with KD: one of whom 
responded well to IVIG treatment and one of whom did not. Single-
cell RNA sequencing analysis of PBMCs from the two KD patients 
showed that the NK cell subset had the highest number of DEGs 
and a large number of differentially expressed GO terms, most of 
which were related to biomolecule-binding functions. Research has 
indicated that NK cell cytotoxicity and cytokine secretion are related 
to IVIG-resistant KD (Yang et al., 2024). Studying the mechanisms 
of NK cells and other lymphocyte subsets in the pathogenesis of 
IVIG-resistant KD and finding novel marker genes and regulatory 
networks will provide new directions for the early identification of 
new therapeutic targets in the future.

Although this approach enabled us to generate hypotheses 
regarding disease pathogenesis, the present study has several 
limitations. First, the sample size was limited, and a substantial 
proportion of low-quality or low-abundance cells was excluded 
during quality control to ensure analytical robustness. As a 
result, inter-individual heterogeneity in immune and epigenetic 
responses may not be fully captured, which may restrict the 
generalizability of the findings to broader KD populations. 
Therefore, the current results should be interpreted as exploratory 
and hypothesis-generating, and further validation through the 
enrollment of larger, independent cohorts will be necessary 
to consolidate these conclusions. Second, the analysis relied 
primarily on omics-based data without orthogonal experimental 
validation. While high-throughput sequencing provides an unbiased 
framework for discovery, future studies should incorporate 
complementary experimental approaches, such as quantitative real-
time PCR to validate differentially expressed genes and chromatin 
immunoprecipitation assays to confirm transcriptional regulatory 
relationships. 

5 Conclusion

Integrated single-cell RNA and chromatin accessibility analysis 
revealed immune cell heterogeneity in children with KD and 
enabled the investigation of its pathogenesis at a single-cell 
resolution. Dysregulated pathways related to inflammation and 
platelet activation were identified. These findings advance our 
understanding of KD immunopathogenesis and point to potential 
molecular targets for therapeutic intervention.

Data availability statement

The datasets generated and analyzed during this study are not 
publicly available due to ethical and privacy restrictions but are 

available from the corresponding author upon reasonable request 
and with permission from the Ethics Committee of Shenzhen 
Children's Hospital.

Ethics statement

The studies involving humans were approved by Ethics 
Committee of Shenzhen Children's Hospital. The studies were 
conducted in accordance with the local legislation and institutional 
requirements. Written informed consent for participation in this 
study was provided by the participant's legal guardians/next
of kin.

Author contributions

XF: Data curation, Investigation, Methodology, Writing – review 
and editing, Resources, Formal Analysis, Project administration, 
Funding acquisition, Writing – original draft. SD: Formal 
Analysis, Writing – review and editing, Writing – original 
draft, Software, Visualization, Data curation, Investigation, 
Conceptualization. YX: Writing – original draft, Software, 
Writing – review and editing, Investigation, Validation. BW: 
Validation, Writing – original draft, Investigation, Resources, 
Writing – review and editing. XG: Writing – review and 
editing, Investigation, Writing – original draft, Methodology. 
JL: Methodology, Writing – original draft, Writing – review 
and editing, Investigation, Validation. MX: Funding acquisition, 
Project administration, Validation, Resources, Writing – review 
and editing, Supervision, Writing – original draft, Investigation,
Conceptualization. 

Funding

The author(s) declared that financial support was received 
for this work and/or its publication. This work was supported 
by grants from the National Natural Science Foundation of 
China (82500405), National Natural Science Foundation of China 
(81870364), Guangdong Pharmaceutical University Shenzhen 
Hospital (Longgang) and Guangdong Pharmaceutical University 
Joint Fund (University joint fund) project (LGSY 202302), Special 
Fund for Medical and Health Technology Innovation Projects, 
Longgang District Science and Technology Innovation Program, 
Shenzhen (Funding Grant:LGKCYLWS2022035, Non-Funding 
Grant: LGWJ2024-93), Key Medical Discipline Construction Site 
in Longgang District. The Shenzhen Science and Technology 
Project (no. JCYJ20190809164004023), and the Shenzhen Fund 
for Guangdong Provincial High level Clinical Key Specialties (no. 
SZGSP012).

Acknowledgements

We thank Beijing Genomics Institution Co. Ltd. For assistance 
in the data analysis.

Frontiers in Molecular Biosciences 08 frontiersin.org

https://doi.org/10.3389/fmolb.2026.1758948
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org


Fan et al. 10.3389/fmolb.2026.1758948

Conflict of interest

The author(s) declared that this work was conducted in the 
absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Generative AI statement

The author(s) declared that generative AI was not used in the 
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in 
this article has been generated by Frontiers with the support of 
artificial intelligence and reasonable efforts have been made to 
ensure accuracy, including review by the authors wherever possible. 
If you identify any issues, please contact us.

Publisher's note

All claims expressed in this article are solely those 
of the authors and do not necessarily represent those of 
their affiliated organizations, or those of the publisher, 
the editors and the reviewers. Any product that may be 
evaluated in this article, or claim that may be made by 
its manufacturer, is not guaranteed or endorsed by the
publisher.

Supplementary material

The Supplementary Material for this article can be 
found online at: https://www.frontiersin.org/articles/10.3389/
fmolb.2026.1758948/full#supplementary-material

References

Aggarwal, R., Pilania, R. K., Sharma, S., Kumar, A., Dhaliwal, M., Rawat, A., et al. 
(2023). Kawasaki disease and the environment: an enigmatic interplay. Front. Immunol.
14, 1259094. doi:10.3389/fimmu.2023.1259094

Beltran, J. V. B., Lin, F., Chang, C., and Ko, T. (2023). Single-cell meta-analysis of 
neutrophil activation in Kawasaki disease and multisystem inflammatory syndrome in 
children reveals potential shared immunological drivers. Circulation 148, 1778–1796. 
doi:10.1161/CIRCULATIONAHA.123.064734

Broderick, C., Kobayashi, S., Suto, M., Ito, S., and Kobayashi, T. (2023). Intravenous 
immunoglobulin for the treatment of Kawasaki disease. Cochrane Database Syst. Rev. 1, 
CD014884. doi:10.1002/14651858.CD014884.pub2

Burns, J. C. (2024). The etiologies of Kawasaki disease. J. Clin. Invest 134, 134. 
doi:10.1172/JCI176938

Cannon, L., Campbell, M. J., and Wu, E. Y. (2023). Multisystemic inflammatory 
syndrome in children and Kawasaki disease: parallels in pathogenesis and treatment. 
Curr. Allergy Asthma Rep. 23, 341–350. doi:10.1007/s11882-023-01083-0

Cao, N., Ouyang, H., Zhang, X., Xu, Y., Li, J., and Chen, Y. (2023). Integration of scrna-
seq and bulk rna-seq uncover perturbed immune cell types and pathways of Kawasaki 
disease. Front. Immunol. 14, 1259353. doi:10.3389/fimmu.2023.1259353

Chen, M. R., Kuo, H. C., Lee, Y. J., Chi, H., Li, S. C., Lee, H. C., et al. (2021). Phenotype, 
susceptibility, autoimmunity, and immunotherapy between Kawasaki disease and 
coronavirus disease-19 associated multisystem inflammatory syndrome in children. 
Front. Immunol. 12, 632890. doi:10.3389/fimmu.2021.632890

Chen, J., Liao, J., Xiang, L., Zhang, S., and Yan, Y. (2023). Current knowledge of tnf-α 
monoclonal antibody infliximab in treating Kawasaki disease: a comprehensive review. 
Front. Immunol. 14, 1237670. doi:10.3389/fimmu.2023.1237670

Chen, Y., Yang, M., Zhang, M., Wang, H., Zheng, Y., Sun, R., et al. (2024a). 
Single-cell transcriptome reveals potential mechanisms for coronary artery 
lesions in Kawasaki disease. Arteriosclerosis, Thrombosis, Vasc. Biol. 44, 866–882. 
doi:10.1161/ATVBAHA.123.320188

Chen, R., Li, C., Zheng, J., Fan, Z., Li, L., Chen, M., et al. (2024b). Lymphocyte 
subsets for predicting inflammatory bowel disease progression and treatment response: 
a systematic review. Front. Immunol. 15, 1403420. doi:10.3389/fimmu.2024.1403420

Day-Lewis, M., Son, M., and Lo, M. S. (2024). Kawasaki disease: 
contemporary perspectives. Lancet Child. Adolesc. Health 8, 781–792. 
doi:10.1016/S2352-4642(24)00169-X

DeHaan, L. L., Copeland, C. D., Burney, J. A., Nakamura, Y., Yashiro, M., Shimizu, 
C., et al. (2024). Age-dependent variations in Kawasaki disease incidence in Japan. Jama 
Netw. Open 7, e2355001. doi:10.1001/jamanetworkopen.2023.55001

Du, Y., and Lee, P. Y. (2023). At the heart of treating Kawasaki disease: the search 
for new approaches to prevent coronary artery aneurysms. Arthritis Rheumatol. 75, 
149–152. doi:10.1002/art.42346

Fan, X., Zhou, Y., Guo, X., and Xu, M. (2021). Utilizing single-cell rna sequencing for 
analyzing the characteristics of pbmc in patients with Kawasaki disease. Bmc Pediatr.
21, 277. doi:10.1186/s12887-021-02754-5

Folga, B. A., Karpenko, C. J., and Grygiel-Górniak, B. (2023). SARS-cov-2 infection in 
the context of Kawasaki disease and multisystem inflammatory syndrome in children. 
Med. Microbiol. Immunol. 212, 3–12. doi:10.1007/s00430-022-00756-3

Geng, Z., Tao, Y., Zheng, F., Wu, L., Wang, Y., Wang, Y., et al. (2021). Altered monocyte 
subsets in Kawasaki disease revealed by single-cell rna-sequencing. J. Inflamm. Res. 14, 
885–896. doi:10.2147/JIR.S293993

Giryes, S., and McGonagle, D. (2023). Immune and non-immune mechanisms that 
determine vasculitis and coronary artery aneurysm topography in Kawasaki disease and 
mis-c. Autoimmun. Rev. 22, 103240. doi:10.1016/j.autrev.2022.103240

Goel, A. R., and Yalcindag, A. (2024). An update on Kawasaki disease. Curr. 
Rheumatol. Rep. 27, 4. doi:10.1007/s11926-024-01167-4

Granja, J. M., Klemm, S., McGinnis, L. M., Kathiria, A. S., Mezger, A., Corces, M. R., 
et al. (2019). Single-cell multiomic analysis identifies regulatory programs in mixed-
phenotype acute leukemia. Nat. Biotechnol. 37, 1458–1465. doi:10.1038/s41587-019-
0332-7

Jone, P. N., Tremoulet, A., Choueiter, N., Dominguez, S. R., Harahsheh, A. S., 
Mitani, Y., et al. (2024). Update on diagnosis and management of Kawasaki disease: 
a scientific statement from the american heart association. Circulation 150, e481–e500. 
doi:10.1161/CIR.0000000000001295

Kim, Y., Greenleaf, W. J., and Bendall, S. C. (2023). Systems biology approaches 
to unravel lymphocyte subsets and function. Curr. Opin. Immunol. 82, 102323. 
doi:10.1016/j.coi.2023.102323

Kumrah, R., Vignesh, P., Rawat, A., and Singh, S. (2020). Immunogenetics of 
Kawasaki disease. Clin. Rev. Allergy Immunol. 59, 122–139. doi:10.1007/s12016-020-
08783-9

Lei, Y., Tang, R., Xu, J., Wang, W., Zhang, B., Liu, J., et al. (2021). Applications of 
single-cell sequencing in cancer research: progress and perspectives. J. Hematol. Oncol.
14, 91. doi:10.1186/s13045-021-01105-2

Li, X., and Wang, C. Y. (2021). From bulk, single-cell to spatial rna sequencing. Int. J. 
Oral Sci. 13, 36. doi:10.1038/s41368-021-00146-0

Lin, Q., Wang, Z., Ding, G., Li, G., Chen, L., Qiu, Q., et al. (2024). The 
mechanism underlying b-cell developmental dysfunction in Kawasaki disease 
based on single-cell transcriptomic sequencing. Front. Immunol. 15, 1438640. 
doi:10.3389/fimmu.2024.1438640

Liu, X., Luo, T., Fan, Z., Li, J., Zhang, Y., Lu, G., et al. (2023). Single cell rna-
seq resolution revealed ccr1(+)/sell(+)/xaf(+) cd14 monocytes mediated vascular 
endothelial cell injuries in Kawasaki disease and covid-19. Biochim. Biophys. Acta Mol. 
Basis Dis. 1869, 1869. doi:10.1016/j.bbadis.2023.166707

McCrindle, B. W., Rowley, A. H., Newburger, J. W., Burns, J. C., Bolger, A. F., Gewitz, 
M., et al. (2017). Diagnosis, treatment, and long-term management of Kawasaki disease: 
a scientific statement for health professionals from the american heart association. 
Circulation 135, e927–e999. doi:10.1161/CIR.0000000000000484

Noval, R. M., and Arditi, M. (2020). Kawasaki disease: pathophysiology and insights 
from mouse models. Nat. Rev. Rheumatol. 16, 391–405. doi:10.1038/s41584-020-0426-0

Noval, R. M., Kocatürk, B., Franklin, B. S., and Arditi, M. (2024). Platelets in 
Kawasaki disease: mediators of vascular inflammation. Nat. Rev. Rheumatol. 20, 
459–472. doi:10.1038/s41584-024-01119-3

Paik, D. T., Cho, S., Tian, L., Chang, H. Y., and Wu, J. C. (2020). Single-cell rna 
sequencing in cardiovascular development, disease and medicine. Nat. Rev. Cardiol. 17, 
457–473. doi:10.1038/s41569-020-0359-y

Frontiers in Molecular Biosciences 09 frontiersin.org

https://doi.org/10.3389/fmolb.2026.1758948
https://www.frontiersin.org/articles/10.3389/fmolb.2026.1758948/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmolb.2026.1758948/full#supplementary-material
https://doi.org/10.3389/fimmu.2023.1259094
https://doi.org/10.1161/CIRCULATIONAHA.123.064734
https://doi.org/10.1002/14651858.CD014884.pub2
https://doi.org/10.1172/JCI176938
https://doi.org/10.1007/s11882-023-01083-0
https://doi.org/10.3389/fimmu.2023.1259353
https://doi.org/10.3389/fimmu.2021.632890
https://doi.org/10.3389/fimmu.2023.1237670
https://doi.org/10.1161/ATVBAHA.123.320188
https://doi.org/10.3389/fimmu.2024.1403420
https://doi.org/10.1016/S2352-4642(24)00169-X
https://doi.org/10.1001/jamanetworkopen.2023.55001
https://doi.org/10.1002/art.42346
https://doi.org/10.1186/s12887-021-02754-5
https://doi.org/10.1007/s00430-022-00756-3
https://doi.org/10.2147/JIR.S293993
https://doi.org/10.1016/j.autrev.2022.103240
https://doi.org/10.1007/s11926-024-01167-4
https://doi.org/10.1038/s41587-019-0332-7
https://doi.org/10.1038/s41587-019-0332-7
https://doi.org/10.1161/CIR.0000000000001295
https://doi.org/10.1016/j.coi.2023.102323
https://doi.org/10.1007/s12016-020-08783-9
https://doi.org/10.1007/s12016-020-08783-9
https://doi.org/10.1186/s13045-021-01105-2
https://doi.org/10.1038/s41368-021-00146-0
https://doi.org/10.3389/fimmu.2024.1438640
https://doi.org/10.1016/j.bbadis.2023.166707
https://doi.org/10.1161/CIR.0000000000000484
https://doi.org/10.1038/s41584-020-0426-0
https://doi.org/10.1038/s41584-024-01119-3
https://doi.org/10.1038/s41569-020-0359-y
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org


Fan et al. 10.3389/fmolb.2026.1758948

Rife, E., and Gedalia, A. (2020). Kawasaki disease: an update. Curr. Rheumatol. Rep.
22, 75. doi:10.1007/s11926-020-00941-4

Saadoun, D., Vautier, M., and Cacoub, P. (2021). Medium- and large-vessel vasculitis. 
Circulation 143, 267–282. doi:10.1161/CIRCULATIONAHA.120.046657

Schnell, A., Littman, D. R., and Kuchroo, V. K. (2023). T(h)17 cell heterogeneity 
and its role in tissue inflammation. Nat. Immunol. 24, 19–29. doi:10.1038/s41590-022-
01387-9

Shao, C., Liu, Y., Li, J., Liu, Z., Zhao, Y., Jing, Y., et al. (2022). Up-regulated il-17 and 
tnf signaling in bone marrow cells of young male osteogenesis imperfecta mice. Peerj
10, e13963. doi:10.7717/peerj.13963

Sharma, S., Goel, S., Goyal, T., Pilania, R. K., Aggarwal, R., Kaur, T., et al. 
(2024). Single-cell rna sequencing: an emerging tool revealing dysregulated 
innate and adaptive immune response at single cell level in Kawasaki 
disease. Expert Rev. Clin. Immunol. 21, 1–10. doi:10.1080/1744666X.2024.
2401105

Wang, X., He, Y., Zhang, Q., Ren, X., and Zhang, Z. (2021a). Direct comparative 
analyses of 10x genomics chromium and smart-seq2. Genomics Proteomics Bioinforma.
19, 253–266. doi:10.1016/j.gpb.2020.02.005

Wang, Z., Xie, L., Ding, G., Song, S., Chen, L., Li, G., et al. (2021b). Single-cell 
rna sequencing of peripheral blood mononuclear cells from acute Kawasaki disease 
patients. Nat. Commun. 12, 5444. doi:10.1038/s41467-021-25771-5

Wang, H., Shimizu, C., Bainto, E., Hamilton, S., Jackson, H. R., Estrada-Rivadeneyra, 
D., et al. (2023). Subgroups of children with Kawasaki disease: a data-driven cluster 
analysis. Lancet Child. Adolesc. Health 7, 697–707. doi:10.1016/S2352-4642(23)00166-9

Watts, R. A., Hatemi, G., Burns, J. C., and Mohammad, A. J. (2022). Global 
epidemiology of vasculitis. Nat. Rev. Rheumatol. 18, 22–34. doi:10.1038/s41584-021-
00718-8

Yang, M., Chen, Y., Feng, C., Zhang, M., Wang, H., Zheng, Y., et al. (2024). Single-cell 
rna sequencing uncovers molecular mechanisms of intravenous immunoglobulin 
plus methylprednisolone in Kawasaki disease: attenuated monocyte-driven 
inflammation and improved nk cell cytotoxicity. Front. Immunol. 15, 1455925. 
doi:10.3389/fimmu.2024.1455925

Zheng, Y., Zhou, Y., Zhu, D., Fu, X., Xie, C., Sun, S., et al. (2024). Single-cell 
mapping of peripheral blood mononuclear cells reveals key transcriptomic changes 
favoring coronary artery lesion in ivig-resistant Kawasaki disease. Heliyon 10, e37857. 
doi:10.1016/j.heliyon.2024.e37857

Frontiers in Molecular Biosciences 10 frontiersin.org

https://doi.org/10.3389/fmolb.2026.1758948
https://doi.org/10.1007/s11926-020-00941-4
https://doi.org/10.1161/CIRCULATIONAHA.120.046657
https://doi.org/10.1038/s41590-022-01387-9
https://doi.org/10.1038/s41590-022-01387-9
https://doi.org/10.7717/peerj.13963
https://doi.org/10.1080/1744666X.2024.2401105
https://doi.org/10.1080/1744666X.2024.2401105
https://doi.org/10.1016/j.gpb.2020.02.005
https://doi.org/10.1038/s41467-021-25771-5
https://doi.org/10.1016/S2352-4642(23)00166-9
https://doi.org/10.1038/s41584-021-00718-8
https://doi.org/10.1038/s41584-021-00718-8
https://doi.org/10.3389/fimmu.2024.1455925
https://doi.org/10.1016/j.heliyon.2024.e37857
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org

	1 Introduction
	2 Materials and methods
	2.1 Cell and nuclei suspension preparation and single-cell RNA and ATAC library construction
	2.2 ScRNA-seq data analysis
	2.3 ScATAC-seq data analysis
	2.4 Integrated analysis of scRNA-seq and scATAC-seq datasets
	2.5 Enrichment analysis and peak associated genes

	3 Results
	3.1 Cell-type annotation of scRNA-seq and scATAC-seq clusters
	3.2 Epigenetically and transcriptionally distinct cell subpopulations in KD
	3.3 Comparison of single-cell sequencing results in two children with Kawasaki disease

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgements
	Conflict of interest
	Generative AI statement
	Publisher's note
	Supplementary material
	References

