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ORIGINAL RESEARCH

Single-Cell Transcriptome Profiling Reveals 
Dynamic Cell Populations and Immune 
Infiltration in Moyamoya Disease
Shihao He , MD, PhD;* Junze Zhang , MD, PhD;* Zhenyu Zhou , MD;* Zhen Qi , PhD; 
Xilong Wang , MD; Yanru Wang , MD; Yutong Liu, MD; Yunqing Zhou, BS; Chengxu Lei, MD; Xun Ye , MD, 
PhD; Yuanli Zhao , MD, PhD

BACKGROUND: The cellular composition and molecular mechanisms of the pathological arteries in Moyamoya disease (MMD) 
remain poorly understood. To improve our understanding of pathogenesis in MMD, we aimed to comprehensively map the 
cellular composition and molecular alterations within the pathological arteries of patients with MMD.

METHODS: Superficial temporal artery samples were collected from patients with MMD (n=2) and healthy controls (n=3), yield-
ing a total of 26 371 cells that were used for single-cell RNA sequencing. Differentially expressed genes, pathway enrichment, 
and cell–cell communication analyses were performed to examine disease-related changes. In vitro experiments were per-
formed to validate the changes in endothelial cells (ECs) and smooth-muscle cells (SMCs), as well as the interactions between 
immune cells and ECs and SMCs.

RESULTS: We identified 8 major cell types in the human superficial temporal artery. We observed an increased proportion of SMCs 
in the superficial temporal artery of MMD. Two distinct SMC clusters, SMC1 and SMC2, were identified and exhibited different 
gene expression. Immune profiling revealed significant upregulation of genes in natural killer T cells, suggesting increased immune 
activity in MMD. Cell–cell communication analysis highlighted the role of the macrophage migration inhibitory factor pathway in 
promoting interactions between immune cells, SMCs, and ECs. In vitro experiments confirmed that the colocalization of CD74 
with CD44 or CXCR4 in ECs promotes EC proliferation and angiogenesis. Natural killer T cells can promote cytoskeletal enlarge-
ment in ECs and SMCs, enhancing their migratory and proliferative capacities, as well as promoting angiogenesis in ECs.

CONCLUSIONS: This study provides a single-cell transcriptomic map of the superficial temporal artery in MMD, revealing key 
immune and vascular cell populations. Immune cells, particularly natural killer T cells, play a critical role in promoting SMC and 
EC proliferation and migration, contributing to vascular occlusion. These findings make contributions to understanding the 
pathogenesis of MMD and suggest potential therapeutic targets.
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Moyamoya disease (MMD) is a rare chronic cere-
brovascular disease, the main features of which 
are progressive occlusion of internal carotid 

artery and abnormal vascular network formation.1,2 The 
histological characteristics of the pathological arteries 
are the thickening of the intima, irregular undulation of 
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internal elastic lamina, thinner media, and pathologically 
increased angiogenesis.3–5 Recently in the field of MMD, 
many studies have provided pathological evidence on 
the involvement of vascular smooth-muscle cell (VSMC) 
and endothelial cell (EC) proliferation and migration in 

vascular stenosis.6–8 However, the molecular and cellu-
lar mechanisms leading to these pathological changes 
of MMD vessels remain poorly understood.

Single-cell RNA sequencing (sc-RNAseq) enables 
unbiased, high-throughput, and high-resolution tran-
scriptomic analysis of individual cells. It can recognize 
intercell variability, identify complex cell populations, 
and reveal regulatory relationships between genes.9,10 
Li et  al11 performed sc-RNAseq analysis of ascend-
ing aortic tissues from 11 study participants, and 11 
major cell types were identified. By comparing as-
cending thoracic aortic aneurysm and control tissues, 
the erythroblast transformation–specific related gene 
was found to play an important role in maintaining 
normal aortic wall function. In addition, this study re-
vealed the cellular and molecular map of the human 
ascending aorta at the single-cell level, expanding the 
understanding of the mechanism of aortic aneurysm. 
Li et al12 conducted sc-RNAseq on venous malforma-
tion and cavernous venous malformation and found 
that the proportion of immune cells such as macro-
phages and monocytes increased abnormally to 30%. 
In addition, combined with gene set enrichment anal-
ysis, it was found that inflammatory pathways, innate 
immune response, and angiogenic signaling pathways 
were abnormally activated in the pathogenesis of ve-
nous malformation and cavernous venous malforma-
tion. The identification of cells and cell subtypes in this 
study provides key pathological evidence for immune-
related mechanisms regulating the growth of vascu-
lar malformations. Similarly, sc-RNAseq has greatly 
advanced the understanding of the molecular mech-
anisms of various diseases by mapping genes at the 
level of individual cells.

The heterogeneity and function of arterial cell types 
are critical for pathological processes of arteries in 
vascular diseases.13,14 In vascular diseases, pheno-
type transformation of VSMCs driven by metabolic 
pathways is a characteristic pathological change of 
vascular injury.15 A study using sc-RNAseq and fate 
mapping of VSMCs has revealed the transition and 
regression of multiple VSMC phenotypes in athero-
sclerosis. It was first proposed that all-trans retinoic 
acid could reduce atherosclerosis load by inhibiting 
SMC phenotypic transition, which was confirmed by 
in vitro experiments.16 However, it is difficult to acquire 
and sequence pathological arterioles in patients with 
MMD. In a study that included 2 patients with MMD 
and 4 normal controls, peripheral blood of the partic-
ipants was sequenced by sc-RNAseq and individual 
cell landscape of MMD peripheral blood was provided. 
In addition, by combining weighted correlation network 
analysis and cell interaction analysis, the potential hub 
genes and immune cells of MMD were obtained.17 But 
the blood cannot directly represent the cellular charac-
teristics of the MMD arteries. The lack of identification 
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What Is New?
•	 Single-cell RNA sequencing of superficial tem-

poral arteries from patients with moyamoya 
disease delineates 2 metabolically distinct 
smooth-muscle clusters and 4 endothelial sub-
sets, revealing selective expansion of a hyper-
proliferative smooth-muscle cell population that 
drives intimal thickening.

•	 The data uncover immune-vascular crosstalk 
in which infiltrating natural killer T cells, acting 
through migration inhibitory factor–CD74/CD44 
and migration inhibitory factor–CD74/CXCR4 
signaling, promote cytoskeletal enlargement, 
migration, proliferation and angiogenic activity 
of both smooth-muscle cells and endothelial 
cells.

What Question Should Be Addressed 
Next?
•	 The next priorities are to elucidate moyamoya-

specific immune pathways and evaluate whether 
therapeutic blockade of the migration inhibitory 
factor–CD74 axis or modulation of natural killer 
T-cell activity can halt smooth-muscle pheno-
typic switching and prevent progressive arterial 
stenosis in moyamoya and related occlusive 
vasculopathies.

Nonstandard Abbreviations and Acronyms

DEG	 differentially expressed gene
EC	 endothelial cell
HBMEC	 human brain microvascular 

endothelial cell
HBVSMC	 human brain vascular smooth-

muscle cell
HC	 healthy control
MIF	 migration inhibitory factor
MMD	 moyamoya disease
NKT	 natural killer T
sc-RNAseq	 single-cell RNA sequencing
SMC	 smooth-muscle cell
STA	 superficial temporal artery
UMI	 unique molecular identifier
VSMCs	 vascular smooth-muscle cell
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and grouping of VSMCs and ECs has limited the ex-
ploration of the mechanism of pathological changes of 
MMD arteries. Therefore, identifying the cell-specific 
changes of MMD arteries through sc-RNAseq of vas-
cular tissue will greatly contribute to understanding the 
pathogenesis of MMD.

In this study, we collected the superficial temporal 
artery (STA) specimens from patients with MMD and 
performed sc-RNAseq to characterize the cellular het-
erogeneity of STA from patients with MMD and con-
trols. We identified 22 cell subpopulations, including 8 
major cell types such as ECs and SMCs. To reveal the 
roles of these cell types in the pathogenesis of MMD, 
we also performed the analyses of differential gene ex-
presssion, pathway enrichment, and cell communica-
tion. Our analysis revealed an increased proportion of 
SMCs in the STA of patients with MMD and identified 
distinct gene expression profiles of SMCs and immune 
cells between patients with MMD and healthy controls 
(HCs). Bioinformatics analysis and in vitro experiments 
revealed that immune cells in MMD, particularly natural 
killer T (NKT) cells, promote the proliferation, migration, 
and cytoskeletal enlargement of ECs and SMCs, which 
may play role in the intimal thickening of the diseased 
arteries. These findings expand our understanding of 
the cellular composition of diseased arteries and the 
pathogenesis of MMD, contributing to the exploration 
of potential treatment approaches in the future.

METHODS
The data that support the findings of this study are 
available from the corresponding author upon reason-
able request. Specific methods used in this study can 
be found in Data S1.

Enrollment of Study Participants and 
Collection of Tissue Samples
Patients with MMD were clinically diagnosed by medi-
cal history and neuroradiological examination following 
the diagnostic guidelines.2 STA (1–3 mm) samples were 
obtained during direct or combined revascularization 
surgery of patients with MMD. Control STA samples 
were obtained during craniotomy from patients under-
going epilepsy surgery. Clinical and imaging data were 
obtained from medical records and picture archiving 
and communication systems, respectively. The protocol 
for collecting human tissue samples was approved by 
Institutional Ethics Committee of Peking Union Medical 
College Hospital. Written informed consent was obtained 
from all participants (parents/guardians of patients aged 
<18 years) before the study. This study was approved 
by the Institutional Ethics Committee of Peking Union 
Medical College Hospital, Beijing, China (I-24YSB0160).

Single-Cell RNA Sequencing and Data 
Analysis
Single-cell suspensions were processed through the 
10x Genomics Chromium System (10x Genomics, 
Pleasanton, CA) to generate 3′ gene expression 
libraries the Chromium Single Cell 3′ Reagent Kit v3 
(10x Genomics). Briefly, single-cell suspensions, along 
with reagents, gel beads, and partitioning oil, were 
loaded onto a 10x Chromium Chip B. In the chip, each 
individual cell was encapsulated in an oil droplet that 
contained gel beads and reagents, creating a gel bead 
in emulsion. Each gel bead in emulsion provides an 
independent reaction space for the cell, where the 
primers on the gel beads include a sequencing primer, 
a cell-specific barcode, unique molecular identifiers 
(UMIs), and a poly(deoxythymidine) tail. Inside each 
gel bead in emulsion, the cell was lysed, and poly-
adenylated mRNA was reverse transcribed into 
barcoded full-length cDNA. All cDNA molecules were 
then pooled, followed by general library construction 
steps, including amplification, fragmentation, end 
repair, adapter ligation, and sample index polymerase 
chain reaction. The resulting libraries were sequenced 
on a NovaSeq 6000 platform (Illumina Inc., San Diego, 
CA), with paired-end sequencing using the PE150 
strategy. A target depth of 50 000 to 100 000 reads per 
cell was achieved, corresponding to a total data output 
of 15 to 30 million reads per sample.

After obtaining the raw sequenced reads, the data 
were processed using 10x Genomics’ Cell Ranger 
software for cell barcode and UMI counting and for 
gene expression matrix generation. The generated 
gene-specific UMI count matrix was analyzed using 
the Seurat R package version 4.3.0.1 (R Foundation 
for Statistical Computing, Vienna, Austria). We retained 
only cells that expressed at least 500 genes and genes 
that were expressed in at least 50 cells. Cells were fur-
ther filtered by a maximum of 5500 expressed genes 
and 5% mitochondrial gene content, resulting in the 
selection of 26 371 cells for subsequent analysis. The 
UMI counts for each cell were then normalized to total 
expression, multiplied by 10 000, and log-transformed. 
We used the default method in Seurat to identify highly 
variable genes and scaled and regressed UMI data 
and mitochondrial genes using the ScaleData function. 
Principal component analysis was performed using 
the highly variable genes. The most significant princi-
pal components were identified using the ElbowPlot 
function, and 19 principal component analysis com-
ponents were selected for downstream analysis, in-
cluding clustering and identification of cell populations. 
Uniform manifold approximation and projection was 
computed in the Seurat R package using the top 19 
principal component analysis components with min-
dist set to 0.75. Batch effect removal and correction 
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were performed using the Harmony package. We used 
the DoubleFinder package to assess potential dou-
blets in the data set. Based on the recommendations 
from 10x Genomics at the single-cell level, a threshold 
of 7.5% was chosen as the cutoff for doublet formation. 
Additionally, for each cluster, those that showed sig-
nificant enrichment of highly expressed genes across 
markers from ≥2 cell types were also considered dou-
blet clusters and were removed from further analysis.

Cell Clustering and Annotation
After removing doublets, we reidentified highly vari-
able genes and performed principal component 
analysis analysis on the data set, followed by uniform 
manifold approximation and projection for dimension-
ality reduction. We conducted cell clustering analysis 
using the FindNeighbors and FindClusters functions, 
determining that a resolution of 0.3 was the optimal 
clustering parameter. To annotate each cell type, we 
referenced previously identified cell markers for anno-
tation, such as endothelial cells (“FLT1,” “CLDN”), fibro-
blasts (“COL1A1,” “COL3A1,” “FAP,” “THY1”), pericytes 
(“TAGLN”), microglia (“TYROBP,” “CSF1R,” “CD74”), oli-
godendrocytes (“APOD”), vascular-associated oligoden-
drocytes (“PLP1”), and T lymphocytes (“CD3D,” “CD69”). 
Subsequently, we identified markers for cell subpopula-
tions using the FindAllMarkers package, and statistical 
testing was performed using the Wilcox test. Genes 
with P<0.05 and avg_Log2FC >0.25 were selected for 
gene ontology and Kyoto Encyclopedia of Genes and 
Genomes enrichment analysis to identify the activated 
pathways for each cell subtype. Functional and pathway 
enrichment, including Kyoto Encyclopedia of Genes and 
Genomes and gene ontology analyses, were conducted 
using the ClusterProfiler package version 3.8.1.

Statistical Analysis
Statistical analyses were conducted using Prism 
version 9.4.0 (GraphPad Software, La Jolla, CA). 
Results are presented as means±SD. An inde-
pendent sample Student’s t test was applied for 
comparisons between 2 groups. For compari-
sons among >2 groups, 1-way ANOVA followed 
by Tukey’s post hoc test was used. A P value of 
<0.05 was considered statistically significant, with 
all P values being 2-tailed. For bulk RNA sequenc-
ing differential expression analysis, P values were 
adjusted for multiple hypothesis testing using the 

Benjamini–Hochberg method to control the false 
discovery rate, and genes with adjusted P values 
<0.05 were considered significant.

RESULTS
Gene Profiles of 8 Major Cell Types in 
Human STA Tissues in Patients With MMD 
and HCs
We obtained 2 STA samples intraoperatively from 2 
patients with MMD (1 man and woman) undergoing 
revascularization surgery. As controls, we collected non-
diseased STA samples intraoperatively from 3 patients 
with epilepsy (men) undergoing surgery. After qual-
ity control, a total of 26 371 single cells were obtained 
and subsequently used for sc-RNAseq (Figure  1A). 
Data from the 5 samples were then integrated using 
the Seurat R package. After integrating all the samples, 
the cells were clustered into 21 distinct subpopula-
tions. After examining conserved genes in each cluster, 
we obtained 8 major cell types in the STA samples by 
merging the cell clusters with similar gene expression 
profiles (Figure 1B). The 8 major cell types included lym-
phocyte, endotheliocyte, fibrocyte, oligodendrocyte, 
SMC, pericyte, microglial, and some unidentified cells. 
The summary of captured cell numbers and cell types 
for each sample is listed in Table S1. Among them, the 
SMCs were primarily divided into 2 subpopulations, 
SMC1 and SMC2, with SMC1 upregulated in MMD, 
associated with blood vessel regulation, and SMC2 in-
volved in transmembrane transport. The proportion of 
each cell subtypes within each STA sample was shown 
in Figure 1C. A comprehensive comparison of cell types 
between MMD and HC STA samples revealed a signifi-
cant increase in the proportion of SMCs within the vas-
cular wall of MMD samples (Figure 1D). Each cell type 
showed a distinct gene expression profile (Figure  1E 
and 1F). To determine which cell types were most tran-
scriptionally affected in MMD, we also performed differ-
entially expressed gene (DEG) analysis for each of the 8 
major cell types (Figures S1 through S5).

Different Clusters and Heterogeneity 
of SMC and EC Populations in Human 
Superficial Temporal Artery Tissues
Among the 21 distinct subpopulations, we identi-
fied 2 kinds of SMC clusters. SMC1 and SMC2 

Figure 1.  Nineteen major cell types identified with single-cell RNA sequencing analysis of STA tissues.
A, Schematic diagram of the sample collection and single-cell sequencing workflow. B, UMAP plot of all cells colored according to the 
11 major cell types. C, Bar plot showing the proportion of each cell type from all STA samples. D, Bar plot showing the composition 
of each cell type between MMD and HC STA samples. E, UMAP plot showing the relative expression of several marker genes in 
all cells from all STA samples. F, Bar plot showing the relative expression of several marker genes in all cells from all STA samples. 
HC indicates healthy control; MMD, moyamoya disease; sc-RNAseq, single-cell RNA sequencing; SMC, smooth-muscle cell; STA, 
superficial temporal artery; and UMAP, uniform manifold approximation and projection.
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clusters displayed distinct gene expression profiles 
between MMD and HC samples. The SMC1 cluster 
highly expressed C11orf96, XIST, BCAM, SNCG, and 
ACTA1compared with HC, while the SMC2 cluster 
highly expressed RPL36A, ACKR3, XIST, HIST1H4C, 
and RPS10 (Figure 2A and 2B; Figure S6A and S6B). 
Next, we conducted a further functional analysis of 
these 2 clusters of SMCs. There were significant dif-
ferences in pathway expression between clusters of 
SMC1 and SMC2. The SMC1 cluster exhibited high 
expression of respiratory electron transport, citric 
acid cycle and respiratory electron transport, muscle 
contraction, and so on. (Figure 2C). While the SMC2 
cluster exhibited high expression of signal recognition 
particle–dependent cotranslational protein targeting 
to membrane, eukaryotic translation termination,and 
so on (Figure S6C).

The ECs in the STA can be classified into 4 groups 
based on distinct gene expression profiles (Figure S7A). 
The Endo1 group highly expressed ACKR1, SELE, 
LHX6, CSF3, and CCL23; the Endo2 group highly 
expressed BTNL9, SOX17, RBP7, SEMA3G, and 
CD300LG; the Endo3 group highly expressed TFF3, 
CCL21, PKHD1L1, NTS, and STAB2; and the Endo4 
group highly expressed ITLN1, MPZL2, F5, IRF6, and 
AC004540.4 (Figure  S7B). The pathway expression 
of the 4 EC types also exhibits significant differences 
(Figure S7C). The Endo1 cluster displayed distinct gene 
expression profiles between MMD and HC samples. 
Among them, XIST, ABHD6, LFNG, BLOC1S1, and 
HRCT1 were significantly upregulated in MMD, while 
AKAP12, STC1, FOSL1, CSF3, and SERPINE1 were 
significantly downregulated (Figure S7D and S7E).

Immune Cells and Their Interaction With 
Other Cell Types in Human STA Tissues
Through the analysis of immune cells in the STA sam-
ples, we found the distinct gene expression profiles be-
tween MMD and HC samples. TRDV2, TRDC, TRGV9, 
SELL, and XCL2 genes were significantly upregulated in 
MMD, while LMNA, FKBP5, CFD, RPS4Y1, and DDX3Y 
genes were significantly downregulated (Figure  3A 
and 3B). The first 20 marker genes of the NKT type 
are shown in Table S2. Gene set enrichment analysis 
reveals the activation of cytoplasmic translation and 
adaptive immune responses of NKT cells in MMD, 
while several processes related to regulation of pro-
grammed cell death, gene expression regulation, and 
stress response were suppressed (Figure  3C). Cell–
cell communication analysis revealed that the SMC1, 
Endo2, and Fib1 clusters were significantly associated 
with other cell clusters in the STA wall, indicating a key 
role of these 3 cell types in the vascular remodeling ob-
served in MMD vasculature. We found the strong inter-
actions between immune cells (NKT cells, regulatory T 

(Treg) cells, and B cells) and SMC clusters (SMC1 and 
SMC2), EC clusters (Endo1, Endo2, Endo3, and Endo4), 
and fibrocyte clusters (Fib1, Fib2 and Fib3) (Figure 3D). 
Figure 3E shows the interaction network mediated by 
the macrophage migration inhibitory factor (MIF) sign-
aling pathway between different cell types. We identi-
fied extensive interactions between immune cells and 
other cell types. Immune cells play a significant role in 
the MIF signaling pathway, especially as the influencer. 
SMCs also play a prominent role as both senders 
and influencers in MIF signaling (Figure  3F). Immune 
cells, including B cells, NKT cells, and Treg cells, can 
act as signal sources, transmitting signals to various 
target cell types, such as SMCs and ECs (Figure 3G). 
To further characterize the functional heterogeneity of 
NKT cells, we performed subclustering on NKT cells. 
This analysis revealed transcriptionally distinct sub-
populations, including NKT1 (organization-resident 
NKT, trNKT ), NKT3 (mixed-type NKT, γδ-NKT ) NKT2 
(vytotoxic NKT), NKT4 (activated NK-like NKT), NKT5 
(migratory NKT) and NKT6 (perivascular NKT) enriched 
in MMD samples (Figure S8). Gene ontology analysis 
results revealed the functional pathways enriched in 
NKT1 through NKT6 (Figures S9 through S11). These 
results suggest that the interactions between immune 
cells and the constituent cells of the STA wall may be 
closely associated with the pathological changes of 
vessels in MMD.

Colocalization of CD74 with CD44 or 
CXCR4 in ECs of MMD Promotes EC 
Proliferation and Angiogenesis
We further analyzed the expression patterns of MIF 
and its primary receptors across different cell types. 
The results showed that MIF was highly expressed in 
all cell types. ACKR3 was mainly highly expressed in 
SMCs and fibroblasts, CD74 was predominantly ex-
pressed in ECs and immune cells, CXCR4 was mainly 
expressed in immune cells, and CD44 was mainly highly 
expressed in both immune cells and SMCs (Figure 4A). 
Subsequently, we cocultured human brain microvascu-
lar endothelial cells (HBMECs) with serum from patients 
with MMD and HCs, respectively. Compared with the 
HC group, HBMEC cells stimulated with MMD serum 
showed a significant increase in the expression levels 
of MIF, CD74, CD44, and CXCR4 (Figure  4B through 
4D). Additionally, colocalization of CD74 with CD44, and 
CD74 with CXCR4 was increased in HBMEC cells stimu-
lated with MMD serum (Figure 4B through 4E). These 
results showed that MMD serum can enhance the colo-
calization of CD74 with CD44 or CXCR4 in HBMEC cells. 
We also analyzed the ligand receptor–mediated signal-
ing interactions between immune cells and other cell 
types. Immune cells, including NKT, Treg, and B cells, 
interact with other cell types through pathways such as 
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Figure 2.  Heterogeneity of SMC1 group in human STA tissues between MMD and HC.
A, Volcano plot showing the genes differentially expressed in SMC1 cells between MMD and HC. Red dots represent significantly 
differentially expressed genes, with key genes labeled. B, Box plots depicting the expression levels of selected genes (C11orf96, 
XIST, BCAM, SNCG, and ACTA1) in SMC1 cells for patients with MMD and HCs, with significant differences indicated (***P<0.001). 
C, Dot plot showing gene set enrichment analysis of biological pathways in SMC1 cells. Pathways on the left are suppressed, 
while those on the right are activated in patients with MMD compared with HCs. P values calculated by means of Wilcox test. 
***P<0.001. HC indicates healthy control; MMD, moyamoya disease; SMC, smooth-muscle cell; and STA, superficial temporal 
artery.
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MIF-ACKR4, MIF-(CD74+CXCR4), MIF-(CD74 + CD44) 
and C-C motif chemokine ligand-5-ACKR1 (Figure 4F).
To study the effects of CD74 and CD44 coexpression, 
as well as CD74 and CXCR4 coexpression on HBMEC 
cells, we transfected HBMEC cells with small inter-
fering RNA plasmids to simultaneously knock down 
the expression of CD74 and CD44, and CD74 and 
CXCR4. 5-Ethynyl-2′-deoxyuridine results showed that 
the proliferation capacity of HBMEC cells were signifi-
cantly decreased following the simultaneous knock-
down of CD74 and CD44, as well as CD74 and CXCR4 
(Figure  5A through 5C). We also assessed the tube 
formation ability of HBMEC cells following the simulta-
neous knockdown. The results showed that both the 
number of branches and total length of tube formations 
in HBMEC cells were significantly decreased following 
the co-knockdown (Figure 5D-5F). These results indi-
cate that co-knockdown of CD74 and CD44, as well as 
CD74 and CXCR4 can significantly reduce the prolifer-
ation and angiogenesis capacity of HBMEC cells.

Human Brain VSMCs and HBMECs 
Exhibited Enhanced Proliferation and 
Adhesion Abilities, and Cytoskeletal 
Enlargement in Coculture With NKT Cells 
in the Presence of MMD Serum
Through the analysis of interactions between immune 
cells and other cell types, we found that NK cells ex-
hibited extensive cellular communication with other 
cell types, particularly SMCs, ECs, and fibroblasts 
(Figure  5G). We also performed immunohistochemistry 
staining on the STA of patients with MMD and HCs to 
examine the NKT invasion in the biopsies of MMD. The 
results demonstrated the infiltration of NKT cells (CD56+) 
in the STA of patients with MMD, compared with the HC 
group (Figure  6). Subsequently, we further investigated 
the effects of immune cells, including NKT and Treg cells, 
on SMCs and ECs. We first treated human brain vascu-
lar smooth-muscle cells (HBVSMCs) with serum from 
patients with MMD and HCs, respectively, and then co-
cultured the treated HBVSMCs with NK cells (Figure 5H). 
Compared with HBVSMCs treated with HC serum, MMD 
serum-treated HBVSMCs with NKT cell coculture exhib-
ited an upregulation of vinculin and F-action, indicating an 
enhanced cell adhesion and an enlarged cytoskeleton 

(Figure  5I). Flow cytometry cell cycle analysis showed 
that in the presence of NKT cells, the HBMECs treated 
with MMD serum exhibited a higher proportion of cells 
in the S phase compared with HBVSMCs treated with 
HC serum, indicating an enhanced proliferative capacity 
in MMD serum-treated HBVSMCs (Figure 7C and 7D).We 
also applied the same approach to establish a coculture 
system of NKT cells and HBMECs and found that in the 
presence of NKT cells, HBMECs also exhibited enhanced 
adhesion and an enlarged cytoskeleton following MMD 
serum treatment (Figure 7A). Additionally, after coculturing 
HBMECs treated with MMD serum with NKT cells, the 
proliferation capacity of NKT cells was significantly en-
hanced (Figure 7B). Tube formation assays revealed that 
in the NKT–HBMEC coculture system, HBMECs treated 
with MMD serum exhibited a greater angiogenesis capac-
ity (Figure 7E and 7G). Meanwhile, MMD serum-treated 
HBMECs exhibited a higher proportion of cells in the S 
phase and an increased cell proliferation rate (Figure 7F 
and 7G). These results revealed that MMD serum can 
promote the proliferation of NKT and Treg cells, and in the 
presence of these 2 cells, MMD serum can enhance the 
proliferation, adhesion capacity, and cytoskeletal enlarge-
ment of the cocultured HBVSMCs. MMD serum can also 
enhance the proliferation, adhesion capacity, cytoskeletal 
enlargement, and angiogenesis ability of the cocultured 
HBMECs.

To verify the consistency of gene expression levels in 
NKT cells both in vitro and in vivo, a coculture system of 
HBMECs and NKT cells was established. Compared with 
the control group, there was no significant difference in the 
expression levels of HLA-B, RPS10, and RPS4Y1 proteins 
and mRNA in NKT cells of the HC group (Figure S12A 
through S12D). Compared with the HC group, the expres-
sion levels of HLA-B and RPS10 proteins and mRNA in 
NKT cells of the MMD group significantly increased, while 
the expression levels of RPS4Y1 protein and mRNA sig-
nificantly decreased (Figure S12E through S12G).

Integrated Analysis of RNA Sequencing 
and sc-RNAseq of STA Samples 
Identified Key Genes Associated With the 
Pathogenesis of MMD
At the same time, we performed RNA sequencing on 13 
STA samples including 10 samples from patients with 

Figure 3.  Immune cells and their interaction with other cell types in human STA tissues.
A, Violin plots of differentially expressed genes between patients with MMD and HCs in NKT cells. B, Volcano plot comparing gene 
expression between patients with MMD and HCs in NKT cells. C, Bar plot showing enriched biological pathways in the clusters of NKT cells. 
D, Chord diagram showing the interactions between different cell types mediated by MIF signaling. E, Heatmap showing the functional roles 
of different cell types in the MIF signaling pathway, including their roles as signal senders, receivers, mediators or influencers. F, Source–
target interaction map showing the transmission pathways of MIF signaling between different cell types. G, Source-target interaction map 
of MIF signaling between immune cells and vascular wall cells, specifically illustrating how immune cells (B cells, NKT cells, Treg cells) 
transmit MIF-related signals to SMCs and ECs, highlighting immune–vascular crosstalk that contributes to pathological remodeling in 
MMD. EC indicates endothelial cell; GOBP, gene ontology biological process; HC, healthy control; MIF, migration inhibitory factor; MMD, 
moyamoya disease; NKT, natural killer T; SMC, smooth-muscle cell; STA, superficial temporal artery; and Treg, regulatory T cells.
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MMD and 3 samples from HCs (Figure 8A). DEG analy-
sis between the MMD and HC groups was performed 
using the DESeq2 R package, extracting genes with 
log2FoldChange >1 and adjusted P<0.05. Finally, 2547 
DEGs were extracted (Figure 8B). Then, we further con-
ducted an integrative analysis of the RNA sequencing 
data with the sc-RNAseq data from the STA samples. 
We then used the weighted correlation network analysis 
R package to select gene sets with a Pearson correla-
tion coefficient >0.7 and a P value <0.01 from the 2547 
DEGs, and subsequently constructed a gene clustering 
dendrogram (Figure 8C). Next, we extracted the top 5 
DEGs from each cell subpopulation in the MMD and 
HC groups from the sc-RNAseq data, resulting in a total 
of 82 genes. We then intersected these 82 genes with 
the 2547 DEGs from RNA sequencing, ultimately identi-
fying 12 overlapping genes (Figure 8D and 8J).

When the soft threshold reached 11, the fit index 
(R2) exceeded 0.8, indicating that the network exhib-
ited scale-free topology while maintaining a reasonable 
average connectivity. This made it suitable for subse-
quent weighted correlation network analysis, and we 
therefore set 11 as the optimal power value (Figure 8E). 
The Eblue and Turquoise gene modules were signifi-
cantly positively correlated with MMD group and nega-
tively correlated with HC group, suggesting that these 
gene modules may play a key role in the molecular 
mechanisms of MMD (Figure 8F). Weighted correlation 
network analysis revealed that a large number of DEGs 
were significantly associated with MMD (Figure  8G). 
We then constructed a protein–protein interaction 
network using STRING (https://​strin​g-​db.​org/​) and 
identified 5 key genes through the Degree algorithm 
including CFD, GPX3, SERPINE1, SELE, and SLC40A1 
(Figure 8H). Subsequently, we further predicted the top 
10 drugs on the basis of their target binding scores. 
Figure 8I showed the potential associations between 
the 5 key genes in the turquoise module and various 
drugs. Notably, formaldehyde, metformin, and rifaxi-
min showed significant associations with these genes.

DISCUSSION
MMD is a chronic cerebrovascular disorder character-
ized by the progressive occlusion of pathological arter-
ies, which may lead to severe ischemic or hemorrhagic 

stroke. To date, there is a lack of systematic analysis 
on the cellular composition and gene expression pro-
files of diseased arteries in MMD, which has limited 
the understanding of the underlying mechanisms driv-
ing its pathological changes. The present study first 
comprehensively revealed the cellular composition and 
immune infiltration of the superficial temporal artery in 
MMD. A total of 21 cell subpopulations were identified 
and further clarified into 7 major cell groups, includ-
ing ECs, SMCs, fibroblasts, and others. We observed 
an abnormal increase in the proportion of SMCs in 
the STA of MMD and identified distinct gene expres-
sion profiles of SMCs between patients with MMD 
and HCs. Additionally, through in  vitro experiments, 
we found that NKT and Treg immune cells from MMD 
patients promote the proliferation, migration, adhe-
sion, and cytoskeletal enlargement of ECs and SMCs. 
Finally, through integrative analysis of sc-RNAseq and 
RNA sequencing data, we identified potential key hub 
genes involved in the pathogenesis of MMD. This study 
provides new insights into understanding vascular pa-
thology and exploring the underlying pathogenesis in 
MMD.

Previous histological studies of pathological arteries 
in MMD revealed that the primary pathological changes 
include concentric intimal thickening, abnormal abun-
dance of SMC in the intima, and disruption of the inter-
nal elastic lamina.3,4,18,19 These pathological alterations 
suggest excessive proliferation of SMCs and ECs in 
the arterial walls of MMD. Moreover, the abnormal ac-
cumulation of SMCs in the intima, which are normally 
confined to the media, suggests the potential migration 
of SMCs from the media to the intima.20 However, the 
underlying causes of these vascular lesions remain un-
known. Currently, numerous omics-based sequencing 
studies on intracranial arteries of MMD have uncov-
ered several potential gene targets associated with 
the pathogenesis of MMD. A recent study conducted 
RNA sequencing on the STA of patients with MMD and 
identified the downregulation of DSG2. Reduction of 
this gene promoted proliferation and migration of ECs 
and led to impaired angiogenesis.21 Another study 
analyzed the RNA sequencing data from the middle 
cerebral artery of patients with MMD and highlighted 
that extracellular matrix and mitochondrial function are 
central molecular mechanisms in MMD and revealed 

Figure 4.  Colocalization of CD74 with CD44 or CXCR4 was observed in endothelial cells of MMD.
A, Violin plots showing the expression distribution of MIF and its receptors (ACKR3, CD74, CXCR4, CD44) in different cell types. B, 
Immunofluorescence showing the colocalization of CD74 with CD44 in HBMEC cells. Bar = 50μm, CD44 (green), CD74 (red), DAPI (blue). 
C, Western blot analysis detecting the MIF, CD74, CD44, CXCR4, and β-actin expression in HBMEC cells, along with colocalization of 
CD74 with CD44 or CXCR4. D, Immunofluorescence showing the colocalization of CD74 with CXCR4 in HBMEC cells. Bar = 50μm, CD44 
(green), CD74 (red), DAPI (blue). E, Flow cytometry analysis detecting the CD74 and CD44 or CXCR4 colocalization in HBMEC cells. 
F, Ligand-receptor interaction network displaying communication probabilities between different cell types. HBMEC indicates human 
brain microvascular endothelial cell; HC, healthy control; MIF, migration inhibitory factor; MMD, moyamoya disease; NKT, natural killer 
T; TGFB1, transforming growth factor B1; TNF, tumor necrosis factor; VEGFB, vascular endothelial growth factor B; and VEGFR1, 
vascular endothelial growth factor receptor 1.

https://string-db.org/
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sex-specific differences in gene expression within the 
intracranial arteries.22 Currently, the most extensively 
studied gene in the field of MMD is RNF213..23,24 A 
recent study performed whole-genome sequencing 
on STA specimens and identified mutation types of 
RNF213 in patients with MMD. They found that reduced 
RNF213 expression led to increased EC proliferation, 
migration, and tube formation through activation of the 
Hippo pathway.25 Although previous studies have iden-
tified some potential targets, sequencing on the entire 
vascular tissue cannot reflect the specific roles that in-
dividual cell types within the vessel wall play in MMD, 
as the vessel wall is composed of multiple cell types. 
This limitation hinders the investigation of the mech-
anisms by which specific cell types contribute to the 
pathogenesis of MMD.

sc-RNAseq is a novel technique that allows for the 
genetic profiling of biological samples at the resolu-
tion of individual cells.9 At present, important appli-
cations of sc-RNAseq technology have been used in 
the research field of MMD. Tang et al17 first found the 
single-cell sequencing landscape of peripheral blood 
in MMD through sc-RNAseq of peripheral blood from 
patients with MMD, revealing cellular and gene ex-
pression heterogeneity. They identified key genes re-
lated to MMD, such as PTP4A1, SPINT2, and CSTB, 
and revealed the differentiation of immune cells and 
the relationship between immune cells in MMD. Ge 
et  al26 also used sc-RNAseq for peripheral blood 
from MMD patients to identify immune dysfunction in 
MMD, characterized primarily by disturbances in T-
cell subpopulations, including a reduction in effector 
T cells and an increase in Tregs. Both studies iden-
tified alterations of immune cells in MMD. However, 
previous studies have focused solely on peripheral 
blood, and to date, no single-cell sequencing has 
been conducted on MMD-affected vessels. This re-
sults in a lack of direct evidence for studying the cel-
lular composition and functional changes in diseased 
arteries. Here, we performed the first sc-RNAseq 
study on the STA of MMD patients. We observed a 
significant increase in the proportion of SMCs in MMD 
arteries, corroborating the previously reported histo-
logical findings of excessive SMC proliferation.3,4,18,19 

Additionally, we classified the SMCs in the STA into 
2 groups, with SMC1 being upregulated in patients 
with MMD compared with HCs, while SMC2 was 
downregulated. We found that MRPL23 was signifi-
cantly upregulated in SMC1 of MMD. MRPL23 has 
been reported to promote cancer cell metastasis and 
facilitate epithelial–mesenchymal transition in lung 
metastasis.27 This suggests that the overexpression 
of this gene in the SMC1 subpopulation of MMD may 
contribute to the promotion of SMC migration.

An increasing number of studies have demon-
strated that immune responses may play a crucial role 
in the pathogenesis of MMD.28–30 Through the analy-
sis of immune cells in STA samples, we found an in-
creased amount of NKT cells and identified significant 
changes in the gene expression profile of NKT cells in 
STA samples from patients with MMD. We found that 
SLC2 and SELL expression was significantly upregu-
lated in NKT cells of MMD. Selectin L is a critical cell 
adhesion molecule involved in leukocyte trafficking, 
particularly in guiding lymphocytes to secondary lym-
phoid organs and sites of inflammation.31 Peng et al32 
demonstrated that under viral infection or pathological 
conditions, SELL can regulates the migration of NKT 
cells to pathological sites and promotes their prolifer-
ation and effector functions. Solute carrier family 2 is 
a family of membrane transport proteins that primarily 
mediate the uptake of glucose into cells and plays a 
crucial role in cellular metabolism, especially in tissues 
like the brain, liver, and muscles.33,34 In several rapidly 
growing cells, such as solid tumor cells, the overex-
pression of SLC2 can promote glucose uptake and 
energy production, thereby facilitating functions such 
as cell proliferation and migration.35,36 FKBP5 encod-
ing a molecular chaperone, which was widely involved 
in the regulation of various cellular signaling pathways, 
affecting processes such as cell proliferation, survival, 
and antiapoptosis.37 Liu et al38 found that in pancre-
atic β cells, the downregulation of FKBP5 improved cell 
survival and function by regulating the protein kinase B/
forkhead box O1 signaling pathway, thereby enhancing 
the proliferative capacity of β cells in an inflammatory 
environment. The changes of these gene expressions 
could promote proliferation and migration of NK cells, 

Figure 5.  Colocalization of CD74 with CD44 or CXCR4 promotes the proliferation and angiogenesis of endothelial cells in 
MMD.
A, Edu assay assessing the proliferative capacity of HBMEC cells after simultaneous knockdown of CD74 and CD44 or CXCR4. Bar = 100 
μm. B and C, Bar chart displaying the Edu positive cells and cell proliferation rate of HBMECs. *P<0.05, **P<0.01. D, Tube formation 
assay assessing the angiogenesis capacity of HBMECs after simultaneous knockdown of CD74 and CD44 or CXCR4. Bar=200 μm.  
E and F, Bar chart displaying the number of branches and total length of HBMECs. *P<0.05, **P<0.01. G, Network diagram illustrating 
the interactions of NKT cell with other cell types. H, Schematic diagram showing the co-culture system of NKT cells and HBVSMCs. 
I, Immunofluorescence assay assessing the expression levels of vinculin and F-actin in HBVSMCs after coculture with NKT cells. 
Bar=50 μm, F-actin (green), Vinculin (red), DAPI (blue). P values calculated by means of Student’s t test, 1-way ANOVA, and Tukey’s 
test. **P<0.01. Edu indicates 5-Ethynyl-2′-deoxyuridine; HBMEC, human brain microvascular endothelial cell; HBVSMC, human brain 
vascular smooth-muscle cell; HC, healthy control; MMD, moyamoya disease; and NKT, natural killer T.
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suggesting that in the STA of MMD, NK cells may be in 
an activated and enhanced state.

We also analyzed the immune cells within the STA 
wall and their interactions with other vascular wall 
component cells. NK cells were initially shown to have 
antiangiogenic functions, but recent evidence sug-
gests that NK cells can play a pro-angiogenic role in 
humans.39,40 Previous studies have found that NK cells 
can participate in regulating decidual vascular growth 
during pregnancy or promoting the formation of tumor 
vasculature by secreting angiogenic factors such as 
vascular endothelial growth factor, placental growth 
factor, and interleukin-8.41,42 Throughout the process 
of angiogenesis, activated trophoblasts can directly or 
indirectly influence endothelial cells by activating the 
proangiogenic activity of NK cells.43 Li et al44 found that 
in pulmonary arterial hypertension, NK cells can inter-
act with SMCs and ECs through C-C motif chemokine 
ligand-5, potentially promoting the proliferation of ECs 
and SMCs, thereby contributing to vascular remodel-
ing. In conjunction with in vitro experiments, we found 

that under the presence of MMD serum, NKT cells can 
promote cytoskeletal enlargement in ECs and SMCs, 
enhancing their migratory and proliferative capacities, 
as well as promoting angiogenesis in ECs. Previous 
studies confirmed that the enlargement of the EC cyto
skeleton and enhanced proliferative capacity may be 
potential causes of intimal thickening in MMD.8 Other 
studies have also identified excessive proliferation and 
phenotypic changes in SMCs in MMD.45,46 Therefore, 
previous studies and our findings suggest that NKT 
cells may influence ECs and SMCs through certain im-
mune mechanisms, thereby contributing to the patho-
genesis of MMD. However, the specific mechanisms 
or molecular pathways through which NK cells exert 
their effects on ECs and SMCs remain to be further 
investigated.

Limitations of the Study
This study also has some limitations. Analysis of tis-
sues closer to the affected areas, such as the internal 

Figure 6.  Representative immunohistochemistry images for CD56+ NKT cells in STA tissues.
Representative immunohistochemistry images for CD56 in STA samples from HCs and patients MMD. 
Positive CD56 staining, indicative of NKT cell infiltration, is observed in the MMD group (arrows), while 
it is absent in the HC group. Insets highlight the regions of interest, with magnification emphasizing the 
NKT cell localization in the vessel wall of the MMD sample. Scale bar=50 μm. HC, healthy control; MMD, 
moyamoya disease; NKT, natural killer T; and STA, superficial temporal artery

Figure 7.  HBVSMCs and HBMECs exhibited enhanced proliferation and adhesion abilities, and cytoskeletal enlargement in 
coculture with NKT cells in the presence of MMD serum.
A, Immunofluorescence assay assessing the expression levels of vinculin and F-actin in HBMECs after coculture with NKT cells. 
Bar=50 μm, F-actin (green), Vinculin (red), DAPI (blue). B, Flow cytometry analysis assessing the proliferative capacity of NKT cells 
cocultured with HBMECs. Bar chart displaying the counts of proliferated HBMECs. **P<0.01. C, Flow cytometry analysis assessing 
the cell cycle of HBVSMCs cocultured with NKT cells. D, Bar chart displaying the cell proliferation rate and relative cell cycle phase of 
HBMECs. **P<0.01. E, Tube formation assay assessing the angiogenesis capacity of HBMECs cocultured with NKT cells. Bar=200 μm. 
F, Flow cytometry analysis assessing the cell cycle of HBMECs cocultured with NKT cells. G, Bar chart displaying the cell proliferation 
rate, number of branched, total length, and relative cell cycle phase of HBMECs. *P<0.05, **P<0.01. HBMEC indicates human brain 
microvascular endothelial cell; HBVSMC, human brain vascular smooth-muscle cell; HC, healthy control; MMD, moyamoya disease; 
and NKT, natural killer T.
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carotid artery or the middle cerebral artery, may provide 
deeper insights into the vascular pathology of MMD. 
In addition, the small cohort sample size resulted in a 

moderate sex imbalance between the MMD group and 
the control group, which might introduce residual con-
fusion in our analysis. Due to the lack of animal models 
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for MMD, in vitro experimental models are difficult to 
fully simulate the in vivo case environment of MMD. In 
the next step of research, the persuasiveness of the 
experimental results will be enhanced by improving the 
cell model and increasing the sample size.

CONCLUSIONS
This study provides the first single-cell transcriptomic 
map of STA tissues from patients with MMD, identifying 
8 distinct cellular groups. Our findings highlight the crit-
ical roles of ECs, SMCs, and immune cells, particularly 
NKT cells, in driving vascular remodeling in MMD. We 
identified interactions between immune cells with vas-
cular ECs or SMCs, which led to cytoskeletal enlarge-
ment, enhanced migration and proliferation of ECs and 
SMCs, and promoted angiogenesis. These effects may 
contribute to intimal thickening in the diseased arteries 
of MMD. These findings advance our understanding of 
MMD pathogenesis and suggest potential therapeutic 
targets aimed at modulating immune responses to miti-
gate vascular occlusion in MMD.
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