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Abstract
Background Moyamoya disease (MMD) is a unique chronic progressive cerebrovascular disease. The
molecular mechanism behind pathophysiology is still elusive. This study aims to determine the key genes
and their roles in the immune in�ltration of MMD.

Methods We download raw gene expression pro�les (GSE157628, GSE141024) of cerebrovascular tissue
from GEO database. Identify differentially expressed genes (DEGs) and perform functional enrichment
analysis. The CIBERSORT deconvolution algorithm was used to analyze the proportion of immune cell
in�ltration between MMD and negative control group. We screened for neutrophil-associated DEGs,
constructed a protein-protein interaction network (PPI) using STRING, and clari�ed hub genes using the
Cytoscape plugin MCODE analysis. The receiver operating characteristic (ROC) curve is applied to test
and �lter the best gene signature.

Results A total of 570 DEGs were detected, including 212 downregulated and 358 up-regulated genes.
Reactome and KEGG enrichment revealed that DEGs are involved in the cell cycle, molecular transport,
and metabolic pathways. The immune in�ltration pro�le demonstrates that MMD cerebrovascular tissues
contained a higher proportion of neutrophils, monocytes, and NK cells than negative control group. PPI
network and MCODE cluster identi�ed 9 DEGs (UNC13D, AZU1, PYCARD, ELANE, SDCBP, CCL11, CCL15,
CCL20, and CXCL5) associated with neutrophil in�ltration. ROC results showed that UNC13D has good
speci�city and sensitivity (AUC = 0.7846).

Conclusions The characteristics of immune in�ltration in the cerebrovascular tissues of MMD patients
and abnormal expression of hub genes provide new insights for understanding MMD progression.
UNC13D is promising to be one of the candidate molecules to determine neutrophil in�ltration
characteristics in MMD.

1 Background
Although moyamoya disease (MMD) is a rare disease, it is one of the leading causes of stroke in children
and young adults[1]. Moyamoya disease's primary pathological condition is the chronic progressive
stenosis of the terminal part of the internal carotid artery, which develops into an abnormal vascular
network (moyamoya vessels) of collateral circulation at the base of the brain[2].MMD has the highest
incidence in Asian countries (≤ 0.94/100000), but the incidence in non-Asian countries increases, and
there are ethnic differences[3, 4]. The onset age of the disease is bimodal, with the �rst peak in children
under ten years old, mainly manifested as a focal cerebral lesion, seizures, and intellectual impairment;
the second peak in adults aged 30 ~ 40 years old, mainly manifested as cerebral hemorrhage, hemiplegia,
aphasia or other neurological damage; the elderly over 50 years of age often very serious, even life-
threatening[5].

The pathogenesis of moyamoya disease remains unresolved, and current studies have shown that its
caused by two major factors: genetic inheritance and acquired autoimmune changes[6]. Genetic factors,
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a mutation in the RNF213 (Ring �nger 213) gene was identi�ed as the most critical susceptibility gene for
MMD using a genome-wide linkage and exome analysis[7–9]. In the Japanese population, 95% of
familial MMD patients, 80% of sporadic MMD patients and 1.8% of the control population have found the
R4810K (c.14576G > A) variant of the RNF213 gene. However, the R4810K mutation of RNF213 is not the
MMD speci�c biomarker, and it is also found in patients with intracranial atherosclerosis[10]. Besides,
several microRNAs (miRNAs) have been identi�ed to participate in the pathophysiological development
of MMD indirectly; for example, the single nucleotide polymorphism (SNP) of miR-196a is closely related
to MMD, miR-6722-3p, and miR-328-3p is signi�cantly down-regulated in MMD[11, 12]. On the other side,
MMD has been linked with factors beyond genetic backgrounds, such as autoimmune in�ammation,
vessel wall damage, angiogenesis, and thrombogenic factors[13]. Some reports indicate that MMD is
associated with autoimmune diseases, including autoimmune thyroid disease (Graves' disease), type 1
diabetes, and systemic lupus erythematosus (SLE)[14–16]. Suzuki summarized the literature and found
that A large amount of IgG, IgM, and other immunoglobulins are deposited in the intimal thickening layer
of MMD vessels[17]. Nevertheless, there are currently few studies on the molecular mechanisms in terms
of immune in�ltration in MMD.

Bioinformatics is an emerging cross-discipline combining molecular biology and information technology,
and it plays an essential role in revealing the molecular mechanisms of disease[18]. On account of MMD
is closely related to autoimmune diseases, and the study of its immune in�ltration helps to understand
the underlying pathophysiological mechanism. This paper used bioinformatics methods to analyze the
MMD and control's cerebrovascular tissue microarray data. Aim to identify MMD immune in�ltration
characteristics and speci�c differential expressed genes, search for promising biomarkers or therapeutic
targets, and provide new insights into the pathogenesis of MMD.

2 Results
Data preprocessing and DEG analysis

After the expression matrix normalized (Fig. 2a), we determined the grouping of sample data by principal
component analysis (PCA), there was no overlap in data distribution between the MMD and EPI groups,
and discrimination was evident; However, the IA group overlapped part of the data with both the EPI and
MMD groups, and the IA and EPI groups were clearly divided into two groups, and thus were not suitable
to be used together as negative controls (Fig. 2b). In order to �nd the differential genes more precisely, we
used only EPI group as the negative control in the DEG analysis and excluded the IA group. 570 DEGs
were screening out between case group and NC group, among which 358 genes were up-regulated and
212 genes were down-regulated. The screening criteria for DEGs were as follows: p-value < 0.01 and |log2

fold change| > 1. Based on the analysis of the samples' gene expression, the volcano plot was made, as
shown in Fig. 2c. The top 200 genes with the most signi�cant differences are shown in a heat map
(Fig. 2d).

Functional and Pathway Enrichment
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According to the Reactome gene sets enrichment analysis, there were ten down-regulated terms and 11
up-regulated terms, mainly involving the biological processes of small molecule metabolism and cell
cycle. The results are shown in Fig. 3a, c. Interestingly, both Transport of small molecules and SLC-
mediated transmembrane transport terms appeared in the up and down-regulated genes. The enrichment
results of down-regulated DEGs in KEGG pathways were Pyrimidine metabolism, Purine metabolism, and
Ferroptosis, et al. (Fig. 3b). The enriched KEGG pathways of up-regulated genes were Thyroid hormone
synthesis, Neuroactive ligand-receptor interaction, Cytokine-cytokine receptor interaction, Alpha-linolenic
acid metabolism et al. (Fig. 3d).

Immune in�ltration analyses

Through the CIBERSORT algorithm, we obtained the differences in immune in�ltration of 14 immune cell
subgroups in MMD group and NC group. Compared with the NC group, the MMD group generally
contained a higher proportion of Neutrophils, Monocytes, Dendritic cells, Gamma delta T cells, Follicular
helper T cells, whereas the proportions of CD4 + T cells, CD8 + T cells, and eosinophils were relatively
lower (Fig. 4a, b).

GO network analysis

By checking the database for potential sets of genes known to regulate neutrophils, we used the
intersection to obtain DEGs associated with neutrophil in�ltration (Fig. 5a). The expression
characteristics of these Neutrophil-associated DEGs were visualized as a heat map. (Fig. 5b). Then, we
further examined the biological processes that these neutrophil-associated DEGs are involved in
regulating neutrophils in MMD and used the ClueGO plugin of Cytoscape software to analyze the network
relationship between these biological processes (Fig. 5c). GO analysis showed that these neutrophils-
associated DEGs mainly involved RNA polymerase II transcription preinitiation complex assembly,
Regulation of neutrophil migration, Regulation of lymphocyte migration, and NK cell degranulation. The
detailed results are shown in Table 1.

Identi�cation of hub genes using PPI network and modular screening

In order to clarify which are hub genes, we use the STRING database to perform PPI network analysis on
30 neutrophils-associated genes, and the resulting network diagram which included 37 edges and 23
nodes (Fig. 5d). Moreover, this network was further assessed with the MCODE plugin of Cytoscape, Hub
genes from the top 2 modules, including UNC13D, AZU1, PYCARD, ELANE, SDCBP, CCL11, CCL15, CCL20,
and CXCL5 (Fig. 5e). Subsequently, correlation analysis showed that UNC13D, PYCARD, SDCBP and
CCL20 were positively correlated with neutrophils (r = 0.802, r = 0.690, r = 0.263, r = 0.107); AZU1, ELANE,
CCL11, and CCL15 were negatively correlated with neutrophils (r = -0.210, r = -0.385, r = -0.223, r = -0.146)
(Fig. 5f). The correlation results indicated that UNC13D, PYCARD have a strong positive correlation with
neutrophil in�ltration. Finally, the relative expressions were calculated to examine the differences between
these nine Neutrophil-associated DEGs at the transcriptional level (Fig. 6a-i). The results showed that only
UNC13D, AZU1, PYCARD, and CCL15 were statistically signi�cant in the EPI group versus the MMD group
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(p < 0.05). Interestingly, the IA group's expression levels were between the EPI and MMD groups, and the
expression of all genes was not statistically signi�cant compared to the MMD group (p > 0.05). In
addition, AZU1 and PYCARD were statistically signi�cant both in the EPI group vs IA group and EPI vs
MMD group (p < 0.05).

Diagnostic effectiveness evaluation

To assess the potential of four neutrophil-associated DEGs as biomarkers for MMD, we performed ROC
analysis on these genes, and the four genes with results were used for visualization as ROC curves for
comparison. ROC curves con�rmed that they could distinguish MMD from non-MMD (all AUC > 0.5) and
that the AUC was between 0.5846 and 0.7846 (Fig. 7a-b), while the gene with the highest predict power
was UNC13D with an AUC of 0.7846. Detailed results data are shown in (Fig. 7c).

3 Discussion
Our study is the �rst to reveal the characteristics of immune in�ltration in the cerebrovascular of MMD
based on microarray data. Most studies used samples of body �uids (cerebrospinal �uid or peripheral
blood) from MMD patients in recent relevant genetic studies. They identi�ed some speci�c molecules
such as autoimmune antibodies[19], Transfer RNA-derived fragments[20], Circular RNAs[21], Exosome-
Derived miRNAs[22], etc. We compared the composition of immune in�ltrating cells in the samples in
order to narrow down and discover potential regulatory genes in MMD immune in�ltration. Through
further excavation, several hub genes involved in the regulation of neutrophil in�ltration were identi�ed.
Thus, we conducted diagnostic ability tests on these newly discovered related genes to screen out the
novel biomarker.

In the results of our enrichment analysis, Reactome gene sets analysis suggested that small-molecule
transport and transmembrane transport were enriched in down-regulated differential genes, as well as cell
cycle changes. Interestingly, among the KEGG enriched pathways, we found up-regulated activation of
pathways associated with thyroid hormone synthesis, which in line with previous �ndings. Nakamura et
al. emphasized that excess thyroid hormone is thought to alter cerebral hemodynamics, increase
metabolism and oxygen consumption in the brain and be harmful to the arterial wall[23]. Moreover,
thyrotoxicosis may lead to hyperhomocysteinemia or sympathetic nervous activity, which is associated
with premature atherosclerosis and MMD[23, 24].

MMD is closely related to chronic in�ammatory cell in�ltration. Masuda et al. reported that the primary
component of intimal hyperplasia in the main internal carotid artery vessels of MMD patients is smooth
muscle cells (SMCs), and immune cells in�ltration can promote the proliferation of SMCs in patients,
leading to MMD vascular lesions[25], so immune-mediated pathological changes may be involved in the
pathogenesis of MMD. However, due to limitations of technique or sample scarcity, the landscape of
immune in�ltration in MMD has not been revealed, particularly in subpopulations with a low abundance
of cells. Using the CIBERSORT deconvolution algorithm, we �rst investigated the immune in�ltration
difference between MMD and non-MMD cerebrovascular tissues in 14 subpopulations of immune cells.
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Among the several immune cell compositions up-regulated, the increased neutrophil proportion was most
signi�cant in the up-regulated immune cells, which is noteworthy because neutrophils play an important
role both in promoting vaso-occlusion and inducing angiogenesis[26, 27]. Neutrophils are innate immune
phagocytes with a central role in immune defence. Nonetheless, neutrophils also damage host tissues;
their deployment is through tightly regulated strategies: phagocytosis, degranulation, and release of
neutrophil extracellular traps (NETs)[28]. The stimulation of neutrophils forms NETs by several proteins;
the serine protease neutrophil elastase (ELANE) is one of its activators[29]. NET release results in a cell
death process called NETosis[30]. NET and participate in the pathological process of vascular occlusion,
its mechanism of action is: neutrophils accumulate in the blood vessels in a P-selectin-dependent
manner, followed by platelet recruitment; neutrophils promote platelet production of thromboxane A2,
induce endothelial cells to express intercellular adhesion molecule 1 (ICAM1)[31], and strengthen the
interaction between neutrophils and endothelium. The process triggers NETosis in vascular endothelial
cells through a mechanism involving platelet-derived high mobility group box 1 (HMGB1), ROS, and
integrin 1[32, 33]. On the other hand, owing to in�ammatory signals initiate neutrophil recruitment,
neutrophils begin to secrete growth factors (e.g., VEGF-A, prokineticin2), chemokines, and MMP-9 to
recruit other leukocytes to the damaged areas[34]. Corey et al. study suggest that varying neutrophil
phenotypes facilitate an inherent autoimmune state within MMD patients, and crucially promote
angiogenesis[35]. Therefore, combined with microarray analysis results, we speculated that neutrophils
might play a potential role in vascular occlusion and pathological changes of new capillaries in MMD.

The highlight of this study is to explore the differences in MMD gene expression and immune cell
in�ltration. We have identi�ed nine hub neutrophils-associated genes in total, of which UNC13D is a gene
with the highest diagnostic accuracy. UNC13D (Protein unc-13 homolog D), also known as munc13-4
gene, encoded and expressed Munc13-4 protein is one of the components of the neutrophil secretion
mechanism. It regulates neutrophil exocytosis (degranulation) in a calcium-dependent and SNARE
dependent manner. In general, the degranulation of neutrophils is tightly regulated because excessive
particle content can cause tissue damage. In the present study, UNC13D was signi�cantly up-regulated in
MMD microarrays, implying that neutrophil-mediated immune damage occurs. We speculate it may be
related to the increased degranulation of UNC13D regulated secretion, and the speci�c mechanism is
necessary to be further experimentally veri�ed. Additionally, the remaining eight genes are involved in
regulating neutrophils, as shown in Table 2.

There are several limitations to our present study. The number of samples we obtained from GSE157628
and GSE141024 was small, generating some bias when analyzing the DEGs and calculating the AUC, and
more data samples are needed for validation in further research. Although this study con�rms that
UNC13D has good diagnostic properties and can be used as a potential biomarker for MMD, genetic
diagnosis by obtaining vascular tissue is not feasible. Cerebral angiography, CTA or MRA are more
commonly used clinically for diagnosis. Due to the complex functions and molecular mechanisms of
genes, these bioinformatics results need to be veri�ed by experiments. The slow progression of MMD
may have different gene expression at each time stage, as well as the genetic characteristics of children
and adults may be distinct, which need to be further clari�ed.



Page 7/22

4 Conclusions
In conclusion, we revealed the composition of immune cell in�ltration in the cerebrovascular tissues of
patients with MMD for the �rst time by bioinformatics analysis and screened nine hub genes related to
regulating neutrophils, of which UNC13D could be used as a promising candidate biomarker for MMD,
and this study provides new insights into the pathogenesis for MMD.

5 Methods
Data Collection and Preprocessing

The �owchart of this study is represented in Fig. 1. We searched for the keyword "Moyamoya disease" in
the Gene Expression Omnibus (GEO) database to �nd and select datasets that met the requirements. Only
data containing vascular tissue from MMD were collected, excluding small sample sizes, peripheral
blood, and cerebrospinal �uid data. After removing duplicate subsets, the raw chip data of GSE157628
and GSE141024 were downloaded for our analysis, which were generated from the same microarray chip;
the chip model is Agilent SurePrint G3 Human GE v2 8x60K. The GSE157628 contained middle cerebral
artery vascular (MCA) wall tissue from 11 patients with MMD, six patients with internal carotid aneurysm
(IA), and three patients with epilepsy (EPI); the GSE141024 contained super�cial temporal artery (STA)
vascular tissue from 4 patients with MMD and four patients with the internal carotid aneurysm. Detailed
sample information is shown in Supplementary Table 1. All samples were background corrected and
quantile normalized using the "limma" package[36] before comprehensive analysis. We used the "data
table" package to clean and extract the data. For probes with duplicate gene symbols, we used the mean
as its unique expression value.

Principal component analysis (PCA) and DEGs screening

In order to select appropriate subgroups for DEGs analysis, we �rst visualized the distribution of the
samples using PCA to assess the overall data patterns. Due to MMD is a chronic vascular lesion with
subtle variants in cellular composition from normal arteries, and vascular tissue from EPI patients was
more representative of normal vascular tissues than IA patients. Therefore, we selected MCA samples
from 11 MMD patients in the GSE157628 dataset as a case group and MCA samples from 3 epileptic
patients as a negative control group. The "limma" package was performed to identify DEGs. Both log fold
change (log FC) absolute value > 1 and P-value < 0.01 are regarded as threshold values.

Functional enrichment analyses of the DEGs

For functional enrichment analysis, Reactome and KEGG[37] pathway enrichment analyses of the DEGs
were performed using Metascape[38] platform (http://metascape.org/gp). Upload the gene symbol lists
of up-regulated and down-regulated differential genes to the server, respectively, and wait until the
analysis is �nished to download the returned results. All terms were selected with enrichment signi�cance
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evaluated at p < 0.05, count ≥ 5, and enrichment factor > 1.5 based on their similarities automatically by
the platform. The results were imported into R and plotted as dot plot.

CIBERSORT analysis

To quantify the proportion of immune cells in samples, we performed computational deconvolution using
CIBERSORT[39] webpage tool. A normalized gene expression matrix was used as input uploaded to the
CIBERSORT server(https://cibersort.stanford.edu/). Both absolute and relative modes were run, and
quantile normalization was disabled. One thousand permutations were run for statistical testing. The
result returned a percentage rate of immune cell for all samples, and the sum of each sample's immune
cell ratio is 1.

Extraction of mRNA expression data involved in the regulation of neutrophils

In order to clarify which DEGs are involved in regulating neutrophils, we �rst obtained gene symbol lists
associated with the regulation of neutrophils from the AmiGO 2 website (http://amigo.geneontology.org/)
by searching the keyword "neutrophils". Remove duplicate gene symbols, and then these neutrophil-
associated gene symbols were intersected with DEGs. Finally, we extracted an expression matrix based
on intersection gene symbols from the normalized matrix.

GO enrichment analysis

We used Cytoscape software for network visualization (http://cytoscape.org/). Apply the ClueGO plugin
to analyze the neutrophils-associated genes through the gene ontology biological process (BP) analysis,
and establish a network relationship diagram.

Protein-protein interaction (PPI) network construction and hub gene identi�cation

To gain insight into the genetic interactions related to the identi�ed neutrophil in�ltration, we used the
STRING (https://string-db.org/) web-based tool[40] to analyze and construct a PPI network to reveal the
molecular mechanism of neutrophil-associated genes involvement in MMD. The neutrophil-associated
genes in the PPI network act as nodes and the line between two nodes represents the associated
interaction. The more core genes, the more connections there are. We visualized the PPI network result
using Cytoscape software and used the Molecular Complex Detection (MCODE)[41] plugin to screen
highly interconnected gene clusters PPI network.

Correlation Analysis of Hub Genes and In�ltrating Immune Cells

After obtaining hub genes, we performed Spearman correlation analysis on hub genes and in�ltrating
immune cells by the “corrplot” package. So as to understand the correlation between the expression
levels of these genes and the proportion of immune in�ltrating cells.

Relative expression analysis of neutrophil-associated genes
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To reduce the bias caused by normalization on the expression values of the data and the false positives
of using P-value as DEGs cutoff. We extracted the expression values of these hub neutrophil-associated
genes and the internal reference gene (GAPDH) directly from the raw data. By calculating the relative
expressions to clarify whether they are statistically different. All MCA samples from GSE157628 were
used, including 11 cases of MMD, 6 cases of IA, and 3 cases of EPI.

ROC analysis

To further test hub neutrophil-associated genes' ability to distinguish MMD, we divided the 28 samples
from GSE157628 and GSE141024 into two groups (MMD, non-MMD) according to their diagnosis
information. We applied the receiver operating characteristic (ROC) curve for testing and used the area
under the curve (AUC) to evaluate their accuracy. Use the R package "pROC" [42] to analyze results and
visualize the data. The perfect AUC value is 1. When AUC greater than 0.5 is considered to have predictive
value. It is closer to 1, the better speci�city and sensitivity.

Statistical analysis

All statistical analysis is performed by R 4.0.2. p < 0.05 was considered statistically signi�cant. Box plots,
volcano plot, principal component analysis plot, bubble plots, and the violin plot are drawn by the R
package "ggplot2" [43]. Heat maps are generated using the R package "pheatmap" [44].
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Tables
TABLE 1 | The enriched gene ontology terms for neutrophil-associated DEGs.
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Term Description Count Genes P-value

GO:1990266 neutrophil migration 10 C3AR1, CCL11, CCL15, CCL20, CCL7,
CXCL5, DAPK2, PDE4B, UMOD, XG 7.33E-15

GO:0030593 neutrophil chemotaxis 8 C3AR1, CCL11, CCL15, CCL20, CCL7,
CXCL5, DAPK2, PDE4B 8.57E-12

GO:0072677 eosinophil migration 5 CCL11, CCL15, CCL7, DAPK2, EPX 1.05E-09

GO:0008009 chemokine activity 5 CCL11, CCL15, CCL20, CCL7, CXCL5 2.25E-08

GO:0048245 eosinophil chemotaxis 4 CCL11, CCL15, CCL7, DAPK2 7.79E-08

GO:2000403 positive regulation of lymphocyte migration 3 CCL20, CCL7, PYCARD 3.68E-05

GO:1902624 positive regulation of neutrophil migration 3 C3AR1, DAPK2, XG 2.89E-05

GO:1902622 regulation of neutrophil migration 3 C3AR1, DAPK2, XG 6.48E-05

GO:2000406 positive regulation of T cell migration 2 CCL20, PYCARD 0.001295116

GO:2000144 positive regulation of DNA-templated
transcription, initiation 2 CAND1, PSMC3 0.001295116

GO:0090023 positive regulation of neutrophil chemotaxis 2 C3AR1, DAPK2 0.001138195

GO:0070944 neutrophil-mediated killing of bacterium 2 AZU1, ELANE 5.63E-05

GO:0060261 positive regulation of transcription initiation
from RNA polymerase II promoter 2 CAND1, PSMC3 7.89E-04

GO:0060260 regulation of transcription initiation from RNA
polymerase II promoter 2 CAND1, PSMC3 0.001377244

GO:0051123 RNA polymerase II preinitiation complex
assembly 2 CAND1, PSMC3 0.001377244

GO:0045899 positive regulation of RNA polymerase II
transcription preinitiation complex assembly 2 CAND1, PSMC3 1.20E-04

GO:0045898 regulation of RNA polymerase II transcription
preinitiation complex assembly 2 CAND1, PSMC3 2.42E-04

GO:0045073 regulation of chemokine biosynthetic process 2 AZU1, ELANE 3.61E-04

GO:0043320 natural killer cell degranulation 2 UNC13D, VAMP7 7.50E-05

GO:0043304 regulation of mast cell degranulation 2 UNC13D, VAMP7 0.001138195

GO:0042104 positive regulation of activated T cell
proliferation 2 EPX, PYCARD 7.89E-04

GO:0035584 calcium-mediated signaling using intracellular
calcium source 2 AZU1, CCL20 9.21E-04

GO:0002693 positive regulation of cellular extravasation 2 ELANE, XG 7.27E-04

TABLE 2 | Characteristic of Hub genes involved in the regulation of neutrophils.
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Gene symbol Gene title location Function P-value

UNC13D unc-13 homolog D Chromosome 17 Neutrophil degranulation 0.01615

AZU1 azurocidin 1 Chromosome 19 Neutrophil degranulation 0.04886

SDCBP syndecan Binding Protein Chromosome 8 Neutrophil degranulation 0.01608

ELANE elastase, neutrophil expressed Chromosome 19 A serine protease secreted by neutrophils 0.04862

PYCARD PYD And CARD Domain Containing Chromosome 16 Neutrophil activation and degranulation 0.01679

CCL11 C-C motif chemokine ligand 11 Chromosome 17 Neutrophil recruitment 0.04675

CCL15 C-C motif chemokine ligand 15 Chromosome 17 Neutrophil recruitment 0.01857

CCL20 C-C motif chemokine ligand 20 Chromosome 2 Neutrophil recruitment 0.01271

CXCL5 C-X-C Motif Chemokine Ligand 5 Chromosome 4 Neutrophil recruitment 0.02993

Figures
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Figure 1

A work�ow of bioinformatics analysis.
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Figure 2

Normalization of all samples and DEG analysis. (a) Boxplots of sample expression, before normalization
and after normalization. The x-axis is the sample information, and the y-axis is the gene expression value.
All samples are middle cerebral artery vessel walls; blue (MMD) represents Moyamoya disease samples,
green (IA) represents internal carotid aneurysm samples, and red (EPI) represents epilepsy samples. (a)
PCA visualizes the grouping information of samples. (c) The volcano plot with all genes; each dot
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represents a gene. Genes that meet the screening criteria are shown in blue (down-regulated) and red (up-
regulated), and the remaining genes are designated in gray. (d) A heatmap of the top 200 DEGs includes
105 up-regulated genes and 95 down-regulated genes. The �rst column shows the grouping information.
Each row shows one gene, one sample per column, including 11 MMD case samples and 3 EPI as
negative control samples. Up-regulated genes are represented in bright, and down-regulated genes are
represented in dark.

Figure 3

Functional enrichment analysis of DEGs. (a-b) Reactome pathway and KEGG pathway analysis of the
down-regulated DEGs. (c-d) Pathway analysis of the down-regulated DEGs. The size of the dot represents
the gene counts enriched in the term or signaling pathway. The color of each dot indicates the degree of
signi�cance.
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Figure 4

The landscape of immune in�ltration between MMD and NC. (a) Violin chart of the ratio of immune cells.
Y-axis is the percentage of immune cells; the symbols at the top represent statistical signi�cance between
the two groups. ns: not signi�cant; *p < 0.05; **p < 0.01; ***p < 0.001. (b) The bar graph on the left shows
the percentage of immune cell examples (mean) in samples from the negative control and MMD groups.
Different colors represent immune cell populations; the table on the right shows the speci�c percentage
values. NC: negative control, MMD: Moyamoya disease, SD: standard deviation.

Figure 5

Identi�cation of hub genes in neutrophil-associated DEGs. (a) Venn diagram represents the intersection
genes taken between the differential gene set of MMD and neutrophil-associated gene set. A total of 30
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intersection genes were identi�ed. (b) Neutrophil-associated DEGs were extracted, and drawn as a
heatmap. The heat map row names are the gene symbols intersected by the list of DEGs and neutrophil-
associated genes. (c) Neutrophil-associated DEGs were subjected to GO functional enrichment analysis.
Network diagram between enriched GO terms, each dot is a pathway of enriched biological processes, the
color of the dot indicates the terms of the cluster, and the most signi�cant terms in the cluster are
identi�ed in bold font with color. (d) PPI network relationship graph of neutrophil-associated DEGs
predicted by STRING. Each dot represents the protein molecule ultimately transcribed by each DEG and is
distinguished by a different color. Connecting lines between proteins indicate the presence of their
interactions, and the thickness of lines indicates the strength of interactions. The bottom row of dots is
protein molecules for which no network relationships are identi�ed. (e) Identi�cation of hub genes from
the PPI network by MCODE. Cluster sub-networks were identi�ed using Cytoscape's MCODE plugin, and
the top two sub-networks are shown. (f) Heat map of the correlation between hub genes and immune cell
ratios. The X-axis indicates the expression of hub genes; Y-axis shows the percentage of immune cell
content, pie chart size represents the correlation coe�cient, blue is positive correlation, red is negative
correlation, color shade correlation coe�cient is proportional to the absolute value size.
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Figure 6

The relative expression of neutrophil-associated hub genes. (a-i) Expression values were extracted from
the raw microarray data, and their ratio to the internal reference was calculated to compare the relative
expression of hub genes in all samples of GSE157628. Three cases of EPI, six cases of IA, 11 cases of
MMD, t-test, p < 0.05 was considered statistically signi�cant.
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Figure 7

Test the candidate hub genes by ROC. (a) ROCs for four candidate genes (UNC13D, AZU1, PYCARD,
CCL15) are shown, respectively. Samples for ROC testing include all vascular tissue samples from the
GSE157628 and GSE141024. The x-axis indicates speci�city, the y-axis indicates sensitivity, error bars are
CI, and AUC represents the area under the curve. (b) Combined ROCs for comparison. (c) Table of detailed
ROC analysis data.
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