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Abstract. Kawasaki disease (KD) is an acute, self‑limiting 
form of vasculitis commonly encountered in infants and young 
children. Intravenous immunoglobulin (IVIG) is the primary 
drug used for the treatment of KD, which may significantly 
reduce the occurrence of coronary artery lesions. However, 
the specific molecular profile changes of KD caused by 
IVIG treatment have remained elusive and require further 
research. The present study was designed to identify key 
genes, pathways and immune cells affected by IVIG treatment 
using multiple bioinformatics analysis methods. The results 
suggested that myeloid cells and neutrophils were affected by 
IVIG treatment. Kyoto Encyclopedia of Genes and Genomes 
pathway analysis identified that hematopoietic cell lineages 
and osteoclast differentiation may have an important role in 
the mechanism of action of IVIG treatment. Immune cell anal‑
ysis indicated that the levels of monocytes, M1 macrophages, 
neutrophils and platelets were markedly changed in patients 
with KD after vs. prior to IVIG treatment. The key upregulated 
genes, including ZW10 interacting kinetochore protein, GINS 
complex subunit 1 and microRNA‑30b‑3p in whole blood cells 
of patients with KD following treatment with IVIG indicated 
that these IVIG‑targeted molecules may have important roles 
in KD. In addition, these genes were further examined by liter‑
ature review and indicated to be involved in cell proliferation, 
apoptosis and virus‑related immune response in patients with 
KD. Therefore, the present results may provide novel insight 
into the mechanisms of action of IVIG treatment for KD.

Introduction

Kawasaki disease (KD) is an acute, self‑limiting form of 
vasculitis that affects infants and children, particularly 
those aged <5 years. In developed countries, KD is the most 
common cause of acquired heart disease in children  (1). 
Up to 25% of patients develop coronary artery aneurysm (CAA) 
if treatment is not provided in a timely manner (2). Since 1983, 
Furusho et al have used intravenous immunoglobulin (IVIG) 
to treat patients with KD in the initial acute phase and the 
incidence of CAA has decreased from 20‑25 to 3‑5% (3‑5). 
However, the mechanisms of action of IVIG treatment for KD 
have remained elusive. There are several possible mechanisms, 
including inhibition of inflammatory cytokines, blockade of 
Fc receptor on macrophages, activation of augmenting T‑cell 
suppressor, inhibition of antibody formation and neutraliza‑
tion of bacterial superantigens (6). Other mechanisms, such 
as reduced platelet adhesion, decreased oxidative stress and 
neutrophil apoptosis via a lectin‑binding pathway have also 
been reported (7‑9). In an animal model of KD, prevention 
of T‑cell activation and reduction of TNF‑α production 
have been reported  (10). In addition, adverse effects have 
been revealed in the clinical application of IVIG, the most 
frequent of which include flushing, fever, headache, chills and 
hemolysis (11,12). In addition, not every family one of patients 
who suffer from KD in poor countries can afford the expense 
of treatment. Therefore, the aim of the present study was to 
investigate the mechanisms of action of IVIG therapy for 
KD from a genetic perspective. At present, there is a lack of 
research on genetic changes in patients with KD prior to and 
after IVIG treatment.

Currently, gene expression profiling microarrays and 
proteome analysis are widely used to analyze the differential 
gene expression profiles and enriched pathways in KD. A 
large amount of gene chip expression profiling microarray 
data have been published in public databases, such as the 
Gene Expression Omnibus (GEO) database. In the present 
study, it was hypothesized that certain genes are associ‑
ated with IVIG treatment in patients with KD. To test the 
hypothesis, bioinformatics methods were used to screen out 
the differentially expressed genes (DEGs) in patients with 
KD after vs. prior to IVIG therapy. The gene chip data were 
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downloaded from the GEO website and the R project was 
used to analyze DEGs. Proteome analysis was used to assess 
the differentially expressed proteins (DEPs). The DEGs and 
DEPs were combined for Gene Ontology (GO) functional and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 
enrichment analyses. The profiling changes in immune cells 
were analyzed using xCell  toll. A protein‑protein interac‑
tion (PPI) network was used to determine hub genes from 
DEGs and the mRNA‑microRNA (miRNA/miR) interaction 
network was established using miRwalk. To further verify 
the aforementioned results, reverse transcription‑quantitative 
PCR (RT‑qPCR) was performed. Potential hub genes and 
their enriched pathways in patients with KD following IVIG 
treatment were identified, which provided insight into the 
mechanisms of action of IVIG in the treatment of KD.

Materials and methods

Patient data. A total of 50 patients with KD who received IVIG 
therapy between January 2020 and June 2020 were included 
in the present study. The whole blood cell samples from the 
4 patients with KD were sent for proteomic analysis, which 
was performed by PTM Biolabs, Inc. They were randomly 
divided into two groups and the mRNA levels detected in 
one group and miRNA levels in the other. No significant 
differences in patient characteristics, including sex, age and 
duration of fever, were identified between the two groups. The 
characteristics of the cohort are provided in Table I. Blood 
samples were collected prior to and 36 h after IVIG. The study 
was performed in accordance with the Declaration of Helsinki 
and approved by the Ethics Committee of the Children's 
Hospital of Soochow University Suzhou (Suzhou, China; 
approval no. 2020CS075). All participants and their parents 
were informed of the study details by the Ethics Committee 
and provided written informed consent.

Microarray data. In order to identify the DEGs in the 
post‑IVIG KD  samples, as compared with the pre‑IVIG 
samples, the GES48498 gene expression profile was 
retrieved from the National Center for Biotechnology 
Information  (NCBI) GEO database (https://www.ncbi.
nlm.nih.gov/geo/). The GES48498 microarray dataset was 
contributed by Ogihara et al (13), which included 6 whole 
blood cell samples from patients that had or had not under‑
gone IVIG administration. Expression profiling arrays were 
generated using the GPL570 Affymetrix Human Genome 
U133 Plus 2.0 Array (Affymetrix, Inc.).

Identification of DEGs. The raw microarray dataset GES48498 
in CEL format was downloaded from the GEO database. The 
data were pre‑processed into expression values using the 
package Affy (version 1.64.0) of the R project (14). Next, the 
data were normalized to verify their quality. To screen out the 
DEGs, the two groups of samples (pre‑IVIG and post‑IVIG) 
were analyzed using the Limma package (version  3.42.2) 
in R (15). The fold‑changes in the expression profiling genes 
were calculated at the same time. |Log fold‑change|>1 and 
adjusted P<0.01 were set as the cut‑off criteria for the identifi‑
cation of DEGs. All significant DEGs were demonstrated in a 
volcano plot generated using R.

Proteome analysis. In addition to microarray data, to further 
understand the mechanism of IVIG in KD, proteome analysis 
was performed on patients prior to and after IVIG treatment. 
The American Heart Association defined fever for 36 h after 
the first IVIG infusion as IVIG resistance (16). Therefore, 
the whole blood cell samples from 2 patients with KD were 
collected prior to IVIG treatment and those of 2 patients with 
KD were collected 36 h after IVIG  treatment and sent to 
PTM Biolabs, Inc. for high‑throughput quantitative proteome 
analysis. There was no change in the aspirin dose in any of 
the patients' blood samples and no glucocorticoids or antibiotics 
were used. Samples were sonicated three times on ice using 
a high‑intensity ultrasonic processor (Scientz) in lysis buffer 
(8 M urea, 1% protease inhibitor cocktail). For PTM experi‑
ments, inhibitors were also added to the lysis buffer, e.g. 3 µM 
trichostatin A and 50 mM nicotinamide for acetylation. The 
remaining debris was removed by centrifugation at 12,000 x g 
at 4˚C for 10 min.The protein sample was then diluted by 
adding 100  mM tetraethylammonium bromide  (TEAB) 
to achieve an urea concentration of <2 M. Finally, trypsin 
(Promega  Corp.) was added at a trypsin‑to‑protein mass 
ratio of 1:50 for the first digestion at 37˚C overnight and 
1:100 trypsin‑to‑protein mass ratio for a second 4‑h digestion 
at room temperature. After trypsin digestion, the peptide was 
desalted using a Strata X C18 SPE column (Phenomenex) and 
vacuum‑dried. The peptide was reconstituted in 0.5 M TEAB 
and processed according to the manufacturer's protocol for the 
Tandem Mass Tag (TMT) kit (Thermo Fisher Scientific, Inc.). 
In brief, one unit of TMT/iTRAQ reagent was thawed and 
reconstituted in acetonitrile. The peptide mixtures were then 
incubated for 2 h at room temperature and pooled, desalted 
and dried by vacuum centrifugation. The tryptic peptides 
were fractionated by high pH reverse‑phase high‑performance 
liquid chromatography using a Thermo Betasil C18 column 
(5‑µm particles, 10 mm inner diameter, 250 mm in length) 
(Thermo Fisher Scientific, Inc.). In brief, peptides were first 
separated with a gradient of 8 to 32% acetonitrile (pH 9.0) 
over  60  min and collected in 60  fractions. Subsequently, 
the peptides were combined into 6  fractions and dried by 
vacuum centrifugation. The tryptic peptides were dissolved 
in 0.1%  formic acid (solvent  A) and directly loaded onto 
a home‑made reversed‑phase analytical column (15‑cm 
length, 75 µm inner diameter). The gradient was comprised 
of an increase from 6 to 23% solvent B (0.1% formic acid in 
98% acetonitrile) over 26 min, 23 to 35% in 8 min and climbing 
to 80% in 3 min and then a hold at 80% for the last 3 min, all 
at a constant flow rate of 400 nl/min on an EASY‑nLC 1000 
ultra‑performance liquid chromatography (UPLC) system. 
The peptides were subjected to nitrogen soluble index source 
followed by tandem mass spectrometry (MS/MS) using a 
Q Exactive™ Plus (Thermo Fisher Scientific, Inc.) coupled 
online to the UPLC. The electrospray voltage applied was 
2.0  kV. The mass to charge  (m/z) scan range was 350  to 
1,800 for a full scan and intact peptides were detected in the 
Orbitrap at a resolution of 70,000. Peptides were then selected 
for MS/MS using the normalized collision energy set to 28 
and the fragments were detected in the Orbitrap at a resolu‑
tion of 17,500. A data‑dependent procedure that alternated 
between one MS scan followed by 20 MS/MS scans with 
15.0‑sec dynamic exclusion. Automatic gain control was set 
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at 5E4. The fixed first mass was set as 100 m/z. The raw data 
were processed similar to microarray data using the R project. 
|Log fold‑change (FC)|>0.6 and adjusted P<0.05 were set as 
the threshold for the identification of DEPs.

GO and KEGG pathway enrichment analysis. To analyze the 
DEGs and significant proteins for GO term and KEGG pathway 
enrichment analyses, the ClueGo package (version 2.56) of 
Cytoscape software (version 3.8.0; https://cytoscape.org/) was 
used to process data and the package ppglot2 (version 3.3.0) in 
R was utilized to visualize the results. GO enrichment analysis 
included biological process (BP), cellular component (CC) 
and molecular function  (MF) terms. GO annotation and 
KEGG pathway enrichment analysis of DEGs and DEPs was 
performed. The intersection part of the pathway was selected 
to analyze its enrichment in transcriptomic and proteomic 
analysis, respectively. The adjusted P‑value [false discovery 
rate (FDR)<0.05] was considered to indicate a statistically 
significant difference. The top 10 pathways with the greatest 
difference in transcriptomics and proteomics were selected 
and the intersection of the two groups was selected as an 
important GO and KEGG pathway in the treatment of KD by 
IVIG.

Immune cell analysis. In order to further understand the 
changes in immune cells prior to and after IVIG treatment, 
the webtool xCell was used for cell type enrichment analysis 
of the GES48498 gene expression profile for 64 immune and 
stroma cell types (17). Given that the distribution of the present 
data was not normal, the Wilcoxon signed‑rank test was used 
to calculate the difference between two groups with P<0.05 set 
as the cutoff value.

PPI network and hub gene identification. In order to extract 
the hub genes from the DEGs in the post‑IVIG KD samples, the 
Search Tool for the Retrieval of Interacting Genes and proteins 
(STRING) database (version 11.0) was used to calculate and 
obtain the PPI network (18). A combined score of ≥0.4 for 
PPI pairs was considered to indicate a statistically significant 
difference. Visualization was performed with the MCODE 
(version 1.6.1) plug‑in of Cytoscape software (19). The soft‑
ware parameters were set as default. The genes contained in 
the gene cluster with the highest scores were considered to be 
the hub genes (20).

Construction of the mRNA‑miRNA interaction network. The 
hub genes were selected and uploaded to the miRWalk 2.0 
database to predict its target miRNAs (http://zmf.umm.
uni‑heidelberg.de/apps/zmf/mirwalk2/). To increase the 
accuracy of the results, four databases, including TargetScan, 
miRanda, miRWalk and RNA22 (integrated in the 
miRWalk 2.0 database), were used to perform the intersection. 
These four databases are the default databases used to analyse 
the mRNA‑miRNA interaction network. The mRNA‑miRNA 
interaction network was constructed with Cytoscape software 
(version 3.8.0). The miRNAs that targeted >3 genes were 
screened out for further verification.

Verification of mRNA and miRNA by RT‑qPCR. To verify 
the miRNAs and their target hub genes, blood samples 
were collected from pediatric patients with KD referred to 
the Children's Hospital of Soochow University (Suzhou, 
China). mRNA and miRNA were tested in 25  patients. 
Clinical samples were collected prior to and after treatment 
with IVIG. Total RNA was extracted using TRIzol® reagent 
(Thermo Fisher Scientific Inc.). Subsequently, miRNAs were 
isolated and purified from total RNA using the miRNeasy 
Mini kit (Qiagen GmbH).

mRNA RT was performed using PrimeScript RT Master 
mix (Takara Bio, Inc.) at 37˚C for 15 min and then at 85˚C for 
10 sec. The miRNA RT was performed using the miScript II 
RT kit (Qiagen GmbH) at 37˚C for 60 min and at 95˚C for 
5 min. The complementary DNA derived from mRNA and 
miRNA was diluted four times with RNase‑free water. Next, a 
LightCycler 480 II Real‑Time PCR system (Roche Diagnostics) 
was used for the detection of mRNA and miRNA expression 
levels. qPCR for mRNA quantification was performed with 
SYBR Green qPCR Master mix (Bimake.com) at 50˚C for 
2 min, followed by 40 cycles at 95˚C for 15 sec and 60˚C for 
60 sec. PCR amplification of miRNA was conducted using 
the miScript SYBR Green PCR kit (Qiagen GmbH) at 95˚C 
for 15 min, followed by 40 cycles at 94˚C for 15 sec, 55˚C 
for 30 sec and 70˚C for 30 sec. GAPDH and U6 were used 
as internal controls for mRNA and miRNA, respectively. 
The relative expression of different samples was calculated 
using the 2‑ΔΔCt method (21). Primer sequences were designed 
by Sangon Biotech Co., Ltd. and the universal primer was 
provided by Qiagen GmbH. The primer sequences used are 
listed in Table II.

Cell culture and treatment. Human coronary artery endothelial 
cells (HCAECs) were purchased from Beijing Beina Chuanglian 
Biotechnology Research Institute (cat. no. BNCC338441) and 
cultured with RPMI‑1640 medium (Biosharp Corp.) supple‑
mented with 10% FBS (Biological Industries) and antibiotics 
(100  U/ml penicillin‑G and 100  mg/ml streptomycin) at 
37˚C in 5% CO2 and 95% humidified air. The HCAECs were 
seeded in each well of a 12‑well culture plate at a density of 
5x104 cells and incubated for 18 h at 37˚C in 5% CO2 and 
95% humidified air. The HCAECs were then subjected to 
1 µg/ml lipopolysaccharide (LPS; Merck KGaA) challenge for 
3 h (22). Subsequently, the HCAECs were treated with IVIGs 
(25 mg/ml) (Tonrol Bio‑pharmaceutical Co., Ltd.) and vehicle 
for 18  h  (23). The endothelial cells produce intercellular 
adhesion molecule 1 (ICAM1) in response to inflammatory 

Table I. Clinical characteristics.

	 Subjects used for RT‑qPCR
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Characteristic	 mRNA	 miRNA	 P‑value

Male sex (n)	 15 (25)	 18 (25)	 0.157
Age (months)	 29.95 (2.09‑57.82)	 30.76 (6.8‑54.7)	 0.427
Duration of	 6.8 (5.57‑8.03)	 6.76 (5.52‑8)	 0.843
fever (days)

RT‑qPCR, reverse transcription‑quantitative PCR; miRNA, 
microRNA.
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cytokines (23). The hub genes in HCAECs were validated 
by RT‑qPCR and imaged using an inverted phase‑contrast 
photo microscope at a magnification of x400 (Olympus IX73; 
Olympus Corp.). All experiments were repeated at least three 
times with two replicated each.

Statistical analysis. Data were analyzed using SPSS statis‑
tical software for Windows (version 24.0; IBM Corp.) and 
experimental non‑parametric data and parametric data were 
presented as the mean ± standard deviation. The Shapiro‑Wilk 
normality test was used to assess the normal distribution of 
values. The Wilcoxon signed‑rank test was used for comparison 
of categorical data (age and days of fever) and the χ2 test was 
used for the comparison of categorical data (sex) in Table I 
(P>0.05). The differences in mRNA/miRNA expression levels 
and immune cells between the two groups (pre‑IVIG group and 
post‑IVIG group) were analyzed using the Wilcoxon rank‑sum 
test and those between different time‑points for the same group 

with the Wilcoxon signed‑rank test, based on the results of the 
Shapiro‑Wilk normality test. For RT‑qPCR validation, each 
group contained 25 samples and each sample was measured by 
PCR and repeated three times to obtain the mean value. P<0.05 
was considered to indicate a statistically significant difference.

Results

Identification of DEGs and DEPs. To identify DEGs in 
post‑IVIG vs. pre‑IVIG KD  samples, the raw microarray 
dataset GES48498 and the annotation of the platform GPL570 
were downloaded from the GEO database. DEGs with 
|log2 FC|>1 and P<0.01 were determined. A total of 335 DEGs 
were selected, including 189 upregulated and 146 downregu‑
lated genes. According to the results of the proteomic analysis, 
253 DEPs were identified, of which 117 were upregulated and 
136 downregulated. A volcano plot of the DEGs and DEPs is 
presented in Fig. 1A and B, respectively.

Table II. Primers designed for real‑time PCR.

Gene	 Forward (5' to 3')	 Reverse (5' to 3')

GAPDH	 GGAGAAAC‑CTGCCAAGTATG	 TTACTCCTT‑GGAGGCCATGTAG
RRM2	 AGTG‑GAAGGCATTTTCTTTTCC	 GCAAAATCACAGTG‑TAAACCCT
TK1	 GTTCTCAGGAAAAA‑GCACAGAG	 GTCTTTGGCATACTT‑GATCACC
TOP2A	 AAGATTCATTGAAGAC‑GCTTCG	 GCTG‑TAAAATGCCATTTCTTGC
GINS1	 AGAGCACTCAGATGG‑GAATATG	 ATCCTGTG‑TAATGTCCAAACCT
ZWINT	 AATT‑GCAGCTAAGGAACAATGG	 TTTCTCCATGGCCATTT‑GTTTC
ICAM‑1	 ATGCCCAGA‑CATCTGTGTCC	 GGGGTCTC‑TATGCCCAACAA
U6	 CTCGCTTCGGCAGCACA	 AACGCTTCACGAATTTGCGT
miR‑3929	 GGAGGCTGATGTGAGTAGACCACT
miR‑30b‑3p	 CGCTGGGAGGTGGATGTTTACTTC
miR‑3689b	 GCTGGGAGGTGTGATATTGTGGT
miR‑485‑5p	 AGAGGCTGGCCGTGATGAATTC
Universal reverse of miRNAs	 10X miScript Universal Primer (Qiagen GmbH)

ZWINT, ZW10 interacting kinetochore protein; GINS1, GINS complex subunit 1; miRNA/miR, microRNA; ICAM, intercellular adhesion 
molecule; TOP2A, topoisomerase II alpha; RRM2, ri‑bonucleotide reductase regulatory subunit M2; TK1, thymidine kinase 1.

Figure 1. Volcano plot map of (A) differentially expressed genes and (B) differentially expressed proteins. Red dots, upregulated genes/proteins; green dots, 
downregulated genes/proteins.
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GO functional and KEGG pathway enrichment analysis. To 
understand the functions and potential mechanisms of IVIG 
treatment in KD, the results were analyzed and visualized 
using Cytoscape software. In total, 335 DEGs and 253 DEPs 
were included in the analysis. The DEGs were enriched in 
86 GO pathways (FDR<0.05), including 68 BP, 17 CC and 1 MF 
terms. The DEPs were enriched in 85 GO pathways, including 
59 BP, 20 CC and 6 MF terms. There were 38 pathways at 
the intersection of the two GO pathway enrichments (Fig. 2). 
Common GO pathways between DEGs and DEPs were further 
analyzed. The top 10 genes in each category of the GO pathway 
enrichment analysis of the DEGs and DEPs according to the 
FDR are listed in Fig. 3A and B. DEGs enriched in 20 path‑
ways and DEPs enriched in 26 pathways were selected. Next, 
the intersection of the two groups regarding important path‑
ways was selected and a Venn diagram was drawn to obtain 
18 common pathways (Fig. 3C). The DEGs and DEPs were 
subjected to enrichment analysis of the KEGG pathway and 
the top 10 pathways are presented in Fig. 4A‑C. The results of 
the GO functional and KEGG pathway enrichment analyses 
are presented in Tables III‑V.

The GO pathway analysis indicated that myeloid cells 
and neutrophils have important roles in IVIG treatment of 
KD, including the terms ‘granulocyte activation', ‘leukocyte 
degranulation', ‘myeloid cell activation involved in the immune 
response', ‘myeloid leukocyte activation', ‘myeloid‑leuko‑
cyte‑mediated immunity', ‘neutrophil activation', ‘neutrophil 
activation involved in the immune response', ‘neutrophil 
degranulation' and ‘neutrophil‑mediated immunity'. CC anal‑
ysis indicated that the DEGs and DEPs were mainly enriched 
in the terms of ‘azurophil granules', ‘cytoplasmic vesicle 
lumina', ‘secretory granules', ‘secretory granule lumina', 
‘secretory granule membranes', ‘secretory vesicles', ‘specific 
granules', ‘specific granule lumina' and ‘vesicle lumina'. 
Furthermore, KEGG pathway analysis demonstrated that 
DEGs were enriched in ‘cytokine‑cytokine receptor interac‑
tion', ‘hematopoietic cell lineage', ‘osteoclast differentiation', 
‘malaria' and ‘legionellosis'. The top five KEGG pathways in 
which DEPs were enriched were ‘Type 1 T‑helper (Th1) and 
Th2 cell differentiation', ‘Staphylococcus aureus infection', 
‘hematopoietic cell lineage', ‘natural killer cell‑mediated 

cytotoxicity' and ‘allograft rejection'. The terms ‘hematopoi‑
etic cell lineage' and ‘osteoclast differentiation' were screened 
out for both DEGs and DEPs.

Figure 2. Venn diagrams illustrating the number of GO pathways in DEGs 
and DEPs. (A) The GO pathways of DEPs are represented by a blue circle. 
(B) The GO pathways of DEGs are represented by a red circle. The inter‑
section in dark red represents 38 pathways the two groups had in common. 
GO, gene ontology; DEGs, differentially expressed genes; DEPs, differen‑
tially expressed proteins; FC, fold change; P.adj, adjusted P‑value.

Table III. Important common GO pathways in the enrichment 
analyses of differentially expressed genes and proteins.

A, Category BP

Pathway ID	 Description

GO:0036230	 Granulocyte activation
GO:0043299	 Leukocyte degranulation
GO:0002275	 Myeloid cell activation involved in immune
	 response
GO:0002274	 Myeloid leukocyte activation
GO:0002444	 Myeloid leukocyte mediated immunity
GO:0042119	 Neutrophil activation
GO:0002283	 Neutrophil activation involved in immune 
	 response
GO:0043312	 Neutrophil degranulation
GO:0002446	 Neutrophil mediated immunity

B, Category CC

Pathway ID	 Pathway ID

GO:0042582	 Azurophil granule
GO:0060205	 Cytoplasmic vesicle lumen
GO:0030141	 Secretory granule
GO:0034774	 Secretory granule lumen
GO:0030667	 Secretory granule membrane
GO:0099503	 Secretory vesicle
GO:0042581	 Specific granule
GO:0035580	 Specific granule lumen
GO:0031983	 Vesicle lumen

GO, Gene Ontology; BP, biological process; CC, cellular component.

Table  IV. Kyoto Encyclopedia of Genes and Genomes path‑
ways in the enrichment analyses of dif‑ferentially expressed 
genes.

Term	 Description	 Count	 FDR

hsa04640	 Hematopoietic cell lineage	 11	 1.08x10‑4

hsa05144	 Malaria	   7	 1.62x10‑3

hsa04060	 Cytokine‑cytokine receptor	 15	 1.91x10‑2

	 interaction
hsa05134	 Legionellosis	   6	 2.68x10‑2

hsa04380	 Osteoclast differentiation	   9	 2.72x10‑2

If the analysis results yielded more than five terms enriched in this 
category, the top five terms were listed according to FDR. FDR, false 
discovery rate; hsa, Homo sapiens.
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Immune cell deconvolution analysis. To obtain a deeper under‑
standing of the potential mechanisms of IVIG treatment for 
KD, changes in immune cells were analyzed. xCell was used 
to perform cell type enrichment based on the gene microarray 
data. The types of cells that were significantly different following 

calculation are presented in Fig. 5. A total of eight differential cell 
types were screened out: Monocytes (P=0.043), M1 macrophages 
(P=0.046), neutrophils (P=0.043), mast cells (P=0.043), mega‑
karyocyte/erythroid progenitor (MEP) cells (P=0.028), platelets 
(P=0.028), Th1 cells (P=0.046) and plasma cells (P=0.043).

Table V. Top five Kyoto Encyclopedia of Genes and Genomes pathways in the enrichment anal‑yses of differentially expressed 
proteins.

Term	 Description	 Count	 FDR

hsa04658	 Th1 and Th2 cell differentiation	 11	 8.03x10‑6

hsa05150	 Staphylococcus aureus infection	 10	 1.01x10‑4

hsa04640	 Hematopoietic cell lineage	 10	 1.29x10‑4

hsa04650	 Natural killer cell mediated cytotoxicity	 11	 2.49x10‑4

hsa05330	 Allograft rejection	 6	 8.33x10‑4

If the analysis results were more than five terms enriched in this category, the top five terms were listed according to FDR. If the analysis 
results yielded more than five terms enriched in this category, the top five terms were listed according to FDR. Th1, type 1 T‑helper; FDR, false 
discovery rate; hsa, Homo sapiens.

Figure 3. GO enrichment analysis of DEGs and DEPs. For (A) DEGs and (B) DEPs, the top 10 pathways in each GO category (MF, CC and BP) are presented 
in bubble charts. If the analysis results yielded >10 pathways enriched in this category, the top 10 pathways were listed according to the FDR. (C) Venn diagram 
indicating the GO pathways for the DEGs and DEPs. The top 10 GO pathways for the DEPs in each GO category were determined and represented by a blue 
circle, while those for the DEGs were represented by a red circle.GO, gene ontology; MF, molecular function; CC, cellular component; BP, biological process; 
FDR, false discovery rate; DEGs, differentially expressed genes; DEPs, differentially expressed proteins.
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PPI network construction and hub gene identification. To 
screen out the hub genes from a total of 335 DEGs, the online 
STRING database was used for analysis. The PPI network 
of the DEGs was visualized using Cytoscape software. The 

network contained 240 nodes and 932 edges and the average 
node degree was 6.13. The data were analyzed using Cytoscape 
software (Fig.  6). The MCODE plug‑in of the Cytoscape 
software was used to calculate the network data to identify 
gene clusters. The genes in the highest‑scoring gene cluster 
were defined as hub genes. The results of all gene clusters are 
presented in Table VI. A total of 17 hub genes were screened 

Figure 4. KEGG enrichment analysis of DPGs and DEGs. (A) KEGG enrichment analysis results of (A) DEGs and (B) DPGs presented in bubble charts. 
(C) Venn diagrams illustrating the number of KEGG pathways for DEGs and DEPs. KEGG pathways calculated for DEPs are indicated by a blue circle and 
those for DEGs are represented by a red circle. The intersection in dark red represents two pathways that were common between DEGs and DEPs. KEGG, 
Kyoto Encyclopedia of Genes and Genomes; DEGs, differentially expressed genes; DEGs, differentially expressed genes; DEPs, differentially expressed 
proteins; FDR, false discovery rate.

Figure 5. Comparison of the xCell scores of 64 cell types between pre‑ and 
post‑IVIG treatment whole‑blood cell samples of patients with Kawasaki 
disease in the GES48498 dataset. Violin charts displaying significantly dif‑
ferent lymphoid cells. *P<0.05. IVIG, intravenous immunoglobulin; MEP, 
megakaryocyte/erythroid progenitor cells; Th1, type I T‑helper.

Table VI. MCODE was used to determine the protein‑protein 
interaction network downloaded from the Search Tool for the 
Retrieval of Interacting Genes and Proteins database to fur‑
ther mine gene clusters.

Cluster no.	 Score (density)	 Nodes (n)	 Edges (n)

1	 15.75	 17	 126
2	 10	 10	 45
3	 5.684	 20	 54
4	 4.121	 34	 68
5	 3.333	 4	 5
6	 3	 3	 3
7	 3	 3	 3
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out for further analysis. Those genes are most likely to be 
essential genes for IVIG treatment of KD. The hub genes are 
presented in Table VII and Fig. 7.

Integrated network analysis of mRNA‑miRNA interactions. In 
total, 17 hub genes were uploaded to the online miRWalk 2.0 
database to predict the targeted miRNAs. The intersection 
of miRNA results predicted using the TargetScan, miRanda, 
miRWalk and RNA22 databases was defined as the predic‑
tion result. The parameters were inputted as defaults. The 
miRNA‑mRNA interaction network was constructed and 
visualized with Cytoscape software. A total of four miRNAs 
were screened out for further verification, namely miR‑3929, 
miR‑30b‑3p, miR‑3689b‑3p and miR‑485‑5p. The results of the 
analysis and the interaction network are presented in Table VIII 
and Fig. 8. All four miRNAs targeted ribonucleotide reductase 
regulatory subunit M2 and GINS complex subunit 1 (GINS1).

RT‑qPCR validation. A total of five mRNAs and four miRNAs 
were detected and compared in 50 patients with KD. All 

Figure 6. Protein‑protein interaction network of differentially expressed genes between the before‑ and after‑intravenous immunoglobulin Kawasaki disease 
samples. Yellow and elliptical nodes, hub genes; red and elliptical nodes, upregulated genes; green and diamond nodes, downregulated genes.

Table VII. Genes in the highest‑scoring gene cluster (Cluster 1) 
processed by MCODE.

Gene/node ID	 MCODE score	 MCODE cluster

ZWINT	 12.752	 Cluster 1
RRM2	 12.752	 Cluster 1
KIF11	 12.752	 Cluster 1
KIF4A	 12.752	 Cluster 1
CCNB1	 12.752	 Cluster 1
E2F8	 12.752	 Cluster 1
TPX2	 12.752	 Cluster 1
TOP2A	 12.752	 Cluster 1
NUSAP1	 12.752	 Cluster 1
MCM2	 12.752	 Cluster 1
DLGAP5	 12.752	 Cluster 1
TK1	 11.868	 Cluster 1
UHRF1	 11.868	 Cluster 1
NDC80	 11.868	 Cluster 1
PTTG1	 11.657	 Cluster 1
GINS1	 11.000	 Cluster 1
FAM83D	 10.859	 Cluster 1

All of the genes we selected from the highest scoring gene cluster 
(Cluster 1). ZWINT, ZW10 in‑teracting kinetochore protein; GINS1, 
GINS complex subunit 1; TOP2A, topoisomerase II alpha; RRM2, ribo‑
nucleotide reductase regulatory subunit M2; TK1, thymidine kinase 1.

Figure 7. Highest‑scoring gene cluster obtained from the protein‑protein 
interaction network with 17 nodes and 126 edges.
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blood samples were collected twice, namely prior to and 36 h 
after IVIG treatment. A total of 50 (25 for mRNA and 25 for 
miRNA) samples were tested. Due to the difficulty of collecting 
blood from children, one sample is not adequate to detect 
miRNA and mRNA at the same time. The expression levels 
of ZW10 interacting kinetochore protein (ZWINT), GINS1 
and miR‑30b‑3p differed significantly post‑ vs. pre‑IVIG 
treatment among the  patients with KD. As predicted, the 

relative expression levels of ZWINT (P=0.00446) and GINS1 
(P=0.00029) in the pre‑IVIG treatment group were lower than 
those in the post‑IVIG treatment group. Both ZWINT and 
GINS1 were targeted by miR‑30b‑3p, whose expression level 
was higher in the pre‑IVIG treatment group as compared with 
that in the post‑IVIG treatment group (P=0.00012) (Fig. 9).

Cell experiment. The HCAECs were stimulated with LPS and 
underwent IVIG treatment. ZWINT and GINS1 were upregu‑
lated, whereas miR‑30b‑3p was significantly downregulated 
before and after IVIG treatment in HCAEC. The expression 
level of ICAM1 was decreased after IVIG treatment. Following 
LPS stimulation, certain HCAECs exhibited apoptosis, which 
was assessed by observing the floating cells in the medium. 
Following IVIG treatment, HCAECs had a faster growth rate 
as compared with that in the control group (Fig. 10).

Discussion

KD is a form of vasculitis that frequently occurs in childhood. 
IVIG, which may significantly reduce the incidence of CAA 
in patients with KD, is used as initial therapy (24). In the present 
study, 335 DEGs and 253 DEPs were identified in patients with 
KD after vs. prior to IVIG treatment. Enrichment analysis of 

Table VIII. miRNAs and their target hub genes.

miRNA	 Genes targeted by miRNA	 Gene count

miR‑3929	 RRM2, TK1, TOP2A, GINS1	 4
miR‑30b‑3p	 ZWINT, RRM2, GINS1	 3
miR‑3689b‑3p	 ZWINT, RRM2, GINS1	 3
miR‑485‑5p	 RRM2, TOP2A, GINS1	 3

ZWINT, ZW10 interacting kinetochore protein; GINS1, GINS com‑
plex subunit 1; miRNA/miR, microRNA; TOP2A, topoisomerase II 
alpha; RRM2, ribonucleotidereductase regulatory subunit M2; TK1, 
thymidine kinase 1.

Figure 8. mRNA‑miRNA network of hub genes. Yellow and rectangular nodes represent the miRNAs targeting ≥3 mRNAs. Red and elliptical nodes represent 
mRNAs that interact with miRNAs. Green and diamond nodes represent miRNAs connected to <3 mRNAs. miRNA/miR, microRNA.
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GO terms and KEGG pathways was performed for the selected 
DEGs and DEPs. Myeloid cell‑ and neutrophil‑related path‑
ways have been indicated to have an important role in IVIG 
treatment; these include myeloid cell/neutrophil activation 
involved in the immune response, myeloid leukocyte/neutro‑
phil activation and myeloid leukocyte/neutrophil‑mediated 
immunity. In addition, through KEGG enrichment pathway 
analysis, osteoclast differentiation and hematopoietic cell 
lineage were determined for both DEGs and DEPs, and it was 
suggested that cell differentiation may have a potential key role 
in IVIG therapy. Similar to the results of the pathway enrich‑
ment analysis, the changes in immune cells were analyzed 
using xCell tools. A total of eight different types of cells were 
screened out, including neutrophils and Th1 cells. The PPI 
and mRNA‑miRNA networks were used to screen out hub 
genes and their target miRNAs of DEGs. Finally, the expres‑
sion of ZWINT, GINS1 and miR‑30b‑3p was confirmed to be 
significantly different between clinical samples and HCAEC 

by using RT‑qPCR analysis. These changes in gene expression 
were consistent with the predicted results.

The PPI results were analyzed using MCODE in Cytoscape. 
The gene cluster with the highest score in MCODE was 
selected. The mRNA‑miRNA network and RT‑qPCR were 
used to identify three genes, including two mRNAs and one 
miRNA. To the best of our knowledge, the association among 
ZWINT, GINS1, miR‑30b‑3p and KD has not been previously 
reported.

ZWINT encodes ZW10 interacting kinetochore protein, 
which regulates centromere division (25). ZWINT has been 
reported to regulate the cell proliferation cycle by regulating 
key mitotic nodes (26). Chromosome instability is also affected 
by ZWINT (27). Therefore, the present study on ZWINT is 
mostly focused on tumors, including breast cancer (25), hepa‑
tocellular carcinoma (28) and glioblastoma (29). Furthermore, 
upregulation of ZWINT has a positive regulatory effect on the 
antiviral signaling pathway (28). Likewise, the relative expres‑
sion levels of ZWINT were upregulated in the present study. 
With the upregulation of ZWINT, the proliferation of HCAEC 
was accelerated. Viral infections such as coronavirus‑19 (30) 
and influenza (31) are considered to be associated with KD. 
Therefore, whether IVIG regulates the antiviral signaling 
pathway through ZWINT requires further study.

Figure 9. RT‑qPCR results. (A) The relative expression levels of ZWINT 
(P=0.00446) and GINS1 (P=0.00029) in a patient with KD prior to IVIG 
treatment were higher than those after IVIG treatment. (B) The relative levels 
of miR‑30b‑3p expression (P=0.00012) were lower prior to IVIG treatment 
compared with those thereafter. ***P<0.01. Statistical analysis was performed 
using Wilcoxon's signed‑rank test. RT‑qPCR, reverse transcription‑quan‑
titative PCR; KD, Kawasaki disease; IVIG, intravenous immunoglobulin; 
ZWINT, ZW10  interacting kinetochore protein; GINS1, GINS complex 
subunit 1; TOP2A, topoisomerase II alpha; RRM2, ribonucleotide reductase 
regulatory subunit M2; TK1, thymidine kinase 1.

Figure 10. Results of cell experiment. (A) Relative expression levels of ICAM1 
(P=0.046) in HCAECs stimulated with LPS prior to IVIG treatment were 
higher than those after IVIG treatment. (B) The relative levels of ZWINT 
(P=0.049) and GINS1 (P=0.049) in HCAECs stimulated with LPS prior to 
IVIG treatment were lower than those after IVIG treatment. miR‑30b‑3p 
expression (P=0.043) in HCAECs stimulated with LPS prior to IVIG treat‑
ment was higher as compared with that after treatment. (C) HCAEC apoptosis 
was observed following treatment with 1 µg/ml LPS for 4 h and cell prolif‑
eration was accelerated following treatment with 25 mg/ml IVIG for 18 h, 
compared with the control group. Magnification, x400. *P<0.05. Statistical 
analysis was performed using the Wilcoxon rank‑sum test. ICAM1, inter‑
cellular adhesion molecule 1; HCAECs, human coronary artery endothelial 
cells; LPS, lipopolysaccharide; IVIG, intravenous immunoglobulin; ZWINT, 
ZW10 interacting kinetochore protein; GINS1, GINS complex subunit 1.
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GINS1 is also known as Go‑Ichi‑Ni‑San complex subunit 1 
or PSF1. DNA replication is closely linked to GINS1 and 
clinical studies have indicated that GINS1 deficiency may 
lead to autoimmune disorders, such as neutrophil and NK‑cell 
deficiency (32). However, it has been determined that GINS1 
was upregulated and neutrophils were decreased following 
IVIG treatment. The reason for this may that GINS1 does not 
directly act on neutrophils. It has been reported that GINS1 may 
regulate cell proliferation and apoptosis. GINS1 knockdown 
was indicated to suppress proliferation and accelerate apoptosis 
in vitro (33), and increased expression of GINS1 may be associ‑
ated with poor prognosis for patients with cancer, such as breast 
cancer (34). In the present study, increased expression of GINS1 
was indicated to be associated with the proliferation of HCAEC.

miRNAs are short non‑coding RNAs associated with cell 
development, proliferation and apoptosis (35). miR‑30b‑3p has 
been reported to be involved in cell inflammation and prolif‑
eration through the NF‑κB, T‑cell receptor (36) and AKT (37) 
signaling pathways. miR‑30b‑3p is upregulated in viral diseases, 
such as respiratory‑syncytial‑virus‑associated pediatric 
pneumonia (36). With regard to the regulation of tumor cell 
proliferation, the results vary among different types of tumor. 
Overexpression of miR‑30b‑3p promoted apoptosis in ovarian 
cancer cells (38) and its knockdown suppressed the proliferation 
of glioma cells (37). The role of miR‑30b‑3p in prostate cancer 
remains controversial and the results are also conflicting (39). 
These differences in miR‑30b‑3p quantification may be associ‑
ated with tissue processing, RNA isolation methods, miRNA 
quantification or miRNA normalization techniques. The present 
results indicated that these three genes (ZWINT, GINS1 and 
miR‑30b‑3p) have a role in regulating the cell proliferation cycle 
and participating in antiviral immunity. At present, research on 
IVIG‑induced changes in cell proliferation and apoptosis in KD 
is still lacking. Kato et al (40) reported that immunoglobulin 
regulated lymphocyte proliferation by suppressing superan‑
tigens. According to the present results, ZWINT, GINS1 and 
miR‑30b‑3p may be key molecules for the further study of the 
effect of IVIG in the treatment of KD, since they may affect cell 
proliferation, apoptosis and virus‑related immune response.

Based on the GO analysis, nine BPs and nine CCs were 
indicated to be significantly different between DEGs and DEPs. 
Myeloid leukocytes and neutrophils were involved in almost 
all BPs. The regulation of the activation involved in immune 
responses of those two cell types may be associated with the 
mechanisms of action of IVIG in KD. Andreozzi et al (41) indi‑
cated that neutrophils were significantly increased in patients 
with acute‑phase KD, since neutrophils in the reserve pool of 
the bone marrow were released into the peripheral circulation. 
A 12‑year clinical study also confirmed that neutrophils were 
significantly increased in the acute phase of KD (42). Following 
IVIG treatment, neutrophils were frequently significantly 
decreased (42). Data on changes in neutrophils were consistent 
with these reports (41,42). This indicated that neutrophils may 
have an important role in the therapeutic mechanisms of IVIG 
in KD. In addition, several predictive models for IVIG resis‑
tance in KD have attempted to identify potential risk factors; 
the percentage of neutrophils, such as the Kobayashi and 
Formosa score and certain neutrophil‑related ratios, such as 
the neutrophil‑to‑lymphocyte ratio, are considered to be asso‑
ciated with IVIG resistance (43). It has also been suggested that 

the control of neutrophil activation and neutrophil‑mediated 
immune response may be associated with the mechanism 
of IVIG therapy. Furthermore, the prolonged lifespan of 
activated neutrophils and prolonged activation of neutrophils 
may be associated with the pathogenesis of KD and increase 
the possibility of IVIG resistance (44,45). However, the exact 
mechanism remains elusive. The results of the GO pathway 
analysis indicated that hub genes may be involved in regulating 
the cell proliferation cycle. However, whether IVIG regulates 
the neutrophil activation cycle requires further study.

Through the KEGG database, the osteoclast differentia‑
tion and hematopoietic cell lineage pathway were calculated 
using ClueGo in Cytoscape. Most of the studies on osteoclast 
differentiation have focused on rheumatoid arthritis and osteo‑
porosis. Certain transcription factors, such as Jun dimerization 
protein 2, are able to regulate both osteoclast and neutrophil 
differentiation. Neutrophils may be linked to the therapeutic 
mechanism of IVIG (46). A bioinformatics analysis of other 
microarray data also indicated that osteoclast differen‑
tiation was associated with KD (47). Blood‑cell development 
progresses from hematopoietic stem cells. Several cell types, 
such as neutrophils, T cells, monocytes and macrophages, are 
derived from hematopoietic cells and are associated with the 
pathogenesis of KD. The results of immune infiltration anal‑
ysis of changes in macrophages and monocytes using xCell 
were consistent with those reported by Sugitani et al  (48) 
and Koizumi et al (49), who confirmed that macrophages and 
monocytes were upregulated in the acute phase of KD and 
downregulated following treatment. Similar to macrophages 
and monocytes, the changing trend in platelets was also consis‑
tent with previous studies and the degree of platelet increase 
was associated with the level of immunoglobulin (50). The role 
of B cells in the pathogenesis of KD remains elusive. Unlike 
in the present study, a previous trial reported no changes in the 
acute and convalescent B‑cell subgroups (51). Leung et al (52) 
reported that the activated Th1 cells were reduced following 
IVIG treatment in KD. Since only 12 patients were examined 
and the changing trends in plasma cells came from microarray 
calculations, the present results may have been accidental 
and should be confirmed in a large study. A small number 
of studies on mast and MEP cells in KD are available (53). 
According to the present analysis of the KEGG pathways 
and immune cell infiltration, the aforementioned eight types 
of cells may participate in the mechanism of action of IVIG. 
Further exploration of the therapeutic mechanisms of IVIG in 
those cells would be a worthwhile first step for future studies.

The present study had several limitations. First, patients 
with KD who did not use IVIG were not included as a control 
group in the study. Due to ethical issues, it is not possible to 
treat patients with KD without IVIG. Furthermore, the number 
of samples included in the study was small, in particular the 
number of samples for proteome analysis. Proteome analysis 
from 4 different patients was also another limitation of the 
present study. The results require to be confirmed in a larger 
study. Finally, certain conclusions came from bioinformatics 
analyses and require further experimental verification.

In conclusion, in the present study, the mechanisms of 
action of IVIG in the treatment of KD were analyzed using an 
integrated bioinformatics analysis. The results indicated that 
IVIG treatment specifically increased the levels of ZWINT 
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and GINS1, and markedly decreased those of miR‑30b‑3p, 
and these changes are mainly linked to cell  cycle regula‑
tion and virus‑related immune response. The activation of 
myeloid leukocytes, neutrophils, monocytes and the M1 type 
of macrophages, as well as neutrophils and platelets, which 
are regulated by IVIG, may have an important role in KD. 
Furthermore, osteoclast differentiation and the hematopoietic 
cell lineage targeted by IVIG also have a critical role in KD, 
although these points still require further research.
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