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Abstract: Objective: Kawasaki disease (KD) is an acute vasculitis that typically occurs in young children and may
lead to coronary artery lesions (CALs), but the precise mechanisms that trigger this illness are unclear. We hope to
identify some clues to the pathogenesis of KD through clinical sample analysis. Methods: We included 12 children
who had been diagnosed with KD coronary artery lesions (KD-CALs) or KD-no coronary artery lesions (KD-nCALs)
and investigated the transcriptome variations of patients with KD in the acute and subacute stages. Further, we
enrolled 12 new patients with KD and investigated the expression of CD14 mRNA and the downstream genes
A20, A1/BF1_1, and IkBaq, via real-time quantitative PCR (QRT-PCR). In addition, we established an animal model
of KD-induced coronary inflammation and measured the protein levels of mCD14, IkBa and IL-:6 on Day 7 and 14
after completion of modelling. Then, molecular docking was applied to analyse the binding power of the chemical
compounds with mCD14. Results: The KD-CALs group contained 62 differentially expressed genes (DEGs), which
were enriched in the nuclear factor kappa-B (NF-kB) signalling pathway. CD14 mRNA was upregulated in the acute
stage, which caused an increase in expression of the downstream genes A20, A1/BF1_1, and IkBa. Molecular
docking revealed that the best docking medicine with mCD14 was lupenone. On Day 14 after modelling, there was
significant inflammation with infiltration of lymphocytes and macrophages in the coronary endothelium of the mice.
Compared with those in the Day 7 group and the control group, the levels of mCD14, IkBa and IL-6 proteins in the
coronary endothelium significantly increased in mice in the Day 14 group. Conclusions: CD14 mRNA may regulate
IkBa expression and subsequently activate the NF-«kB signalling pathway, ultimately causing vasculitis. CD14 mRNA
participates in the occurrence of coronary artery injury, and its protein product mCD14 may be a potential therapeu-
tic target for KD-CALs.
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Introduction ease in children [3]. The incidence of KD differs
across races and regions worldwide; in general,

Kawasaki disease (KD), otherwise known as it is higher in Asia than in Europe and the United

mucocutaneous lymph node syndrome, is an
acute, self-limited systemic vasculitis in chil-
dren. It affects small- and medium-sized blood
vessels, and the main complication is coronary
artery lesions [1, 2], including coronary artery
dilation, aneurysm, and stenosis. Approximately
15%-25% of patients with KD develop CALs.
The disease affects mostly children under five
years of age, and in the industrialized world, it
is the leading reason for acquired heart dis-

States. The epidemiology of KD among children
under 5 years of age in East Asian countries
such as Japan and South Korea shows that the
incidence of KD has increased significantly in
the past decade from 2009 to 2017. In China,
the incidence has also shown an increasing
trend in Beijing, Shanghai, Jiangsu, Guangdong,
Hong Kong, Jilin and other regions [4]. The diag-
nosis of KD mainly depends on principal clinical
features, including fever, rash, conjunctivitis,
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Figure 1. Flow chart of the research content. KD: Kawasaki disease; CALs: coronary artery lesions; nCALs: noncoro-
nary artery lesions; GO: Gene Ontology; KEGG: Kyoto Encyclopaedia of Genes and Genomes; qRT-PCR: Real-time

quantitative PCR.

lymphadenopathy, and changes in the oral
mucosa and extremities [5]. Heart issues are
more likely to occur in patients because of their
unusual symptoms, which are frequently misdi-
agnosed and overlooked.

The cause of KD and the mechanisms underly-
ing its development into CALs, however, are still
unknown. It is generally believed that the aetiol-
ogy of KD is an immune-mediated interaction
between infection and genetic predisposition
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[6]. Other extrinsic factors, such as region, sea-
son, and climate, may also have an impact.
Whole-genome association studies have identi-
fied several genes that are sensitive to KD,
such as inositol-trisphosphate 3-kinase C
(ITPKC), caspase 3 (CASP3), and cluster of dif-
ferentiation 40 (CD40) [7]. Various pathogens,
such as superantigen toxins, coronaviruses,
and retroviruses, are considered triggering fac-
tors, but the exact pathogenic mechanism is
not clear [8]. The activation of the immune sys-
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Table 1. Classification of coronary artery
abnormalities

Z value Coronary artery abnormalities
<2 No involvement
>2-<25 Dilation

>25-<5 Small coronary artery aneurysm
>5-<10 Medium coronary artery aneurysm
>10 Enormous coronary artery aneurysm

tem provides crucial evidence for the patho-
physiology of KD, and many inflammatory cyto-
kines and cells, including tumour necrosis fac-
tor (TNF), interleukin (IL)-1B, interferon (IFN)-y
and peripheral lymphocytes, play a role in this
process [9]. Some attempts have been made to
identify clinical biomarkers of KD-CALs, such
as sex, age, response to immunoglobulin, and
red blood cell distribution width [10], but no
additional studies on molecular biomarkers
have been conducted.

Nuclear factor kappa-B (NF-kB) is widely pres-
ent in animal cells and is a key regulatory gene
in immunity and inflammation [11]. Previous
studies have revealed that the activation of
NF-kB can enhance the expression of various
proinflammatory and proadhesion genes in
vascular endothelial cells [12]. A study using
mouse models of coronary atherosclerosis
reported that vascular endothelial cells activat-
ed NF-kB signalling and upregulate the expres-
sion of NF-kB-induced genes, whereas the
response of endothelial cells to specific inhibi-
tor of NF-kB could depress the expression of
relevant genes, thereby delaying the progres-
sion of arteriosclerosis [12]. The pathophysiol-
ogy of intracranial aneurysms has been shown
to be closely related to the NF-kB pathway,
which affects smooth muscle cells and endo-
thelial cells in blood vessels [13].

The CD14 protein was initially considered to be
a membrane receptor (mCD14) for lipopolysac-
charides on macrophages and to mediate the
host response to sepsis. Additionally, mCD14 is
also expressed in neutrophils and dendritic
cells and with lower expression in human T
cells, B cells, and intrinsic liver Kupffer cells
[14]. It has also been detected in human intes-
tinal cells, human and mouse liver cells, and
pancreatic islets B cells. It participates in vari-
ous pathological processes, such as immunity,
infection, and cardiovascular disease [15], and
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is also closely related to KD. Geng et al. report-
ed that the CD14+CD16- monocyte subsets
related to neutrophil activation are significantly
expanded in KD [16]. During 2019 coronavirus
(COVID-19) infection, patients were reported to
have severe vasculitis similar to KD. Liu et al.
studied the possible mechanism responsible
for the vascular injury in KD and COVID-19, and
they found an increased proportion of CD14+
monocytes in patients with KD and COVID-19,
which strengthened the adhesion and injury to
vascular endothelial cells [17]. mCD14-related
signalling pathways include NF-kB [18], and
Aguilar Briseno et al. reported that in severe
dengue fever virus (DENV) infection, mCD14 on
blood monocytes was activated through the
NF-kB pathway, ultimately driving the produc-
tion of endothelial inflammation.

The traditional model in Western medicine
development involves the identification of spe-
cific steps or highly specific inhibitors of protein
targets during the disease process. However,
most diseases, including cardiovascular and
cerebrovascular diseases, comprise complex
physiological and pathological processes in-
volving the interaction of multiple genes and
molecular networks, and therapeutic effects
often cannot be achieved through the action of
a single target. Traditional Chinese medicine
(TCM) is natural and multitarget. Many studies
have shown that TCM has therapeutic effects
on inflammation, immunity, and cardiovascu-
lar and cerebrovascular diseases, including KD,
through cytokines and signalling pathways [19,
20]. Tang et al. reported that some herbal
chemicals which have effects on anti-inflamma-
tion or immunoregulation were considered as
accessory treatment for patients with KD [21].

Our research aimed to explore the role of CD14
MRNA in coronary artery injury in patients with
KD. Figure 1 shows the study procedure. We
examined the unique genes and signalling
pathways involved in KD cases and found that
CD14 mRNA might be involved in the signalling
networks of KD-CALs, and thus, we detected
the expression level of mCD14 in KD-CALs.
Considering that it is difficult to obtain coronary
tissue from patients with KD, we chose animal
experiments for verification. We also attempted
to determine whether mCD14 could serve as a
therapeutic target for KD-CALs through molec-
ular docking.
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Table 2. Main experimental materials and chemicals

Materials and chemicals

Brand

CPT tubes

Ilumina TruSeq RNA Access kit
SuperScript® VILO™ cDNA Synthesis Kit
TRIzol reagent

Chloroform

Isopropanol

75% Ethanol

Nuclease-free water

Environmentally friendly dewaxing solution
Anhydrous ethanol

Antigen repair solution

Endogenous peroxidase blocker

Animal nonimmune serum

Secondary antibody +DAB reagent kit
Haematoxylin

Eosin staining solution

BD

20020189, lllumina, USA

12594025, Invitrogen

15596026, Invitrogen, Karlsruhe, Germany; Carlsbad, CA
288306, Sigma-Aldrich, St. Louis, MO, USA

AC383910010, Fisher-Scientific, Thermo Fisher Scientific, Waltham, MA, USA

200-578-6, Sigma-Aldrich
FO025, Solarbio

Solarbio YAOO31

Sangon A500737
LEAGENE IH0297

Maixin Biological SP KIT-A3
Maixin Biological SP KIT-B3
DAKO K5007

Sangon E607307-100
Sangon E607317-100

Microscope Nikon ECLIPSE CI-L
(NH,),SO, Sangon

CuSO, 5H,0 Sangon

FeSO, 7H,0 Sangon

MgSO0, 7H,0 Sangon

CaCl, 2H,0 Sangon

ZnSO, 7H,0 Sangon

KH,PO, Sangon

Biotin Sangon

Sucrose Biosharp

Acetone Sinopharm 10000418
YM broth culture medium powder Sangon

1x PBS Buffer

Servicebio

Materials and methods
Clinical experiments

Patients in the KD group: Patient inclusion cri-
teria: 1. Meeting the 2017 edition of the
Diagnosis, Treatment, and Long-term Mana-
gement of Kawasaki Disease - Scientific
Statement of the American Heart Association
for Medical Professionals [22], with fever last-
ing for more than 5 days (including those with
fever < 5 days after treatment); bilateral con-
junctival congestion; oral manifestations: red-
ness of the lips, strawberry tongue, diffuse con-
gestion of the oral mucosa; irregular rash;
extremity changes: swelling of the hands and
feet in the acute stage, finger and toe peeling
during the recovery period; and nonpurulent
cervical lymphadenopathy during the acute
phase. The presence of 5 of the above 6 main
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symptoms can indicate a diagnosis of KD. In
the event that only 4 of the above 6 symptoms
are present, but coronary artery aneurysm (or
dilation) was confirmed through echocardiogra-
phy or angiocardiography, and other diseases
could be ruled out, a diagnosis of KD was con-
firmed. 2. Parents agreed to undergo blood
tests in the acute and subacute stages during
hospitalization at Soochow University Affiliated
Children’s Hospital, and we obtained a signed
informed consent form from the legal guardian
of each patient. The case exclusion criteria
were children who were not diagnosed with KD
upon discharge and were unable to complete
blood tests for various reasons.

Finally, 24 patients who were diagnosed with
KD for the first time in the Cardiology
Department of Soochow University Affiliated
Children’s Hospital (Suzhou, Jiangsu Province,
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Table 3. Primer sequences for RNA

Gene name Sequence (5’-3) Product length (bp) Tm GC% Reference Sequence

Chi14 CTGCAACTTCTCCGAACCTC 215 58.57 55 NM_000591.4
CCAGTAGCTGAGCAGGAACC 60.11 60

A20 ATGCACCGATACACACTGGA 153 59.1 50 NM_001270507.2
CACAAGCTTCCGGACTTCTC 58.57 55

Al1/Bf1_1 TTACAGGCTGGCTCAGGACT 87 60.55 55 NM_001114735.2
AGCACTCTGGACGTTTTGCT 60.18 50

IKBa GCTGATGTCAATGCTCAGGA 103 57.97 50 NM_020529.3
CCCCACACTTCAACAGGAGT 59.53 55

China) were enrolled from June 2021 to March
2022. According to the 2017 edition of
Diagnosis, Treatment, and Long-term Mana-
gement of Kawasaki Disease - American Heart
Association’s Scientific Statement to Medical
Professionals [22], the standard for determin-
ing whether patients with KD have concomitant
coronary artery damage is the Z value, which is
the coronary artery diameter corrected by body
surface area, rather than only the absolute
value of diameter. The classification of coro-
nary artery abnormalities is based on the Z
value (Table 1). We performed echocardiogra-
phy on the second day after admission and 3
days after reaching normal body temperature
and selected patients with a Zvalue greater
than 2 as the CALs. Patients with KD were
subsequently divided into the CALs and non-
CALs (nCLAs) groups, which consisted of 12
patients each. Each group was subdivided into
the acute phase (before intravenous immuno-
globulin infusion, 1-10 days after onset) and
the subacute phase (after intravenous immu-
noglobulin infusion, body temperature returned
to normal, 11-21 days after onset). Clinical
data, including age, sex, weight, duration of
fever, clinical manifestations, and response
to immunoglobulin therapy, were collected for
the two groups.

Isolation of peripheral blood mononuclear
cells: The peripheral blood samples in each
group were collected in the acute and subacute
stages, with 2 millilitres of blood drawn from
each patient into an EDTA anticoagulant tube.
Peripheral blood mononuclear cells (PBMCs)
were isolated from blood donors using CPT
tubes. Isolated PBMCs were lysed in TRIzol
reagent (1 ml/1x10” PBMCs) and stored at
-80°C until further processing.

Total RNA extraction: The PBMCs immersed in
TRIzol were removed from -80°C and thawed
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on ice, mixed by whirling for 1 min and left at
room temperature for 5 min. Chloroform was
added to purify the samples, followed by vortex-
ing, incubation for 5 min at room temperature,
and centrifugation for 15 min (12,000x g, 4°C).
The aqueous phase containing the RNA was
transferred to a new tube, followed by the addi-
tion of isopropanol, and the samples were cen-
trifuged for 15 min (12,000x g, 4°C) and then
incubated at room temperature for 10 min. The
RNA was washed with 75% ethanol, air-dried,
and resuspended in 50 pl of nuclease-free
water. The brand and catalogue for all the mate-
rials and chemicals used in this study are listed
in Table 2.

mRNA library construction and sequencing:
Total RNA sequencing libraries were con-
structed using the Illumina TruSeq RNA
Access Kit. Sequencing procedures were per-
formed on an Illumina NovaSeq 6000 plat-
form with 150-bp paired-end reads at an aver-
age depth of 75 million reads. RNA libraries
were constructed and sequenced. The expres-
sion level was quantified by the count per mil-
lion method, and the relative expression level
was expressed as the log2 of the fold change
(FC). A log2FC greater than 1 (JLog2FC| > 1)
was considered high, and a log2FC less than
-1 (JLog2FC| < -1) was considered low.

Reverse transcription and real-time quantita-
tive PCR: Total RNA was extracted from the
PBMCs following the steps described in “Total
RNA Extraction”. A nucleic acid quantification
detector was used to measure the RNA con-
centration. cDNA was synthesized using the
SuperScript® VILO™ cDNA Synthesis Kit, and
the cDNA was subsequently used as a templa-
te to amplify the extracted RNA via the PCR
instrument for reverse transcription. Real-time
quantitative PCR (qRT-PCR) was performed
using the SYBR Green dye method. The total
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Table 4. 4 L of C-limiting culture medium

(NH,),S0O, 8¢g
KH,PO, 8¢
MgSO, 7H,0 0.2¢g
CaCl, 2H,0 0.2¢g
CuS0O, 5H,0 0.004 g
FeSO, 7H,0 0.04¢g
ZnSO, 7H,0 0.004 g
Sucrose 200 g
Biotin 100 pl

The pH was adjusted to 5.2, and pure water was added
to bring the volume to 4 L.

RNA gPCR primers were designed on the basis
of RNA sequences from NCBI (the sequences
of the primers used for RNA are listed in Table
3). These reactions were all performed in dupli-
cate in 96-well plates, and the data were
evaluated using a 7900HT Fast Real-Time PCR
system.

Analyses of differentially expressed genes
(DEGs) and functional enrichment: The edge R
algorithm was applied to identify the DEGs
between the acute and subacute stages in
each group. Genes with a |log2FC| > 1.0 and a
false discovery rate value < 0.05 were defined
as DEGs. In addition, Gene Ontology (GO) and
Kyoto Encyclopaedia of Genes and Genomes
(KEGG) functional enrichment analyses were
utilized to explore the signalling pathways
and biological processes associated with the
enriched DEGs.

Construction of the protein interaction net-
work: We searched the STRING database
(https://string-db.org/) using a single protein
name (“CD14") and organism (“Homo sapi-
ens”). Subsequently, we set the following
parameters to characterize the interaction
network and obtain the top 50 key proteins
related to CD14: minimum required score
[“highest confidence (0.900)"], the meaning of
network edges (“evidence”), the maximum
number of interactors to show (“no more than
50 interactors” in the 1st shell) and active
interaction sources (“Text mining”, “Experi-
ments”, “Databases”, “Coexpression”).

Molecular docking simulation: The process of
molecular docking translation, including the
specific software utilized and their correspond-
ing parameters, was delineated as follows:
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Protein structure acquisition: The 3D protein
structure of mCD14 was downloaded from the
RCSB Protein Data Bank (RCSB PDB) (http://
www.rcsb.org/).

Protein structure refinement: The protein struc-
ture, once acquired, was preprocessed using
AutoDock Tools 1.5.6. In this phase, the param-
eters were set to exclusively utilize polar enti-
ties, incorporate polar hydrogen, calculate
charges using the Gasteiger method, and pre-
serve water molecules.

Acquisition of drug molecules: A total of 104
variants of natural product molecules derived
from traditional Chinese medicine were pro-
cured in MOL2 format from the TCM Database
of Taiwan. These molecules were subsequently
transformed into PDB format using Open Babel.

Preprocessing of drug molecules: Subsequen-
tly, the drug molecules were transformed from
PDB format to PDBQT format using MGL Tools,
specifically for molecular docking. During this
phase, it was necessary to retain H atoms and
incorporate the -F parameter, among other
requirements.

Molecular docking: In the final stage, these
small molecules were docked onto the protein
via AutoDock Vina. The energy range was set to
2 kcal/mol, and the number of modes was set
to 9.

Analysis of results: The docking results were
subsequently visualized and scrutinized using
PyMol. The binding modes of the drug mole-
cules on the protein were observed, and the
binding energy was computed.

Animal experiments

Animals: For the experiments, 4-week-old
C57BL/6J male mice with a body weight of
16+1.8 g were purchased from Hangzhou
Ziyuan Experimental Animal Technology Co.,
Ltd. (SCXK Zhejiang 2019-0004). The animals
had cages with multilayer laminar air flow in
the Animal Experimental Center of Suzhou
University Affiliated Children’s Hospital, with
12 hours of light and dark. The temperature of
the animal room was controlled at 24+2°C, the
relative humidity was maintained at 55+5%,
and the noise was less than 50 decibels. With
fewer than 5 mice per cage and provision of
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Table 5. General characteristics of the KD patients in the two groups

nCALs (n =12) CALs (n = 12) Z/t P

Gender / 1.000

Male 9 (75.0%) 10 (83.3%)

Female 3 (25.0%) 2 (16.7%)
Age (M) 38.00 (28.50-72.25) 24.00 (15.50-28.50) -2.430° 0.015"
Weight (kg) 16.00 (14.25-19.75) 12.75 (12.00-14.75) -2.405° 0.016"
Duration of fever(D) 5.21+0.89 5.33+0.98 -0.326° 0.747
IVIG response / 0.640

- 2 (16.7%) 4 (33.3%)

+ 10 (83.3%) 8 (66.7%)

a: tvalue; b: Zvalue; *: P < 0.05 statistically significant. A normality test was conducted using the Shapiro-Wilk test, and the dura-
tion of fever was normally distributed and expressed as the mean + standard deviation (X s). An independent sample t test was
used for intergroup comparisons. Age and nonnormally distributed weight data are expressed as the median and interquartile
range M (P25, P75), and the Mann-Whitney U test was used for intergroup comparisons. Gender and immunoglobulin (IVIG)
response as count data are expressed as percentages (%), and Fisher’s exact probability method was used for intergroup com-
parisons.

Table 6. Clinical manifestations of KD patients in the two groups

nCALs (n = 12) CALs (n=12) c? P
Rash (+/-) 7/5 6/6 / 1.000
Conjunctivitis (+/-) 10/2 9/3 / 1.000
Oral changes (+/-) 10/2 9/3 / 1.000
Strawberry tongue (+/-) 9/3 8/4 / 1.000
Cervical lymphadenopathy (+/-) 9/3 8/4 / 1.000
Extremity changes (+/-) 7/5 8/4 / 1.000
BCG scar (+/-) 3/9 5/7 / 0.667
Peeling (+/-) 8/4 7/5 / 1.000

P < 0.05 indicated statistical significance. Count data are expressed as percentages (%), and Fisher’s exact probability method

was used for intergroup comparisons.

purified drinking water and standard feed, this
experiment strictly followed the requirements
of the Regulations on the Management of
Experimental Animals issued by the Ministry of
Science and Technology of the People’s
Republic of China. Approval from the Ethics
Committee of Experimental Animals at Suzhou
University was obtained, and relevant experi-
ments were conducted in accordance with the
“3R” principle.

Preparation of Candida albicans water solution
(CAWS): The Candida albicans strain used in
this experiment was NBRC 1385, which was
purchased from the China Industrial Microbial
Strain Collection and Management Center in
Osaka, Japan.

(1) A total of 8.4 of YM broth culture medium
powder was added, followed by 400 ml pure
and sterilization under high pressure at 115°C
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for 20 minutes; (2) The YM broth culture
obtained from the first step, followed by the
addition of 4 ml of preserved white yeast, mix-
ing well, and shaking on a shaker for 48-72
hours (27°C, 200 rpm); (3) A total of 4 L of
C-containing culture medium was prepared
(Table 4), divided into 8 conical flasks of 500
ml/bottle, and sterilized under high pressure at
115°C for 20 minutes. After cooling, the bacte-
rial mixture shaken in step 2 was evenly distrib-
uted into each conical flask and shaken for 48
hours (27°C, 200 rpm); (4) After shaking for 48
hours, an equal amount of anhydrous ethanol
was added to each conical flask, which was
subsequently stored overnight at 4°C; (5) The
overnight mixture was poured into a 50-ml
centrifuge tube, and centrifuged at 4°C at
9000 rpm for 15 minutes, then, the superna-
tant was discarded. The precipitate was dis-
solved in water by vortexing and poured into a

Am J Transl Res 2024;16(11):6867-6888
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Figure 2. Heatmap (A, B) and volcano map (C, D) of the differential mMRNA expression of KD in the acute and sub-
acute stages with and without CALs. (A) Heatmap of 60 genes differentially expressed in children without coronary
dilatation in the acute stage compared with those in the subacute stage. (B) Heatmap of 62 genes differentially
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expressed in children with coronary dilatation in the acute stage compared with those in the subacute stage. (C) Vol-
cano plot of expressed mRNAs in the KD-nCALs group. (D) Volcano plot of expressed mRNAs in the KD-CALs group.
KD: Kawasaki disease; CALs: coronary artery lesions.
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Figure 3. Top 30 enriched GO terms in the KD-nCALs group. GO: Gene Ontol- stored at -80°C for later use.
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Figure 4. Top 30 enriched GO terms in the KD-CALs group. GO: Gene Ontol-

ogy; KD: Kawasaki disease; CALs: coronary artery lesions. i i
Animal experimental group-

ing: The mice were randomly

measuring cup. Thereafter, 500 ml water was divided into a control group and a model group.
added in the cup, and subsequently dissolved The control group included 3 mice that receiv-
in a rotor for 2 hours. The precipitate was divid- ed 0.2 ml of 1x PBS at the same time every
ed into a 50-ml centrifuge tube and then cen- morning. The model group was subdivided into
trifuged at 4°C at 9000 rpm for 15 minutes. a Day 7 group and a Day 14 group based on the
The supernatant was poured into a clean bea- sampling time after injection, each of which
ker, followed by the addition of an equal amount included 4 mice.

of anhydrous ethanol and storage overnight at

4°C; (6) After overnight incubation, the solution Processing of animal vascular samples: At
was mixed by rotating with a pipette and then 8:00 am on the 7th and 14th days after injec-
centrifuged at 9000 rpm for 15 minutes at tion, after being anesthetized by an appropriate
4°C. After the supernatant was discarded, the inhalation of isoflurane, four mice each time
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Figure 6. Top 30 enriched pathways in the KD-CALs group. KD: Kawasaki
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were euthanized via the cervical dislocation
method, and the coronary artery specimens
were separated and collected under a micro-
scope. Inflammation was observed via H&E
staining of case sections, and detection of
mCD14, IkBa and IL-6 proteins in coronary
artery specimens was performed via immu-
nohistochemistry.

Immunohistochemistry: (1) The baked tissue
was sliced at 60-65°C for 2 hours and then
soaked twice in environmentally friendly dewax-
ing solution for 15 minutes each time. The sam-
ples were then immersed twice in 100% etha-
nol for 5 minutes each time, followed by 95%
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10

10.0

and 75% ethanol sequentially
for 5 minutes each time. After
dewaxing, the samples were

qvalue rinsed with purified water 1-2
s 1.00 . .
075 times and then placed in pure

water until the antigen repair
stage. (2) Two tissue slices
were immersed in diluted anti-
gen repair solution, the power

0.50
0.25

Gene number

° 1
2 of the induction cooker was
Ok set to 800-1200 W, and the
:; pressure valve of the pressure

cooker was set to start spray-
ing for 3 minutes. After 5 min-
utes, the power was turned
off, the pressure cooker was
exhausted, the sections were
removed, and the samples
were cooled naturally at room
temperature. The repair solu-
tion was discarded, the sam-
ples were rinsed with purified
water three times, and an
immunohistochemical oil pen
was used to circle around the
tissue. (3) Three drops of en-
dogenous peroxidase blocker

q value
Fo3

0.2
i

Gene number

. 20 were added to completely
® 25 cover the tissue, which was
i 30 subsequently incubated at
@® 35 .
% 0 room temperature for 10 min-
utes. The samples were rins-
ed with 1x PBS cleaning buf-
° fer three times. (4) Four drops

of goat serum blocking solu-
tion were added to comple-
tely cover the tissue, which
was subsequently incubated
at room temperature for 15
minutes, after which the blocking solution was
removed by shaking. (5) The antibody was dilut-
ed in proportion to the antibody mixture, and
the diluted antibody was added to completely
cover the tissue. The samples were incubated
overnight at 4°C and rinsed with 1x PBS three
times for 5 minutes each. (6) HRP-labelled
secondary antibodies corresponding to the pri-
mary antibodies were added, and the samples
were incubated at room temperature for 30
minutes. The samples were rinsed 3 times with
1x PBS for 5 minutes each. (7) The DAB colour
solution was prepared at a 1:50 ratio to incu-
bate the samples at room temperature for 3
minutes, and colour development was stopped
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Figure 7. NF-kB signalling pathway in the KD-nCALs group. KD: Kawasaki disease; CALs: coronary artery lesions.

with tap water. Haematoxylin-stained sections
were restained for 2 minutes, washed 2-3
times with tap water, soaked in hydrochloric
acid alcohol differentiation solution for 30 sec-
onds, washed 2-3 times with tap water, and
returned to blue in tap water for 2-3 minutes.
The samples were soaked in 75% and 95%
ethanol for 1 min each time and then soaked
twice in 100% ethanol for 5 min each time. (8)
The samples were sealed with neutral gum, air
dried naturally, and scanned with a panoramic
scanner.

Pathological sections: (1) Sample collection
and dehydration. (2) After being embedded in
paraffin, the samples were cut to a thickness of
3 um. (3) The sections were then incubated in
an oven at 60°C for 30 minutes. (4) The sam-
ples were subjected to environmentally friendly
dewaxing solution | for 10 minutes, environ-
mentally friendly dewaxing solution Il for 5 min-
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utes, environmentally friendly dewaxing solu-
tion Ill for 5 minutes, anhydrous ethanol for 5
minutes, anhydrous ethanol for 2 minutes, 95%
alcohol for 2 minutes, 80% alcohol for 2 min-
utes, water washing for 2 minutes, haematoxy-
lin staining solution for 1-5 minutes, water
washing for 5 minutes, rapid differentiation of
the differentiation solution, warm water wash-
ing for returning blue, eosin staining solution
for 5 minutes, 95% alcohol for 1-2 minutes,
anhydrous ethanol for 1-3 minutes, anhydrous
ethanol for 1-3 minutes, and environmentally
friendly dewaxing solution for 2 minutes. (5)
The samples were sealed and air dried. (6)
Microscopic examination.

Statistical analysis

Image-Pro Plus software was used to convert
the immunohistochemistry patterns into aver-

Am J Transl Res 2024;16(11):6867-6888
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Figure 8. NF-kB signalling pathway in the KD-CALs group.

age optical density values for quantitative anal-
ysis. Data were presented as the mean + stan-
dard deviation (xSD) or median (range: mini-
mum, maximum) from at least three indepen-
dent experiments. One-way analysis of varian-
ce (one-way ANOVA) with the Newman-Keuls
comparison test was employed to determine
significant differences between groups. Sta-
tistical analysis was carried out using SPSS
17.0 software. A level of P < 0.05 was consid-
ered statistically significant.

Results
Clinical information

Comparison of clinical information: There were
no significant differences in the general infor-
mation except age and weight between the two
groups (Table 5). The clinical manifestations
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KD: Kawasaki disease; CALs: coronary artery lesions.

did not significantly differ between the two
groups (Table 6).

Differentially expressed genes in the acute and
Subacute stages in the CALs and nCALs gro-
ups: mRNA microarray revealed that both the
CALs group and the nCALs group had numer-
ous highly expressed genes among the PBMC
samples. As shown in Figure 2A, 2C, there were
60 DEGs between the acute and subacute
stages in the KD-nCALs group, 42 of which
were upregulated and 18 of which were down-
regulated (P < 0.05). In the two stages of the
KD-CALs group (Figure 2B, 2D), 62 genes pre-
sented different expression patterns, 50 of
which were upregulated and 12 of which were
downregulated (P < 0.05).

Gene set enrichment analysis: GO analysis
revealed that the DEGs in KD-nCALs were
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enriched in negative regulation of haemopoie-
sis, nuclear-transcribed mRNA catabolic pro-
cess, and pattern recognition receptor signal-
ling pathway (Figure 3). Moreover, neutrophil-
mediated immunity, immune response-related
neutrophil degranulation, neutrophil activation,
and leukocyte degranulation - all related to
inflammation - were enriched primarily in KD-
CALs (Figure 4). KEGG pathway enrichment
analysis identified the top 30 pathways to bet-
ter understand the important functions of the
differentially expressed mRNAs. We found that
the screened differential genes of KD-nCALs
were enriched mainly in the ribosome and
chemokine signalling pathways (Figure 5).
Moreover, the DEGs of KD-CALs were signifi-
cantly enriched in the NF-kB signalling pathway
(Figure 6).

The details of NF-kB signalling pathway are dis-
played in Figures 7, 8. Surprisingly, we detected
a differential gene encoding CD14 mRNA. As
shown in Figure 8, the expression of CD14
MmRNA was significantly upregulated in the
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NF-kB signalling pathway in the KD-CALs group.
However, this enrichment was not observed in
the KD-nCALs groups (Figure 7). The outcome
aligned with the information obtained from the
heatmap.

Expression levels of CD14 mRNAs and down-
stream genes in patients with KD: According to
the RNA sequencing data, the expression lev-
els of CD14 mRNA were elevated in the acute
stage compared with the subacute stage of
KD-CALs, but there was no difference between
these two stages of KD-nCALs. Furthermore,
gRT-PCR was used to validate the change in
CD14-mRNA expression in patients with KD (6
new cases of nCALs in the two stages and 6
new cases of CALs in the two stages). In KD-
CALs, CD14-mRNA expression was dramatical-
ly lower, by approximately 2-fold, in the sub-
acute stage (P < 0.001) compared with the
acute stage (Figure 9A), and there was no dis-
cernible change between the two stages in the
KD-nCALs, which was consistent with the RNA-
seq results. In addition, the expression of CD14

Am J Transl Res 2024;16(11):6867-6888
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Figure 10. Expression of CD14 mRNA and downstream genes in the KD groups. (A-

D) Indicate the relative ex-

pression of CD14, IkBa, A20, and A1/Bf1_1 in the nCALs-acute, nCALs-subacute, CALs-acute, and CALs-subacute
groups of KD, respectively. One-way ANOVA with the Newman-Keuls comparison test was employed to determine
significant differences between groups. ***P < 0.001. KD: Kawasaki disease; CALs: coronary artery lesions.

MRNA in CALs was lower than that in nCALs in
the subacute stage of KD (Figure 9B), but there
was no significant difference in the acute stage

between the two groups (Figure 9C).

On the basis of KEGG analysis, the upregula-
tion of CD14 mRNA might affect the expression
of downstream genes. Additionally, the expres-
sion of IkBa, A20, and A1/Bf1_1 was investi-
gated via qRT-PCR. In KD-CALs, the expression
of IkBa was lower in the subacute stage com-
pared with the acute stage, but this change
was not observed in KD-nCALs (Figure 10B). In
the comparison between groups, the expres-
sion of IkBa in KD-CALs was lower than that in
KD-nCALs in the subacute stage, and there
were no differences in the acute stage between
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the two groups (Figure 10A, 10B).

In both

KD-nCALs and KD-CALs, the expression of A20
and A1/BF1_1 was greater in the acute stage

than in the subacute stage (Figure 10C, 10D),
which was consistent with the KEGG results.
Furthermore, the STRING online tool was used
to explore protein networks, and we obtained
the top 50 key proteins related to CD14. Hub
genes, such as TLR4, TNF receptor-associated
factor 6 (TRAF6), and MYDS8S8, are downstream
genes of CD14 in the NF-kB signalling pathway
(Figure 11).

Molecular docking: Approximately 3000 small
molecules were selected from the TCM data-
base in Taiwan. The binding energy was used to
evaluate the binding power between small mol-
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Figure 11. The expression of CD14-related proteins was determined via the

STRING tool.

ecules and mCD14. A binding energy < O indi-
cated that the molecules could bind spontane-
ously to the protein. A binding energy < -5 kcal/
mol showed a strong binding, and a lower bind-
ing energy reflected stronger binding. Figure
12 shows the binding mode of mCD14 with 5
small molecules, including lupenone (Figure
12A), menisine (Figure 12B), 3hydroxytiru-
callic acid (Figure 12C), rheindiglucoside (Fig-
ure 12D), and clematichinenosideAR7 (Figure
12E). As shown in Table 7, lupenone was the
component with the lowest binding energy (-9.9
kcal/mol). Taking Figure 12E as an example,
clematichinenosideAR7 underwent hydrogen
binding with several amino acid residues of
mCD14 after entering the active site.

Animal experiments

Pathological section: On Day 7, there was no
significant inflammation of the coronary endo-
thelium in the model mice (Figure 13C, 13D),
but on Day 14, significant endothelial inflam-
mation was observed (Figure 13E, 13F). Pa-
thology revealed significant infiltration of lym-
phocytes and macrophages into the coronary
artery endothelium of the mice on Day 14,
whereas the endothelial structure of the con-
trol group mice was normal (Figure 13A, 13B).
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Changes in the mCD14, IkBo
and IL-6 proteins in the mouse
coronary artery endothelium:
Immunohistochemistry reve-
aled that the mCD14, IkBx
and IL-6 protein levels in the
coronary endothelium signifi-

cantly increased in the Day
@ 14 group (Figures 14-16).
Quantitative analysis showed
=0 that the mCD14, IkBa and
IL-6 protein levels in the coro-
nary endothelium significantly
increased in the Day 14 gro-
up, compared with those in
the other two groups (P <
0.05) (Figure 17).

EHHADH

Discussion

Since KD can result in perma-
nent, severe coronary artery
lesions, thus, investigations to
identify biomarkers and the
underlying mechanism have
continued [23]. Some studies have focused on
determining the gene expression characteris-
tics of KD through database analysis. Nie et al.
used the Gene Expression Omnibus Database
to obtain databases related to KD (GSE18606,
GSE68004, and GSE73641), and the data
were integrated with samples from patients
with KD and normal controls [24]. By analysing
the expression profiles of samples from pa-
tients with KD and healthy controls, Hu et al.
identified 332 crucial genes associated with
KD [25]. There has been no research on poten-
tial molecular markers of coronary artery injury
in KD.

In our research, we categorized patients with
KD in greater detail to search for molecular
mechanisms and potential molecular markers
of coronary artery lesions. We divided patients
with KD into CALs and nCALs according to the
Z value, and each group was subdivided into
acute and subacute stages based on their spe-
cific onset of disease. The general information
and clinical manifestations of patients in the
CALs and nCALs groups were first compared.
We found that the age of patients in the CALs
group was lower than that of patients in the
nCALs group, which is consistent with previous
reports that low age is a risk factor for KD-CALs
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Figure 12. Docking results of 5 groups of molecules with optimal binding energies. A. Molecular binding diagram
of lupenone with mCD14. B. Molecular binding diagram of Menisine with mCD14. C. Molecular binding diagram of
3-hydroxytirucallic acid with mCD14. D. Molecular binding diagram of rheindiglucoside with mCD14. E. Molecular
binding diagram of clematichinenosideAR7 with mCD14.

Table 7. The binding energy data for all 5 molecules

Molecule Binding energy with mCD14 Corresponding traditional Chinese medicine
Lupenone -9.9 kcal/mol Hedysarum Multijugum Maxim
Menisine -9.9 kcal/mol
3hydroxytirucallicacid -9.8 kcal/mol Olibanun
Rheindiglucoside -9.8 kcal/mol Radix Rhei Et Rhizome

Sennae Folium

Polygoni Cuspidati Rhizoma Et Radix
ClematichinenosideAR7 -9.7 kcal/mol Smilax Scobinicaulis C.H. Wright

[26]. Considering the correlation between
weight and age, there was also a significant dif-
ference in weight between the two groups. In
addition, there was no significant difference in
sex, clinical manifestations, or response to im-
munoglobulin between the two groups, which
suggested that patients with KD-CALs often do
not exhibit specific clinical symptoms.

Through DEG analysis, we identified 60 DEGs
between the two stages in the nCALs group and
62 DEGs in the CALs group. The DEGs of
KD-nCALs were enriched mainly in the ribo-
some and chemokine signalling pathways,
whereas high enrichment of the NF-kB signal-
ling network was observed in the DEGs of
KD-CALs. Moreover, CD14 mRNA was highly
expressed in the NF-kB signalling pathway, but
this phenomenon did not occur in KD-nCALs.
Combined with the RNA-seq and gRT-PCR vali-
dation results, we found that in the KD-CALs
group, the expression of CD14 mRNA was sig-
nificantly upregulated in the acute stage com-
pared with the subacute stage. However, in the
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nCALs group, there was no difference in the
expression of CD14 mRNA between the two
stages. Previous studies have shown that the
transcription and protein expression of CD14
in monocytes in atherosclerotic lesions are sig-
nificantly increased [27], and many vascular
diseases also involve NF-kB activation [12].
Therefore, based on those clinical trial results,
we speculated that CD14 mRNA and the NF-kB
signalling pathway were involved in the inflam-
matory process of KD-CALs.

IkBa is one of the most important members of
the inhibitory protein family that regulates
NF-kB [28]. In our study, we found that IkBa, a
downstream gene of CD14 mRNA in the NF-kB
pathway, was upregulated in KD-CALs but not
in KD-nCALs. Although the precise connection
between the CD14 and IkBa genes was not
clear, in the KEGG analysis and gRT-PCR valida-
tion, changes in the expression of the CD14
and IkBa genes were synchronous between
the two groups. The other downstream genes,
A20 and A1/Bf1_1, were upregulated in both
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Figure 13. H&E staining of pathological sections of the mouse coronary endothelium. (A) Control group x200. (B)
Control group x400. (C) Day 7 group of modelling x200. (D) Day 7 group of modelling x400. (E) Day 14 group of
modelling x200. (F) Day 14 group of modelling x400. Bar = 100 uym (A, C, E), 50 um (B, D, F).

groups, and their expression changes in the
two groups were not completely consistent with
those of CD14. Transcription of A20 (TNF-o-
induced protein 3 or TNFAIP3) can be activated
by NF-kB signalling, resulting in negative feed-
back on NF-kB [29]. Therefore, we hypothesized
that the upregulation of CD14 mRNA might
increase the expression of IkBa and subse-
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quently activate NF-kB signalling, thus playing a
role in coronary inflammation. Conversely, A20
is subsequently activated by NF-kB, and acti-
vated A20 has negative feedback effects on
the NF-kB signalling pathway. As a balancing
mechanism, A20 can inhibit excessive inflam-
matory responses, which reflects the complex-
ity of the inflammatory network.
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B

Figure 14. Immunohistochemical image of mCD14
in the mouse coronary endothelium (magnification:
x400). A. Control group. B. Day 7 group of model-
ling. C. Day 14 group of modelling. Bar = 50 ym.

Figure 15. Immunohistochemical map of IkBa in
the mouse coronary endothelium (magnification:
x400). A. Control group. B. Day 7 group of model-
ling. C. Day 14 group of modelling. Bar = 50 ym.
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In addition to gene transcription, we needed to
validate the roles of the CD14 and IkBa pro-
teins in KD-CALs. Considering the difficulty of
obtaining coronary arteries from patients with
KD, we established a KD mouse model to ob-
serve changes in coronary arteries and CD14
and IkBa proteins at different stages. IL-6 is a
conventional inflammatory marker that can be
secreted by monocytes during activation and
endothelial cell injury. The level of IL-6 reflects
the inflammatory state, so we also measured
the level of IL-6 protein in the coronary arteries
to determine the degree of inflammation. To
observe dynamic changes in coronary inflam-
mation and the corresponding proteins in the
mice and to determine whether the model was
successful, we established samples at differ-
ent time points after the model was estab-
lished. We found that on Day 7 after completion
of modelling, inflammation in the coronary
artery tissue of the mice was not obvious. On
Day 14 after completion of modelling, obvious
inflammation appeared in the endothelial cells
of the mouse coronary arteries, manifested as
infiltration of lymphocytes and macrophages.
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Figure 16. Immunohistochemical map of IL-6 in
the mouse coronary endothelium (magnification:
x400). A. Control group. B. Day 7 group of model-
ling. C. Day 14 group of modelling. Bar = 50 ym.

According to previous studies, beginning on
Day 14 after intraperitoneal injection of CAWS,
significant immune cell infiltration occurred in
the coronary arteries of C57BL/6J mice [30].
Monocytes and macrophages were identified
as the main inflammatory cell types infiltrating
the KD coronary arteries, which was consistent
with our animal experiment results. Therefore,
the mouse model of KD-CALs was considered
to be successfully established. On Day 14, the
protein levels of mCD14, IkBa, and the inflam-
matory cytokine IL-6 in the coronary endotheli-
um also increased significantly compared with
those on Day 7 and in the control group. As
the coronary arteries gradually exhibited inflam-
mation, the protein levels of mCD14, IkBx, and
the inflammatory cytokine IL-6 also gradually
increased in a synchronous manner. The results
of the animal experiments confirmed the spec-
ulation of our clinical trials. At the protein level,
the CD14 and NF-kB signalling pathways were
also involved in the inflammatory process of
KD-CALs; thus, it could be inferred that CD14
MRNA and its protein mCD14 played important
roles in the inflammatory response of KD-CALs.
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Figure 17. The mCD14 (A), IkBa (B) and IL-6 (C) protein levels in the coro-
nary endothelium significantly increased in the Day 14 group. Image-Pro

* treating KD-CALs. Through

N molecular docking, we screen-

ed five small-molecule com-
pounds that could bind strong-
ly with mCD14. Among these
compounds, lupenone dem-
onstrated the strongest ability
to bind to mCD14. Lupenone,
which is isolated from Musa
basjoo, is a lupine-type triter-
penoid molecule with antiviral
and anti-inflammatory proper-

N ) . .

S ties. As lupenone is an acti-
6\6\ ve component of Hedysarum
Multijugum Maxim, we predict

that Hedysarum Multijugum
Maxim may suppress the in-
flammatory response by tar-
geting mCD14 with lupenone
and that mCD14 may become
a potential therapeutic target;
however, owing to limitations
in experimental conditions
and time, we have not validat-
ed this finding, necessitating
further research in the future.

The limitations of our resear-
ch include the absence of
a comprehensive exploration
into the mechanism of CD14
mRNA in KD-CALs and the
mechanism of CD14 mRNA in
regulating IkBa. Consequen-
tly, more in depth research is
needed in the future.

Plus software was used to convert the immunohistochemistry patterns into

average optical density values, and one-way ANOVA with the Newman-Keuls

Conclusions

comparison test was employed to determine significant differences between

groups. *P < 0.05.

KD is characterized by systemic small- and
medium-sized arteritis; although early treat-
ment with aspirin and intravenous gamma
globulin can reduce the incidence of coronary
artery lesions, some children remain insensi-
tive to treatment [31]. Many studies have
reported the therapeutic effects and mecha-
nisms of TCM on coronary artery injury in KD
[32, 33]. We found that the CD14 gene and
protein were involved in the signalling networks
of KD-CALs; therefore, we explored whether
there might be a connection between the CD14
protein and TCM to search for new methods for
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According to our research,

CD14 mRNA may affect IkBa
expression and activate the NF-kB signalling
pathway, resulting in inflammation of vascular
endothelial cells and ultimately leading to coro-
nary artery dilation in patients with KD. We pre-
dict that CD14 mRNA can play a significant role
in coronary artery injury in KD. Molecular dock-
ing suggested that mCD14 may be a therapeu-
tic target for CALs in KD.
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