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Kawasaki disease (KD), an acute febrile childhood illness and systemic vasculitis of
unknown etiology, is the leading cause of acquired heart disease among children.
Experimental data from murine models of KD vasculitis and transcriptomics data
generated from whole blood of KD patients indicate the involvement of the NLRP3
inflammasome and interleukin-1 (IL-1) signaling in KD pathogenesis. MicroRNA-223
(miR-223) is a negative regulator of NLRP3 activity and IL-1p production, and its
expression has been reported to be upregulated during acute human KD; however,
the specific role of miR-223 during KD vasculitis remains unknown. Here, using
the Lactobacillus casei cell wall extract (LCWE) murine model of KD vasculitis, we
demonstrate increased miR-223 expression in LCWE-induced cardiovascular lesions.
Compared with control WT mice, LCWE-injected miR-223-deficient mice (miR223~/)
developed more severe coronary arteritis and aortitis, as well as more pronounced
abdominal aorta aneurysms and dilations. The enhanced cardiovascular lesions and KD
vasculitis observed in LCWE-injected miR223~/Y mice correlated with increased NLRP3
inflammasome activity and elevated IL-18 production, indicating that miR-223 limits
cardiovascular lesion development by downmodulating NLRP3 inflammasome activity.
Collectively, our data reveal a previously unappreciated role of miR-223 in regulating
innate immune responses and in limiting KD vasculitis and its cardiovascular lesions by
constraining the NLRP3 inflammasome and the IL-1p pathway. These data also suggest
that miR-223 expression may be used as a marker for KD vasculitis pathogenesis and
provide a novel therapeutic target.
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INTRODUCTION

Kawasaki disease (KD) was first reported by Tomisaku Kawasaki
in Japan, in 1967. KD is a systemic vasculitis and myocarditis
of unknown etiology and is the leading cause of acquired heart
disease in children in developed countries (1). KD has been
reported worldwide; however, its incidence is 10 to 30 times
higher among children living in Asian countries or from Asian
ancestry compared to those in Europe or in the United States (1-
3). Untreated KD can lead to the development of coronary artery
aneurysms (CAA) in up to 30% of patients (4). KD treatment
consists of a single dose of IVIG (2 g/kg) and aspirin, which
reduces the risk of CAA development to ~4% (1). However,
up to 15-20% of IVIG-treated KD patients do not respond to
the treatment; these patients develop persistent fevers within
36 to 72h after the end of IVIG infusion and are at increased
risk for developing CAA (5-7). Several alternative treatments
such as IL-1 receptor antagonist (anakinra) (8-10), anti-TNF-a
antibody (11), corticosteroids (12, 13), and calcineurin inhibitors
like cyclosporine (14) have been successfully used to treat IVIG-
resistant patients (15).

The NLRP3 inflammasome and IL-1f production have a
crucial role in KD pathogenesis. Peripheral blood mononuclear
cells (PBMCs) isolated from KD patients spontaneously secrete
IL-1B (16), and serum levels of IL-1B are higher during acute
KD and decrease markedly during the convalescent phase (17,
18). The expression of IL-1-related genes is also upregulated in
PBMCs isolated from KD patients during the acute phase of
illness (19, 20), and increased transcript abundance of several
genes from the IL-1 pathway is associated with IVIG-resistance
(21). Genome-wide association studies led to the identification
of single-nucleotide polymorphisms (SNPs) associated with
increased susceptibility to KD linked to NLRP3 inflammasome
activation and IL-1p production (18, 22, 23). Studies in
experimental murine models of KD vasculitis have confirmed
those observations and further demonstrated the deleterious role
of NLRP3 overactivation and enhanced IL-1 production during
KD. Blocking the IL-1 pathway genetically using either 11187/,
Il1r1~/~, or Nlrp3~/~ mice, or treating WT mice with either IL-
la- or IL-1B-neutralizing antibodies or IL-1 receptor antagonist,
anakinra, significantly reduces vasculitis in the Lactobacillus casei
cell wall extract (LCWE)-induced KD model (24-26). Similar
results were reported with the Candida albicans water-soluble
fraction (CAWS) murine model of KD vasculitis (27, 28).

MicroRNAs (miRNAs) are small (20 to 23 nucleotides),
endogenous, non-coding RNA molecules that are responsible
for various cellular and metabolic pathways, including cell
proliferation, differentiation, and death (29). In addition,
miRNAs are also involved in the regulation of inflammatory
responses and the maintenance of immune homeostasis (30, 31).
Indeed, miRNAs control the expression of targeted proteins
by either inhibiting mRNA translation or decreasing the levels
of their corresponding mRNA (32, 33). Among immune
regulatory miRNAs, miR-223, initially identified as specific to
the hematopoietic lineage (34), inhibits NLRP3 inflammasome
activation in acute lung injury (35) and regulates intestinal
inflammation (36). In human KD studies, miR-223 expression is

upregulated in KD patients’ plasma (37) and whole blood (38),
as well as in the coronary artery tissue from autopsy samples
collected from children with KD (39).

Although local and systemic miR-223 expression is
upregulated during human KD, whether miR-223 prevents
or promotes the development of KD coronary arteritis
still remains unknown. The objective of this study was to
characterize the contribution of miR-223 to the development of
LCWE-induced cardiovascular lesions using the well-accepted
LCWE-induced murine model of KD vasculitis. We demonstrate
that miR-223 expression is upregulated in inflamed abdominal
aortic aneurysms and dilatations of LCWE-injected mice. Mice
genetically deficient in miR-223 exhibit markedly exacerbated
heart vessel inflammation and abdominal aorta aneurysm
development, as well as increased levels of circulating IL-1p.
Overall, our results support the concept that upregulation
of miR-223 in inflamed tissues is beneficial and acts as a
feedback mechanism to control the pathological and deleterious
overactivation of the NLRP3 inflammasome and subsequent
IL-1B production.

MATERIALS AND METHODS

Mice

Wild-type (WT) C57BL/6 and miR223~/¥ (B6.Cg-Ptprc® Mir223
tmliFcam /1) mice were purchased from Jackson Laboratories. For
this study, we only used male animals, as LCWE injection induces
more severe and more consistent coronary vasculitis lesions and
abdominal aorta aneurysms in male than female mice (25, 40). All
animals were housed under specific pathogen-free conditions at
the animal center of Cedars-Sinai Medical Center. Experiments
were conducted under approved Institutional Animal Care and
Use Commiittee protocols.

Preparation of LCWE

LCWE was prepared as previously described (24). Briefly,
Lactobacillus casei (ATCC 11578) was grown in Lactobacillus de
Man, Rogosa, and Sharpe broth (EMD Millipore, MA, USA) for
48 h, harvested, and washed with PBS. The harvested bacteria
were disrupted by an overnight treatment with two packed
volumes of 4% SDS/PBS. Cell wall fragments were washed with
PBS, and SDS-treated cell wall fragments were sonicated for 2h
with a 3/4-inch horn and a garnet tip at maximum power. During
sonication, the cell wall fragments were kept in a dry ice/ethanol
bath. After sonication, cell wall fragments were spun for 20 min
at 12,000 rpm and 4°C. The supernatant was centrifuged for 1h
at 38,000 rpm and 4°C, and the pellet was discarded. The total
rhamnose content of the cell wall extract was determined by a
colorimetric phenol-sulfuric assay as described previously (41).

LCWE-Induced KD Mouse Model

Five-week old male mice were injected intraperitoneally with 500
pg of LCWE (total rhamnose amount as determined above) or
PBS. Two weeks later, mice were euthanized and hearts removed
and embedded in optimal cutting temperature compound (OCT)
for histological examination. For abdominal aorta, diameters
were measured at five different parts (below the left renal artery)
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and maximal abdominal diameters were calculated. In some
experiments, aortas were kept in RNA later for RNA extraction.
Serial sections (7 um) of heart tissues were H&E stained and
used for pathological examination. Only sections that showed
the second coronary artery branch separating from the aorta
were analyzed. Histopathological examination and heart vessel
inflammation score (coronary arteritis, aortic root vasculitis,
and myocarditis) were performed by a pathologist (M.C.F.)
blinded to the genotypes or experimental groups, as described
previously (24). All images were acquired either with a Biorevo
BZ-9000 or BZ-X710 (Keyence) and were further analyzed with
Image] software.

RNA Isolation and Quantitative Real-Time
PCR

Freshly dissected aortas were stored in RNA later (Qiagen)
before RNA extraction. RNA extraction was performed using the
miRNEasy micro kit (Qiagen) according to the manufacturer’s
instructions. Quantitative real-time polymerase chain reaction
(qQPCR) for miR-223 was performed using the Power SYBR
Green RNA-to-Ct 1 step kit according to the manufacturer’s
instructions (Thermo Fisher Scientific) with the following
primer sequences: 5-TGTCAGTTTGTCAAATACCCCA-3’
and 5-GCGAGCACAGAATTAATACGAC-3, as previously
published (42).

ELISA

IL-1B in serum samples was measured using the U-PLEX Mouse
IL-18 Assay (Meso Scale Diagnostics) per the manufacturer’s
instructions. The samples were read and analyzed by MSD
QuickPlex SQ120 instrumentation and Workbench 4.0 Software
(Meso Scale Diagnostics).

Statistical Analysis

Results are reported as mean + SEM. All data were analyzed
using GraphPad Prism software. Statistical significance was
evaluated by Student’s ¢ test (two-tailed) to compare unpaired
samples between experimental groups. In experiments where
data was not normally distributed, the Mann-Whitney test
was performed. A probability value of <0.05 was considered
statistically significant.

RESULTS

miR-223 Expression Is Increased During

LCWE-Induced KD Vasculitis

As compared with PBS-injected WT control mice, LCWE
injection resulted in the development of heart inflammation
manifested by aortitis and coronary artery aneurysms
(Figures 1A,B). LCWE-injected mice also exhibited prevalent
abdominal aorta aneurysms and dilatations (Figures 1C,D).
Elevated levels of miR-223 have been reported in the serum of
acute KD patients (43), and miR-223 expression is increased in
coronary artery aneurysms of KD children. To assess miR-223
expression in the mouse model, we isolated RNA from the
abdominal aortas of control mice and LCWE-injected KD
mice and measured miR-223 expression by quantitative PCR.

Compared with PBS-injected control mice, miR-223 expression
levels were significantly higher in abdominal aorta aneurysms of
LCWE-injected mice (Figure 1E).

Exacerbated LCWE-Induced

Cardiovascular Lesions in miR-223"Y Mice
To determine the effect of miR-223 on the development of
cardiovascular inflammation, we injected WT or miR223~/
mice with either PBS or LCWE and assessed the severity
of LCWE-induced KD vasculitis 2 weeks later. Compared
with WT mice, LCWE-injected miR-223-deficient mice showed
significantly more severe heart vessel inflammation and coronary
arteritis (Figures 2A,B). Similarly, deletion of miR-223 also
resulted in enhanced development of abdominal aorta aneurysms
(Figure 3A) and greater aortic dilations and maximal abdominal
aorta diameter (Figure 3B). miR-223-deficient mice injected with
PBS did not have any cardiovascular lesions and were similar
to the WT mice injected with PBS (data not shown). Overall,
our results strongly indicate that miR-223 is required to control
the severity and development of LCWE-induced cardiovascular
lesions, and miR-223 deletion results in worsened heart and
abdominal aorta inflammation.

miR-223 Regulates LCWE-Induced
Vasculitis Induction by Regulating IL-1

Production

LCWE-induced KD vasculitis is NLRP3 dependent, and it has
been previously shown that miR-223 regulates NLRP3 activation
and IL-1p production (36). To further determine if miR-
233 dampens LCWE-induced KD vasculitis in WT mice by
decreasing NLRP3 inflammasome activation and subsequent IL-
1P production, we next quantified the circulating levels of IL-1f
in LCWE-injected WT and mir-223~/7 mice 1 week after LCWE
injection. In agreement with our observation of heightened
heart vessel inflammation and increased severity of abdominal
aorta aneurysms in LCWE-injected miR223~/” mice (Figures 2,
3), circulating IL-1f was markedly higher in the absence of
miR223 (Figure 4). Overall, our results indicate that miR-223
does not completely prevent the development of LCWE-induced
cardiovascular lesions; however, by restraining NLRP3 activation
and its subsequent IL-1p production, miR-223 appears to curtail
vascular tissue inflammation.

DISCUSSION

MicroRNAs (miRNAs) are critical regulators of a host of cellular
processes, including inflammation (30, 31). These endogenous,
non-coding, single-stranded RNAs of 20-23 nucleotides exert
regulatory functions through complementary base pairing to
the 3’ untranslated regions (UTRs) of protein-coding mRNAs.
Many immune processes are regulated by miRNA-mediated
RNA interference, but how miRNA circuits orchestrate aberrant
cardiovascular inflammation during KD vasculitis is poorly
defined. The role of miRNAs in regulating innate immune
responses has primarily been investigated for TLR signaling (44).
Indeed, several miRNAs were identified as induced following
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FIGURE 1 | Increased miR-223 expression during LCWE-induced KD vasculitis. Five-week-old mice were injected i.p. with either PBS or LCWE, and 2 weeks later
vasculitis severity was assessed. (A) H&E staining of heart tissue sections from PBS and LCWE-injected WT mice. (B) Heart vessel inflammation score of PBS and
LCWE-injected WT mice. (C) Pictures of the abdominal aortas of PBS-injected and LCWE-injected mice. (D) Maximal abdominal aorta diameter and abdominal aorta
area of PBS and LCWE-injected mice 2 weeks post-LCWE injection. (E) miR-223 mRNA quantification in the abdominal aorta of PBS and LCWE-injected mice. **p <
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TLR activation, targeting mRNAs encoding components of the
TLR-signaling pathway itself. These regulatory systems likely
evolved to allow a strong initial immune response that must
be gradually dampened down after the secondary induction of
the regulatory miRNAs. miRNA-223 is a critical regulator of
NLRP3 inflammasome activity (42). miR223 suppresses NLRP3
expression through a conserved binding site within the 3
untranslated region of NLRP3, resulting in reduced NLRP3
inflammasome activity (42). Thus, miR-223 functions as an
additional layer of control beyond the tight transcriptional

control of NLRP3 message itself. miR-223 also plays a key role
in the regulation of granulocyte differentiation, among other
functions (34).

Changes in the expression of multiple miRNAs are reported
during KD; however, whether these differentially expressed
miRNAs have a beneficial or deleterious role on KD pathogenesis
remains unknown. Shimizu et al. reported that six microRNAs
(miRs-143,—199b-5p,—618,—223,—145, and—145) were
significantly elevated in whole blood of acute KD patients
(38). Elevated miR-145 expression in blood samples from
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FIGURE 2 | Deletion of miR-223 promotes the development of LCWE-induced vasculitis. Five-week-old male WT and miR-223~/Y mice were i.p. injected with LCWE,
and 2 weeks later the severity of vasculitis was assessed. (A) H&E heart tissue sections of LCWE-injected WT and miR-223~/Y mice. (B) Heart vessel inflammation
score of the mice group (A). “*p < 0.07 by unpaired t-test.
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FIGURE 3 | Deletion of miR-223 promotes the development of LCWE-induced abdominal aortitis. Five-week-old male WT and miR-223~/Y mice were i.p. injected
with LCWE, and 2 weeks later the severity of vasculitis was assessed. (A) Abdominal aorta pictures of LCWE-injected WT and miR-223~/Y mice. (B) Maximal
abdominal aorta diameter and average abdominal aorta diameter from WT and miR-223~/Y mice injected with LCWE. **p < 0.07 by unpaired t-test.

acute KD patients was further confirmed by qRT-PCR in an 0.20
independent cohort. miR-145 may play a critical role in the ’ L]
differentiation of neutrophils and vascular smooth muscle

cells by modulating TGF-B signaling in the arterial wall (38). T =] .
Yun et al. reported that the serum levels of miRNA-200c 3‘!} - o P
and miRNA-371-5p were elevated during KD and could = e T
potentially be used as a KD diagnostic biomarkers (45). Rong = .

L ]
u%u .
0.00 T T
WT Mir223-Y

et al. suggested that miR-27b could affect endothelial cell
proliferation and migration via targeting Smad7 and affecting
TGF-B pathway. Thus, miR-27b may be a potential biomarker
for KD and a therapeutic target for KD treatment (46). In
another study, seven miRNAs were significantly upregulated
(hsa-let-7b-5p, hsa-miR-223-3p, hsa-miR-4485, hsa-miR-4644,
hsa-miR-4800-5p, hsa-miR-6510-5p, and hsa-miR-765) and

FIGURE 4 | miR-223 dampens LCWE-induced vasculitis induction by
regulating IL-1B signaling. IL-1f quantification in the serum of WT and
miR-223~/ at 1 week post-LCWE injection. *o < 0.05 by unpaired t-test.

three were significantly downregulated (hsa-miR-33b-3p,

hsa-miR-4443 and hsa-miR-4515) in acute KD compared
with the healthy controls by miRNA microarray analysis
(37). Of these miRNAs, miR-223 was consistently detected

by RT-qPCR (37), and previous studies have reported that
miR-223 may regulate inflammation of vascular endothelial
cells (47).
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FIGURE 5 | Possible mechanism of miR-223 regulation during LCWE-induced vasculitis.

The role of miR-223 in regulating innate immune response
and inflammation is increasingly appreciated. Absence of miR-
223 exacerbates inflammation in a murine model of colitis
characterized by enhanced NLRP3 inflammasome activation and
IL-18 production (36). LPS and poly(I:C) activation decrease
miR-223 expression in macrophages through TLR4 and TLR3. In
turn, downregulation of miR-223 promotes TNF-a, IL-6, and IL-
1B production upon LPS stimulation (42, 48). miR-223 has also
been shown to disrupt NLRP3 inflammasome activity in a mouse
model of hepatitis (49). In acute gout patients, colchicine can
upregulate miR-223-3p and downregulate IL-1f in the plasma
(50). LPS can reduce miR-223, while promoting the production of
IL-1B in human adipose stem cells via TLR2 (51). Previously, we
reported that macrophages infiltrate the cardiovascular lesions
of LCWE-injected mice (25, 26). These infiltrating macrophages
show high caspase-1 activity by FLICA staining (26). In this
study, we found that miR-223 was highly expressed in the
abdominal aorta of LCWE-injected mice. Moreover, miR-2237/7
mice showed more severe abdominal aorta dilatations and heart
vasculitis and higher concentrations of serum IL-1B, which
is a key mediator of LCWE-induced KD vasculitis (24, 25).
We hypothesize that intense IL-18 production during LCWE-
induced KD vasculitis induces miR-223 expression as a negative
regulatory feedback loop to suppress IL-1f function and further
development of vasculitis (Figure 5).

Johnnidis et al. reported that miR-223 negatively regulates
granulocyte differentiation and dampens neutrophil activation
and effector functions (34). Indeed, miR-223-deficient mice
spontaneously develop lung pathologies due to increased
numbers of granulocyte progenitors and neutrophils, which are
more easily activated (34). Additionally, Dorhoi et al. reported
that in an experimental murine model of Mycobacterium
tuberculosis infection, miR-223 deletion resulted in exacerbated
neutrophil-driven lung inflammation (52). We have reported
that Ly6G™ neutrophils infiltrate the abdominal aorta aneurysm
area of LCWE-injected WT mice (25), and similar results were
also observed with the CAWS murine model of KD vasculitis,
where a massive influx of Ly6G™ neutrophils is detected in the
coronary artery of WT mice 28 days after CAWS injection (53).

Since miR-223 regulates neutrophil differentiation and activity,
it is possible that hypersensitive and activated neutrophils
participate and enhance the severity of cardiovascular lesions
observed in LCWE-injected miR-2237/7 mice; however, future
studies will be needed to investigate the role of miR-223 in
modulating neutrophil activity in this experimental model. In
addition, human platelets also express significant amounts of
miR-223, and platelet miR-223 levels are important for their
reactivity (54). The lower expression of miR-223 may increase
platelet reactivity and the risk of thrombotic disease, such as
myocardial infarction (55). In the acute stage of KD, patients
show thrombosis and decreased platelet numbers, and then
thrombocytosis is consistently found in the 2nd to 3rd week
of illness (56). Lack of platelet-derived miR-223 in KD patients
may increase the risk of coronary artery pathology (43). Recent
studies have also shown that leukocytes and platelet-secreted
miR-223 can enter vascular smooth muscle cells, and appear to
play important protective roles in their function in experimental
models of atherosclerosis (57), in an arterial injury repair
model (58), and in a KD mouse model by decreasing VSMC
proliferation (59).

Although miR-223 has been reported to negatively control
NLRP3 activation (42), it is also possible that miR-223 targets
other proteins involved in inflammatory immune responses that
may potentially contribute to LCWE-induced KD vasculitis,
such as CXCL2, CCL3 (52), STAT3, and IL-6 (60). While we
hypothesize that in this model miR-223 affects the NLRP3 and IL-
1P pathway, the specific mechanisms of this regulation will need
to be further demonstrated in future experiments.

CONCLUSIONS

Collectively, our studies highlight the miR-223-NLRP3-IL-1p
regulatory circuit as an important component of vascular
inflammation development in the experimental LCWE-induced
murine model of KD vasculitis. Our data reveal a previously
unappreciated role of miR-223 in regulating the level of NLRP3
inflammasome activation and shows that miR-223 provides an
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early break, limiting IL-1B-mediated vascular inflammation in
LCWE-injected mice. NLRP3 is under a tight transcriptional
control, and miR-223 has been shown to work as an important
rheostat controlling NLRP3 inflammasome activation (42).
Our observation that miR-223 deficiency results in a more
severe LCWE-induced KD vasculitis is therefore consistent with
this previous report and indicates that a similar control of
inflammation may indeed occur in the LCWE-induced KD
murine model. Hence, miR-223 may be a potential biomarker
for early diagnosis of human KD, and as miR-223 can dampen
cardiovascular inflammation, pharmacologic stabilization of
miR-223 may hold promise as a future novel therapeutic modality
for KD.

DATA AVAILABILITY STATEMENT
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reasonable request.

REFERENCES

1. McCrindle BW, Rowley AH, Newburger JW, Burns JC, Bolger AE, Gewitz M,
et al. Diagnosis, treatment, and long-term management of kawasaki disease.
Circulation. (2017) 135:€927-99. doi: 10.1161/CIR.0000000000000484

2. Kim GB. Reality of Kawasaki disease epidemiology. Korean ] Pediatr. (2019)
62:292-6. doi: 10.3345/kjp.2019.00157

3. Maddox Ryan A, Person Marissa K, Joseph Lindsay J, Haberling Dana L,
Steiner Claudia A, Schonberger Lawrence B, et al. Abstract O.03: monitoring
the occurrence of kawasaki syndrome in the United States. Circulation. (2015)
131:A003. doi: 10.1161/circ.131.suppl_2.003

4. Burns JC. Kawasaki disease update. Indian ] Pediatr. (2009) 76:71-76.
doi: 10.1007/s12098-009-0031-3

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

6. Newburger JW, Takahashi M, Burns JC. Kawasaki disease. ] Am Coll Cardiol.
(2016) 67:1738-49. doi: 10.1016/j.jacc.2015.12.073

7. Skochko SM, Jain S, Sun X, Sivilay N, Kanegaye JT, Pancheri J, et al.
Kawasaki disease outcomes and response to therapy in a multiethnic
community: a 10-year experience. ] Pediatr. (2018) 203:408-15.e3.
doi: 10.1016/j.jpeds.2018.07.090

8. Shafferman A, Birmingham JD, Cron RQ. High dose Anakinra for treatment
of severe neonatal Kawasaki disease: a case report. Pediatr Rheumatol Online
J. (2014) 12:26. doi: 10.1186/1546-0096-12-26

9. Guillaume M-P, Reumaux H, Dubos F. Usefulness and safety of anakinra
in refractory Kawasaki disease complicated by coronary artery aneurysm.
Cardiol Young. (2018) 28:739-42. doi: 10.1017/S1047951117002864

10. Sénchez-Manubens J, Gelman A, Franch N, Teodoro S, Palacios JR,
Rudi N, et al. A child with resistant Kawasaki disease successfully
treated with anakinra: a case report. BMC Pediatr. (2017) 17:102.
doi: 10.1186/s12887-017-0852-6

11. Tremoulet AH, Jain S, Jaggi P, Jimenez-Fernandez S, Pancheri JM, Sun X,
et al. Infliximab for intensification of primary therapy for Kawasaki disease: a
phase 3 randomised, double-blind, placebo-controlled trial. Lancet Lond Engl.
(2014) 383:1731-8. doi: 10.1016/S0140-6736(13)62298-9

12. Newburger JW, Sleeper LA, McCrindle BW, Minich LL, Gersony W,
Vetter VL, et al. Randomized trial of pulsed corticosteroid therapy for
primary treatment of Kawasaki disease. N Engl ] Med. (2007) 356:663-75.
doi: 10.1056/NEJMo0a061235

13. Wardle AJ, Connolly GM, Seager MJ, Tulloh RM. Corticosteroids for the
treatment of Kawasaki disease in children. Cochrane Database Syst Rev. (2017)
1:CD011188. doi: 10.1002/14651858.CD011188.pub2

ETHICS STATEMENT

All experiments were performed according to Cedars-Sinai
Medical Center Institutional Animal Care and Use Committee
(IACUC) guidelines.

AUTHOR CONTRIBUTIONS

MAr conceived and supervised the project. MAr, YL, and MNR
wrote the manuscript. DMa, BK, YL, MAb, ML, DMo, SC, MCEF,
and RAP performed all of the experiments. SC, RAP, MNR, and
MAr provided critical editing and content to the manuscript as
well as experimental design. All authors read and approved the
final manuscript.

FUNDING

This work was supported by the NIH grant ROl AI072726
to MAr.

14. Tremoulet AH, Pancoast P, Franco A, Bujold M, Shimizu C,
Onouchi Y, et al. Calcineurin inhibitor treatment of intravenous
immunoglobulin-resistant Kawasaki disease. ] Pediatr. (2012) 161:506-12.e1.
doi: 10.1016/j.jpeds.2012.02.048

15. Soni PR, Noval Rivas M, Arditi M. A comprehensive update on Kawasaki
disease vasculitis and myocarditis. Curr Rheumatol Rep. (2020) 22:6.
doi: 10.1007/s11926-020-0882-1

16. Leung DY, Cotran RS, Kurt-Jones E, Burns JC, Newburger JW, Pober
JS. Endothelial cell activation and high interleukin-1 secretion in the
pathogenesis of acute Kawasaki disease. Lancet Lond Engl. (1989) 2:1298-302.
doi: 10.1016/50140-6736(89)91910-7

17. Maury CP, Salo E, Pelkonen P. Circulating interleukin-1 beta in
patients with Kawasaki disease. N Engl ] Med. (1988) 319:1670-1.
doi: 10.1056/NEJM198812223192515

18. Alphonse MP, Duong TT, Shumitzu C, Hoang TL, McCrindle BW, Franco A,
et al. Inositol-triphosphate 3-kinase ¢ mediates inflammasome activation and
treatment response in Kawasaki disease. J Immunol Baltim Md 1950. (2016)
197:3481-9. doi: 10.4049/jimmunol.1600388

19. Hoang LT, Shimizu C, Ling L, Naim ANM, Khor CC, Tremoulet
AH, et al. Global gene expression profiling identifies new therapeutic
targets in acute Kawasaki Med. (2014) 6:541.
doi: 10.1186/s13073-014-0102-6

20. Jia C, Zhang J, Chen H, Zhuge Y, Chen H, Qian E et al. Endothelial
cell pyroptosis plays an important role in Kawasaki disease via
HMGB1/RAGE/cathespin B signaling pathway and NLRP3 inflammasome
activation. Cell Death Dis. (2019) 10:778. doi: 10.1038/s41419-019-2021-3

21. Fury W, Tremoulet AH, Watson VE, Best BM, Shimizu C, Hamilton ],
et al. Transcript abundance patterns in Kawasaki disease patients with
intravenous immunoglobulin resistance. Hum Immunol. (2010) 71:865-73.
doi: 10.1016/j.humimm.2010.06.008

22. Fu LY, Qiu X, Deng QL, Huang P, Pi L, Xu Y, et al. The IL-1B Gene
polymorphisms rs16944 and rs1143627 contribute to an increased risk of
coronary artery lesions in southern Chinese children with Kawasaki disease. J
Immunol Res. (2019) 2019:4730507. doi: 10.1155/2019/4730507

23. Onouchi Y, Fukazawa R, Yamamura K, Suzuki H, Kakimoto N, Suenaga T,
et al. Variations in ORAI1 gene associated with Kawasaki Disease. PLoS ONE.
(2016) 11:€0145486. doi: 10.1371/journal.pone.0145486

24. Youngho L, Schulte Danica J, Kenichi S, Shuang C, Crother Timothy
R, Norika C, et al. Interleukin-1p Is crucial for the induction of
coronary artery inflammation in a mouse model of Kawasaki disease.
Circulation. (2012) 125:1542-50. doi: 10.1161/CIRCULATIONAHA.111.
072769

disease. Genome

Frontiers in Pediatrics | www.frontiersin.org

May 2021 | Volume 9 | Article 662953


https://doi.org/10.1161/CIR.0000000000000484
https://doi.org/10.3345/kjp.2019.00157
https://doi.org/10.1161/circ.131.suppl_2.o03
https://doi.org/10.1007/s12098-009-0031-3
https://doi.org/10.1007/s11926-020-00941-4
https://doi.org/10.1016/j.jacc.2015.12.073
https://doi.org/10.1016/j.jpeds.2018.07.090
https://doi.org/10.1186/1546-0096-12-26
https://doi.org/10.1017/S1047951117002864
https://doi.org/10.1186/s12887-017-0852-6
https://doi.org/10.1016/S0140-6736(13)62298-9
https://doi.org/10.1056/NEJMoa061235
https://doi.org/10.1002/14651858.CD011188.pub2
https://doi.org/10.1016/j.jpeds.2012.02.048
https://doi.org/10.1007/s11926-020-0882-1
https://doi.org/10.1016/s0140-6736(89)91910-7
https://doi.org/10.1056/NEJM198812223192515
https://doi.org/10.4049/jimmunol.1600388
https://doi.org/10.1186/s13073-014-0102-6
https://doi.org/10.1038/s41419-019-2021-3
https://doi.org/10.1016/j.humimm.2010.06.008
https://doi.org/10.1155/2019/4730507
https://doi.org/10.1371/journal.pone.0145486
https://doi.org/10.1161/CIRCULATIONAHA.111.072769
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles

Maruyama et al.

miR-223 in LCWE-Induced KD Vasculitis

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Daiko W, Yosuke K, Crother Timothy R, Magali NR, Youngho L, Shuang C,
et al. Role of interleukin-1 signaling in a mouse model of kawasaki disease—
associated abdominal aortic aneurysm. Arterioscler Thromb Vasc Biol. (2016)
36:886-97. doi: 10.1161/ATVBAHA.115.307072

Lee Y, Wakita D, Dagvadorj J, Shimada K, Chen S, Huang G, et al. IL-1
signaling is critically required in stromal cells in kawasaki disease vasculitis
mouse model: role of both IL-1a and IL-1f. Arterioscler Thromb Vasc Biol.
(2015) 35:2605-16. doi: 10.1161/ATVBAHA.115.306475

Anzai E Watanabe S, Kimura H, Kamata R, Karasawa T, Komada T, et al.
Crucial role of NLRP3 inflammasome in a murine model of Kawasaki disease.
J Mol Cell Cardiol. (2020) 138:185-96. doi: 10.1016/j.yjmcc.2019.11.158
Stock AT, Jama HA, Hansen JA, Wicks IP. TNF and IL-1 play essential
but temporally distinct roles in driving cardiac inflammation in a murine
model of Kawasaki disease. ] Immunol Baltim Md 1950. (2019) 202:3151-60.
doi: 10.4049/jimmunol.1801593

Hwang H-W, Mendell JT. MicroRNAs in cell proliferation, cell death, and
tumorigenesis. Br ] Cancer. (2006) 94:776-80. doi: 10.1038/sj.bjc.6603023
Chandan K, Gupta M, Sarwat M. Role of host and pathogen-derived
microRNAs in immune regulation during infectious and inflammatory
diseases. Front Immunol. (2019) 10:3081. doi: 10.3389/fimmu.2019.03081
O’Connell RM, Rao DS, Baltimore D. microRNA regulation of
inflammatory responses. Annu Rev Immunol. (2012) 30:295-312.
doi: 10.1146/annurev-immunol-020711-075013

Guo H, Ingolia NT, Weissman JS, Bartel DP. Mammalian microRNAs
predominantly act to decrease target mRNA levels. Nature. (2010) 466:835-40.
doi: 10.1038/nature09267

Baek D, Villén ], Shin C, Camargo FD, Gygi SP, Bartel DP. The
impact of microRNAs on protein output. Nature. (2008) 455:64-71.
doi: 10.1038/nature07242

Johnnidis JB, Harris MH, Wheeler RT, Stehling-Sun S, Lam MH, Kirak O,
et al. Regulation of progenitor cell proliferation and granulocyte function by
microRNA-223. Nature. (2008) 451:1125-9. doi: 10.1038/nature06607

Feng Z, Qi S, Zhang Y, Qi Z, Yan L, Zhou J, et al. Ly6G+ neutrophil-derived
miR-223 inhibits the NLRP3 inflammasome in mitochondrial DAMP-induced
acute lung injury. Cell Death Dis. (2017) 8:¢3170. doi: 10.1038/cddis.2017.549
Neudecker V, Haneklaus M, Jensen O, Khailova L, Masterson JC, Tye
H, et al. Myeloid-derived miR-223 regulates intestinal inflammation via
repression of the NLRP3 inflammasome. | Exp Med. (2017) 214:1737-52.
doi: 10.1084/jem.20160462

Chen Y, Ding Y-Y, Ren Y, Cao L, Xu Q-Q, Sun L, et al. Identification of
differentially expressed microRNAs in acute Kawasaki disease. Mol Med Rep.
(2018) 17:932-8. doi: 10.3892/mmr.2017.8016

Shimizu C, Kim J, Stepanowsky P, Trinh C, Lau HD, Akers JC, et al.
Differential expression of miR-145 in children with Kawasaki disease. PLoS
ONE. (2013) 8:e58159. doi: 10.1371/journal.pone.0058159

Rowley AH, Pink AJ, Reindel R, Innocentini N, Baker SC, Shulman ST, et al.
A study of cardiovascular miRNA biomarkers for Kawasaki disease. Pediatr
Infect Dis . (2014) 33:1296-9. doi: 10.1097/INF.0000000000000449

Porritt RA, Markman JL, Maruyama D, Kocaturk B, Chen S, Lehman TJA,
et al. Interleukin-1 beta-mediated sex differences in kawasaki disease vasculitis
development and response to treatment. Arterioscler Thromb Vasc Biol. (2020)
40:802-18. doi: 10.1161/ATVBAHA.119.313863

Masuko T, Minami A, Iwasaki N, Majima T, Nishimura S-I, Lee YC.
Carbohydrate analysis by a phenol-sulfuric acid method in microplate format.
Anal Biochem. (2005) 339:69-72. doi: 10.1016/j.ab.2004.12.001

Bauernfeind F Rieger A, Schildberg FA, Knolle PA, Schmid-Burgk JL,
Hornung V. NLRP3 Inflammasome Activity Is Negatively Controlled by
miR-223. ] Immunol. (2012) 189:4175-81. doi: 10.4049/jimmunol.1201516
Zhang Y, Wang Y, Zhang L, Xia L, Zheng MH, Zeng Z, et al. Reduced
platelet miR-223 induction in Kawasaki disease leads to severe coronary artery
pathology through a miR-223/PDGFR@ vascular smooth muscle cell axis. Circ
Res. (2020) 127:855-73. doi: 10.1161/CIRCRESAHA.120.316951

O’Neill LA, Sheedy FJ, McCoy CE. MicroRNAs: the fine-tuners of Toll-like
receptor signalling. Nat Rev Immunol. (2011) 11:163-75. doi: 10.1038/nri2957
Yun KW, Lee JY, Yun SW, Lim IS, Choi ES. Elevated serum level of microRNA
(miRNA)-200c and miRNA-371-5p in children with Kawasaki disease. Pediatr
Cardiol. (2014) 35:745-52. doi: 10.1007/s00246-013-0846-6

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Rong X, Ge D, Shen D, Chen X, Wang X, Zhang L, et al. miR-27b Suppresses
endothelial cell proliferation and migration by targeting Smad7 in Kawasaki
disease. Cell Physiol Biochem Int ] Exp Cell Physiol Biochem Pharmacol. (2018)
48:1804-14. doi: 10.1159/000492354

Taibi E Metzinger-Le Meuth V, Massy ZA, Metzinger L. miR-223: an
inflammatory oncomiR enters the cardiovascular field. Biochim Biophys Acta
BBA—Mol Basis Dis. (2014) 1842:1001-9. doi: 10.1016/j.bbadis.2014.03.005
Zhang N, Fu L, Bu Y, Yao Y, Wang Y. Downregulated expression
of miR-223 promotes Toll-like receptor-activated inflammatory responses
in macrophages by targeting RhoB. Mol Immunol. (2017) 91:42-8.
doi: 10.1016/j.molimm.2017.08.026

Jimenez Calvente C, Del Pilar H, Tameda M, Johnson CD, Feldstein AE.
MicroRNA 223 3p negatively regulates the NLRP3 inflammasome in acute
and chronic liver injury. Mol Ther ] Am Soc Gene Ther. (2020) 28:653-63.
doi: 10.1016/j.ymthe.2019.09.013

Liu P, Chen Y, Wang B, Wang Z, Li C, Wang Y. Expression of microRNAs in
the plasma of patients with acute gouty arthritis and the effects of colchicine
and etoricoxib on the differential expression of microRNAs. Arch Med Sci
AMS. (2019) 15:1047-55. doi: 10.5114/a0ms.2018.75502

Wu J, Niu P, Zhao Y, Cheng Y, Chen W, Lin L, et al. Impact of
miR-223-3p and miR-2909 on inflammatory factors IL-6, IL-18, and
TNF-a, and the TLR4/TLR2/NF-kB/STAT3 signaling pathway induced
by lipopolysaccharide in human adipose stem cells. PLoS ONE. (2019)
14:€0212063. doi: 10.1371/journal.pone.0212063

Dorhoi A, Iannaccone M, Farinacci M, Faé KC, Schreiber ], Moura-
Alves P, et al. MicroRNA-223 controls susceptibility to tuberculosis by
regulating lung neutrophil recruitment. J Clin Invest. (2013) 123:4836-48.
doi: 10.1172/JCI67604

Miyabe C, Miyabe Y, Bricio-Moreno L, Lian J, Rahimi RA, Miura NN, et al.
Dectin-2-induced CCL2 production in tissue-resident macrophages ignites
cardiac arteritis. ] Clin Invest. (2019) 129:3610-24. doi: 10.1172/JCI123778
Elgheznawy A, Fleming 1.  Platelet-enriched microRNAs and
cardiovascular homeostasis. Antioxid Redox Signal. (2018) 29:902-21.
doi: 10.1089/ars.2017.7289

Sunderland N, Skroblin P, Barwari T, Huntley RP, Lu R, Joshi A, et al.
MicroRNA biomarkers and platelet reactivity: the clot thickens. Circ Res.
(2017) 120:418-35. doi: 10.1161/CIRCRESAHA.116.309303

Arora K, Guleria S, Jindal AK, Rawat A, Singh S. Platelets in Kawasaki disease:
is this only a numbers game or something beyond? Genes Dis. (2020) 7:62-6.
doi: 10.1016/j.gendis.2019.09.003

Shan Z, Qin S, Li W, Wu W, Yang ], Chu M, et al. An endocrine genetic signal
between blood cells and vascular smooth muscle cells: role of microRNA-
223 in smooth muscle function and atherogenesis. ] Am Coll Cardiol. (2015)
65:2526-37. doi: 10.1016/j.jacc.2015.03.570

Zeng Z, Xia L, Fan X, Ostriker AC, Yarovinsky T, Su M, et al. Platelet-derived
miR-223 promotes a phenotypic switch in arterial injury repair. J Clin Invest.
(2019) 129:1372-1386. doi: 10.1172/JCI124508

Ivan P-I, McCarty Owen JT, Aslan Joseph E. Platelet miR-223 delivery
rescues vascular cells in Kawasaki disease. Circ Res. (2020) 127:874-6.
doi: 10.1161/CIRCRESAHA.120.317796

Chen Q, Wang H, Liu Y, Song Y, Lai L, Han Q, et al. Inducible
microRNA-223 down-regulation promotes TLR-triggered IL-6 and IL-1p
production in macrophages by targeting STAT3. PLoS ONE. (2012) 7:¢42971.
doi: 10.1371/journal.pone.0042971

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Maruyama, Kocatiirk, Lee, Abe, Lane, Moreira, Chen, Fishbein,
Porritt, Noval Rivas and Arditi. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Pediatrics | www.frontiersin.org

May 2021 | Volume 9 | Article 662953


https://doi.org/10.1161/ATVBAHA.115.307072
https://doi.org/10.1161/ATVBAHA.115.306475
https://doi.org/10.1016/j.yjmcc.2019.11.158
https://doi.org/10.4049/jimmunol.1801593
https://doi.org/10.1038/sj.bjc.6603023
https://doi.org/10.3389/fimmu.2019.03081
https://doi.org/10.1146/annurev-immunol-020711-075013
https://doi.org/10.1038/nature09267
https://doi.org/10.1038/nature07242
https://doi.org/10.1038/nature06607
https://doi.org/10.1038/cddis.2017.549
https://doi.org/10.1084/jem.20160462
https://doi.org/10.3892/mmr.2017.8016
https://doi.org/10.1371/journal.pone.0058159
https://doi.org/10.1097/INF.0000000000000449
https://doi.org/10.1161/ATVBAHA.119.313863
https://doi.org/10.1016/j.ab.2004.12.001
https://doi.org/10.4049/jimmunol.1201516
https://doi.org/10.1161/CIRCRESAHA.120.316951
https://doi.org/10.1038/nri2957
https://doi.org/10.1007/s00246-013-0846-6
https://doi.org/10.1159/000492354
https://doi.org/10.1016/j.bbadis.2014.03.005
https://doi.org/10.1016/j.molimm.2017.08.026
https://doi.org/10.1016/j.ymthe.2019.09.013
https://doi.org/10.5114/aoms.2018.75502
https://doi.org/10.1371/journal.pone.0212063
https://doi.org/10.1172/JCI67604
https://doi.org/10.1172/JCI123778
https://doi.org/10.1089/ars.2017.7289
https://doi.org/10.1161/CIRCRESAHA.116.309303
https://doi.org/10.1016/j.gendis.2019.09.003
https://doi.org/10.1016/j.jacc.2015.03.570
https://doi.org/10.1172/JCI124508
https://doi.org/10.1161/CIRCRESAHA.120.317796
https://doi.org/10.1371/journal.pone.0042971
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles

	MicroRNA-223 Regulates the Development of Cardiovascular Lesions in LCWE-Induced Murine Kawasaki Disease Vasculitis by Repressing the NLRP3 Inflammasome
	Introduction
	Materials and Methods
	Mice
	Preparation of LCWE
	LCWE-Induced KD Mouse Model
	RNA Isolation and Quantitative Real-Time PCR
	ELISA
	Statistical Analysis

	Results
	miR-223 Expression Is Increased During LCWE-Induced KD Vasculitis
	Exacerbated LCWE-Induced Cardiovascular Lesions in miR-223–/y Mice
	miR-223 Regulates LCWE-Induced Vasculitis Induction by Regulating IL-1 Production

	Discussion
	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


