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Introduction: Kawasaki disease (KD) is an acute systemic vasculitis that
predominantly afflicts children. KD development is known to be associated
with an aberrant immune response and abnormal platelet activation, however
its etiology is still largely unknown. Myosin light chain 9 (Myl9) is known to
requlate cellular contractility of both non-muscle and smooth muscle cells,
and can be released from platelets, whereas any relations of Myl9 expression to
KD vasculitis have not been examined.

Methods: Plasma Myl9 concentrations in KD patients and children with febrile
illness were measured and associated with KD clinical course and prognosis.
Myl9 release from platelets in KD patients was also evaluated in vitro. Myl9
expression was determined in coronary arteries from Lactobacillus casei cell
wall extract (LCWE)-injected mice that develop experimental KD vasculitis, as
well as in cardiac tissues obtained at autopsy from KD patients.
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Results and discussion: Plasma Myl9 levels were significantly higher in KD
patients during the acute phase compared with healthy controls or patients
with other febrile illnesses, declined following IVIG therapy in IVIG-responders
but not in non-responders. In vitro, platelets from KD patients released Myl9
independently of thrombin stimulation. In the LCWE-injected mice, Myl9 was
detected in cardiac tissue at an early stage before inflammatory cell infiltration
was observed. In tissues obtained at autopsy from KD patients, the highest Myl9
expression was observed in thrombi during the acute phase and in the intima
and adventitia of coronary arteries during the chronic phase. Thus, our studies
show that Myl9 expression is significantly increased during KD vasculitis and
that Myl9 levels may be a useful biomarker to estimate inflammation and IVIG

responsiveness to KD.

KEYWORDS

Kawasaki disease, coronary artery, vasculitis, children, platelet, Myl9, CD69

Introduction

Kawasaki disease (KD) is a pediatric vasculitis that causes
inflammation in small and medium-sized arteries and results in
the development of coronary artery aneurysms (CAAs) in up to
25% of untreated patients (1). KD is the most common acquired
heart disease in children worldwide (2, 3). The standard
treatment is high-dose intravenous immunoglobulin (IVIG)
which reduces the incidence of CAAs; however, approximately
20% of KD patients are refractory to this treatment (4). Patients
with giant aneurysms of >8 mm in diameter or a coronary artery
Z score of >10 are at high risk for lifelong cardiac events. The
mechanisms of action of IVIG are not entirely understood (5, 6),
which emphasizes the need to develop specific and more efficient
treatments for KD patients.

Several studies indicate that KD acute inflammation and
pathogenesis are linked to systemic cytokine storms (7-9). Their
cause is not singular, and it is considered that KD acute
inflammation and pathogenesis are linked to aberrant immune
responses to infectious disease, vaccination, and burns and cause
cytokine storm (10). Genetic studies have identified single-
nucleotide variants in several genes associated with increased
susceptibility to KD and cardiovascular complications (11, 12).
Three of these genes are involved in the calcineurin/Nuclear
factor of activated T cells (NFAT) pathway. Combined IVIG
therapy with cyclosporin A, which suppresses this pathway,
decreases the incidence of CAAs in KD patients predicted to
be IVIG resistant (13). Thus, we are beginning to understand the
participation of immune cells in KD vasculitis development.
However, it still remains unknown why small and medium-sized
blood vessels are targeted during KD.
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CD69 is a type-II transmembrane protein and a known marker
of lymphocyte activation (14, 15). CD69 is also involved in the
pathogenesis of inflammatory diseases (14, 16-18). We have
previously reported that myosin light chain 9 (Myl9), -12a
(Myl12a), and -12b (Myll2b) are functional ligands for CD69.
Myl9 is a protein that regulates the cellular contractility of both
non-muscle cells and smooth muscle cells. Myl9 can also be released
by activated platelets and form net-like structures named “Myl9
nets” inside blood vessels at inflammatory sites (17, 19). We
proposed a model called the CD69-Myl9 system in which Myl9
nets likely act as a platform for the recruitment and maintenance of
CD69-expressing inflammatory cells in inflamed tissues, thereby
exacerbating the inflammation (17). The involvement of the CD69-
Myl9 system in airway inflammation and inflammatory bowel
diseases has been demonstrated, however, its contribution to KD
vasculitis has not been investigated.

The clinical course of KD is closely related to platelet activation
(20-23). In the acute phase of KD, the coagulation/fibrinolytic
system is enhanced, and platelet counts fluctuate dynamically. KD
cases associated with decreased platelet count in the early stage of
the disease are considered to be severe cases (24). Furthermore, the
Kobayashi risk score system established to identify KD patients at
high risk of refractory course considers platelet count among the
variables used to predict IVIG-resistance (24). On the other hand,
during the convalescence period (2-4 weeks from the first day of
illness), the platelet count increases beyond normal levels and then
returns to normal (25). Several reports have also shown that the
platelet function is enhanced during the first few months after the
onset, which is the basis for the duration of the standard treatment
with orally administered aspirin (20-23). However, whether platelet
activation is involved and contributes to aneurysm formation
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during KD remains unknown, but thrombotic occlusion is known
to account for the sudden death of some KD patients (26).

In this study, we hypothesized that platelets are activated in the
acute phase of KD and that Myl9 released by platelets induces
inflammatory cell infiltration into coronary artery vessel walls by
recruiting CD69-positive cells. We found that plasma Myl9 levels
were significantly higher during KD acute phase and that platelets
from KD patients showed a preactivated phenotype. The abundant
expression of Myl9 was also detected in KD patients’ cardiac tissues
obtained at autopsy. Furthermore, using the Lactobacillus casei cell
wall extract (LCWE) murine model of KD vasculitis, we show that
the expression of Myl9 is significantly increased in LCWE-induced
cardiovascular lesions. Altogether, our results indicate that Myl9
may be a valuable biomarker to estimate inflammation and IVIG
responsiveness to KD.

TABLE 1 Patient information.

10.3389/fimmu.2022.1036672

Materials and methods

Patients and autopsy samples

KD patients (n=76), patients with febrile illness (n=16), and
healthy volunteers (children; n=8, adult; n=9) included in this
study were recruited from April 2010 to March 2021 by the
Department of Pediatrics, Chiba University Hospital (Chiba,
Japan), and the Department of Pediatrics, Tokyo Women’s
Medical University Yachiyo Medical Center (Chiba, Japan)
(Table 1). We selected patients with febrile illness who
required hospitalization and differential diagnosis with KD.
Patient information was extracted from the patient’s medical
records. The Z scores of the coronary arteries, which are
echocardiographic measurements of the internal diameter

Febrile illness (n=16)*

HV (child) (n=8)

HV (adult) (n=9)

KD (n=76)
Male n (%) 44 (57.9)
Female n (%) 32 (42.1)
Age, months (median [interquartile range]) 25 [15-42]
Cases requiring DDx for KD n (%) 76 (100)
Admission n (%) 76 (100)
ICU care n (%) 3(3.9)
IVIG responder 36 (47.4)
IVIG non responder 40 (52.6)
Patients transferred from other hospitals (IVIG-non responder) 22 (28.9)
CAAs n (%) 24 (31.6)
Z score: 2.5, <5 8 (10.5)
Z score: =5, <10 10 (13.2)
Z score: =10 6 (7.9)
Medication n (%)
IVIG 76 (100)
ASA 76 (100)
PSL 10 (13.2)
mPSL pulse 4 (5.3)
CsA 9 (11.8)
PE 3(3.9)
DEX 0(0)
ABs 44 (57.9)
Death n(%) 0 (0)

8 (50.0) 4 (50.0) 6 (66.7)
8 (50.0) 4 (50.0) 3(33.3)
20 [6-66] 36 [18-60] 444 [384-492)
6 (37.5) NA NA
13 (81.3) NA NA
1(6.3) NA NA
NA NA NA
NA NA NA
NA NA NA
NA NA NA
NA NA NA
NA NA NA
NA NA NA
0(0) NA NA
0(0) NA NA
1(6.3) NA NA
0(0) NA NA
0 (0) NA NA
0 (0) NA NA
1(6.3) NA NA
7 (43.8) NA NA
0(0) NA NA

*Respiratory infection (n=6), Epstein-Barr virus infection (2), adenovirus infection (1), cervical lymphadenitis (1), Norovirus enteritis (1), Yersinia enteritis (1), urinary tract infection

(1), urticaria (1).

HYV; Healthy Volunteer, NA; Not applecable, IVIG; Intravenous immunoglobulin, CAAs; Coronary artery abnormalities, ASA; acetylsalicylic acid, PSL; prednisolone, mPSL pulse;
intravenous high-dose methylprednisolone pulse therapy, CsA; cyclosporin A, PE; plasma exchange, DEX; dexamethasone, Abs; antibiotics.
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normalized for body surface area, were calculated by the method
of Kobayashi et al. (27), and coronary aneurysms were classified
based on the maximum Z score (3). We measured coronary
artery size before treatment (at the acute phase, day 0), post-
IVIG treatment (day 2-3 after IVIG treatment), at discharge
(around day 7 in the case of IVIG-responders and various days
depending on the case of each IVIG-non-responder) and in the
convalescent phase (around 1 month after onset), and if the
coronary artery tends to be dilated, check daily. The maximum Z
score in 3 coronary segments of each patient more than 2.5 is
considered CAA+.

Plasma samples for Myl9 measurement were collected from
76 KD patients in the acute phase (before IVIG treatment, day
0), post-IVIG treatment (day 2-3 after IVIG treatment), at
discharge (around day 7 in the case of IVIG-responders and
various days depending on the case of each IVIG-non-
responder) and in the convalescent phase (around 1 month
after onset). Twenty-two of 76 KD patients were transferred
from other hospitals due to a lack of response to IVIG treatment
and/or CAAs, and thus lacked plasma samples from before IVIG
treatment. Patients were defined as IVIG non-responders when
their body temperature was >37.5°C at 48 hours after the
initiation of IVIG treatment or when they had a relapse of
KD, defined as a return of fever (=37.5°C) after a >48-hour
afebrile period from the 1°' IVIG treatment and needed
additional therapies. Patients with febrile illness included those
with a respiratory infection (n=6) or with other febrile illnesses
in whom a diagnosis other than KD was confirmed, such as
Epstein-Barr virus infection (2), adenovirus infection (1),
cervical lymphadenitis (1), norovirus enteritis (1), Yersinia
enteritis (1), urinary tract infection (1), and urticaria (1).

Platelet-rich plasma samples were collected from 9 KD
patients and 5 healthy volunteers. All 9 cases were 1°' IVIG
responders, and all samples were collected before IVIG treatment.

Peripheral blood mononuclear cells (PBMCs) were collected
from 6 KD patients. All 6 cases were 1™ IVIG responders, and
samples were collected in the acute phase (pre-IVIG) and
convalescent phase (1 month after KD onset).

Three autopsy specimens from KD patients with coronary
artery aneurysms and one from a control child who died from
trauma were collected from the Department of Forensic
Medicine, Graduate School of Medicine, Chiba University, and

TABLE 2 Autopsy samples.

Age at death

10.3389/fimmu.2022.1036672

the Department of Forensic Medicine, Graduate School of
Medicine, Kanazawa University (Kanazawa, Japan) (Table 2).
The diagnosis of each KD patient was confirmed based on
clinical features after the exclusion of other inflammatory
diseases and based on the cardiac tissue findings.

The study was approved by the Ethics Committee of Chiba
University Graduate School of Medicine (No. 3683). Written
informed consent was provided by all participants or their legal
guardians (for children who could not give consent) before
blood sampling.

Mice

C57BL/6 male mice were purchased from CLEA Co. (Tokyo,
Japan). They were maintained under specific pathogen-free
conditions and were used at 5 weeks of age. All animal
experiments were approved by the Chiba University Review
Board for Animal Care.

LCWE-induced KD vasculitis
murine model

Lactobacillus casei (ATCC 11578) cell wall extract was
prepared as previously reported (28, 29). Five-week-old male
mice were intraperitoneally injected with 500 pg of LCWE.
Three days, 7 days or 14 days later, the mice were euthanized,
and hearts were removed and embedded in the Optimal Cutting
Temperature (OCT) compound for a histological examination.

Tissue fixation, staining, and
histopathology (murine sample)

Serial cryosections (10 um) of heart tissue were fixed in
ethanol and formalin, then stained with hematoxylin-eosin
(HE). All images were acquired with a BZ-X710 microscope
(Keyence, Osaka, Japan). Histopathological scoring of coronary
arteritis was performed with the following scoring system: Score
0 = no inflammation, 1 = rare inflammatory cells, 2 = scattered
inflammatory cells, 3 = diffuse infiltration of inflammatory cells,

KD 1 Male 3 months
2 Female 8 years
3 Female 2 years
control 1 Female 1 year

AMI; acute myocardial infraction.

Frontiers in Immunology 04

Cause of death Time from KD onset to death
AMI 14 days

AMI 1 year

AMI 2 years

trauma
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and 4 = dense clusters of inflammatory cells. Scoring was
performed on each 100 wm of the five consecutive sections.

For immunohistochemistry (IHC) analysis, heart cryostat
sections (10 um) were fixed in 4% paraformaldehyde and then
stained with goat anti-CD69 (R & D Systems, Minneapolis, MN)
overnight at 4°C, rabbit anti-Myl9/12 (F6; Abwiz Bio, San Diego,
CA), mouse Cy3-conjugated anti-o—SMA (alpha-smooth muscle
actin) (1A4; Sigma-Aldrich, St. Louis, MO) for 2 h at room
temperature. Isotype controls (normal goat IgG (R & D Systems)
and normal rabbit IgG (Bio X cells, Lebanon, NH)) were used as
negative controls. After washing, the sections were incubated with
Alexa Fluor 488-conjugated anti-rabbit IgG and Alexa Fluor 647-
conjugated anti-goat IgG (Thermo Fisher Scientific, Waltham,
MA) for 1 h as secondary antibodies. All images were acquired
with an LSM 710 (Carl Zeiss, Oberkochen, Germany), and data
sets were analyzed with the Image] software program (National
Institutes of Health, Bethesda, MD, USA) (30).

Tissue fixation, staining, and
histopathology (human sample)

Human autopsy specimens were fixed in formalin and
embedded in paraffin. Sections were then prepared from
paraffin-embedded materials and subjected to HE staining,
Elastica-van Gieson (EVG) staining, and THC staining using
appropriate antibodies (anti-Myl9/12 antibody, anti-smooth
muscle actin antibody).

Preparation of platelet-rich plasma and
thrombin stimulation

Platelet-rich plasma was prepared from peripheral blood, as
previously described (31). In brief, 1 ml of blood was collected
with a sodium citrate buffer tube and added to 5 ml of PIPES,
and the solution was spun at 100 x g for 15 min. The platelet-rich
supernatant was collected, and 1 U/ml apyrase and 1 uM PGEL
(final concentrations) were added, then the tubes were spun at
1000 x g for 10 min. The platelet pellet was resuspended in 200
ul of Tyrode’s buffer and then divided into two equal parts. One
was incubated with 100 mU/ml thrombin and 1 mM CacCl, for 2
hours at 37°C for activation. The other was stored at 4°C for the
same time without stimulation. After 2 hours of incubation, they
were spun at 15000 rpm for 10 min, and the supernatants were
collected to measure Myl9 level.

Measurement of the Myl9 level by
enzyme-linked immunosorbent assay

Myl9 levels in human plasma and Myl9 released from
platelets in in vitro culture were measured by enzyme-linked
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immunosorbent assay (ELISA; Human MLC2/MYL9 ELISA Kit,
LifeSpan BioSciences, Seattle, WA, USA) according to the
manufacturer’s instructions.

Flow cytometry

For human samples, PBMCs were isolated from EDTA
blood samples by Ficoll density gradient centrifugation (Ficoll-
Paque PLUS, GE Healthcare, Chicago, IL) and stored with 1 ml
of LaboBanker (TOSC, Tokyo, Japan) at -20°C. The
cryopreserved PBMCs were thawed, washed 2 times with
saline, and then suspended in PBS-BSA containing 0.1%
NaNj. The cells were stained with fluorochrome-conjugated
antibodies with the following specificities: human CD69
(FN50; BioLegend, San Diego, CA), human CD3 (UCHTI;
BioLegend), human CD4 (A161A1; BioLegend), human CD8
(RPA-T8; BioLegend), human CD14 (61D3; Thermo Fisher
Scientific), human CD16 (3G8; BioLegend), human CD19
(HIB19; BD Biosciences, Franklin Lakes, NJ), for 40 min at 4°
C in the dark, washed with PBS-BSA containing 0.1% NaNj
Cellular viability was determined using propidium iodide (PI).
Frequencies of lymphocytes (CD4" T cells, CD8" T cells, and B
cells) and frequencies of NK cells and monocytes were assessed
with two separate flow staining panels. Cells were analyzed with
a Canto II flow cytometer (BD Biosciences).

For murine samples, 100l of peripheral blood was first lysed
with ACK buffer (Thermo Fisher Scientific), and then stained
with fluorochrome-conjugated antibodies with the following
specificities: mouse CD69 (H1.2F3; BioLegend), mouse Ly-6G
(1AS8; BioLegend), mouse Ly-6C (HK1.4; BioLegend), mouse
CD3e (145-2C11; BioLegend), mouse CD11b (M1/70;
BioLegend), mosue NK-1.1 (PK136; BioLegend), mouse
CD45R/B220 (RA3-6B2; BD Biosciences), 7-AAD Viability
Staining Solution (PK136; BioLegend) for 40 min at 4°C in the
dark, washed with PBS-BSA containing 0.1% NaNj and then
analyzed with a Fortessa flow cytometer (BD Biosciences). The
data were analyzed using the FlowJo software program
(BD Biosciences).

Statistical analysis

All statistical analyses were performed with the GraphPad
Prism software program (GraphPad, San Diego, CA). Statistical
significance was determined using a Mann-Whitney U test or
Wilcoxon signed-rank test for comparisons between two groups.
A one-way analysis of variance (ANOVA) was used for multiple
comparisons. Pearson’s correlation coefficient was used to analyze
the correlation between two parameters. P values of < 0.05 were
considered to indicate statistical significance.
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Results

Plasma Myl9 levels are elevated in acute-
phase KD patients and may reflect the
disease activity in KD as measured by
inflammatory markers

To investigate the potential connection between Myl9 and
KD clinical course, we first quantified Myl9 concentrations in
the plasma of KD patients over time. We selected KD patients
who underwent IVIG treatment immediately after diagnosis and
who responded to IVIG treatment. Plasma Myl9 levels were
significantly high during KD acute phase, just before IVIG
treatment (day 0), and decreased over time (Figure 1A).
Notably, plasma Myl9 levels were significantly higher during
acute KD when compared with convalescent KD patients at the
time of discharge (Figure 1B). We next determined if elevated
plasma Myl9 levels observed in KD patients were specific to KD.
To this end, we quantified Myl9 levels in the plasma of patients
with other febrile illnesses in whom a diagnosis other than KD
was confirmed. We found that plasma levels of Myl9 were
significantly higher in KD patients when compared with
healthy volunteers (HV, children, and adults) and patients
with other febrile illnesses (FI) (Figure 1C). On the other
hand, there was no significant difference between plasma Myl9
levels of febrile patients and healthy children (Figure 1C).
Interestingly, plasma Myl9 levels significantly decreased after
the administration of IVIG in the IVIG responder group
(Figure 1D, left panel), whereas no difference was observed in
Myl9 levels before and after administration of IVIG in IVIG
non-responder KD patients (Figure 1D, middle panel). Notably,
the plasma Myl9 ratio post/pre-treatment in IVIG responder
patients was less than 1, indicating that Myl9 levels decreased
upon treatment. In contrast, in IVIG non-responder patients,
this ratio was significantly higher, indicating that their plasma
Myl9 levels are not reduced upon treatment (Figure 1D, right
panel). We next investigated the relationship between plasma
Myl9 levels and the laboratory characteristics of KD patients.
Plasma Myl9 levels showed a significant correlation with markers
of inflammation, such as white blood cell (WBC) counts and C-
reactive protein (CRP) levels, which are known to be positively
correlated with KD disease activity (Figures 1E, F). Furthermore,
acute-phase plasma Myl9 levels in KD patients had a negative
correlation with the minimum platelet counts (Figure 1G), which
are known to correlate with inflammation (24, 32). Our results
suggest that plasma Myl9 concentrations may reflect the
inflammatory status during acute KD.

CAAs represent the most serious complication of KD. Thus,
we examined whether plasma Myl9 levels in the acute phase
were associated with disease outcomes. There was no significant
difference in plasma Myl9 levels before the first IVIG treatment
between IVIG responders and non-responders (Supplemental
Figure 1A), between patients with or without CAAs
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(Supplemental Figure 1B), or between patients with or without
CAAs among IVIG non-responders (Supplemental Figure 1C).
However, interestingly, all four patients with high Myl9 levels of
>1000 ng/ml developed moderate or giant CAAs with a Z score
of >5 (Supplemental Figures 1D, E), and there was a weak
positive correlation between the plasma Myl9 levels and Z scores
(Supplemental Figure 1D), although there was no significant
difference in the plasma Myl9 level before IVIG treatment
between patients with (Z score > 2.5) and without CAAs
(Supplemental Figure 1E). These data suggest that very high
plasma Myl9 levels of >1000 ng/ml during KD acute phase may
indicate increased risk of CAA development.

Platelet abnormality in KD patients

Since Myl9 can be released from activated platelets (14, 17)
and platelets from KD patients appear abnormal, as shown by
their enhanced capacity to aggregate and their increased release
of platelet-derived microparticles (21-23), we next examined the
ability of platelets from KD patients to release Myl9. We
collected platelet-rich plasma from both KD patients and
healthy volunteers, either unstimulated or stimulated with
thrombin in vitro, and measured the amounts of Myl9 in the
supernatant during in vitro culture. The ratio of the Myl9
concentration with thrombin stimulation to that without
stimulation was calculated (Figure 2A). Myl9 ratio was
significantly higher in the supernatant from healthy
volunteers’ platelets, demonstrating that healthy platelets can
release Myl9 upon stimulation. However, this ratio was
decreased in cultures with platelets from KD patients,
indicating that platelets from KD patients did not respond to
in vitro thrombin stimulation. Further, Myl9 was significantly
released from healthy volunteers’ platelets upon stimulation, not
from platelets in KD patients (Figure 2B). Notably, Myl9 levels
released from platelets without stimulation were significantly
higher in KD patients, suggesting that platelets from KD patients
appeared to be pre-activated. Since plasma Myl9 levels were
significantly higher during KD acute phase, it is possible that
platelets from KD patients are pre-activated in vivo and,
therefore unable to further respond to thrombin activation
in vitro.

Increased CD69-positive cells in whole
blood of KD patients

We next determined the expression of CD69-expressing cells
in the peripheral blood of KD patients. Compared with HV, we
observed a significant increase in CD69-positive cells in
peripheral blood of KD patients during the acute phase of the
disease (30.33% + 2.73%) (Figure 2C). The percentage of CD69-
positive cells in the convalescent phase (1 month after KD onset)
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FIGURE 1

Plasma Myl9 levels correlate with KD clinical course. (A) A time-course analysis of plasma Myl9 levels in 36 KD patients who responded to IVIG
treatment. Day O values are values of samples obtained just before IVIG treatment, and the same patient samples are connected by a line

(B) Comparison of the plasma Myl9 levels in the acute phase (pre-IVIG and at discharge of KD patients (n=54). The same patient samples are
connected by a line. ####P < 0.0001 (single comparisons, Wilcoxon signed-rank test without correction). (C) Comparison of the plasma Myl9
levels in the acute phase of KD patients (n=76), patients with febrile illness (FI) (n=16), child healthy volunteers (HV) (n=8), and adult HV (n=9).
***xP < 0.0001 (multiple comparisons, one-way ANOVA), *P < 0.05. ns, not significant. Data are shown as the mean + SEM

(D) Myl9 levels of KD patients before (day 0) and after (day 2-3) IVIG treatment, including both IVIG responders (n=36) (left) and non-responders
(n=18) (middle). Myl9 level ratio (post/pre-IVIG) of IVIG responders (n=36) and non-responders (n=18) (right). The same patient samples are
connected by a line. Plasma Myl9 levels decreased significantly after IVIG treatment in the IVIG responder group. ##P < 0.01 (single
comparisons, Wilcoxon signed-rank test without correction), #P < 0.05. ns, not significant. Data are shown as the median with interquartile
range. (E, F) The relationship between plasma Myl9 levels and the white blood cell (WBC) counts (D), or CRP levels (E) (n=415). Plots show
samples from 76 KD patients in the acute to convalescent phase. (G) The relationship between the maximum plasma Myl9 levels and the

minimum platelet (PLT) counts in each KD patient (n=76).

(14.40% * 1.26%) was comparable to the one observed in healthy
children (10.66% + 0.84%; mean + SEM) (Figure 2C). Several
types of immune cells, including CD4" T cells, CD8" T cells, B
cells and NK cells upregulated CD69 during the acute phase of
KD, whereas classical and non-classical/intermediate monocytes
already expressed CD69 at steady-state (Supplemental
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Figures 2A-C). However, we did not observe differences in
numbers of total CD69 positive cells between KD acute phase
and convalescent phases (Supplemental Figure 3A). In our
experiments, we collected PBMCs from our patients, which
contain lymphocytes and monocytes, but no granulocytes such
as neutrophils. It has been known that the number of
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FIGURE 2

Myl9 and CD69 expression in peripheral blood mononuclear cells (PBMCs) in KD patients. (A) Myl9 release from platelets of KD patients (n=9) in
the acute phase of the disease in comparison to HV (n=5), with or without in vitro stimulation with thrombin. The graph indicates the ratio of
the Myl9 levels released with stimulation to those released without stimulation. ##P < 0.01 (single comparisons, Mann-Whitney U test without
correction). Data are shown as the mean + SEM. (B) Myl9 release from platelets of KD patients (n=9) in the acute phase of the disease and HV
(n=5), with or without in vitro stimulation with thrombin. #P < 0.05 (single comparisons, Mann-Whitney U test without correction). Data are
shown as the mean + SEM. (C) Flow cytometric analysis showing CD69-expressing PBMCs in a KD patient (IVIG responder) in the acute phase,
in the convalescent phase (1 month after IVIG treatment), and in a child HV. The right graph shows the percentage of CD69-positive PBMCs of
KD patients in the acute and convalescent phase (n=6) and HV (n=3). The same patient samples are connected by a line. #P < 0.05 (single
comparisons, Wilcoxon signed-rank test without correction). ns, not significant. Data are shown as the mean + SEM. (D) Plasma My!l9 levels of
KD patients in the acute phase and convalescent phase (n=6). These samples were taken from the patients at the same time as the analysis
shown in (C) #P < 0.05 (single comparisons, Wilcoxon signed-rank test without correction).

neutrophils in the blood increases tremendously during the
acute phase of KD, while the number of lymphocytes
decreases. In fact, our data showed that total white blood cell
(WBC) counts, and neutrophil (Neu) counts were high during
the acute phase and dramatically decrease in KD convalescent
phase; whereas lymphocyte (Lym) counts were low at the acute
phase and dramatically recovered at the convalescent phase
(Supplemental Figure 3B). Therefore, we think that the reason
why the number of CD69 positive PBMCs did not change
between KD acute and convalescent phase is due to the
decreased number of lymphocytes during the acute phase. We
also confirmed that plasma Myl9 levels from the patients used in
Figure 2C were elevated in the acute phase and significantly
decreased in the convalescent phase after IVIG treatment
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(Figure 2D). These data suggest a potential involvement of the
CD69-Myl9 system in the pathogenesis of KD.

Increased expression of Myl9/12 in
inflamed coronary arteries during LCWE-
induced KD vasculitis

We used the LCWE-induced murine model of KD vasculitis
to assess Myl9 expression in cardiovascular lesions (28). In this
model, 5 weeks old male wild-type (WT) mice are
intraperitoneally injected with LCWE, and heart tissues are
collected and analyzed 14 days post-LCWE injection
(Figure 3A). Macroscopically, inflammatory changes were
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FIGURE 3

Myl9/12 expression in coronary arteries of LCWE-injected mice. (A) Schematic outline of the LCWE-induced KD vasculitis murine model. Five-
week-old WT male mice were intraperitoneally (i.p.) injected with 500pg of LCWE and 14 days later heart tissues were collected and analyzed.
(B) Representative pictures of heart tissues collected from control mice and LCWE-injected mice developing vasculitis (left). HE staining of serial
sections of coronary arteries of a control mouse (upper) and a LCWE-injected mouse (lower). Five consecutive sections were prepared at 100
um intervals from the proximal side of the coronary artery origin (section #1) to the distal side (section #5) as shown in the enlarged photograph
(upper). Red triangle indicates inflammatory change. Black scale bars indicate 500 um. CA, coronary artery; Ao, aorta. (C) The inflammation
scores of serial sections of coronary arteries of the LCWE-injected mice in B are shown (100 tissue sections from 20 mice). Each dot shows the
inflammation score from each section. (D) HE staining (left) and IHC staining of the coronary artery in a control mouse (upper) and an LCWE-
injected mouse (lower) using goat anti-CD69 Ab (white), goat IgG isotype Ab, rabbit anti-Myl9/12 Ab (green), rabbit IgG isotype Ab, and anti-o.-
SMA Ab (red). The coronary artery is surrounded by a black (HE) or white square (IHC), and the indicated area is shown in a high-power field
(lower). Scale bars indicate 500 um (low-power field) and 100 um (high-power field). (E) The fluorescence intensity of Myl9/12 in the
pericoronary artery region (left) and coronary artery wall (right) using the section #1, comparison between control mice (n=12), and LCWE-
injected mice (n=12), normalized to isotype controls was shown. Data are shown as the mean + SEM. ####P < 0.0001 (single comparisons,
Mann-Whitney U test without correction), ###P < 0.001. Data are shown as the mean + SEM.
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observed at the base of the heart in LCWE-injected mice
(Figure 3B, left). Compared with control mice, LCWE
injection resulted in massive inflammatory cell infiltrations
around the coronary arteries (Figure 3B).

To determine the spread of inflammation of the coronary
artery, we prepared five consecutive tissue sections spanning the
coronary artery, as shown in Figure 3B, from the most proximal
(section #1) to the most distal part (section #5). Inflammation
was more prominent on the proximal side of coronary artery
(section #1) than the distal side (section #5) (Figures 3B, C).
Immunohistochemistry (IHC) staining of heart tissue sections
revealed that many inflammatory cells infiltrating the coronary
artery after LCWE injection expressed CD69 (Figure 3D, left). In
addition, the intensity of a-smooth muscle cell actin (0-SMA), a
contractile protein present in vascular smooth muscle cells
(VSMCs), was significantly decreased in the inflamed coronary
arteries 14 days after the administration of LCWE (Figure 3D,
right). We next examined Myl9 expression using an antibody
that detects Myl9, Myll2a and Myll2b (17). Interestingly,
expression of Myl9/12 was detected in the coronary artery in
both control and LCWE-injected mice (Figure 3D). However,
the expression pattern was quite different. In LCWE-injected
mice, Myl9/12 expression was broadly spread around the
inflamed coronary artery, where massive cellular infiltrations
are observed (Figure 3D). On the other hand, in healthy control
mice, Myl9/12 expression completely overlapped with the
expression pattern of o-SMA in the coronary artery wall
(Figure 3D). Quantification analysis revealed that the intensity
of Myl9 expression in the pericoronary artery region was
significantly higher in LCWE-injected mice than in control
mice. In contrast, the intensity of Myl9 expression in the
coronary wall was decreased in LCWE-injected mice than in
control mice (Figure 3E).

Myl9/12 expression is detected in
coronary artery aneurysms ahead
of inflammation

Myl9/12 is highly detected in the tunica media of healthy
mice and its expression decreased in heart tissue sections from
LCWE-injected mice. These observations raised the question of
the source of Myl9 in inflamed coronary arteries during LCWE-
induced KD vasculitis, which could either be activated platelets or
VSMCs. Therefore, we next examined heart sections from
LCWE-injected mice at baseline, 3 days and 7 days after
administration of LCWE (Figures 4A-C). We observed little
inflammatory cell infiltrations on day 3 post-LCWE-injection,
and the inflammation score at baseline (day 0) and 3 days post-
LCWE injection were not significantly different, even in the most
proximal part of the coronary artery (section #1) where a
prominent inflammation is observed at day 14 post-LCWE
injection (Figures 3C, 4B, right). Compared to baseline (day 0),
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the inflammation score was slightly but significantly elevated at 7
days post-LCWE-injection (Figure 4B, right). However, the
degree of inflammation was still much lower than the one
observed on day 14 post-LCWE-injection (Figure 3C). We next
examined Myl9 expression levels separately in the coronary artery
wall and pericoronary artery region where massive inflammatory
cell infiltrations were observed on day 14 post-LCWE-injection.
Notably, Myl9/12 expression in the pericoronary artery region
was already detected on day 3, particularly on the proximal side of
the origin of the coronary artery (section #1), and the intensity of
Myl9/12 in the pericoronary artery region was significantly
higher on day 3 than on day 0 (Figure 4C, middle). On the
other hand, Myl9 intensity in the coronary artery wall did not
change over time (Figure 4C, right). Thus, the expression of
Myl9/12 was detected on day 3 post-LCWE injection, when
inflammatory cell infiltrations were not yet observed by HE
staining and severe vasculitis was not yet induced.

We next examined which circulating cellular subsets express
CD69 in LCWE-injected mice (Supplemental Figure 4). We found
that the frequencies and absolute numbers of NK cells,
neutrophils, eosinophils and monocytes were increased in the
blood of LCWE-injected mice when compared with control mice
(Supplemental Figures 4A, B). We also observed increased
frequencies of circulating NK cells expressing CD69 in LCWE-
injected mice (Supplemental Figure 4C, left) and our analysis
further revealed that absolute numbers of circulating NK cells,
neutrophils, eosinophils and Ly6c"*® monocytes expressing CD69
were significantly increased in LCWE-injected mice
(Supplemental Figures 4B, C, right). In conjunction with our
results showing increased expression of CD69 by circulating NK
cells, T and B cells in KD patients (Supplemental Figure 2), these
data indicate that various kinds of immune cells could be activated
and infiltrate the vascular walls during KD pathogenesis.

Myl9/12 is detected in coronary arteries
from KD patients

We next examined whether Myl9/12 expression was also
detected in the coronary arteries of KD patients. We obtained
three tissue samples from autopsied KD patients: one sample
from the acute phase (14 days of illness) and two samples from
the chronic phase (1 year and 2 years after KD, respectively), and
performed Elastica-van Gieson (EVG) staining (Figure 5A), HE
staining (Figure 5B) as well as anti-Myl9/12 staining (Figure 5C).

In heart tissue sections from a control patient, the three-
layer structure of the coronary artery was maintained
(Figure 5A, left), and no inflammatory cells were detected
(Figure 5B, left). Myl9/12 was only detected in the media, and
absent in the intima and adventitia as well as outside the
adventitia (Figure 5C, left).

EVG staining of a heart tissue section collected during KD
acute phase (a patient on day 14 of illness) revealed that the
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FIGURE 4
Myl9/12 is detected in coronary arteries of LCWE-injected mice prior to the infiltration of inflammatory cells. (A) HE staining (upper) and IHC
staining using anti-Myl9/12 Ab (lower) of the proximal side (section #1 indicated in Figure 3B) of the coronary artery in a control mouse (left) and
an LCWE-injected mouse at 3 days (middle) and 7 days (right) after the administration of LCWE. Scale bars indicate 500 um (low-power field)
and 100 um (high-power field). CA, coronary artery; Ao, aorta. (B) Inflammation scores of five consecutive sections of the coronary arteries of
LCWE-injected mice on day 0 (d0O, n=5), day 3 (LCWE d3, n=5), and day 7 (LCWE d7, n=5) after the administration of LCWE. Section #1 is the
most proximal side, and section #5 is the most distal side of the origin of the coronary artery (left). The inflammation scores using section#1
compared among d0, d3 and d7 was shown (right). **P < 0.01 (multiple comparisons, one-way ANOVA), ns; not significant. Data are shown as
the mean + SEM. (C) The fluorescence intensity of Myl9/12 in the pericoronary artery region (left and middle) and in the coronary artery wall
(right) among control mice (d0, n=5), and LCWE-injected mice on day 3 (LCWE d3, n=5) and day 7 (LCWE d7, n=5) after the administration of
LCWE. Section #1 is the most proximal side and #5 is the most distal side (left). The fluorescence intensity of Myl9/12 in the peri-coronary artery
(middle) and in the coronary artery wall (right) using the section #1 compared among d0O, d3 and d7 was shown. Data were normalized to
controls. *P < 0.05 (multiple comparisons, one-way ANOVA). ns, not significant. Data are shown as the mean + SEM

three-layer structure of the coronary artery had already been white thrombus (Figure 5B). Importantly, Myl9/12 was most
destroyed (Figure 5A). HE staining showed massive cell strongly expressed in thrombus, especially in white thrombus,
infiltration from inside the thrombus to the vessel wall with and was then strongly expressed in the intima side of the vessel
infiltrating cells inside the thrombus, especially surrounding the wall and adventitia-side tissues (Figure 5C).
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EVG
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FIGURE 5

Myl9/12 expression in heart tissues collected from KD patients. (A) Elastica-van Gieson (EVG) staining of the coronary artery in a control patient
(left), KD patients who died on the 14th day of illness (2nd from left), at 1 year after illness (3rd from left), and 2 years after illness (right). Each
upper figure shows the coronary artery (giant coronary artery aneurysm in KD patients), and the area surrounded by the square indicates a high-
power field. The double-headed arrow indicates medial smooth muscle in the control patient. (B) HE staining of the same area shown in (A)
Black square indicates thrombus, black arrowhead indicates white thrombus. (C) Myl9/12 staining of the same area shown in (A, B) Double-
headed arrow indicates medial smooth muscle. Black arrowhead indicates white thrombus.

In the chronic phase, at 1 year and 2 years post-KD, EVG
staining revealed that the three-layer structure of the coronary
artery had been destroyed in both cases (Figure 5A), although we
only detected a few infiltrating cells (Figure 5B), suggesting that
inflammation already disappeared. The expression of Myl9/12 in
the thrombus became weaker, whereas the expression of Myl9/
12 on the blood vessel walls was relatively strong.
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Discussion

In the present study, we demonstrated that Myl9 expression
levels were significantly high in the peripheral blood of KD
patients during the acute phase of the disease and that Myl9/12
expression was elevated in inflamed coronary arteries from both
KD patients and LCWE-injected mice. Notably, plasma Myl9
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levels were well correlated with KD inflammatory status, as
measured by inflammatory markers such as CRP, and
significantly higher in KD patients than in patients with other
febrile pediatric illnesses. Furthermore, platelets collected from
KD patients in the acute phase of the disease appeared to be
activated. These data suggest that plasma Myl9 levels may be a
marker for KD inflammation.

The involvement of Myl9 released from activated platelets in
inflammation was first discovered by our group in 2016 (17). We
have proposed a model named the CD69-Myl9 system, wherein
CD69-expressing inflammatory leukocytes utilize ‘Myl9 nets’ to
migrate into and remain within inflamed tissues, exacerbating
inflammation (14). The CD69-Myl9 system is reported to be
involved in the pathogenesis of airway inflammation, polyp
formation of eosinophilic rhinosinusitis (ECRS) patients, and
inflammatory bowel diseases, such as ulcerative colitis and
Crohn’s disease (17, 18). Since activated platelets release Myl9,
it has been suggested that the CD69-Myl9 system is involved in
various inflammatory diseases, including vasculitis (14). In this
study, we discovered that Myl9 was highly detected in inflamed
coronary arteries in LCWE-injected mice and heart tissues from
KD patients collected during autopsy. In addition, we found
numerous CD69-positive inflammatory cells on and around the
inflamed vessel wall of LCWE-injected mice, where abundant
Myl9 was detected. We observed that several immune cells (NK
cells, T cells, and B cells) upregulated CD69 expression during
KD acute phase. Our analysis also indicates that monocytes
constitutively expressed CD69. Thus, the elevated frequency of
CD69-positive cells in PBMCs from KD patients is not only due
to CD69 upregulation by lymphocytes, and monocytes may
potentially contribute to this process, especially during the
acute phase of the disease. Indeed, Tkeda et al. also showed
increased CD69-positive monocytes in the peripheral blood
during the acute phase of KD, which returns to normal levels
during the convalescent phase (33). While we observed only low
frequencies of circulating CD69-expressing cells in the blood of
LCWE-injected mice, we did find significant increases in CD69-
positive NK cells in both LCWE-injected mice and in PBMCs at
the acute-phase of KD patients. Thus, our results indicate a
possible involvement of the CD69-Myl9 system in the
pathogenesis of KD vasculitis, although further experiments
are required to show the functional contribution of this system
to KD vasculitis.

We previously reported that platelet activation promotes the
release of Myl9 (17), and it has been reported that platelets were
highly activated in KD patients (21, 34). Furthermore, Inositol-
3-phosphate is known to be involved in platelet activation. There
are reports showing that the single nucleotide variant of inositol-
trisphosphate 3-kinase C (ITPKC) has the strongest impact on
KD susceptibility and the treatment response (13, 35), and that
ITPKC is involved in the activation of immune cells in patients
with KD via inflammasome activation (19, 36). We directly
examined the ability of platelets from KD patients to release

Frontiers in Immunology

13

10.3389/fimmu.2022.1036672

Myl9 upon in vitro thrombin stimulation and found that the
release of Myl9 from platelets of KD patients occurred
independently of in vitro thrombin stimulation, indicating that
platelets from KD patients are likely preactivated in vivo.
Furthermore, in the LCWE-induced KD vasculitis mouse
model, the expression of Myl9/12 was observed before
inflammatory cells infiltrations. This result suggests that Myl9/
12 is expressed in the very early phase of inflammation, and then
CD69-positive cells are recruited and migrate into the vascular
walls, thereby inducing vasculitis. These observations strongly
suggest that plasma Myl9 and Myl9/12 expression in inflamed
coronary artery of KD patients may potentially derive from
activated platelets. However, alternatively, there is also a
possibility that Myl9 may come from VSMCs. We found that
Myl9/12 was highly detected in the arterial medial smooth
muscle tissue in the vascular walls of control mice, in the
absence of inflammation. LCWE-induced KD vasculitis
resulted in the destruction of the three-layered artery, and
Myl9/12 expression became weak and broad, supporting
previous data showing that VSMCs become “synthetic” and
downregulate the expression of contractile proteins, including
Myl9 (19, 37). These data also raise a possibility that the broad
expression of Myl9/12 may be derived from the destroyed
vascular walls; however, we cannot draw any definitive
conclusions at this time. In addition, we tried to quantify
plasma Myl9 concentration in the control and LCWE-injected
mice; however, the detection sensitivity was too low to detect
murine plasma Myl9 by currently available methods. Therefore,
we could not confirm the increase levels of Myl9 in LCWE-
injected mice, which is a limitation of this study. Further studies
are required to elucidate the detailed molecular mechanisms
underlying how Myl9 is released into inflammatory sites and
how it contributes to the pathogenesis of KD.

In this study, tissue samples obtained at autopsy from three
KD patients were examined: in one case, the patient died in the
acute phase of the disease (14 days after the onset), while the
other two patients died in the chronic phase (1 year and 2 years
after the onset, respectively). All patients were diagnosed with
myocardial infarction. We found that, in the acute phase, Myl9/
12 was most strongly expressed in the thrombus, especially in the
white thrombus, which is mainly composed of platelets, and it
was then strongly expressed in the intima and adventitia of the
vessels, as well as the adventitia-side interstitial tissues.
Interestingly, a previous histopathological report on KD at
around 10 days of illness showed that neutrophils invade the
blood vessel wall both from the intima and the adventitia side
(38), which is the same orientation as the Myl9/12 expression
that we detected in the autopsy specimen from the patient with
acute-phase KD, suggesting that the Myl9/12 expression shows a
strong association with inflammatory cell infiltration. In the
chronic phase, the expression of Myl9/12 in the thrombus
weakened and moved from the intima to the adventitia side. It
is unclear whether changes in the Myl9/12 expression in the
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vessel wall are associated with vascular remodeling in the
chronic phase.

One of the important findings of this study is that plasma
Myl9 levels in KD patients were substantially high in the acute
phase and decreased as the patient responded successfully to
IVIG and recovered, indicating that plasma Myl9 levels reflect
the disease activity of KD as measured by inflammatory markers.
In fact, the plasma Myl9 levels were correlated with the
expression levels of markers of KD disease activity, including
CRP and the WBC and platelet counts. The plasma Myl9 levels
of KD patients are much higher than those in other febrile
illnesses, such as Epstein-Barr virus infection, adenovirus
infection, cervical lymphadenitis, and Yersinia enteritis, the
clinical features of which are similar to and often challenging
to differentiate from KD. Importantly, blood Myl9 levels did not
decrease in children who were IVIG non-responders, suggesting
that plasma Myl9 levels may be considered as a biomarker for
IVIG responsiveness. Plasma Myl9 levels may potentially also be
used as a biomarker for other types of vasculitis. Indeed, we have
recently reported that plasma Myl9 levels were elevated and
correlated with disease severity and outcome in COVID-19
patients (39). SARS-CoV2 is known to infect cells via ACE2
receptors, which are expressed in blood vessels, and COVID-19
has been associated with vasculitis (40, 41). We found that
plasma Myl9 levels in COVID-19 patients were similar to
those in KD patients. These data suggest that plasma Myl9
levels may be elevated in different kinds of vasculitis, although
further studies are required to make a definitive conclusion.

In conclusion, we demonstrated that Myl9 is highly detected
in the plasma of KD patients, that Myl9/12 is abundantly
detected in the inflamed coronary artery, and that the platelets
of KD patients show abnormal characteristics. Thus, Myl9 could
be a good biomarker for estimating the disease activity of KD
and IVIG responsiveness. Further studies are needed to evaluate
whether Myl9 indeed plays an important role in the
pathogenesis of KD and it can be a therapeutic target of
KD vasculitis.
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SUPPLEMENTARY FIGURE 1

Plasma Myl9 levels of KD patients with CAA. (A) Plasma My!9 levels at the
acute phase (i.e. before first IVIG treatment) of IVIG responders (n=36) and
non-responders (n=18). ns, not significant. Data are shown as the mean +
SEM. (B) Plasma Myl9 levels at the acute phase of KD patients with and
without CAAs (n=76). CAAs were defined by a Z score of >2.5. ns, not
significant. Data are shown as the mean + SEM. (C) Plasma My!9 levels at
the acute phase of KD patients who did not respond to first IVIG treatment
with and without CAAs (n=40). (D) Correlation between the plasma Myl9
levels at the acute phase and coronary artery diameter in each KD patient
(n=76). (E) Plasma My!9 levels at the acute phase in KD patients grouped
based on the Z scores of coronary artery (Z scores: < 2.5, > 2.5, > 5, and >
10) (n=76). ns, not significant. Data are shown as the mean + SEM.

SUPPLEMENTARY FIGURE 2

Flow cytometric analysis of PBMCs from KD patients. (A) Gating strategy
used to identify B cells (CD3°CD19"), CD4* T cells (CD3"CD19 CD8~
CD4%) and CD8" T cells (CD3*CD19~CD4~CD8") in PBMCs from acute
KD patients and HV children (Tube #1). Gating strategy used to identify NK
cells including non-classical monocytes (CD16*CD147), intermediate/
non-classical monocytes (CD16*CD14"), and classical monocytes
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