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Abstract

Background: Kawasaki disease (KD) is the most common pediatric systemic vasculitides of unknown etiology.
Recent clinical studies led to reappraisal of the usefulness of initial combination therapy of intravenous
immunoglobulin (IVIG) plus a corticosteroid for patients with severe KD. However, the molecular mechanisms
underlying the clinical benefits of that combination therapy remain unclear. Here, we used cultured human
coronary artery endothelial cells (HCAECs), as a mimic of KD, to study the possible mechanisms responsible for the
clinical benefits of adding a corticosteroid to standard IVIG therapy for patients with severe KD.

Methods: HCAECs were stimulated with TNF-q, IL-1a or IL-18 in the presence and absence of high-dose IgG and/or
dexamethasone (DEX). The mRNA and protein concentrations for high-mobility group box-1 (HMGB1), IL-1q, IL-6
and granulocyte-colony stimulating factor (G-CSF) in the culture supernatants were measured by quantitative PCR
(qPCR) and ELISA, respectively. Apoptosis was evaluated by the caspase 3/7 activities.

Results: DEX, but not IgG, significantly inhibited apoptosis caused by inflammatory stimuli, resulting in effective
reduction of HMGB1 and IL-1a protein release by HCAECs. As previously reported, DEX or IgG alone significantly
suppressed TNF-a-induced production of IL-6 and G-CSF and mRNA expression, but induction of those cytokines by
IL-1s (IL-1a and IL-1) was resistant to high-dose IgG.

Conclusions: A corticosteroid can effectively inhibit the release of HMGB1 and IL-1a, which may be involved in IVIG
resistance in KD. Since high-dose 1gG does not have such beneficial anti-cytotoxic effects, adding a corticosteroid to
standard IVIG therapy may help prevent the progression of IVIG resistance in KD.
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Background

Kawasaki disease (KD), first described by Dr. Tomisaku
Kawasaki in 1967 in Japan [1], is one of the most com-
mon pediatric systemic vasculitides of unknown etiology.
Since that first report, the morbidity rate of KD in Japan
has continued to rise, and currently, there are more than
15,000 new patients annually [2]. The most serious clin-
ical issue in KD is the formation of coronary artery
lesions (CALs) due to severe inflammation of the coron-
ary arteries. Intravenous immunoglobulin (IVIG) has
been used as the first-line standard treatment for KD
and is highly effective in almost 80% of patients. On the
other hand, the remaining patients are resistant to initial
IVIG treatment, and they are at high risk for CALs com-
pared with IVIG-responsive KD patients [3]. The most
common cause of acquired heart disease in childhood in
developed countries is cardiovascular complications due
to KD [4]. As treatment options for IVIG-resistant KD
patients, there have been reports of the usefulness of
additional IVIG, corticosteroids, ulinastatin [5], plasma
exchange [6] and anti-TNF-a therapy [7].

Looking back on the history of medical treatments for
KD, corticosteroids, which are anti-inflammatory agents,
were widely used prior to the establishment of standard
IVIG therapy. However, corticosteroid monotherapy was
subsequently reported to cause progression of CALs in
some KD patients [8], and its use was long contraindi-
cated. However, a retrospective study by Kobayashi et al.
found that corticosteroid treatment was highly effective
in suppressing CAL formation in KD [9]. That was espe-
cially true when the target patients were limited to se-
vere KD, defined by a risk score predicting IVIG
unresponsiveness [10]. Subsequent to that retrospective
investigation [9], a randomized controlled study (RAISE
study) demonstrated that initial combination therapy
consisting of IVIG plus a corticosteroid for severe pa-
tients significantly reduced both the frequency of CAL
formation and IVIG refractoriness [11]. That series of
clinical studies led to reappraisal of the usefulness of ini-
tial combination therapy of IVIG plus a corticosteroid
for patients with severe KD. However, the molecular
mechanisms underlying the clinical benefits of that com-
bination therapy remain unclear.

Several previous studies demonstrated an association
between high-mobility group box-1 (HMGB1) and KD
[12-14]. Serum levels of HMGB1 in KD patients were
highest in the early acute phase before IVIG treatment
and gradually decreased after fever reduction [12]. In
addition, serum HMGBI levels were significantly higher
in IVIG-resistant KD than in IVIG-responsive KD [13].
That suggested that an elevated value of serum HMGB1
before IVIG treatment may be a useful biomarker for
predicting IVIG-resistance in KD patients. HMGBI, a
typical damage-associated molecular pattern (DAMP), is
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passively released by cells when they die or are damaged.
These results thus suggest not only that HMGB1 may
play an essential role in the pathogenesis of KD, but also
that HMGBI1 detected in the blood of KD patients may
be derived from coronary arteries damaged due to acute
inflammation. Therefore, more severe KD patients may
have higher blood HMGBI1 levels due to higher coronary
artery damage levels.

In the course of endothelial damage, IL-1a, another
DAMP, is also thought to be released from damaged
cells. Our earlier study aimed at elucidating the mechan-
ism of IVIG’s anti-inflammatory effects on coronary ar-
tery inflammation [15] found that high-dose IgG
treatment  specifically suppressed TNF-a-induced
expression of IL-6 and granulocyte-colony stimulating
factor (G-CSF), which are known to be crucially associ-
ated with the pathogenesis of acute KD [16, 17], in hu-
man coronary artery endothelial cells (HCAECs).
However, that earlier study found that high-dose IgG
treatment showed almost no effect on IL-6 and G-CSF
expression when HCAECs were stimulated with IL-1p
[15]. Therefore, we made the following two hypotheses.
First, IL-1a released due to coronary artery damage plays
critical roles in IVIG resistance in severe KD patients.
Second, early introduction of a corticosteroid to stand-
ard IVIG therapy may be beneficial through suppression
of coronary artery damage and damage-induced IL-la
release. To test these hypotheses, in the present study,
we first examined high-dose IgG and dexamethasone
(DEX), a corticosteroid, for differences in their effects on
HCAECS’ release of DAMPs, including HMGBI and IL-
la; we then compared their anti-inflammatory effects on
HCAECs. Our present findings may help explain the
mechanisms by which initial combination therapy using
IVIG and a corticosteroid is effective in preventing IVIG
resistance in KD patients.

Methods

Reagents

Recombinant human TNF-a, IL-1a and IL-1p were pur-
chased from PeproTech (Rocky Hill, NJ, USA). DEX was
purchased from Sigma-Aldrich (St. Louis, MO, USA). A
human immunoglobulin preparation (Venoglobulin IH;
USA) was provided by Japan Blood Products
Organization (JB: Tokyo, Japan).

Cell culture and treatment

HCAECs were purchased from Lonza (Walkersville,
MD, USA) and maintained exactly as recommended by
the manufacturer by using an EGM-2MV BulletKit
(Lonza) at 37°C in a humidified 5% CO2 atmosphere.
We purchased two different HCAEC lots from individual
donors (Lot Nos. 0000662152 and 0000626782) for this
study, and all results were reproducible between these
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two lots. All the experiments described in this study
were performed using second-passage cells.

Because the EGM-2MYV BulletKit contains hydrocorti-
sone, a corticosteroid, all the experiments described in
this study were performed after hydrocortisone
deprivation for at least 3 h to fairly evaluate the effects
of DEX. More specifically, HCAECs were suspended in
complete EGM-2MV medium and seeded into 96-well
Optical-Bottom plates (Thermo Fisher Scientific; Wal-
tham, MA, USA) at 1 x 10* cells/well for apoptosis assay,
48-well culture plates (IWAKI AGC Techno Glass;
Shizuoka, Japan) at 2 x 10* cells/well for quantitative
PCR (qPCR) and ELISA, and 24-well culture plates
(IWAKI AGC Techno Glass) at 5x 10* cells/well for
Western blotting (WB). The cells were grown to 90%
confluency. Prior to stimulation, the medium in each
well was replaced with hydrocortisone-deprived EGM-
2MV for at least 3 h. The medium in each well was then
replaced with hydrocortisone-deprived EGM-2MV
medium containing the stimulant(s) and/or pharmaco-
logical agent(s) such as DEX and IVIG, as indicated in
the figure legends.

Elisa

The concentrations of HMGBI, IL-1«, IL-6 and G-CSF
proteins in cell-free supernatants were measured with spe-
cific ELISA kits (R&D Systems; Minneapolis, MN, USA)
in accordance with the manufacturer’s instructions.

qPCR
Total RNA extraction from HCAECs, cDNA synthesis
and qPCR were performed as previously described [18].
Primer sets for five genes were synthesized at Fasmac
(Kanagawa, Japan): HMGBI1 (sense, 5'-AGA AGT GCT
CAG AGA GGT GGA-3’; antisense, 5'-CCT TTG GGA
GGG ATA TAG GTT-3'), IL-1a (sense, 5'-CAA CCA
GTG CTG AAG GAG-3’; antisense, 5'-TGC CGT GAG
TTT CCC AGA AG-3), IL-6 (sense, 5'-CAA TAA CCA
CCC CTG ACC CA-3’; antisense, 5'-GCG CAG AAT
GAG ATG AGT TGT C-3’), G-CSF (sense, 5'-TGC TTA
GAG CAA GTG AGG AAG ATC-3’; antisense, 5'-GCA
CAC TCA CTC ACC AGC TTC T-3’), and p-actin
(sense, 5'-CCC AGC CAT GTA CGT TGC TAT-3’; anti-
sense, 5'-TCA CCG GAG TCC ATC ACG AT-3"). To
determine the exact copy numbers of the five target genes,
quantified concentrations of the purified PCR products of
HMGB], IL-1a, IL-6, G-CSF and B-actin were serially di-
luted and used as standards in each experiment. We used
an aliquot of cDNA equivalent to 2 ng of each total RNA
sample for each qPCR. The expression levels of mRNA
were normalized to the B-actin level in each sample.
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WB

Whole cells were extracted with 200 pl of NuPAGE LDS
sample buffer (Invitrogen; Carlsbad, CA, USA) contain-
ing 5% 2-mercaptethanol and then lysed by sonication.
Equal amounts of whole-cell lysates were separated by
SDS-PAGE (5-15% Ready Gels, Bio-Rad; Hercules, CA,
USA) and transferred to PVDF membranes (Trans-Blot®
Turbo™ Transfer System; Bio-Rad). WB was performed
using the following antibodies (Abs) in accordance with
the manufacturers’ instructions: biotinylated polyclonal
goat anti-human IL-1a Ab (BAF200; R&D Systems) and
polyclonal rabbit anti-heat shock protein 90 Ab (HSP90;
Cell Signaling Technology; Danvers, MA, USA).
ExtrAvidin-Peroxidase conjugate (Sigma-Aldrich) was
used for detection of IL-1a protein, whereas peroxidase-
linked anti-rabbit IgG Ab (Cell Signaling Technology)
was used for detection of HSP90 protein.

Caspase 3/7 activity assay

The caspase 3/7 activities in HCAECs were evaluated
using the Caspase-Glo® 3/7 Assay System (Promega;
Madison, WI, USA) in accordance with the manufac-
turer’s instructions. The data were collected using a
multimode microplate reader (ARVO™, Perkin Elmer;
Waltham, MA, USA).

Statistical analysis

All data are presented as the mean+ SD of triplicate
samples. Differences between groups were analyzed
using ANOVA with Bonferroni’s post hoc test and were
considered to be significant when P < 0.05.

Results

Effects of high-dose IgG and DEX on cellular damage to,
and HMGB1 protein release by, HCAECs stimulated with
inflammatory cytokines

HCAECs were stimulated with 100 ng/ml of TNF-«, or
10 ng/ml of IL-1a or IL-1p for 24 h in the presence and
absence of 10 mg/ml IgG and 1000 nM DEX, alone or in
combination. The concentrations of cytokines and DEX
were determined based on the results of preliminary ex-
periments (Additional files 1 and 2: Figs. S1 and S2).
Damage to the HCAECs due to the inflammatory stimuli
was evaluated by their release of HMGBI1 protein. It is
of note that HMGBI1 protein release by the HCAECs
was not suppressed at all by IgG treatment, whereas it
was significantly suppressed by DEX treatment, for each
of the tested cytokine stimuli (Fig. la). The HMGBI1
mRNA expression level in the HCAECs showed no sig-
nificant changes under any conditions (Fig. 1b). Further-
more, the cytokine-enhanced caspase 3/7 activities in
the HCAECs were inhibited by DEX treatment, but not
by IgG treatment (Fig. 1c).
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Fig. 1 DEX, but not high-dose IgG, inhibits cellular damage to, and HMGB1 protein release by, HCAECs in response to inflammatory stimuli. HCAE
Cs were stimulated with 100 ng/ml of TNF-g, or 10 ng/ml of IL-1a or IL-1{, for 24 h in the presence and absence of 10 mg/ml IgG and 1000 nM
DEX, alone or in combination. Protein concentrations of HMGB1 in the culture supernatants (a), and HMGB1 mRNA levels (b) and caspase 3/7
activities in HCAECs (c) were measured by ELISA, gPCR and the Caspase-Glo 3/7 Assay System, respectively. Data are shown as the mean + SD of
triplicate samples and are representative of two individual experiments using HCAEC lots from different donors. **P < 0.01 compared with 100 ng/
ml TNF-o; 1P < 0.01 compared with 10 ng/ml IL-1a; and #3+P < 0.01 compared with 10 ng/ml IL-1

Effects of high-dose IgG and DEX on IL-1a expression in
HCAECs stimulated with inflammatory cytokines

Both IL-1a and IL-1P are cytokines belonging to the IL-
1 family, bind to the same receptors and induce the
same biological functions, but their production mecha-
nisms by cells are different [19]. Briefly, secretion of
activated IL-1p requires Nod-like receptor (NLR) family,
pyrin  domain-containing 3 (NALP3)/caspase 1-
dependent inflammasome activation [20], whereas IL-1a
is a DAMP, like HMGBI1 [19]. We next examined the ef-
fects of IgG and DEX on cytokine-induced release of IL-
la. Both TNF-a and IL-1f stimulation induced signifi-
cant release of IL-1a into the HCAEC culture superna-
tants, but DEX treatment effectively inhibited that
release (Fig. 2a). DEX treatment also significantly inhib-
ited both mRNA (Fig. 2b) and intracellular protein ex-
pression of IL-la (Fig. 2c). Curiously, IL-la protein
could hardly be detected in the IgG-treated HCAEC cul-
ture supernatants (Fig. 2a), but IgG treatment was less
effective than DEX in inhibiting both mRNA (Fig. 2b)
and intracellular protein expression (Fig. 2c) of IL-1« in-
duced by inflammatory stimuli. We posited that high-

dose IgG might interfere with detection of IL-1a protein
in this ELISA system. To confirm that, we added recom-
binant IL-1a protein equivalent to the maximum IL-l«
level released by HCAECs in this study (approximately
100 pg/ml; see Additional file 1: Fig. S1, middle right
graph) to culture medium samples, to which IgG was
then added at concentrations of 0 to 10 mg/ml. As pos-
ited, ELISA examination of those samples found that the
detectability of IL-1a protein decreased with increasing
IgG concentration, and it could not be detected at all at
10 mg/ml of IgG (Additional files 3: Figs. S3). These
findings are in agreement with an earlier finding that
anti-IL-1a antibody is contained in human immuno-
globulin preparations [21].

Effects of high-dose IgG and DEX on expression of IL-6
and G-CSF in HCAECs stimulated with inflammatory
cytokines

We next examined the effects of high-dose IgG and
DEX on cytokine-induced expression of IL-6 and G-
CSF, which are crucially involved in the pathogenesis of
KD [16, 17]. We previously demonstrated that both IL-6
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Fig. 2 DEX inhibits expression and release of IL-1a by HCAECs in response to inflammatory stimuli. HCAECs were stimulated with 100 ng/ml of TNF-q, or 10
ng/ml of IL-1a or IL-13, for 48 h in the presence and absence of 10 mg/ml IgG and 1000 nM DEX; alone or in combination. Protein concentrations of IL-1a in
HCAEC culture supermatants (@) and mRNA levels of IL-1a in HCAECs (b) were measured by ELISA and gPCR, respectively. Whole-cell lysates of HCAECs were
subjected to WB analysis of the expression of IL.-1a and heat shock protein 90 (HSP9G; as a loading control) (c). Data shown in a and b are the mean + SD of
triplicate samples. All data are representative of two individual experiments using HCAEC lots from different donors. **P < 001 compared with 100 ng/ml TNF-g;
1P <001 compared with 10 ng/ml IL-1¢; and #$P < 001 compared with 10 ng/ml IL-13

\

and G-CSF mRNA expressions were decreased the most
by IVIG treatment among all TNF-a-inducible genes in
HCAEC:s [15]. Consistent with that report, both IgG and
DEX effectively inhibited TNF-a-induced production of
IL-6 and G-CSF by HCAECs (Fig. 3a, upper graphs). On
the other hand, similar to our previous finding that IL-
1P stimulation led to IVIG-resistant production of IL-6
and G-CSF by HCAECs [15], we newly found that IL-1a
induced exactly the same IVIG-resistant production of
those cytokines (Fig. 3a, lower graphs). DEX treatment
partially inhibited IL-1s-induced IL-6 production by
HCAECs (Fig. 3a, lower left graph), but its effect was
much weaker than that of TNF-a (Fig. 3a, upper left
graph). In addition, G-CSF production induced by IL-1s
was hardly inhibited by DEX treatment, similar to the
case of IVIG treatment (Fig. 3a, lower right graph). The
mRNA expression patterns for both IL-6 and G-CSF
(Fig. 3b) were in line with their protein production pat-

terns (Fig. 3a).

Inhibitory kinetics of high-dose IgG and DEX on the
cytokine-induced production/release of IL-6, G-CSF and
IL-1a by HCAECs

We next investigated the inhibitory effects of high-dose
IgG and DEX at various time points after cytokine
stimulation. HCAECs were stimulated with TNF-a or
IL-1B alone, followed by treatment with DEX and/or
IgG at 0, 12 and 24 h later (Fig. 4). The cell supernatants
were collected at 72h after the cytokine stimulation.
The effects of DEX and IgG on TNF-a-induced produc-
tion of IL-6 and G-CSF (anti-inflammatory effects) were
strongest when the drugs were administered at the start
of stimulation (0h). In addition, the combination of
DEX and IgG showed the strongest anti-inflammatory
effects, even though they were added later (Fig. 4, lower
graphs vs. middle and upper graphs). DEX alone also ef-
fectively inhibited IL-la release induced by TNF-a or
IL-1p stimulation, but its effects were stronger when it
was added earlier (Fig. 4, upper right graph).
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measured by ELISA and gPCR, respectively. Data are shown as the mean + SD of triplicate samples and are representative of two individual
experiments using HCAEC lots from two different donors. **P < 0.01 compared with 100 ng/ml TNF-c; tP < 0.05 and 1P < 0.01 compared with 10
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Discussion

In this study, we used HCAECs, as a mimic of KD, to
study the possible mechanisms responsible for the clin-
ical benefits of adding a corticosteroid to standard IVIG
therapy for patients with severe KD. We first examined
the effects of high-dose IgG and DEX, a synthetic cor-
ticosteroid, on cellular damage to HCAECs caused by in-
flammatory stimuli. The degree of cellular damage was
evaluated by the level of HMGBI protein released by
HCAECs in response to stimulation with three inflam-
matory cytokines, TNF-a, IL-1la and IL-1p. We found
that DEX, but not IgG, significantly inhibited the release
of HMGB1 by HCAECs (Fig. la). Furthermore, there
was no significant change in HMGB1 mRNA expression
levels in HCAECs under any of the test conditions
(Fig. 1b). This suggested that the elevated HMGB1 pro-
tein in the culture supernatants was not newly-
synthesized protein, but passively-released protein due
to cellular damage caused by the inflammatory cytokine
stimulation. In fact, the TNF-a-induced HMGBL release

from HCAECs was not inhibited by treatment with
1 uM monensin A (Golgi-Stop reagent; data not shown).
Consistent with previous reports using human umbilical
vein endothelial cells (HUVECs) [22, 23], DEX effectively
inhibited endothelial cell apoptosis by reducing caspase
3/7 activities in HCAECs (Fig. 1c).

Interestingly, a Korean research group recently re-
ported that HMGBI single nucleotide polymorphisms
(SNPs) were significantly associated with both IVIG re-
sistance and CAL formation in Korean KD patients, but
not with KD susceptibility [14]. Those findings suggest
that the amount of HMGBI1 released from damaged
endothelial cells might be related to the severity and
complications in KD patients, but not their susceptibility
to KD. As far as we examined, HMGBI failed to directly
induce an inflammatory response by HCAECs (data not
shown). However, once released into the extracellular
milieu, HMGB1 reportedly activated monocytes/macro-
phages to produce multiple proinflammatory cytokines
[24, 25] and exerted several inhibitory effects on
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regulatory T cell activities [26, 27]. Thus, extracellular
HMGBI1 might act on various types of leukocytes, per-
haps leading to KD aggravation. Blood HMGBI1 levels
may reflect the degree of coronary vascular endothelial
cell damage in KD patients. Accordingly, stratifying pa-
tients by adding the blood HMGBI level to the existing
risk score(s) for predicting IVIG resistance may increase
the probability of success of combination therapy con-
sisting of IVIG plus a corticosteroid.

Unlike HMGBI, IL-la—another DAMP—was signifi-
cantly induced in HCAECs at the mRNA expression
level by inflammatory stimuli (Fig. 2b vs. Figure 1b). Fur-
thermore, consistent with the results of qPCR, DEX ef-
fectively inhibited cytokine-induced intracellular IL-1a
protein (Fig. 2c). Similar to HMGB1, TNF-a-induced IL-
la release by HCAECs was not inhibited by treatment
with 1 pM monensin A (Golgi-Stop reagent; data not
shown), indicating that intracellularly accumulated IL-1ot
protein was passively released from damaged HCAECs.
Therefore, we speculate that the decrease in IL-1la pro-
tein seen with DEX (Fig. 2a) was due to the combination
of DEX’s suppression of IL-la mRNA expression
(Fig. 2b) and its anti-cytotoxic effect on HCAECs (Fig. 1).
Notably, IL-la can induce a strong inflammatory re-
sponse (IL-6 and G-CSF production) comparable to that
seen with IL-1pB, even at lower concentrations compared
to TNF-a (Additional file 1: Fig. S1). In order to com-
pare and evaluate the efficacy of corticosteroid and IgG
under conditions with similar levels of inflammation and

cytotoxicity, 100 ng/ml of TNF-a and 10 ng/ml of IL-1s
were used as inflammatory stimuli in this study.

Although we previously reported that IVIG treatment
hardly inhibited IL-1B-induced IL-6 and G-CSF produc-
tion [15], it should be noted that IL-1a stimulation re-
sulted in IVIG resistance (Fig. 3a, lower graphs). Several
recent studies reported an association between IL-1s
and IVIG resistance in KD patients. In a microarray
study using whole-blood RNA, IL-1-associated signaling
pathways were upregulated in IVIG-resistant KD pa-
tients compared to IVIG-responsive patients [28]. Two
previous case reports suggested a beneficial effect of ana-
kinra (an IL-1R antagonist that blocks the activity of
both IL-la and IL-1B) on IVIG-resistant KD [29, 30].
Based on those findings, clinical trials of IL-1 blockade
for IVIG-resistant KD patients are being conducted in
Western Europe and the USA [31].

Like IL-1s, TNF-a has been reported to be involved in
the pathogenesis of KD. Serum levels of TNF-a were sig-
nificantly elevated and correlated with the incidence of
CALs in acute KD patients [32, 33]. Furthermore, TNF-
a blockade effectively prevented the development of cor-
onary vasculitis in murine models of KD [34, 35]. In fact,
a clinical trial of an anti-TNF monoclonal antibody
(mAb) showed clinical effectiveness, including reduced
fever duration and CAL formation [36]. Thus, although
both TNF-a and IL-1s have been clearly implicated as
key pathogenic cytokines in KD, there is currently lim-
ited understanding of whether their roles are distinct or
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overlapping. Stock et al. recently addressed this issue in
a murine model of KD and provided evidence that TNF-
a and IL-1s play temporally distinct and non-redundant
roles in driving cardiac inflammation [37]. Specifically,
TNF-a, but not IL-1's, was essential for the development
of acute-phase myocarditis, whereas IL-1s were indis-
pensable for the subsequent development of coronary
vasculitis [37]. These findings suggest the possibility that
TNE-a is more critical for the onset of KD, whereas IL-
1s may be more crucially involved in the progression
and prognosis of KD than TNF-a. Taken together with
our present findings, administration of a corticosteroid
as early as possible may contribute to suppression of KD
progression by inhibiting the expression and/or release
of IL-1s.

Corticosteroids are widely used as potent anti-
inflammatory drugs to treat various inflammatory dis-
eases. As a preliminary experiment, we examined for
concentration-dependency of DEXs inhibitory effects on
IL-6 and G-CSF production and IL-1la release induced
by inflammatory stimuli (Additional file 2: Fig. S2). We
found that the inhibitory effects of DEX were indeed
concentration-dependent, but they almost reached a
plateau at 100nM to 10,000 nM of DEX. When the
blood concentration of corticosteroid used in the RAISE
study [11] is converted to DEX on the basis of the titer,
it is about 10,000 nM. However, sufficient effects were
observed even at 100nM and 1000 nM DEX in our
in vitro experiment (Additional file 2: Fig. S2), and for
that reason we used 1000 nM DEX in this study.

Corticosteroids are known to suppress nuclear factor
kappa B (NF-«B), which promotes transcriptional activa-
tion of various inflammatory genes, including IL6 [38—
40]. We previously demonstrated that IVIG did not
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inhibit activation of NF-«kB, whereas it significantly
inhibited activation of another transcription factor,
CCAAT/enhancer-binding protein delta (C/EBPJ) [15],
as well as C/EBPJ [41]. Therefore, synergistic effects be-
tween a corticosteroid and IgG seem likely because their
anti-inflammatory mechanisms apparently involve non-
overlapping pathways. Indeed, these drugs were more ef-
fective in suppressing IL-6 production and IL-la release
when added immediately after the inflammatory stimula-
tion (Fig. 4). Thus, adding a corticosteroid to standard
IVIG therapy at an early stage of inflammation in KD
patients may have a better anti-inflammatory effect by
inhibiting both KD-related cytokine production and re-
lease of IVIG-refractory factors, including HMGB1 and
IL-1a.

Conclusions

To summarize our findings, a schematic illustration is pre-
sented in Fig. 5. We sought to elucidate the benefits of
combination therapy consisting of a corticosteroid and
IVIG from a mechanistic perspective, especially as an ini-
tial treatment for KD patients who are predicted to be se-
verely resistant to IVIG. Our findings indicate the
possibility of benefits arising from that combination ther-
apy. Most important, a corticosteroid, but not IgG, can
potentially prevent inflammatory stimulus-induced coron-
ary artery endothelial cell damage. That would contribute
to inhibiting the inflammatory stimulus-induced release of
DAMPs, including HMGBI1 and IL-1a, which may be in-
volved in IVIG resistance in KD patients. Furthermore,
the corticosteroidsignificantly inhibited expression of IL-
la (Fig. 2) as well as IL-1p [15]. Both cytokines can induce
IVIG-resistant production of IL-6 and G-CSF by HCAECs
(Fig. 3a), probably contributing to IVIG resistance in KD

Standard IVIG therapy

Inﬂ:mm:tory-sﬁfﬁl;iIJndu
celhilar damage

IL-6
G-CSF

KD patients

Fig. 5 Schematic illustration of the functional benefits of combination therapy consisting of standard IVIG plus a corticosteroid for severe

N
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(IVIG + corticosteroid)

' Release or production

* Activation
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patients [28-31]. Since such effects of a corticosteroid
would probably help prevent the progression of IVIG re-
sistance in KD, it would be better to start the combination
therapy as soon as possible, especially for KD patients who
are predicted to be IVIG-resistant. KD is a systemic in-
flammatory disease, and leukocytes also play a crucial role
in its pathogenesis. In this study, however, we used HCAE
Cs as an in vitro mimic of KD. Therefore, the involvement
of leukocytes cannot be considered in this model, which is
a limitation of this study. Nevertheless, our present find-
ings may, from the mechanistic viewpoint, at least partly
explain the clinical effectiveness of combination therapy
consisting of IVIG plus a corticosteroid for severe KD
patients.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/512969-020-00461-6.

Additional file 1: Figure S1. Increase in concentrations of IL-6, G-CSF
and IL-1a proteins depending on the concentration and duration of in-
flammatory stimulation of HCAECs.

Additional file 2: Figure S2. Concentration dependence of inhibitory
effects of DEX on the inflammatory cytokine-induced production of IL-6,
G-CSF and IL-1a by HCAECs.

Additional file 3: Figure S3. High-dose IgG interfered with detection
of IL-1a protein by ELISA.

Abbreviations

CALs: Coronary artery lesions; C/EBP: CCAAT/enhancer-binding protein;
DAMPs: Damage-associated molecular patterns; DEX: Dexamethasone; G-
CSF: Granulocyte-colony stimulating factor; HCAECs: Human coronary artery
endothelial cells; HMGB1: High-mobility group box-1; HSP90: Heat shock
protein 90; IVIG: Intravenous immunoglobulin; KD: Kawasaki disease; NF-

kB: Nuclear factor kappa B; gPCR: Quantitative PCR; WB: Western blotting

Acknowledgements

We thank Ms. Chika Shirakawa, Ms. Michiko Yamada and Ms. Kazue Takeda
(National Research Institute for Child Health and Development) for their
excellent technical support, and Lawrence W. Stiver (Quality Translation Co,,
Ltd,; Tokyo, Japan; qualityt@gol.com) for proofreading the manuscript.

Authors’ contributions

Tl and AM designed the study, contributed to data collection and wrote the
manuscript. Tl, SM and AM contributed to data collection. KM interpreted
the results and critically reviewed the manuscript. All authors read and
approved the final manuscript.

Funding

This work was supported in part by grants from JSPS KAKENHI (Grant
Number 23591666; to AM.), AMED (Grant Number JP18ak0101087; to A.M),
the National Center for Child Health and Development (Grant Number
2019B-2; to AM.) and the Japan Kawasaki Disease Research Center (to AM.).

Availability of data and materials
All data generated or analyzed during this study are included in this
published article and its supplementary information files.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Page 9 of 10

Competing interests

A. Matsuda obtained the human immunoglobulin preparations (IVIG) used in
this study from Japan Blood Products Organization (JB). The authors have no
conflicts of interest directly relevant to the contents of this article.

Author details

'Department of Allergy and Clinical Immunology, National Research Institute
for Child Health and Development, 2-10-1 Okura, Setagaya-ku, Tokyo
157-8535, Japan. “Department of Pediatrics, Jikei University School of
Medicine, Tokyo, Japan. *Department of Pediatrics, Toyama University School
of Medicine, Toyama, Japan.

Received: 29 February 2020 Accepted: 3 September 2020
Published online: 06 October 2020

References

1. Kawasaki T. Acute febrile mucocutaneous syndrome with lymphoid
involvement with specific desquamation of the fingers and toes in children.
Arerugi. 1967;16(3):178-222.

2. Makino N, Nakamura Y, Yashiro M, Kosami K, Matsubara Y, Ae R, et al.
Nationwide epidemiologic survey of Kawasaki disease in Japan, 2015-2016.
Pediatr Int. 2019,61(4):397-403.

3. Newburger JW, Takahashi M, Gerber MA, Gewitz MH, Tani LY, Burns JC, et al.
Diagnosis, treatment, and long-term management of Kawasaki disease: a
statement for health professionals from the committee on rheumatic fever,
endocarditis and Kawasaki disease, council on cardiovascular disease in the
young. Am Heart Assoc Circ. 2004;110(17):2747-71.

4. Uehara R, Belay ED. Epidemiology of Kawasaki disease in Asia, Europe, and
the United States. J Epidemiol. 2012;22(2):79-85.

5. KanaiT, Ishiwata T, Kobayashi T, Sato H, Takizawa M, Kawamura Y, et al.
Ulinastatin, a urinary trypsin inhibitor, for the initial treatment of patients with
Kawasaki disease: a retrospective study. Circulation. 2011;124(25):2822-8.

6. Hokosaki T, Mori M, Nishizawa T, Nakamura T, Imagawa T, lwamoto M, et al.
Long-term efficacy of plasma exchange treatment for refractory Kawasaki
disease. Pediatr Int. 2012;54(1):99-103.

7. Burns JC, Mason WH, Hauger SB, Janai H, Bastian JF, Wohrley JD, et al.
Infliximab treatment for refractory Kawasaki syndrome. J Pediatr. 2005;146(5):
662-7.

8. Kato H, Koike S, Yokoyama T. Kawasaki disease: effect of treatment on
coronary artery involvement. Pediatrics. 1979,63(2):175-9.

9. Kobayashi T, Inoue Y, Otani T, Morikawa A, Kobayashi T, Takeuchi K, et al.
Risk stratification in the decision to include prednisolone with intravenous
immunoglobulin in primary therapy of Kawasaki disease. Pediatr Infect Dis J.
2009;28(6):498-502.

10.  Kobayashi T, Inoue Y, Takeuchi K, Okada Y, Tamura K, Tomomasa T, et al.
Prediction of intravenous immunoglobulin unresponsiveness in patients
with Kawasaki disease. Circulation. 2006;113(22):2606-12.

11, Kobayashi T, Saji T, Otani T, Takeuchi K, Nakamura T, Arakawa H, et al.
Efficacy of immunoglobulin plus prednisolone for prevention of coronary
artery abnormalities in severe Kawasaki disease (RAISE study): a randomised,
open-label, blinded-endpoints trial. Lancet. 2012,379(9826):1613-20.

12. Hoshina T, Kusuhara K, lkeda K, Mizuno Y, Saito M, Hara T. High mobility
group box 1 (HMGBT1) and macrophage migration inhibitory factor (MIF) in
Kawasaki disease. Scand J Rheumatol. 2008;37(6):445-9.

13. Eguchi T, Nomura Y, Hashiguchi T, Masuda K, Arata M, Hazeki D, et al. An
elevated value of high mobility group box 1 is a potential marker for poor
response to high-dose of intravenous immunoglobulin treatment in
patients with Kawasaki syndrome. Pediatr Infect Dis J. 2009;28(4):339-41.

14. Ahn JG, Bae Y, Shin D, Nam J, Kim KY, Kim DS. HMGB1 gene polymorphism
is associated with coronary artery lesions and intravenous immunoglobulin
resistance in Kawasaki disease. Rheumatology (Oxford). 2019;58(5):770-5.

15. Matsuda A, Morita H, Unno H, Saito H, Matsumoto K, Hirao Y, et al. Anti-
inflammatory effects of high-dose IgG on TNF-alpha-activated human
coronary artery endothelial cells. Eur J Immunol. 2012;42(8):2121-31.

16. Sato S, Kawashima H, Kashiwagi Y, Hoshika A. Inflammatory cytokines as
predictors of resistance to intravenous immunoglobulin therapy in Kawasaki
disease patients. Int J Rheum Dis. 2013;16(2):168-72.

17. Abe J, Ebata R, Jibiki T, Yasukawa K, Saito H, Terai M. Elevated granulocyte
colony-stimulating factor levels predict treatment failure in patients with
Kawasaki disease. J Allergy Clin Immunol. 2008;122(5):1008-13 e8.


https://doi.org/10.1186/s12969-020-00461-6
https://doi.org/10.1186/s12969-020-00461-6
mailto:qualityt@gol.com

Inoue et al. Pediatric Rheumatology (2020) 18:76

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

Shoda T, Futamura K, Kobayashi F, Saito H, Matsumoto K, Matsuda A.
Expression of thymus and activation-regulated chemokine (TARC) by human
dermal cells, but not epidermal keratinocytes. J Dermatol Sci. 2014;76(2):90-5.
Garlanda C, Dinarello CA, Mantovani A. The interleukin-1 family: back to the
future. Immunity. 2013;39(6):1003-18.

Latz E, Xiao TS, Stutz A. Activation and regulation of the inflammasomes.
Nat Rev Immunol. 2013;13(6):397-411.

Wadhwa M, Meager A, Dilger P, Bird C, Dolman C, Das RG, et al.
Neutralizing antibodies to granulocyte-macrophage colony-stimulating
factor, interleukin-1alpha and interferon-alpha but not other cytokines in
human immunoglobulin preparations. Immunology. 2000;99(1):113-23.
Williams TA, Verhovez A, Milan A, Veglio F, Mulatero P. Protective effect of
spironolactone on endothelial cell apoptosis. Endocrinology. 2006;147(5):
2496-505.

Newton CJ, Ran G, Xie YX, Bilko D, Burgoyne CH, Adams |, et al. Statin-
induced apoptosis of vascular endothelial cells is blocked by
dexamethasone. J Endocrinol. 2002;174(1):7-16.

Wang H, Yang H, Czura CJ, Sama AE, Tracey KJ. HMGBT as a late mediator
of lethal systemic inflammation. Am J Respir Crit Care Med. 2001;164(10 Pt
1):1768-73.

Andersson U, Wang H, Palmblad K, Aveberger AC, Bloom O, Erlandsson-
Harris H, et al. High mobility group 1 protein (HMG-1) stimulates
proinflammatory cytokine synthesis in human monocytes. J Exp Med. 2000;
192(4):565-70.

Zhang Y, Yao YM, Huang LF, Dong N, Yu Y, Sheng ZY. The potential effect
and mechanism of high-mobility group box 1 protein on regulatory T cell-
mediated immunosuppression. J Interf Cytokine Res. 2011,31(2):249-57.
Zhu XM, Yao YM, Liang HP, Xu CT, Dong N, Yu Y, et al. High mobility group
box-1 protein regulate immunosuppression of regulatory T cells through
toll-like receptor 4. Cytokine. 2011;54(3):296-304.

Hoang LT, Shimizu C, Ling L, Naim AN, Khor CC, Tremoulet AH, et al. Global
gene expression profiling identifies new therapeutic targets in acute
Kawasaki disease. Genome Med. 2014;6(11):541.

Cohen S, Tacke CE, Straver B, Meijer N, Kuipers IM, Kuijpers TW. A child with
severe relapsing Kawasaki disease rescued by IL-1 receptor blockade and
extracorporeal membrane oxygenation. Ann Rheum Dis. 2012,71(12):2059-61.
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.

Burns JC, Kone-Paut |, Kuijpers T, Shimizu C, Tremoulet A, Arditi M. Review:
found in translation: international initiatives pursuing Interleukin-1 blockade
for treatment of acute Kawasaki disease. Arthritis Rheum. 2017;69(2):268-76.
Furukawa S, Matsubara T, Jujoh K, Yone K, Sugawara T, Sasai K, et al.
Peripheral blood monocyte/macrophages and serum tumor necrosis factor
in Kawasaki disease. Clin Immunol Immunopathol. 1988;48(2):247-51.
Matsubara T, Ichiyama T, Furukawa S. Immunological profile of peripheral
blood lymphocytes and monocytes/macrophages in Kawasaki disease. Clin
Exp Immunol. 2005;141(3):381-7.

Hui-Yuen JS, Duong TT, Yeung RS. TNF-alpha is necessary for induction of
coronary artery inflammation and aneurysm formation in an animal model
of Kawasaki disease. J Immunol. 2006;176(10):6294-301.

Ohashi R, Fukazawa R, Watanabe M, Tajima H, Nagi-Miura N, Ohno N, et al.
Etanercept suppresses arteritis in a murine model of Kawasaki disease: a
comparative study involving different biological agents. Int J Vasc Med.
2013;2013:543141.

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. 2014;
383(9930):1731-8.

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. J Immunol. 2019;202(11):3151-60.

Ray A, Prefontaine KE. Physical association and functional antagonism
between the p65 subunit of transcription factor NF-kappa B and the
glucocorticoid receptor. Proc Natl Acad Sci U S A. 199491(2):752-6.
Auphan N, DiDonato JA, Rosette C, Helmberg A, Karin M.
Immunosuppression by glucocorticoids: inhibition of NF-kappa B activity
through induction of | kappa B synthesis. Science. 1995;270(5234):286-90.
Barnes PJ. Corticosteroid effects on cell signalling. Eur Respir J. 2006;27(2):
413-26.

Page 10 of 10

41, Inoue T, Miyashita M, Murakami S, Igarashi A, Motomura K, Abe J, et al. IL-13
and IL-17A are involved in IVIG resistance through activation of C/EBPp and
& in a coronary artery model of Kawasaki disease. Allergy. 2020;75(8):2102-5.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Reagents
	Cell culture and treatment
	Elisa
	qPCR
	WB
	Caspase 3/7 activity assay
	Statistical analysis

	Results
	Effects of high-dose IgG and DEX on cellular damage to, and HMGB1 protein release by, HCAECs stimulated with inflammatory cytokines
	Effects of high-dose IgG and DEX on IL-1α expression in HCAECs stimulated with inflammatory cytokines
	Effects of high-dose IgG and DEX on expression of IL-6 and G-CSF in HCAECs stimulated with inflammatory cytokines
	Inhibitory kinetics of high-dose IgG and DEX on the cytokine-induced production/release of IL-6, G-CSF and IL-1α by HCAECs

	Discussion
	Conclusions
	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

