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Summary

Kawasaki disease (KD) is an acute vasculitis syndrome of unknown aetiology
in children. The administration of Candida cell wall antigens induced
KD-like coronary vasculitis in mice. However, the responses of KD patients
to Candida cell wall antigen are unknown. In this study, we examined the
response of KD patients to β-glucan (BG), one of the major fungal cell wall
antigens, by measuring the anti-BG titre. In KD patients, the anti-C. albicans
cell wall BG titre was higher than that in normal children. The anti-BG titre
was also higher in KD patients compared to children who served as control
subjects. The efficacy of intravenous immunoglobulin (IVIG) therapy in KD
is well established. We categorized the KD patients into three groups accord-
ing to the therapeutic efficacy of intravenous immunoglobulin (IVIG) and
compared the anti-BG titre among these groups. Anti-BG titres were similar
in the control group and the non-responsive group. In the fully responsive
group, the anti-BG titre showed higher values than those in the normal chil-
dren. This study demonstrated clinically that KD patients have high anti-
body titres to Candida cell wall BG, and suggested the involvement of
Candida cell wall BG in the pathogenesis of KD. The relationship between
IVIG therapy and anti-BG titre was also shown. These results provide valu-
able insights into the therapy and diagnosis of KD.
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Introduction

Kawasaki disease (KD) is an acute vasculitis syndrome of
unknown aetiology that affects children [1,2]. KD vasculitis
primarily involves the coronary arteries. It is a leading cause
of acquired heart disease in children in developed countries.
The diagnosis of KD is usually based on clinical symptoms
that include prolonged fever lasting longer than 5 days and
cervical lymphadenopathy. However, some patients do not
meet the diagnostic criteria of KD, and are wrongly diag-
nosed. To date, there are no specific diagnostic tests for KD.
The first line of treatment for KD is the administration of a
high dose of intravenous immunoglobulin (IVIG) plus
aspirin. IVIG therapy is performed typically within 10 days
of the onset of the illness, under controlled conditions.

Several epidemiological studies on KD have reported that
genetic and environmental factors contribute to the disease
pathogenesis [3–6]. Some reports have suggested the
involvement of microbial infections such as bacteria and
fungi in KD [7]. Murata et al. have established a mouse

model of coronary arteritis, which is histopathologically
similar to that of the human KD, by the administration of
Candida albicans, a major pathogenic fungi-derived sub-
stance [8]. We also induced similar coronary arteritis in
mice by the administration of C. albicans water-soluble
fraction (CAWS) obtained from C. albicans culture super-
natant [9]. The therapeutic effects of IVIG or anti-TNF-α
were examined using this mouse model [10–12].

C. albicans colonizes the intestinal tract and causes inva-
sive deep mycosis in an immunocompromised host.
β-glucan (BG) is one of the main components of fungal cell
wall and fungal pathogen-associated molecular patterns
(PAMPs). BG stimulates the host immune system, and
induces an inflammatory response leading to the produc-
tion of inflammatory mediators [13]. Several researchers
have studied the host immune response to pathogenic fungi
and fungal PAMPs. Dectin-1, complement receptor 3 and
lactosylceramide have all been cited as candidates for BG
receptors and are important for phagocytosis and other bio-
logical activities [14–16]. We detected antibodies against BG
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in human sera as a BG recognition molecule in the acquired
immune response [17]. This antibody titre fluctuated in
patients with deep mycosis whose sera were β-1,3-glucan-
positive [18,19]. These results suggested that anti-BG serve
as an indicator of the human response to BG and could be
used to further understand the immune responses to BG in
humans.

The administration of Candida cell wall antigens induced
a KD-like coronary vasculitis in the mouse. However, the
response to Candida cell wall antigen in KD patients is
unknown. In this study, we examined the specific response
to BG, one of the major fungal cell wall antigens in KD
patients by the measurement of anti-BG titre.

Materials and methods

Materials

C. albicans and Aspergillus niger-solubilized cell wall glucan
(CSBG and ASBG) were prepared by the NaClO-oxidation
method according to a procedure used previously
[20,21]. Polysaccharide fractions (AgHWE) from Agaricus
brasiliensis (= A. blazei Murrill sensu Heinem) were also
prepared as described [22].

Subjects and specimens

Infants and children who met the diagnostic criteria for KD
were enrolled into the study. This study included 18 KD
patients, 21 children who served as child control subjects
and nine adults who served as adult healthy control sub-
jects. The demographic characteristics are shown in Table 1.
All KD patients met the diagnostic criteria for KD as estab-
lished by the Japanese Kawasaki Disease Research Commit-
tee. All KD patients were treated with IVIG (2 g/kg) and
oral aspirin. Serum samples of KD patients were first col-
lected on the first day of admission before the start of IVIG,
the second after IVIG and a month after disease onset. The
response to IVIG treatment in patients with Kawasaki
disease was defined as follows: no response, high fever con-
tinued after IVIG; effective, high fever declined 24 h after
IVIG termination followed by periodic rise in body tem-
perature; complete response, body temperature returned to
normal 24 h after IVIG termination. Fever was not observed
after defervescence. All child control subjects had a fever.

Serum samples were stocked at −30°C until the assay was
performed. A peripheral venous blood sample was obtained
from each participant. The study protocol was approved by
the ethics committee of Nippon Medical School, and
informed written consent was obtained from all study
participants.

Enzyme-linked immunosorbent assay (ELISA) of
the anti-BG

A 96-well Nunc plate was coated overnight with the glucan
preparation (25 μg/ml) in 0·1 M carbonate buffer (pH 9·6)
by incubation at 4°C. The plate was washed with phosphate-
buffered saline (PBS) containing 0·05% Tween 20 (Wako
Pure Chemical Co., Osaka, Japan) (PBST) and blocked with
0·5% bovine serum albumin (BSA; Sigma, St Louis, MO,
USA) at 37°C for 60 min. After additional washing, the plate
was incubated with diluted human serum at 37°C for 60 min.
For the measurement of IgG+M+A or immunoglobulin
(Ig)G titre serum samples were diluted 2000-fold, and for
IgM or IgA titres serum samples were diluted 200-fold. The
plate was then washed with PBST and treated with an anti-
body for peroxidase-conjugated anti-human IgG+M+A, IgG,
IgM or IgA (Sigma) in PBST containing 0·1% bovine serum
albumin (BSA) (BPBST) and was developed with a 3,3′,5,5′-
tetramethylbenzidine (TMB) substrate system (KPL Inc.,
Gaithersburg, MD, USA). Colour development was stopped
with 1 N phosphoric acid and optical density was measured
at 450 nm. To standardize the reactivity of each individual
experiment, human pooled serum was used as standard sera.
Each unit of anti-BG was calculated by the absorbance of the
standard sera (Fig. S1, S3).

ELISA of the anti-ovalbumin (OVA)

A 96-well Nunc plate was coated with the ovalbumin
(25 μg/ml) in 0·1 M carbonate buffer (pH 9·6) by incuba-
tion overnight at 4°C. The plate was washed with PBST and
blocked with 0·5% bovine serum albumin (BSA; Sigma) at
37°C for 60 min. After additional washing, the plate was
incubated with 500-fold diluted human serum at 37°C for
60 min. The plate was then washed with PBST and treated
with an antibody for peroxidase-conjugated anti-human
IgG+M+A (Sigma) in PBST containing 0·1% BSA (BPBST)
and developed with a TMB substrate system (KPL Inc.).
Colour development was stopped with 1 N phosphoric acid
and optical density was measured at 450 nm.

Statistical analyses

The Mann–Whitney U-test was used for the comparisons
between the different study groups. These statistical analy-
ses were performed using MedCalc statistical software,
version 11·6·1·0.

Table 1. Demographic characteristics of patients with Kawasaki

disease and controls.

Kawasaki disease (KD) Child control (CC)

Age (months)

Mean ± s.d. 32·4 ± 13·5 23·5 ± 30·8

Range 12–56 2–144

Gender (male/female) 10/8 9/12

s.d. = standard deviation.
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Results

Anti-BG titre in KD patients and control subjects

The antibody to CSBG was detected in the sera of KD
patients and both adult and child control subjects (Fig. 1).
The anti-BG titre in the normal children was lower than in
normal adults. In KD patients, anti-BG titre was higher
than that in the normal children. Conversely, the anti-OVA
titre did not differ among the three groups (KD versus CC:
P = 0·11; KD versus AC: P = 0·06, CC versus AC: P = 0·37).

Next, we examined the relationship between anti-BG
antibody and age in KD patients and normal children
(Fig. 2). In both groups, anti-BG antibody titre increased
proportionately with age and showed a positive correlation
between them. When anti-BG titres per age in the two
groups were compared, the anti-BG titre was higher in KD
patients compared to normal children.

Candida cell wall glucan is composed of β-1,3-glucan
and β-1,6-glucan [18]. To examine whether anti-BG reacted
with β-1,3-glucan or β-1,6-glucan chain, we analysed
the reactivity of anti-BG to ASBG, composed mainly of

β-1,3-glucan, and AgHWE, composed mainly of β-1,6-
glucan, in KD patients (Fig. S2). The sera of KD patients
indicated high reactivity to both antigens (Fig. 3).

The anti-BG in each isotype was detected in the serum
samples of normal children (Fig. 4). In child control sub-
jects, anti-BG IgG showed a lower titre compared to the
normal adults. When compared with the normal children,
the KD patients showed higher anti-BG titre in each
isotype. In particular, the anti-BG IgM showed a higher titre
compared to both groups of control subjects.

Relationship between anti-BG titre and IVIG therapy in
KD patients

The efficacy of IVIG therapy in KD is well established [2].
We compared the anti-BG titre before and after IVIG
therapy (Fig. 5). After IVIG therapy, the anti-BG titre was
increased in all KD patients. Moreover, in some patients the
high titre was sustained for up to 1 month after IVIG
therapy. Next, we categorized the KD patients into three
groups based on the therapeutic effect of IVIG and com-
pared the anti-BG titre before the start of IVIG among these
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Fig. 1. Comparison of anti-β-glucan titre in control subjects and Kawasaki disease patients. An enzyme-linked immunosorbent assay (ELISA) plate

was coated with (a) Candida albicans solubilized cell wall glucan (CSBG) and (b) ovalbumin (OVA). The sera were added to the plate, and the

plate-bound immunoglobulin (Ig) was determined with peroxidase-conjugated anti-human IgG+M+A. Enzyme activity was measured by the

addition of 3,3′,5,5′-tetramethylbenzidine (TMB) substrate. AC = adult healthy control subjects (n = 9); CC = child control subjects (n = 21);

KD = Kawasaki disease patients hospitalized (n = 18); **P < 0·01; Mann–Whitney U-test.
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groups (Fig. 6). The anti-BG titre was similar in normal
children and the group that did not respond to the treat-
ment. However, in the fully responsive group, the anti-BG
titre showed a higher reactivity compared to that of the
normal children.

Discussion

KD is an acute vasculitis syndrome of unknown aetiology in
children [1]. Nevertheless, the involvement of infection in
the pathogenesis of KD has been suggested. We have
reported the induction of vasculitis, similar to KD, by the
administration of CAWS in mice [9]. In this study we exam-

ined the antibody titre to BG, one of the major fungal
PAMPs in KD patients. KD patients showed high anti-BG
titre compared to the children in the control group. Con-
versely, anti-OVA titre did not increase in KD patients. In
addition, we compared anti-lipopolysaccharide (LPS) as
one of the major bacterial PAMPs between KD patients and
control subjects (data not shown). Anti-LPS titres did not
differ among the three groups (KD versus CC: P = 0·06; KD
versus AC: P = 0·68; CC versus AC: P = 0·17). There was no
significant correlation between anti-LPS and anti-BG titre
(P = 0·98, r < 0·01). These results suggested the increasing
specific immune response to Candida antigen in KD
patients.
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extraction with hot water (AgHWE)] titre in control subjects and Kawasaki disease patients. The enzyme-linked immunosorbent assay (ELISA) plate

was coated with (a) ASBG and (b) AgHWE. The sera were added to the plate, and the plate-bound immunoglobulin (Ig) was determined with

peroxidase-conjugated anti-human IgG+M+A. Enzyme activity was measured by the addition of 3,3′,5,5′-tetramethylbenzidine (TMB) substrate.

AC = adult healthy control subjects (n = 9); CC = child control subjects (n = 21); KD = Kawasaki disease patients hospitalized (n = 18); **P < 0·01;

Mann–Whitney U-test.
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patients. The enzyme-linked immunosorbent
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determined with peroxidase-conjugated

anti-human IgG, M or A. Enzyme activity

was measured by the addition of 3,3′,5,5′-
tetramethylbenzidine (TMB) substrate.

AC = adult healthy control subjects (n = 9);

CC = child control subjects (n = 21);

KD = Kawasaki disease patients hospitalized

(n = 18); *P < 0·05; **P < 0·01; Mann–Whitney

U-test.
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Candida colonizes the intestinal tract. The eukaryotic
fungal community in the gut and skin was recently called
‘mycobiome’ [23,24]. It was also reported that the
mycobiome plays an important role in several diseases [25–
27]. We and other groups have reported that the anti-BG
detected in adult human serum is one of the parameters
which reflected the host response to BG [18,28]. For the
first time, we detected the anti-BG of individual isotypes in
the serum of children. Anti-BG titre was lower in child
serum compared to adult serum, especially the IgG class. We
have shown that the IgG subclass of the anti-BG is IgG2. The
placental transfer of IgG2 antibody is much lower when
compared to other antibodies of the IgG subclass [29].
Therefore, it was suggested that this antibody was produced
after birth in response to BG.

A relationship between anti-BG titre and age indicated
that the anti-BG titre increased with age. We have reported
that anti-BG titre increased with age in bovine serum and
was absent in fetal bovine serum (FBS) [30]. These results
suggested that anti-BG is induced depending on the expo-
sure to fungal BG antigen and the immune responses to BG.
We examined the anti-BG titre in patients with fungal infec-
tion or those with a higher risk of fungal infection, such as
cancer or dialysis patients [31,32]. Those patients with weak
immune responses to fungi had a lower anti-BG titre. This
suggested that the anti-BG is a potential indicator of the
immune response to BG. In this study, the KD patients had
a higher anti-BG titre. These results suggested that KD

patients are increasingly exposed to the immune responses
induced by Candida cell wall β-glucan.

We prepared the limulus factor G-activating substance,
CAWS, from the culture supernatant of C. albicans [33].
CAWS is composed of the mannan–glucan complex and
induces vasculitis, similar to KD, in mice. The BG of CAWS
influences its biological activities. BG is one of the major
fungal PAMPs and activates complement and inflammatory
cytokine production, such as tumour necrosis factor
(TNF)-α, interleukin (IL)-1β and IL-17. We have reported
previously that the response to fungal BG was different
among mouse stains [34,35]. The DBA/2 mouse strain is
highly responsive to BG and showed a high anti-BG titre,
and induced severe coronary arteritis after CAWS adminis-
tration. In addition, anti-BG titre in mouse serum and
induction of coronary arteritis through the administration
of CAWS were high compared to those observed in control
mice. It was also reported that BG was involved in autoim-
mune diseases such as arthritis, inflammatory bowel disease
and encephalomyelitis in mice [36,37]. Anti-BG could not
only be an indicator of the immune response to BG, but
could also be an enhancer of inflammatory responses by
forming an immune complex.

IVIG administration is a well-established therapeutic
strategy to effectively treat KD [2]. However, some KD
patients showed resistance to IVIG therapy, and were
required to receive other aggressive treatments. Therefore,
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early determination of the effect on IVIG is a critical factor
in KD treatment. In KD patients, after IVIG therapy, the
anti-BG titre was increased. We have reported that anti-BG
was detected in human immunoglobulin preparations of
IVIG therapy [17]. The titre was very high and could be
detected effectively in human serum even when diluted
20000-fold. It was suggested that this increase in anti-BG
titre resulted from the anti-BG in human immunoglobulin
preparations.

We also examined the relationship between anti-BG titre
and the effect of IVIG therapy in KD patients. Interestingly,
in the group that responds fully to IVIG therapy, the
anti-BG showed a high titre compared to that of the other
groups. These results suggested that, in KD patients with
high reactivity to Candida β-glucan antigen, IVIG therapy
was effective. The probable mechanism contributing to the
efficacy of IVIG therapy is the exclusion and neutralization
of Candida BG antigen. The antigen–antibody complexes
induce their biological activity through Fc receptors. The
Fc-γ receptors I and III transfer the activating signal. Con-
versely, the Fc-γ receptor IIB transfers the inhibitory signal.
The host normally maintains an optimum activating/
inhibitory ratio to facilitate the biological activity of the
immune complex [38]. Anti-BG in the IVIG could induce
an inhibitory effect to the inflammatory responses mediated
by Fc-γ IIB receptors.

This study demonstrated that the KD patients have a
high antibody titre to CSBG and suggested the involvement
of CSBG in the pathogenesis of KD. The relationship
between IVIG therapy and anti-BG titre was also estab-
lished. These results provided valuable insights towards the
therapy and diagnosis of KD.
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Fig. S1. Standard curves of enzyme-linked immunosorbent
assay (ELISA) of anti-β-glucan (BG).
Fig. S2. 13C-NMR spectra of Candida albicans solubilized
cell wall glucan (CSBG), Aspergillus niger solubilized cell
wall glucan (ASBG) and Agaricus blazei by repeated extrac-
tion with hot water (AgHWE) in dimethylsulphoxide
(DMSO)-d6.
Fig. S3. The binding of immunoglobulin (Ig) to no-antigen
enzyme-linked immunosorbent assay (ELISA) plate.
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