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reported in humans [1,2,5-8]. Here we report a BFPP
patient carrying compound heterozygous mutations
with a novel GPR56 mutation, p.S36Q, and a previously
reported mutation, p.R38Q. Additionally, we review
previous reports and discuss the radiological and clinical
features of BFPP patients.

2. Case report

The proband was a Japanese female born from non-
consanguineous parents. She had normal prenatal and
perinatal histories and normal head growth, but showed
developmental delay within the first year of life. Com-
plex partial seizures occurred at 2 months; carbamaze-
pine was effective for the seizures. Since the age of two
years, epileptic spasms in clusters have appeared and
have been refractory to medications. Around the age
of four years, she developed tonic seizures causing drop
attacks, in addition to epileptic spasms.

The seizures persisted despite treatment with multiple
antiepileptic drugs. Interictal electroencephalogram
(EEG) showed generalized bursts of sharp waves and
slow spike-wave discharges with anterior predominance
(Fig. 1). Video-EEG monitoring (Grass Technology,
West Warwick, RI, USA) at 6 years old revealed that
she suffered from frequent atypical absence seizures
and tonic seizures. She was diagnosed with Lennox—Gas-
taut syndrome by specific EEG features and seizures. At
this age, she had moderate to severe developmental delay
(developmental quotient = DQ: 33). She was unable to
walk without help, and her speech was limited to a few
isolated words. Neurologic examination revealed mild
spasticity, hyperactive deep-tendon reflexes, poor coor-
dination, and exotropia. She showed neither dysmorphic
features nor other congenital anomalies.

Brain MRI at 6 years of age revealed bilateral poly-
microgyria with an anterior to posterior gradient, in
contrast to the relatively spared perisylvian regions, pat-
chy signal change in the bilateral white matter, hypo-
plastic pons, and multiple small cysts in the corpus
callosum (Fig. 2).

2.1. Mutation analysis

DNA was extracted from peripheral blood leukocytes
obtained from the patient and her parents using stan-
dard methods, and after obtaining informed consent
from the parents. We performed a mutation screening
of for all coding exons and flanking introns of GPR56
using the high-resolution melt analysis (HRM) or capil-
lary sequencing. PCR samples showing an aberrant
melting curve pattern were sequenced. PCR primers
and conditions are available on request.

Mutation analysis revealed a compound heterozy-
gous mutation in exon 2 ofGPR56, (c.107G>A and
c.113G>A), (which presumably leads to amino acid
changes), (p.S36N and p.R38Q, respectively) in the
extracellular N-terminus of the protein. Her father was
heterozygous for the p.S36N mutation, and her mother
carried the p.R38Q mutation, which indicates an auto-
somal recessive inheritance (Fig. 3). Both changes were
not found in one individual among 80 Japanese
controls.

3. Discussion

BFPP is an autosomal recessive polymicrogyria syn-
drome, which was frequently underdiagnosed before
genetic testing and high-resolution neuroimaging were
available.
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Fig. 1. Electroencephalography (EEG) finding. Generalized bursts of sharp waves (arrow head) and slow spike-wave discharges (arrows) with

anterior predominance were seen during sleep.
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Fig. 2. Neuroimaging. Axial T2WI (A) and FLAIR (B) images demonstrate bilaterally symmetric thick cortex and irregular gyri compatible to
polymicrogyria with anterior to posterior gradient (arrows) and, patchy high signals on both T2WI and FLAIR in the frontal subcortical white
matter. Note the less involved insular cortex (arrow heads). Sagittal TIWI (C) shows flat pontine basis (arrow heads) and small cystic lesions in the
corpus callosum (arrows). Sagittal TIWI (D) shows bilateral polymicrogyria with anterior to posterior gradient (arrows), in contrast with relatively

spared perisylvian region (arrow heads).
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Fig. 3. Mutation analysis. Sequence chromatograms showing segre-
gation of the compound heterozygous c.107G>A and c. 113G>A
mutations in GPR56 in the patient and her parents.

Piao, et al. [2] reported that the clinical phenotype of
BFPP patients harboring GPR56 mutations show con-
siderable clinical homogeneity. This included five com-
mon clinical features and three typical MRI findings:
(1) mental retardation of moderate to severe degree;
(2) motor development delay; (3) seizures, most com-
monly symptomatic generalized epilepsy; (4) cerebellar

signs, consisting of ataxia; (5) dysconjugate gaze, pre-
senting variably as esotropia, nystagmus, exotropia, or
strabismus; (6) bilateral polymicrogyria with anterior
to posterior gradient; (7) bilateral patchy-white-matter
signal changes without specific pattern; and (8) brain
stem and cerebellar hypoplasia [1]. Thus, according to
this description, our patient demonstrates the cardinal
features of BFPP. Polymicrogyria typically has a predi-
lection for the perisylvian cortex [9]. Our patient, how-
ever, shows less involvement of the perisylvian cortex,
compared to the other regions where lesions were
observed. Frontoparietal distribution of polymicrogyria
is the most common feature of BFPP, but some patients
show extensive distribution throughout the entire brain,
as was observed with our patient [5,10]. Although other
previous reports do not describe perisylvian cortex find-
ings in detail, less involvement of perisylvian cortex
might be a feature of BFPP caused by a GPRS56
mutation.

Epilepsy is a common clinical problem in patients
with BFPP caused by GPR56 mutations [1,5-8,10]. Sim-
ilar to our patient, four affected individuals from three
families with BFPP caused by GPR56 mutations had
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Lennox—Gastaut syndrome [6]. Lennox—Gastaut syn-
drome manifestations can occur among patients with
BFPP caused by GPR56 mutations.

Our patient had a compound heterozygous mutation
of GPR56 (p.S36N and p.R38Q), whereas other patients
with BFPP have homozygous mutations of GPR56
[1,2,5-8]. Both mutations are located in the ligand bind-
ing domain within the extracellular N-terminus of the
protein, as was observed in the nine previously reported
ligand binding domain mutations [1,2,5,6,8]. A homozy-
gous p.R38Q mutation never has been reported with
BFPP [1]. Moreover, a detailed analysis of the biochem-
ical modifications by GPR56 revealed that the disease-
associated GPR56 missense mutations in the tip of the
N-terminal domain (p.R38Q) produced proteins with
reduced intracellular trafficking and poor cell surface
expression [11]. Similar to p.R38Q, p.S36N is another
substitution and a novel mutation that locates a ligand
binding domain within the extracellular N-terminus of
the protein. Compound heterozygosity of these two
mutations in the ligand binding domain could impair
the subcellular trafficking of the GPR56 receptor, and
reduce its cell surface expression, leading to BFPP.
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ABSTRACT

INTRODUCTION: Postinfectious peripheral neuropathy can be associated with various viral or bacterial infections.
Group A beta-hemolytic Streptococcus infection can lead to neurological disorders, which involve predominantly
the central nervous system, whereas peripheral neuropathy during childhood is rare. PATIENT DESCRIPTION: We
describe a 12-year-old boy who presented with peripheral polyneuropathy associated with Group A beta-
hemolytic Streptococcus infection. Anti-GM1 IgM was significantly elevated in his serum during the acute phase,
which suggested that it was related with the pathophysiology in this patient. CONCLUSION: Group A beta-hemolytic
Streptococcus infection may cause peripheral neuropathy via the autoimmune system and glycolipids.

Keywords: peripheral polyneuropathy, childhood, GABHS infection, antiglycolipids antibody

Introduction

Group A beta-hemolytic Streptococcus (GABHS) infection
has diverse subsequent complications. Central nervous
system (CNS) signs occasionally follow GABHS infection,"”
whereas peripheral neuropathy related to GABHS infec-
tion during childhood has rarely been reported.”

Antiglycolipid antibodies play a crucial role in the path-
omechanism of immune-mediated peripheral neuropa-
thies. The IgG subtype is considered one of the main causes
of these neuropatbi»es,4 whereas the IgM subtype has been
reported in some.”"

Here we describe a child with peripheral polyneuropathy
related to GABHS infection with elevated serum IgM anti-
GM1 antibody. It appears that GABHS infection caused
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autoimmune-mediated peripheral polyneuropathy via

antiglycolipid antibodies.

Patient Description

This 12-year-old boy was referred for pain and tremor in his ex-
tremities. He had two febrile episodes, at an interval of 3 days, in which
the fever disappeared within 1 day without treatment. Five days later, an
additional febrile episode occurred with static and intention tremors of
both arms. After this episode, he began to experience severe pain in all
four extremities which was exaggerated by minimal touch. His mental
state was altered, i.e., he became emotionally labile and tended to
become excited and to begin crying easily. Four weeks after the onset of
signs, he was admitted to our hospital.

On admission, there was a rash on both cheeks but no exanthema on
other body surfaces. He was alert and conscious other than the mental
changes described previously. His deep tendon reflexes were increased
bilaterally, and mild muscle weakness was observed in the distal ex-
tremities. He had static and intention tremors of the extremities, pre-
dominantly on the left side; his hands and feet were pale and swollen
with hyperhidrosis; and allodynia was observed predominantly at the
distal extremities. His resting heart rate was accelerated at 110-120 bpm,
but no arrhythmia or cardiac dysfunction was detected. Antinuclear,
anti—double-stranded DNA, anti—single-stranded DNA, and anti—Jo-1
antibodies were negative. The serum creatine kinase level was within the



442 N. Ishikawa et al. / Pediatric Neurology 51 (2014) 441—443

normal range. Although the anticytomegalovirus, Epstein-Barr virus, and
antimycoplasma antibody titers did not suggest any recent infections,
the antistreptolysin O (294 IU/mL [reference range, <199]) and anti-
streptokinase (x 10,240 [reference range, <2560]) levels were markedly
elevated, suggesting a recent GABHS infection. On serum antiglycolipids
antibodies analysis, the IgM anti-GM1 antibody activity was elevated
significantly (++; corrected optical density, 0.421). Examination of the
cerebrospinal fluid did not reveal any specific findings, such as protein-
cell dissociation, and head and spine magnetic resonance imaging did
not reveal any lesions. A nerve conduction study did not reveal an
evoked potential from sensory nerves, but there was a mild velocity
decrease (26.7 m/second for the peroneal nerve and 37.4 m/second for
the median nerve) and a compound muscle action potential decrease
(0.35 mV for the peroneal nerve and 2.4 mV for the tibial nerve) in
conjunction with temporal dispersion in the motor nerves. This suggests
that a sensory-dominant sensorimotor polyneuropathy was present
(Table). Consequently, a diagnosis of peripheral polyneuropathy associ-
ated with GABHS was made.

Oral prednisolone was initiated at 1 mg/kg/day and then reduced by
5 mg/1-2 weeks in conjunction with IV immunoglobulin therapy (1 g/kg/
day) for three consecutive days. Gabapentin was administered to decrease
the disproportionate pain and clarithromycin as antibiotic treatment for
GABHS. The boy's emotional state, continuous pain, and allodynia
improved 1 week after initiating treatment. Although a spiking fever
persisted for 10 days and interstitial pneumonia was observed on
computed tomography 3 weeks later, the blood examination and micro-
biological assay did not identify any causative abnormalities. The fever and
interstitial pneumonia disappeared without specific therapy, and there
was no recurrence. Three months after initiating treatment, the patient’s
signs improved and he returned to his normal school life. At that time, the
antistreptolysin O and antistreptokinase titers were markedly reduced to
90 IU/mL and <1280, respectively. Five months later, the prednisolone was
discontinued without symptom recurrence.

Discussion

Acute peripheral polyneuropathy during childhood
commonly occurs as Guillain-Barré syndrome, which is
differentiated into acute inflammatory demyelinating pol-
yneuropathy, acute motor axonal neuropathy, and acute
motor and sensory axonal polyneuropathy.’ In our patient,
sensory nerves were predominantly involved and the
muscle weakness was mild, with no decrease in the deep
tendon reflexes, which led to a diagnosis of sensory-
dominant sensorimotor polyneuropathy. The electrophysi-
ological study revealed severe axonal damage combined
with demyelination. Diverse antiglycolipids antibodies play

TABLE.
Nerve Conduction Study

crucial roles in the pathophysiology of peripheral neurop-
athies. In this child, anti-GM1 IgM antibodies were signifi-
cantly elevated, whereas all other antibodies were negative.
The autoimmune process in Guillain-Barré patients is
mediated by IgG subtype antiglycolipids antibodies,’
whereas IgM subtypes contribute to other peripheral neu-
ropathies.”® GM1 is highly expressed in the axonal mem-
branes of motor nerves and on the surface of Schwann
cells.” Binding of GM1 antibodies to the axolemma at the
nodes of Ranvier and Schwann cells might cause comple-
ment activation and ultimately disrupt sodium channel
clusters, resulting in characteristic nerve conduction ab-
normalities such as nerve conduction slowing or block or
decreased compound muscle action potential.”'’ Although
IgM anti-GM antibody is detected in multifocal motor
neuropathy,” this child presented with sensory-dominant
sensorimotor polyneuropathy, which revealed that IgM
anti-GM1 antibody can contribute to sensory nerve neu-
ropathy. A low IgM anti-GM1 antibody titer is present in
normal adults,’' whereas the markedly high level in our
case suggests that this antibody affected his disease.

Our patient is unique because a GABHS infection was
well-documented. There are rare reports of peripheral
neuropathy related to streptococcal infection, although
subsequent CNS involvement is occasionally described."” In
this child, there was no direct evidence that the strepto-
coccal infection caused the peripheral neuropathy, but the
timing of the marked elevation of GABHS-related antibodies
clearly corresponds to the onset of his disease. Therefore,
we speculate that GABHS contributed to the onset of the
peripheral neuropathy in this child. Systemic autoimmune
pathology might also have led to the skin rash and altered
mental status in this patient. Sydenham chorea is a well-
recognized CNS complication of rheumatic fever. Most pa-
tients with Sydenham chorea exhibit behavioral change,
such as emotional lability, distractibility, and anger, in
addition to chorea.'” It is assumed that there is specific and
pathogenic autoimmune process affecting basal ganglia.'”
Other involuntary movements also occasionally follow a
GABHS infection.'” Our patient presented with a tremor,
which might have been related to the GABHS infection.

This child’s findings suggest that GABHS infections can
cause a peripheral polyneuropathies via IgM anti-GM1

Nerve Stimulated Stimulation Site Segment Amplitude (mV) Conduction Velocity F-wave Mean
(Left Side) (m/second) Latency (ms)
Median (M) Elbow Wrist-elbow 6.3 374

Wrist 28
Ulnar (M) Elbow Wrist-Elbow 7.5 56.6

Wrist 233
Peroneal (M) Head of fibula Ankle-head of fibula 0.35 26.7
Tibial (M) Popliteal Ankle-popliteal 24 42.7

Ankle 45.9
Median (S) Elbow Wrist-elbow Not evoked Not evoked

Axilla Elbow-axilla Not evoked Not evoked
Ulnar (S) Elbow Wrist-elbow Not evoked Not evoked

Axilla Elbow-axilla Not evoked Not evoked

Abbreviations:
M = Motor nerve
S = Sensory nerve
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antibody. Additional patients should be studied to deter-
mine the full manifestations of autoimmune-mediated pe-
ripheral polyneuropathy that occur during childhood.

The authors declare no potential conflicts of interest with respect to the authorship
or publication of this article. The authors received no financial support for the
research and authorship of this article.
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Purpose: Recently, it was found that chronic inflammation contributes to the pathomechanism of diverse
chronic diseases in various organs. There is accumulating evidence that inflammatory processes affect
the pathophysiology of epilepsy. We investigated inflammatory markers to determine the chronic
inflammatory process underlying the pathophysiology of intractable epilepsy presenting with frequent
motor seizures in children.
Method: In total, 29 patients with epilepsy and 15 children as control subjects were enrolled. Patients

. were divided into the DS (daily generalized motor seizures) and the IS (intermittent seizures) groups.
Intractable epilepsy X T R . .
Generalized motor seizure Blood levels of serum high-sensitivity C-reactive protein (hs-CRP), plasma pentraxin 3 (PTX3), serum
IL6 tumor necrosis factor (TNF)-, interleukin (IL)-6, and IL-31 were evaluated in all participants.
PTX3 Results: Hs-CRP levels were significantly higher in the DS group (0.149 + 0.161 mg/dL) than in either the
Chronic inflammation IS or control group (0.0156 & 0.0136 and 0.0253 £ 0.0288 mg/dL, p < 0.005 and p < 0.05, respectively),
while there was no significant difference between the IS and control groups. The IL-6 level was also
significantly higher in the DS group (8.022 + 0.161 pg/mL) than in either the IS or the control group
(7.783 £ 0.0563 and 7.864 + 0.072 pg/mL; p < 0.005 and p < 0.05, respectively). There were no significant
differences in PTX3, TNF-a, or IL-1(3 levels.
Conclusion: Our results suggest that daily generalized motor seizures result in elevated IL-6 levels,
leading to increased CRP. A systemic inflammatory response in intractable patients with frequent
generalized motor seizures may affect their prognosis. We may need therapeutic strategies, including
methods to control the inflammatory process, to treat intractable epilepsy.

© 2014 British Epilepsy Association. Published by Elsevier Ltd. All rights reserved.

Keywords:
High-sensitivity CRP

1. Introduction: Recently, accumulating evidence from experimental models

and human studies has suggested that the pathophysiology of

Chronic inflammatory processes have been shown to play crucial
roles in diverse chronic diseases, such as cardiovascular, respiratory,
renal, and neurological diseases, in addition to the traditionally
recognized ‘inflammatory’ diseases.!”” High-sensitivity C-reactive
protein (hs-CRP) is a useful biomarker to detect chronic, subtle
inflammation, which is not detected by conventional CRP values.?®
Pentraxin 3 (PTX3), a member of the pentraxin protein family, has
been identified recently as a ‘new’ inflammatory marker. PTX3 is
elevated mainly in cardiovascular diseases, although its elevation in
some other chronic diseases has also been reported.'®'2

* Corresponding author at: Department of Pediatrics, Hiroshima University
Graduate School of Biomedical Sciences, Kasumi 1-2-3, Minami-ku, Hiroshima
734-8551, Japan. Tel.: +81 82 257 5212; fax: +81 82 257 5214.

E-mail address: ishikan@hiroshima-u.ac.jp (N. Ishikawa).
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epilepsy also involves inflammatory process(es).'>~'> In previous
studies, diverse cytokines have been evaluated in certain types of
epilepsy,'®?! while there have been few reports regarding other
inflammatory markers. CRP levels were higher in partial second-
arily generalized tonic-clonic seizures than in other types of
partial seizures. There was a trend toward increased CRP
concentrations in patients with recent tonic-clonic seizures and
secondarily generalized seizures compared with control sub-
jects.2? PTX3 has been suggested to be synthesized in the brain
after seizures and to exert a protective role against seizure-induced
neurodegeneration.??

Intractable, frequent seizures at an early stage may be harmful
in the brain development due to interference with developmental
programs.?*?> Intractable, frequent seizures at an early stage may
be harmful in the brain development due to interference with
developmental programs.2627

1059-1311/© 2014 British Epilepsy Association. Published by Elsevier Ltd. All rights reserved.
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We hypothesized that chronic inflammatory process(es)
underlie the pathophysiology of intractable epilepsy presenting
with frequent seizures in children. We considered that daily
frequent motor seizures may cause more inflammation than do
less frequent seizures. Thus, we investigated inflammatory
markers, including hs-CRP, PTX3, tumor necrosis factor (TNF)-c,
interleukin (IL)-6, and IL-B1, in the blood of patients with daily
frequent seizures, particularly generalized motor seizures, com-
pared with those with less frequent seizures and control subjects.

2. Materials and methods
2.1. Patients and controls

From June 2013 to February 2014, 29 patients with epilepsy
(14 boys, 15 girls) and 15 children (7 boys, 8 girls) as control
subjects were enrolled. The control group consisted of patients
from Hiroshima University Hospital without epilepsy, fever, acute
illness, or any other immune-mediated disorders. Epilepsy
patients were diagnosed based on medical history and electro-

clinical (seizure semiology and EEG/video-EEG) and neuroimaging .

findings. They were divided into two groups: those who had daily
generalized motor seizures (epileptic spasms, tonic seizures,
secondarily generalized tonic-clonic seizures, and myoclonic
seizures) and those who had intermittent (less than daily) seizures.

Patients in the daily seizure (DS) group (n=12; 7 boys, 5 girls)
had more than three seizures/day and those in the intermittent
seizures (IS) group (n = 17; 7 boys, 10 girls) had less than one seizure/
month. All patients in the DS group were monitored using a video-
electroencephalogram (EEG) monitoring system for more than 24 h,
and their seizure types and frequencies were confirmed by epilepsy
specialists with clinical information. Video-EEG monitoring was
performed using 21 scalp electrodes, which were placed according
to the international “1-20" system, with electromyogram (EMG)
sensors placed on the bilateral deltoid muscles.

The mean ages of the children in the DS, IS, and control groups
were 4.54 + 3.00, 6.44 + 3.41, and 5.49 + 4.37 years, respectively. No
statistically significant differences in age, gender, body mass index, or
treatment duration were observed among the three groups (Table 1,
all p > 0.05). No patient in the DS or IS group had undergone any
immune-related treatments, such as adrenocorticotropic hormone
(ACTH), glucocorticoid, or immunoglobulin therapies, for at least
6 months before blood sampling.

This study was approved by the Hiroshima University
Institutional Review Board. Written informed consent was
obtained from the parents of each child.

2.2. Determination of serum hs-CRP, plasma PTX3, serum TNF-o,, IL-6,
and IL-13 levels

Serum and plasma samples were collected from the children
who had no symptoms of infectious or inflammatory diseases.
Peripheral venous blood was withdrawn from each subject and

Table 1
Clinical characteristics of children in DS, IS, and control groups.

DS group IS group Control group
Age (years) 4544263 6.4+25 5.49+3.61 ‘p=0.511
Sex (male/subjects) 7/12 7/17 7/15 "p=0.692
Body mass index 14.46£3.44 15.7242.17 15.734£3.15 p=0.4658
Duration (years)  3.86+£248 3.09+1.86 N/A “'p=0.476
Numbers of AEDs ~ 2.58+0.49 1.47+0.61 NJA "'p=0.000421

DS; daily seizures, IS; intermittent seizures, AEDs; antiepileptic drugs.
" Kruskal-Wallis test.
™ Fisher's exact test.
™" Mann-Whitney U test, N/A; not applicable.

centrifuged (2000 x g, 20 min); serum or plasma was then isolated
and stored at —80 °C for analysis within 6 h after collection. hs-
CRP, PTX3, TNF-c, IL-6, and IL-1{3 concentrations were determined
using commercially available kits. Hs-CRP concentrations were
measured using a nephelometry method (N-Latex CRP II, Siemens
Healthcare Diagnostics, Erlangen, Germany). PTX3 and TNF-a
concentrations were each determined using quantitative sandwich
enzyme immunoassay methods (Pentraxin 3 Quantikine for PTX3
and Quanti Glo Human TNF-a Chemiluminescent Immunoassay
2nd generation for TNF-a; R&D Systems, Minneapolis, MN, USA).
IL-6 and IL-13 concentrations were measured by fluorescent bead-
based immunoassays (Novex Singleplex Luminex Assay, Life
Technologies, Carlsbad, CA, USA) based on the Luminex system
(Luminex, Austin, TX, USA). All analyses were performed according
to the manufacturers’ instructions.

2.3. Statistical analyses

Data are shown as means =+ standard deviation (SD), unless
stated otherwise. Statistical analyses were performed using the
statistical package ‘R’ (ver. 3.2.2; available at http://www.r-projec-
t.org). Numerical variables were compared using the Mann-Whitney
U-test. A p value <0.05 was considered to indicate statistical
significance. To examine differences between independent groups,
the Kruskal-Wallis test and Fisher's exact test were used for
categorical outcomes.

3. Results (Fig. 1)

Hs-CRP levels were significantly higher in the DS group
(0.149 £ 0.161 mg/dL) than the IS and control groups
(0.0156 £ 0.0136 and 0.0253 4 0.0288 mg/dL; p < 0.005 and <0.05,
respectively), whereas there was no significant difference between
the IS and control groups. IL-6 levels were also significantly higher in
the DS group (8.022 4 0.161 pg/mL) than either the IS or control
group (7.783 £ 0.0563 and 7.864 + 0.072 pg/mL; p < 0.005 and <
0.05, respectively). The number of antiepileptic drugs (AEDs) used
was significantly higher in the DS than IS group (2.583 vs. 1.471;
p < 0.001). The PTX3 level was 0.72 4 0.482 ng/mL in the DS group,
0.774 £ 0.463 ng/mL in the IS group, and 0.993 + 0.539 ng/mL in the
control group. Although the PTX3 level tended to be higher in the
control group, no statistically significant difference was detected
among the three groups. The TNF-a level was 1.245 + 1.049 pg/mLin
the DS group, 0.6724+0.537pg/mL in the IS group, and
1.267 #+ 1.084 pg/mL in the control group. The TNF-o level also
tended to be higher in the control group, but no statistically
significant difference was detected among the groups. The IL-1f3
level was 15.663 =+ 0.0654 pg/mL in the DS group, 15.628 + 0.037 pg/
mL in the IS group, and 15.634 £+ 0.0331 pg/mL in the control group.
There were no statistically significant differences among the groups.

4. Discussion

Experimental evidence indicates significant roles for inflam-
matory and immune mediators in the initiation of seizures and
epileptogenesis.’>~2® In particular, cytokines including IL-18, IL-6,
and TNF-q, and Toll-like receptor 4 have been shown to contribute
to seizure generation and epileptogenesis.?®?° In addition to
experimental studies using animal models, human clinical studies
have demonstrated alterations in the levels of IL-6 in samples from
patients with epilepsy.'® However, there are few data regarding
TNF-« in patients with epilepsy, although seizures can induce the
expression of TNF-o mRNA in the brains of animal models.?®
Experimental seizures were associated with post-ictal increases in
IL-1B in the CNS, while no observable differences in IL-183
concentrations after seizure were demonstrated.'®?%3° Qur results
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Fig. 1. Levels of inflammatory markers in the DS, IS, and control groups. The centerlines indicate medians, boxes indicate 25th-75th percentiles, and whiskers indicate the
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were similar to these previous findings. A rapid and transient post-
ictal increase was seen in IL-6, which peaked at 12 h and remained
elevated at 24 h.1%17-20 The reason a significant increase in IL-6 was

degradation/turnover.

observed in the DS group may be because the multiple generalized
motor seizures each day sustained the production of IL-6 before its
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CRP, a member of the short pentraxins, is an established
inflammatory marker produced by hepatocytes in response to
inflammatory cytokines, such as IL-1, IL-6, and TNF-«, or to other
stimulations.'®3! Measurement of hs-CRP levels has recently been
recognized as a method to detect chronic inflammation in patients
with cardiovascular diseases,'?3? stroke,” renal disease,>®> and
neurodegeneration diseases.>** PTX3 is a member of the long
pentraxins produced in peripheral tissues and monocytic phago-
cytes in response to IL-1, TNF-c, and Toll-like receptor ligands.>®

In this study, we showed that hs-CRP levels in patients with
daily generalized motor seizures were significantly higher than
those in other epilepsy patients or control subjects. These results
may indicate that frequent motor seizures can cause chronic
inflammation. Alapirtti et al*2. suggested that secondarily gener-
alized tonic-clonic seizures stimulated CRP even though other
partial seizures did not. Peltola et al.?' reported a significant
correlation between plasma IL-6 and CRP concentrations in
patients with recent tonic-clonic seizures. Our results suggest
that daily generalized motor seizures provoked elevation of IL-6,
leading to increased CRP levels.

Previous reports have shown that PTX3 is synthesized in the
brain after seizures and may exert a protective role against seizure-
induced neurodegeneration.?> However, while plasma PTX3 has
also been recognized as a biomarker of cardiovascular, renal
disease, and systemic autoimmune diseases,' 3639 there is little
information about its role as a plasma biomarker in patients with
epilepsy. Although plasma PTX3 is useful for detecting vascular
inflammation,*® it may not be sensitive enough to provide
inflammation about neuronal cells. We found no significant
difference in PTX3 levels among the three groups. These results
suggested that daily generalized motor seizures did not raise
plasma PTX3 levels; however, there may be PTX3 production
within the central nervous system.

It has been reported that AEDs may affect inflammatory
markers. One study that examined markers for atherosclerosis risk
in 195 epilepsy patients treated with AEDs showed higher CRP
levels compared with controls.*' Valproate is associated with
lower CRP.*? Significantly lower CRP values have been shown to
associate with the use of lamotrigine and levetiracetam, and a
trend for higher CRP values has been reported for patients on
phenytoin and carbamazepine.** Long-term use of AEDs generally
may result in low-grade systemic inflammation and increased
oxidative stress.*! In this study, there was no significant difference
in treatment duration between the DS and IS groups. The number
of AEDs used in the DS group was significantly greater than that in
the IS group due to the refractory clinical course of the DS group.
Yuen et al.*? demonstrated no significant relationship between the
number of AEDs taken and CRP. Thus, the higher levels of CRP in the
DS group may be attributable to the frequent daily generalized
motor seizures.

This study has certain limitations. Although the participants
presented with no obvious inflammatory symptoms, CRP
concentrations may fluctuate slightly over time with unnotice-
able, subtle conditions, which may affect the validity of CRP
levels.

Librizzi et al.* reported that seizures initiate brain inflamma-
tion in glia and promote blood-brain barrier damage indepen-
dently of leukocytes or blood-borne inflammatory molecules, and
brain inflammation can contribute to the duration and recurrence
of seizures. In this study, we did not evaluate the intracellular
conditions of neuronal cells. Systemic inflammatory responses in
the intractable patients may have affected their prognoses. The
impact of systemic inflammatory responses on generalized motor
seizures in pediatric patients with epilepsy needs to be evaluated.
The possible utility of anti-epileptic and anti-epileptogenesis
therapies that target inflammation has been reported.?’> To treat

intractable epilepsy, we may have to consider therapeutic
strategies, including ways to control the inflammatory process too.
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Abstract

Background: Kawasaki dlsease (KD) is a systemic vasculitis of unknown etiology. The innate immune system is involved in
its pathophysiology at the acute phase. We have recently establlshed a novel murine model of KD coronary arteritis by oral
administration of a synthetic microbe-associated molecular pattern (MAMP). On the hypothesis that specific MAMPs exist in
KD sera, we have searched them to identify KD- -specific molecules and to assess the pathogene5|s

Methods: We performed I|qU|d chromatography—mass spectrometry (LC-MS) analysns ‘of fractionated serum samples from
117 patients with KD and 106 controls. Microbiological and LC-MS evaluation of biofilm samples were also performed.

Results: KD samples elicited proinflammatory cytokine responses from human coronary artery endothelial cells (HCAECs). By
LC-MS analysis of KD serum samples collected at 3 different periods, we detected a variety of KD-specific molecules in the
lipophilic fractions that showed distinct m/z and MS/MS fragmentation patterns in each cluster. Serum KD-specific
molecules showed m/z and MS/MS fragmentation patterns almost identical to those of MAMPs obtained from the biofilms
formed in vitro (common MAMPs from Bacillus cereus, Yersinia pseudotuberculosis and Staphylococcus aureus) at the 1% study
period, and from the biofilms formed in vivo (common MAMPs from Bacillus cereus, Bacillus subtilis/Bacillus cereus/Yersinia
pseudotuberculosis and Staphylococcus aureus) at the 2™ and 3" periods. The biofilm extracts from Bacillus cereus, Bacillus
subtilis, Yersinia pseudotuberculosis and Staphylococcus aureus also induced proinflammatory cytokines by HCAECs. By the
experiments with IgG afflmty chromatography, some of these serum KD-specific molecules bound to IgG.

Conclusions: We herein conclude that serum KD-specific molecules were mostly derived from biofilms and possessed
molecular structures common to MAMPs from Bacillus cereus, Bacillus subtilis, Yersinia pseudotuberculosis and Staphylococcus
aureus. Discovery of these KD-specific molecules might offer novel insight into the diagnosis and management of KD as well
as its pathogenesis.
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Introduction . infectious agent, because of its characteristics of the symptoms, age
distribution, seasonality, occurrence of community outbreaks and
epidemic cycles. On the other hand, no consistently recoverable
agents, lack of person-to-person transmission or a common

The etiology of Kawasaki disease (KD) remains unknown,
however, KD has long been considered to be caused by an

PLOS ONE | www.plosone.org 1 November 2014 | Volume 9 | Issue 11 | e113054
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contagious source, and paucity of case clusters in families, schools
or nurseries are supportive of a non-infectious cause for KD [1-3].
Temporal clustering and marked seasonality in KD occurrence in
Japan, Hawaii and San Diego also suggest a wind-borne
environmental trigger for this disease [4].

KD is also characterized by marked elevations of serum levels of
proinflammatory cytokines and chemokines [2] and the activation
of the innate immune system [5-7]. We have established a novel
murine model of KD coronary arteritis by oral administration of
FK565, which functions as a synthetic microbe-associated
molecular pattern (MAMP) and a ligand to one of the innate
immune receptors, nucleotide-binding oligomerization domain-
containing protein (NOD) 1 [8]. In this report, we performed
liquid chromatography-mass spectrometry (LC-MS) analysis of
KD sera to find out KD-specific molecules and demonstrated that
serum KD-specific molecules were closely linked to MAMPs in the
biofilms.

Materials and Methods

Study subjects

All patients enrolled in this study were admitted to Kyushu
University Hospital, Fukuoka Children’s Hospital and Medical
Genter for Infectious Diseases, Kawasaki Medical School Hospital
or Kurashiki Central Hospital between June 2010 and March
2014. The study subjects consisted of 117 patients with KD
(median age, 21 months; range 3-96 months; male/female, 65/
52), 101 controls with other febrile illnesses (DC: median age, 16
months; range 0~121 months; male/female, 61/40), and 5 normal
controls (NC: median age, 6 months; range 3-39 months; male/
female, 1/4). A diagnosis of KD was made according to the
Diagnostic Guidelines of KD [9]. The Ethical Committee of
Kyushu University approved the study. Written informed consent
was obtained from all guardians. The 1* study subjects (samples
were collected mostly between July 2011 and February 2012)
consisted of 43 patients with KD, 41 controls with DC (respiratory
syncytial virus infection: n =4, influenza A virus infection: 7 =7,
adenovirus infection: n =2, exanthema subitum: n =5, varicella:
n =2, bacteremia: n =2, pneumonia: 1n =6, tonsillitis: n=1,
lymphadenitis: n=35, cellulitis: n=1, urinary tract infection:
n=1, gastritis: n=>5), and 5 NC. The 2™ (mostly between May
2012 and July 2018) and 3" (mostly between November 2013 and
March 2014) study subjects consisted of 41 KD patients and 30
DC controls (respiratory syncytial virus infection: n = 8, influenza
A virus infection: n =4, adenovirus infection: 7 =2, exanthema
subitum: n =2, herpetic stomatitis: # =1, pneumonia: n =25,
bronchitis: 7 =2, upper respiratory infection: n =1, tonsillitis:
n =2, deep neck abscess: 7 =1, acute otitis media: n =1, urinary
tract infection: 7= 1), and 33 KD patients and 30 DC controls
(respiratory syncytial virus infection: 7 =8, influenza A virus
infection: n =1, adenovirus infection: n =1, pneumonia: n=6,
bronchitis: 7 =1, upper respiratory infection: n =4, tonsillitis:
7n=2, lymphadenitis: #=1, sinusitis: n =1, acute otitis media:
7= 1, urinary tract infection: 7 = 2, gastritis: 2 = 2), respectively.

Sample collection

Blood samples were collected at the time of routine examina-
tions before and after high-dose intravenous immunoglobulin
(IVIG) therapy, and after resolution of symptoms. The sera were
separated by centrifugation and stored at ~30°C until the analysis.

PLOS ONE | www.plosone.org

KD-Specific Molecules in the Sera Are Linked to MAMPs in the Biofilms

1400 - =

1200 l f
1000 .
800 -
600 -

400

IL-8 production (pg/mL)

200

KD DC NC KD DC NC KD DC NC
Whole Lipophilic fraction Hydrophilic fraction

Figure 1. Whole and fractionated serum samples from KD
patients induce cytokine production in HCAECs. The production
of IL-8 by HCAECs was measured in triplicate after 24-hour stimulation
with whole sera or lipophilic and hydrophilic fractions from KD patients
(n=6), DC controls (n=5; pneumonia; n =2, influenza A virus infection;
n=1, adenovirus infection; n=1 and urinary tract infection; n=1), or NC
subjects (n=5). Lipophilic and hydrophilic fractions were separated by
ethyl acetate extraction. The bottom and top edges of the box plot
correspond to the 25th and 75th percentiles, respectively. The
horizontal line inside the box represents the median of the distribution,
The whiskers indicate the 10th and 90th percentiles. **P<0.01; ***pP<
0.001 (Welch's t-test).

doi:10.1371/journal.pone.0113054.g001

Routine bacterial cultures were performed with throat, tongue,
nasal and rectal swabs. Biofilms from teeth, tongue, nasal cavity, or
rectum (stool) were collected by cotton swabs or interdental
brushes (for teeth). These swabs or brushes were suspended in
double distilled water (ddH,O) immediately and stored at —30°C
until the analysis. Simultaneous collection of biofilm and serum
samples was performed at 2™ (n = 12, mostly October-December,
2012) and 3™ (n=11, mostly January-February, 2014) study
periods.

Lipid extraction

Serum samples or other specimens were separated into
lipophilic and hydrophilic fractions by Folch method [10] or ethyl
acetate extraction [11,12]. As for Folch method [10], 100 uL of
serum was acidified to pH5 with acetic acid and mixed with 2:1
chloroform-methanol mixture (v/v) to a final volume 300 pL. The
mixture was shaken and centrifuged at 3000 rpm for 10 minutes,
and the bottom lipophilic layer and upper hydrophilic layer were
collected and evaporated. The lipophilic pellet was dissolved in
5 uL of chloroform, 5 pL of dimethyl sulfoxide (DMSO), and
40 pL of ddHO and hydrophilic pellet was in 50 pL of ddH,O.
As for ethyl acetate extraction [11,12], 100 pL of serum was mixed
with the same volume of ethyl acetate. After centrifugation, the
upper lipophilic layer including the interface and the bottom
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Figure 2. LC-MS chromatograms and MS/MS fragmentation patterns of serum KD-specific molecules at the 1** study period. A-E:
Each left upper panel: LC-MS chromatograms of KD-specific molecules (A: m/z 1531.8, B: m/z 1414.3, C: m/z 790.9, D: m/z 779.8, and E: m/z 695.0),
Each left lower panel: LC-MS chromatograms of biofilm extracts (or initial cuiture supernatants) from Y. pseudotuberculosis and S. aureus (A) and B.
cereus (B-E). U: Total ion current chromatograms, M: Extracted-ion chromatograms at m/z 1500-1600 (A), m/z 1400-1500 (B), m/z 700-800 (C and D),
and m/z 600-700 (E), L: Extracted-ion chromatograms at m/z 1531.8 (A), m/z 1414.3 (B), m/z 790.9 (C), m/z 779.8 (D), and m/z 695.0 (E). Arrows
indicate peaks of target molecules. Each right upper panel: MS/MS fragmentation patterns of KD-specific molecules (A: m/z 1531.8, B: m/z 1414.3, C:
m/z 790.9, D: m/z 779.8, and E: m/z 695.0), Each right lower panel: MS/MS fragmentation patterns of biofilm extracts (or initial culture supernatants)
from Y. pseudotuberculosis and S. aureus (A) and B. cereus (B-E). As for the molecule at m/z 779.8, cellobiose lipid shows a MS/MS fragmentation
pattern similar to that of KD sera (D, right lowest panel). The intensity is shown by relative abundance. F: The detection rates of each molecule in NC
(N=5), DC (N=41) or KD (N=43) sera are shown. Twenty-one (48.8%) of 43 are positive at m/z 1531.8 (a), 13 (30.2%) of 43 at m/z 1414.3 (b), 17
(39.5%) of 43 at m/z 790.9 (c), 4 (9.3%) of 43 at m/z 779.8 (d) and 15 (34.9%) of 43 at m/z 695.0 (e) when the intensity above 1x10 is considered to be

significant. The overall detection rate was 76.7% (33 of 43). P<0.0001 (a, b, c and e); P=0.0364 (d) (Fisher's exact test).

doi:10.1371/journal.pone.0113054.g002

hydrophilic layer were transferred, evaporated, and dissolved in
50 pL of 20% methanol (lipophilic layers), and in 100 pL ddH,O
(hydrophilic layers) for cell stimulation, respectively. Since the
human coronary artery endothelial cell (HCAEC)-stimulatory
activities of KD serum samples were not stable after extraction
with Folch method, we used ethyl acetate instead of chloroform.
For LC-MS, Iipophilic fractions were dissolved in 100% methanol.
Other samples were also mixed with the same volumes of ethyl
acetate, and centrifuged. Upper lipophilic layers including
interfaces were collected, evaporated and dissolved in 100%
methanol. To each sample, dibutyl hydroxytoluene was added at a
final concentration of 1.0% as an antioxidant [13].

Cell stimulation

HCAECG:s (purchased from Lonza and no mycoplasma contam-
ination) were cultured in EBM-2 medium with EGM-2MV
(Lonza) in a 5% COq incubator at 37°C. These cells, between
passages 5 and 7, were suspended and seeded into 75 cm? flask.
After passage, HCAECs were introduced in a 96 well plate (3 x10°
cells/well). On the following day, the medium was changed and
the supernatants were collected for assay 24 hours after stimula-
tion.

Cytokine assay

The concentrations of IL-8, IL-6, IL-13, TNF-o, IL-12p70, and
IL-10 in culture supernatants were measured by EC800 cell
analyzer (Sony Corporation) with a BD Cytometric Bead Array
human inflammation kit (BD Biosciences) [8]. We performed the
experiments at least 3 times.

LC- MS analysis

Samples were analyzed by high performance liquid chroma-
tography (HPLC, Agilent 1200 HPLC instrument, Agilent
Technologies) on Dionex Acclaim surfactant column (3 um,
120A, 2.1x150 mm, DIONEX) and MS (Esquire 6000 electro-
spray ionization: ESI, Bruker Daltonics). The mobile phases were
Hy0O with 0.1% formic acid (eluent A) and acetonitril with 0.1%
formic acid (eluent B). They were delivered at a flow rate of
0.2 ml/min and the column was operated at 25°C. The gradient
was as follows: 0-3 min. 20% B, 3-12 min. 20-100% B, 12—
70 min. 100% B. The injection volume to the system was fixed at
10 wl. The column eluent was connected to MS. The ESI-MS"
spectrum conditions were optimized in the negative-ion mode with
the conditions as follows: nebulizer gas, 30.0 psi; drying gas, flow 8

PLOS ONE | www.plosone.org

I/min; dry temperature 330°C; high voltage (HV) capillary,
4500 V; HV end plate offset, —500 V; target ion trap, 30000; scan
range 100-3000 m/z. The width for targeted precursor ions was
set at 4 m/z.

Biofilm extraction from glass slides

After removing the medium, the culture tube and glass slides
were washed once with PBS and vortexed in the presence of ethyl
acetate. The ethyl acetate was transferred and evaporated, and the

pellet was dissolved in 100% methanol. Details were described in
Text S1 in File SI.

1gG affinity chromatography

Columns used included human polyclonal IgG-conjugated
Sepharose 6 Fast (GE Healthcare Life Science), human IgG
F(ab’), fragment-conjugated agarose (ROCKLAND), human IgG
Fc fragment full length protein (Abcam)-coupled to cyanogen-
bromide (CNBr) Sepharose 4B (GE Healthcare Life Science),
mouse monoclonal IgG against a specific antigen (Myc-tag)-
conjugated agarose (MBL), rabbit monoclonal IgG against a
specific antigen (Phospho-Met (T'yr1234/1235) (D26) XP)-conju-
gated sepharose (Cell Signaling), and inactivated CNBr Sepharose
4B (GE Healthcare Life Science). Coupling to and inactivation of
CNBr Sepharose 4B were performed according to the manufac-
turer’s instructions. Each column was washed once with 10
volumes of PBS with 0.05% Tween20, and twice with 20 volumes
of PBS. Biofilms extracts dissolved in PBS with 20% methanol or
sera without dilution were applied to a column. After incubation
for 30-60 minutes, the mixture was centrifuged and washed twice
with PBS. Elution was performed with ethyl acetate. The ethyl
acetate elutes were evaporated and the pellets were dissolved in
100% methanol. Inactivated CNBr Sepharose 4B was used as a
control column. We performed the experiments at least 3 times.

Statistics

Data were analyzed by Welch’s ¢-test and Fisher’s exact test
using a statistical software, JMP version 8.0 (SAS Institute), and P-
values of <0.05 were considered to be statistically significant.

Results

Activation of HCAECs by KD sera in vitro

Since NOD!1 ligand directly activates endothelial cells [8] and
the expression of endothelial activation antigens was detected in
KD skin biopsy specimens [14], HCAECs were employed for the
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Table 1. The detection rates of serum KD-specific MAMPs at each study.

1** KD study serum MAMPs 2" KD study serum MAMPs 3" KD study serum MAMPs

% positive (positive number) % positive (positive number) % positive (positive number)

76.7" (33) 34.9" (15) 7.0" (3)

0.0 (0) 0.0 (0) 54(2) 0.0 (0) 16.2 (6) SBA period 16.7 (2) 16.7 (2) 3334 50.0 (6) 0.0 (0) 0.0 (0) 0.0 (0)

16.2" (6) SBA period: 83.3" (10)

3 KD study Pre 0.0 (0) 0.0 (0) 0.0 (0)
n=33 .

Post 0.0 (0) 0.0 (0) L1000

Pre & Post: 0.0 (0)

At the 2™ and 3" studies, both in vivo biofilms and serum samples were simultaneously collected. In vivo biofilms samples were searched for MAMPs common to those in serum samples by LC-MS and MS/MS analyses. SBA:
simultaneous biofilm analysis, *: overall % positive (overall positive numbers). DC samples at the 1% (1=41), 2" (n=30) and 3™ (n=30) study periods were all negative for all KD MAMPs. The detection rates of KD-specific serum
MAMPs between KD samples (n=43) and DC samples (n=41) at the 1** study showed statistically significant differences at m/z 1531.8, m/z 1414.3, m/z 790.9, m/z 695.0, and overall (P<<0.0001), but not at m/z 779.8 (P=0.1164) by
Fisher's exact test. The detection rates between SBA period KD samples (n=12) and DC samples (n=30) at the 2" study showed statistically significant differences at m/z 906.8 (P=0.0044), m/z 695.0 (P=0.0002) and overall (P<
0.0001), but not at m/z 11714 (P=0.0767) and m/z 1169.4 (P=0.0767). The detection rates between SBA period KD samples (n=11) and DC samples (n=30) at the 3™ study showed statistically significant differences at all 3
molecules and overall (P<0.0001). ‘

doi:10.1371/journal.pone.0113054.t001
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Figure 3. KD in vivo biofilms contain MAMPs common to serum KD-specific molecules (2" study period). Extensive search for common
molecules in the in vivo biofilms and sera from KD patients or DC controls revealed that 4 KD-specific molecules (m/z 1171.4, 1169.4, 906.8, and 695.0)
showed similar MS/MS fragmentation patterns between the two in KD patients (Table S3 in File S1). A: The molecule at m/z 1171.4 was common in
KD serum and biofilm extracts from teeth, tongue, or nose. B: The molecule at m/z 1169.4 was common in KD serum and stool biofilm extracts. C: The
molecule at m/z 906.8 was common in KD serum and teeth biofilm extracts. D: The molecule at m/z 695.0 was common in KD serum and tongue

biofilm extracts and in vitro biofilm extracts from B. cereus.
doi:10.1371/journal.pone.0113054.g003

search of such molecules as MAMPs in KD sera. KD samples
induced significantly higher IL-8 production than DC and NC
samples in whole sera. After separation into the lipophilic and
hydrophilic fractions with ethyl acetate, KD samples elicited
higher IL-8 production in each fraction (Figure 1). Similar results
were obtained regarding IL-6 production. IL-6 and IL-8 levels in
most of the tested sera from KD patients were under detection
limits or negligible (data not shown). These results suggested that
sera from KD patients contained molecules that stimulated
HCAECGs to produce IL-8 and IL-6. NODI-stimulatory activity
was also examined in whole and fractionated serum samples from
KD, DC and NG, as described in Text S1 in File S1. However, no
NODI activity was detected in any of these samples (data not
shown).

Serum KD-specific molecules common to MAMPs from
the in vitro biofilms

We explored serum KD-specific molecules in the lipophilic and
hydrophilic fractions by LC-MS analysis, and found numerous
KD-specific molecules in the lipophilic fractions in 10 KD patients
of the 1™ study period (data not shown). It has been reported that
Yersinia (Y.) pseudotuberculosis-infected children sometimes de-
velop KD [15,16]. Morcover, Bacillus (B.) cereus and B. subtilis
were 2 major spore-forming bacteria isolated from KD patients
(Table S1 in File S1), which might work as possible wind-borne
environmental triggers for KD [4]. Therefore, to find out the
MAMPs identical to serum KD-specific molecules, we initially
analyzed culture supernatants (later biofilms) of Y. pseudotubercu-
losis, B. cereus and B. subtilis from KD patients by LC-MS. Five
KD-specific molecules at m/z 1531.8, 1414.3, 790.9, 779.8, and
695.0 showed the m/z and MS/MS fragmentation patterns almost
identical to those of the MAMPs from Y. pseudotuberculosis and B.
cereus (Figure 2 and Figure S1 in File S1). The 5 serum KD-
specific molecules were detected with 100% specificity and 9.3%—
48.8% sensitivity. At least one of the 5 KD-specific molecules was
detected in 33 (76.7%) out of 43 patients at the 1* study period
(Figure 2, Table 1). All serum KD-specific molecules decreased
after IVIG treatment (Figure S1F in File S1). By comparison with
5 authentic microbial glycolipids, only one molecule at m/z 779.8
showed a MS/MS fragmentation pattern similar to that of
cellobiose lipid (Figure 2D).

As these microbes ceased production of these MAMPs after 1 or
2 passages, we investigated the optimal culture conditions
(medium, temperature, duration, shaking, nutrition and biofilm
formation) for the production of these MAMPs. We found that
they produced these MAMPs reproducibly in the biofilm-forming
conditions in the presence of lipid, especially butter (Figure S2 in
File S1). We thus examined the culture supernatants and biofilm
extracts from all the spore-forming microbes isolated from KD
patients as well as additional microbes by LCG-MS and MS/MS

PLOS ONE | www.plosone.org

analyses. In addition to the 3 bacteria mentioned above, almost all
KD-specific molecules were detected not in the culture superna-
tants but in the biofilm extracts. Although a KD-specific molecule
at m/z 1531.8 was detected in biofilm extracts from several
bacteria (Table S2 in File Sl), Y. pseudotuberculosis and
Staphylococcus (S.) aureus were isolated from KD patients. In
addition, B. cereus-associated MAMPs were detected in the sera of
KD patients from whom B. cereus was actually isolated (Figure 2,
Figure S1 in File S1 and Table S1 in File S1).

Serum KD-specific molecules common to MAMPs from
the in vivo biofilms '

Although numerous KD-specific molecules were present in the
lipid extracts from KD serum samples of the 2™ study period, the
5 KD-specific MAMPs observed at the 1* study period were no
longer detected in the tested 10 samples. As the number of
oligosaccharides, and the length, position, degree of saturation and
configuration of the hydrophobic moieties in microbial glycolipids
are known to change according to the environmental conditions
and microbial origins [17,18], we examined lipid extracts from the
i vivo biofilms in respective KD patients by LC-MS analysis. We
detected 4 serum KD-specific molecules with MS/MS fragmen-
tation patterns similar to one (m/z 695.0) of the 5 MAMPs at the
1** study period and 3 additional ones in the biofilms formed in
vivo (teeth, tongue, nose and stool), respectively, in 10 (83.3%) out
of 12 KD patients (Table S3 in File S1, Figure 3, Table 1). By the
analysis of 20 microbial biofilm extracts and 5 authentic
glycolipids, only one molecule at m/z 695.0 in tongue biofilms
showed a MS/MS fragmentation pattern similar to that of a
MAMP of B. cereus (Table S2 in File S1). ‘

At the 3™ study period, we examined tecth and tongue biofilms
and found 3 distinct KD-specific molecules with MS/MS
fragmentation patterns similar to those from the in vivo biofilms
in the respective KD patients by LC-MS and MS/MS analyses
(Table S4 in File S1, Figure 4). Two of the 3 serum KD-specific
molecules showed the MS/MS fragmentation patterns similar to a
MAMP from S. aureus, and that from B. subtilis, B. cereus or Y.
pseudotuberculosis, respectively. Actually, B. subtilis and S. aureus
were detected from the patients. At least one of the 3 KD-specific
MAMPs was detected in 10 (90.9%) out of 11 KD patients. The
detection rates of KD-specific serum MAMPs at the 1%, 2° and
3™ study periods are shown in Table 1. By LC-MS analysis, all the
106 control samples were negative for the 5, 4 and 3 KD-specific
MAMPs detected at the 1%, 2 and 3™ study periods, respectively.

1gG sepharose binds some serum KD-specific MAMPs

It has been reported that certain microbial glycolipids bound to
various species of IgG [19,20]. Therefore, we checked IgG-
binding activity of KD-specific MAMPs using various kinds of IgG
affinity columns. LC-MS analysis of IgG sepharose-binding
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Figure 4. KD in vivo biofilms contain MAMPs common to serum KD-specific molecules (3" study period). Three serum KD-specific
molecules (m/z 667.4, 619.4 and 409.3) at the 3™ study showed the same m/z with MS/MS fragmentation patterns similar to MAMPs from in vivo
biofilm extracts (Table $4 in File S1) and in vitro bacterial biofilm extracts. A: The molecule at m/z 667.4 was common in KD serum, tongue biofilm
extracts and in vitro biofilm extracts from S. aureus. B: The molecule at m/z 619.4 was common in KD serum, teeth and tongue biofilm extracts, and in
vitro biofilm extracts from B. subtilis, B. cereus and Y. pseudotuberculosis. C: The molecule at m/z 409.3 was common in KD serum, and teeth and

tongue biofilm extracts.
doi:10.1371/journal.pone.0113054.9g004

molecules were conducted on KD and DC samples. Three KD-
specific IgG sepharose-binding molecules were detected in KD
sera of the 1* study period. One (m/z 1414.3) of the 5 serum KD-
specific MAMPs (Figure 5A) and 2 other serum KD-specific
MAMPs (m/z 745.6, 733.2) were detected in the IgG sepharose-
binding fractions. The latter two were minor KD-specific MAMPs
because they were detected in KD serum samples only after IgG
sepharose purification. The MS/MS fragmentation patterns of the
3 molecules were similar to those of biofilm lipid extracts from
B.cereus, while that of a molecule at m/z 733.2 also showed some
similarity to that from Y. pseudotuberculosis (Figure S3 in File S1).
To determine the IgG binding region of KD-specific MAMPs,
polyclonal IgG, monoclonal IgG, F(ab')y, and Fc affinity columns
were employed. Serum KD-specific MAMPs bound to IgG mainly
via Fab non antigen-binding regions (Figure 5B).

Studies on the in vitro biofilm MAMPs from various
microbes

We investigated the stimulatory effects of extracts from culture
supernatants or in vitro biofilms from various microbes on
HCAECGs. The biofilm extracts from B. cereus (9 out of 9 strains),
B. subtilis (2 out of 5), Y. pseudotuberculosis (4 out of 4),
Pseudomonas (P.) aeruginosa and S. aureus robustly induced the
production of IL-8 and/or IL-6 by HCAEGCs, especially when
microbes were cultured in the presence of sterilized butter
~ (Figure 6). Biofilm extracts from B. cereus, B. subtilis, Y.

pseudotuberculosis, P. aeruginosa and S. aureus were further
fractionated by HPLC. In all of these 5 bacteria, HCAEC-
stimulatory activity was observed in the same fractions (Figure 7).
LC-MS analysis revealed that there were no common MAMPs in
the fractions with high HCAEC-stimulatory activity among the
biofilm extracts from Y. pseudotuberculosis, B. cereus, B. subtilis,
S. aureus and P. aeruginosa.

Discussion

The present study showed that serum KD-specific molecules
had distinct m/z and MS/MS fragmentation patterns in each
temporal clustering of outbreaks. These findings are consistent
with the fact that cases in each cluster share similar clinical
features [21].

At the 1* study period, we detected 5 KD-specific molecules in
patients’ sera that were common to MAMPs from #n vitro biofilms
(4 from B. cereus, and 1 from Y. pseudotuberculosis/S. aureus). At
the 2" and 3™ study periods, we detected 4 and 3 serum KD-
specific molecules in patients’ sera, respectively, common to
MAMPs from in vive biofilms (I from B. cereus, 1 from B.
subtilis/B. cereus/Y. pseudotuberculosis, and 1 from S. aureus) in
the respective KD patients. Although Y. pseudotuberculosis is
sometimes involved in KD development [15,16], the detection rate

PLOS ONE | www.plosone.org

of Y. pseudotuberculosis-type MAMPs was low in our study.
Rather, B. cereus-type MAMPs were most frequently associated
with KD, and indeed B. cereus itself was isolated from our
patients. In addition, microbes producing B. subtilis-type and S.
aureus-type MAMPs were also associated with KD.

B. cereus, B. subtilis, Y. pseudotuberculosis, S. aureus, and P.
aeruginosa produced endothelial cell-activating MAMPs only in
the biofilm-forming conditions, mostly in higher amounts in the
presence of butter (Figure 6). Four of the 5 bacteria were isolated
from our KD patients, and P. aeruginosa was associated with KD
development [22] and isolated from the small intestine of KD
patients [23].

The biofilm formation may be found in living tissues including
teeth, tongue, respiratory tract, middle ears, and gastrointestinal
tract [24]. In KD, specific MAMPs were detected in sera as well as
in the in vivo biofilm extracts from various sites by LC-MS
analysis. Several molecules common to both KD patients’ in vivo
biofilms and sera were not present in the in vitro biofilm extracts of
a single microbe, probably because they were products from
polymicrobial biofilms é wvivo [25]. The transition from the
planktonic state to the sessile state in the biofilm induces a radical
change in the gene and protein expression in bacteria. The biofilm
matrix, composed of polysaccharides, proteins, nucleic acids and
lipids, is newly produced and secreted to form the immediate
extracellular environment [26]. Indeed, bacterial biofilm products
were reported to induce a distinct inflammatory response in
human cells compared to their planktonic counterparts [27]. In
our study, not culture supernatants but biofilm extracts induced
cytokine production in human endothelial cells (Figure 6).

Bagillus species including B. cereus and B. subtilis are volatile
spore-forming rods widely distributed in soil and air, and
sometimes induce infections and intoxications [28,29]. The
necessity of the biofilm and a certain environmental condition
might explain why the presence of Bacillus species in control
individuals does not induce KD by itself, and why other types of
Bacillus species infections such as bacteremia and meningitis are
not associated with KD development. In addition, just like KD [2],
there is no person to person transmission in Bacillus species-
associated human discases such as food poisoning [28] and
anthrax [30].

At Jeast some serum KD-specific MAMPs bound to IgG mainly
via Fab non antigen-binding regions, just like other microbial
glycolipids that showed a high binding affinity to human IgG via
Fab constant regions [19,20]. Therefore, it is likely that high-dose
IVIGs work, at least in part, as a scavenger of such MAMPs from
the blood stream, a previously unrecognized mechanism in KD
(31,32].

The main limitations of our study were that the structural
analysis of these KD-specific MAMPs was hampered by the
instability of the lipophilic molecules after purification, and that
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