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Figure 3. Physicochemical stability of various modified QDs in
aqueous buffers. A QD aqueous solution (L0 M) was diluted by
the indicated buffers (QD final concentration 100 nM), and
incubated for 30 min at room temp. The snapshots were captured
using a digital camera with /3 s exposure excited by a 365-nm
wavelength (UV-A). The results were reproduced in three separate
experiments. 1, QD-COOH,; 2, QD-OH/COOH; 3, QD-OH, 4, QD-
NH./OH; 5, QD-NHj +, aggregated; &, partially aggregated; —,
not aggrepated.

cytometry (Figure 5). QDs were introduced into cells by an
endocytotic mechanism by adding culture media,** Cell
death was observed by adding crude QDs. In contrast, low
cell damage and high labeling efficiency were achieved by
adding purified QDs. However, slight cell death was
observed only by purified QD-COOH. This cytotoxicity may
be caused by uptake QDs located in endosomes.™ As surface
molecules were bound to QDs through the electric interaction
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Table 1. DNA-Damaging Effects of the Ingredients and
Impurities of the QD Samples

dose

eompotnd  (ug/mi.)

tail length of 50 nuclei (mm, mcan 1 SE)

2-h treatment,

12-h treatment

MUA 0 23.4 4 1.05 239+ 1.21
25 25.6 1 0.58 2811 1.3¢
50 43.8 £ 2.38° 41.2 £ 3.31°
100 54.6 % 3.2 toxie
200 76.0 £ 3.52¢ toxic
400 B(.3 + 3.184 toxic
cysteamine 1] 23.5 1L 081 2414 1.05
50 2.4 1040 251+ 1.12
100 23.4 £ 0.95 2964172
200 229+ 090 35.4 1 2.89°
400 23.3 £ 0.82 4454+ 2218
thioglycerol 0 235+ 0.81 24.11+1.05
50 24.7+ 1.06 27.0 4 1.65
100 26.0+ 1.28 2474 1.24
200 22.4 4+ O.R3 246+ 099
100 23.4 1098 28.11 184
TOPO u 23.8 £ 041 231+ 1.4
50 249+ 047 22.5 £ 0.56
100 27.141.33 2631181
200 29.6 + 1.92 28.1+ 133
400 32.5 4 143 31.7+131-
ZnS 0 23.8 £ 091 231 +1.04
50 23.7+0.89 241 £ 051
100 2251053 224 +£034
200 24.1 1 0.71 24.11 0.56
400 23.3 +0.54 228 +0.97
“pP < 005

between the sulfhydry] group and QD-covered zinc,” surface
molecules such as MUA may be detached by acidic and
oxidative conditions in endosomes and released into cyto-
plasm.* The fluorescence of QDs was lost by low pH, by
oxidation of the surface structures, or by some intracellular
factors adsorbed onte QDs,!* implying that the advanced
development of the surface modification of QDs needs to
overcome the cytotoxicity. However, this detachment could
be utilized to release valuable materials such as medicines
and genes into cells by cellular oxidative/reductive condi-
tions.

Next, to investigate whether cell death by QDs was carried
out by an apoptotic pathway, we evaluated the genotoxic
potential of QDs by comet assay with WTK1 cells.?"~%
A significant increase in the tail length was observed after
2 h of treatment with QD-COOH at 2 uM (Figure 6a). After
treatment for 12 h, the tail length was equal to that of the
control cells, suggesting that the induced DNA damage was
efficiently tepaired during prolonged incubation. Crude
QD-COOH samples prepared by only membrane filtra-
tion, but not by ultrafiliration, showed stronger DNA
damage than purified QD-COOH (Figure Gb). However,
QD-NH2, QD-OH, QD-OH/COOH, and QD-NH2/OH in-
duced no DNA damage up to a dose of 4 uM for 2 h. To
determine whether the genotoxicity of QDs was caused by
QD particles themselves, three ingredients of the QD samples
(MUA, cysteamine, and thioglycerol) and two possible
impurities (TOPO and ZnS) were also assayed. As shown
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4, Contaminated impurities and ingredients in QD samples suppress the proliferation of cultured cells. Vero cells were plated at
5 x 104 cells on 96-well plates and cultured for 4 h with (a) crude QD and (b) ultrafiltartion-purified QDs in coexisting MTT reageats
(Roche Diagnostics). After incubation, the cells were lysed on the plate, and 595-nm absorbance (reduced hormazan) was measured with
a microplate reader. Data are presented as the mean =+ standard deviation of duplicate samples. Significance was evaluated by the £ test

versus negative control. *, p < 0.05.

in Table 1, treatment with MUA for 12 h caused severe
cytotoxicity at doses greater than 100 ug/mL (approximately
coordinated to 4¢M QD-COOH). DNA damage was ob-
served at doses greater than or equal to 50 gg/mL with 2 h
of treatment. Cysteamine was weakly genotoxic when cells
were treated for 12 h. Thioglycerol was negative in the assay,
suggesting that QD-OH was the least toxic QD among them.
Because TOPO was also found to be a cytotoxic and
genotoxic compound, the complete removal of TOPO from
the QD samples is important in reducing toxicity. These
results provided evidence that some hydrophilic compound-
coated QDs are responsible for the genotoxicity of QD.
Almost all of the DNA damage induced by QD-COOH was
efficiently repaired in the cells because DNA damage
detected by the comet assay did not persist in the cells treated
for 12 h. However, the possibility remains that a few
nonrepaired DNA lesions can result in gene mutations or
chromosome aberrations. These results provided evi-
dence that some hydrophilic compound-coated QDs are

Nano Lett, Vol 4, No. 11, 2004

responsible for the cytotoxicity of QDs. It is an important
factor for designing less-toxic QDs to select hydrophilic
compounds to disselve QDs in water. These results suggested
that the surface treatment of nanocrystals (surface-covered
functional groups and biomolecules covered the surface of
QDs) has specified the biological behavior of whole nano-
crystal QDs.

Nanocrystal QDs have the great potential to be applied to
molecular biclogy and bioimaging because of several
advantages over organic fluorophores. As of now, the
potential toxicity of industrial products is not considered,
whereas the pharmaceutical preparations cannot be com-
mercialized without strictly investigating detrimental effect
to human, resulting in the environmental pollution that was
caused by the leakage of toxic substance from scrapped
industrial products. We the manufacturers must be respon-
sible for characterizing the potential environmental effects
and biological toxicity of novel nanomaterial products for
industrial Jaborers and consumers before products are widely
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Figare 5. Contaminated impurities and ingredients in QD samples induce cell death. Vero cells were plated at 1 x 10° cells on 24-well
plate and incubated for 12 h with crude QDs and ultrafiltration-purified QDs at 2 #M (red linc) and 1 M (blue ling). Then cells were
harvested, stained with propidium iodide, and analyzed by flow cytometry. The x axis indicates the fluorescence intensity of QDs (left
columas) and PI (right columns) on a log scale. The green line shows untreated cells as a negalive control. Results are representative of
three separate experiments.
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Figare 6. DNA-damaging effects of hydrophilic nanccrystalline QDs by comet assay. (a) WTK-1 cells were treated with QD-COOH
(ultrafiltration purified; A, &) or QD-COOH (crude; @, O) for 2 h (open symbols) and 12 h (filled symbols). Then cells were harvested and
embedded in 1% agarose, and electrophoresis was performed at 0 °C for 20 min at 25 V (0.96 V/cm) and approximately 250 mA. After
being stained with ethidium bromide, the length of the whole comet was measured for 50 nuclei for each dose using a fluorescence microscope
(200 x magnification). (b} Cells were treated with QD-COOH (&), QD-NIi; (T0), QD-CH (O), QD-OI/COCH (@), or QD-NH,/OH (W) for
2 h. The difference between the means in the treated and control plates was compared with the Dunnett test after one-way ANOVA. *, p
< 0.05.
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commercialized. In this paper, we revealed that the toxicity
of QDs in biological systems is not dependent on the
nanocrystal particle itself but on the surface molecules. In
the case of QDs, no cytotoxicity was detected from their
ingredients or the QD core itself, suggesting that surface
processing will overcome the toxicity of nanomaterials. Less
cytotoxicity derived from their ingredients or the QD core
itself was observed in QD-OH in vitro. It is expected that
QDs will be applied in the biomedical field for the innovative
investigation, diagnosis, and medical treatment of various
diseases.’”1? When producing nanonieter-sized materials in
the future, it will be vital that the behavior of QDs in the
biological system is not dependent on the chemical properties
of surface-covered molecules but on the nanocrystalline
particle itself. Surface modifications of functional molecules
combined with nanoparticles may work as bionanomachines
conforming to the functions designated by their surface
molecules.

We conclude that the surface treatment of nanocrystals
(surface-covered functional groups and biomolecules cover-
ing the surface of QDs) has specified the biological behavior
of whole nanocrystalline QDs. We hope that the surface
modifications of functional molecules combined with nano-
particles may work as a bionanomachine conforming to the
functions designated by their surface molecules.
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ABSTRACT

The intraperitopeal administration of CAWS (water-soluble extracellular polysaccha-
ride fraction obtained from the culture supematant of Candida albicans) to mice
induces coronaritis similar to Kawasaki disease. We analyzed differences in the
production of cytokines involved in the oceurrence of coronary arteritis among mouse
strains, C3H/HeN, C57BL/6, DBA/2 and CBA/J that were injected with CAWS at
4 mg/mouse for 5 consecutive days in the first week and the fifth week of admin-
istration. The incidence of arteritis was 100% in C57BL/6, C3H/HeN and DBAS2
mice, but only 10% in CBA/J mice. The coronary arteritis observed in DBA/2 mice
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was the most serious, with several mice expiring duning the obscrvation period. The
CAWS-sensitive strains revealed increased levels of IL-6 and IFN-y during the course
of a specific response to CAWS by spleen cells. In contrast, IL-10 levels were
observed to increase markedly in CAWS-resistant CBA/J mice, but not the CAWS-
sensitive strains. However, TNF-a levels were more clevated only in DBA/2 mice.
The difference in disease development and cytokine production strongly suggests that
the genetic background of the immune response to CAWS contributes to the
occurrence of coronary arteritis.

Key Words: Candida albicans; Induction of arteritis; Polysaccharide; DBA/2 mice.

INTRODUCTION

Kawasaki disease, also referred to as acute febrile mucocutaneous lymph nede
syndrome or MCLS, was first reported by Kawasaki in 1967.1"*1 A disease of unknown
cause, it affects mainly children aged 4 and under. The number of patients diagnosed
with Kawasaki disease annually is roughly 10,000. The patients present with systemic
coronary arteritis, and the greatest concern with this symptom is the occurrence of
coronary arteritis or coronaritis, which occurs as a sequela in nearly 10% of all
patients.”"” Moreover, in the case of the formation of giant coronary aneurysms,
complications involving myocardial ischemia and myocardial disorders caused by
vascular occlusion due to thrombus formation may arise. In actuality, sudden death due
to myocardial infarction occurs in several percent of Kawasaki disease patients.
Although the cccurrence of such coronary artery disorders has decreased with the
introduction of y-globulin therapy, the mechanism of their occurrence along with the
pharmacological mechanism of the treatment is unknown."

Murata et al.l®! reported that Kawasaki-disease-like coronary arteritis was induced
specifically at the origin of the coronary arteries in mice administered an alkaline
extract of C. albicans isolated from patients (CADS) with Kawasaki disease. Ishida-
Okawara et al.'®) have demonstrated that mice with coronary arthritis induced with a
CADS injection show an increase in anti-myeloperoxidase (MPQ)-specific anti-neutrophil
cytoplasmic antibody (MPO-ANCA) in their serum. In addition, MPO was identified to
be the antigen to MPO-ANCA using MPO-deficient mice.!”) These findings show the
substances including B-glucan derived from C. albicans might relate to coronary arteritis.

The number of opportunistic infections is on the rise accompanying the
proliferation of highly advanced medical treatment. Candida infections are frequently
observed in patients in high-risk groups.'®"} As the chemotherapeutic agent for
mycoses is completely different from that for bacterial infections, early diagnosis is
critical.'%!*! Since fungal cell wall contains B-glucan as its main component, B-glucan -
is detected in the blood of patients with deep mycoses. Thus, measurement of p-glucan
in the blood is widely used for the early diagnosis of deep mycoses.'*!3} In this
study, we cultured Candida spp. in completely synthetic media, obtained the water-
soluble polysaccharide fraction released into the culture supernatant (Candida albicans
water-soluble fraction or CAWS), and performed various analyses on that fraction. As
a result, CAWS was found to be composed of mannoprotein and a B-glucan complex
and to activate the limulus G factor, to exhibit acute lethal toxicity in the case of
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intravenous administration, and to activate vascular endothelial cells, platelets and
lymphocytes.!'*='8] In addition to CADS, other substances in the soluble fraction may
cause the development of coronary arteritis in mice.

In the present study, the incidence of coronaritis was found to be higher when
CAWS was administered than when the conventional alkaline extract was administered,
and a difference in the incidence was observed among mouse strains. We also analyzed
the correlation of cytokine production in the development of coronary arteritis induced
by CAWS.

MATERIALS AND METHODS
Mice

Male C3H/HeN and DBA/2 mice were purchased from Japan SLC, whereas
male C57BL/6 and CBA/J mice were purchased from Charles River Japan. The mice
were housed in a specific pathogen-free (SPF) environment and were used in the study at
5-14 weeks of age.

Organisms

Candida albicans strain IFOI1385 was purchased from the Institute for
Fermentation, Osaka (IFO), stored at 25°C on Sabauroud’s agar (Difco, USA) and
passaged once every three months.

Preparation of CAWS

CAWS was prepared from C. albicans strain IFO1385 in accordance with
conventional methods.!'®! The procedure used is as follows: 5 L of medium (C-limiting
medium) was added to a glass incubator and cultured for 2 days at 27°C while
supplying air at a rate of 5 L/min and rotating at 400 rpm. Following the culture, an
equal volume of ethanol was added and after the mixture was allowed to stand
overnight, the precipitate was collected. The precipitate was dissolved in 250 mL of
distilled water, ethanol was added and the mixture was allowed to stand overnight. The
precipitate was collected and dried with acetone to obtain CAWS.

Administration Schedule for Induction of Corenary Arteritis

CAWS (0 or 4 mg/mouse) was administered intraperitoneally for 5 consecutive days
to each mouse in week 1. In week 5, CAWS (0 or 4 mg/mouse) was again administered in
the same manner as that in week 1, after which the mice were sacrificed in week 9. The
hearts of the animals were fixed with 10% neutral formalin and prepared in paraffin
blocks. Tissue sections were stained with Hemotoxylin-Eosin (HE) stain. Cells were
prepared from the spleen and cultured. Cells were also prepared from peritoneal exudative
cells (PECs) and from the thymus, and enumerated. Liver weight was measured,
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Preparation of Mouse Serum

The mice were anesthetized with chloroform and then sacrificed after which blood
was drawn from the heart. After the blood samples had been left to stand for 60 minutes
at room temperature and then for 60 minutes at 4°C, they were separated by cen-
trifugation at 15,000 rpm x 10 minute, and the resulting supematant was used as the
serum. All the samples were stored at —25°C or lower.

CAWS-Specific Reaction in the Isolated Spleen Cells

The mice were anesthetized and then sacrificed, after which the spleen was
excised. After teasing using a mesh in RPMI-1640 medium, the tissue was separated by
centrifugation at 1200 rpm x 5 minute, and the resulting cells were treated with ACK-
lysing buffer (NH,CI 8.20 g/L, KHCO; 1 g/L, EDTA2Na 37.2 mg/L). After two
washes with RPMI medium, the spleen cells were counted to adjust the cell density and
then used after being suspended in RPMI medium with 10% FCS (fetal calf serum).
The spleen cells were adjusted to ! x 107 in RPMI 1640 medium containing 10%
FCS and 500 pl aliquots were added to each well of a 48-well plate. Following the
addition of CAWS (0, 2.5, 5 or 10 pg/ml), the cells were culture for 48 hours in a 5%
CO, incubator at 37°C. The cytokine level of the culture supernatant was determined
by Enzyme-Linked Immuno Sorbent Assay (ELISA) as described below.

Measurement of IL-1p, IL-4, IL-10 and IL-12

The IL-1p level was measured using a Mouse IL-1B ELISA Kit (Biosource
International). Levels of II.-4, IL.-10 and I1.-12 were measured using Mouse [L4, IL-10
and IL-12 OpyEIA™ Kits (Pharmingen).

Measurement of 1L-6

An ELISA 96-well plate (Sumitomo Bakelite) was coated with rat anti-mouse IL-6
mAb (Pharmingen) using 0.1 M bicarbonate buffer (pH 9.5) and incubated overnight at
4°C, After a wash with Phosphate buffered saline with 0.05% Tween 20 (PBST), the
antibody was blocked for 40 minutes at 37°C with BPBST. This was followed by the
addition of standard and sample (50 pL}, incubation for 40 minutes at 37°C and washing
with PBST. Fifty microliters of a secondary antibody in the form of biotinylated rat anti-
mouse IL-6 mAb (1/2000; Pharmingen) was then added, and after incubation for 40
minutes at 37°C and a wash with PBST, peroxidase-conjugated streptavidin (1/10000;
Zymed Laboratories, Inc.) was added. This was followed by incubation for 40 minutes at
37°C and washing with PBST. Subsequently, 50 pL of peroxidase substrate (TMB
microwell peroxidase substrate system, KPL. In¢.) was added to generate color, and
absorbance was measured as previously described. Recombinant mouse IL-6 {Pharmin-
gen) was used as the standard.

Measurement of IFN-vy

An ELISA 96-well plate (Sumitomo Bakelite) was coated with rat anti-mouse
[FN-y monoclonal antibody (mAb; Pharmingen) using 0.1 M NaHCO; (pH 8.2) and
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incubated ovemight at 4°C. After a wash with 0.05% Tween-PBS (PBST), the
antibody was blocked for 40 minutes at 37°C with 0.5% BSA (bovine serum albumin)-
PBST (BPBST). This was followed by the addition of standard and sample (50 pL),
incubation for 40 minutes at 37°C and washing with PBST. Fifty microliters of a
secondary antibody in the form of biotinylated rat anti-mouse IFN-y (1/1000;
Pharmingen) was then added, and after incubation for 40 minutes at 37°C and a wash
with PBST, peroxidase-conjugated streptavidin (1/2000; Pharmingen) was added. This
was followed by incubation for 40 minutes at 37°C and washing with PBST.
Subsequently, color was generated using peroxidase substrate (TMB microwell
peroxidase substrate system, KPL Inc.). After termination of the reaction with 1 M
phosphoric acid, absorbance (OD 450/Ref. 630) was measured. Recombinant mouse
IFN-y (Pharmingen) was used as the standard.

Measurement of TNF-o

An ELISA 96-well plate (Nunc) was coated with rat anti-mouse TNF-« mAb
(1/500; Pharmingen) using 0.1 M NaH,PO,~ 0.1 M Na,HPQ, buffer (pH 6.0) and
incubated overnight at 4°C. After a wash with PBST, the antibody was blocked for
60 minutes at room temperature with BPBST. This was followed by the addition of
standard and sample (50 pL), incubation for 3 hours at room temperature and washing
with PBST. Fifty microliters of a secondary antibody in the form of biotinylated rat
anti-mouse TNF-¢¢ mAb (1/1000; Pharmingen) was then added, and after incubation for
60 minutes at room temperature and a wash with PBST, horseradish-peroxidase-
conjugated streptavidin (1/1000; Pharmingen) was added. This was followed by
incubation for 30 minutes at room temperature and washing with PBST. Subsequently,
color was generated and absorbance was measured as previously described. Recombinant
mouse TNF-¢ (Pharmingen) was used as the standard.

Measurement of Anti-CAWS Antibody Titer

An ELISA 96-well plate (Nunc) was coated with CAWS using 0.1 M bicarbonate
buffer (pH 9.5} and incubated overnight at 4°C. After a wash with PBST, the
antibody was blocked for 60 minutes at 37°C with BPBST and again washed with
BPST. A serum sample diluted with BPBST (50 pl) was added, and incubation
continued for another 60 minutes at 37°C. After a wash with PBST, 50 pL of
peroxidase-conjugated goat anti-mouse IgG + IgM Ab (1/5000; Wako) was added and
reaction was allowed to proceed for 60 minutes at 37°C. Color was generated and
absorbance was measured as previously described. Furthermore, color generation was
stopped after 10 minutes.

Measurement of Antibedy Subclass

An ELISA 96-well plate (Nunc) was coated with CAWS using 0.1 M bicarbonate
buffer (pH 9.5) and incubated overnight at 4°C. After a wash with PBST, the antibody
was blocked for 60 minutes at 37°C with BPBST and again washed with PBST. A
serum sample (50 pL) diluted with BPBST was added and incubation continued
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for another 60 minutes at 37°C. After 2 wash with PBST, 50 pL of biotin-conjugated
anti-mouse IgG1 (1/1000)-IgG2a (1/3000)-IgM (1/5000) Ab or peroxidase-conjugated
anti-mouse IgE Ab (1/500) was added and the reaction was allowed to proceed for
60 minutes at 37°C. With respect to the biotin-conjugated antibody, after a wash with
PBST, horseradish-peroxidase-conjugated streptavidin (1/5000; Pharmingen} was added,
and incubation was continued for 60 minutes at 37°C. Color was generated and absorb-
ance measured as previously described. Furthermore, color generation was stopped after
10 minutes.

Test for Significant Difference

Tests for significant differences in this study were performed using Student’s t-test
and values of P<0.05 were judged significant.

RESULTS

Development of Coronary Arteritis Induced
with CAWS and Difference Among Strains

Administration of CAWS induced the devclopment of coronary arteritis (Fig. 1).
The arteritis-inducing activity of CAWS was compared among four mouse strains in
accordance with the method of Murata et. al.l’®) CAWS was dissolved in physiological
saline to a concentration of 4 mg/(.2 mL, administered intraperitoneally to each mouse
for five consecutive days, and again administered for five consecutive days in week 5,
after which the mice were sacrificed in week 9. The tissue sections in the ninth
week were prepared from the origin of the coronary arteries of the coronary aorta
and stained with HE. The coronary arteritis induced by CAWS was accompanied
by hypertrophy of the tunica intima, the rupture of elastic fibers and a diffuse in-
vasion by lymphocytes, histiocytes, fibroblasts, smooth muscle cells and eosinophils of
vascular endothelial cells and the regions surrounding blood vessels (Fig, 1). On the
basis of such characteristics, the coronary arteritis induced by CAWS was presumed
to be the so-called proliferative granulomatous coronary arteritis, and is clearly dif-
ferent from fibrinoid arteritis. Differences in the incidence of coronary arteritis were
observed among the mouse strains. The coronary arteritis was observed in all mice of
the DBA/2, C57BL/6 and C3H/HeN strains. It was observed to cover nearly the entire
periphery of the vessels in DBA/2 mice, and those mice were considered to demon-
strate the most virulent form of coronary arteritis (data not shown). On the other hand,
CBA/] mice exhibited the lowest incidence of coronary arteritis among the four strains
tested (10%), with few sites where coronary arteritis occurred.

Comparison of Survival Rates Among CAWS-Administered Mice

Among the mice administered CAWS according to the coronary arteritis
induction protocol, only DBA/2 mice exhibited high mortality, Therefore, the disease
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CBA/], x 40

Figure I. Histological observations of coronary arteritis. CAWS (4 mg/mouse) was administered
i.p. to DBAf2, C57TBLJ6, C3H/HeN and CBA/J mice for five consecutive days in the 1st and 5th

week. In the 9th week, mice were sacrificed and prepared sections stained with the hematoxylin-
eosin method.
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Figure 2. Survival ratio of CAWS-administered mice. CAWS (4 mg/mouse) was administered
ip. to DBA/2, C3H/HeN and CBA/] mice for five consecutive days in the st and 5th week.
Survival had been observed for ten weeks. (N = 10).

course was examined in DBA/2 mice. DBA/2 mice were confirmed to expire
beginning in the fourth week after the start of administration. The number that
expired gradually increased and by the ninth week when the mice were assessed for
coronary arteritis, the survival rate had dropped to 50%, and ultimately decreased to
30% (Fig. 2).

Tissue sections were prepared from the hearts of expired DBA/2 mice and
observed microscopically using the HE stain. In the DBA/2 mice that expired due to
administration of CAWS (n = 3), prominent neutrophil and histiocyte invasion was
observed, along with the disappearance of striated muscle (Fig. 3A), and in some of the
tissue, fibrosis appeared to occur in addition to cellular invasion (Fig. 3B and C);
namely, the cause of death was suggested to be myocardial infarction. On the basis of
these findings, it was supggested that the most virulent form of coronary arteritis was
induced in DBA/2 mice, which resulted in the occurrence of cardiac ischemia that
ultimately led to myocardial infarction.

Change of Cell Number in Organs on CAWS-Administration

As we observed a high incidence of comory arteritis induced with CAWS in three
strains, the increase in the numbers of immune cells was determtined, along with the
weight of the liver. These measurements were made in mice administered CAWS in
accordance with the coronary arteritis induction protocol. In the spleen, although
splenomegaly was observed in C3H/HeN, DBA/2 and C57BL/6 mice, significant
increases in cell counts were exhibited by only C3H/HeN and DBA/2 mice (Fig. 4A).
There were no changes in the thymus cell count in any mouse strains (Fig. 4B). In the
case of PECs, although the changes were not significant, all strains exhibited an
increase (Fig. 4C). There were no changes in liver weight (Fig. 4D).
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Figure 3. Histological analysis of dead DBA/2 mice administered with CAWS, [A, B, C] CAWS
{4mg/mouse) was administered i.p. to DBA/2 mice for five consecutive days in the 1st and Sth
week. Thereafter, the hearts of dead mice were stained with hematoxylin-eosin.

.Cytokine Production by Spleen Cells of CAWS-Administered
Mice on Stimulation with CAWS

As splenocyte counts in DBA/2 mice were high, we examined the production of
cytokines in response to CAWS. Spleen cells of mice administered CAWS to induce
coronary arteritis were prepared at a concentration of 1 x 107 cells/ml, and cultured for
48 hours in a 5% CO, incubator at 37° for observing cytokine production. Following
the culture, IL-1P, IL-4, IL-6, IL-10, IL-12, IFN-«, and TNF-a levels in the culture
supernatant were measured by ELISA. The strains with severe coronary arteritis, C3H/
HeN, DBA/2 and C57BL/6 mice, showed IL-1B and IL-6 production by spleen cells in
the CAWS -administered group (Fig. 5). In contrast, 11.-10 was significantly produced
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Figure 4. Cell number in peripheral blood and organ weight from CAWS-administered mice.
CAWS (0 or 4mg/mousc) was administered i.p. to DBASR2, C57BL/6, C3H/HeN and CBA/J mice
for five consecutive days in the 1st and 5th week. In the 9th week, the internal organs were
collected from each mouse. Total cell number was counted with a hemocytometer and organ
weight was measured with a analytical balance. The results show the mean + standard deviation
(5.D.). *; P<0.05 compared with the control using Student’s ¢-test. [A]: Spleen, [B): Thymus, [C):
PEC, [D}: Liver.

by spleen cells of the CBA/J mouse, which is the strain resistant to the coronary
arteritis induced by CAWS.

In order to observe CAWS-specific reactions, the spleen cells of mice administered
CAWS were stimulated with CAWS (0, 2.5, 5 or 10 pug/ml) and cultured for 48 hours
in a 5% CO; incubator at 37°C. IFN-y, IL-6 and IL-10 levels correlated well with the
degree of coronary arteritis induced by CAWS (Fig. 6). IFN-y and IL-6 production in
DBA/2 and C57BL/6 mice tended to increase during the CAWS-specific response in
the CAWS groups as compared with the saline groups, but no response was observed in
C3H/HeN and CBA/J mice. IL-10 production was particularly enhanced in CBA/J mice
treated with CAWS and slightly increased in the saline group, but no significant
increase in production was observed even with the administration of CAWS in DBA/S2
and C57BL/6 mice, and only a slight increase in C3H/HeN mice. Levels of other
cytokines were not correlated with the coronary atteritis caused by CAWS. The amount
of IL-4 production was small in all strains, but increased somewhat in CBA/J and C3H/
HeN mice, IL-12 was hardly detected in any of the strains.

Measurement of Anti-CAWS Antibody Titer
Serum was obtainped from mice administered CAWS in accordance with the

coronary arteritis induction protocol, and anti-CAWS antibody in serum was detected
with anti-mouse IgG + IgM Ab. Anti-CAWS antibodies were detected in all of the
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Figure 5. Cytokine production in culture supernatants of splenocytes in vivo from CAWS-
administered mice. CAWS (0 or 4mg/mouse) was administered i.p. to DBA/S2, C57BL/6, CIH/
HeN and CBA/T mice for five consecutive days in the Ist and S5th week. In the 9th week,
splenocytes were collected from each mouse. The splenocytes were cultured for 48 hour at a
density of 1 x 107 cells/ml. The culture supernatants were collected and the level of each cytokine
was measured by ELISA. The data shows one of four (C3H/HeN and CBA/J)), three (DBA/2) or
two (C57BL/6) experiments performed with similar results. The results show the mean + standard

deviation (S.D.).

mice, and the titers were extremely high (Fig. 7). Although the IgM titer varied
depending on the mouse strain, there was no relationship between the IgM and the
incidence of coronary arteritis (Fig. 8). Little IgE was detected in any of the strains.
Conversely, IgG1 was detected at high levels in all the strains. CBA/] mice exhibited
the lowest IgG2a titers.

On the basis of the above results, the antibodies produced in the form of anti-CAWS
antibodies consisted mainly of IgG, followed by IgM. With respect to IgG2a production,
although the titers were low in CBA/J and C57BL/6 mice, as the levels in CBA/J mice
were roughly half those in CS7BL/6 mice, and when considering the results of cytokine
production in the spleen, it is possible that CBA/J mice exhibit Th2 bias.
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Figure 6. Cytokine production in culture supernatants of splenocytes stimulated with CAWS in
vivo from CAWS-administered mice. CAWS (0 or 4mg/mouse) was administered i.p. to DBA/2,
C57BL/6, C3H/HeN and CBA/Y mice for five consecutive days in the 1st and 5th week. In the 9th
week, splenocytes were collected from cach mouse. The splenocytes were cultured with CAWS
(0, 2.5, 5 or 10 pg/ml) for 48 hour at a density of 1 x 107 cells/ml. The culture supernatants were
collected and the level of each cytokine was measured by ELISA. The data shows one of four
(C3H/HeN and CBAYJ), threc (DBA/2) or two (C57BL/6) experiments performed with similar
results. The results show the mean * standard deviation (S.D.). *; P < 0.05 compared with the
control using Student’s #-fest.
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Figure 7. Anti-CAWS antibody in sera from CAWS-administered mice. CAWS (0 or 4mg/
mouse} was administered i.p. to DBA/2, C57BL/6, C3H/HeN and CBA/J mice for five consecutive
days in the Ist and Sth week, In the 9th week, sera were collected from each mouse. Anti-CAWS
antibody was measured by ELISA, Color development was stopped after 10 min.
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Figure 8. Immunoglobulin subclasses of anti-CAWS antibody in sera from CAWS-administered
mice. CAWS (0 or 4mg/mouse) was administered i.p. to DBA/S2, CS7BL/6, C3H/HeN and CBA/
mice for five consecutive days in the 1st and 5th week. In the 9th week, sera were collected from
each mouse. Anti-CAWS immunoglobulin subclasses were measured by ELISA. Color

development was stopped after 10 minute.
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DISCUSSION

Kawasaki disease is a febrile inflammatory disease that presents with systemic
arteritis, and can be fatal particularly in the case of an exacerbation of coronaritis.
When CAWS is administered to mice in accordance with the protocol of Murata
et al,"'¥ a Kawasaki-disease-like angiitis is induced at the origin of the coronary
arteries. In the present study, strain differences were found to exist with respect to the
incidence of the disease induced by CAWS with DBA/2, C3H/HeN and C57BL/6 mice
exhibiting sensitivity and CBA/J mice exhibiting resistance. Moreover, histological
observation of the sites of coronaritis in DBA/2 mice revealed hypertrophy of the
tunica intima and cellular invasion, and the disease occurred with extremely high levels
of severity and frequency. DBA/2 mice developed a much more severe coronary
arteritis than the other strains. In addition, DBA/2 mice exhibited high mortality during
the course of the disease’s induction, and based on findings obtained from histological
examination of the hearts, the cause of death was suspected to be myocardial infarction
attributable to coronary occlusion. Because the difference in sensitivity to CAWS
among the mouse strains examined in this study correlates strongly with the diversity of
prognoses for Kawasaki disease patients,!"®! this model is considered to be effective for
elucidating the cause of coronary arteritis associated with Kawasaki disease, analyzing
the characteristic condition, and developing more effective treatment methods,

Among patients with Kawasaki disease in the acute stage, cytokines, including
IL-1, IL-2, IL-2 receptor, IL-6 and TNF-a, are detected in the serum.°~2) When the
production of cytokines from spleen cells was measured in mice stimulated with
CAWS in vitro, a similar trend was demonstrated by the three strains that were
sensitive to coronary arteritis induction, namely, DBA/2, C3H/HeN and C57BL/6, and
in the case of DBA/2 mice in particular, a prominent CAWS-specific response
involving inflammatory cytokines such as IL.-6, IFN-y and TNF-a, was observed,
indicating the occurrence of an inflammatory immune response, The levels of in-
flammatory cytokines produced were high in DBA/2 mice in particular. On the other
hand, an increased production of IL-10, which exhibits an immunosuppressive action,
was observed in CBA/J mice that exhibited resistance to the occurrence of coronary
arteritis. It is interesting to note that these cytokine production patterns resemble those
observed in Kawasaki disease patients.

However, as there is one report indicating increased production of IL-4 and
IL-10 in patients with Kawasaki disease,’”” dynamics that do not necessarily coincide
with the findings of this study are observed. The discrepancies may be related to the
stage of the disease (acute, subacute or recovery stage), thus indicating the need for
further study of the relationship between cytokine production and the condition of
Kawasaki disease.

Analyses have been conducted on the background genes of various diseases, and in
the case of Kawasaki disease as well, there is a possibility of some form of
involvement by genetic factors.*>?% During the course of research on genes associated
with coronaritis in rodents, numerous analyses have been conducted on the relationship
between arteriosclerosis and hyperlipemia, and the IL-10 gene has been reported to
have a close relationship with the lesions of coronary arteritis.*”-?% ‘This finding also
supports the findings obtained in the present study. In addition, although CBA is a
strain derived from DBA, it is quite interesting that there are large differences in the
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incidences of coronary arteritis and myocarditis induced by CAWS between the two
strains. A survey of the genes involved in mouse coronaritis also suggested the
existence of multiple inductive genes and repressor genes. This is a subject that
requires detailed analysis.

Cn the basis of the above results, the activation of lymphocytes, vascular
endothelial cells and so forth was prominently induced by means of hypercytokinemia
in DBA/Z mice, and the resulting coronaritis promoted the occurrence of chronic
myocardial ischemia, which, as a result, was thought to ultimately lead to death caused
by fibrosis, infarction and cardiac insufficiency. It is hoped that this model will
contribute not only to elucidation of the stage of Kawasaki disease and the associated
coronary arteritis, but also to the improvement and development of treatment methods.
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