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The concentrations of GM-CSF, IL-10, and IL-12p70 were
determined using OptEISA™ kit (PharMingen).

RT-PCR

Total cellular RNA was extracted from the cell suspension
using Isogen (Wako). The RNA fraction was dissolved in 20
pl DEPC-treated water, ¢cDNA was prepared using oligo dT
primer and Moloney murine leukemia virus reverse transcrip-
tase (MMLYV RT) (Promega, Madison, WI). Samples were
stored at 4°C until use. Sample cDNAs were amplified in the
presence of sense primer, antisense primer, and premix in PCR
buffer. PCR was done in a TaKaRa PCR Thermal Cycler MP
for 25 cycles, each cycle consisting of 30 sec denaturation at
94°C, 30 sec annealing at 60°C, and 40 sec extension at 68°C.
Reaction preducts were made visible by electrophoresis of 5 ul
reaction mixture at 100 V for 20 min. in a 1.2 % agarose gel.
The primers used for this study were GAPDH, sense primer
(ss), 5'-CCATCACCATCTTCCAGGAG-3', antisense primer
(aa), 5'-CCTGCTTCACCACCTTCTTG-3'; GM-CSF ss; 5'-GG-
CCTTGGAAGCATGTAGAG-3', aa, 5'-TCCGCTGTCCAA-
GCTGAGT-3".
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Fractionation of spleen cells for cell culture

Splenocytes were removed from mice. The spleen was teased
apart in RPMI 1640 medium, and after centrifugation, the single
cell suspension was treated with ACK-lysing buffer to lyse red
blood cells. After centrifugation, splenocytes were maintained in
RPMI 1640 medium supplemented with 50 pg/ml gentamicin
sulfate and 10% FBS. For preparation of adherent cells, spleen
cell suspensions (1 X 107 cells/ml} were incubated in plastic 24-
well flat-bottorned plates at 37°C for 1.5 h in a humidified 5%
CO,/95% air atmosphere. After incubation, nonadherent cells
were collected, and the plate was washed with RPMI 1640
medium prewarmed at 37°C. After centrifugation, the nonadher-
ent cells were suspended in 10% FBS/RPMI medium and ap-
plied to nylon wool columns (Wako). The column-passed frac-
tion {CPF) was used as the T cell-enriched fraction.

Statistical analysis

The results were expressed as the means * standard devia-
tion (SD). The significance of differences between the means
was measured by Student’s r-test.
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FIG. 1.

Cytokine production by splenocytes stimulated with SCG in C57BL/6 and DBA/2 mice by ELISA. Splenocytes in

C57BL/6 and DBA/2 mice were isolated. Cell suspensions were adjusted to 5 X 10° cells/ml in 10% FBS/RPMI medium and in-
cubated for 48 h in the presence or absence of SCG (100 ug/ml). After incubation, the supernatant was collected. The concen-
trations of (A) IFN-v, (B) IL-6, (C) TNF-a, (D) GM-CSF, (E) IL-10, and (F) IL-12p70 were determined by ELISA. The data
show one of at least three experiments performed, with similar results, each evaluating two mice per group. Values represent the
means *+ SD, Significant difference from control, *p < 0.05, **p < 0.01.
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RESULTS

Effect of SCG on cytokine synthesis in DBA/2 and
C57BL/6 mice

We previously reported that IFN-y production was not in-
duced by SCG in splenocytes derived from inbred strains of
mice except for DBA/L and DBA/2 mice. This suggested that
splenocytes derived from DBA/1 and DBA/2 mice were sensi-
tive to SCG in vitre and released IFN-y by SCG. To clarify the
mechanism responsible for this, cytokines induced by SCG in
splenccytes from DBA/2 mice were screened by the ELISA
system. Splenocytes from DBA/2 or C57BL/6 mice were cul-
tured in the presence or absence of SCG (100 ug/ml) in vitro
to collect the supernatant. The concentrations of IFN-v, IL-6,
TNF-a, GM-CSF, 1L-10, and IL-12p70 were measured. As
shown in Figure 1, in DBA/2 mice, the concentrations of IFN-
v, TNF-w, GM-CSF, and IL-12p70 were significantly in-
creased, but IL-6 and IL-10 production was not induced by
SCG. However, all cytokines measured were not induced by
SCG in splenocytes from C57BL/6 mice.

Next, cytokines induced by SCG in splenocyies from DBA/2
mice were screened by the CBA system. The concentrations of
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TNF-a and IFN-v were significantly higher due to SCG, but
production of IL-5, IL-4, and IL-2 was not induced by SCG
(date not shown). SCG responded to the splenocytes from
DBA/2 mice to induce [FN-vy, TNF-a, GM-CSF, and IL-12p70.
To confirm the effect of SCG on cytokine synthesis in
C57BL/6 mice, splenocytes from C57BL/6 mice were cultured
with SCG (200, 100, 50, 10, 1, or 0 pg/ml) in vitro for 48 h to
collect the supernatant. Cytokines in the supernatant were mea-
sured, and none of cytokines were induced by SCG (data not
shown). In addition, cytokines were not induced by SCG (100
pgfmi)y after 12, 24, 48, or 72 h of culture (data not shown).

Effect of cytokines on SCG-induced cytokine
production in C57BL/G mice

To investigate the key cytokine associated with cytokine syn-
thesis induced by SCG, splenocytes from C57BL/6 mice were
cultured with SCG (100 pg/ml) or lipopolysaccharide (LPS)
{100 ng/ml) in the presence of exogenous cytokines, such as
rMuGM-CSF, rMulFN-y, tMulL-12p70, or rMuTNF-ee (1
ng/ml) in vitro. As shown in Figure 2E, by exogenously adding
rMuGM-CSF to the splenocyte culture system, the concentra-
tions of IFN-y, TNF-a, and IL-12p70 were significantly in-
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FIG. 2. Cytokine production by splenocytes stimulated with SCG in the presence of cytokines in C57BL/6 mice. Splenocytes
in C57BL/6 mice were isolated and cell suspensions were adjusted to 5 X 109 cells/ml in 10% FBS/RPMI medium. (A) Control.
Splenocytes were incubated for 48 h with SCG (100 peg/ml) in the presence of (B) rMulFN-y, (C) tMUTNF-¢, (D) rMulL-12p70,
or {E) tMuGM-CSF (1 ng/ml). After incubation, the supernatant was collected. The concentration of 1IFN-y, TNF-«, IL-12p70,
and GM-CSF in the supernatant was determined by ELISA. The data show one of three experiments performed, with similar re-
sults, each evaluating two mice per group. Values represent the means £ SD. Significant difference from control, *p < 0.05,

*xp < 0.01, ***p < 0.001,
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FIG.3. Dose-response of rMuGM-CSF on cytokine production by splenocytes stimulated with SCG. (A} Splenocytes in C57BL/6
mice were isolated, and cell suspensions were adjusted to 5 X 10% cells/m in 10% FBS/RPMI medium. They were incubated for
48 h with SCG (100 pg/ml} in the presence of tMuGM-CSF (5, 1, 0.1, 0.01, or 0 ng/ml). After incubation, the supernatant was
collected. The concentrations of (A) IFN-y, (B) TNF-a, (C) IL-12p70, and (D) GM-CSF in the supernatant were determined by
ELISA. The data show one of three experiments performed, with similar results, each evaluating two mice per group. Values rep-
resent the means * SD. Significant difference from the control, *p < 0.05, **p << 0.01, ***p < 0.001.

creased due to SCG in C57BL/6 mice. Cytokine production in-
duced by SCG in the presence of GM-CSF was higher than that
induced by LPS. These results suggested that GM-CSF was the
key cytokine. As shown in Figure 2D, the exogenous addition
of IL-12 to the splenocyte culture system augmented IFN-vy in-
duction by SCG as well as LPS. However, IL-12 could not in-
duce TNF-a by SCG under these experimental conditions. The
exogenous addition of IFN-y or TNF-a to the splenocyte cul-
ture system did not produce any effect on induction of the other
cytokines by SCG (Fig. 2B.C).

We next examined dose-responses of GM-CSF in cytokine in-
duction by SCG in C57BL/6 mice. Splenocytes from C57BL/6
mice were cultured with SCG (100 pg/ml) in the presence of
tMuGM-CSF (0, 0.01, 0.1, 1, or 5 ng/ml) in vitro to collect the
supernatant. The concentrations of IFN-y, TNF-a, IL-12p70,
and GM-CSF were increased by SCG in a dose-dependent man-
ner (Fig. 3). The minimum dose of GM-CSF exogenously added
to the culture system on cytokine induction by SCG was 0.1
ng/ml. To confirm that the exogenous addition of GM-CSF en-
hanced the endogenous GM-CSF by SCG, the effect of SCG
on the gene expression of GM-CSF mRNA in the splenocytes
was analyzed by RT-PCR. Splenocytes from C57BL/6 mice
were cultured with SCG (100 pg/ml) in the presence of
MuGM-CSF (1 ng/ml) in vitro for 36 h. Total RNA was pre-

pared by [sogen. Samples of RNA preparation were reverse
transcribed to cDNA and run on PCR using a set of GAPDH
primer to monitor quality and quantity of RNA preparation, Af-
ter approval of the RNA preparation, GM-CSF mRNA expres-
sion was compared. The gene expression was compared by den-
sitometry of the PCR products on each agarose gel. To compare
the quantity of gene expression, different volumes of ¢cDNA
template were run on PCR. As shown in Figure 4, SCG stim-
ulation enhanced expression of GM-CSF in 36 h. These results

saline saline SCG SCG
Template volume 4 1 4 1

om-csF N
GAPDH XXX

FIG. 4. mRNA expression of GM-CSF in the splenocytes
from C57BL/6 mice. Splenocytes in C57BL/6 mice were iso-
lated, and cell suspensions were adjusted to 5 X 10° cells/ml in
109% FBS/RPMI medium. They were incubated for 36 h with
SCG (100 pg/ml) in the presence of IMuGM-CSF (1 ng/ml).
RT-PCR of GAPDH and GM-CSF was performed as described
in Materials and Methods.

— 395 —



GM-CSF REGULATES CYTOKINE INDUCTION BY SCG IN DBA/2 MICE

suggested that GM-CSF elicited SCG-induced IFN-vy, TNF-a,
IL-12p70, and GM-CSF.

Effect of GM-CSF on SCG-induced cytokine
production in DBA/2 mice

We next examined the effect of tMuGM-CSF or anti-GM-
CSF antibody added to the splenocyte culture system in DBA/2
mice. First, splenocytes from C57BL/6 or DBA/2 mice were
cultured with SCG (100 pg/ml) in the presence of tMuGM-
CSF (1 ng/ml) in vitro to collect the supernatant. As shown in
Figure 3, the exogenous addition of GM-CSF in CS7BL/6 mice
synergistically enhanced the induction of other cytokines by
SCG. However, such synergistic effect was not seen in DBA/2
mice, Therefore, the concentration of endogenous GM-CSF was
sufficient to promote the cytokine induction of SCG in DBA/2
mice.

Splenccytes from DBA/2 mice were cultured with SCG (100

g/ml}) in the presence of anti-GM-CSF mAb (0, 0.1, 0.25, or
0.5 pg/ml) in vitre in order to collect the supernatant. Neutral-
izing GM-CSF using anti-GM-CSF mAb significantly inhibited
IFN-v, TNF-r, and IL-12p70 elicited by SCG in a dose-de-
pendent manner (Fig. 6A). However, the addition of high-dose
anti-GM-CSF mAb to the splenocyte culture system in DBA/2
mice had no influence on cytokine induction by LPS (Fig. 6B).
These results confirmed our hypothesis about the importance
of endogenous GM-CSF in the induction of cytokine synthesis
by SCG in DBA/2 mice.
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Effect of GM-CSF on SCG-induced cyviokine
production in various strains of mice

The exogenous addition of GM-CSF to the splenocyte
culture system enhanced cytokine induction by SCG in CS7BL/6
mice. We, therefore, examined the splenocytes from various
strains of mice. Splenocytes from C3H/HeN, C3H/Hel,
BALB/c, C57BL/6, and DBA/2 mice were cultured with SCG
{100 pg/ml) in the presence of rMuGM-CSF (1 ng/ml) in vitro
to collect the supernatant. The induction of IFN-y was not de-
tected or was at an insignificant level after SCG treatment in
almost all strains of mice except for DBA/2 mice (Fig. 7). By
exogenously adding tMuGM-CSF to the splenocyte culture sys-
tem, the concentration of IFN-y significantly increased due to
SCG in splenocytes from all strains. These results suggested
that exogenous or endogenous GM-CSF (or both) is a key re-
action required by splenocytes to respond to SCG-induced cy-
tokines.

Next, to determine whether the GM-CSF expression charac-
teristic in DBA/Z mice is a dominant or recessive trait, we ex-
amined the splenocytes from C37BL/6 X DBA/2 F| hybrid
(BDFI-hybrid) mice. Splenocytes from C57BL/6, BDFI, or
DBA/2 mice were cultured with SCG (100 pg/ml} in the pres-
ence of tMuGM-CSF (1 ng/ml) in vitro to collect the super-
natant, The induction of IFN-y was not detected or was at an
insignificant level after SCG treatment in C57BL/6 and BDFI
mice (Fig. 8). By exogenously adding rMuGM-CSF to the sple-
nocyte culture system, the concentration of IFN-v significantly
increased due to SCG in splenocytes from all strains. These
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FIG. 5. Cytokine production by splenocytes stimu-
lated with SCG in the presence of IMuGM-CSF in
C57BL/6 or DBA/2 mice. Splenocytes in CSTBL/6 or
DBA/2Z mice were isolated, and cell suspensions were
adjusted to 5 X 10% cells/ml in 10% FBS/RPMI
medium, The suspensions were incubated for 48 h
with SCG (100 pg/ml) in the presence or absence of
rMuGM-CSF (1 ng/ml). After incubation, the super-
natant was collected. The concentrations of (A) IFN-
¥, (B) TNF-a, and (C) IL-12p70 in the supernatant
were determined by ELISA. The data show one of
three experiments performed, with similar results,
each evaluating two mice per group. Values represent
the means *+ SD. Significant difference from control,
*p < 0.05, **p < 0.01.
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IFN-vy production by splenocytes stimulated with SCG in the presence of tMuGM-CSF in various strains of mice, Sple-
nocytes in C3H/HeN, C3H/Hel, BALB/¢, C57TBL/6, and DBA/2 mice were isolated, and cell suspensions were adjusted to 5 X
10% cells/ml in 10% FBS/RPMI medium. After incubation for 48 h with SCG (100 pg/ml) in the presence or absence of rMuGM-
CSF (1 ng/ml), the supernatant was collected, and the concentration of [FN-v in the supernatant was determined by ELISA. The
data show one of three experiments performed, with similar results, each evaluating two mice per group. Values represent the

means * SD. Significant difference from control, *p < 0.03, ¥*p < 0.01, ***p < 0.001.
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FIG. 8. IFN-y production by splenocytes stimulated with SCG in the presence of tMuGM-CSF in F, mice. Splenocytes in
CS7BL/6, BDF1, and DBA/2 mice were isolated, and cell suspensions were adjusted to 5 X 108 cells/ml in 10% FBS/RPMI
medium. After incubation for 48 h with SCG (100 gg/ml) in the presence or absence of tMuGM-CSF (1 ng/ml), the supernatant
was collected, and the concentration of [FN-y in the supernatant was determined by ELISA, The data show one of two experi-
ments performed, with similar results, each evaluating three mice per group. Values represent the means = SD. Significant dif-

ference from control, ***p < 0.001.

facts strongly suggest that the susceptibility to SCG is conferred
as a recessive genetic trait present in DBA/2 mice.

Effect of SCG on T cells or other nonadherent
splenocytes in DBA/2 mice

We previously reported that DBA/2 mice contain signifi-
cantly higher titers of antibody to SCG than other inbred naive
mice.!*! To examine if antibody to SCG had an effect on IFN-
¥ induction by SCG in DBA/2 mice, B cell-depleted spleno-
cytes were prepared as follows and tested for [FN-y produc-
tivity. The splenocytes derived from DBA/2 mice were cultured
in vitre for 1.5 h in plastic dishes. B cells were depleted from
nonadherent splenocytes, and T cells were enriched by being
passed through passing nylon wool columns. The whole non-
adherent cells or the CPF was mixed with adherent cells, and
these cells were cultured in the presence or absence of SCG
(100 wg/ml) in vitro. As shown in Figure 9, IFN-y and GM-
CSF were increased by SCG in mixtures of adherent cells and
CPF as well as nonadherent cells. That B cell depletion from
splenocytes had no effect on the induction of IFN-y and GM-
CSF by SCG suggested that B cells and their products may not
be involved in the mechanism of IFN-vy induction by SCG.
These results also suggested that T cells may play an important
role in IFN-¥ induction by SCG. As shown in Figure 9B, GM-
CSF and IFN-y were increased by SCG in adherent cells but
not in nonadherent cells or CPF. However, even in adherent
cells, the level of GM-CSF release was lower than that in co-
existent adherent cells and nonadherent cells or CPF.

The finding that GM-CSF production was significantly in-
creased under the coexistence of adherent cells and T cell en-

riched fraction suggested that cell—cell contact was required
for induction of GM-CSF by SCG to induce IFN-y.

DISCUSSION

We have been working on the relation between structure and
immunomodulating activity of S8-glucans using Grifola fron-
dosa U1 Pesizq vesiculosa, '™ Sclerotinia sclerotiorum 1617
Schizophyllum commune,’® Omphalia lapidescens'® Ganed-
erma lucidum,"® Saccharomyces cerevisiae,®V Candida albi-
cans, @V S, crispa, 37123} and Malassezia furfur,?? We found
that in a preclinical animal study that activity was significantly
dependent on molecular weight, degree of branching, and con-
formation.®®*2% Cancer immunotherapy used for many patients
and enhancement of the quality of life of patients are important
goals of cancer treatment. The establishment of a molecular
mechanism for use in biotherapy is still needed. In a previous
study, we reported that a gel-forming 6-branched 1,3-3-glucan
induced macrophages to produce several mediators, including
the inflammatory cytokines IL-1, IL-6, TNF-a, and NQ.48-10
The activities of B-glucan on other leukocytes and functional
B-glucan receptors on such leukocytes are not clear. Cytokine
induction by S8-glucan from leukocytes derived from normal
mice was low. We recently showed that naive DBA/I and
DBA/2 mice, but not other strains of mice, produced signifi-
cant amounts of IFN-y due to SCG./'% In the present study,
SCG stimulated splenocytes from DBA/2 mice to produce such
cytokines as IFN-y, TNF-e GM-CSF, and IL-12p70 (Fig. !}.
GM-CSF is a key cytokine among them. In fact, neutralizing
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FIG. 9. Cytokine production by splenocytes, mixed adherent, and nonadherent T cells derived from DBA/2 mice. Splenocytes
in DBA/2 mice were isolated, and adherent cells, nonadherent cells, or CPF was prepared. These cells were reconstructed by
mixing. Cell suspensions were incubated for 48 h in the presence or absence of SCG (100 pg/ml). After incubation, the super-
natant was collected. The IFN-y (A) and GM-CSF (B) concentrations in the supernatant were determined by ELISA. The data
show one of four experiments performed, with similar results. Values represent means = SD. Significant difference from con-

trol, *p << 0.05, **p < 0.01, ***p < 0.001,

GM-CSF using anti-GM-CSF mAb significantly inhibited IFN-
v, TNF-a, and IL-12p70 production elicited by SCG (Fig. 6).
The fact that splenocytes from DBA/1 and DBA/2 mice re-
acted strongly with SCG suggested that these cells are sensi-
tive to SCG in vitro. However, studies on the reason for the
high sensitivity to SCG in DBA/2 and DBA/] cells have been
superficial, In this study, the exogenous addition of GM-CSF
to the splenocyte culture system in various strains of mice syn-
ergistically enhanced IFN-y, TNF-a, IL-12p70, and GM-CSF
induction by SCG (Figs. 2E, 3, 4, and 7). Therefore, cells re-
acted with GM-CSF were sensitive to SCG in vitro to produce
cytokines. In contrast, in DBA/2 mice, cells were already acti-
vated (Fig. 5). These results suggested that GM-CSF is a key
molecule for cytokine induction by S-glucan, and GM-CSF in-
duction by SCG is the specific step in DBA/2 mice in vitro.
We previously reported that DBA/2 mice have significantly
higher titers of antibody to SCG than other inbred naive
mice."™ As shown in Figure 9, IFN-y and GM-CSF were in-
creased by SCG in mixtures of adherent splenocytes and B cell-
depleted fractions as well as nonadherent fractions. That B cell

»

Splenocytes GM-CSF

@ @

IFN-y, IL-12p70, TNF-ot, GM-CSF

FIG. 10. Model for the mechanism of cytokine induction by
SCG in DBA/2 mice. In DBA/2 mice, (1) SCG activates the
splenocytes to produce GM-CSF, as a first signal. The result-
ing splenocytes (2} are again stimulated by SCG to produce ad-
ditional cytokines such as IFN-v, TNF-a, IL12p70, and GM-
CSF (3). The increased concentration of GM-CSF (4) further
activates splencoytes to augment whole activation cascades.
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depletion from splenccytes did not affect the induction of IFN-
y and GM-CSF by SCG suggested that B cells and the specific
antibody may not be involved in the mechanism of cytokine in-
duction by SCG. These results also suggested that T cells may
play an impontant role in IFN-y induction by SCG. We also re-
ported previously that IFN-y was induced by SCG in adherent
splenocytes, but IFN-vy production was most significantly in-
creased by SCG in instances involving the coexistence of ad-
herent and nonadherent splenocytes in DBA/2 mice.!'?) Ag
shown in Figure 9, in DBA/2 mice, GM-CSF and IFN-vy were
increased by SCG in adherent cells, but the level of GM-CSF
release was lower than that in coexistent adherent cells and non-
adherent or T cell-enriched fraction. The finding that GM-CSF
production was significantly increased under the coexistence of
adherent and nonadherent cells or a T cell-enriched fraction sug-
gests that cell-cell contact was required for induction of GM-
CSF by SCG to induce IFN-vy. These results suggest that in
DBA/2 mice, SCG activate the splenocytes to produce GM-CSF,
as a first signal. The resulting splenocytes are again stimulated by
SCG to produce additional cytokines such as IFN-y, TNF-a,
IL-12p70, and GM-CSF. The increased concentration of GM-CSF
further activates splenocytes to augment whole activation cascade.
These results suggest that GM-CSF induction by SCG is a key
step and the specific step in DBA/2 mice in vitro (Fig. 10).
Murine leukocytes are activated by endotoxin/bacterial LPS
and produce various cytokines and chemical mediators, such as
TNF-a, IL-1, IL-6, IL-8, NO, and IFN-y. To clarify whether
this response to splenocytes by SCG was an SCG-specific re-
action, we compared the ability of SCG and LPS to induce cy-
tokines in the presence of IMuGM-CSF. Cytokine production
induced by SCG in the presence of GM-CSF was higher than
that induced by LPS in C57BL/6 mice (Fig. 2B). Additionally,
neutralizing GM-CSF using anti-GM-CSF mAb significantly
inhibited cytokines elicited by SCG in DBA/2 mice but had no

influence on cytokine induction by LPS (Fig. 6). Therefore, -

splenocytes modulated by GM-CSF specifically responded to
SCG to produce cytokines, and cytokine induction was not me-
diated by contaminating LPS.

GM-CSF is a 23-kDa glycoprotein known as a hematopoi-
etic growth factor required for the proliferation and survival of
hematopoietic cells committed to granulocytic and macrophage
cell lineages and myeloid leukemic cells.2%-27 It is also re-
quired for the differentiation of these cells into neutrophilic or
eosinophilic granulocytes, macrophages, bone marrow macro-
phages, or dendritic cells (DCs).27-3) GM-CSF increases the
responsiveness of tissue macrophages to M-CSF.2% In addi-
tion to stimulating the production of granulocytes, macro-
phages, and DCs, GM-CSF has a pronounced capacity to in-
crease the function of these cells in a varety of immune
reactions.®?) Its in vive effects include rapid leukocytosis,32
increased numbers of granulocytes and macrophages in tis-
sues,? stimulation of phagocytosis and superoxide production
by neutrophils and macrophages,®% induction of class 1 ma-
jor histocompatibility complex (MHC) expression and uroki-
nase-type plasminogen activator production by monocyte/mac-
rophages,®#* enhancement of granulocyte and monocyte cell
adhesion, 3% augmentation of antigen-presenting function in
macrophages,®” enhancement of production of cytokines by
mononuclear cells,®® and enhancement of chemotaxis of neu-
trophils, monocytes, or DCs by transendothelial migrating
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monocytes.??#" Thus, GM-CSF has the ability to modulate
adherent cell functions. Previously, it was suggested that ad-
herent cells in splenocytes derived from DBA/2 mice were 3-
glucan responsive.('2 Our results suggest that endogenously
produced GM-CSF modulates adherent cells, and the popula-
tion of cells responsible for SCG increases in DBA/2 mice.

The facts that in splenocytes from DBA/2 mice, high
amounts of cytokines are induced by SCG in virro and DBA/2
mice contain significantly higher titers of antibody to SCG than
other inbred naive mice!'3 suggest that DBA/2 mice are highly
sensitive to SCG in a hereditary manner, In this study, the in-
duction of IFN-y was not detected or was at an insignificant
level after SCG treatment, and by exogencusly adding rMuGM-
CSF to the splenocyte culture system, the concentration of IFN-
v significantly increased due to SCG in C57BL/6 X DBA/2 F,-
hybrid (BDF1-hybrid) mice (Fig. 8). Mice from the F| cross
exhibited little to no IFN-y production, indicating that the sus-
ceptibility to SCG is conferred as a recessive genetic trait. Anal-
ysis of the genes controlling the susceptibility to B-glucan-in-
duced IFN-y production could lead to the development of
clinically applicable effective immunotherapy using S-glucan,

The complement receptor type 3 (CR3) is a glucan receptor
of phagocytes.*?) Recently, dectin-11* and toll-like receptors
(TLRs)*445} were reported to be candidates for new glucan re-
ceptors. The induction of cytokines in the presence of GM-CSF
by SCG may lead to the discovery of new glucan receptors or
allow the description of preexisting receptors. Willment et al. 4%
reported that dectin-1 expression and function are enhanced in
GM-CSF-treated macrophages. Therefore, receptors, such as
dectin-1, should be highly expressed on adherent splenocytes
in DBA/2 mice because of endogenously produced GM-CSF,
and splenocytes in DBA/2 mice should be highly responsive to
SCG-induced cytokine production in vitro.
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Peroxynitrite (ONOOQO-) is thought to be involved in the neurodegenerative process. To
sereen for neuroprotective compounds against ONOO~induced cell death, we devel-
oped 96-well based assay procedures for measuring surviving cell numbers under oxi-
dative stress caused by 3-(4-morpholinyl) sydnonimine hydrochloride (SIN-1}, a
generator of ONOO-, and sodium N,N-dietyldithiocarbamate trihydrate {DDC), an
inhibitor of CwZn superoxide (0,7) dismutase. Using these procedures, we obtained a
microbial metabolite that rescued primary neuronal cells from SIN-1-induced dam-
age, but not from DDC-induced damage. By NMR analysis, the compound was identi-
fied as neoechinulin A, an antioxidant compound that suppresses lipid oxidation. We
found that the compound rescues neuronal cells such as primary neuronal cells and
differentiated PC12 cells from damage induced by extracellular ONOO-. However,
non-neuronal cells, undifferentiated PC12 cells and eells of the fibroblast cell line 3Y1
were not rescued. Neoechinulin A has scavenging, neurotrophic factor-like and anti-
apoptotic activities. This compound specifically scavenges ONOO-, but not O, or
nitric oxide (NO). Similar to known neuroprotective substances such as nerve growth
factor and extracts of Gingko biloba leaves, neoechinulin A inhibits the SIN-1-
induced activation of caspase-3-like proteases and increases NADH-dehydrogenase
activity. These results suggest that neoechinulin A might be useful for protecting
against neuronal cell death in neurodegenerative diseases.

Key words: free radical scavengers, neoechinulin A, neuroprotective effect, oxidative

stress, peroxynitrite.

Peroxynitrite (ONQOQ-} is produced from superoxide (0;7)
and nitrie oxide (NO) (1). O; is highly toxic to neurons as
it initiates the chain-reactive production of various reac-
tive oxygen species (ROS) during metabolism; protection
against O, -induced toxicity is critical for neuronal sur-
vival (2, 3). NO has diverse physiological functions (4-7)
and is toxic to neurenal cells (8). NO reacts with Q- in a
diffusion-limited manner to form the more toxic oxidant
ONQO- (1), which induces the death of PC12 cells (9-11)
and cortical neurons (12). In the central nervous system,
ONOO- can be generated by microglial cells activated by
pro-inflammatory cytokines or B-amyloid peptide and by
neurons (13). ONOO- is far more selective than other
strong oxidant and preferentially reacts with thiols (14).
In addition, ONQO- also reacts with tyrosine to yield 3-
nitrotyrosine (15). Increasing levels of nitrotyrosine (16)
are associated with degenerating neurons in the Alzhe-
imer’s disease brain, suggesting pathogenic roles for
ONOO-.

SIN-1 (3-(4-morpholinyl) sydnonimine hydrochloride)
is a vasodilator that spentaneously releases O, and NO
into the medium, thereby producing QNOO- (17, 18). The
compound causes a concentration-dependent increase in
cortical cell injury (19). It has been reported that neuro-

*To whom correspondence should be addressed. Tel: +81-4-7122-
9387, Fax: +81-4-7123-9767, E-mail: takarai@rs.noda.tus.acjp
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trophic factors such as nerve growth factor (NGF) (20},
and free radical scavengers such as uric acid (21) and
manganese {(III) tetrakis (4-carboxyphenyl) porphyrin
(Mn-TBAP) (22), rescue neuronal cells from SIN-1-
induced damage. However, these compounds prevent
oxidative damage caused by various ROS as well as
ONOO- -induced damage.

Copper/zinc superoxide dismutase (Cu/Zn-SOD) is
highly expressed in neurons (23). Thus, an SOD-inhibi-
tor, sodium N,N-dietyldithiocarbamate trihydrate (DDC)
elevates the amounts of intracellular O, and induces oxi-
dative damage through the chelather of Cu?* in the active
site of CwWZn-SOD (24, 25). To obtain compounds that
specifically protect neuronal cells against ONOO~-
induced oxidative damage, we screened microbial metab-
olites that rescue primary neurcnal cells from SIN-1-
induced injury, but not from DDC-induced injury. We
obtained a microbial metabolite that specifically protects
against ONOO-~-induced cell death. In this paper, we
describe the neurcprotective properties of this compound.

MATERIALS AND METHODS

Culture of Fungi and Extraction of Their Metabolite—
Fungi were isolated as described by Inoue et al. (26) and
incubated at room temperature for 21 d. Each culture
was filtered through cheesecloth to remove the mycelia,
and the components were extracted with CH,Cl,. The

@ 2004 The Japanese Biochemical Society.
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organic extract was evaporated in vacuo to yield a crude
extract, which was subjected repeatedly to silica gel col-
umn chromatography using n-hexane—ethyl acetate as
the solvent.

Cell Culture and 96-Well Based Assay Procedures—
Primary neuronal cells were prepared from embryonic
17-d Wister rat brains as described by Suzumura et al.
(27). In brief, the meninges were removed and the brains
were dissociated by adding in Dulbecco’s modified Eagle’s
medium {DMEM) MIXTURE F-12 HAM (Sigma Aldrich
Fine Chemicals, St. Louis, MO, USA) containing 2.85 mg/
m] glucose, 5 pM HEPES, 25 ug/ml insulin, 2 M proges-
terone, 0.1 mM putrescine, 0.03 pM sodium selenite, 0.1
mg/ml apo-transferrin, 100 U/m! penicillin and 100 pg/ml
streptomycin (DF medium).

For screening microbial metabolites, primary neuronal
cells were cultured on poly-D-lysine (PDL) coated 96-well
plastic plates (Becton Dickinson, NJ, USA) at an initial
density of 0.7 x 105 cells/em? in 2% fetal bovine serum
(FBS)-DF medium for 5§ d at 37°C. The cultures were
treated with microbial metabolites for 24 h, and then, cell
death was induced by adding 1 mM SIN-1 (Dojindo,
Kumamoto Japan) or 4 ug/fml DDC (Wako, Osaka, Japan).
After 24 h, and live cells were counted using a Cell
Counting Kit-8 (Dojindo). The kit detects mitochondrial
NADH-dehydrogenase activity in live cells by measuring
the reduction of the tetrazolium monosodium salt, WST-
8. This is a modified MTT assay, and it is known that
the MTT assay is not influenced in the presence of vari-
ous oxidants. Cell number was also measured by the
CyQUANT Cell Proliferation Assay Kit (Molecular
Probes, Eugene, USA), which quantifies the amount of
DNA (28). The chemical structures of the compounds
obtained were determined by NMR analysis.

PC12 cells were incubated in 75-cm? tissue culture
flasks in DMEM (Nissui, Tokyo, Japan) supplemented
with 10% FBS, 5% horse serum (HS), 100 U/ml penicillin,
and 100 pg/ml streptomycin. NGF-differentiated PC12
cells were treated with 100 ng/ml NGF for 5 d. Cells of
the rat fibroblast cell line 3Y1 were cultured in DMEM
containing 10% FBS, 100 U/ml penicillin, and 100 pg/ml
streptomyecin,

To study the protective effects of microbial metabolites
and known scavengers on PC12 cells and 3Y1 cells, cells
were cultured at a initial density of 3.0 x 103 cells/cm?2 in
DMEM supplemented with 10% FBS, 5% HS or DMEM
containing 10% FBS 5 d at 37°C. Cell death induced by
SIN-1 and cell viability were measured as described
above.

All cultures were maintained at 37°C in a humidified
COy-incubator.

Observation of Tyrosine Nitration by Immunofluores-
cence—Primary neuronal cells were cultured for 7 d on
PDL-coated 8-well culture slides (Becton Dickinson). The
cells were fixed with 4% paraformaldehyde in PBS (+)
(phosphate-buffered saline containing 0.9 mM Ca?* and
0.5 mM Mg?) for 1 h, washed three times with PBS (+),
and incubated with 10% FBS-PBS (+) at 4°C for 1 h.
Next, they were incubated with an anti-nitrotyrosine
antibody 1AE (Upstate, VA, USA) in 10% FBS-PBS (+) at
4°C for 1 h. After two washes with PBS (+), the cells were
incubated with fluorescein isothiocyanate (FITC)-conju-
gated goat anti-mouse IgG (H&L) (ICN Pharmaceuticals,

K. Maruyama et al.

Inc. Morgan, Irvine, CA, USA) in 10% FBS-PBS (+) for 1
h. Cell nuclei were stained with 10 ug/m1 of 4',6-diamid-
ino-2-phenylindole (DAPI) (Sigma Aldrich Fine Chemi-
cals) at 37°C for 30 min. The cells were then washed with
PBS (+), and the nuclear DNA was observed under a flu-
orescence microscope IX70 (OLYMPUS, Tokyo, Japan),

Measurement of Scavenging Activity—We measured
ONOO- and O, scavenging activities using the chemilu-
minescent procedure described by Radi ef al. (29) and
Beauchamp and Fridovich (30), respectively. In brief, 400
mM 5-amino-2,3-dihydro-1,4-phthalazinedione (luminol)
(Sigma Aldrich Fine Chemicals) was diluted with 5 mM
NaHCO,, pH 10.5 {(Wako) in Hank’s balanced salt solu-
tion (HBSS) (Invitrogen Corp, Carlsbad, CA, USA) (solu-
tion A). Test compounds were diluted with HBSS (pH 7.0)
(solution B). Solutions A and B and 0.5 mM SIN-1 diluted
with HBSS (pH 7) were mixed, and then ONOO- was
measured using a chemiluminometer (MicroLumat
LB96V; Berthold Technology, Bad Wildbad, Germany) for
20 min. Oy was generated by the xanthine-xanthine oxi-
dase system following the modified method of Beau-
champ and Fridovich (30). Specimens in Tris-HC] buffer
were added to the wells of 96-well plates, each well con-
taining 10 U/ml xanthine oxidase and 2 uM 2-methyl-6-
{p-methoxyphenyl)-3,7-dihydriimidazo-[1,2-a]pyrazin-3-
one (MCLA; Tokyo Kasei Co. Ltd, Tokyo, Japan). To
generate 0,7, 30 pM xanthine was added to each well.
Chemiluminescence intensity was measured with a
chemiluminometer for 10 min. NO scavenging activity
was measured by the fluorometric method of Kojima et
al. (31). The fluorometric detection of NO was carried out
using the NO indicator (NONOQate; Dojindo) and
diaminofluorescein-2 (DAF-2; Daiichi Pure Chemicals
Co. Ltd, Tokyo, Japan). The fluorescence from DAF-2T,
the reaction product of DAF-2 with NQ, was measured as
the fluorescence intensity of DAF-2T using a microplate
fluorescence reader (Packard Instrument Co., Meriden,
USA)} (Ex = 490 nm and Em = 520 nm). Mn-TEAP
(Dojindo), a scavenger of ONOO- and O, and 2-(4-
carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl 3-
oxide (C-PTIO, Dojindo), a scavenger for NO, were used
as controls.

Caspase Activity Assay—We measured caspase-3 activ-
ity according to Zhou ef al. (32). After exposure to ONOO-,
cells were incubated in 50 mM Tris-HCI buffer (pH7.4)
containing 4 mM DTT (Sigma Aldrich Fine Chemicals), 2
mM EDTA, 10% glycerol, 0.1% Triton X-100 and 20 pM
Ac-Asp-Glu-Val-Asp-T-amido-4-methylcoumarine (Sigma
Aldrich Fine Chemicals), a flucrogenic substrate for cas-
pase-3. The activity of caspase-3-like proteases was
determined by measuring the fluorescence intensity of
the cleaved substrate in a microplate fluorescence reader
(Packard Instrument Co., Meriden, USA) (Ex = 360 nm
and Em = 460 nm).

RESULTS

Screening of Microbial Metabolites That Prevent SIN-
I-Induced Neuronal Cell Death—We screened two hun-
dred microbial metabolites and obtained one compound
that rescued primary neuronal cells from SIN-1-induced
death. This compound was identified as neoechinulin A
by NMR analysis. In the presence of SIN-1, the viability
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Fig. 1. Dose-dependent effects of neoechinulin A on neuronal
cells. Primary neuronal cells were seeded at a density of 1.4 x 105
cells/em? After 5 d, cells were incubated with necechinulin A for 24
h, and treated with 1 mM SIN-1 or 4 ug/ml DDC for 24 h. Cell via-
bility was measured using a Cell Counting Kit-8 {means + SD, n =
4). °p < 0.05, "p < 0.01.

of primary neuronal cells was less than 15%. Treatment
with 200 pM neoechinulin A increased cell viability to
more than 60%, while such treatment provided no protec-
tion against cell death induced by DDC (Fig. 1). This indi-
cates that neoechinulin A protects primary neuronal cells
against ONOO~induced death, but not against O,
induced death.

3Y1 cells, a fibroblast cell line, were not rescued from -

SIN-1-induced death by neoechinulin A. To determine
the protective specificity of neoechinulin A, its effect on
NGF-differentiated and undifferentiated PC12 cells was
examined. Neoechinulin A rescued only differentiated
PC12 cells (Fig. 2), suggesting that protective properties
of the compound are specific to neuronal cells. Differenti-
ated PC12 cells were also dose-dependently rescued by
neoechinulin A (Fig. 3.). The results, shown in the
Figures 2 and 3, were confirmed using another cell count-

1409
120- r__] nooechinulin A ¢-)
. neoechinulin A {+)
=100
£
z
T 807
|4
£ ¢
S ol
20

PCl2cells PCIZ erll

Prmary ncwneal cells NGF-dil IV el

Fig. 2. Preventive effect of neoechinulin A against SIN-1
injury. Primary neuronal cells (1.4 x 10° cells/cm?), PC12 cells (3.0
x 103 cells/em?) and 3Y1 cells (3.0 x 10? cells/cm?) were cultured on
PDL-coated 96-well plates for 5 d. After treatment with or without
200 uM neoechinulin A for 24 h, cells were cultured in the presence
of 1 mM SIN-1 for 24 h. Cell viability was determined using a Cell
Counting Kit-8.
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Fig. 3. Dose-dependent effects of neoechinulin A on differen-
tiated PC12 cells. PC12 cells were seeded at a density of 3.0 x 103
cells/em? and treated with 100 ng/ml NGF for days. Differentiated
PC12 cells were incubated with neoechinulin A for 24 h, and treated
with 1 mM SIN-1 for 24 h. Cell viability was measured using a Cell
Counting Kit-8. (means + SD, » = 4) *p < 0.01.

ing kit, the CYQUANT Cell proliferation kit (data not
shown).

Ability of Neoechinulin A to Scavenge ROS Produced
by SIN-1—To study the scavenging activity of neoechinu-
lin A, we examined the nitration of tyrosine residues in
SIN-1-exposed cells by immunostaining with monoclonal
anti-nitrotyrosine antibody 1AE. Tyrosine nitration was
almost completely inhibited by neoechinulin A (Fig. 4),
suggesting that neoechinulin A has ONOOQ- scavenging
activity. This activity was confirmed by the chemilumi-
nescence procedure. The ONOO- scavenging activity of
neoechinulin A is comparable to the activities of Mn-
TBAP and C-PTIO (Fig. 5A). Scavenging either O, or NO
also prevents the generation of ONQO- from SIN-1. Mn-
TBAP and SOD scavenge about 100% and 75%, respec-
tively of O,, while necechinulin A does not scavenge Oy~
{Fig. 5B). The fluorometric procedure using DAF-2
revealed that C-PTIO scavenges about 60% of NO, while
neoechinulin A does not eliminate NO (Table 1). These
results indicate that neoechinulin A specifically scav-
enges ONOO-, but not O,~ and NO.

Neuroprotective Effects of Neoechinulin A in SIN-1-
Induced Oxidative Stress—It has been reported that var-
ious substances, such as anti-apoptotic compounds and
neurotrophic factors, have neuroprotective activities (33,
34). We confirmed the neuroprotective effect of the scav-
engers, C-PTIO and uric acid (Fig. 6A). To examine the
activities of neoechinulin A other than scavenging activ-
ity, differentiated PC12 cells were pretreated with
neocechinulin A, C-PTIO and uric acid for 24 h, and then,
after removal of the compounds, with SIN-1 for 24 h.
Under these conditions, the scavengers did not rescue dif-
ferentiated PC12 cells. As shown in Fig. 6B, neoechinulin
A still had a neuroprotective effect. This result suggests
that neoechinulin A activities other than its scavenging
activity.

Figure 3 shows that the viability of necechinulin A~
treated cells was increased by 120%. In this study, live
cells were counted with a cell counting kit that measures
NADH-dehydrogenase activity as deseribed in “MATERI-
ALS AND METHODS.” Several researchers have reported
that NGF and bFGF increase the mitochondrial NADH-
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dehydrogenase activity of PC12 cells (35, 36). These facts
suggest that necechinulin A activates this enzyme in
PC12 cells. To examine this possibility, we investigated
the effect of neoechinulin A on NADH-dehydrogenase in
differentiated PC12 cells in the absence of SIN-1. NADH-
dehydrogenase activity was normalized to the number of
cells as measured with the assay kit that counts cell
number based on quantification of genomic DNA. A sig-
nificant increase in NADH-dehydrogenase activity was
observed after the addition of necechinulin A (Fig. 7).

ONOO- activates caspase-3 (37, 38). Thus, we exam-
ined the effect of neoechinulin A on the SIN-1-induced
activation of caspase-3-like proteases in differentiated
PC12 cells. The activation was suppressed by about 65%
by 200 uM neoechinulin A. On the other hand, neo-
echinulin A did not influence the caspase-3—ike protease
activity of 3Y1 cells (Fig. 8). These results indicate that
negechinulin A has neurotrophic factor-like and anti-
apoptotic activities.

DISCUSSION

Neoechinulin A is a known metabolite of A. rubber and A.
amstelodami (26), Yagi et al. (39) reported neoechinulin A
to be an antioxidant compound that suppresses lipid per-
oxidation in dried bonito flakes, Katsuobushi. However,
additional properties of the compound were not investi-
gated. In this paper, we show that neoechinulin A has
scavenging, neurotrophic factor-like and anti-apoptotic
activities. The results shown in Fig. 5 and Table 1 indi-
cate that the compond scavenges only ONQO- released

Table 1. NO generation in the presence of scavengers.

Compounds Generation of NO (% of control)
None 100

Neoechinulin A 1003

C-PTIO 41+1

S0D 108+5

Without neocchinulin A

K. Maruyama et al.

Fig. 4. Prevention of ONOO--
induced tyrosine nitration by
neoechinulin A. Primary neuro-
nal cells were incubated with 0.25
mM SIN-1 for 2 h with or without
200 uM neoechinulin A, and stained
with an anti-nitrotyrosine antibody
1AE and DAPI as described in
“MATERIALS AND METHODS.” Bar =
50 pm

A) 1207
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Fig. 5. Scavenging activity of neoechinulin A. {A) Measure-
ment of ONOOC- by luminol-dependent chemiluminescence. Luminol
was diluted to 400 mM with 5§ mM NaHCO; (pH 10.5) and the sam-
ples were diluted with HBSS, pH 7, prior to the measurement of
chemiluminescence. Just before measurement, 0.5 mM SIN-1
diluted with HBSS, pH7, was added, and the amount of ONOQ- was
measured by a chemiluminometer for 20 min. (B} Measurement of
O, by luminol-dependent chemiluminescence. Samples in 100 pl of
Tris-HC1 buffer, pH 7.4, containing 10 U/ml xanthine oxidase were
incubated in a 96-well plate, and 1 pM of MCLA {50 pl) were added.
Xanthine (30 xM, 50 pl) was added to generate 0,7, and the amount
of ONOO- was measured by a chemiluminometer for 20 min.
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Fig. 6. Neuroprotective effect of neoechinulin A and scaven-
gers. PC12 cells were seeded at a density of 3.0 x 10% cells/em? and
treated with 100 ng/ml NGF for 5 d. Cell viability was measured
using a Cell Counting Kit-8. (A) Cells were incubated with scaven-

from SIN-1. In addition, neoechinulin A specifically pro-
tects neuronal cells against SIN-1-induced cell death
(Fig. 2). Thus, necechinulin A is very useful for investiga-
tions of ONOO--induced neuronal cell death.

ONOQO- is a powerful oxidant and cytotoxin whose pro-
duction has been associated with conditions that result in
damage to neurons. The appearance of nitrotyrosine
immunoreactivity in postmortem brain from individuals
with Parkinson’s disease and other neurodegenerative
conditions (40—42) also serves as indirect evidence of
ONOO- production. It is well known that extracts of
Gingko biloba leaves (EGb 761) rescue neuronal cells
against ROS-induced cell death (43, 44). EGb 761
includes two major groups of constituents, flavonoids and
terpenoids, that are involved in scavenging and anti-
apototic activities. It has been reported that EGb 761
inereases the level of mRNA for the mtDNA-encoded sub-
unit 1 of NADH-dehydrogenase (45) and suppresses the
activation of caspase-3 caused by various apoptosis
inducers {46). In the case of neoechinulin A, one com-

*k

u
s

NADH-dehydregenase activity f cell {% of cnntrely
g

o 625 125 25 50 00
neocchirulin A (M)

Fig. 7. Effect of necechinulin A on the NADH-dehydrogenase
activity of PC12 cells. PC12 cells were seeded at a density of 3.0 x
108 cells/cm? and treated with 100 ng/ml NGF for 5 d. The indicated
concentration of neoechinulin A was added to each well and the rel-
ative NADH-dehydrogenase activity per cell was determined as
described in “MATERIALS AND METHODS” (means = 8D, n = 4). 'p <
0.05, "'p < 0.01.
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gers for 24 h, and treated with 1 mM SIN-1 for 24 h. (B) Cells were
incubated with neoechinulin A for 24 h. The neoechinulin A was
removed and the cells were treated with 1 mM SIN-1 for 24 h.
(means = 8D, n = 4) *p < 0.05, "p < 0,01,

pound has scavenging, neurotrophic factor-like and anti-
apoptotic activities. It should be noted that neoechinulin
A scavenges ONOOQO-, but not NO, because NO has vari-
cus physiclogical functions (4-7). Therefore, neoechinu-
lin A may be useful for protection against ONOO—
induced neuronal cell death in neurodegenerative

diseases.
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Fig. 8. Effect of neoechinulin A on caspase-3 like protease
activity, PC12 cells {A) and 3Y1 cells (B) were seeded at a density
of 3.0 x 103 cells/em?, PC12 cells were treated with 100 ng/m] NGF.
Five days later, the cells were incubated with neoechinulin A for 24
h. After removal of the necechinulin A, 0.5 mM SIN-1 was added.
After 3 h, caspase activity was measured as described in “MATERI-
ALS AND METHODS” {means + SD, n = 4). "p < 0.01.
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Abstract. Objective and Design: We examined the
histopathological features of systemic vasculitis caused in
mice by injection of a Candida albicans (C. albicans) extract
and investigated the principal genetic roles in the develop-
ment of vasculitis.

Materials and Methods: C. albicans extract was injected
intraperitoneally for five consecutive days in the 1st and Sth
weeks to CD-1, C57BL/6N, C3H/HeN, BALB/cAnN, DBA/
2N and CBA/JN mice. At week 8, mice were killed, and his-
tological examination was performed by light microscopy.
Results: Arteritis had developed in 66% of CD-1 mice. The
extramural coronary arteries and aortic root close to the ori-
fice of coronary arteries were most frequently involved. His-
tologically, the characteristic feature of the arteritis was pro-
liferative and granulomatous inflammation accompanied by
numerous macrophages, lymphocytes, plasma cells and neu-
trophils. Fibrocellular intimal thickening with destruction of
the internal elastic lamina and media was also observed. Five
mouse strains after injection of C. albicans extract were
clearly classified into a resistant group (CBA/IN, DBA/2N
and BALB/cAnN mice) and a sensitive group (C3H/HeN and
C57BL/6N mice). The inbred mouse strains which showed
the same histocompatibility-2 (H-2) haplotype exhibited a
different susceptibility to development of vasculitis.
Conclusion: This arteritis murine model shows unique histo-
logical features that have not been observed in other animal
vasculitis models and it most closely resembles Kawasaki
disease in humans. The genetic control of susceptibility to
induction of vasculitis by the C. albicans extract is dependent
to the mouse strains, but is not linked to the H-2 loci.

Key words: Systemic vasculitis — coronary arteritis — Candi-
da albicans — Kawasaki disease
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Introduction

Kawasaki disease (KD) is an acute febrile illness that affects
mainly infancy and early childhood. The most important
complication is coronary arteritis leading to the formation of
aneurysm. This disease has attracted special interest because
it is most frequently attributed to ischemic heart disease in
children caused by thrombosed coronary aneurysms [1, 2].
Although many studies have been performed, the etiology of
this disease is not well understood. In addition to our ongo-
ing histopathological study of Kawasaki disease autopsy
patients, we established an interesting systemic vasculitis
mouse model in which coronary arteritis was induced by
intraperitoneal injection of Candida albicans (C. albicans)
extract [3, 4]. This is a useful animal model of Kawasaki dis-
ease, since it exhibits many histological similarities to
Kawasaki disease [3]. However, the histopathological
changes seen in this vasculitis model have not been described
in detail. Accordingly, we tried to clarify the histopathologi-
cal features of the arterial lesions in this mouse model and to
compare them with those in Kawasaki disease. In addition,
we investigated the role of genetic factors in the development
of vasculitis. Five inbred mouse strains were injected
intraperitoneally with C. albicans extract, and the incidence
of vasculitis and the histopathological features were com-
pared.

Materials and methods

FPreparation of C. albicans extract

C. albicans extract was prepared by the following technique. Yeast cells
of a C. albicans strain (MCLS-6) that had been isolated from the feces
of a child with Kawasaki disease were incubated without agitation at
37°C for 72 h in Sabouraud dextrose medium containing 2% glucose
{MERCK, Germany). The yeast cells were harvested by centrifugation.
An extract was obtained from the yeast cells using boiling water and
0.5 M KOH. After neumalization and dialysis against water for
3 days, the extracted material was precipitated with ethanol. The pre-
cipitate was suspended in phosphate-buffered saline and adjusted to a
final concentration of 20 mg/ml.
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