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Murine Model of Kawasaki Disease Induced by Mannoprotein-3-Glucan
Complex, CAWS, Obtained from Candida albicans

Naohito Ohno*

School of Pharmacy, Tokyo University of Pharmacy and Life Science. Tokvo, Japan

SUMMARY: Intraperitoneal administration of CAWS (water-soluble extracellular polysaccharide fraction obtained from
the culure supernatant of Candida albicans) to mice induces coronary arteritis similar to Kawasaki disease, We analyzed
differences in the production of cytokines involved in the occurrence of coronary arteritis among mouse strains, C3H/HeN.
CS57BL/6, DBA/2 and CBA/). The incidence of arteritis was 100% in C57BL/6, C3H/HeN and DBA/2 mice, but only 10%
in CBA/I mice. The coronary arteritis observed in DBA/2 mice was the most serious, with several mice expiring during the
observation period. The CAWS-sensitive strains revealed increasced levels of IL-6 and IFN-7 Quring the coursce of a specific
response to CAWS by splcen cells. In contrast, IL-10 levels were observed to increase markedly in CAWS-resistant CBA/)
mice, but not the CAWS-sensitive strains. However, TNF-¢ levels were more elevated only in DBA/2 niice. 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,

Candida albicans is a clinically important fungus and is known
to cause disseminated candidiasis and candidemia in immuno-
compromised hosts, Analyses have long been conducted on the
coagulation reaction of limultus blood cell components with microbial
cell components, and the presence of the factor C initiated cascade
that reacts with bacierial endotoxins and the factor G initiatcd cascade
that reacts with 8-1,3-glucans is known. The factor G cascade is being
used for the diaghosis of mycotic contamination and mycotic infec-
tions. As was previously mentioned, although patients with deep
mycoses have been clearly demonstrated to release 8-glucans into
the blood, these are present in extremely small amounts, and the
overall structure of the factor G activating substance present in
the blood is unknown. Although the factor G activating substance
has the potential to exhibit various biological activitics, this is also
unknown. The metabolism of the active components released into
the blood from a local site of infection is also unknown. In order to
clarify these matters, we conducted research using C. albicans.

Biochemical properties of CAWS (1,2): We first cultured
C. albicans in a completely synthetic medium in order to obtain
water-soluble limulus factor G activating substance that is released
from the cells, and obtained a water-soluble polysaccharide fraction
released into the culture supernatant (C. albicans water-soluble frac-
tion; CAWS), which is thought to be similar to the §-1,3-D-glucan
actually present in patient blood. CAWS demonstrated a positive
rcaction to the G-test as expected. Tt reacted to the G-test as low as
100 ng/mL. The yield of CAWS was approximately 80 mg/L: the
pulysaccharide content was 70%, the pretein content was 10%, the
primary component sugars were mannose and glucose (M/G ratio =
6.3 + 1.3 from C. albicans IFO 1385 derived CAWS), and CAWS
also reacted with factor serum to the cell wall mannan, According
1o the results of NMR analysis, CAWS was surmised to have
a mannoprotein and a B-1,6-glucan portion, which are the main
components of C. afhicans cell wall. Morcover, fractionation using
concanavalin A agarose resulted in separation into column-bound
and pass-through fractions, with the column-bound fraction also
exhibiting reactivity to the G-test. On the basis of these findings,
CAWS was strongly suggested to be a compound that contains
mannoprotein, 3-1,6-glucan and 3-1,3-glucan.

Arteritis induced by CAWS and predicted mechanism {3-6):
Kawasaki disease (KD) is a pediatric disease accompanied by acute
fever. and its underlying cause remains unknown to date. This
discasc results in oceasionally fatal sequelac such as the formation
of ancurysms in the coronary arteries. Although the current standard
treatment regimen consists of administration of large doses of globu-
lin preparations, this approach is not always satisfactory. Murata et
al. conducted an analysis on children with KD and found that C.
albicans extract (CADS) isolated from the stool specimens of the
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Fig. 1. Swrvival ratio of CAWS administered mice.
CAWS was administered to DBA/2 and C3IH/HeN strains of mice
and survival was monitored for 10 weeks.

patients induced coronary arteritis in mice that resembled KD,
During the course of joint research, we found that administration of
CAWS according to the standard protocol induced a similar coro-
nary arteritis in mice. Moreover, when additional experiments were
conducted on different strains, the resulting coronary arteritis was
more pronounced in C3H, DBA/2 and C57B1 mice, and less
pronounced in CBA/ mice. Although these differences amony strains
were similar to the differences among strains observed with CADS
by Murata et al., the sensitivity of the DBA/2 mice was different.
Moreover, more than half of the DBA/2 mice died during the obscr-
vation period, suggesting the possibility of a strong manifestation of
heart discase (Fig. 1). On the basis of these findings, CAWS-
induced coronary arteritis is considered to be a good model for
the pathology of arteritis as well as the development of treatiment
methods.

We therefore attempted to determine the immunological mecha-
nism underlying the arteritis. In strains in which arteritis occurred
prominently, splenomegaly oceurred frequently and the numbers of
ncutrophils and macrophages increased. In addition, when spleen
cells were prepared immediately after administration of CAWS and
culturcd in vitro, myeloperoxidase was observed to be released into
the supernatant even in the absence of stimulation. In addition,
MPO-ANCA levels in the blood were also elevated. On the basis of
these findings, neutrophils present in the spleen were suggested to
be maintained in an activated state. In addition, spleen cells were
re-stimulated with CAWS and cylokine production was compared.
The production of cytokines such as IL-6 and IFN-7 was higher in
strains in which arteritis was induced. On the other hand, 1L-10
production was higher in strain CBA/j that exhibited a low level of
induction of arteritis.

Reactivity of DBA/2 mice to fungal glveans (7.8): As mentioned
above, DBA/2 is the most sensitive strain to CAWS-induced arteritis,
not only from the view point of histology, but also survival. I feel it
very close to sudden death of KD-patients carrying aneurysms in
the coronary arteries. DBA/2 is a widely used inbred strain that is
valuable in a wide number of research areas including cardiovascutar
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biology. neurobiology. and sensorineural research, and is known to
show a low susceptibililty to developing atherosclerolic aortic
lesions following 14 weeks on an atherogenic diet. [tis of note that
the mechanism of CAWS-induced arteritis might not be related to
those of atherosclerosis. Thus we planned to analyze the reactivity
of DBA/2 mice to fungal glycans and found that DBA/2 contained
anti-3-glucan antibedy in scra without any active immunization
with fungi. In addition. spleen cells of DBA/2 mice strongly reacted
with fungal B-glucans to release various cytokines such as IFN-7,
TNF-, GM-CSF, and 1L-12, and the key cytokine was GM-CSF.
Characterization of DBA/2 mice for fungal glycan reactivity 1s still
going 10 concrele the unique properly,

CONCLUSIONS

We have discussed the structure and activity of CAWS. Atthough
this rescarch initially started out by focusing on its significance as a
means for diagnosing deep mycoses in animal models, since CAWS
exhibits various activities in human and mouse, it is clearly a com-
ponent that provides several extremely interesting topics for future
research, such as shock model, endogenous septicemia model and
arteritis model, These models are valuable lor use as animal models
for the treatment of refractory diseases.

CAWS is a compound consisting of mannoprotein, 3-1,6-glucan,
and 3-1,3-glucan portions. In the body. it is metabolized after
expressing its activity by means of multiple receptors, such as
mannose receptor, mannan-binding protein, complement compo-
nents, complement receptors, and dectin-1. We previousky reported
that there are no enzymes in the body that selectively metabolize
B-glucans, and that B-glucans are microbial cell components that
tend to accumulate in the body. Thus, their basic kinetics in the body
dilTers from that of cellular components having a decomposition
system, such as chitin and peptidoglycans. CAWS was found to be
mainly deposited in liver. Further analysis must be conducted to
determine what types of receptors are used and how CAWS is elimi-
nated from the body,

Study of CAWS is still on the first stage. [t is hoped that CAWS
will be able to contribute 1o the elucidation of KD and related
diseases, and to develop new therapeutic strategies.
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Abstract

We previously reported that 1,3-3-D-glucan derived from Candida albicans, a pathogenic fungus was obtained by oxidation
of the cell wall with sedium hypochlorite (NaClO). It could be solubilized by treatment with dimethylsulfoxide (DMSQ). We
found that OX-CA and CSBG showed significantly different levels of activity toward leukocytes. Here, we have used cDNA
microarrays to analyze the mRNA expression of 1176 genes in PBMCs stimulated with Candida cell wall glucan and
considered the difference in the activation mechanism of OX-CA and CSBG. Total mRNA showcd a significant change for 147
out of 1176 arrayed genes on stimulation with OX-CA and CSBG for 4 h. Among those genes, 62 were common, 26 were OX-
CA-specific and 59 were CSBG-specific. Many of these up-regulated genes encode effectors with well-characterized
proinflammatory propenties. The expression of genes related with signal transduction differed in the particulate and soluble
glucans derived from C. albicans having exactly the same primary structure, This fact suggested that each glucan induced
specific biological activity through a different activation mechanism. This study using cDNA microarrays to analyze a broad
spectrum of mRNA expression provides information on the biclogical activity of Candida cell wall glucan as a potential
pathogenic factor.
© 2004 Elsevier B.V. All rights reserved.

Keyvwords! p-Glucan; Leukocyte; Solubility; Microarray

1. Introduction tion, the number of immunocompromised hosts is

increasing, and so too cases of invasive deep mycoses.

Due to the intensive therapy being administered to Candida spp. are responsible for most of these my-

those with cancer, organ transplants, and HIV infec- coses, as well as Aspergillus spp. To date, many

researchers have studied the pathogenetic factors in

~ + Corresponding author, Tel: +81-426-76.5561; fax: +81426.  various pathogenic fungi [1-4] but comparisons to

©6-5570. bacterial endotoxin or exotoxin have not been made
E-mail address: ohnonao@ps.toyaku.ac,jp (N. Chno). and much remains to be clarified.

1567-5769/8 - see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.intimp.2003.09.007
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1>-Glucan is the major component of cell wall,
accounting for approximately 50% of the cell wall
mass. Also, plasma {l — 3)-p-p-glucan was detected
in invasive fungal infection or fungal febrile episodcs,
and the limulus G-test with factor G, a horseshoe crab
coagulation cnzyme, was used in the laboratory
diagnosis of such cases [5]. Thercfore, it is possible
that (1 —» 3)-p3-p-glucan plays a major role in fungal
infection.

{1 = 3)-p-p-Glucan is widcly distributed in mi-
crobes especially fungi. We and others strongly sug-
gested that (1 — 3)-p-p-glucan has a variety of
biological activities, dependent on its physical state,
such as solubility in water, molecular mass, degree of
branching and conformation [6,7]. The biological ac-
tivity of soluble and particulate forms of 3-p-glucan
differs considerably [8-13]. Also in our previous
study, the particulate forms showed stronger activity
than soluble forms in terms of the synthesis of TNF-«
and H.0O, by macrophages, activation of an alternative
pathway of complement, enhanced vascular permeabil-
ity, and arachidenic acid production, but converscly,
showed less INF-y production in serum and antitumor
activity.

We have demonstrated the fate of these p-glucans in
vivo, and found that intravenously administered Can-
dida spp. was distributed in the liver and spleen [14]. It
was postulated that the deposited insoluble cell well -
glucan is gradually solubilized through oxidative deg-
radation by phagocytes, which utilize nonspecific
oxidation reactions involving O3, H-0O- and hypochlo-
rous acid. The other cell well component, mannan, is
water-soluble and thus would be metabolized faster.
Considering these oxidation steps, treatment with so-
dium hypochlorite (NaClO) yielded particles contain-
ing only p-glucan, NaClQ-oxidized Candida cells
(OX-CA). Based on this concept, we have recently
demonstrated that the cell wall R-glucan of C. albicans
could be solubilized by NaClO, followed by dimethyl-
sulfoxide (DMSO)} (NaClO-DMSO method) [15].
Under optimum conditions, the treatment with DMSO
yielded a water-soluble fraction, Candida solubilized
p-glucan {CSBG), almost quantitatively.

The 1,6-B-glucan segments influenced physical
properties such as the stability of the conformation
and biological activities, in the primary structure of
the soluble and particulate forms, to a greatly different
point. Therefore, we were unable to compare the

biological activity in terms of solubility alone. But,
using the NaClO-DMSO method, we demonstrated
that the solubility of the glucans was related to the

biclogical activity.

The ¢cDNA expression array tcchnique can differ-
cntially detect the mRNA levels of a large number of
genes in cells in response to a given stimulus at one

a)
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120
2
£
&
o
60 |
0 1
control OX-CA CSBG
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Fig. 1. Activation of leukocytes by OX-CA and CSBG. (a) IL-8
production, (b) TNF-a production by human PBMCs. PBMCs
obtained from the peripheral blood of healthy denors were adjusted
to a concentration of 2% 10° cells/ml in RPMI1640 medium
containing 10% nommal or heat-inactivated autologous plasma and
cultured with OX-CA particles or CSBG (0.5%) (100 pg/ml) for 12
h in a 5% CO- incubator, Subsequently, the culture supernatants
were collected, and IL-8 and TNF-a was measured as described in
Materials.
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Fig. 2. The quality of the isolated RNA stimulated with Candida
cell wall glucan. The quality of the isolated RNA was assessed by
gel electrophoresis and ethidium bromide staining.

time, thus providing a useful tool te identify broad
spectral changes in gene expression [16,17]. Here,
we have used ¢cDNA microarrays to analyze the
mRNA expression of 1176 genes in PBMCs stimu-
lated with Candida cell wall glucan and considered
the difference in the activation mechanism of OX-
CA and CSBG.

2. Experimental procedures
2.1. Materials

Candida albicans IFO 1385 purchased from the
Institute for Fermentation (Osaka, Japan) was main-
tained on Sabouraud agar (Difco, USA) at 25 °C and
transferred once every 3 months. Sodium hypochlorite
solution and sodium hydroxide were purchased from
Wako (Japan), distilled water (DIW) was from Otsuka
(Tokyo, Japan).

2.2, Media

A C-limiting medium originally described by Van
Hal et al. [17] was used to grow all strains of yecast
unless otherwise stated. The medium contained (per 1%

Table 1
[dentification of OX-CA-chunged genes in human PBMCs by
cDNA amay”

Gene/protein name

GenBank
accession number

Relative mRNA
expression ratio”

OX-CA CSBG

Up-regiduated

MEKK3 U78876 49 -
MAPKK 6 U39657 8.2 -
c-myb MI15024 6.7 -
PTP-1B M31724 23 -
Neurograntn Y 09689 1.9 -
NF-kappaB M38603 22 1.6
TRRAP AF076974 4.1 -
EGRI1 X582841 1.8 1.4
Tuberin X75621 1.8 ~
MIP1-beta Jo4130 16.0 -
IL-5 X04688 8.2 -
Inhibin beta J03634 49 -
A subunit
G-protein-coupled D923 9.1 -
receptor HM74
[CAM-I1 Jo3x2 2.1 1.6
Integrin alpha 5 MI14648 6.6 -
Organic cation U77086 6.6 -
transportet |
APAF] AFG13263 4.1 -
PMSI protein U13696 21 1.6
homolog 2
GADD45 beta Z71621 8.2
ARD-1 U14575 1.9 1.4
Ubiquitin M26880 1.8 1.6
Down-regulated
RHO12 L25080 29 -
SAS Uoreh 43 -
GABP-beta2 DI3318 20 -
MCPI1 M24545 1.7 -
Zyxin-2 X94991 24 1.5
ProT-alpha M26708 32 -
RPSI9 MB8I1757 2.1 -
Zyxin-2 X94991 24 1.5

?eDNA microarrays were analyzed in Materials, and gene
signals were normalized to the housekeeping gene.

P Ratio of the normalized OD gene signal from Candida glucan-
stimulated cells to the normalized OD gene signal from unstimu-
lated control cells,. mRNA expression was assessed at 4 h
stimulation.
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Table 2
Identification of CSBG-induced genes in human PBMCs by ¢DNA
armay”

GenBank
aceession number

Relative mRNA

expression ratio”

Gene/protein name

OX-CA CSBG

Uperegulured
SAS Uoti6o - 1.9
TYRO 3 D17517 - 2.3
P55-FGR MI19722 1.7 1.9
Iyn MI16038 - 1.9
RAP-1B X08004 - 1.9 .
JAK3 U09607 1.5 2.6
MAPKKKII L32976 1.7 1.8
GN alpha-13 L22075 - 58
RAD | L24564 - 1.9
PKC inhibiter X57346 - 23
protcin 1
DLC1 U32944 - 34
PP-1A M63960 - 1.7
Junction M23410 - 26
plakoglobin
NF-kappa-B X61498 - 39
pt00 subunit
NF-ATc U0RO15 1.4 1.8
GABP-alpha D13316
Adrenoleukodystrophy ~ Z21876 - 2.6
protein
EBI protein U24166 - 1.7
TIAMI U16296 - 29
snoN X15219 - 5.8
HNF4 X76930 - 1.7
Transcription M8&1601 1.6 24
elongation factor SII
DBP D28468 1.4 1.9
ZNF92 L11672 - 24
MCPL M24545 - 18
GCP 2 X786806 - 1.7
VEGF M32977 - 24
CTGF M92934 - 39
0OX40L X79929 - 8.7
C5a receptor M62505 - 18
IL-1R1 M27492 - 24
IFN gamma R AD9781 - 1.7
[L-4R-alpha X52425 - 39
ERBB2 receptor M9S66T+MI1730 - 27
Integrin beta 1 X07979 - 1.9
CDIIC antigen MB81695 - 29
Caspase-8 U60520 - 2.6
MCL-1 108246 - 2.5
HSP90A X07270 1.7 1.8
CDKNI1A V09579 - 3.4
CDK6 X66365 - 1.8
Cyclin Al U66838 - 2.5
p35CDC U05340 - 23
NEK3 229067 - 23

Table 2 (centinuedh

GenBank
accession number

Relative mRNA
expression ratio”

OX-CA  CSBG

Gene/protein name

Up-regulared
SATBI M97287 - i.8
Sodium- and 218956 5.8 49
chloride-dependent
taurine transporter
CACNLB3 un7i3g - 2.3
MMP3 X05232 - 2.6
MMPI11 X57766 1.2 24
TIMP1 X03124 - 1.7
Ubiquitin-conjugating M74524 - 1.7
enzyme E2
HDbC X54297 1.6 2.7
MAO-A M6R840 - 1.9
Proteasome inhibitor DRR3ITR - 23
subunit 1
CRABP2 M6R867 - 5.8
HMG-1 M23619 1.2 1.8
PRP M13667 1.7 1.9
TFIID U30504 - 78
Aquaporin 4 U34846 - 1.9
Aquaporin 9 ABOO8775 - 28
Down-regulated
GSHPX1 Y00483 1.4 1.8
CTSD MI1233 1.4 2.2

T ¢DNA microarrays were analyzed in Materials, and gene
signals were normalized to the housckeeping gene.

® Ratio of the normalized OD gene signal from Candida glucan-
stimulated cells to the normalized OD gene signal from unstimu-
lated control cells. mRNA expression was assessed at 4 h
stimulation.

sucrose, 10 g; (NH4)S04, 2 g; KH,PO,, 2 g;
CaCl,-2H,0, 0.05 g; MgS804-7H,0, 6.05 g;
ZnS0,4-7TH,0, 1 mg; CuS0,4-5H;0, 1 mg; FeS-
0,4 7H,0, 001 g; biotin, 25 pg; final pH, 5.2. Five
liters of medium was placed in the glass jar of a
microferm fermentor (New Branswick Scientific,
USA) and culured at 27 °C with 5 Imin of aeration
and stirring at 400 rpm.

2.3. Preparation of C. albicans fi-glucan

Briefly, acetone-dried cells of C. albicans
IFO1385 (2 g) were suspended in 200 ml of 0.1
M NaOH with NaClO having 0.5% of available
chlorine for 1 day at 4 °C. After the reaction was
completed, the reaction mixture was centrifuged to

- 379 —



Table 3

Identifieation of Caneicle glucan-changed genes in human PBMCs

by cDNA array*

N, Ishibashi et al. ¢ Taternational Inoumapharmacology 4 (2004) 387404 391

Table 3 (continuedy

Gene/protein nanwe

GenBank

accession no.

Relative mRNA

: - h
CXPression ritio

OX-CA  (CSBG

Up-regnluted
Fos-related antipen X16707 33 4.5
Jun proto-oncogene Joarn 2.4 25
PRK 1 U33053 3.0 2.7
PLC-dclta | Uuoai? 33 31
TNK | U43408 4.1 38
RAB-7 X93499 23 25
Transductin M36430 9.3 10.6
beta-1 subunit
PDE 4A U18087 25 1.9
PTPRF YOO815 + X69398 1.9 1.9
rap 1 GTPase M64788 2.1 25
activating protein 1
B-cell specific M96944 21 2.7
transcription
Tristetraproline M92843 31 1.7
cAMP-dependent Do0209 1.7 3.0
transcription factor
MIP-1 alpha M23452 244 3.7
MIP-2 alpha X53799 11.6 9.4
IL-8 YO00787 7.0 I.4
TNF-alpha X01394 320 24
IL-1 alpha X02851 5.3 5.4
IL-1 beta K02770 5.3 78
IL-3 M14743 6.0 5.2
IL-6 X04602 26 1.6
IL-9 X17543 49 12.6
IL-10 M57627 2.7 21
TGF-beta MI19154 2.0 1.7
VEGF-related protein X54936 4.7 3.9
FLT3 ligand U04806 1.8 1.8
Inhibin alpha M13981 55 4.5
subunit precursor
CRF-binding protein X58022 8.2 213
Renin-binding protein D14232 22 1.7
CC chemokine D10925 2.5 23
receptor |
IL-2 R alpha X01057 22 24
IL-3 R M74782 49 3.9
IL-5 R M75914 1.9 1.9
VEGFR 3 D10923 4.1 39
ErbB-3 R M29366 6.5 1.9
U-PAR U08839 34 30
RXR-beta M84820 25 22
TNFR superfamily M63928 4.0 26
member 7
Integrin alpha 7B X74295 75 93
Integrin beta 3 102703 4.1 39
alpha | catenin DI13866 22 22
Neurexin [l alpha AF099810 2.1 22

GenBank
accession no.

Relative mRNA
expression ratio”

Gene/protein name

OX-CA  CSBG

Up-regnluted

MAL M1580) 54 7.0
HVEC AF06023 | 1.8 21
Caspase-3 U13737 1.9 1.9
BCL-2-related protein A1 U29680 3.0 54
bax L22474 54 73
PRG-I AF039067 35 23
DADI D15057 1.9 2.9
H5P40 D49547 35 4.0
Cathepsin L X12451 21 2.2
GST Al M25627 21 1.9
SERP inhibiter calde B2 MI8082 24 43
Prothymosin alpha MB0397 2.7 24
ID-2 M97796 2.6 21
Peptide transporter | U13173 3.6 20
Dovwn-reguluted

MRP X70326 4.6 1.9
MRPR X006234 2.4 1.8
MRP14 X06233 23 1.9
P11 X02920 2.7 2.0

"¢DNA microarrays were analyzed in Materials, and pene
signals were normalized to the housekeeping gene.

* Ratio of the rormalized OD gene signal from Candida glucan-
stimulated celis to the normalized OD gene signal from unstimulated
control cells. mRNA expression was assessed at 4 h stimulation.

prepare the soluble and insoluble fractions. The
particulate fraction, OX-CA, was dried by washing
with ethanol and acetone. OX-CA suspended in
DMSO was ultrasonically disrupted, and the result-
ing supcrnatant was designated CSBG [15].

2.4. Cell culture

PBMC were obtained from the peripheral blood
of healthy donors. The blood was centrifuged (3000
rpm at 4 °C for 10 min) to obtain a leukocyte-rich
fraction. The fractions were mixed well with an
equal volume of phosphate-buffered saline (PBS)
and were centrifuged on 6 ml of HISTOPAQUE
(density 1.077; Sigma, USA) in a 15-ml centrifuge
tube (Falcon 352196, Becton Dickinson, Lincoln
Park, NJ, USA) at 2500 rpm for 25 min at room
temperature. After centrifugation, isolated PBMC
were washed three times with PBS and the cells
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A. Control

Fig. 3. cDNA microarray analysis of gene expression by PBMCs
stimulated with OX-CA and CSBG. Total RNA was extracted from
PBMCs (A) unstimulated, or stimulated with 100 pg/ml (B) OX-CA
or CSBG for 4 h and subjected to cDNA expression amay assay.

(2 < 10%ml) were cultured in polypropylene-tubes
(IWAKI GLASS, Japan) in 500 pl of RPMI 1640
medium (Nissui) supplemented with gentamicin sul-
fate (Sigma) (5 pg/ml) containing 10% heat-inacti-
vated autologous plasma at 37 °C in humidified 5%
CO, (suspension culture system). The cells were
stimulated with OX-CA or CSBG (100 pg/ml) for
4-12 h,

2.5. ELISA for TNF-3 measurements

Immune plates (Nunc 442404, F96 Maxisorp) were
coatcd with capturc antibody for anti-human TNF-«
monoclonal antibody (Pharmingen, USA) in 0.1 M
carbonate buffer {(pH 9.6) by incubation at 4 °C
overnight. The plates were washed with PBS contain-
ing 0.05% Twecen 20 (Wako) (PBST) and blocked
with PBST containing 10% heat-inactivated fetal calf
serum (FCS) at room temperature (RT) for | h. They
were then washed, incubated with recombinant human
TNF-a (Pharmingen) or 100 pl of sample at RT for 3
h, washed with PBST, and treated with biotinylated
anti-human TNF-a monoclonal antibody (Pharmin-
gen) and avidin-horseradish peroxidase conjugate,
and developed with a TMB substrate system (KPL,
Maryland). Color development was stopped with 1 M
phosphoric acid and the optical density was measured
at 450 nm.

2.6. ELISA for IL-8 measurements

Immune plates (Nunc 442404, F96 Maxisorp)
were coated with capture antibody for mouse anti-
human IL-8 mAb (Pharmingen) in 3Spg/ml of
NaHPO, buffer (pH 9.0) by incubation at 4 °C
overnight. The plates were washed with PBST and
blocked with BPBST at 37 °C for 40 min. After
another wash, the plates were incubated with rh-IL-
8 (Pharmingen) or 50pl of sample, obtained by the
above procedure, at 37 °C for 40 min. They were
washed with PBST and treated with antibody for
biotinylated mouse anti-human IL-8 mAb (Pharmin-
gen) in BPBST. Then, each plate was treated with

-specific

Fig. 4. Influence of solubility on gene expression in human PBMCs
stimulated with OX-CA and CSBG. Numbers of genes significantly
changed by each stimulation are shown outside of the circle, and
stimulant-specific genes or commonly changed genes inside it.
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Table 4
Summiry of Cenefiddu glucan-indueed genes in human PBMCs by
¢DNA array

Genefprotein name Chromosomal Relative mRNA

location expression ratio
OX-CA  (CSBG
fu)
iL-8 4gq13-g21 ++ +4
MIP- 17q11-g21 44+ +
MIP-1p4 17921-g23 +4 -
MIP-2a 4q21 1+ ++
MCP-1 17q11.2-g21.1 - +
GCP-2 Chr.4 - +
TNF-ox 6g21.3 +++ +
IL-lex 2q12-q21 + +
IL-1p 2q13-q21 + +
IL-10 1 + +
TGF-p g4l + +
CC chemokine R1 3p21 + +
G-protein-coupled Chr.12 + -
R HMT74
CsaR 19q13.3-134 - +
IL-1 R] 2q12 - +
Integrin a 5 Chr.2 + =
Integrin « 7B 12913 + +
Integrin # 1 10q11.2 - +
Integrin p 2 (CD1lc) — +
Integrin 3 3 17q21.32 + +
a | Catenin 5q31 + +
ICAM-I 19p13.3-p132 + +—
(b)
IL-3 5923-q31 + +
IL-5 5923-q31 + -
IL-6 p2l-pls + +
IL-9 5g31-g-35 + ++
IL-2Ra 10p15-p14 + +
IL-3R Xp22.3; Yp13.3  + +
IL-4Rax 16p11.2-12.1 - +
IL-5R Ip26-p24 + +
IFN-yR 13q34 - +
OX40L Chr1 - +
MAL 2cen-ql3 + +
cD27 12p13 + +
(c)
NF-xB plOS . 4q24 + +—
subunit )
NF-+xB pl00 10g24 - +
subunit
MEKK3 17q24 ++ -
MAPKK 6 17924.3 ++ -
Neurogranin 1124 + -
Fos-related l1q13 + +
antigen
Jun proto-oncogene 1p32-p3! + +

Table 3 (comtinmicdy

Gene/protein name Chromesomal Relative mRNA

location exprossion rativ
OX-CA  CSBG

fe)

PRK | 19p12-p13.1 + +
PLC- 1 Ip22-p21.3 1 +
Transductin |31 subunit 1p36.33 + +
cAMP-dependent 22q13.1 + +

transeription factor

PTP-1B 20q13.1-q13.2 + -
Rab-7 3q21 + +
Goga Chr 17 - +
Tiam-1 21q22.1 - +
Plakoglobin 1721 - +
Rap-1b 12914 - +
MLK3 fiql3.1-q13.3 +H - +
NF-AT 15 + = +
lyn 8ql3 - +
BASP 9pi3 + +

+, gene expression is up-regulated in response to pathogen: —,
gene expression is unchanged; ++ and +++, gene expression is
changed at a higher Ievel relative to control (each + denote increased
expression by a factor of — 10},

avidin-horscradish peroxidase conjugate (ZYMED
Laboratories, USA) and developed with a TMB
substrate system (KPL). Color development was
stopped with 1 M phosphoric acid and the optical
density was measured at 450 nm.

2.7. Analysis of mRNA expression using cDNA arrays

The stimulated cells were collected by centrifuga-
tion. Total cellular RNA from cultured cells was
extracted and radiolabeled ¢cDNA probe synthesized
with the Atlas Pure Total RNA Ilabeling system
{Clontech, Palo Alto, CA). The integrity of RNA
transcripts was verified by electrophoresis. To deter-
mine gene expression, we used the Atlas Human 1.2
{CLONTECH Laboratories), which includes 1176
c¢DNAs and 9 housekeeping control ¢cDNAs and a
negative control immobilized on a nylon membrane.
Expression levels of the housekeeping genes were
used as standards for normalizing the expression
levels of the genes of interest. The cDNA microarray
analysis was performed according to the instruction
manual (CLONTECH). Results of the gene expres-
sion were analyzed and quantified by computer with
Atlas image software.
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2.8. Cvtometric bead array

For cytometric bead array, cell culture supematint
were harvested 12 h post-stimulation. The cell culture
supcrnatant was analyzed using cytometric bead array
human inflammation kit (BD Bioscicnees). The capture
beads that covalently coupled to a different capture
antibody against one of IL-13, TNF-o, IL-6, IL-10, IL-
12p70, PE detection regent, and standard dilutions or
sample add to the assay tube. Each assay tubes were
incubated for 3 hat RT and protect from direct exposure
to light. After incubation, each assay tubes were

a)
80
O CSBG
60 R OX-CA
E
&
=
10pg/mL 50pg/mL
b)
1800
1500
1200
E
£ 900
£
600 |
300 |
ol
10pg/mL 50pg/mL

100pg/mL

washed and analyzed on a FACS Calibur cytofluor-
omecter (Becton Dickinsen) and with its software.

3. Results

3.1 Activation of levkocvies by OX-CA and CSBG in
vitro

We reported that particulate glucan and soluble
glucan showed observably diffcrent activities in vitro,
By the NaClO—-DMS0 method, we could prepare both

aul

100ug/mL

200pg/mL 500pg/mL

200pgmL  500pg/mL

Fig. 5. Dose-dependency of OX-CA and CSBG on IL-8 and TNF-a production in human PBMC. PBMC cbtained from the peripheral blood of
healthy donors were adjusted to a concentration of 2 X 10% cells/ml in RPM11640 medium containing 10% normal autologous plasma and
cultured with OX-CA and CSBG (0.5%) (the each indicate dose) for 12 h in a 5% COs incubator. Subsequently, the culture supernatants were
collected, and IL-8 was measured as described in Materials. (a) IL-R production, (b) TNF-a production by human PBMCs.
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particulate and soluble forms of Cundida glucan hav-
ing exactly the same primary structure. Thus, the
activation of PBMCs by two different forms was
compared in the suspension culture system (Fig. 1)
In the presence of heat-inactivated autologous plasma,
only OX-CA showed the production of IL-8 and TNF-
a. But in the presence of normal autologous plasma,
not only OX-CA but CSBG exhibited the activity.
These results suggested that CSBG showed the activ-
ities through the activation of complement, and
OX-CA through a complement-dependent as well as
-independent system. These facts suggested that OX-
CA and CSBG show the activities through a differ-
ent activation system.

3.2. The isolation of RNA from PBMC stimulared with
Candida cell wall glucan

To study the difference in the activation mecha-
nism of OX-CA and CSBG for mRNA expression in
PBMCs, we employed a cDNA microarray approach
using the Clontech Atlas microarray. PBMCs werce
stimulated with Candida cell wall glucan under non-
adherent conditions with 10% autologous normal
plasma. Total cellular RNA from these cells was
isolated with the Atlas Total RNA labeling system
and hybridized to a nylon membrane array consisting
of 1176 genes. Microarray technology is a useful tool
for identifying broad spectral changes. But the micro-
array analysis requires a lot of mRNA, and undecom-
posed and high quality RNA is indispensable for a
reliable result. Also, we checked the quality of the
RNA by gel electrophoresis and ethidium bromide
staining. For the first time, we have isolated RNA
from 2.4 x 107 cells stimulated with each sample for
12 h. Consequently, the RNA is of good quality, but of
insufficient quantity, particularly that from PBMCs
stimulated with Candida cell wall glucan. Then, the
second time, we attempted the isolation of mRNA
from more cells than previously (12 x 107 cells). The
yields were high enough, but the fragmentation of
RNA was serious (Fig. 2a,b). It is possible that these
phenomena result from the death of PBMCs. The gene
expression of apoptotic protein, Caspase-8, Caspase-3
and APAF-1 and anti-apoptotic protein, bax, becl-2
related protein Al, and DIF-2 was also up-regulated
in such PBMCs. This fact suggested that the metab-
olism of the stimulated cell may have influenced the

quantity of RNA. Then, to suppress the fragmentation
of RNA, we controlled the culture time and ccll
numbers and directly added o denaturalized reagent
to cultured cells such as guanidine thiocyanate. Final-
ly. we were able to prepare a good quality and
quantity of total RNA and hybridized it to the array
for non-amplification and reliable analysis.

Q)
200 (
3 control
150 DO CSBG
W OX-CA
E) 100
=
50
0
b)
2000
1500 |
E
5 1000
u
500 }
0 J "
4 8 12
h

Fig. 6. Kinetics of IL-8 and TNF-a production by human PBMC
stimulated with OX-CA or CSBG. PBMCs obtained from the
peripheral blood of five healthy donors (A, B, C, D, E) were adjusted
1o a concentration of 2 x 10° cells/ml in RPMII640 medium
containing 10% normal autologous plasma and cultured with OX-
CA particles (0.5%}) or CSBG (100 pg/ml) for 12 h in a 5% CO,
incubator. Subsequently, the culture supematants were collected, and
IL-8 and TNF-a was measured as described in Materials. (a) IL-8
production, (b} TNF-o production by human PBMCs.
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3.3, Anulvsis of PBMC mRNA expression bv ¢DNA
microarravs in response to stindation with OX-CA
and CSBG

This array represcents 1176 different genes, includ-
ing those encoding immunological regulatory proteins
such as cytokines, chemokines, cellular receptors and
apoptosis-related molecules, hormones ete. Fig. 3
shows a microarray hybridized with cDNA taken from
PBMCs stimulated with Candida cell wall glucan,
The total mRNA showed a significant change for 147
out of 1176 arrayed genecs stimulated with OX-CA
and CSBG for 4 h (Tables 1-3). Among them,
common genes numbered 62, OX-CA-specific genes
26 and CSBG-specific genes 59 (Fig. 4). It was
suggested that the 62 genes common to both were
changed not by physical properties such as solubility
but by Candida cell wall p-glucan having a primary

structure with a branched long 1.6-p-glucan and 1,3-
f>=glucan scgment. The change of gene cxpression
was cxtensive and the degree varied.

Many of these up-regulated genes commen to OX-
CA and CSBG encode effectors with well-character-
ized proinflammatory properties (Table 4a). For exam-
ple. the cxpression of TNF-a, IL-1, which contributcs
to inflammatory symptoms and acute-phase responses
such as the activation of leukocytes and enhanced
vascular permeability, fever, was up-regulated. Exten-
sive expression was also observed for the chemokines
MIP-lo, MIP-13, MIP-2¢¢, MCP-1, and GCP-2, which
selectively recruit other effector cells to site of infec-
tion. It was suggested that various cell subsets induced
chemotactic activity. It is possible that these peptides
induced migration and activation. The expression of
adhesion molecules such as the integrin family, [CAM-
1, and catenin, which play a considerable role in the

a)

120 0

O control EOX-CA oCSBG

g0 b
E
a0
c

40 -

o N . ! N .
A B Lod D E

b)
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E
"&b
=%

—
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2000 I
0 1 i i L 1
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Fig. 7. Individual variations of cytokine preduction by human PBMC stimulated with OX-CA or CSBG. (a) IL-8 production, (b) TNF-
production by human PBMCs obtained from the peripheral blood of five (A, B, C, D, E) healthy donors were adjusted to a concentration of
2% 10° cells/ml in RPM11640 medium containing 10% nommal autologeus plasma and cultured with OX-CA particles (0.5%) or CSBG (100 pg/
mi) for 12 h in a 5% CO, incubator. Subsequently, the culture supernatants were collected, and the cytokine measured as described in Materialg,
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formation of inflammatory pathosis. was also up-
regulated. Therefore, those results suggested that Can-
dicla cell wall p-glucans were related with inflamma-
tory response, On the other hand, a change to an
adaptive immune response from an innatc immune
response was also observed (Table 4b). The gene
expression of CD27, which plays an important role
in the activation of lymphocytes, and cytokines [L-3, -
5, -6, and -9, which are produced by and act on
lymphocytes, and those cytokine receptors were up-
regulated and showed the activation of the adaptive
immune system.

In the changed gene in common, the gene, that was
influenced on the mRNA expression levels by the
physical properties of Candida cell wall glucan, as
particle or soluble, existed. In OX-CA stimulation,
especially, the gene coding inflammatory cytokine and
chemokine, as TNF-a, MIP-1a and MIP-2« highly
expressed obscrvably. It supported the results that the
MIP-18, chemokine and further. the expression of
leukocyte chemotactic factors, such as leukotricne,
receptor, were included in the OX-CA specific
changed 26 genes. Also, the expression of the MAP

397

kinase family molecules MAP/ERKK3, MAPKKS®,
and PTP-1B involved in the signaling through adhe-
sion molccule are specifically up-regulated in OX-CA
stimulation. It was thought that those molecules are
involved in the OX-CA-specific activation such as
TNF-a production.

In CSBG stimulation, the speeifically up-regulated
expression of the OX40L gene, which act as a
costimulatory signal in the activation of T cells and
the IL-9 gene compared with OX-CA, suggested that
CSBG has a greater ability stronger to activate T cells
than OX-CA. Furthermore, the expression of NF-AT
involved the downstream of TCR signaling and
MLK3 concerned with cell to cell contact, Rho family
as Rap-1b, Tiam-1, which regulate cytoskeleton, were
strongly up-regulated compared with OX-CA.

These modifications are parallel and support the
biological activity. Therefore, the results suggest that
Candida cell wall glucans, OX-CA and CSBG, induce
inflammatory responses and, because the signaling
molecules for particulate and soluble forms differed,
each glucan showed activity through a different
mechanism,

O control
W OX-CA
D CSBG
A B C D E A B C D E
600 300 6000
IL-12p70 [ IL-10 1L-6
0t 200t 4000
-
£
)
o
2001 100} 2000 +
0 ; ©0 . 0 A_I_._I_._ll
A B C D E A B C D E A B C D E

Fig. 8. Cytokine profiles of PBMC stimulated with OX-CA or CSBG. PBMCs obtained from the peripheral blood of five (A, B, C, D, E) healthy
donors were adjusted to a concentration of 2 x 10% cells/ml in RPMI1640 medium containing 10% normal autologous plasma and cultured with
OX-CA particles (0.5%) or CSBG (100 pg/ml) for 12 hin a 5% CO- incubator. Subsequently, the culture supernatants were collected, and the
each cytokine was measured by cytometric bead array system as described in Matenials.
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3.4. Variation of inflammatory cviokine production by
Candida cell wall glican in five volunteers

To confirm the data obtained using the cDNA
arrays, the cytokine production of 1L-8, TNF-a was
further analyzed. Because DNA array analysis was
conducted by using PBMC from only onc healthy
donor, we compared these cytokine productions by
PBMC stimulated with OX-CA or CSBG in five
healthy volunteers.

We refined the dose-dependence and kinetics of
OX-CA and CSBG on IL-8 and TNF-a production
using one volunteer (Figs. 5 and 6). OX-CA shows
the dose-dependence on those cytokine productions.
In contrast, CSBG produced less amount than OX-CA
in all the dose range tcsted. The dose—responsc
pattern was in parallel with our previous in vivo and
in vitro studies. In kinetics experiment in any time
point, OX-CA produced higher concentration on I1L-
8 and TNF-a production. These results showed that
OX-CA induced inflammatory response more strong-
ly than CSBG on protein level, and was reflecting the
c¢DNA array data. In the optimal expericnece condition
obtained herewith, we tested IL-8 and TNF-u produc-
tion of five volunteers. In all voluntecrs, OX-CA
produced significantly high concentration of TNF-«,
on the other hand, CSBG produced slight (Fig. 7).
This result was in agreement with the data of cDNA
array. In IL-8 production, OX-CA produced higher
concentration than CSBG but individual variation
existed considerably among volunteers. Furthermore,
using cytometric bead array, we examined individual
variation of the cytokine production as TNF-a, IL-6,
IL-1B, IL-12, 1L-10 (Fig. 8). TNF-a production
showed the approximately same results as ELISA,
and inflammatory cytokines were intensively pro-
duced in OX-CA stimulation. Each volunteer showed
different profile of the cytokine production, and these
results showed that the individual variation of glucan
sensitivity existed.

4. Discussion

Because of a large molecular mass and wide diver-
sity, each 1.3-p-glucan has specific chemical and
biological properties in addition to a gencral structural
unit and general biological activity. In physical prop-

ertics and biological activitics, the particulate and
soluble forms of glucan show significant differences.
Then, we prepared particulate and soluble glucans
derived from C. albicans having exactly the same
primary structure by the NaClO-DMSQ method and
compared the biological activity in terms of solubility
atone. We reported that the particles activated leuko-
cytes to a significantly greater extent than the soluble
form. But on the immunopharmacological and immu-
notoxicological activity of CSBG, we have reported the
activation of an alternative pathway of complement,
enhanced vascular permeability, an adjuvant effect on
antibody production, IL-6 synthesis by macrophages in
vitro, enhancement of antitumor immunity and so on
[18,19]. The solubility and degree of assembly of 1,3-
f-p-glucans considerably influences the immunophar-
macological activities, and controlling assembly would
be essential for estimating the immunopharmacological
activities of p-p-glucans. Then, in this study, we used
cDNA microarray technology to clarify the difference
in the activation mechanism of OX-CA and CSBG.
These arrays are composed of 1176 gene-specific
cDNA probes, involving cytokines, cellular receptors
and other secreted growth-regulatory molecules,
immobilized on a solid-phase nylon membrane. Our
approach using a cDNA microarray demonstrated that
human PBMCs stimulated with OX-CA and CSBG
expressed a relatively extensive array of genes (147 out
of 1176).

Organisms identify pathogens to its invasion by
pattern recognition of the structure of individual
components which triggers a biological response
through signal transduction. It was reported that -
glucan activated PKC, CaM kinase and signal trans-
duction cascade such as MAPK and NF-«xB [20-22],
and the activation was important for the expression of
biological activities, such as cytokine production.
With the ¢cDNA microarray system, a large number
of signal transduction pathways was able to be
examined at the same time. Although NF-«xB which
has the recognition sequence of an inflammatory me-
diator such as cytokine, adhesion molecule, NOS, and
COX-2 (23], was activated in both stimulations, NF-
kB2 (pl00 subunit) was specifically activated in the
CSBG stimulation. Besides, the different expression
of MAPK cascade genes, which typical signal trans-
duction pathway as well as NF-xB, was observed.
The expression of MAP/ERKK3, MAPKKG6 in OX-
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CA or MLK3 in CSBG stimulation is specifically up-
rcgulated. From these results, it is possible for OX-
CA to activate the MAPK family such as ERK, p3&,
and SAPK compared with CSBG. It was thought that
such differences in signal fransduction influence bio-
logical activitics, such as cytokine production.

Many rescarchers showed that TNF-a production
by B-glucan in vitro or vivo is related to solubility
[24-26]). TNF-a production was induced only in the
casc of stimulation by the particulate form or gel form
like H,O> production. Also, in this study, the mRNA
expression level of TNF-a was 15 times higher in
OX-CA stimulation than in CSBG. This result sup-
ported previous results. The transcriptional meccha-
nism of the TNF-a gene, which plays a central role in
the inflammatory response, has been examined and
found to be controlled at multiple levels.

The stability of the TNF-¢ mRNA was enhanced
by p38. and an intensive expression was required for
not only NF-kB but multiple signaling accompanied
by MAPK such as ERK and IJNK/p38. The MAP
kinase pathway acts at multiple levels for the full
regulation of TNF-o. OX-CA-stimulated monocytes
expressed MAPK-related molecules more strongly
than CSBG. Therefore, it was suggested that those
molecules have an effect on B-glucan-stimulation of
TNF-oo mRNA expression.

If the difference in signal transduction was due to
the molecular weight of B-glucan, it is possible that
the difference is borne from signaling accompanied
by the cross-linking of the glucan receptor and the
transformation of the cytoskeleton. CR3 and CR4,
glucan receptors, belong to the integrin family, The
formation of desmosomes is important for the sig-
naling and activation of ERK, INK, and PKC
through this receptor [27]. The expression of PTP-
1, which interacts with p130Cas, a signaling path-
way component through integrin [28], was up-regu-
lated in OX-CA, supporting that this signaling
pathway is activated. In addition, it was reported
that the ligation of P2 integrin, CR3 and CR4
induced the expression of MIP-la, MIP-15 mRNA,
with an especially intensive expression on OX-CA
stimulation [29]. These results suggested that cross-
linking of the functional p-glucan receptor(s) would
be necessary for such biological activities, and the
degree regulated signal transduction and biological
activities.

Soluble glucan shows strong activity in INF-vy
production in scrum and antitumor activity comparcd
with the particulate form. Also. we previously re-
ported that CSBG enhanced antitumor immunity and
showed more cffective antitumor activity against
syngencic tumors {30]. Therefore, CSBG would be a
usctul tool in adoptive immunotherapy and gene
therapy. In this study, CSBG caused more changes
in the expression of gene-related acquired immunity
than OX-CA. In CSBG stimulation, the mRNA ex-
pression of IL-9 as produced by activated T cells and
NF-AT, a downstream signaling molecule of TCR,
was more intensive than in OX-CA. Also, the expres-
sion of OX40L was specifically up-regulated in
CSBG. OX40 acts as a costimulatory signal in the
activation of T cells and plays a role in the production
of cytokines such as INF-vy, IL4 and CTL activity
[31.32]. Thesc results show lymphocyte activation by
CSBG. Besides, it was reported that the expression of
OX40L was induced in monocyte-derived dendritic
cells (DCs), antigen-presenting cells. Therefore, it was
suggested that CSBG induced the differentiation of
monocytes to DCs. In addition, the expression of
retinoic acid binding protein IT (CRABP II) which
was induced in human monocyte-derived macro-
phages [33—-35] and MAL which was expressed on
the cell membrane during the differentiation of T cells
[36], was intensive with CSBG. The results show that
CSBG is a powerful activator of differentiation and
proliferation. The up-regulation of Rho family mole-
cules, such as Gey; and Tiam-1 which may suggest
the modulation of cytoskeleton in cell division, and
transcription initiation factor 1ID (TF II D), a general
transcription factor which mediates the action of
transcriptional activators, may support the activity of
CSBG. Furthermore, CSBG induces the specific ex-
pression of genes, related to cell to cell contact such as
lyn, Rac, MLK3. These results suggested that CSBG
was able to activate acquired immunity, such as the
antigen presentation, interaction of phagocytes and
lymphocytes strongly by the enhancement of interac-
tion between cells.

The expression of genes related with signal trans-
duction was different for the particulate and soluble
glucans derived from C. albicans having exactly the
same primary structure. Therefore, this fact suggested
that each glucan induced specific biological activity
through different activation mechanisms. Organisms
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may regulate the intensity of the biological response
by adjusting signal transduction accompanied by the
cross-linking of the glucan receptor.

This study was conducted using peripheral leuko-
cytes from only one healthy volunteer. Hence, to
confirm the data obtained using the cDNA arrays, the
cytokine production of 1L-8, TNF-o was further ana-
lyzed in five healthy volunteers. In CSBG stimulation,
every volunteer produced slight amount of these cyto-
kings than OX-CA stimulation, but significantly pro-
duced some kinds of these cytokines with individual
variation. As shown in Fig. I, it was suggested that the
IL-8 and TNF-a production was influence of serum
protein, as complement and anaphylatoxin. We previ-
ously reported that 3-glucan was complement-activat-
ing substance, and its biologica! activity was modified
by serum component as fibronectin and platelet
[37,38]. Also, we recently found out the antibody to
Candida cell wall glucan in human serum, and reported
the individual variation of its titer exists in the certain
range. On the other hand, the other rescarcher reported
that Dectin, one of $3-glucan receptor, had functional
subtypes [39]. The expression degree and subtypes of
these receptors may be factor. These factors would
influence the immunopharmacological activities of 3-
glucan in vivo situation. By analysis with many indi-
viduals, the activation mechanism would be clarified
furthermore.

This study using ¢cDNA microarrays to analyze a
broad spectrum of mRNA cxpression has provided
information on the biological activity of Candida cell
wall glucan as a potential pathogenic factor.
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Granulocyte-Macrophage Colony-Stimulating Factor
(GM-CSF) Regulates Cytokine Induction by
1,3-B-p-Glucan SCG in DBA/2 Mice In Vitro
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TOSHIRO YADOMAE,! and NAOHITO OHNO!

ABSTRACT

Sparassis crispa Fr. is an edible/medicinal mushroom that recently became cultivable in Japan. SCG is a ma-
jor 6-branched 1,3-8-p-glucan in S. crispa showing antitumor activity. We recently found that the splenocytes
from naive DBA/1 and DBA/2 mice strongly react with SCG to produce interferon-y (IFN-y). In this study,
cytokines induced by SCG were screened and found to be IFN-¥, tumor necrosis factor-a (TNF-a&), granulo-
cyte-macrophage colony-stimulating factor (GM-CSF), and interleukin-12 (IL-12p70). The addition of re-
combinant murine GM-CSF (rMuGM-CSF) to spleen cell cultures from various strains of mice synergisti-
cally enhanced IFN-y, TNF-a and IL-12p70 in the presence of SCG. In contrast, neutralizing GM-CSF using
anti-GM-CSF monoclonal antibody (mAb) significantly inhibited IFN-y, TNF-a, and IL-12p70 elicited by
SCG. We conclude that GM-CSF is a key molecule for cytokine induction by -glucan, and GM-CSF induc-

tion by SCG is the specific step in DBA/2 mice in vitro.

INTRODUCTION

AN IMMUNOMODULATING SUBSTANCE, biologic response mod-
ifier (BRM) or biotherapeutic agent, is impertant for the
treatment of cancer and infectious diseases. 8-Glucan is a well-
known BRM widely distributed in nature and used as a medi-
cine and food substance. Among S-glucans, 6-branched 1,3-8-
glucan is the best characterized. Lentinan from Lentinus
edodes(! and sonifilan (SPG) from Schizophylium communet®)
have been used clinically for ¢ancer therapy in Japan,
Sparassis crispa is a medicinal mushroom that recently be-
came cultivable in Japan. Following preliminary investigations,
the B-glucan content of $. crispa was found to be 43.6%, as
measured by the enzyme method of Japan Food Research Lab-
oratories (Tokyo). Thus, S. crispa was determined to be a good
source material for preparing antitemor S-glucan with a high
yield. In a previous study, S. crispa was repeatedly extracted
by hot water, cold NaOH, and then hot NaOH, and the struc-
ture of the polysaccharide fractions of these extracts was ana-
lyzed by chemical and enzymic methodologies. The primary
structure of the major polysaccharide fraction was found to be

6-branched 1,3-8-glucan, with one branch approximately every
third main chain. These fractions contained 1,6-8-glucan as mi-
nor linkages. This molecule shows a strong metachromasy to-
ward aniline blue, similar to other gel-forming 1,3-8-glucans.
All fractions showed strong antitumor activity against the solid
form of sarcoma 180 in ICR mice, with strong vascular dila-
tion and hemorrhage reaction on administration of a microgram
quantity. ()

In our recent study, we used S. crispa for several cancer pa-
tients in combination with lymphocyte transplantation im-
munotherapy and obtained a good response.t To examine the
pharmacologic applicability of S. crispa B-glucan, SCG was
purified from the cold NaOH extracted fraction, SCG enhanced
the hematopoietic response in cyclophosphamide-induced
leukopenic mice by intraperitoneal (i.p.) and oral (p.o.) routes
over a wide range of concentrations.59 We recently reported
that SCG responded to human peripheral blood mononuclear
cells (PBMCs) and induced cytokines.”

In a previous study, we reported that a gel-forming 6-
branched 1,3-8-glucan induced macrophages to preduce sev-
eral mediators, including the inflammatory cytokines inter-
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leukin-1 (IL-1), IL-6, tumor necrosis factor-a (TNF-a), and ni-
tric oxide (NO).®-'1 The activities of 8-glucan on other leuko-
cytes and functional B-glucan receptors on such leukocytes are
not clear. It was suggested that the cytokine induction by 8-
glucan from leukocytes derived from normal mice is low. IL-
6 production was not induced by SCG in splenocytes derived
from ICR mice in vitro, whereas splenocytes derived from cy-
clophosphamide-treated ICR mice respond to SCG and produce
IL-6 in vitro." Studying cell types responsible for the activa-
tion of B-glucan is important because it could lead to identifi-
cation of B-glucan receptors and to understanding of the mech-
anisms of B-glucan activity inr vivo. Cytokines are not induced
by SCG in splenocytes from almost all strains of mice, although
in splenocytes from naive DBA/2 or DBA/] mice, high amounts
of interferon-y (IFN-v) are induced by SCG. The induction of
IFN-y by SCG in DBA/2 mice synergistically requires both sol-
uble factors and cell-cell contact.t'> DBA/2 and DBA/! mice
contain significantly higher titers of antibody to SCG than do
other inbred naive mice.!!” This suggests that leukocytes de-
rived from DBA/I and DBA/2 mice are highly sensitive to SCG
in vivo and in virro. However, studies on the cause of high sen-
sitivity to SCG in naive DBA/2 and DBA/1 mice have been su-
perficial.

In this study, we investigated the mechanism of IFN-y pro-
duction by SCG in vitro in splenocytes from DBA/2 mice to
determine the reason for sensitivity to SCG in leukocytes from
DBA/2 mice.

MATERIALS AND METHODS

Animals

C57BL/6, BALB/c, C3H/HeN, C3H/Hel], BDF1 (C57BL/
6 X DBA/2), and DBA/2 male mice between 6 and 7 weeks of
age were purchased from Japan SLC (Shizuoka, Japan). Mice
were maintained under specific pathogen-free conditions,

Preparation of SCG

Fruit bodies of §. crispa were cultured by Minahealth Co.,
Ltd. (Saitama, Japan). SCG was prepared as follows. Briefly,
air-dried and powdered . crispa was defatted with ethanel (4°C
for 2 days) and then extracted with hot water by autoclaving
(121°C for 2 h). The resulting residue was extracted with cold
atkali (10% NaOH/5% urea at 4°C for 2 days) and hot alkali
(10% NaOH/5% urea at 65°C for 1 h), Polysaccharide fractions
of alkali extract was collected after extensive dialysis. Cold al-
kali extract dissolved in 8 M urea was applied to a DEAE
Sephedex A25 (CI™) column equilibrated with 8 M urea, and
the passed-through fraction was collected and extensively dia-
lyzed against tap and distilled water and then lyophilized (ele-
mental analysis CHN = 40.06: 6.77: 0.08). SCG solution was
prepared by dissolution in 0.5 N NaOH, followed by immedi-
ate dialysis against saline for 3 days. After dialysis, the nendi-
alyzable fractions were autoclaved and frozen until use,

Materials

Tween 20 was purchased from Wako Pure Chemical Co.
(Osaka, Japan), Gentamicin sulfate, RPMI 1640 medium, and
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bovine serum albumin (BSA) were from Sigma Chemical Co.
(St. Louis, MQ). Fetal bovine serum (FBS) was from Sanko
Junyaku Co., Lid. (Tokyo, Japan), and purified rat antimouse
granulocyte-macrophage colony-stimulating factor {(GM-CSF)}
monoclonal antibody {(mAb) and recombinant mouse GM-CSF
(rMuGM-CSF) were from PharMingen (San Diego, CA).

Preparation of splenocytes for cell culture

Splenocytes were removed from mice. The spleen was teased
apart in RPMI 1640 medium, and after centrifugation, the sin-
gle cell suspension was treated with ACK-lysing buffer (8.29
2/L NH4Cl, 1 g/l KHCO», 37.2 mg/L. EDTA/; Na) to lyse red
blood cells. After centrifugation, splenocytes were maintained
in RPMI 1640 medium supplemented with 50 pg/ml gentamicin
sulfate and 10% heat-inactivated FBS. Cells were cultured in
24-well flat-bottomed plates at 5 X 10% cells/wel! in 1 ml cul-
ture medium, and stimulated with saline or SCG (100 pg/mi).
Splenocytes were cultured at 37°C for 48 h in a humidified 5%
CO3, 95% air atmosphere.

Cytometric bead array (CBA)

The BD CBA system (PharMingen) uses the sensitivity of
amplified fluorescence detection by flow ¢cytometry to measure
soluble analytes in a particle-based immunoassay. Each bead in
a CBA provides a capture surface for a specific protein and is
analogous to an individually coated well in an ELISA plate.
The BD CBA capture bead mixture is in suspension to allow
for the detection of multiple analytes in a small sample volume.
The BD Mouse Th1/Th2 Cytokine CBA Kit can be used to mea-
sure [L-2, IL-4, IL-5, TFN-v, and TNF-a protein levels in a sin-
gle sample. Five bead populations with distinct fluorescence in-
tensities are coated with capture antibodies specific for IL-2,
IL-4, IL-5, IFN-v, and TNF-a proteins. The five bead popula-
tions are mixed together to form the CBA, which is resolved in
the FL3 channel of the FACSCalibur flow cytometer, The cy-
tokine capture beads are mixed with phycoerythrin (PE)-con-
jugated detection antibodies and then incubated with recombi-
nant standards or test samples to form sandwich complexes.
Following acquisition of sample data using the flow cytometer,
sample results are generated in graphic and tabular form.

ELISA

For IFN-y, IL-6, and TNF-a, 96-well microtiter ELISA
plates were coated with capture antibody for rat antimouse IFN-
¥ mADb, rat antimouse IL-6 mAb, or rat antimouse TNF-or mAb
(all from PharMingen). The plates were washed with phosphate-
buffered saline (PBS) containing 0.05% Tween 20 (PBST) and
blocked with 0.5% BSA (BPBST). After washing, plates were
incubated with rMulFN-y, rMulL-6, rMuTNF-a (all from
PharMingen), or 50 pl test sample. The plates were then washed
with PBST and treated with antibody for biotinylated rat anti-
mouse IFN-y mAb, biotinylated rat antimouse IL-6 mAb, or bi-
otinylated rat antimouse TNF-a mAb in BPBST. Subsequently,
they were treated with peroxidase-conjugated streptavidine
{PharMingen) and developed using a TMB substrate system
(KPL, Gaithersburg, MD}. Color development was stopped with
1 N phospheric acid, and the optical density (OD) was mea-
sured at 450 nm.
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