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Fig.1 Subjects' periodical IFN-a values (y) were plotted vs. age (x) along fitted
to two quadratic formulas ( @) y=mx+n and (2) y=ax?+bx+c) expression.
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Table 1 Periodical IFN-a trend in healthy subjects #

a: Fitted to linear formula

plug into y=mx+n formula n - (%)

m:+(upward trend) 6 55

No change 91 835
m:—(declining trend) 12 11.0 s

b: Fitting to quadratic expression

plug into y=ax?tbx+c formula n (%)

a:+(concave u shape)* 18 16.5
p<0.05

No change 84 771

a—(convex n shape) 7 6.4

*—b/(2a) : 56.1+2.0(mean=*SE)

# Healthy subjects were over 50 years old and excluded those
with a history of cancer, autoimmune and chronic infectious
diseases.
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Vasculitis and anaphylactoid shock in mice induced by the
polysaccharide fraction secreted into culture supernatants
by the fungus Candida metapsilosis
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ABSTRACT

The biological effects of Candida metapsilosis water-soluble fraction (CMWS), prepared using a com-
pletely synthesized medium, were examined to determine whether CMWS induces vasculitis similar to
that seen in Kawasaki disease, and anaphylactoid shock, in mice. It was found that intraperitoneal injec-
tion of CMWS induces coronary arteritis and i.v. injection induces acute anaphylactoid shock in mice,
similar to Candida albicans water-soluble fraction (CAWS)-induced arteritis and anaphylactoid shock.
The mannan structure of the polysaccharide fraction was then analyzed by performing antiserum reac-
tivity tests and nuclear magnetic resonance spectroscopy. The mannan structure was investigated because
the present authors have recently found that the mannan moiety within the polysaccharide fraction might
be responsible for these pathogenic activities. The structural analysis showed that the mannan structure
within CMWS expresses a-mannan residues, but not f-mannan. In addition, the mannan structure of
CMWS is quite similar to that of CAWS. The present findings indicate that the polysaccharide fraction
from C. metapsilosis, which is mainly composed of mannan, contributes to coronary arteritis and acute
shock, and that the mannan structure could be responsible for this pathogenicity.

Key words anaphylactoid shock, Candida metapsilosis, polysaccharide, vasculitis.

Kawasaki disease is a systemic childhood vasculitis that
can result in aneurysms of the coronary arteries (1, 2).
The diagnosis of KD is based entirely on clinical features.
The diagnosis of classic KD requires that individuals have
a fever for more than 5days and either meet at least four of
the following five criteria:(i) bilateral conjunctivitis; (ii)
erythema of the mouth or pharynx, strawberry tongue,
or stomatitis; (iii) polymorphous rash; (iv) erythema or
edema of the hands or feet; and (v) nonsuppurative cer-
vical lymphadenopathy; or meet at least three of these
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criteria and have evidence of coronary artery abnormali-
ties. Incomplete or atypical KD, in which these criteria are
not fully met, also occurs and can result in aneurysms of
the coronary arteries. Laboratory findings are nonspecific,
and there are no diagnostic tests for KD.

The cause of KD remains unknown despite numerous
efforts. However, many recent studies have reported that
KD may be triggered by responses to an infectious agents
such fungi, bacteria, and viruses (3—5). Moreover infection
of neonates by invasive Candida, such as the pathogenic
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species C. albicans, can cause mycetoma of the right atrium
and candidal endocarditis (6). Pathogenic fungi, including
C. albicans, can also induce septic shock. Candida-induced
septic shock is as serious a clinical problem as bacterial
septic shock.

The pathogenic yeast C. albicans, a commensal of the
human digestive tract and vaginal mucosa, is now one of
the commonest microbes causing bloodstream infections
in immunocompromised or intensive-care patients (7, 8).

We have previously found and reported that polysac-
charide fractions obtained from culture supernatants, as
well as the cell wall of the pathogenic yeast C. albicans, dra-
matically induce coronary arteritis similar to that found
in KD, and acute anaphylactoid shock, in mice (9-17). In
the course of our studies, we recently found relationships
between C. albicans culture conditions and the induc-
tion of several biological effects of CAWS, including acute
anaphylactoid shock, coronary arteritis, and complement
activation (10-17). Specifically, culture conditions result-
ing in a 1,2-B-mannosyl linkage within the mannan moi-
ety of these fractions significantly reduced the biological
effects described above (15). This finding was also sup-
ported by investigations into the activity and structure of
cell wall mannan extracts of C. albicans, the structures
of which vary with changes in culture conditions such as
culture media and growth temperatures (9). Numerous
studies have reported that the cell wall mannan of Can-
dida species is altered by various culture conditions such
as growth temperature (18), pH (19), oxidative stress, and
osmotic pressure (20).

However, pathogenic activities in terms of induction of
vasculitis and acute anaphylactoid shock of other Candida
species, such as C. metapsilosis, have not been investi-
gated. We thought that polysaccharide fractions from C.
metapsilosis might induce such activity because it is well
known that the cell mannan of C. metapsilosis is not ex-
pressed as 1,2-B-mannan within its mannan moiety (21).
In the present study, we examined whether the secreted
polysaccharide fraction from another Candida species, C.
metapsilosis, which is less pathogenic than C. albicans, can
induce vasculitis similar to that found in KD, and anaphy-
lactoid shock, in mice in the same way as C. albicans does.
We obtained the secreted polysaccharide fraction from C.
metapsilosis; assessed its pathogenic activities, such as in-
duction of vasculitis and acute anaphylactoid shock; and
analyzed its mannan structure.

MATERIALS AND METHODS

Animals and materials

Male ICR and DBA/2 mice (6weeks old) were purchased
from Japan SLC (Hamamatsu, Japan). The mice were

358

housed in a specific pathogen-free environment. All an-
imal experiments followed the guidelines for laboratory
animal experiments of the Tokyo University of Phar-
macy and Life Sciences, and each experimental pro-
tocol was approved by the committee for laboratory
animal experiments at this institution. The completely
synthetic medium, C-limiting medium (22) contained
(per liter): sucrose 10 g, (NH4),SO4 2 g, KH,PO, 2 g,
CaClzszO 0.05 8 MgSO47H20 0.05 2 ZnSO47H20
1 mg, CuSO4-5H,0 1 mg, FeSO4-7H,0 0.01 g, and bi-
otin 25 ug (final pH, 5.2). The Candida Check was from
Mitsubishi Kagaku latron (Tokyo, Japan).

Yeasts and culture conditions

Candida metapsilosis NBRC 1068 was obtained from the
NBRC (Chiba, Japan). CMWS was prepared from C.
metapsilosis NBRC 1068 in accordance with slightly mod-
ified conventional methods (10). The procedure used was
as follows: 4L of medium (C-limiting medium) was added
to a fermenter and cultured for 2 days at 27°C with air
supplied at a rate of 4L/min. Following culture, an equal
volume of ethanol was added. After the mixture had been
left to stand overnight, the precipitate was collected. The
precipitate was suspended in 250 mL of distilled water, and
the water-soluble fraction collected. Ethanol was added to
the soluble fraction, and the mixture allowed to stand
overnight. The precipitate was collected and dried with
acetone to obtain crude CMWS. This crude material was
dialyzed in distilled water. The water solution was then
lyophilized to obtain CMWS.

Sugar analysis

Polysaccharides were completely hydrolyzed in 2.0 M
CF3CO,H (115°C, 1.5 hr). The sugars were converted to
alditol acetates by reduction followed by treatment with
acetic anhydride in an equal volume of pyridine (100°C,
1 hr), and then analyzed by GLC using a GC-2014AF in-
strument (Shimadzu, Kyoto, Japan) equipped with a flame
ionization detector and a 30 mx0.25 mm (0.25 mM)
DB-225 capillary column (J&W Scientific, Folsom, CA,
USA).

Other chemical analyses

The total carbohydrate concentration was determined by
the phenol-sulfuric acid method using a mixture of D-
mannose and D-glucose as a standard. Total protein was
determined by using the BCA Protein Assay Regent kit
(Pierce Biotechnology, Rockford, IL, USA), with BSA as
a standard. Endotoxin content was determined by the
Toxicolor LS-50M Set (Seikagaku Biobusiness, Tokyo,
Japan).

(© 2011 The Societies and Blackwell Publishing Asia Pty Ltd
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Table 1. Chemical composition of CMWS

Total carbohydrate (%)  Total protein (%)

Elemental analysis (C:H:N)

Sugar composition (Man:Glc)  Endotoxin content (ng/mg)

CMWS 49.0 9.8

40.44:6.87:2.06

3.9:1.0 N.D.

Glc; glucose, Man; mannose, N.D; not detected.

Administration schedule for induction
of coronary arteritis

We used the DBA/2 mouse strain in this experiment be-
cause this strain shows the most serious coronary arteritis
after treatment with the CAWS that is secreted into the
culture supernatant by Candida albicans (11). In weekl,
CMWS (4 mg/mouse) was administered intraperitoneally
for 5 consecutive days to each mouse. The hearts of the
animals were fixed with 10% neutral formalin and embed-
ded in paraffin blocks. Tissue sections were stained with
HE. Preparation of paraffin blocks and HE staining was
done by Japan SLC.

Evaluation of rapid anaphylactoid shock

The incidence and severity of rapid anaphylactoid shock
was assessed within 1 hr of i.v. injection (0.1 mL/10 g
body weight) of CMWS (8 mg/kg) into ICR mice. The
subsequent mortality (in the first hour after injection)
was recorded.

Enzyme-linked immunosorbent assay
of reactivity to Candida serum factors

The reactivity of cell wall extracts to serum factors from
Candida Check, which consists of rabbit polyclonal an-
tibodies against Candida cell wall mannan (23-25), was
assessed by ELISA. A solution of cell wall extracts in 50 mM
carbonate buffer (pH 9.6) was coated onto Nuncimmuno-
plates (Roskilde, Denmark), which were then incubated
at 4°C overnight. The plates were washed extensively with
PBST; unbound sites were blocked by the addition of
BPBST to wells for 40 min at 37°C; and then the wells
were washed six times with PBST. Candida serum factors
serially diluted with BPBST were added and incubated for
60 min at 37°C. After six washes with PBST, the wells
were treated with peroxidase-conjugated goat anti-rabbit
IgG and the TMB microwell peroxidase substrate system
(KPL, Gaithersburg, MD, USA). After 45 min, the reac-
tion was stopped with 1 N H3;PO,4. The optical density
of each well was then read at 450 nm on an automatic
microplate reader. The reactions were evaluated as posi-
tive when the maximum optical density was over 1.0 at
an 80-fold dilution ratio of Candida serum factor because
Candida serum factors are polyclonal antibodies.

© 2011 The Societies and Blackwell Publishing Asia Pty Ltd

Nuclear magnetic resonance spectroscopy

Exchangeable protons were removed by dissolving cell wall
extracts in D, 0O, and samples were then lyophilized. This
exchange process was repeated three times. Al NMR spec-
tra were recorded in D, O at 308 K using a Bruker Avance
500 spectrometer equipped with a TXI xyz 3-gradient
probe for 'H detection. Chemical shifts are reported in
p-p-m. relative to acetone-dg as an internal standard (8y =
2.189 p.p.m., ¢ = 31.45 p.p.m.). Data processing was
performed using XWinNMR software. The 1D-'H exper-
iment was performed using a Bruker standard pulse se-
quence with 4310Hz in 64 K complex data points. The re-
laxation delay used to calculate accurate signal integrations
was 5T;. Before Fourier transformation, four times zero
filling was used, and noise was reduced using the Trafica-
tion function. 2D sensitivity improvement ' H, *C-HSQC
without decoupling during acquisition was conducted to
measure ' Ji; c; with 512 increments of 2048 data points,
with 32 scans per f; increment in the Bruker standard
pulse sequence. The spectral width was 3501Hz for t,
and 12 500 Hz for t;. 2D-TOCSY was conducted with
a mixing time for TOCSY spinlock of 30-180 ms using
the pulse sequence of Griesinger et al. to suppress ROE
signals (26). The spectral width was 2200 Hz in each di-
mension, and 512 increments of 4096 data points with 16
scans per t1 increment were recorded. All 2D experiments
were zero-filled to 2k and 2k in both dimensions before
Fourier transformation. A cosine-bell window function
was applied in both dimensions.

RESULTS

Chemical composition of the water-soluble
polysaccharide fraction from Candida
metapsilosis

The chemical composition of CMWS NBRC 1068 is sum-
marized in Table 1. The fraction is mainly composed
of carbohydrates (49.0%) and proteins (9.8%), but has
less carbohydrate content than CAWS. The monosaccha-
ride content of the water-soluble polysaccharide fraction
was determined by GLC analysis and found to be com-
posed of mannose and glucose in a molar ratio of 3.9:1.0.
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Fig. 1. Histological examination of
CMWS-induced coronary arteritis in mice.
CMWS (4 mg/mouse) was administered
intraperitoneally to DBA/2 mice for 5 consecutive
days in the first week. Five weeks later, the
hearts of DBA/2 mice were fixed in buffered
formalin solution, embedded in paraffin,
thin-sectioned, stained with HE, and then
observed under a microscope. Magnifications
are shown in the figure.
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Fig. 2. Survival time of CMWS-administered

Day

These analyses reveal that the water-soluble polysac-
charide fraction contains the mannoprotein-glucan
complex; however, no endotoxin contamination was
detected.

Coronary arteritis induced by the Candida
metapsilosis water-soluble fraction

We first examined the induction of coronary arteritis
by CMWS. Figure 1 shows HE staining of the aorta in
DBA/2 mice which had been administered CMWS. His-
tological examination showed that intraperitoneal injec-
tion of CMWS induced severe coronary arteritis in DBA/2
mice, which was similar to CAWS-induced arteritis. Coro-
nary arteritis was also examined in terms of the survival
rate. As shown in Figure 2, mice given CMWS gradu-
ally died. These studies show that not only CAWS, but
also CMWS, induces severe coronary arteritis in DBA/2
mice.

360

mice. CMWS (4 mg/mouse) (¢) and negative
70 80 90 control (M) were administered intraperitoneally

to DBA/2 mice for 5 consecutive days in the first

week. Survival was observed for 12weeks.

Rapid anaphylactoid shock induced by the
water-soluble polysaccharide fraction from
Candida metapsilosis

We next examined another typical biological effect exhib-
ited by CAWS and found that administration of CMWS
also resulted in acute anaphylactoid shock in ICR mice
(Table 2).

Reactivity of the water-soluble
polysaccharide fraction from Candida
metapsilosis to Candida serum factors

Since we had already found that the mannan structure
is vital for biological activity, we next examined the
structural differences between the mannan residues of C.
metapsilosis and C. albicans. Figure 3 shows the reactiv-
ity of CMWS to Candida serum factors, which consist
of rabbit polyclonal antibodies against Candida cell wall
mannan. CMWS strongly reacted with Candida serum

(© 2011 The Societies and Blackwell Publishing Asia Pty Ltd
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Table 2. Ability of CMWS to induce rapid anaphylactoid shock in ICR
mice

8 mg/kg Dead/total
Saline 0/4
CMWS 4/4

factors 1, 11, 13b, and 13, but not serum factors 4, 5, 6, 8,
9, and 34. These results suggest that the mannan within
CMWS might be composed only of a-type mannose
residues.

Nuclear magnetic resonance analyses of the
water-soluble polysaccharide fraction from
Candida metapsilosis

For further structural characterization, we next analyzed
the sample using NMR spectroscopy. Figure 4 shows
the 1D-'H NMR spectra of CMWS. The spectrum of
CMWS contained many signals in the anomeric region
of the mannose residues (g 4.8-5.5p.p.m.). Thus, we
could not completely assign the signals using this tech-
nique. Therefore, we further examined samples using 'H,
BC-HSQC spectra to detect the number of signals from
the mannose residues. Figure 5 shows the overlaid HSQC
spectra of CMWS (black) and CAWS (blue). The over-
laid HSQC spectra show 10 signals in the anomeric re-
glons of their mannose residues (8y 4.8-5.5 p.p.m., 8¢
98-104 p.p.m.) that were arbitrarily labeled numbers

18
16
14 F
12 F 3 =
1 F 2
08
06 [
04
02
0

¥
g

O.D. at 450nm

1-10 as described in Table 3. However, we could not com-
pletely assign all signals at this time. Therefore, we ex-
amined the anomeric conformation of their carbohydrate
residues because numerous studies have reported that the
anomeric conformation of mannose residues is crucial for
their pathogenicity and antigenicity (27, 28). From the ob-
served ! Ji c; obtained from 'H, 1*C-HSQC spectra with-
out decoupling during acquisition, all mannose residues
were assigned to ¢-mannose (Table 3). We next examined
samples using 2D TOCSY spectra to determine the linkage
types of each residue according to the method of Shibata
et al. (29). The findings are described in Table 3. No-
tably, no qualitative differences compared to CAWS were
identified.

DISCUSSION

In the present study, we clearly revealed that the CMWS,
which is composed of a mannoprotein-8-glucan complex,
dramatically induces coronary arteritis similar to that of
KD, as well as acute anaphylactoid shock, in mice. These
pathogenic effects are similar to those induced by CAWS.
Moreover, the structure of mannan, which is considered
a factor in induction of the above-described pathogenici-
ties, within CMWS was quite similar to that within CAWS.
Based on these findings, we concluded that Candida man-
nan, especially ¢-mannan, might contribute to Candida
pathogenicity with respect to coronary arteritis and acute
shock.

Serum dilution (20 x 4")

Fig. 3. Reactivity of CMWS to Candida serum factors. The reactivity of CMWS to Candida serum factors was tested by ELISA using rabbit
polyclonal antibodies against Candida cell wall mannan. Briefly, a solution of CMWS in 50mM carbonate buffer (pH 9.6) was coated onto Nunc
immunoplates. Unbound sites were blocked by the addition of 1% BSA-PBST. Serum factors 1, 4, 5, 6, 8,9, 11, 13b, 13, and 34, serially diluted with
blocking buffer, were added. Binding of immunoglobulin to CMWS was detected by peroxidase-conjugated goat anti-rabbit IgG. Then, each well was
color-developed by the addition of TMB solution, and the reaction stopped by 1N H3PO4. The optical density of each well was read at 450 nm/ref
630 nm on an automatic microplate reader. #, 1, m, 4; A, 5; @, 6; ¢ 8,0, 9; A, 11, 0 13b; x, 13; *, 34.

®© 2011 The Societies and Blackwell Publishing Asia Pty Ltd
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CAWS

Fig. 4. 1D-'H NMR spectrum of CMWS. 1D-"H NMR spectra of CMWS (lower) and CAWS (upper) were recorded in D,0 at 308 K using a Bruker
Avance 500 spectrometer equipped with a TXI xyz 3-gradient probe for 'H detection. Chemical shifts are reported in p.p.m. relative to acetone-dg as

an internal standard (§y = 2.189 p.p.m.).
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Fig. 5. Overlaid 'H, *C-HSQC spectrum of CMWS. The overlaid "H, '3C-HSQC spectra from CMWS (black) and CAWS (blue) were recorded in
D,0 at 308 K using a Bruker Avance 500 spectrometer equipped with a TXI xyz 3-gradient probe for 'H detection. Chemical shifts are reported in
p.p.m. relative to acetone-dg as an internal standard (dy = 2.189 p.p.m., ¢ = 31.45 p.p.m.).

The CMWS used in this study was mainly composed of
carbohydrates (mannose and glucose) and protein, with
no endotoxin contamination (Table 1). Moreover, CMWS
dramatically induced coronary arteritis (Figs 1 and 2) and
acute anaphylactoid shock in mice (Table 2) in the same
way as CAWS does (10-17). CMWS contains 50% car-
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bohydrates and 10% proteins. Therefore, we attempted
to further purify CMWS by dialysis. After dialysis, the
carbohydrate content reached 80%, after which we again
assessed its biological activity in terms of induction of vas-
culitis and acute anaphylactoid shock in mice. We found
that this purified CMWS also exhibited both pathogenic
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Table 3. Anomeric conformation analyses of CMWS

Effects of polysaccharide from Candida

Contains
"H (p.p.m.) 13C (p.p.m.) Ynicr (H2) Conformation CMWS CAWS Residue
1 5.39 100.9 173 a-mannose . . al—2Mane1—3Mana1—2
2 5.30 100.8 172 a-mannose . . Mana1—2Mana1—2
3 5.28 100.9 172 @-mannose . . al->2Mana1—2Mana1->2
4 5.13 102.5 173 a-mannose . . Mana1-3
5 51 98.4 172 a-mannose . . al—>6Mana1—6Manal-—>6Manal—6
42
Mana1(—2Mana1),
6 5.09 98.5 173 a-mannose . . (—6Mana1->),
12
Mana1 (—2Mana1),
7 5.05 102.9 171 a-mannose . . Mana1—2
8 5.04 102.4 172 «-mannose . . al—3Mana1—2
9 4.92 99.9 172 a-mannose . . Manal—+6
10 4.87 99.3 171 a-mannose . . Mana1—(6Mana1),—~6Mana1—6

effects on mice (data not shown). These results strongly
indicate that the mannoprotein-8-glucan complex within
CMWS could contribute to the pathogenic effects.

We next examined the mannan structure of CMWS and
compared it to that of CAWS, because we have previously
found that the mannan moiety might be responsible for
these activities (9-15), and many reports have indicated
that Candida cell wall mannan contributes to its anti-
genicity and pathogenicity (30). In addition, the structure
of mannan from Candida differs between species (21, 31—
35) and can also be altered by environmental conditions
such as growth temperature (18), pH (19), and osmotic
pressure (20). As revealed by the reactivity of Candida
serum factors (Table 3), CMWS reacted to antisera against
a-mannan but not -mannan. Moreover, NMR analysis of
CMWS confirmed that CMWS contains only ¢-mannosyl,
and not B-mannosyl, residues. These serum reactivity and
NMR data are similar to those of CAWS. These results
strongly indicate that @-mannan, but not f-mannan, con-
tributes to these pathogenic effects of CMWS.

Numerous studies on the antigenicity and pathogenic-
ity of fungal cell wall mannans, especially those from C.
albicans and Saccharomyces cerevisiae, have been reported.
Kind et al. reported that the lethal toxicity and increased
vascular permeability of some yeast mannans, including
that of C. albicans, seem to depend on the 1,2-¢-, 1,6-c-
linkage in their main chain (30). Garner et al. reported that
tumor necrosis factor-« is produced in vivo in response
to mannan derived from C. albicans (36). These effects
can be regulated by mannan ligands such as anti-mannan
antibodies and corticosteroids. On the other hand, nu-
merous studies have shown that 1,2-8-linked mannans,
which are only expressed by pathogenic yeasts such as C.
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albicans, are vital for cell adhesion to host cells (27) and
cytokine production from various cells (37). This specific
glycan does not bind to typical mannan receptors such as
the macrophage mannose receptor or mannose-binding
lectin. However, some studies have recently reported that
galectin-3 is the receptor for 1,2-8-linked mannan (38),
and may contribute to some biological effects of mannan
(39).

In our studies, CAWS, an extracellular polysaccharide
fraction obtained from the culture supernatant of C. albi-
cans, hasbeen found to induce coronary arteritis and acute
anaphylactoid shock (10-17). These biological effects
depend on the pH of the culture process (15). CAWS syn-
thesized in neutral pH conditions that result in the expres-
sion of 1,2-B-mannosyl residues produces significantly
reduced acute anaphylactoid shock, coronary arteritis, and
complement activation. This pattern was most definitely
matched by the results of investigations of the activities of
mannan from C. albicans cell wall (9). Our previous stud-
ies have clearly suggested that the S-mannosyl residue
attached to nonreducing terminal ¢-mannosyl branched
chains within an acid-stable region is very different in bi-
ologically active versus inactive mannan (9, 15). This is
probably because f-mannosyl residues mask the nonre-
ducing end of @-mannosyl residues, which leads to non-
binding of lectins, such as mannose-binding lectin, to
«-mannan. Very recently, Saijo et al. reported that dectin-
2 is a crucial receptor for the ¢-mannan from C. albi-
cans and plays an important role in host defense against
this fungus. Cytokine production and signal transduction
by e-mannan from C. albicans are completely abolished
in dectin-27/~ mice compared to wild-type mice (28).
This implies that the pathogenic effect of CMWS could be
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exhibited via dectin-2. However, this possibility needs fur-
ther examination.

The present study strongly suggests that C. metapsilo-
sis, a less pathogenic fungus than C. albicans, can cause
coronary arteritis, such as that observed during KD, and
fungal-induced sepsis in the same way as C. albicans. Since
CMWS only contains a-mannosyl residue (not expressed
as f-mannan), the results of this study support our previ-
ous results. However, further studies are needed because
the precise mechanism(s) behind these pathogenic activi-
ties is not understood. Nevertheless, these findings suggest
the possibility of a novel strategy for drug therapy; that is,
regulation of the biosynthesis of Candida mannan could
be a candidate for therapy of coronary arteritis and acute
anaphylactoid shock.
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sequential histological change of arteritis and
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chemokines in an animal model of Kawasaki
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Abstract

Background: Intravenous immunoglobulin (IVig) treatment results in an effective response from patients with
acute-phase Kawasaki disease (KD), but 16.5% of them remain nonresponsive to IVig. To address this therapeutic
challenge, we tried a new therapeutic drug, mizoribine (MZR), in a mouse model of KD, which we have established
using injections of Candida albicans water-soluble fractions (CAWS).

Methods: CAWS (4 mg/mouse) were injected intraperitoneally into C57BL/6N mice for 5 consecutive days. MZR or
IgG was administered for 5 days. After 4 weeks, the mice were sacrificed and autopsied, the hearts were fixed in
10% neutral formalin, and plasma was taken to measure cytokines and chemokines using the Bio-Plex system.

The incidence of panvasculitis in the coronary arteries and aortic root was 100% in the control group. The
incidence of panvasculitis in the MZR group decreased to 50%. Moreover, the scope and severity of the
inflammation of those sites were significantly reduced in the MZR group as well as the IgG group. On the other
hand, increased cytokines and chemokines, such as IL-Ta, TNF-o, KC, MIP-1a., GM-CSF, and IL-13, in the
nontreatment group were significantly suppressed by treatment with MZR, but the MCP-1 level increased. In
addition, IL-1a, TNF-a, IL-10, IL-13, and MIP-1a. were suppressed by treatment in the IgG group.

Results: The incidence of panvasculitis in the coronary arteries and aortic root was 100% in the control group. The
incidence of panvasculitis in the MZR group decreased to 50%. Moreover, the scope and severity of the
inflammation of those sites were significantly reduced in the MZR group as well as the IgG group. On the other
hand, increased cytokines and chemokines, such as IL-1a. TNF-a,, KC, MIP-1o., GM-CSF, and IL-13, in the
nontreatment group were significantly suppressed by treatment with MZR, but the MCP-1 level increased. In
addition, IL-1a,, TNF-at, IL-10, IL-13, and MIP-Ta were suppressed by treatment in the IgG group.

Conclusion: MZR treatment suppressed not only the incidence, range, and degree of vasculitis, but also
inflammatory cytokines and chemokines in the plasma of the KD vasculitis model mice, suggesting that MZR may
be useful for treatment of KD.

Keywords: Kawasaki disease, an animal model, IVlg, coronary arteritis, inflammatory cytokines and chemokines,
mizoribine
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Background

Kawasaki disease (KD) is an acute febrile illness that
manifests mainly in infancy and early childhood [1]. The
most important complication of KD is coronary arteritis,
which leads to formation of aneurysms. KD has
attracted special interest because it may cause ischemic
heart disease in children due to thrombosed coronary
aneurysms [2]. Since the etiology and development of
KD are thought to be due to the dysfunction of the
immune system, intravenous immunoglobulin (IVIg)
during the early acute phase has been used with an
excellent response in most patients [3]. However, 16.5%
of patients did not respond to the first IVIg treatment
[4], and some nonresponders to the first IVIg treatment
manifested severe coronary arteritis with large aneurysm
[5]. Therefore, additional treatments have been tried on
the nonresponders to the first treatment with IVIg. To
date, a second IVIg treatment [6], plasmapheresis [7-10],
pulse steroids [11], cyclophosphamide plus steroids [12],
ulinastatin as an elastase inhibitor [13-16], cyclosporin
A plus steroids and methotrexate plus steroids [17,18],
and anti-tumor necrosis factor-a (infliximab) therapy
[19-23] have been tried. Thus, for treatment of patients
with KD who do not respond to IVIg, other medicines
for immune response and suppression of lymphocyte
proliferation have been applied due to immune dysfunc-
tion in the patients. One immune modulating medicine,
mizoribine (MZR), a drug that inhibits synthesis of pur-
ine compounds (GMP), blocks proliferation of lympho-
cytes and will be wuseful for application to
nonresponders to IVIg treatment. MZR has long been
used as therapy for kidney transplantation, lupus nephri-
tis, nephrotic syndrome, and rheumatoid disease with
few side-effects [24]. Moreover, it has been reported to
have been used for lupus nephritis, nephrotic syndrome,
and IgA nephritis in children [25-28], and as a mainte-
nance therapy in anti-neutrophil cytoplasmic autoanti-
body (ANCA)-associated renal failure, frequently
relapsing nephrotic syndrome, and purpura nephritis
[29,30]. Therefore, MZR will be a valuable therapeutic
strategy for patients with KD who are nonresponsive to
IVig.

Prior to a clinical trial in children with KD, it was
necessary to test MZR in a mouse model of KD, which
has been established. The model we chose was the
mouse model in which coronary arteritis can be induced
by administration of Candida albicans water-soluble
fractions (CAWS) [31]. This model mouse has pre-
viously been useful for evaluation of other drug
treatments.

Therefore, in the present study, we tested MZR as a
immunomodular for treatment of this CAWS-induced
coronary arteritis. The evaluation of MZR was
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performed by histopathological findings and profiles of
chemokines and cytokines. Also, this treatment effect
was compared with that of IgG.

Methods

Animals

Four-week-old male C57BL/6N mice were purchased
from Charles River Japan (Yokohama, Japan). All mice
were kept under specific pathogen-free (SPF) conditions,
according to the guidelines for animal care of the
National Institute of Infectious Diseases in Tokyo
(NIID).

Preparation of CAWS

CAWS was prepared from C. albicans strain IFO1385 in
accordance with the reported method [31]. Briefly, 5
liters of medium (C-limiting medium) was added to a
glass incubator, and the culture was maintained for 2
days at 27°C while air was supplied at a rate of 5 liters/
min and the mixture was swirled at 400 rpm. Following
culture, an equal volume of ethanol was added. After
allowing this to stand overnight, the precipitate was col-
lected. After dissolving the precipitate in 250 ml of dis-
tilled water, ethanol was added and the mixture was
allowed to stand overnight. The precipitate was col-
lected and dried with acetone to obtain CAWS.

Administration of MZR and IgG to the mice

CAWS (4 mg/mouse/day) in a volume of 0.2 ml was
intraperitoneally injected into a C57BL/6N mouse (4-
week old male) on each of 5 consecutive days. Subse-
quently, MZR (a kind gift of Asahikasei Pharma Cor-
poration (Tokyo, Japan)) was administered at a dose of
30 mg/kg/day intraperitoneally for 5 days from the third
day of CAWS injection (MZB group), according to the
schecule for treatments such as IgG for patients with
KD, and the dosage as described elsewhere [32]. Mice
for the control group were intraperitoneally treated with
0.2 ml of Dulbecco’s phosphate-buffered saline (PBS).
After 35 days, the mice were sacrificed by carbon diox-
ide asphyxiation; autopsy was performed to obtain
plasma, and hearts were fixed with 10% neutralized for-
malin. For a positive control, treatment with intraperito-
neal human IgG (Kenketsu Glovenin I, a kind gift of
Nihon Pharmaceutical Co. Ltd., Tokyo, Japan) was per-
formed at a dose of 400 mg/mouse/day, or for a nega-
tive control saline containing 0.1% glucose (SG) was
injected for 5 days according to the same procedures as
described elsewhere (IgG group) [33]. The start date of
the drug administration was based on the results that
the administration from the third experimental day had
been the most effective to suppress the development of
vasculitis.
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Histological evaluation

The fixed hearts were embedded in paraffin and sec-
tioned. To observe the histological changes in the cor-
onary arteries and the aorta in detail, 20 to 30
horizontal step sections per mouse were made every
20 pum. Hematoxylin and eosin (H&E)-stained sections
were prepared by using routine techniques for exami-
nation by light microscopy [31]. First, we investigated
the incidence of mice with panvasculitis in each group.
Panvasculitis was defined as inflammation of all layers
of the walls of the coronary arteries and/or the aorta.
Then, for quantitative evaluation of vascular inflamma-
tion, we divided the area of the aortic root and coron-
ary arteries into five segments and graded the intensity
of inflammation in each segment as follows: score 3,
panvasculitis; score 2, inflammation involving the
tunica intima and adventitia; score 1, inflammation
localized to the tunica intima; and score 0, no inflam-
matory cell infiltration in the vascular wall. A section
with the severe inflammation was observed in each
segment. The scope of inflammation was defined as
the number of segments evaluated as score 1 or more
in each mouse, and the severity of the arteritis was
defined as the average score of the five segments in
each mouse.

Measurement of cytokines and chemokines with Bio-Plex

Cytokines and chemokines in the plasma of mice autop-
sied were measured by a Bio-Plex system. An aliquot of
serum (12 pl) collected from peripheral blood and
diluted 4-fold with the dilution solution was measured
for concentration of cytokines by the 23-Plex kit using
Bio-Plex 200 according to the manufacturer’s protocol
and analyzed by the Bio-Plex Luminex 100 XYP instru-
ment (Bio-Rad, Hercules, California, USA). We assayed
the following 23 cytokines and chemokines: IL-1a, IL-
18, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12p40, IL-
12p70, IL-13, IL-17, eotaxin, G-CSF, GM-CSF, INF-y,
KC, MCP-1, MIP-1a, MIP-1B, RANTES, and TNF-a as
estimated with a single assay to a single standard curve
described in the kit instructions. Concentrations of cyto-
kines and chemokines were calculated using Bio-Plex
Manager 3.0 software (Bio-Rad, Tokyo) with a five-para-
meter curve-fitting algorithm applied for standard curve
calculations [34].

Statistical analysis

Fisher’s exact probability test was used to analyze the
differences in the incidence of arteritis among the
groups. The data on the scope and severity of the arteri-
tis and cytokine/chemokine levels were analyzed using
the two-sample ¢-test. A value of P < 0.05 was consid-
ered statistically significant.
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Results

Histological evaluation of panvasculitis in treatment with
MZR

Panvasculitis developed in the coronary arteries and the
aortic root, and histology was similar to that previously
described [33]. Specifically, vascular changes were classi-
fied as proliferative inflammation that consisted mainly
of large mononuclear cells such as histiocytes and fibro-
blasts and of a small number of neutrophils. The normal
structure of the arteries was completely destroyed, and
the internal elastic lamina, external elastic lamina, and
smooth muscle layer of the tunica media were severely
damaged. However, fibrinoid necrosis was not observed
in any of the mice. In addition, the histology of panvas-
culitis was similar in the three groups (Figure 1).

Decrease of coronary arteritis by treatment with MZR
Panvasculitis of the coronary arteries and the aortic root
was observed in 5 of 5 mice (100%) in the nontreated
control group. On the other hand, the incidence of pan-
vasculitis in the MZR group was 3 of 6 mice (50%), and
the IgG group as an effective control showed 3 of 7
(43%) (Figure 2A). In addition, the number of segments
evaluated as score 1 or more in each MZR group was
decreased compared with the nontreated control group
(P = 0.06), and the scope of inflammation in IgG groups
was significantly lower than in the control group (P <
0.05) (Figure 2B). Furthermore, the severity of the arteri-
tis, i.e., the scores of each of five segments in the mice
in the MZR and IgG groups, was significantly lower
than in the nontreated control group (P < 0.01) (Figure
2C).

Reduction of inflammatory cytokines and chemokines by
treatment with MZR and IgG
Inflammatory cytokines IL-1a, TNF-o, chemokines KC,
MIP-1a, GM-CSF, and Th2, and cytokine IL-13 in
plasma of mice, which were inoculated with CAWS in
the control group, were elevated (Figure 3). However, in
the MZR group, plasma levels of inflammatory cytokines
IL-1o (P < 0.01) and TNF-a (P < 0.05), and chemokines
KC (P < 0.01), MIP-1a (P < 0.01), and GM-CSF (P <
0.05) were significantly suppressed (Figure 3A). Inver-
sely, the MCP-1 level increased with MZR treatment
(Figure 3A). On the other hand, IL-1a. (P < 0.05), TNF-
o (P < 0.05), IL-10 (P < 0.05), and IL-13 (P < 0.01) were
suppressed by administration of IgG (Figure 3B).
Furthermore, we analyzed levels of cytokines/chemo-
kines in plasma, which were related with suppression of
the development of coronary arteritis by treatment with
MZR. As shown in Figure 4A, the suppression levels
were almost the same in all plasmas of MZR-treated
mice. These results are not the same as those in the IgG
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Figure 1 Histological observations of coronary arteritis induced by treatment with MZR and IgG. A, Control (PBS); B, MZR group; C, IgG
group. Each micrograph represents an individual mouse. H&E stain, Bar: 500 um. Numbers (white) are coronary arteritis score.
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Figure 2 Decrease of incidence of panvasculitis, segment score, and severity score of coronary arteritis by treatment with MZR and
IgG. A, incidence of development of panvasculitis; B, scope as number of segments with inflammation evaluated as score 1 or more at aortic
root and coronary arteries; C, severity score of each segment. Data are expressed as mean + SD of results from three individuals. *P < 0.05 and
**P < 001 (Student's t-test).
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Figure 3 Reduction and enhancement of cytokines and chemokines by treatment with MZR and IgG. A, MZR treatment; B, IgG treatment.
SG: saline including 0.1% glucose. Data are expressed as mean + SD of results from three individuals. *P < 0.05 and **P < 0.01.

group, showing good response for suppression of the
development of coronary arteritis (Figure 4B).

Discussion

Decrease of coronary arteritis by treatment with MZR

We here have shown the efficacy of MZR on vascular
inflammation by using a KD vasculitis mouse model to

develop alternative treatments for KD patients who are
nonresponsive to IVIg treatment. The results here show
that the incidence, scope, and degree of inflammation of
the coronary arteries and the aortic root were sup-
pressed by MZR administration. Coronary arteritis in
this CAWS-induced vasculitis mouse model is also sup-
pressed after administration of IVIg [33]. Furthermore,
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we have also demonstrated that the anti-TNF-o therapy
that has been shown to be effective in treating some
children unresponsive to IVIg therapy also dramatically
suppresses the development of vasculitis in this mouse
model of KD (manuscript in preparation). Thus this
mouse model appears to be valuable for evaluation of
alternative therapies for KD arteritis.

Reduction of inflammatory cytokines and chemokines by
treatment with MZR

Some cytokines and chemokines such as IL-1, IL-2, sIL-
2R, IL-4, IL-6, IL-8, IL-10, IL-12, IL-15, RANTES, MCP-1,
M-CSF, G-CSF, and MIPs are elevated in the blood of
patients with acute-phase KD. Some elevated cytokines
and chemokines are decreased by IVIg treatment in the
acute phase, when it is effective [35]. On the other hand,
IL-6, TNF-q., IL-4, and IL-12 were increased in the plasma
of the KD mouse model induced with C. albicans-derived
substances (CADS) [36]. Moreover, IL-6 and IFN-y in
splenocytes administered CAWS in C57BL/6 mice were
elevated [37]. With IVIg treatment of KD model mice
induced with CAWS, elevated proinflammatory cytokines
IL-1c, TNF-o, IL-10, IL-13, and MCP-1 were decreased in
our data. Furthermore, chemokines IL-1a, TNF-a, KC,
GM-CSF, IL-13, and MIP-1a in plasma of autopsied mice
were decreased in the MZR treatment group in the pre-
sent study. The results with MZR treatement show similar
effects as well as IgG treatment for KD model mice. How-
ever, supression levels of IL-1o,, TNF-a, IL-10, IL-13, and
MIP-1a in the recovery group from the coronary arteritis
(CA(-)) in the MZR group differed from those in the IgG
group. Levels in the recovery group (CA(-)) after MZR
treatment were not suppressed, whereas those in the CA
(-) group after IgG treatment were suppressed in the pre-
sent study, which suggests that MZR may have a stronger
effect than a high dose of IgG (400 mg/kg/day for 5 days).
Because these cytokines/chemokines decrease slightly after
MZR treatment, they may have a role in the development
of coronary arteritis in the KD model.

Effective treatment with MZR of model mice for KD
induced by CAWS

In the present study, MZR treatment of the KD model
mice significantly suppressed the development of coron-
ary arteritis associated with significant suppression of
levels of proinflamatory cytokines and chemokines in
plasma. These results suggest association of the suppres-
sion of lymphocyte proliferation with MZR [38]. The
mode of action of MZR is that it mainly blocks immu-
nosuppression related to lymphocyte proliferation
through inhibition of purine synthesis [32,39,40]. In the
present study, the incidence of panarteritis decreased to
half, and both the scope and severity of inflammation
were limited after administration of MZR. In addition to
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the lymphocyte action, these observations suggest that
MZR may act on functions of monocytes/macrophages
and neutrophils, which are mainly involved in the devel-
opment of inflammation, resulting in the possible sup-
pression of coronary arteritis through suppression of
proinflammatory cytokines and chemokines released
from these cells. Indeed, recently, MZR acted to inhibit
functions of lymphocytes as well as those of macro-
phages, such as migration and production of Nitrous
Oxide Systems (NOS), IL-1B, and TNF-a in a dose-
dependent manner [41,42]. Furthermore, in the mixed
lymphocyte reaction method (MLR) of human periph-
eral blood mononuclear cells, the IC5q is 1 pg/ml [43].
In addition, MLR of T-cells in human peripheral blood,
which are stimulated with anti-CD3 monoclonal anti-
body, shows an ICsq of less than 1 pg/ml for MZR and
also phorbol myristate stimulation less than 5 pg/ml
[44]. In addition, MZR also inhibits activation of M1
macrophages {42], which are classified as inflammatory,
showing tissue injury and activation with IFN-y. In the
present study, suppression profiles of proinflammatory
cytokines and chemokines by MZR treatment of KD
model mice seem to be associated in the literature with
those in the M1 macrophage. Therefore, the effect of
MZR on KD model mice may be to inhibit the prolifera-
tion of lymphocytes and activation of macrophages and
neutrophils associated with elevation of proinflamatory
cytokines and chemokines.

Based on these observations, suppression of develop-
ment of coronary arteritis associated with suppression
of proinflammatory cytokines and chemokines by
MZR treatment for the KD model mice suggests that
MZR may be useful for patients with KD in the acute
phase. MZR has been used as therapy for kidney
transplantation, lupus nephritis, nephrotic syndrome,
and rheumatoid disease with few side effects [24].
Furthermore, MZR has been used as maintenance
treatment for ANCA-associated vasculitis, frequently
relapsing nephrotic syndrome, and purpura nephritis
[29,30]. Clinical use will be recommended for immune
dysfunctions when the safety of long-time use
becomes known. Therefore, MZR is a possible therapy
for patients with KD who are nonresponsive to IVIg.

Conclusions

MZR treatment suppressed not only the incidence,
range, and degree of vasculitis, but also inflammatory
cytokines and chemokines in the plasma of the KD vas-
culitis model mice. It appears likely that MZR may
prove to be a useful for alternative treatment for KD.

Abbreviations used
ANCA: anti-neutrophil cytoplasmic autoantibody;
CAWS: Candida albicans water-soluble fractions; H&E:
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