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Introduction

Kawasaki syndrome (KS) is a systemic childhood 
vasculitis that can result in aneurysms in the coro-
nary arteries (Burns 2009). Currently, the etiology of 
KS is largely unknown. However, many recent stud-
ies reported that KS might be triggered by a response 
to infectious agents, e.g., fungi, bacteria, and viruses 
(Akiyama and Yashiro 1993; Esper et al., 2005; Wang 
et al., 2005). Moreover, invasive Candida infection 
in neonates can cause mycetoma of the right atrium 
and candidal endocarditis (Levy et al., 2006). Patho-
genic fungi, including Candida species, can induce 
septic shock, which is as great a clinical problem as 
bacterial septic shock.

Species of the yeast genus Candida, such as Candida 
albicans (C. albicans), are now one of the most com-
mon pathogenic microbes causing bloodstream infec-
tions in immunocompromised individuals, including 
those with human immunodeficiency virus infection. 
Recently, Candida metapsilosis has emerged as a cause 
of nosocomial infections, and is now considered an 
important pathogenic yeast (Bille et al., 2005; Krcmery 
and Barnes 2002; Jarvis 1995; Tay et al., 2009).

Candida cells are surrounded by a cell wall. Being 
external, it plays a crucial covering role, offering 
mechanical strength and protection from the hostile 
environment. Candida cell wall has a dynamic structure 
and is a complex mixture of different polysaccharides 
(~85%) and proteins (~15%). Cell wall polysaccharides 
are composed of β-glucan, chitin, and mannoprotein 
(Klis et al., 2001). The cell wall has been extensively 
studied for the following reasons: First, because the 
fungal cell wall is now considered a good candidate 
for the development of antifungal drugs, owing to its 
unique composition. Second, it has pivotal roles in viru-
lence. Since the fungal cell wall is located at the outer 
surface, it is necessarily involved in adherence between 
host cells and fungal cells, a major virulence trait. Third, 
cell wall polysaccharides have a pathogen-specific 
structure, called pathogen-associated molecular pat-
terns (PAMPs), that contributes to many pathogenic 
activities (Bourgeois et al., 2010; Arana et al., 2009; 
Nather and Munro 2008; Ruiz-Herrera et al., 2006; 
Poulain and Jouault 2004; Bowman and Free 2006). 
As mentioned previously, many recent studies showed 
that KS might be triggered by a response to an infec-
tious agent. For the pathogenic yeast Candida albicans, 
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we previously reported that polysaccharide fractions 
obtained from the cell wall and from those secreted 
into culture media induced coronary arteritis similar to 
KS as well as acute anaphylactoid shock in mice (Ohno 
2008; Miura et al., 2009; Tada et al., 2006; Nagi-Miura 
et al., 2006). In addition, we recently reported similar 
results that the polysaccharide fraction obtained from 
the culture supernatant of C. metapsilosis induces these 
symptoms (Tada et al., 2011), indicating that the patho-
genic effects of the polysaccharide component are not 
specific to C. albicans.

In the course of our studies, we recently found 
a relationship between the structure of mannans from 
Candida species and the induction of several biologi-
cal effects of the C. albicans water-soluble fraction 
(CAWS), including acute anaphylactoid shock, coro-
nary arteritis, and complement activation. Specifically, 
a 1,2-β-mannosyl linkage within the mannan moiety 
of these fractions significantly reduced the biological 
effects described above (Tada et al., 2008; Shinohara 
et al., 2006). This result was also supported by investi-
gations into the activity of cell wall mannan extracts of 
C. albicans, the structures of which change in response 
to changes in the culture conditions, such as medium 
and growth temperature (Okawa et al., 1996; Kobayashi 
et al., 1994; Koyama et al., 2009).

We hypothesize that cell wall polysaccharide frac-
tions from C. metapsilosis could induce such an activ-
ity, because it is well known that the cell mannan of 
C. metapsilosis does not contain 1,2-β linkages within 
its mannan moiety (Shibata et al., 1995). In the pre-
sent study, we examined whether cell wall extracts 
prepared from C. metapsilosis can indeed induce those 
same pathogenic effects in mice as effectively as extracts 
from C. albicans. We prepared cell wall mannans from 
C. metapsilosis, assessed its pathogenic activities, such 
as induction of vasculitis and acute anaphylactoid 
shock, and analyzed the mannan structure.

Experimental

Materials and Methods

Animals and materials. Male ICR and DBA/2 mice 
(6 weeks old) were purchased from Japan SLC. The mice 
were housed in a specific pathogen free (SPF) environ-
ment. All animal experiments followed the guidelines 
for laboratory animal experiments in the Tokyo Univer-
sity of Pharmacy and Life Sciences (TUPLS), and each 
experimental protocol was approved by the commit-
tee on laboratory animal experiments at TUPLS. The 
completely synthetic C-limiting medium (Shepherd 
and Sullivan 1976) contained (per liter) the following: 
sucrose, 10 g; (NH4)2SO4, 2 g; KH2PO4, 2 g; CaCl2 · 2H2O, 

0.05 g; MgSO4 · 7H2O, 0.05 g; ZnSO4 · 7H2O, 1 mg; 
CuSO4 · 5H2O, 1 mg; FeSO4 · 7H2O, 0.01 g; biotin, 25 µg; 
final pH, 5.2.

Microbes and culture conditions. C. metapsilosis 
NBRC 0640 was obtained from the National Institute of 
Technology and Evaluation Biological Resource Center 
(NBRC). C. metapsilosis was grown as follows: 4 L of 
synthetic C-limiting medium was added to a fermentor 
and yeasts were cultured for 2 days at 27°C or 37°C with 
air supplied at a rate of 4 L/min. Following culturing, 
an equal volume of ethanol was added to kill the yeasts. 
Cells were then extensively washed with distilled water 
and acetone-dried. Acetone-dried cells were further 
delipidated with CHCl3-MeOH (2:1, v/v; 600 mL) for 
2 h under reflux. The residual cells were then washed 
with EtOH (600 mL) for 2 h under reflux to remove low 
molecular weight organic compounds.

Preparation of cell wall extract (Tada et al., 2008). 
The washed cells (20 g) were suspended in 1 L of dis-
tilled water and then autoclaved for 4 h at 128°C. This 
suspension was allowed to cool to room temperature 
(RT). After centrifugation, the supernatant was care-
fully collected. Residual sediment was re-extracted 
twice by the methods described above. The combined 
supernatants were concentrated at 40°C in vacuo to 
about 250 mL. After centrifugation for the removal of 
traces of insoluble material, the water extract was dia-
lyzed against distilled water. After centrifugation, the 
aqueous solution was lyophilized.

Sugar analysis. Polysaccharides were completely 
hydrolyzed in 2.0 M CF3CO2H (115°C, 1.5 h). The sug-
ars were converted to alditol acetates by reduction, fol-
lowed by treatment with acetic anhydride in an equal 
volume of pyridine (100°C, 1 h), and then analyzed by 
gas-liquid chromatography (GLC) using a GC-2014AF 
instrument (Shimadzu, Kyoto, Japan) equipped with 
a  flame ionization detector and a 30 m × 0.25 mm 
(0.25 mM) DB-225 capillary column (J and W Scien-
tific, CA, USA).

Other chemical analyses. Total carbohydrate con-
centration was determined by the phenol-sulfuric acid 
method, using a mixture of d-mannose and d-glucose 
as a standard. Total protein was determined with the 
BCA Protein Assay Regent Kit (PIERCE Biotechnology, 
Rockford, Illinois, USA), using bovine serum albumin 
as a standard.

Administration schedule for induction of coro-
nary arteritis (Nagi-Miura et al., 2006). We used the 
DBA/2 mouse strain for this experiment because it 
showed the most serious coronary arteritis after treat-
ment with CAWS. Cell wall extracts (4 mg/mouse) 
were administered intraperitoneally to each mouse for 
5 consecutive days in week 1. The hearts of the animals 
were fixed with 10% neutral formalin and embedded 
in paraffin blocks. Tissue sections were stained with 
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hematoxylin-eosin (HE). Preparation of paraffin blocks 
and HE staining was done by Biopathology Institute 
Co., Ltd. (Oita, Japan).

Scoring of rapid anaphylactoid shock. The inci-
dence and the severity of rapid anaphylactoid shock 
were assessed within 1 h of i.v. injection (0.1 mL/10 g 
body weight) of cell wall extracts into ICR mice. These 
values and the subsequent mortality (in the first hour 
after injection) were recorded. The scoring of shock 
was as follows: 0, no symptoms of shock; 1, staggering; 
2,  crawling and prostration; 3, prostration and weak 
convulsions; 4, prostration and strong convulsions.

Nuclear magnetic resonance (NMR) spectroscopy. 
Exchangeable protons were removed by dissolving cell 
wall extracts in D2O, and samples were then lyophi-
lized. This exchange process was repeated three times. 
All NMR spectra were recorded in D2O at 310 K using 
a Bruker Avance 500 spectrometer equipped with a TXI 
xyz-three gradient probe for 1H detection. Chemical 
shifts are reported in ppm relative to acetone-d6 as an 
internal standard (δH = 2.189 ppm, δC = 31.45 ppm). 
Data processing was performed using XWinNMR 
software. The 1D-1H experiment was performed using 
a Bruker standard pulse sequence with 4310 Hz in 64 K 
complex data points. The relaxation delay used was 5T1 
to calculate accurate signal integrations. Prior to Fourier 
transformation, four times zero filling was used, and 
noise was reduced using the Trafication function. 2D 
sensitivity improvement 1H, 13C-heteronuclear single 
quantum coherence (HSQC) without decoupling dur-
ing acquisition was conducted to measure 1JH1,C1 with 

512 increments of 2048 data points with 32 scans per 
t1 increment using the Bruker standard pulse sequence. 
The spectral width was 3501 Hz for t2 and 12500 Hz 
for t1. 2D-total correlation spectroscopy (TOCSY) was 
conducted with a mixing time for TOCSY spinlock of 
30 to 180 ms using the pulse sequence of Griesinger 
et al. to suppress ROE signals (Griesinger et al., 1988). 
The spectral width was 2200 Hz in each dimension 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 prior to 
Fourier transformation. A cosine-bell window function 
was applied in both dimensions.

Results

Chemical composition of cell wall extracts from 
C. metapsilosis. The chemical composition of cell wall 
extracts from C. metapsilosis NBRC 0640 cultured at 
various temperatures is summarized in Table  I. All 
extracts were mainly composed of carbohydrates (64.4–
78.5%) and proteins (18.9%). The monosaccharide 
content of cell wall extracts was determined by GLC 
analysis. Only mannose and glucose were detected. 
These analyses clearly indicate that the cell wall extracts 
contained the mannoprotein-glucan complex.

Coronary arteritis induced by C. metapsilosis cell 
wall extracts. We first examined the coronary arteritis 
induction activity of C. metapsilosis cell wall extracts. 
Fig. 1 shows HE staining of the aorta in cell wall extract 

Table I
Chemical composition of cell wall extracts from Candida metapsilosis

Culture medium Culture
temperature (°C)

Yield
(%)

Total
carbohydrate (%)

Total protein
(%)

Elemental analysis
(C:H:N))

Sugar composition
(Man : Glc)

C-limiting medium
	 27	 26.4	 64.4	 18.9	 41.59:7.03:3.95	 0.66 : 1.0

	 37	 20.4	 78.5	 28.9	 42.57:7.05:5.53	 1.2 : 1.0

	 	 4	 0/12	 0	 0/12
	 27	 8	 12/12	 1–4	 10/12

C-limiting
	 	 16	 12/12	 4	 12/12

	 	 4	 0/12	 0	 0/12
	 37	 8	 12/12	 4	 11/12
	 	 16	 12/12	 3–4	 12/12

Table II
Ability of cell wall extracts to induce rapid anaphylactoid shock in ICR mice

Indicated dose (mg/kg) was i.v. administered to mice (n = 12). Mortality was monitored within 1 h.
???/????, number of mice, dead/total. a) The scoring of the shock was as follows: 0, no symptoms of 
shock; 1, staggering; 2, crawling and prostration; 3, prostration and weak convulsions; 4, prostration 
and strong convulsions.

Culture
medium

Culture
temperature (°C)

Dose
(mg/kg)

Anaphylactoid shock
Incidence Score Mortality
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(CWE)-administered DBA/2 mice. As revealed by his-
tological examination, intraperitoneal injection of CWE 
induced severe coronary arteritis in DBA/2 mice. This 
result implies that environmental conditions around 
cells might not alter C. metapsilosis cell wall mannan 
structure, unlike that which occurs in C. albicans.

Rapid anaphylactoid shock induced by C. metap-
silosis cell wall extracts derived from various culture 
conditions. Next, we examined another typical biologi-
cal effect exhibited by Candida cell wall mannan and 
found that all CWE administration resulted in acute 
anaphylactoid shock in ICR mice (Table II). The trend 

of these pathogenic effects is mirrored in the vasculitis-
inducible activity.

NMR analyses of cell wall extracts from C. metap-
silosis cultured under various conditions. We next 
analyzed the structure of cell wall mannan using NMR 
spectroscopy, because we had previously found that the 
mannan structure is vital in determining its biological 
activities. Figure 2 shows 1D-1H NMR spectra of cell 
wall extracts. Each spectrum contains many signals 
in the anomeric region (4.5–5.5 ppm). However, it is 
apparent that the carbohydrates in cell wall extracts 
were not altered even when culture temperatures were 

Fig. 1. Histological examination of a hot water extract from Candida metapsilosis-induced coronary arteritis in mice.
CWE-C27 and CWE-C37 (4 mg/mouse) were administered i.p. 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 hematoxylin-eosin, and then observed 

microscopically. Scale bars are depicted in the figure.
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changed. We confirmed this using 1H,13C-HSQC spec-
tra. Figure 3 shows overlaid HSQC (black) spectra of 
CWE-C27, and (green) CWE-C37. The overlaid HSQC 

spectra show 10 signals of mannose residues in their 
anomeric region (δH 4.5–5.5 ppm, δC 100–105 ppm) 
that were arbitrarily labeled nos. 1–10 as described in 
Table III. Since we could not completely assign all sig-
nals, we examined 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 antigenic-
ity. From the observed 1JH1,C1 obtained from 1H,13C-
HSQC spectra without decoupling during acquisition, 
all mannose residues were assigned to α-mannose. 
We next examined samples using 2D-TOCSY spectra 
to determine the linkage types of each residue by the 
method of Shibata et al. (Shibata et al., 2007). No qual-
ity differences were detected by the NMR experiments.

Discussion

In this study, we showed the following: (i) inject-
ing cell wall carbohydrate extracts from the fungus 
C. metapsilosis into mice induced severe coronary arte-
ritis similar to KS as well as acute anaphylactoid shock; 

Fig. 2. 1D-1H NMR spectrum of a hot water extract from Candida 
metapsilosis.

1D-1H NMR spectra of hot water extracts of C. metapsilosis derived from 
various culture conditions. All spectra were recorded in D2O at 310 K 
using a Bruker Avance 500 spectrometer equipped with a TXI xyz-three 
gradient probe for 1H detection. Chemical shifts are reported in ppm rel-

ative to acetone-d6 as the internal standard (δH = 2.189 ppm).

Fig. 3. Overlaid 1H, 13C-HSQC spectrum of hot water extracts from Candida metapsilosis
The overlaid 1H, 13C-HSQC spectra from (black) CWE-C27 and (green) CWE-C37 were recorded in D2O at 310 K using a Bruker Avance 500 spec-
trometer equipped with a TXI xyz-three gradient probe for 1H detection. Chemical shifts are reported in ppm relative to acetone-d6 as the internal 

standard (δH = 2.189 ppm; δC = 31.45 ppm).
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(ii) the pathogenic effects were not altered by changing 
the environmental conditions such as growth temper-
ature; and (iii) cell wall extracts from C. metapsilosis, 
which induced severe vasculitis and shock, contained 
α-mannan but not β-mannan. These findings strongly 
indicate that cell wall mannan from both C. albicans 
and C. metapsilosis might contribute to Candida path-
ogenicity, causing coronary arteritis and acute shock. 
These effects are seen only in the absence of the signifi-
cant β-mannan.

The cell wall extracts used in this study were mainly 
composed of carbohydrates (mannose and glucose) and 
protein (Table I). The extracts dramatically induced 
coronary arteritis (Figure 1) and acute anaphylactoid 
shock (Table II) in mice, similar to the effects of extracts 
from C. albicans. We have previously reported that Can­
dida α-mannan might be responsible for these patho-
genic activities, and that additional β-mannan expres-
sion within the mannan moiety neutralizes the effect 
(Tada et al., 2008; Shinohara et al., 2006). Other stud-
ies showed that 1,2-β-linked mannans, which are only 
expressed by pathogenic yeasts such as C. albicans, are 
vital for either pathogenic or virulent processes such as 
adhesion to host cells (Dalle et al., 2003) and cytokine 
production from various cells (Fradin et al., 2000). 
This specific glycan can bind to galectin-3, which is 
the receptor for 1,2-β-linked mannan, but not to typical 
mannan receptors such as the macrophage mannose 
receptor or mannose-binding lectin, and it may contrib-
ute to some biological effects of mannan (Jouault et al., 
2006; Kohatsu et al., 2006). However, α-mannan still 
seems to play central roles in the antigenicity and path-
ogenicity of fungal cell wall mannans, especially those 
from Candida spp. For instance, Saijo et al., reported 
that C-type lectin, dectin-2, is a  crucial receptor for 
the α-mannan from C. albicans and plays an important 
role in host defense against this fungus. Specifically, 
cytokine production and signal transduction stimu-

lated by α-mannan from C. albicans were completely 
abolished in dectin-2–/– mice as compared to wild-type 
(Saijo et al., 2010). We, therefore, used NMR spectros-
copy to analyze the structure of cell wall mannans from 
C. metapsilosis, because altering culture conditions did 
not affect the pathogenic effects of C. metapsilosis cell 
wall extracts, implying that the environmental shift did 
not change its mannan structure. NMR analysis con-
firmed that all C. metapsilosis cell wall mannans contain 
only α-mannosyl residues (Figures 2 and 3, Table III). 
C-type lectin for mannan, such as mannose-binding 
lectin, binds to the α-mannan via the equatorial posi-
tion of 3- and 4-hydroxyl groups (Weis et al., 1992). 
However, β-mannan cannot bind to the mannose type 
lectin, maybe owing to its specific helical conformation 
in solution (Nitz et al., 2002), leading to masking the 
α-mannose residues. These results strongly indicate that 
α-mannan but not β-mannan contributes to the patho-
genic effects of cell wall extracts from C. metapsilosis.

Further studies are needed to clarify the mecha
nism(s) underlying these pathogenic effects. How-
ever, our group recently revealed the following: (i) in 
mice, CCR2 knock out, but not CCR5, protects against 
CAWS-induced coronary vasculitis; (ii) both T cells 
and B cells, which are directly modulated by CCR2, 
play pivotal roles in the induction of coronary vascu-
litis by CAWS; (iii)  CAWS promotes mobilization of 
CCR2-dependent inflammatory monocytes (Martinez 
et al., 2012); importantly (iv) the suppression of CAWS-
induced neutrophil infiltration into the coronary arter-
ies and aortic root using a synthetic retinoid, Am80, 
attenuates vasculitis, indicating that neutrophils play 
a  contributory role in the CAWS-induced vasculitis 
(Miyabe et al., 2013); (ѵ) CAWS markedly enhances 
the expression of complement system genes, such as 
C3, C4, complement factor b, complement factor  h, 
and ficolin-A, in DBA/2 mice as compared with that 
in the C57BL/6 mice (the strain which shows only mild 

  1	 5.40	 102.5	 173	 α-mannose	 ●	 ●	 α1→2Manα1→3Manα1→2
  2	 5.30	 102.5	 172	 α-mannose	 ●	 ●	 Manα1→2Manα1→2
  3	 5.28	 102.6	 172	 α-mannose	 ●	 ●	 Manα1→(2Manα1→2)nManα1→2
  4	 5.14	 100.1	 172	 α-mannose	 ●	 ●	 Manα1→3
  5	 5.11	 100.1	 172	 α-mannose	 ●	 ●	 α1→ 6Manα1→ 6Manα1→6Manα1→6 ↑2 Manα1(→2Manα1)n

  6	 5.09	 100.1	 170	 α-mannose	 ●	 ●	 (→6Manα1→)n ↑2 Manα1(→2Manα1)n

  7	 5.06	 104.1	 171	 α-mannose	 ●	 ●	 Manα1→2
  8	 5.04	 104.1	 170	 α-mannose	 ●	 ●	 α1→3Manα1→2

  9	 4.92	 101.5	 171	 α-mannose	 ●	 ●	 Manα1→6

10	 4.91	 101.3	 173	 α-mannose	 ●	 ●	 Manα1→6(Manα1→6)nManα1→6

Table III
Anomeric conformation analyses of hot water cell wall extracts of Candida metapsilosis cultured in various culture conditions

1H (ppm) 13C (ppm) 1JH1,C1 (Hz) Conformation
Contain

ResidueC27 C37
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symptoms) (Shinohara et al. 2006; Miura et al., 2013); 
(ѵґ) CAWS also dramatically induces the expression 
of the interferon-γ (IFN-γ)-related gene only in the 
DBA/2 mice (Miura et al., 2013). These facts clearly 
indicate that polysaccharide fractions isolated from 
Candida exert their pathogenic effects in concert with 
various types of cells and factors, including comple-
ments, cytokines, and chemokines. However, we do 
not yet know why CAWS induces IFN-γ and comple-
ment system gene expression to such an extent in the 
DBA/2 mice, because these mice show the most severe 
CAWS-induced vasculitis when compared with other 
complement-deficient mice, such as AKR/N and A/J 
strains (unpublished results).

The present study strongly suggests that C. meta­
psilosis, a less pathogenic fungus than C. albicans, 
could also cause coronary arteritis such as that 
observed during KS and fungal-induced sepsis. Since 
cell wall extracts contain only α-mannosyl residues 
(no β-mannan), the results of this study support our 
previous results. However, further studies are needed 
because the precise mechanism(s) behind these patho-
genic activities is not understood. Nevertheless, these 
findings suggest the possibility of a novel strategy for 
drug therapy: regulation of the biosynthesis of Candida 
mannan. This could be a candidate for the therapy of 
coronary arteritis and acute anaphylactoid shock.
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