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Man-LAM induced weak T cell proliferation in T cell-DC
coculture even in the absence of antigen, which also required
Dectin-2 on DCs (Figure ©B). This “antigen-independent
proliferation” might be conferred by a large amount of IL-2
secretion through Dectin-2 on DCs (Figure 4C), because the
addition of anti-IL-2 neutralizing mAb ablated this response
(Figure SBA).

In contrast to the enhancement of IL-17 production, Man-LAM
treatment had essentially no effect on the antigen-dependent
IFN-y production (Figure €B). IL-4 was not detected at any
time point in this experiment (data not shown). Collectively, these
in vitro results suggest that Man-LAM stimulation enhances APC
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Figure 8. LAM Induces Acguired lmmune
Responses through Declin-2

(A} BMDCs obtained from WT, Clecdn™,
Clecde™, or Feerlg™~ mice were left untreated or
stimulated with plate-coated LAM or LPS for 48 hr.
The surface expressions of CD40 and CD80 were
analyzed using flow cytometry.

(B} BMDCs were pulsed with OVAgpq 435 peptides
and cocultured with CFSE-labeled CD4" OT-ll
T cells for 3 days in the presence or absence of
plate-coated LAM. Cytokine concentrations were
determined using ELISA. Cell proliferation was
analyzed using flow cytometry for dilution of CFSE
within the CD4* population. The data are pre-
sented as the means + SD of triplicate and are
representative of three separate experiments.

(C and D) WT (n = 10) and Clecdn™" (n = 10) mice
were immunized with MOGgs.55 peptide in IFA
containing LAM (500 ug) as described in Figure 1A
Mean clinical score (C) and disease incidence (D)
at the indicated times were plotted.

(E) Lymph nodes were collected at 23 days
after immunization for EAE and stimulated with
MOGgs.55 peptide for 4 days. Cytokine concen-
trations were determined using ELISA. The data
are presented as the means + SD.

See also Figura 85,
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functions to promote [L-17 production in
a Dectin-2-dependent manner.

Man-LAM Promotes Antigen-
Bgechic Human T Cell Responses
through Human Dectin-2

We then assessed whether Man-LAM
influences human T cell responses as
observed in murine T cells. Importantly,
Man-LAM activated reporter cells ex-
pressing hDectin-2, and this activity was
blocked in the presence of anti-hDectin-
2 mAb (Figure $S5B). The Man-LAM-
induced cytokine production in human
monocytes and monocyte-derived DCs
was also significantly suppressed by
anti-hDectin-2 mAb (Figures 85C and
S5D). Peripheral blood mononuclear
cells (PBMCs) from tuberculosis patients
were stimulated with C10 peptide
(VWRFQEAANKQKQEL) of CFP-10 (10 kDa culture filtrate anti-
gen) from M. tuberculosis. Antigen peptides alone induced a
substantial amount of IFN-y production in PBMCs, whereas it
was augmented upon Man-LAM stimulation in combination
with antigen peptides. Man-LAM-induced augmentation of
IFN-y production was markedly compromised in the presence
of anti-hDectin-2 mAb (Figure S5E). The Dectin-2-dependent
enhancement of IFN-y production was also observed in three
other individuals (Figure S5F). These results indicate that Man-
LAM-hDectin-2 interaction promotes the mycobacterial anti-
gen-specific responses of T cells from tuberculosis patients,
presumably through the activation of myeloid cells in PBMCs.
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Figure 7. immune Hesponses against
Mycobacterial Infection in Clecdn™ Mice
(A) Higher lung weights in Clec4n™" mice. Lungs
were isolated 23 days after infection of MAC. WT
(n = 10) and Clec4n™ (n = 10) mice were used.
(B) Histological analysis of the lung from unin-
fected- or MAC-infected WT or Clec4n™" mice by
HE staining. Scale bars represent 0.1 mm.

(C) Cytokine production in splenocytes after re-
stimulation with sensitin or MACAg85 for 4 days.
Splenocytes were obtained 23 days after infection
of MAC and pooled from ten mice in each group.
The data are presented as mean = SD.

See also Figure 86,

Role of Bectin-2 in Mycobacterial
infection
Finally, we examined the role of Dectin-2
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induction of EAE through Man-LAN nmunization via
Dectin-2-FcRy Axis

We next performed a murine model of T helper 17 (Th17) cell-
mediated autoimmune disease, EAE, since Dectin-2 activation
by Man-LAM induced IL-17 production in vitro (Figure B).
Strikingly, Clec4n™" mice were completely resistant to Man-
LAM-induced EAE (Figures 6C and 6D), indicating that other
Man-LAM receptors cannot compensate for the loss of Dectin-
2 in vivo. Furthermore, ex vivo recall responses, as assessed
by the production of IL-17, IFN-y, and GM-CSF, of the lymph
node cells collected from inguinal, lumbar, and axillary lymph no-
des were completely abrogated in Clec4n™ mice (Figure 6E).
This indicates that Man-LAM cannot efficiently prime T cells in
Dectin-2-deficient environment. Taken together, Dectin-2 is a re-
ceptor essential for the adjuvanticity of Man-LAM in vivo.

I o IR

in mycobacterial infection in vivo. WT
and Clecdn™~ mice were infected in-
tranasally with M. avium complex (MAC).
Although the bacterial burden in the lungs
was not significantly altered at 3 weeks
after infection, the average number of col-
ony forming units (CFU) per lungs was
larger in Clec4n™ mice than in WT mice
(WT, 6.54 + 6.47; Clec4n™", 13.1 £ 8.32
[% 107). We therefore characterized the
lung pathology of infected mice. Lung
swelling as assessed from lung mass
was significantly greater in Clec4n™™
mice (Figure 7A). In addition, Clec4n™"
mice presented with increased histopa-
thology in the lungs after infection (Fig-
ure 7B). Chemokine concentrations were
elevated in the lungs of Clec4n™ mice
compared with WT mice 3 weeks after
infection (Figure $6). These chemokines
seemed to be induced by bacteria residing
in the lungs, because the chemokine con-
centration in each individual mouse was
correlated with the bacterial burden in
the lungs (data not shown). The produc-
tion of cytokines, such as TNF, IL-6, and
IL-10, were not elevated in the lungs of WT and Clec4n™" mice
at day 23 after infection (data not shown). We also examined an-
tigen-specific T cell responses in the infected mice. Splenic T cells
from Clec4n™"~ mice produced a significantly larger amount of
IFN-y upon recall stimulation by mycobacterial antigens, whereas
IL-17 production was not altered (Figure 7C). Thus, Dectin-2 defi-
ciency resulted in augmented lung pathology and acquired immu-
nity presumably due to the inefficient elimination of mycobacteria.
Collectively, these results suggest that Dectin-2 is involved in host
defense against mycobacteria.

MAC

DISCUSSION

In this manuscript, we have demonstrated that Dectin-2 is a
direct and functional receptor for mycobacterial Man-LAM.
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Mincle, MCL, and Dectin-2 are located in the same gene cluster,
and we found that all these CLRs recognize mycobacteria (Ishi-
kawaetal,, 2009 Mivake et al,, 2013). The acquisition of different
CLRs recognizing distinct mycobacterial components during
evolution would enable the host to exert stable immune re-
sponses against this life-threatening bacteria.

Dectin-2 has been reported 1o recognize high-mannose struc-
tures of fungi (McGreal et al,, 2008), such as g-1,2-mannan
derived from Candida albicans (Robinson et al,, 2009; Salio
et al., 2010) and mannoprotein from Malassezia fungus (ishikawa
et al., 2013). Glycan array analysis confirms that Dectin-2 prefer-
entially binds to high-mannose structures, similar to DC-SIGN,
SIGNR1, SIGNR3, and MMR (McGreal et al., 2008), all of which
possess the mannose-binding EPN sequence within their carbo-
hydrate recognition domains (CRDs) (Drickamer, 1992). Man-
LAM possesses polysaccharide chains that terminates in a
a-1,2-mannose cap (Mishra et al., 2011). It is highly likely that
the a-1,2-linked mannose residues of Man-LAM are the direct
determinant recognized by Dectin-2.

Man-LAM is densely distributed in the envelopes of mycobac-
teria with the specific configuration, and thereby their polar
mannose caps are exposed on the bacterial surface with oligo-
meric valency. The multivalent ¢-1,2-mannose residue is not
inconsistent with the characteristics of PAMPs recognized by
Dectin-2 (ishikawa et al., 2013; Salio &t al., 2010). To replicate
this configuration in vitro, Man-LAM was used as plate-coated
form to evaluate Dectin-2-mediated responses in this study. Pre-
vious studies show that soluble Man-LAM alone does not induce
cytokine production in myeloid cells (Gelitenbeek et al,, 2003;
Gringhuis et al,, 2008; Nigou et al, 2001) and we confirmed
this with BMDCs (data not shown). These different outcomes
depending on the stimuli might be attributed to the difference
in the receptor engagement caused by the nature of the
ligand—monovalent (soluble) versus multivalent (immobilized).
It has been demonstrated that soluble Man-LAM influences
myeloid cell function in the presence of other stimuli such as
TLR ligands (Geiitenbeek et al.,, 2003; Gringhuis st al,, 2007; Ni-
gou et al.,, 2001). One possible explanation for these findings is
that TLR-bound lipoprotein might provide a scaffold for soluble
Man-LAM through hydrophilic interaction in aqueous media,
which leads to ligand multimerization sufficient for the engage-
ment of Dectin-2. Consistent with these ideas, multimerized
Man-LAM in oil emulsion exhibited potent adjuvant activity
in vivo. Collectively, Dectin-2 might discriminate multivalent
PAMPs presented on “real” pathogens, presumably to prevent
false recognition of their targets.

The a~1,2-linked mannose residues are also present in phos-
phatidyl-myo-~inositol mannosides (PIMs). Because PIMs have
been shown to be potentially associated with MMR and DC-
SIGN (Torrelles et al., 20086), Dectin-2 might recognize PIMs.
However, M. abscessus, which lacks Man-LAM but possesses
PIMs, did not activate reporter cells expressing Dectin-2,
implying that PIMs might not be a potent ligand for Dectin-2.
Alternatively, Dectin-2 may not be able to access “short” PIMs
within “tall” cell wall components, such as long-chain mycolic
acids, glycolipids, lipoglycans, and polysaccharides (Mishra
et al, 2011; Torrelles et al., 2008).

SIGNR1, SIGNR3, and MMR have been reported as murine re-
ceptors for Man-LAM (Koppe! et al,, 2004; Schiesinger &t al,,
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1994; Tanne et al, 2008). Peritoneal macrophages from
Cd209h™ mice produce less, but detectable, 1L.-10 in response
to Man-LAM (Wieland et al., 2007). However, gene ablation of
SIGNR1 and anti-MMR blocking mAb did not influence the
LAM-induced cytokine production in BMDCs. SIGNR3 is not ex-
pressed on BMDCs and forced expression of SIGNR3 did not
rescue cytokine production in Clec4n™ BMDCs. Thus, the char-
acteristic cytokine production induced by Man-LAM seems to be
determined by intrinsic signaling via Dectin-2 in DCs. Although
Man-LAM-induced in vivo responses were also completely abol-
ished in Clec4n™" mice, it is possible that SIGNR3 plays a role
in Man-LAM responses in particular cells, such as dermal DCs,
that express SIGNR3 (Nagacka et al, 2010). Alternatively,
these Man-LAM-binding molecules might promote the binding
of myeloid cells to Man-LAM-bearing bacteria (Tanne et al,
2008), thereby leading to the efficient phagocytosis of
mycobacteria.

Our data demonstrate that Man-LAM is a sufficient compo-
nent to trigger IL-10 production. However, we cannot exclude
the possibility that Man-LAM is not necessarily required for
IL-10 production induced by whole mycobacteria, although
NTM strain M. abscessus lacking Man-LAM did not induce
IL-10 production. The results from mutant M. bovis BCG, which
lacks the mannose cap of LAM, suggest its redundant role in
IL-10 production in LPS-primed human DCs {Appelmelk et al.,
2008). It has been reported that mycobacteria may possess
other possible unidentified Dectin-2 ligands, such as mannosy-
lated proteins (Pitargue et al., 2005). These components might
account, at least in part, for the IL-10 production induced by
whole bacteria.

It has been reported that the IL-10 production during infection
correlates with susceptibility to M. tuberculosis. Large amounts
of IL-10 can be detected in the serum of active tuberculosis
patients, particularly in response to hypervirulent strains of
M. tuberculosis (O'Garra et al.,, 2013). In line with these observa-
tions, increased susceptibility to mycobacteria has been shown
in mice that constitutively overexpressed IL-10 (Feng et al,,
2002). In addition, secretion of another immune-regulatory cyto-
kine transforming growth factor-p (TGF-B) was also slightly
enhanced by Man-LAM through Dectin-2 (data not shown).
However, the precise contribution of the mannose cap of LAM
to the virulency of mycobacteria still remains controversial in vivo
(Afonso-Barroso et al, 2012; Appelmelk et al., 2008).

On the other hand, it has been proposed that IL-10 might limit
excessive damage to the host tissue (Redford et al,, 2011). The
mutant mice lacking CARDS9, a downstream adaptor of FcRy,
exhibited severe lung pathology and enhanced lethality in
response to M. tuberculosis, which is correlated with abolished
secretion of IL-10 (Dorhoi et al., 2010). Although CARDS also me-
diates signaling through Mincle, the effect of Mincle deficiency
on the pathologies during mycobacterial infection was modest
compared with those of CARDI ™~ mice (Sehler at al., 2012; Heit-
mann et al., 2013; Lee et al, 2012). Given the augmented lung
inflammation in Clec4n™" mice, the Dectin-2-FcRy-CARDS axis
appears to be involved in the control of mycobacterial infection.
Indeed, Fcer1 g"‘ mice showed increased immunopathology in
the lungs during mycobacterial infection (Maglione et al., 2008).

How does Man-LAM efficiently promote Th17 cell responses
in mice? A previous study demonstrates that Dectin-2 ligand is
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capable of inducing the Th17 cell differentiation through the
release of soluble factors (Saijc et al., 2010). Man-LAM stimu-
lation also induced the production of IL-6, TNF, and TGF-B, all
of which are Thi7-cell-inducing cytokines. In addition, we
observed that the transcription of 1L-23p19 was upregulated in
BMDCs upon Man-LAM in a Dectin-2-dependent fashion (data
not shown), as previously reported in BMDCs stimulated with
C. albicans (Robinson et al, 2008). A recent report has demon-
strated that a NTM strain M. avium bearing Man-LAM could
induce IL-23 production. This activity is lost in the fipophilic
extract of the strain (J&nsson et al,, 2012), supporting the idea
that hydrophilic Man-LAM is involved in the promotion of Th17
cell differentiation.

In human PBMCs from tuberculosis patients, we found that
Man-LAM enhanced IFN-y production induced by mycobacte-
rial antigen. The undetectable concentration of IL-17 secretion
(data not shown) is consistent with previous observation (Yama-
shita et al, 2013), although the underlying mechanism is
currently unknown. One possible explanation is that T cells in
tuberculosis patients might have already skewed to a Thi cell
phenotype upon repetitive antigen exposure during infection.

In sharp contrast to Mincle ligand TDM, Dectin-2 ligand Man-
LAM uniquely induces the production of IL-10 and IL-2, despite
the fact that both CLRs share the same signaling subunit FcRy.
|L-2 production from DCs might contribute to the adjuvanticity by
promoting T cell priming (Granucci et al., 2001). Previous studies
have highlighted the role of Syk-CARD9 pathway in the produc-
tion of IL-10 and IL-2 in DCs (LeibundGut-Landmann et al., 2007,
Robinson et al, 2009; Saijo st al, 2010), because the TLR-
MyD88 or TRIF pathway does not lead to secretion of these
cytokines (LeibundGui-Landmann et al,, 2007). However, the
Syk-CARDS pathway is not sufficient to induce these cytokines,
because the Mincle ligand TDM did not allow the production of
either IL-10 or IL-2. It remains unclear how distinct CLRs lead
to different cellular responses through a common signaling sub-
unit. We previously reported that the quantity and duration of
FcRy signals can determine the quality of cellular responses (Ya-
masaki et al., 2004). It is intriguing to hypothesize that the ki-
netics, affinity, or valency of receptor engagement potentially
generates distinct signaling through FcRy.

In addition to the functions of Man-LAM described above,
Man-LAM is known to have pleiotropic functions during myco-
bacterial infection. Mycobacteria limit phagosome-lysosome
fusion to survive in macrophages, which allow mycobacteria to
establish latent and persistent infection (Fieters, 2008). Man-
LAM is one of the candidate involved in this process (Fratti
et al,, 2003; Vergne et al,, 2004), although more detailed studies
are needed to determine whether Dectin-2-mediated signaling
affects phagosome-lysosome fusion. Arecent study has demon-
strated that Man-LAM treatment inhibits T cell migration from the
draining lymph nodes (Richmond et al., 2012). This effect seems
to occurindependently of Dectin-2, as its expression was not de-
tected in any subsets of T cells (Arizumi et &l., 2000).

In the present study, we have shown that Dectin-2 recognizes
Man-LAM to mediate its adjuvanticity. In addition, the simulta-
neous induction of both immunostimulatory and inhibitory re-
sponses by Man-LAM-Dectin-2 axis might be beneficial for
host organisms to maintain balanced immune responses. During
EAE development, skin inflammation is observed at the injection

site when TDM was used as an adjuvant (Mivake et al,, 2013).
However, no such inflammation was observed in the skin of
Man-LAM-injected mice (data not shown), implying that the
anti-inflammatory cytokines induced by Man-LAM might control
excessive inflammation at the injection site. The limited inflam-
matory responses induced by Man-LAM could thus be beneficial
as an adjuvant for therapeutic vaccines for infectious diseases
and cancer. It is therefore proposed that Man-LAM analogs
might represent unique hydrophilic “regulatory” adjuvants that
promote the development of acquired immunity, with minimal
detrimental inflammation.

EXPERIMENTAL PROCEDURES

Lipids Extract

M. bovis BCG was fractionated by distilled water with repeated washing five
times. After centrifugation, the soluble fraction was collected. The insoluble
fraction was further delipidated with C:M (2:1, vol/vol). Each fraction was re-
suspended in a volume of isopropanol at equivalent amount of 0.1 mg as the
original M. bovis BCG weight.

Cells

2B4-NFAT-GFP reporter cells expressing FcRy alone, Mincle, Dectin-2, and
Dectin-29FP were prepared as previously described (Yamasaki et &., 2009).
BMDCs were prepared as previously described (Miyake e al., 2013).

tn Vitro Stimulaiion

Mycobacterial lipid extracts, LAM in aqueous solution {1 mg/ml), TDM dis-
solved in C:M at 1 mg/mi, and Candida albicans cell wall mannan (5 mg/ml)
were diluted in isopropanol and added to 96-well plates at 20 ul/well, followed
by evaporation of the solvents as previously described (ishikawa et &, 2008).
Reporter cells were stimulated for 24 hr and the activation of NFAT-GFP was
monitored using flow cytometry. BMDCs were stimulated for 2 days, then the
culture supernatants were collected. The concentrations of each cytokine
were determined by ELISA. Activation was determined using surface staining
of the costimulatory molecules CD40 and CD80 by flow cytometry.

OVa-Specific CDA™ T Cell Responses

BMDCs were generated from WT and Clec4n™"~ mice as described above.
BMDCs were left untreated or stimulated with indicated amount of plate-
coated LAM in the presence of OVAgas 339 peptides (ABGENT). CD4™ T cells
from OT-ll Tg mice were purified with anti-CD4-conjugated magnetic beads
(MACS, Miltenyi) and then labeled with CFSE (DOJINDO) and cocultured
with OVA-pulsed DCs in 96-well plates. On day 3, the supernatants were har-
vested and determined the concentration of IFN-v, [L-17, and |L-10 using
ELISA. CFSE-labeled T cells were analyzed for dilution of CFSE within the
CD4* T cell population using flow cytometry.

-

Exp 1A 1¢ Encey yelitis

Mice were immunized via subcutaneous administration of 200 ug of MOGas.ss
peptide (Invitrogen) emulsified in IFA (Difco) containing 500 ug of LAM on day
0. The mice received three daily intraperitoneal (i.p.) administrations of 500 ng
of pertussis toxin (PT) (List Biological Laboratories) starting on day 1. The
disease severity was scored as previously described (Mivaks et al, 2013).
For the in vitro restimulation analysis, cells were collected from the axillary,
inguinal, and lumbar (paraaortic) lymph nodes on day 23. Lymphocytes
(5 x 10° cells/well) were stimulated with MOGas.ss peptides at the indicated
concentrations for 4 days. The concentrations of IL-17, IFN-y, and GM-SCF
in culture supernatants were determined by ELISA. All animal protocols were
approved by the committee of Ethics on Animal Experiment, Faculty of Med-
ical Sciences, Kyushu University, Chiba University, or Tokyo University of
Pharmacy and Life Sciences.

(1ets

My terial Ind
For in vitro infection, BMDCs were infected with 1 to 10 x 10° CFU of M. bovis
BCG. After 48 hr, the culture supernatants were collected and cytokine
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concentration was determined by ELISA. For in vivo infection, WT mice and
Clecdn™~ mice were anesthetized with isoflurane, and each mouse was sub-
sequently infected intranasally with 2.5 x 10% CFU M. avium complex (MAC)
per mouse. At 3 weeks after infection, the lungs were isolated and homoge-
nized with a Physcotron handy microhomogenizer (Microtec). Serial dilutions
of the homogenates were subjected to the determination of CFU on 7H11
agar plates supplemented with OADC and penicillin (100 U/ml), The homoge-
nates were also subjected to the determination of chemokines with a Cytomet-
ric Bead Array System (BD Biosciences). Lungs from other infected mice were
fixed with 10% formaldehyde for hematoxylin-eosin staining. Single-cell sus-
pensions of splenocytes (5 x 10° cells) were stimulated with M, avium sensitin
PPD (5 ng/mi) or MAC Ag85A (10 ng/mi) for 4 days, and the concentrations of
cytokines and chemokines in culture supernatants were determined by ELISA.
Four patients of National Tokyo Hospital in Tokyo, Japan, were enrolled in this
study after giving informed consent. The research protocol was approved by
the Institutional Review Board of National Tokyo Hospital and by the ethical
committee of the National Institute of infectious Diseases for medical research
using human subjects.
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KEYWORDS , Abstract Kawasaki disease (KD) is a paediatric idiopathic vasculitis. In this study, on the basis
Kawasaki disease; : of studies using an established animal model for KD, we report that mannose-binding lectin
Vasculitis; : (MBL) is involved in the pathogenesis of the disease. KD-like experimental murine vasculitis was
Mannose-binding lectin; induced by intraperitoneally administering a Candida albicans water-soluble extract (CAWS).
Animal model’ MBL-A gradually increased in the serum of the model mice treated with CAWS. Deposition of

MBL-A and MBL-C was observed in the aortic root, including the coronary arteries, which is a
predilection site in experimental vasculitis. Corresponding to the distribution patterns of MBLs,
marked deposition of C3/C3-derived peptides was also observed. Regarding the self-reactivity of
MBLs, we observed that MBLs interacted with core histones to activate the lectin pathway.
These results suggest that some types of pathogens provoke the MBL-dependent complement
pathway (lectin pathway) to cause and/or exacerbate KD-like vasculitis.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Kawasaki disease (KD) is a paediatric idiopathic vasculitis,
which can sometimes result in aneurysms of the coronary
* Corresponding author. arteries [1], leading to an increased risk of myocardial

E-mail address: nalkam393@koto.kpu-m.ac.jp (A. Nakamura). infarction [2]. Although its molecular pathogenesis is still

http://dx.doi.org/10.1016/3.clim.2014.03.019
1521-6616/© 2014 Elsevier Inc. All rights reserved.
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unclear, a line of studies has suggested that an uncontrolled
immune response to infectious stimuli is involved in the
pathogenesis of KD {3].

In particular, many investigators have reported a possible
relationship between KD and superantigens [4-6], which are
pathogen-derived substances that activate a specific class of
T cells and induce massive production of cytokines {7]. For
example, Yoshioka et al. reported that Vp2/Vg6.5 T cells,
which are responsive to Streptococcus-derived pyrogenic
exotoxin C, are increased in KD patients {8,9]. Although
superantigens have been considered one of the most likely
causal factors of KD [10], some studies do not support this
hypothesis {6,11,12].

Compared with cellular immunity, little is known about
the role(s) of innate humoral immunity in the pathogenesis
of KD. However, some population genetic studies have
reported a possible relationship between KD and genetic
polymorphisms of mannose-binding lectin (MBL) {13-16], a
circulating pattern recognition receptor protein, which
recognises particular carbohydrate structures in microor-
ganisms to activate the complement pathway (lectin
pathway) [17]. The MBL genotype affects the plasma levels
of MBL. In KD patients younger than 1 year middle/low
MBL-expressing genotype increases the risk of coronary
artery lesion (CAL) formation, whereas high MBL-expressing
genotype increases the risk of CAL in KD patients older than
1 year [14,15]. These findings suggest that CAL susceptibility
is not simply a result of a deficiency of the MBL-dependent
innate immune system in response to pathogens, implying
that the adverse effects of MBL should also be taken into
consideration. In fact, MBL has been implicated in a number
of diseases, including rheumatic heart disease, rheumatoid
arthritis and ischemia—reperfusion injury [18-20]. However,
with the exception of ischemia—reperfusion injury, the
pathophysiological roles of MBL remain elusive in these
diseases, including KD.

Because limited clinical specimens (e.g. blood and urine)
are available for the study of KD, animal models are
indispensable tools to investigate the molecular mechanisms
underlying the disease. Candida albicans water-soluble
extract (CAWS)-induced murine vasculitis is one of the
most established animal models for KD [21], and it shares
pathological features with KD [22]. Although the molecular
basis underlying the experimental KD-like vasculitis is
unclear, understanding its pathological mechanisms is
important for elucidating the aetiology of KD.

In the present study, we employed a KD animal model to
investigate the involvement of MBL in the pathogenesis of
KD-like murine vasculitis. On the basis of the results, we
report that the MBL-dependent complement pathway is
involved in the pathological processes of KD-like experimen-
tal vasculitis.

2. Materials and methods

2.1. Animals

Male DBA/2CrSlc mice (4-5 weeks old) were used throughout
this study. Mice were provided by Shimizu Experimental
Materials Co., Ltd. and used in the experimental animal
facility of the Kyoto Prefectural University of Medicine. The

animal experiments were conducted in accordance with the
university's guidelines for experimental animal studies. CAWS
was prepared as described in [23]. The murine vasculitis model
was prepared by the method established by Ohno and
Nagi-Miura et al. [21,23]. In brief, mice were intraperitoneally
administered CAWS [1 mg/(mouse- day)] or PBS (sham control
group) for 5 days. Mice were then euthanised under general
anaesthesia on day 1, 6 or 11 after CAWS administration for 5
consecutive days.

2.2. Pathological study

Four mice per experimental group were used. After washing
the blood out by perfusion with PBS(-), the organs were
excised and immediately frozen in OTC compound without
fixation. The specimens were sectioned using a cryostat to
generate 8-um sections. Immunohistochemical detection
was conducted according to the manufacturer's instructions.
For the detection of MBL-C, sections were fixed with
acetone for 10 min. After incubation in 0.3% hydrogen
peroxide/methanol for 20 min, the sections were washed
with TBS and then blocked with 10% goat serum-PBS
(Nichirei, Tokyo) for 15 min. The sections were incubated
with an anti-MBL-C rat monoclonal antibody (1:25 dilution)
(HyCult, Uden) in TBS/0.02% Tween20 [TBS-T] containing 3%
BSA and 1 mM CaCl; at room temperature (RT) for 2 h. After
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Figure 1 Candida albicans water-soluble extract (CAWS)-
induced quantitative changes in serum mannose-binding lectin
(MBL)-A and -C levels. Time-dependent quantitative changes of
{(A) MBL-A and (B) MBL-C in the serum of CAWS-treated mice were
determined using western blotting. Electrophoresis for MBL-A was
performed under non-reducing conditions. The signal intensity of
each group was quantified and is shown as mean + standard
deviation (n = 3/group). ‘S’ stands for serum from the sham
control mice. Signal intensities are shown as relative values
compared with the sham control. Representative immunoblots
are shown at the top of the figure.
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washing with TBS containing 1 mM CaCl, [TBS-Ca], they were diaminobenzidine (DAB)-plus substrate kit (DAKO, Glostrup).
subsequently incubated with HRP-conjugated anti-rat im- The reaction was terminated with tap water, and the
munoglobulin G (IgG) antibody (1:1000 dilution) (ab7097; sections were counterstained with haematoxylin.

Abcam, Cambridge) at RT for 1h. After washing with Sections for the immunohistochemical study of MBL-A and
TBS-Ca, the signals were developed using a C3d/C3 were fixed with 4% paraformaldehyde (PFA)/PBS for

Sham CAWS day1 CAWS day6
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30 min at RT, followed by treatment with 0.3% hydrogen
peroxide/methanocl for 20 min. After washing with TBS, the
specimens were blocked with 10% goat serum/PBS (for
MBL-A) or 3% BSA/PBS-T (for C3d/C3) for 15 min. MBL-A
was detected by incubating with an anti-MBL-A antibody
(1:25 dilution) (HyCult, Uden) in TBS-T containing 1mM
CaCl; at RT for 2 h. Detection of C3/C3d was performed by
incubating the sections with an anti-C3d antibody (1:2500)
(DAKO, Uden) in 3% BSA/PBS-T at RT for 1 h. After washing
with Ca-TBS (for MBL-A) or PBS (for C3d/C3), the sections
were incubated with a HRP-labelled anti-rat IgG antibody (1:
1,000 dilution) (ab7097, Abcam, Cambridge) in 3% BSA /
Ca-TBS-T (for MBL-A) for 1h or a HRP-labelled anti-rabbit IgG
antibody (ab80437, Abcam, Cambridge) (for C3/C3d) at RT
for 10 min. After washing, the signals were developed with
DAB plus a substrate Chromogen system (DAKO, Uden). The
reaction was terminated with tap water, and the sections
were counterstained with haematoxylin. Normal rat or rabbit
1gG was used as negative control for immunostaining.

For the immunohistochemical detection of IgM, the frozen
sections were fixed with 4% PFA/PBS for 30 min, followed by
treatment with 0.3% hydrogen peroxide/methanol for 20 min.
After washing with PBS, the sections were blocked with 10%
goat serum/PBS (Nichirei, Tokyo). Subsequently, the sections
were incubated with a HRP-labelled anti-mouse IgM antibody
(1:1000 dilution) (Abcam, Cambridge) at RT for 2 h. After
washing with PBS, the signals were developed with DAB plus a
substrate Chromogen system (DAKO, Uden). The reaction was
terminated with tap water, and the sections were counter-
stained with haematoxylin.

2.3. Biochemical study

Murine serum was diluted (1:100) with Laemmli's buffer and
then subjected to immunoblotting with rat monoclonal
antibodies against MBL-A (HyCult, Uden) or MBL-C (HyCult,
Uden) in the presence of 1 mM CaCl,. Immunodetection was
performed with a HRP-labeled anti-rat 1gG antibody and
enhanced chemiluminescence (ECL) kit (GE Healthcare,
Buckinghamshire). Signals derived from endogenous IgG
were distinguished from MBL-A and -C signals on the
immunoblot by omitting primary antibodies.

To explore endogenous targets for MBL, the blot was
blocked with 3% BSA/PBS-T and then probed with 0.2 pg/mL
recombinant mouse MBL-C or MBL-A (R&D, NE) in the same
buffer containing 1 mM CaCl, at RT for 1 h with gentle
agitation. A hybrid back was not used for avoiding increased
background staining. In some cases, the incubation was
carried out in the presence of yeast mannan (Tokyo Kasei,
Tokyo). After extensive washing with PBS-T containing 3%
BSA and 1 mM CaCl,, the blot was incubated with an

anti-MBL-A or MBL-C antibody in the same buffer containing
1mM CaCl, at 4 °C overnight. Immunodetection was
performed as described above.

Purification and analysis of acid-soluble proteins were
performed as previously reported {24] with some modifica-
tions. In brief, the aortic tissue was homogenised and then
washed 3 times in TBS buffer containing 1% CHAPS and
proteinase inhibitors. The resulting insoluble materials were
re-suspended in 0.2 M H,50,4 and left on ice for 2 h. After
centrifugation, the supernatant was carefully removed and
diluted 20-fold with cold ethanol. The mixture was kept at -
30 °C overnight. After centrifugation at 12,000 xg¢ for
10 min, the pellet (histone-enriched fraction) was subjected
to acid—urea-Triton gel/SDS gel 2-dimensional polyacrylamide
gel electrophoresis (AUT/SDS-PAGE) analysis. After far-western
blotting, the blot was stained with Coomassie Brilliant Blue
G-250. Protein spots relative to the protein of interest were cut
out from a gel run in parallel and then subjected to in-gel
trypsin digestion, followed by liquid chromatography-ion trap
mass spectrometry (LC-MS/MS) analysis as previously reported
[25]. MS data were pracessed by a Mascot search (Supplemen-
tary data 1). For the in vitro complement activation assay,
highly pure histones were prepared from the mouse liver
essentially as previously described [24].

2.4. Activation of the MBL-dependent lectin pathway
in vitro

Histones purified from the mouse liver (0.2 ng/well) were
covalently immobilised on a 96-well plate using the Takara
Peptide Coating Kit (Takara Bio, Shiga), as described in the
manufacturer's instructions. After blocking, the wells were
washed thrice with water to remove any substance, which
would interfere with the assay. Activation of the
MBL-dependent lectin pathway was examined using the
Complement System Screen Wieslab kit (Euro Diagnostica,
Malmo) with some modifications as previously reported [26].
In brief, MBL-standard normal human serum (BioPorto
Diagnostics, Gentofte), MBL-deficient human serum (from a
B/B genotype donor) (BioPorto Diagnostics, Gentofte) and
negative control human serum (Euro Diagnostica, Malmo)
were diluted in a MBL assay buffer and then added to the
histone-immobilised wells.

The plate was incubated at 37 °C for 70 min and
subsequently washed. An alkaline phosphatase-conjugated
antibody was added to the membrane attack complex (MAC)
and the plate was incubated for 30 min at RT. Signals were
developed by incubating the substrate at approximately
23 °C for 60 min, and the absorbance was measured at
405 nm using the Multiscan JX (Thermo, MA).

Figure 2

Immunohistochemical detection of mannose-binding lectin (MBL)-A, MBL-C and C3/C3-derived peptides in the aortic root.

Sequential frozen sections of aortic root were subjected to immunohistochemistry with antibodies against (A) MBL-A, (B) MBL-C and
(€) €3d, followed by counterstaining with haematoxylin. The left, middle and right panels show the aortic tissues of sham control and
post-Candida albicans water-soluble extract (CAWS) day 1 and 6 mice, respectively. The upper panels are low-power images of the
immunostained aortic root. Scale bar equals 1000 (upper panels) and 200 um (lower panels). The area in the dotted lines was
magnified and is shown in the lower panels. ‘Co’ indicates the coronary artery. Four mice per experimental group were used and

representative data are shown here.
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2.5. Statistical analysis

The quantitative results are shown as means + standard
deviation. Statistical significance was evaluated using the
Tukey's multiple comparison method or using unpaired
t-tests with the StatMate Ill software (ATMS, Tokyo).

3. Results

3.1. CAWS-induced changes in serum levels of
MBL-A and MBL-C

We first determined the changes in the serum levels of MBL.
Unlike humans, mice have 2 distinct MBL genes, i.e. mbl-a
and mbl-c. Serum MBL-A levels gradually increased in the
CAWS-administered mice, and the levels increased to 2-fold
higher than that of control mice by day 6 post-CAWS
administration (Fig. 1A). In contrast, serum MBL-C levels
rapidly decreased by day 1 in CAWS-treated mice and did
not return to normal levels for 11 days (Fig. 1B). However,
a marked accumulation of MBL-C was observed in the
spleen (Supplemental data 2), indicating that the rapid
disappearance of plasma MBL-C may have resulted from
changes in its somatic distribution response to CAWS
administration.

3.2. Deposition of MBLs in the aortic root

To determine whether the MBL-dependent complementary
pathway participates in the inflammation process of
CAWS-induced vasculitis, we investigated the distribution of
MBLs and C3-derived peptides by immunchistochemistry of the
aortic root, which is one of the most susceptible sites for
experimental vasculitis, in normal and CAWS-administered
mice. Because different experimental conditions were required
to detect each molecule and auto-fluorescence of the aorta
was unavoidable, we performed the study using sequential
tissue sections by employing a substrate-chromogen method
instead of performing multiple immunofluorescence staining.
Diffuse deposition of MBL-A was detectable in a part of the
intima and adventitia of the annuloaortic region on day 1 in
CAWS-treated mice (Fig. 2A, middle panels). In contrast, the
deposition of MBL-C was more restricted to the intima of the
base of the aartic valves (Fig. 2B, arrows). Marked infiltration of
neutrophils was observed in the aortic root on day 6 (data not
shown). Consistent with this cellular infiltration, a marked
deposition of MBL-A was observed in the aortic intima,
adventitia, base of the aortic valves and coronary arteries
("Co’ in Fig. 2) on day 6 in the CAWS-treated mice (Fig. 2A, right
panels). However, MBL-C deposition was still restricted to the
intima of the annuloaortic region and a part of the coronary
arteries on day 6 (Fig. 2B, right panels, arrows). In the sham
group (control), the depositions of MBL-A and MBL-C were
barely detectable (Figs. 2A-C, left panels).

As KD is so, CAWS-induced vasculitis preferentially affects
some specific sites of arteries such as the aortic root,
including the coronary ostium {22]. Therefore, we compared
the MBL deposition between the aortic root and abdominal
aorta. As shown in Supplementary data 3 the deposition of
neither MBL-A nor MBL-C was observed in the abdominal
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aorta, which is less affected in CAWS-induced vasculitis,
confirming that the deposition of MBLs was relevant to the
vasculitis.

It has been well established that MBL activates comple-
ment pathways, resulting in inflammation. Because DBA2 mice
are deficient in C5, it was thought that complement-related
inflammation may be mediated by intermediate fragments of
the complement pathways, such as C3a, C3b, C3d or C4db,
without the formation of MAC. Therefore, we investigated the
deposition of C3-derived peptides in the tissues. As expected,
on day 6 after treatment with CAWS, C3-derived peptides
were deposited in the intima, the adventitia and around the
aortic root, including the coronary arteries (Fig. 2C, middle
and right panels). Considering that the deposition sites were
roughly identical to the sites involved in the deposition of MBLs
(Fig. 2), MBLs are likely to provoke complement activation at
these locations. Although weak signals of C3/C3-derived
peptides were detected in the adventitia of control mice
(Fig. 2C, left panels, arrows), as reported previously [27], the
intensity was much less than that observed in the CAWS-
treated mice.

Besides the lectin pathway, it is an intriguing issue if
other complement pathways (e.g. classical and alternative
pathways) are involved in the vasculitis. In ischemia-related
pathogenesis such as myocardial infarction, for example, the
classical pathway has been reported to co-operate with the
lectin pathway to exacerbate the tissue damage [28,29]. To
address the possible implication of the classical pathway in
CAWS vasculitis, the deposition of IgM, which is well-known
to activate the classical pathway more effectively than IgG,
was immunchistochemically investigated. As shown in
Supplementary data 4, the marked deposition of 1gM was
observed in the endothelium and adventitia of the aortic
root of CAWS-treated mice, suggesting that IgM-dependent
activation of the classical pathway could also, at least in
part, be responsible for the vasculitis in co-operation with
the lectin pathway.

3.3. Exploration of endogenous targets for MBLs

To elucidate the molecular mechanisms underlying the
deposition of MBLs in the inflamed tissue, we explored the
possibility of endogenous protein targets for MBLs by a
far-western blotting analysis. Aortic tissue extracts from
CAWS-treated mice were subjected to the far-western
blotting analysis using recombinant mouse MBL-A and MBL-C
proteins as probes. As shown in Fig. 3, both MBL-A and MBL-C
recognised some specific proteins, including proteins with a
molecular weight of approximately 10-15 kDa and high
molecular mass proteins (>250 kDa) in the aorta lysates.
Incubation of the blot with MBLs in the presence of excess
mannan (0.2 mg/mL) markedly diminished the intensity of
these signals (Fig. 3A), indicating that recognition took
place through the carbohydrate recognition domain of the
MBLs.

Using the sequential fractionation of the aortic tissue
proteins, the MBL-reactive 10-15-kDa proteins were
found to reside in the acid-soluble protein fraction,
which is well-known for being enriched in histones
(Fig. 3B). This fraction was subsequently subjected to
AUT/SDS-PAGE (see Materials and methods), followed by
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the far-western blotting or LC—/MS/MS analysis. The
10-15-kDa proteins were eventually identified as histones
H4, H2B-type 1H, H3.1 and H2A-type 2A (Fig. 3C;
Supplementary material 1), suggesting that these core
histone components are potential endogenous targets for
MBLs. Because of the low-transfer efficiency of histone
H2A, it was unclear whether other H2A subtypes were also
preferentially recognised by MBLs.

3.4. Histones and lectin pathway activation

To evaluate whether histones can activate the lectin
pathway, highly purified histones (Fig. 4A) were subjected
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to an in vitro MBL pathway activation assay with normal and
MBL-deficient (genotype B/B) human sera. As shown in
Fig. 4B, the purified histones significantly activated the
MBL-dependent lectin pathway in vitro. However, the
activation potential was much less than that of CAWS (data
not shown), which is a potent activator of the lectin pathway
[26]. To avoid any unidentified artefacts arising from
medications, including the intravenous immunoglobulin
(IVIG) therapy, and disease-related changes in the comple-
ment pathway-related proteins, we did not use sera from KD
patients for this assay.

4. Discussion

In the present study, we report that MBL was involved in
KD-like murine experimental vasculitis through uncontrolled
complement activation. Although the relevance of MBL in KD
has been argued on the basis of clinical genetic studies, to
the best of our knowledge, the present study is the first to
show that humoral innate immune proteins participated in
the pathogenesis of vasculitis in a KD animal model.

Further studies are required to address why MBLs
preferentially target the aortic root, including the coronary
ostium, which is a primary site in CAWS-induced vasculitis. In
the present study, we found that MBLs can recognise certain
proteins of the aorta and identified histones as one of the
major targets for MBLs (Figs. 3C, D and 4). Although histones
are primarily nuclear proteins, they are exposed to or
released from activated neutrophils or dying cells in the
extracellular space [30--32]. Indeed, the marked invasion of
activated neutrophils is a hallmark of CAWS-induced KD-like
vasculitis [33], suggesting that vasculitis-associated extra-
cellular leakage of these nuclear proteins could result in the
recruitment of MBL and MBL-dependent activation of the
lectin pathway. In this scenario, MBL may play a pivotal role
as an exacerbation factor, rather than as an initiation
factor, in vascular inflammation.

The substrates of MBL are considered more diverse than
those previously believed. Therefore, along with the
histones, MBL may recognise a variety of self-targets,
including non-proteinous ones, involved in the pathogenesis

Figure 3 Endogenous targets for mannose-binding lectin
(MBL)-A and MBL-C in the aortic tissue. (A) Aortic lysates were
subjected to far-western blotting analyses with recombinant
murine MBL-A (left side) and MBL-C (right side) and the
corresponding antibodies. In some experiments, MBL probing
was performed in the presence of yeast mannan as indicated.
B-Actin was used as an internal loading control. (B) Aortic
proteins were fractionated as shown in the flowchart and then
analysed using far-western blotting with MBL-A. MBL-reactive Mr
10-15 kDa proteins were fractionated in Fraction 3. S/N and PPT
stand for ‘supernatant’ and ‘pellet’, respectively. (C) Fraction 3
(acid-soluble proteins) was subjected to acid-urea—Triton gel/
SDS-gel 2-dimensional gel electrophoresis (AUT/SDS-PAGE),
followed by far-western blotting with MBL-A (upper panel) and
MBL-C (lower panels). The proteins of interest were identified by
liquid chromatography—ion trap mass spectrometry (LC-MS/MS) as
follows: Spot 1: Histone H4; Spot 2: Histone H2B -type 1 H; Spot 3:
Histone H3.1; Spot 4; Histone H2A-type 2A.
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Figure 4 In vitro assay for lectin pathway activation. The

lectin pathway activation potential of histones was evalu-
ated in vitro using a Complement System Screen Wieslab
kit. Histones were highly purified from DBA2 mouse liver
(A). Purified histones were covalently immobilised on a 96-well
plate and incubated for 70 min with mannose-binding lectin
(MBL)-deficient (B/B) human serum (1) or normal human serum (2)
under assay conditions specialised for the lectin pathway.
Activation of the lectin pathway was determined by absorbance
at 405 nm and represented as a value relative to that obtained
from wells of MBL-deficient serum. The data of the assay, which
was conducted in triplicate, is shown. Similar results were
reproducibly obtained in three independent experiments.

of vasculitis. We don't exclude the possibility that such
potential targets are also involved in vasculitis through the
activation of the MBL-dependent complement pathway.

The pathophysiological significance of MBL self-reactivity
is still controversial and, most likely, situation-dependent.
In fact, some studies have reported that MBL is physiolog-
ically important for the clearance of dying cells and a
first-line defence against a variety of pathogens [34,35].
While the self-reactive innate immune molecules remain
below an appropriate level, their adverse effects are
thought to be negligible. However, this may not be the
case under infectious conditions that are mimicked by CAWS
stimulation. When MBLs are markedly upregulated in
response to infectious stimuli (Fig. 1), excess MBLs may
attack vascular inflammation sites characterised by the
invasion of neutrophils to aggravate the vasculitis through
the activated lectin pathway.

Little is known about the functional differences between
MBL-A and MBL-C. MBL-A gradually increased in the blood in
response to CAWS stimulation and MBL-C rapidly disappeared
likely because of a change in its distribution from the blood
to the spleen (Supplementary data 2) and the aortic root
(Fig. 2B). Although further studies are required to address
the pathophysiological roles of MBL-C distinct from MBL-A,
MBL-C may be involved in splenomegaly, which is observed in
the acute phase of the CAWS-administrated murine vasculi-
tis [36,37].
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It has been reported that the MBL-dependent lectin
pathway co-operates with the IgM-dependent classical path-
way to promote tissue damage in some ischemic diseases such
as myocardial infarction [28,29]. Considering that the depo-
sition of IgM was detected in the inflamed aortic roots
CAWS-induced KD-like vasculitis may underlie the pathogen-
esis similar to that reported in ischemic diseases. Investiga-
tions of this possibility are ongoing in our laboratory.

Considering the physiological roles of MBL, simple suppres-
sion of MBL may not necessarily be beneficial in attenuating
the vasculitis in KD and CAWS-induced murine vasculitis.
Indeed, the potential use of complement pathway inhibitors in
ischemia~reperfusion injury is currently argued [38]. Howev-
er, given that infection-associated vasculitis, such as KD,
shares a common pathogenesis with CAWS-induced murine
vasculitis, careful pharmacological manipulation of the
MBL-dependent complement pathways could be a promising
approach for treating KD. Considering that the uncontrolled
activation of the complement pathway is associated with the
formation of aortic aneurysms [39,40], the MBL-dependent
lectin pathway in particular could be a promising therapeutic
target for preventing KD-associated coronary artery aneu-
rysms [41].

Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.clim.2014.03.019.
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Abstract

it is still poorly understood.

vasorum.

Background: Kawasaki Disease (KD) involves a diffuse and systemic vasculitis of unknown etiology that mainly
affects infants and children. Although a considerable number of analyses of the clinical, histopathological and
molecular biological details underlying the mechanism responsible for the development of coronary arterial lesions,

The purpose of this study was to analyze the state of angiogenesis, vasculogenesis and the distribution of blood
vessels using an animal model of KD like vasculitis. We investigated the involvement of the vasa vasorum from the
adventitia in the vascular involvement and the development of the disease state by performing sequential
histopathology, scanning electron microscopy (SEM) and micro computed tomography (CT) studies using a murine
model of vasculitis induced by the Candida albicans water-soluble fraction (CAWS).

Methods: To prepare the animal model of KD like vasculitis, CAWS was intraperitoneally injected into C57BL/6N
mice for five consecutive days as reported by Ohno et al. We observed the changes of the vasa vasorum at the
aorta and the orifices of the coronary arteries by SEM and micro CT, and also compared the neovascularization at
the media and adventitia of the aorta by an immunohistochemical analysis.

Results: As previously reported, obvious inflammation was detected two weeks after the injection of CAWS, and
also intimal thickening was observed three weeks after the injection. We found that the vasa vasorum in the
adventitia of the aorta was increased in the model mice. The vasa vasorum started increasing one week after the
injection of CAWS, before any obvious vasculitis was microscopically detected.

Conclusion: The present results indicate that the vasculitis in Kawasaki disease starts as a disorder of the vasa

Keywords: Kawasaki disease, A murine model, Vasculitis, Adventitia, Vasa vasorum

Background

Kawasaki disease (KD) involves diffuse, systemic vascu-
litis of unknown etiology and pathogenesis, and predom-
inantly affects infants and children [1-3]. The incidence
of KD has steadily increased since it was first reported,
and more than 12,000 people are diagnosed with KD
each year in Japan. The well-known sequelae of KD

* Correspondence: ahamaoka@koto kpu-m.acjp

'Department of Pediatric Cardiology and Nephrology, Kyoto Prefectural,
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include coronary aneurysms, which occur in approxi-
mately 5% of the KD patients [4]. With time, an
aneurysm may cause stenotic lesions or ischemic heart
disease, even in children [5-7].

Intravascular immunoglobulin (IVIG) therapy can
greatly decrease the chances of complications of coron-
ary arterial lesions (CALs), though 10-15% of the pa-
tients are refractory to IVIG. In these cases, the
incidence of CALs tends to be much higher.

Since KD was first described by Kawasaki in 1967,
many clinical, histopathological and or molecular bio-
logical studies have been performed to investigate the
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pathophysiology of the vascular involvement of KD
however, the underlying mechanism remains unclear
[2,3,8,9]. Coronary arteritis in KD is considered to begin
with edematous changes in the media, developing into
inflammatory changes in the intima and adventitia,
which finally evolve into the panvasculitis observed dur-
ing autopsies [8].

In contrast, recent studies using various animal
models of KD like vasculitis have indicated that the in-
flammatory changes in the adventitia occur prior to the
changes in the intima [10-12]. In 1975, Onouchi et al.
suggested that the vasa vasorum, which supplies nutri-
tion to the walls of blood vessels, might contribute to
the progression of vasculitis in KD, beginning with se-
vere tissue destruction at the vasa vasorum in the adven-
titia [9]. Although there have not been detailed
pathological studies on the significance of the vasa
vasorum in KD, recent studies using the advanced im-
aging analyses have shown that the abnormal prolifera-
tion of the vasa vasorum was associated with plaque
formation and the destabilization of lesions during the
development of arterial sclerosis. In chronic inflamma-
tory diseases such as arterial sclerosis, the abnormal pro-
liferation of the vasa vasorum may provide an infiltrative
route for inflammatory cells from the adventitia, and this
accumulation of inflammatory cells promotes the in-
flammation [13-15]. Thus, we hypothesized that the vasa
vasorum might serve as the initiator of vasculitis in KD.

Various animal models have been developed to investi-
gate KD vasculitis. In 1979, Murata and Naoe et al. first
reported that the Candida albicans derived substance
(CADS) isolated from the feces of patients with KD
causes coronary arteritis as seen in KD [16]. Subsequent
studies revealed that the water-soluble extracellular poly-
saccharide fraction (CAWS) obtained from the culture
supernatant of Candida albicans resulted in a stronger
but similar vasculitis that occurred more frequently than
that following exposure to CADS. Therefore, CAWS-
induced vasculitis has become widely adopted as a uni-
versal animal model for KD like vasculitis [17-25].

The purpose of this study was to delineate the involve-
ment of the vasa vasorum in the development of KD
vasculitis by examining its proliferation and distribution
using histopathological or micro-computed tomography
(CT) and scanning electron microscope (SEM) studies.
KD is associated with a low mortality rate, and due to
the low availability of autopsied hearts, we used the
CAWS animal model for this purpose.

Methods

Animals

All experimental procedures were approved by the
Committee for Animal Research, Kyoto Prefectural Uni-
versity of Medicine. A total of 24 four-week-old male
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C57BL/6N mice were obtained from SHIMIZU Labora-
tory Supplies Co., Ltd. (Kyoto, Japan) and were randomly
divided into six experimental groups: control and model
mice evaluated at one week, two weeks and three weeks
after the administration of CAWS.

CAWS was kind gift from Tokyo University of Pharmacy
and Life Science and 0.2 mL (20 mg/mlL) was administered
intraperitoneally to the model mice daily for five consecu-
tive days starting at the age of five weeks.

Histopathology

After heparin was administered, anesthesia was induced
with a fatal dose of pentobarbital sodium. The chest was
then opened, and the abdominal aorta was cannulated
and infused with saline until the venous effluent was free
of blood. Sections of the heart at the level of the aortic
valves were obtained.

Tissue specimens were fixed in 20% formalin, embedded
in paraffin and sectioned at 4 pm-thick slices. First,
hematoxylin and eosin (HE)- and elastic van Gieson
(EVG)-stained sections were examined by light microscopy.

Next, immunohistochemical studies for CD3 and
MPO were performed to detect the type of inflammatory
cells. Some sections were deparaffinized in xylene and
ethanol rinses. Only sections for CD3 were activated by
boiling for 5 min in a citrate buffer (0.01 M) at pH 9.0
in a microwave. No pretreatment was needed for MPO.
After blocking of non- specific binding, the sections
were incubated at 4 °C overnight in a humidified slide
chamber with polyclonal antibodies (Dako Cytomation)
for CD3 (dilution 1:400) and MPO (dilution 1:600). After
incubation with the corresponding secondary antibody
for 30 minutes, the antibody binding was revealed using
H,0, and diaminobenzidine. Counterstaining was per-
formed with hematoxylin, and sections were examined
by light microscopy.

Immunofluorescent studies were also performed using
Biotin-conjugated Isolectin 1B, (Molecular Probes, Inc.).
Some sections were deparaffinized in xylene and ethanol
rinses, and activated by boiling for 5 min in a citrate buffer
(0.01 M) at pH 6.0 in a microwave. The sections were in-
cubated at 4°C overnight in a humidified slide chamber
with lectin diluted at 1:200. The stained specimens were
observed using a confocal laser scanning microscope
(LSM510 ver. 4.0; Carl Zeiss CO., Ltd, Oberkochen,
Germany).

SEM

To examine the types of vessels, we investigated the ad-
ventitia of the micro- vessels using SEM [26]. After ad-
ministering lethal anesthesia with pentobarbital sodium,
a blue synthetic resin (Mercox®, DIC, Tokyo) was
injected through a 22 Ga plastic needle inserted into the
left ventricle. The sample was maintained at room
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temperature until the liquid resin was completely poly-
merized. The heart, aorta and perivascular soft tissues
were then harvested en bloc. The soft tissues were dis-
solved by incubation in 20% potassium hydroxide solu-
tion at 50°C for three days. To completely dissolve the
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fat tissues, the samples were incubated with proteinase
K in buffer ATL for one day. Then, the samples were
washed in 0.5% Nonidet P-40. The microvascular casts
were mounted on stubs, coated with osmium and exam-
ined using SEM (JSM-6320 F; JEOL, Tokyo).
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Figure 1 The four developmental stages in the murine model of Kawasaki disease like vasculitis based on the histopathological
analysis. In hematoxylin and eosin (HE)-stained sections, there were some inflammatory cells visible in the adventitia one week after the CAWS
injection (red arrows). Obvious infiltration of inflammatory cells was detected more than two weeks after the injections of the Candida albicans
water-soluble fraction (CAWS) (red arrows). Three weeks after the injection, marked adventitial thickening was detected.In elastica van Gieson
(EVG)-stained sections, the elastic fibers started to be destroyed more than two weeks after the injections of CAWS (yellow arrows). RCC: Right
Coronary Cusp, LCC: Left Coronary Cusp, NCC: Non Coronary Cusp, CA: Coronary Artery.
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Micro CT

After lethal anesthesia with pentobarbital sodium was induced,
the thorax was opened. The abdominal aorta was cannulated
and infused with heparinized saline until the venous effluent
was free of blood. Next, the OMNIPAQUE 240 contrast agent
was infiltrated from the abdominal aorta at a steady rate,
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The aorta and coronary arteries were scanned en bloc by a
micro CT system (Rigaku, Tokyo, Japan) [27-29]. The result-
ing three-dimensional images were displayed using the
i-view software program (Morita, Kyoto, Japan). The number
of pixels used to reconstruct the images was 500 x 500 x 500,
and the time required for filming and reconstruction was

CD3 xz0

control

Figure 2 The results of the sections stained with antibodies for CD3 and MPO. In only sections with antibody for CD3, there were some
CD3 positive cells visible at the same position inflammatory cells were detected one week after the Candida albicans water-soluble fraction
(CAWS) injection (red triangles). More CD3 positive cells and some MPO positive cells were detected around coronary arteries more than two
weeks after the injections of the injection. Three weeks after the injection, more MPO positive cells were detected.
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two minutes. It was also possible to examine a three-
dimensional tomographic image simultaneously. The
pixel size was 10 um, and the filming span was 5 mm x
5 mm.

Results

Histopathology

One week after the CAWS injection, there were some
inflammatory cells visible in the adventitia. Two weeks
after the injection, there was clear infiltration of inflam-
matory cells and destruction of the elastic fibers. Marked
adventitial thickening was detected at time points three
or more weeks after the injection (Figure 1) [25].

Next, immunohistochemical studies were performed
to observe the type of inflammatory cells using anti-
bodies for CD3 and MPO. One week after the CAS in-
jection, there were some CD3 positive cells only around
aorta, at the same position inflammatory cells were de-
tected by HE stain. Two weeks after the injection, more
CD3 positive cells and some MPO positive cells were de-
tected even around coronary arteries. More MPO posi-
tive cells were observed at time points three or more
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weeks after the injection (Figure 2). These results by HE
stain and immunostain revealed the inflammatory cells
consisted on monocytes, lymphocytes and neutrophils.

Immunofluorescent studies were also performed to ob-
serve the appearance of the inflammatory cells at the ad-
ventitia and their infiltration inward, and we found small
vessels that were not detected in control mice, Figure 3
shows the sections stained with Isolectin. Compared with
the controls, some lectin- positive endothelial cells were
visible only at the adventitia of the aorta one week after
the injection of CAWS., Similar to the inflammatory cells,
the lectin-positive cells had infiltrated inward two weeks
after the injection, and by the following week, these cells
filled all layers.

It has been demonstrated that the vasa vasorum pro-
vides a considerable amount of blood flow to the adven-
titia and one- third of the outer layer of the media
[30-32]. Therefore, the blood vessels in the adventitia
are part of the vasa vasorum or its branches.

We also examined the size and distribution of the vasa
vasorum. As shown in Figure 4, the vasa vasorum prolif-
erated as the inflammation developed.
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Figure 3 The results of the sections stained with Isolectin. A: A representative control mouse. Only a few Isolectin-positive endothelial cells
were detected at the adventitia. B: A model mouse one week after the injection of Candida albicans water-soluble fraction (CAWS). Compared to
the control, there were more Isolectin-positive endothelial cells detected at the adventitia. C: A model mouse two weeks after the injection of
CAWS. The Isolectin-positive cells had infiltrated inward. D: A model mouse three weeks after the injection of CAWS, The Isolectin-positive cells
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