Cardiovascular Pathology 72 (2024) 107669

journal homepage: www.elsevier.com/locate/carpath

H 1 H H ' éARDIOIV;\’,‘SCULAév
Contents lists available at ScienceDirect ALl

Cardiovascular Pathology

A pathological study on the efficacy of Syk inhibitors in a Candida n
albicans-induced aortic root vasculitis murine model

Nanae Asakawa !, Toshiaki Oharaseki!, Yuki Yokouchi!, Noriko Miura?, Naohito Ohno?,

Kei Takahashi!

1 Department of Surgical Pathology (Ohashi), Toho University Graduate School of Medicine, 2-22-36, Ohashi, Meguro, Tokyo 153-8515, Japan
2 Center for the Advance of Pharmaceutical Education, School of Pharmacy, Tokyo University of Pharmacy and Life Sciences, 1432-1 Horinouchi, Hachioji,

Tokyo 192-0392 Japan

3 School of Pharmacy, Tokyo University of Pharmacy and Life Sciences, 1432-1 Horinouchi, Hachioji, Tokyo 192-0392 Japan

ARTICLE INFO

Article history:

Received 16 January 2024
Revised 14 May 2024
Accepted 5 June 2024

Keywords:
Kawasaki disease
Vasculitis
Candida albicans
Murine model
Syk

ABSTRACT

Background: The activation of innate immunity may be involved in the development of Candida albicans-
induced murine vasculitis, which resembles Kawasaki disease (KD) vasculitis. This study aimed to histo-
logically clarify the time course of the development of vasculitis in this model in detail and to estimate
the potential role of spleen tyrosine kinase (Syk) inhibitors in KD vasculitis.

Methods and Results: DBA/2 male mice were intraperitoneally injected with a vasculitis-inducing sub-
stance and treated with a Syk inhibitor (R788 or GS-9973). Systemic vasculitis, especially in the aortic
annulus area, was histologically evaluated. Regarding lesions in the aortic annulus area, some mice in
the untreated control group already showed initiation of vasculitis 1 day after the final injection of a
vasculitis-inducing substance. The vasculitis expanded over time. Inflammation occurred more frequently
at the aortic root than at the coronary artery. The distribution of inflammatory cells was limited to the
intima, intima plus adventitia, or all layers. In the Syk inhibitor-treated groups, only one mouse had
vasculitis at all observation periods. The severity and area of the vasculitis were reduced by both Syk
inhibitors.

Conclusion: Candida albicans-induced murine vasculitis may occur within 1 day after the injection of a

vasculitis-inducing substance. Additionally, Syk inhibitors suppress murine vasculitis.
© 2024 Elsevier Inc. All rights are reserved, including those for text and data mining, Al training, and

similar technologies.

1. Introduction

Kawasaki disease (KD) was first reported by Dr. Tomisaku
Kawasaki in 1967 [1]. In this type of vasculitis in children, the coro-
nary arteries are frequently affected. When a coronary aneurysm
develops, thrombotic occlusion within the aneurysm can cause is-
chemic heart disease, which greatly affects the prognosis [1]. His-
tological examinations of KD autopsy cases have shown that, in
coronary artery lesions, inflammatory cells infiltrate from the in-
timal and adventitial sides [2-4]. Additionally, on approximately
the 10th day after onset of KD, vasculitis leads to tearing of the
internal and external elastic lamina. When the inflammation is se-
vere, an aneurysm is completely formed by approximately day 12
[2-4]. These findings indicate that appropriate treatment should be

* Corresponding author: Nanae Asakawa Department of Surgical Pathology
(Ohashi), Toho University Graduate School of Medicine, 2-22-36, Ohashi, Meguro,
Tokyo, 153-8515, Japan.

E-mail address: nanae.asakawa@med.toho-u.ac.jp (N. Asakawa).

https://doi.org/10.1016/j.carpath.2024.107669

started by the 10th day after onset to suppress the development of
cardiovascular complications such as coronary aneurysms [5]. In-
travenous immunoglobulin (IVIG) therapy combined with aspirin,
which is the current standard treatment for acute KD, is gener-
ally highly effective. However, 10%-20% of these patients do not
respond sufficiently to IVIG and develop coronary artery complica-
tions at a high frequency [6]. Therefore, various alternative and ad-
junct therapies have been proposed [5]. However, at present, there
is no standard second-line treatment for IVIG-resistant patients.
Although the cause of KD remains unclear, the innate im-
mune system appears to be involved in the pathogenesis of KD.
To date, three murine vasculitis models that immunohistopatho-
logically mimic human KD vasculitis have been developed [7-11].
All of these models use pathogen-associated molecular patterns
to induce vasculitis. In one of these models, a Candida albicans
water-soluble fraction (CAWS) is used [7-9]. Studies of the CAWS
model show similarity in the histology and distribution of the in-
duced vasculitis to human KD vasculitis, as well as to the responses
to IVIG and anti-tumor necrosis factor- monoclonal antibody
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[8,12,13]. The main constituents of CAWS are mannan, S-glucan,
polysaccharides, and proteins, which are contained in the Candida
cell wall. The administration of CAWS results in systemic vasculitis,
including in the coronary arteries, in dectin-1 (-glucan receptor)-
knockout mice but not in dectin-2 (¢-mannan receptor)-knockout
mice [14]. Furthermore, vasculitis was not induced in mice with
knockout or conditional-knockout of various molecules involved in
the dectin-2-spleen tyrosine kinase (Syk)-caspase-recruitment do-
main 9 (CARD9) pathway [15]. These findings suggest that activa-
tion of the dectin-2-Syk-CARD9 pathway plays an important role
in the onset of CAWS-induced vasculitis. However, no histological
studies have reported on this murine vasculitis in the early stages
of this disease.

Syk is a non-receptor tyrosine kinase that was isolated from
the porcine spleen in Japan in 1991 [16]. In vivo, Syk is expressed
mainly in hematopoietic cells and has a wide variety of roles,
such as in mast cell activation and phagocytosis by macrophages
[17]. In animal studies, Syk inhibitors have shown efficacy against
autoimmune diseases and hematological malignancies [18,19]. In
addition, multiple clinical trials of Syk inhibitors are currently
being performed to treat patients with rheumatoid arteritis, IgA
nephropathy, and autoimmune hemolytic anemia [20,21]. R788 is
currently the only Syk inhibitor that has been clinically approved
for treatment of chronic idiopathic thrombocytopenic purpura in
the United States, Canada, Europe, and Japan [22]. On the other
hand, there is increasing interest in GS-9973, which showed higher
Syk specificity than R788 in in vitro experiments [23].

This histological study aimed to develop CAWS-induced vasculi-
tis in mice, especially focusing on its early stage, and to deter-
mine the effects of two Syk inhibitors on vasculitis. Our findings
will hopefully help determine the potential of Syk inhibitors in the
treatment of vasculitis in patients with KD.

2. Materials and methods
2.1. Animals

Four-week-old male DBA/2 mice were purchased from Sankyo
Labo Service Corporation Inc. (Edogawa, Tokyo, Japan) and used
in experiments after 1 week of acclimatization. The animal room
was maintained at 23°C+2°C and 60%-70% relative humidity. The
mice were fed a commercial diet (CLEA Rodent Diet CE-2; CLEA
Japan Inc. [Meguro, Tokyo, Japan]) and had free access to tap wa-
ter. All procedures were performed in compliance with the relevant
laws and institutional guidelines. The study design was approved
by Toho University’s Animal Ethics (Approval No. 19-51-425).

2.2. Vasculitis-inducing substances

As reported previously [8], C. albicans (NBRC1385) was cultured
in a complete synthetic medium, and CAWS was derived from the
culture supernatant. CAWS 200 ug was dissolved in 0.2 mL of
phosphate-buffered saline (PBS) and injected into the peritoneal
cavity of mice for 5 consecutive days.

2.3. Syk inhibitors
Two Syk inhibitors were used, namely R788 (#A144826; Am-

beed, Inc. [Arlington Heights, IL, USA]) and GS-9973 (#181632; Am-
beed, Inc.).

2.4. Experimental schedule

In the R788 group (R group), 0.8 mg of R788 was suspended in
0.1 ml of solvent and administered intraperitoneally to mice twice

Cardiovascular Pathology 72 (2024) 107669

daily starting from the day after the final CAWS injection. The fol-
lowing two R subgroups had different R788 administration periods.
In the R-1w subgroup (n=10), R788 was administered for 1 week,
and in the R-3w subgroup (n=10), R788 was administered for 3
weeks.

In the GS-9973 group (G group), 1 mg of GS-9973 was sus-
pended in 0.1 ml of solvent and administered intraperitoneally to
mice once daily starting from the day after the final CAWS injec-
tion. The following two G subgroups had different GS-9973 admin-
istration periods. In the G-1w subgroup (n=10), GS-9973 was ad-
ministered for 1 week, and in the G-3w subgroup (n=10), GS-9973
was administered for 3 weeks. In the control group (C group), each
subgroup (n=10) for comparison with the R and G subgroups only
received solvent after the CAWS injection.

In the control C-1w and C-3w subgroups, administration of sol-
vent was performed once or twice daily to match administration in
the corresponding Syk inhibitor treatment groups. So, C-1w (n=10)
and C-3w (n=10) subgroups that matched R group received solvent
twice daily, and C-1w (n=10) and C-3w (n=10) subgroups that
matched G group received solvent once daily. To examine the initi-
ation of CAWS-induced vasculitis, the C-1d subgroup (n=11), which
was administered neither Syk inhibitor nor solvent, was used. Mice
in this subgroup were euthanized 1 day after the final CAWS ad-
ministration for later histological analysis.

The solvent was a mixture of 0.5% carboxymethyl cellu-
lose + 0.25% polysorbate 80. The doses of R788 and GS-9973 used
in this experiment correspond to the maximum doses previously
administered to mice [24,25].

All mice were euthanized with carbon dioxide after the final
administration of the solvent or Syk inhibitor. The mice were then
necropsied, and their hearts, lungs, liver, pancreas, spleen, kidneys,
abdominal aorta to common iliac artery, and testes were harvested
and fixed in neutral buffered formalin for histological examination.

2.5. Histological analysis of vasculitis

2.5.1. Histological and immunohistochemical analysis

Formalin-fixed organs were embedded in paraffin. For hearts,
serial sections of the aortic annulus area were prepared, includ-
ing the origins of the left and right coronary arteries. Hematoxylin
and eosin (HE) staining and elastica van Gieson staining were per-
formed. The aortic annulus area was divided into five segments of
the left coronary artery, left coronary sinus, non-coronary sinus,
right coronary sinus, and right coronary artery. The degree of in-
flammation in each segment was classified into four grades as fol-
lows: Grade 0, no inflammation; Grade 1, inflammatory cell infil-
tration limited to one layer (i.e., the intima, media, or adventitia);
Grade 2, inflammatory cell infiltration limited to two layers among
the intima, media, and adventitia; and Grade 3, inflammatory cell
infiltration involving all three layers (vasculitis). The degree of in-
flammation was assessed by two observers independently. If the
two observers could not reach a consensus, a third person provided
an opinion.

Immunohistochemical staining was also performed to identify
macrophages using anti-F4/80 antibody (clone D2S9R; Cell Sig-
naling technology [Danvers, MA, USA]). The sections were visual-
ized with the high polymer method (Histofine Simple Stain Mouse,
Rabbit MAX-PO; Nichirei Bioscience [Chuo, Tokyo, Japan]) and col-
orized with diaminobenzidine chromogen.

Tissue sections of organs, except for the hearts were stained
with hematoxylin and eosin. The presence or absence of vasculi-
tis was examined.

2.5.2. Semi-quantitative and quantitative histological measurements
The following items were compared between the experimen-
tal groups. (1) The incidence of vasculitis was determined by
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the percentage of mice with vasculitis (Grade 3) in each group.
(2) The severity of vasculitis was determined by the sum of
the inflammation Grades in each of the five segments for each
mouse. (3) To determine the area of vasculitis for each mouse,
the specimen containing the lesion area with the greatest two-
dimensional extent of inflammation was chosen. The area of the
lesion observed in each selected specimen was treated as “the
area of vasculitis.” The area of vasculitis may have extended over
two or more segments. The area of vasculitis was measured using
the image analysis/measurement software WinRoof 2018, version
42510 (Mitani Co. [Kanazawa, Ishikawa, Japan]).

2.6. Statistical analysis

A non-parametric method was used for the analysis. The
Fisher’s exact test was used to compare the incidence of vasculi-
tis between the mouse groups. The Kruskal-Wallis test was used
to compare the severity and area of vasculitis. When a significant
between-group variation was observed in the Kruskal-Wallis test,
a post-hoc test was performed using Dunn’s multiple comparison
test. All test results were considered significant at P<.05.
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3. Results
3.1. Histological and immunohistochemical analysis of vasculitis

All mice used in the experiment survived. In each segment,
we first observed the aortic annulus area histologically and then
classified the degree of inflammation into the four grades de-
scribed above (Fig. 1). Generally, although right coronary sinus,
non-coronary sinus, and left coronary sinus lesions tended to oc-
cur at the base of the aortic valve or coronary artery origin, few
mice had inflammation in the aortic root, which had no connec-
tion to the aortic valve or in the coronary artery removed from
the ostium. All Grade 1 lesions consisted of inflammation lim-
ited to the intima (Fig. 2A), while all Grade 2 lesions consisted
of inflammation limited to the intima and adventitia (Fig. 2B).
Grade 3 lesions consisted of inflammation invading all layers, but
the density of inflammatory cells and destruction of vascular wall
structure showed different degrees (Figs. 2C and D). Regardless of
the grades, the inflammatory cells observed in the vascular le-
sions were mainly large mononuclear cells, which were immuno-
histochemically shown as F4/80-positive macrophages (Figs. 2A-D).

C-1d C-1lw C-1lw
# | LCA | LCS | NCS | RCS | RCA # | LCA | LCS | NCS | RCS | RCA # | LCA | LCS [ NCS | RCS | RCA
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2 1 1 2 2 0 2 0 0 1 0 1 2 0 1
3 0 2 0 3 0 1 1 1 0 3 2 1
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5 0 1 1 1 0 5 0 | 1 | 2 [ 2 0 5 0 0
6 0 0 1 1 0 6 0 2 0 6 0 1
7 0 1 2 3 o 7 0 1 0 0 0 7 0 1
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10 | 0 1 2 2 0 10 | 0 1 1 0 0 10 8 2
11| 1 2 1 2 0 R-1w G-1w
# [ LCA | LCS ] NCS]RCS|RCA # [ LCA | LCS ] NCS ][ RCS|RCA
1 0 0 0 0 0 1 0 1 1 0 0
2 0 0 0 0 0 2 0 1 0 0 0
3 0 0 1 1 1 3 0 0 0 0 0
4 0 0 0 1 0 4 0 0 0 0 0
5 0 1 1 1 0 5 0 1 1 1 0
6 0 1 1 0 0 6 0 0 0 0 0
7 0 0 e 1 0 7 0 0 0 1 0
[ 1 cradeo 8 | 0 0 0] 00 8 | 0 00 00
9 0 1 1 0 0 9 0 0 0 0 0
[ ] oradet 10 [ 1 [ 11070 10 0 [ 01 o010
C-3w C-3w
[ Grade2 # | LCA | LCS [ NCS [ RCS | RCA | # | LCA | LCS | NCS | RCS | RCA
1 0 1 1 1 0 1 0 \* 0 0
2 2 0 0 0o [ 1 0
[ Grades 3 0 3 0 2
4 0 4 0 | 0 |
5 0 1 0 0 5
6 0 1 2 2 0 6 0 0
7 0 0 0 7 0 0 0
8 0 0 8 0 0 0
9 0 0 9 0 0 0 1
10 | 0 1 il 1 0 10 0 1 1 0 0
R-3w G-3w
# | LCA | LCS | NCS [ RCS | RCA # [ LCA | LCS ] NCS ][ RCS|RCA
1 0 0 0 0 0 1 0 1 0 0 0
2 0 0 0 1 0 2 0 0 0 0 0
3 0 1 0 0 0 3 0 0 0 0 0
4 0 1 1 0 0 4 0 0 0 0 0
5 0 0 0 0 5 0 0 1 0 0
6 0 1 1 0 6 0 0 1 0 0
7 0 0 1 0 7 0 1 0 0 0
8 0 1 1 0 0 8 0 0 0 1 0
9 0 1 1 1 0 9 0 0 0 0 0
10 | 0 1 1 1 0 10 0 0 0 0 0

Fig. 1. Degree of inflammation in each segment of the aortic annulus area. The aortic annulus area was divided into five segments of the left coronary artery, left coronary
sinus, non-coronary sinus, right coronary sinus, and right coronary artery. The inflammation Grade (0-3) is shown for each of the five segments of all mice. Data are shown
for each experimental group. LCA: left coronary artery; LCS: left coronary sinus; NCS: non-coronary sinus; RCS: right coronary sinus; RCA: right coronary artery.
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Fig. 2. Representative histology of each grade. (A, upper and middle panels) A Grade 1 lesion in the C-1d subgroup shows a few large mononuclear cells attached to
endothelial cells. (B, upper and middle panels) A Grade 2 lesion in the C-1w subgroup shows localized cellular intimal thickening and mild adventitial inflammation. (C,
upper and middle panels) A Grade 3 lesion in the C-1w subgroup shows marked thickening of the intima, media, and adventitia owing to moderate inflammatory cell
infiltration with separation of the elastic fibers. (D, upper and middle panels) A Grade 3 lesion in the C-3w subgroup shows severe inflammation, and separation and rupture
of the elastic fibers. The black arrows indicate large mononuclear cells. (A-D, lower panels) The inflammatory cells mainly expressed F4/80 from the early phase to the
peak of the inflammation. I: intima, M: media, A: adventitia. Upper panels: hematoxylin and eosin stain, middle panels: elastica van Gieson stain, lower panels: F4/80

immunohistochemical stain.

Except for the aortic annulus area, vasculitis was observed only in
the origin of the renal artery (Supplemental Figure 1). Vasculitis of
the renal artery was observed in 10% (n=1/10) of C-1w mice and
15% (n=3/20) of C-3w mice. No mice in the R group or G group
had inflammatory lesions in any organ other than the aortic annu-
lus area.

3.1.1. C group

Each of the C groups matched with the R group and to the
G group showed similar lesions. In the C groups, grade 1 lesions
had a few inflammatory cells attached to endothelial cells, with
mild endothelial cell swelling. No fibro-cellular intimal prolifera-
tion was observed (Fig. 2A). In Grade 2 lesions, nodular accumula-
tion of inflammatory cells in several overlapping layers and local-
ized thickening were observed in the intima, while mild edema-
tous changes and infiltration of inflammatory cells were observed
in the adventitia (Fig. 2B). However, Grade 3 lesions showed vari-
ous types of histology depending on the time from the CAWS in-
jection. In the C-1d subgroup, although inflammatory cell infiltra-
tion was observed in all three vascular wall layers, the degree was
extremely mild and localized, and there was no rupture of elas-
tic fibers or breakdown of the vascular wall structure (Supplemen-
tal Figure 2). In the C-1w and C-3w subgroups, marked thickening
of the vascular wall due to moderate to severe inflammatory cell
infiltration, with separation and rupture of the elastic fibers, was
observed. (Figs. 2C and D, Supplemental Figure 3B). Regarding the
mice with Grade 3 lesions, clear destruction of the vascular wall
structure was observed in 0% (0/2) of C-1d mice, 55% (6/11) of G-
1w mice, and 100% (12/12) of C-3w mice. No fibrinoid necrosis was
observed.

3.1.2. R group

Grade 1 lesions in the R group were similar to those in the C
group. In all of the Grade 2 lesions in R-3w subgroup mice (n=3),
inflammatory cells that infiltrated into the intima and adventitia
were less dense than those in Grade 2 lesions in the C-3w sub-
group (Fig. 3B). In the R group, only one mouse in the R-1w sub-
group had a Grade 3 lesion, and the density of inflammatory cells
was lower and there was no vascular wall destruction compared
with the C-1w subgroup (Supplemental Figure 4).

3.1.3. G group

There were no Grade 2 or Grade 3 lesions in the G-1w or G-3w
subgroup. The only inflammatory lesions observed were Grade 1,
which were similar to those in the C groups (Fig. 3C). There was
no disruption of the vascular wall structure.

3.2. Semi-quantitative and quantitative studies of vasculitis:
incidence, severity, and area of vasculitis

There was no significant difference in the incidence or severity
of vasculitis between the three C subgroups (Figs. 4A and B). Com-
parison of the area of vasculitis between the three C subgroups
showed that it was larger in the 3w subgroup than in the 1d sub-
group (P=.04) (Fig. 4C).

When the C and R subgroups were compared, the incidence and
severity of vasculitis in the R-3w subgroup were lower than those
in the C-3w subgroup (P=.01 and P<.01, respectively) (Figs. 5A and
C). The area of vasculitis was smaller in each of the R subgroups
than in each of the C subgroups (R-1w subgroup: P=.03; R-3w sub-
group: P<.01) (Fig. 5E).
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Fig. 3. Histology of inflammatory lesions in each experimental group. (A) Aortic annulus area in the C-3w subgroup. The extent of inflammation and the density of in-
flammatory cells tended to increase with time, and thickening and breakdown of the vascular wall structure progressed. (B) Aortic annulus area in the R-3w subgroup. At
3 weeks, some mice had developed Grade 2 lesions, but no breakdown of the vascular wall structure was observed. (C) Aortic annulus area in the G-3w subgroup. When
inflammatory cell infiltration was observed, it involved only the intima, and there was no breakdown of the vascular wall structure. The black arrows indicate inflammation
in the intima. I: intima; A: adventitia. Upper panels: hematoxylin and eosin stain, lower panels: elastica van Gieson stain.
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with Dunn’s multiple comparison test. *P<.05.

When the C and G subgroups were compared, each of the G
subgroups had a lower incidence and severity of vasculitis than the
C subgroups (G-1w and G-3w subgroups: all P<.05) (Fig. 5B and
D). Additionally, the area of vasculitis was smaller in each of the
G subgroups than in the C subgroups (G-1w and G-3w subgroups:
both P<.01) (Fig. 5F).

4. Discussion

The time course of the development of CAWS vasculitis in
DBA/2 mice has been previously reported. Hirata et al. adminis-

tered a single dose of 1 mg or 4 mg of CAWS intraperitoneally
to DBA/2 mice for 5 consecutive days [26]. They found inflamma-
tory cell infiltration from the adventitia to the media of the aor-
tic annulus lesion 1 week after the final CAWS injection at both
doses, and observed that inflammation worsened with time. In
their study, vasculitis was described as severe inflammation that
involved the entire aortic annulus area. However, no studies have
reported in detail on the initial lesion. Therefore, to clarify the
histology of initial CAWS-induced vasculitis, we observed serial
sections of the aortic annulus area that had been obtained from
CAWS-treated control mice 1 day, 1 week, and 3 weeks after the
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multiple comparison test (C-F). *P<.05, **P<.01, ***P<.001, ****P<.0001.

final CAWS injection. We found that 1 day after the final CAWS
injection, all mice already showed varying degrees of inflamma-
tion, ranging from intimal inflammation to vasculitis. However, no
lesions showed breakdown of the vascular wall structure at that
time. After 1 day, the vasculitis became larger and the vascular

wall structure was destroyed over time. Additionally, we found
that the distribution of inflammatory cells induced in the vascu-
lar wall by CAWS could be classified as intima, the intima plus ad-
ventitia, and all three layers. There were no findings of inflamma-
tory cell infiltration of only the media or only the adventitia, the
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intima plus media, or the media plus adventitia. These findings in-
dicate that, in the CAWS-induced vasculitis murine model, inflam-
mation starts in the intima, followed by inflammatory cell infil-
tration of the adventitia, and then it further spreads to the me-
dia, thereby culminating in vasculitis. Intimal inflammation that
was the earliest manifestation of vasculitis observed in our study
was a small lesion with only a few inflammatory cells adhering to
the intima. Such small lesions can be discovered only by preparing
serial sections and carefully observing them, and they may have
been overlooked in previous studies. We were concerned that eval-
uating the therapeutic effect of Syk inhibitors might be difficult if
the induced inflammation was too severe. Therefore, we adjusted
the dose of CAWS for more optimal evaluation of the effects of
treatment. Consequently, the incidence of vasculitis in the CAWS-
injected control group (C group) was limited to approximately 60%
from 1 to 3 weeks after the final CAWS injection. Additionally, few
mice had severe inflammation, such as that observed in previous
studies [26]. Moreover, in this study, inflammation occurred more
frequently at the aortic root than at the coronary artery, especially
at the base of aortic valve or the coronary artery origin. Notably,
this distribution is different from KD vasculitis. The cause of this
difference is unclear, but CAWS vasculitis may commonly occur at
the base of the aortic valve and coronary artery origin. The inflam-
mation may then spread to the entire circumference of the aor-
tic root, including the coronary arteries. Alternatively, this differ-
ence may have been caused by the low CAWS dose in our study.
Furthermore, although vasculitis was observed at the renal artery
origin, the frequency was markedly lower than that at the aortic
annulus area.

In this study, administration of the two Syk inhibitors reduced
vasculitis, suggesting that Syk is a potential target for treatment of
vasculitis. The effects of the Syk inhibitors were evaluated based
on histology of the aortic annulus area. We found that a small
number of mice had residual inflammation in the aortic annulus
area even after treatment with a Syk inhibitor. However, in each
case, the degree of inflammatory cell infiltration was mild, and no
vascular wall structure breakdown was observed. Additionally, no
mice that had been treated by either Syk inhibitor had vasculitis
of any organ other than the heart. A vasculitis-reducing effect of
Syk inhibitors was observed at 1 week after starting treatment,
suggesting that activation of Syk is involved in the early stage of
development of CAWS-induced vasculitis. To suppress occurrence
of complications, such as coronary aneurysms due to destruction
of the vascular wall structure, completing effective administration
in the early stages of inflammation is necessary. This requirement
also applies to therapeutic intervention using Syk inhibitors. There
is concern that long-term use of Syk inhibitors may lead to ad-
verse events, including infections, because of the various roles of
Syk in immunologically relevant pathways in vivo [17]. However,
in the case of KD, which is an acute inflammatory disease, treat-
ment is likely to be short term, and Syk inhibitors can potentially
be useful in treating vasculitis [27].

R788 and GS-9973 suppress activity of Syk by competitively in-
hibiting ATP binding. However, the Syk inhibitors that have been
developed to date cannot be considered to be specific for Syk. The
reason for this lack of specificity is that the kinase domain of the
protein kinase that includes Syk has amino acid homology. There-
fore, even a kinase inhibitor that shows high specificity for Syk
in vitro may also affect other kinases and sometimes even non-
kinases in vivo [28]. Consequently, Syk inhibitors have the poten-
tial to exert a wide range of pharmacological effects beyond their
reach. In this study, we found that inflammatory cell infiltration
was limited to only the intima in the aortic annulus area in the
GS-9973 group, which showed higher Syk selectivity. However, in-
flammation occurred not only in the intima, but also in the ad-
ventitia and media, in the R788 group. These findings support the
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concept that Syk plays an important role in the development of
CAWS-induced vasculitis.

In summary, the initiation of CAWS-induced vasculitis in the
coronary annulus area of DBA/2 mice was observed by 1 day after
the final CAWS injection. Inflammatory cell infiltration spread to
the intima, and then to the adventitia and media. The destruction
of the vascular wall structure accompanied by rupture of elastic
fibers occurred after more than 1 week after the final CAWS injec-
tion. Syk inhibitor treatment, which started from 1 day after the fi-
nal CAWS injection, suppressed not only the progression of vasculi-
tis but also destruction of the vascular wall structure, and reduced
the area of inflammatory lesions. GS-9973, which has higher Syk
selectivity than R788, showed a stronger vasculitis-reducing effect
than R788.
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