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A novel mouse model of coronary stenosis mimicking
Kawasaki disease induced by Lactobacillus casei cell
wall extract
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Abstract: Kawasaki disease (KD), a febrile systemic vasculitis in infants associated with coronary aneurysm, is a
major cause of cardiac sequelae such as myocardial infarction (MI) and sudden death. These events are caused
by coronary stenosis due to intimal proliferation or thrombotic formation; however, histological evaluation is limited
to autopsy cases of human KD. We therefore investigated the histological features of coronary artery (CA) stenosis
in mice induced by Lactobacillus casei cell wall extract (LCWE). LCWE-induced coronary inflammation gradually
progressed in a time-dependent manner and expanded to all layers of the vessel wall over 28 days. In addition,
frequent elastin degradation was observed and abundant a-smooth muscle actin (SMA)-positive vascular smooth
muscle cells (VSMCs) infiltrated into the intima. Furthermore, most VSMCs were positive for proliferating cell
nuclear antigen (PCNA) following staining, suggesting that VSMCs likely exhibited a proliferative phenotype. In
conclusion, we show a novel mouse model of coronary stenosis induced by LCWE that is characterized by coronary
stenosis with severe coronary vasculitis and elastin degradation. In addition, VSMC proliferation plays an important
role in the formation of coronary stenosis. This model is an appropriate model of KD coronary stenosis.
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Introduction

Kawasaki disease (KD), an acute systemic vasculitis
that mainly affects young children [6], was first reported
by Dr. Tomisaku Kawasaki in 1967 [7]. Approximately
25% of untreated patients with KD who develop coro-
nary arterial aneurysm (CAA) are at risk for cardiac
events such as myocardial infarction (MI) and sudden
death [6]. Although multitarget anti-inflammatory agents,
including readministered intravenous immunoglobulin
(IVIg) [26], steroids [8], infliximab [23] and cyclosporin
A [5], are currently available, the incidence of coronary
artery (CA) involvement is still 2.3% at 1 month after
the onset of KD [13]. In a nationwide survey of patients

with giant coronary aneurysm secondary to KD, the in-
cidence of MI and the mortality rate were 18% and 3.4%,
respectively [3]. Although MI is assumed to cause lumi-
nal stenosis due to neointimal and/or thrombus forma-
tion, the underlying mechanism of coronary stenosis is
not well understood.

A study by Orenstein et al. showed that the following
three linked processes are responsible for KD vascu-
lopathy: necrotizing arteritis, subacute chronic vasculi-
tis, and luminal myofibroblastic proliferation (LMP). In
particular, the third process, LMP, involves smooth
muscle-derived myofibroblasts and their associated ma-
trix products deposited in a concentric mass within the
vessel wall. Activated myofibroblasts can persist and
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lead to progressive coronary stenosis [21]. Thus, LMP
plays a crucial role in progressive coronary stenosis fol-
lowed by cardiac sequelae.

Several mouse models of coronary arteritis have been
reported. Coronary arteritis was induced in these mouse
models through the intraperitoneal injection of Candida
albicans water-soluble fractions (CAWS) [17, 20] or
Lactobacillus casei cell wall extract (LCWE) [9, 10, 12,
24] and the subcutaneous injection or oral administration
of nucleotide-binding oligomerization domain-contain-
ing protein 1 (NODI) ligands [15, 16]. However, an
experimental model focusing on CA stenosis has not
been established because there is no suitable animal
model that histologically resembles human CA stenosis.
Herein, we show a novel mouse model of coronary ste-
nosis mimicking KD induced by LCWE.

Materials and Methods

Mice and experimental protocol

Wild-type (C57BL/6J background) male mice at 4
weeks of age were purchased from CLEA Japan (Tokyo,
Japan) and kept in a 12 h light/12 h dark environment
under specific pathogen-free conditions. The animal care
and experimental procedures were in accordance with
Saitama Children’s Medical Center animal care facility
guidelines and approved by the Animal Experimental
Committee of Saitama Children’s Medical Center (Saita-
ma, Japan). The mice were sacrificed on days 3, 7, 14
and 28 after the intraperitoneal injection of LCWE
(n=4-6 in each group) or PBS (n=3 in each group). Car-
diac tissue was harvested for histological assessment.

LCWE preparation

LCWE (ATCC 11578; American Type Culture Col-
lection, Manassas, VA) was prepared as previously de-
scribed [24]. Briefly, L. casei was cultured in MRS broth
(BD Difco, Franklin Lakes, NJ, USA) for 48 h at 37°C,
harvested and washed with PBS. The cells were dis-
rupted in 2 packed volumes of 4% sodium dodecyl sul-
fate (SDS) overnight at room temperature. Cell wall
fragments were extensively washed 8 to 10 times with
PBS to remove any residual SDS. The SDS-treated cell
wall fragments were sonicated (5 g of packed wet weight
in 15 ml of PBS) for 2 h using a Q500 sonicator with a
1/2” diameter probe at a setting of 60 to 70% amplitude
(QSONICA, LLC, Newtown, CT, USA). During sonica-
tion, the cell wall fragments were maintained by cooling
in a dry ice/ethanol bath. The supernatant was centri-
fuged for 1 h at 20,000 xg at 4°C, and the supernatant
containing the cell wall extract was administered to the
mice. The concentration of LCWE dissolved in PBS was
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determined based on the rhamnose content, which was
measured by a colorimetric phenol-sulfuric assay and
adjusted to 1,000 pg/0.1 ml of LCWE. To induce aortic-
coronary inflammation in mice, 1,000 pg of LCWE
preparation was intraperitoneally injected per mouse.

Histology

At the time of sacrifice, blood was collected by punc-
ture of the left ventricles of mice under isoflurane anes-
thesia. In order to remove circulating blood from the
mice, the mice were slowly perfused with 5Sml PBS
through the left ventricle. Upper cardiac tissue contain-
ing the bilateral CAs of the mice was fixed with 4%
paraformaldehyde and embedded in paraffin. Then, 2.5-
pum sections of cardiac tissue were stained with hema-
toxylin and eosin (H&E) and Elastica van Gieson (EVG).

Histological analysis of murine cardiac tissue

For histological analysis, we selected 5 consecutive
sections slightly distal to the bifurcation of the bilateral
CAs. The intensity of coronary arteritis was scored with
the following four stages: 0, no inflammation; 1, inflam-
matory cells in only the intima; 2, inflammatory cells in
both the intima and adventitia; 3, panvasculitis as previ-
ously described [27]. The intensity of CA inflammation
is expressed as the total score from 5 sections per indi-
vidual animal. Elastin breaks were defined as interrup-
tions in the elastin fiber together with reappearance of
the fiber and are expressed as the number of elastin
breaks per mm? of medial area as described previously
[25].

Immunohistochemistry

Paraffinized sections (2.5 um-thick) from LCWE-in-
jected mice were stained with the following antibodies:
anti-mouse CD3 (1:200, monoclonal mouse anti-human
CD3 clone F7.2.38, Dako, Santa Clara, CA, USA), anti-
CD20 (1:400, L26 monoclonal mouse antibody, Nichirei
Bioscience, Inc., Tokyo, Japan), anti-CD68 (1:500,
monoclonal mouse anti-human CD68 clone PG-M1,
Dako), anti-CD163 (1:2000, anti-CD163 antibody, Ab-
cam, Cambridge, UK), a-smooth muscle actin (SMA,
1:1000, SMA clone 1A4, Dako), and anti-PCNA (1:800,
anti-PCNA antibody, Abcam). In each experiment,
negative controls without the primary antibody were
included and showed no staining.

Quantification of coronary stenosis

The intimal area (um?), medial area (um?), and lumi-
nal area (um?) of each CA were measured with NIS-
Elements AR Ver5.11.00 (Nikon Instruments, Inc, Tokyo,
Japan). Coronary stenosis was expressed as %
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stenosis=100x[intimal area/(luminal area + intimal
area)]. The I/M ratio was expressed as the intimal area
(um?)/medial area (um?). The final score was the total
of the scores of 5 sections per mouse.

Statistical analysis

All values are presented as the mean + SEM. Statisti-
cally differences between mean values were determined
using a two-tailed Mann-Whitney test (*P<0.05,
**P<0.001). Differences in which P<0.05 were consid-
ered statistically significant. IBM SPSS Statistics for
Windows Version 24.0 (SPSS Japan, Tokyo, Japan) was
used to analyze the data.

Inflammation of the aorta and CA

We first examined pathological changes in cardiac
cross-sections including the CAs of LCWE-injected mice
at 28 days after injection. Although none of the control
mice injected with PBS developed any histological
changes (Fig. 1a), extensive inflammation of the CA and
aortic wall was observed in mice that received a single
injection of LCWE (Fig. 1b). Next, we focused on the
time course of coronary arteritis and examined histo-
logical changes at days 3, 7, 14 and 28 after LCWE
administration (Fig. 2a). There were no histological
changes at 3 days after LCWE injection. However, in-
flammatory cells infiltrated only the adventitial side of
the CA. The inflammation further extended in the intima
and adventitia of the CA at 14 days after LCWE injec-
tion. Furthermore, on day 28, mice injected with LCWE

exhibited extensive coronary vasculitis and frequent
interruption of elastic fibers in the tunica media. The
coronary inflammatory score gradually increased in a
time-dependent manner in mice injected with LCWE,
whereas this increase in the score was not observed in
the control mice (Fig. 2b, left panel). Similarly, the num-
ber of elastin breaks in LCWE-treated mice increased
rapidly with time, but only a slight increase in elastin
breaks was detected in the control mice (Fig. 2b, right
panel). In the current experimental protocol, no evidence
of aneurysm formation was observed in LCWE-injected
mice.

Coronary stenosis

In addition to the progression of coronary arteritis,
mice injected with LCWE exhibited intimal proliferation
at 14 days after injection. Severe luminal stenosis of the
CA was observed on day 28. Furthermore, thickened
intima, namely, “neointima”, consisting mainly of
a-SMA-positive vascular smooth muscle cells (VSMCs)
was histologically observed (Fig. 3d). In addition, little
positive staining cells for CD3, CD20 and CD68 in the
neointima was observed, and CD163-positive cells were
not observed (Figs. 4a—d). The incidence of coronary
stenosis on days 14 and 28 was 20% (1/5) and 67% (4/6),
respectively (Table 1). a-SMA-positive spindle-shaped
cells (myofibroblasts) were present in the intima and
adventitia (arrows in Fig. 5a—d) but not in the CA media.
Notably, most of these observed cells stained positive
for PCNA (Fig. 5e—f), suggesting the VSMCs likely
exhibited a proliferative rather than a contractile pheno-

type.

Aortitis and coronary arteritis. Representative photographs showing the cross-section of an aortic lesion
containing the bilateral coronary arteries from mice 28 days after the administration of PBS (a) and LCWE
(b). Hematoxylin & eosin (H&E) staining. ao, aorta; ca, coronary artery; mc, myocardium
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Fig. 2. Time course of LCWE-induced coronary arteritis and elastin degradation. a. Representative photographs showing
H&E and Elastica van Gieson (EVG) staining of the mouse CA at 3, 7, 14 and 28 days after LCWE injection. b.
The inflammatory score indicates the severity of coronary arteritis. 0, no inflammation; 1, inflammatory cells lim-
ited to only the intima; 2, inflammatory cells localized to the intima and adventitia; 3, panvasculitis. The inflam-
matory score is expressed as the total scores of 5 sections per individual animal (left panel). Elastin breaks are
defined as interruptions in the elastin fiber together with reappearance of the fiber and expressed as the number of
elastin breaks per mm? of medial area (right panel). Representative graphs compering the LCWE- and PBS-treated
groups at various time points. * indicates a significant difference from control mice (P<0.05, Mann-Whitney test).
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Fig. 3. Immunohistochemical analysis of coronary arteritis and stenosis. Coronary arteries from mice injected with
LCWE exhibited coronary stenosis and severe inflammatory cell infiltration into all layers of the vessel wall.
Microphotographs showing H&E staining (a: low magnification, b: high magnification), EVG staining (c),
and a-SMA (d). The a-SMA-positive cells (brown) strongly infiltrated the intima (d). ca, coronary artery;
ao, aorta; im, intima; m, media; adv, adventitia; iel, internal elastic lamina; eel, external elastic lamina.
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Fig. 4. Immunohistochemical staining for CD3 (a), CD20 (b), CD68 (c) and CD163 (d) in the
thickened intima of CAs. Cells positive for all stains are indicated by a brown color.
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Table 1. Time-dependent stenotic changes in coronary arteries

Incidence of neointima % (n) % stenosis I/M ratio
Day 3 0 (0/5) 0 0
Day 7 0 (0/4) 0 0
Day 14 20 (1/5) 2.8+23 0.02 +£0.01
Day 28 67 (4/6) 35+14 0.17+0.1

Fig. 5. Coronary stenosis and luminal myofibroblastic proliferation (LMP). The thickened intima consists of mainly a-SMA-positive
spindle-shaped cells (myofibroblasts) at 28 days after LCWE-injection (a-d). Myofibroblastic proliferation observed in both the
intima and adventitia of CAs (c, d). Most of these cells are PCNA-positive (e,f). Cells positive for all stains are indicated by a
brown color. ca, coronary artery; ao, aorta; m, media; adv, adventitia; mf, myofibroblast; 1, lumen.

In this study, we show a mouse coronary stenosis
model induced by LCWE. The pathological changes of
this model were characterized by severe coronary vas-
culitis along with intimal proliferation, leading to coro-
nary stenosis. Recently, Fujii ef al. reported a rabbit
model of coronary vasculitis induced by the administra-
tion of horse serum. In this model of coronary vasculitis,
coronary arteritis was followed by intimal thickening
via the accumulation of proteoglycans and the prolif-
eration of VSMCs [2]. According to previous reports
[10], intimal proliferation often caused the narrowing of
the vascular lumen of the CA that was observed at least
56 days after LCWE-injection. Therefore, coronary ste-
nosis may have been previously induced by LCWE injec-
tion. However, the frequency and intensity of CA steno-
sis and its pathological features were not fully understood.
Our present study clearly and specifically focused on the
pathology of coronary arteritis and coronary stenosis. To
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the best of our knowledge, our study is the first to focus
on coronary stenosis in mice, which was characterized
by coronary stenosis, severe coronary vasculitis and
elastin degradation, histological features similar to those
found in KD patients with coronary aneurysm [21, 28].
However, there are several differences between human
KD and mouse vasculitis. In this mouse model, all pro-
cesses occurred simultaneously and at a relatively early
stage of illness, whereas human coronary arteritis usu-
ally begins 6 to 8 days after the onset of KD and persists
for up to 25 days. After inflammation of the CAs has
been alleviated, luminal stenosis due to intimal thicken-
ing may occur in late-stage KD [28]. Furthermore, none
of the LCWE-injected mice developed thrombotic oc-
clusions in the coronary vessel, which are often observed
in patients with KD (data not shown). Therefore, there
may be species-dependent differences in the structure of
the vessel wall or coagulation between humans and ro-
dents.

Table 2 describes three types of KD vasculitis models,
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Table 2. Comparison of three KD vasculitis mouse models

administration 1nﬂam{ned aﬁe'ry 11pmunolog1cal related cytokine  references
(pathological findings) involvement

CAWS Candida albicans i.p (5 days) coronary, aorta renal, dectin-2, TLR4, CCR2 TNF-o, IL-10 [14, 17-19,
water-soluble fraction common iliac CCL2, IL-1P 29]
synthetic NOD1 ligand oral/s.c (2 days) coronary NODI1, CD11c¢* macrophage 1L-6, IL-8 [15,16]
(FK565) vascular tissue CCL2, IL-1pB
LCWE Lactobacillus i.p (single) coronary, aorta macrophage, TLR2/MyD88  IL-1B, TNF-a [9, 10, 12,
casei cell wall extract (epicarditis, myocarditis dectin-1/syk IL-6 22,24]

AAA, coronary stenosis)

i.p., intraperitoneal; s.c., subcutaneous; AAA, abdominal aortic aneurysm; TLR, Toll-like receptor; CCR2, C-C chemokine receptor type 2,
NODI, nucleotide-binding oligomerization domain-containing protein 1.

comparing the characteristics of each mouse model.
Histopathological findings showed that CAWS- and
LCWE-induced vasculitis primarily caused CA and
aorta as well as small and medium arteritis, epicarditis
and myocarditis [10, 17, 24, 29]. On the other hand,
nucleotide-binding oligomerization domain-containing
protein 1 (NOD1) ligand-induced vasculitis was charac-
terized by inflammation specific to the CAs [16]. All
models were thought to be involved in pathways medi-
ated by innate immunity such as dectin-2, NOD1 and
Toll-like receptor 2 (TLR2)/MyDS88 [15, 16, 18, 22]. In
addition, similar inflammatory cytokines (IL-18, IL-6
and TNF-a) played an important role in the development
of vasculitis in each type of model [9, 12, 14, 15, 19].
However, the only model among the three previous re-
ported models that showed coronary stenosis was the
LCWE-induced model [10].

Recently, the VSMC phenotype was demonstrated to
be important in deterioration during other cardiovascular
diseases such as atherosclerosis [1]. More specifically,
phenotypic switching in VSMCs directly promotes ath-
erosclerosis via cell proliferation, migration, and the
secretion of various extracellular matrix (ECM) proteins
and cytokines. In addition, processes during ECM deg-
radation such as elastin disruption also promote pheno-
typic switching and facilitate both cell proliferation and
migration [4, 11, 25]. Consequently, it is speculated that
switching of the SMC phenotype promotes sustained
inflammation and destruction of the arterial wall struc-
ture. Similarly, in autopsy patients with KD, LMP was
shown to cause progressive arterial stenosis and throm-
bosis, and unique SMC-derived pathogenic myofibro-
blasts was observed [21]. In our mouse model, a large
number of VSMCs located in the intima were PCNA-
positive and spindle-shaped, suggesting that the VSMC
phenotype had switched to a proliferative phenotype.
Thus, we believe that VSMC proliferation and elastin
degradation played an important role in the development
of CA stenosis in our mouse model.

This study had some limitations. The first limitation
was the relatively short duration of the experimental
period. We focused on histological changes in the CA
for up to only 28 days after LCWE administration. In
addition, thus far, we have not been able to observe
coronary aneurysm in this mouse model. Therefore, the
coronary arteritis and stenosis of this mouse model are
pathologically different from coronary stenosis after
coronary aneurysm seen in human autopsy patients with
KD. The second limitation was that we were unable to
elucidate the underlying mechanism by which LCWE
affects VSMC phenotypic modulation and the progres-
sion of coronary stenosis. Future prospective research
will require in vitro experiments to clarify changes in
the SMC phenotype and the associated cytokines and
chemokines. The third limitation was a change in patho-
logical characteristics that depended on the LCWE con-
centration. In a previous study, the LCWE dose was
adjusted to 20 mg/kg (approximately 300 pg per mouse)
[10]. However, in current study, LCWE was administered
at a 3-fold higher dose (1,000 ug per mouse) to induce
more vasculitis. Interestingly, epicarditis and myocardi-
tis were observed at low doses and were not observed in
the high dose group. Finally we were able to obtain the
pathological stenosis of the CA 28 days after LCWE
injection. In addition, in a previous study reported by
Lehman et al. [10], significant stenosis of inflamed
coronary vessels due to intimal proliferation was ob-
served 56 days after LCWE injection when the LCWE
concentration was adjusted to 500 pg per mouse. There-
fore, it is necessary to clarify the pathological changes
caused by the concentration of LCWE in the future. The
present study is novel because in addition to coronary
vasculitis, it reproduced CA stenosis with pathology that
closely resembled the pathology of KD in humans. Ad-
ditionally, the establishment of this model will be useful
for the investigation of the mechanism of coronary ste-
nosis as well as for development of a new drug to prevent
coronary stenosis.

Exp. Anim. 2020; 69(2): 233—241
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Conclusion

We have described the pathological features of a
mouse model of coronary stenosis induced by LCWE.
The pathological changes in this model were character-
ized by coronary stenosis with severe coronary vasculi-
tis and elastin degradation. In addition, LMP was shown
to play an important role in the formation of coronary
stenosis. This model is an appropriate model of KD
coronary stenosis.
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