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Long-term cardiovascular
inflammation and fibrosis in
a murine model of vasculitis
induced by Lactobacillus
casei cell wall extract
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Magali Noval Rivas2,3† and Moshe Arditi2,3,4*†

1Laboratory of Pain, Inflammation, Neuropathy, and Cancer, Department of Pathology, Londrina State
University, Londrina, Brazil, 2Department of Pediatrics, Division of Infectious Diseases and
Immunology, Guerin Children’s at Cedars-Sinai Medical Center, Los Angeles, CA, United States,
3Infectious and Immunologic Diseases Research Center (IIDRC), Department of Biomedical Sciences,
Cedars-Sinai Medical Center, Los Angeles, CA, United States, 4Smidt Heart Institute, Cedars-Sinai
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Background: Kawasaki disease (KD), an acute febrile illness and systemic

vasculitis, is the leading cause of acquired heart disease in children in

industrialized countries. KD leads to the development of coronary artery

aneurysms (CAA) in affected children, which may persist for months and even

years after the acute phase of the disease. There is an unmet need to characterize

the immune and pathological mechanisms of the long-term complications

of KD.

Methods: We examined cardiovascular complications in the Lactobacillus casei

cell wall extract (LCWE) mouse model of KD-like vasculitis over 4 months. The

long-term immune, pathological, and functional changes occurring in

cardiovascular lesions were characterized by histological examination, flow

cytometric analysis, immunofluorescent staining of cardiovascular tissues, and

transthoracic echocardiogram.

Results: CAA and abdominal aorta dilations were detected up to 16 weeks

following LCWE injection and initiation of acute vasculitis. We observed

alterations in the composition of circulating immune cell profiles, such as

increased monocyte frequencies in the acute phase of the disease and higher

counts of neutrophils. We determined a positive correlation between circulating

neutrophil and inflammatory monocyte counts and the severity of cardiovascular

lesions early after LCWE injection. LCWE-induced KD-like vasculitis was

associated with myocarditis and myocardial dysfunction, characterized by

diminished ejection fraction and left ventricular remodeling, which worsened

over time. We observed extensive fibrosis within the inflamed cardiac tissue early

in the disease and myocardial fibrosis in later stages.
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Conclusion: Our findings indicate that increased circulating neutrophil counts in

the acute phase are a reliable predictor of cardiovascular inflammation severity in

LCWE-injected mice. Furthermore, long-term cardiac complications stemming

from inflammatory cell infiltrations in the aortic root and coronary arteries,

myocardial dysfunction, and myocardial fibrosis persist over long periods and

are still detected up to 16 weeks after LCWE injection.
KEYWORDS

abdominal aorta dilations, aortitis, coronary artery aneurysms, fibrosis, Kawasaki
disease, long-term inflammation, vasculitis.
Introduction

Kawasaki disease (KD) is a febrile systemic vasculitis that

mainly affects children under the age of 5, leading to

inflammation in the walls of blood vessels, particularly the

coronary arteries (CA) (1, 2). The syndrome is characterized by a

high fever that persists for at least five days and the appearance of

several clinical manifestations, such as changes in the oral mucosa

and cracking/fissuring lips, conjunctivitis, skin rash, edema and

desquamation of the extremities (hands and feet), and cervical

lymphadenopathy (1, 2). Despite significant efforts over the past few

decades to determine the cause of KD, its etiology remains

unknown. It is hypothesized that an infectious agent(s) causes

KD, possibly a virus, which triggers an inflammatory response

targeting cardiovascular tissues (3, 4). However, no specific

infectious agent has consistently been associated with KD (5).

If left untreated, KD vasculitis can result in serious cardiac

complications, and indeed, KD is the most prevalent acquired heart

disease in children in developed countries (1, 2, 6). CA lesions

(CALs) are the most prevalent manifestation and may eventually

lead to acute myocardial infarction, which in some rare cases can be

fatal (7–10). CALs usually develop during the acute phase of KD

(febrile phase), which lasts up to 10 days after fever onset (1). While

intravenous immunoglobulin (IVIG) treatment effectively reduces

the uncontrolled inflammatory response, around 4–5% of IVIG-

treated KD patients still develop CALs (1, 11, 12). Moreover,

approximately 10% to 20% of children with KD do not respond

to IVIG and are at even higher risk of developing severe
rtery aneurysms; CAL,

water soluble; EKG,

toxylin and eosin; IF,

eceptor antagonist; i.p.,

KD, Kawasaki disease;

uminal myofibroblasts
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cardiovascular complications (1, 13, 14). CALs can persist and

progress for months and even years following the initial diagnosis,

causing long-term cardiac complications that can extend into

adolescence and adulthood (15–18).

Orenstein et al. reported that KD vasculopathy develops in three

linked pathological processes involving tissue infiltration of innate

and adaptive immune cells (19, 20). The first process, necrotizing

arteritis (NA), starts at the endothelial layers of the CA. It is

followed by subacute/chronic (SA/C) vasculitis and finally by

luminal myofibroblast proliferation (LMP) (19, 20). However,

other pathological reports on autopsy findings have not observed

this SA/C persistent vessel inflammation (21–23).The NA stage

consists of massive infiltration of polymorphonuclear cells,

especially neutrophils, which secrete inflammatory mediators

including cytokines, matrix metalloproteinases, elastase, and other

enzymes (19, 20). These mediators destroy the elastic layers and

media, progressively causing the structural support of the CA to

break down and the subsequent development of aneurysms and

dilations (19, 20). NA is self-limited, lasting for two weeks, followed

by granulation tissue and scar formation that occurs months or

years after the acute phase of KD (19, 22, 23). This chronic phase is

an asynchronous process involving infiltration within the CA tissue

of T lymphocytes, especially CD8+ T cells, IgA plasma cells, and

scattered macrophages (19, 21, 24–27). The granulation stage leads

to LMP and might be observed for months to years after disease

onset (19). During LMP, myofibroblasts proliferate in the adventitia

layer and extend the lesion towards the lumen. Ultimately,

persistent granulation and scarring processes result in complete

arterial wall destruction and the formation of coronary artery

aneurysms (CAA) that can cause CA stenosis, leading to

myocardial ischemia, ischemic heart disease, thrombosis, or

rupture (19).

Detailed histological studies of cardiac tissue from KD patients

have shown critical morphological and histological alterations years

after initial diagnosis (9, 19). Fatal outcomes related to KD were

previously believed to occur only within 60 days of disease onset

and, therefore, were exclusively associated with acute and subacute

phases (1). However, more recent studies have reported fatal cases

due to cardiac complications, with ischemic heart diseases being the
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most frequent, with an increased likelihood of occurrence during

the first year after KD diagnosis and even years after that (9, 15–17,

28–30). Moreover, a potential link between myocardial infarction

deaths and undiagnosed cases of KD has been suggested (15–18).

Given the possible long-term complications of KD (15, 31),

investigating potential cardiovascular involvement beyond the acute

phase of KD and long-term immunopathogenesis and histological

alterations is warranted. However, such studies are challenging due

to not only the complexity of the disease but also the limited access

to human heart tissue samples. As an alternative to patient samples,

the Lactobacillus casei wall extract (LCWE)-induced mouse model

of KD-like vasculitis is a well-described and widely accepted animal

model (5, 32). This model reproduces the key pathological features

of KD, including coronary arteritis, aortitis, myocarditis, abdominal

aorta aneurysms, myocardial dysfunction with mildly diminished

ejection fraction (EF), and even electrocardiogram (EKG) changes

and arrhythmias that may occur in clinical KD (5, 33–38).

Furthermore, it has also been successfully used to translate

treatment responses to IVIG, anti-tumor necrosis factor (TNF)-a,
and IL-1R antagonist (IL-1Ra; Anakinra) (35, 36, 39, 40). Acute

myocarditis and chronic scarring of the CA with the formation of

stenotic CA fragments are also observed in the LCWE-induced KD

model (5, 38), similar to the fibrotic lesions that might lead to the

development of long-term cardiac complications in children with

KD (15, 18). Here, we used the LCWE-induced KD-like mouse

model to investigate the long-term immunological and pathological

changes of LCWE-induced cardiovascular inflammation and

cardiac dysfunction over an extended period of the disease.
Results

LCWE induces long-term
cardiovascular lesions

We first investigated the long-term pathology and persistence of

LCWE-induced KD-like vasculitis by injecting WTmice with either

PBS or LCWE and assessing heart vessel inflammation and

abdominal aorta dilation 2, 4, 8, 12, and 16 weeks later (Figure 1).

We observed a trend of increased mortality in LCWE-injected mice

compared with control PBS-injected mice, resulting in 35%

mortality at 16 weeks post-LCWE injection (Figure 1A). In heart

tissues of LCWE-injected mice, we observed extensive infiltrations

of inflammatory cells in the area surrounding the CA and several

cases of complete stenosis of the CA, even at the earliest time point

(Figure 1B, Supplementary Figures S1A, B). Indeed, at two weeks

post-LCWE injection, 50% of LCWE-injected mice exhibited

vascular lesions resulting in complete occlusion of the affected CA

(Supplementary Figures S1A, B). Compared with PBS control mice,

LCWE-injected mice developed severe heart inflammation, as

demonstrated by a higher heart vessel inflammation score

(aortitis and coronary arteritis), starting at 1 week (data not

shown) which reached its maximal level at week 2 post-LCWE

injection and remained elevated at weeks 4, 8, 12 and 16 post-

LCWE (Figure 1C). LCWE-injected mice also exhibited abdominal
Frontiers in Immunology 03
aorta dilatations and aneurysms, which were localized exclusively in

the infrarenal part of the abdominal aorta, as measured by

abdominal aorta area as well as maximal abdominal aorta

diameter (Figures 1D–F). Hematoxylin and eosin (H&E)-stained

cross-sections of the abdominal aorta indicated intimal infiltration

and increased aortic wall thickness (Figure 1D). However, the

severity of cardiovascular lesions reached a plateau, and heart

vessel inflammation and the size of abdominal aorta dilations

were similar in LCWE-injected mice from weeks 2–4 to week 16

(Figures 1C, E, F). These results indicate that LCWE-induced

coronary arteritis and abdominal aorta dilations do not regress

and persist beyond the maximal acute injury phase of the disease.
Systemic alterations in immune cell
composition during the acute and long-
term phases of LCWE-induced
KD-like vasculitis

We next sought to determine the composition of circulating

immune cells during the acute and long-term phases of LCWE-

induced KD-like vasculitis. Peripheral blood was collected from

PBS-injected control mice and LCWE-injected mice on day 5, week

4, 8, 12, and 16 after LCWE injection. Samples were analyzed by

flow cytometry using specific markers for leukocytes (live CD45.2+

cells), myeloid cells (live CD45.2+ CD11b+ cells), neutrophils (live

CD45.2+ CD11b+ Ly6Clow Ly6G+ cells), inflammatory monocytes

(live CD45.2+ CD11b+ Ly6G– Ly6Chigh cells), intermediate

monocytes (live CD45.2+ CD11b+ Ly6G– Ly6Clow cells) and

patrolling monocytes (live CD45.2+ CD11b+ Ly6G– Ly6C– cells)

(Figures 2A–F, Supplementary Figures S2A–D). LCWE injection

led to increased numbers of circulating leukocytes at day 5, with a

second peak at week 16 (Figures 2A, B). The frequency and number

of myeloid cells significantly increased at day 5 and week 12 post-

LCWE injection compared to PBS-injected control mice

(Figures 2C, D). Similarly, the frequency and number of

circulating neutrophils increased at day 5 post-LCWE injection,

peaked at weeks 8 and 12 post-LCWE injection, and progressively

declined to reach their minimum at 16 weeks post-LCWE

(Figures 2E, F). The different populations of monocytes were

gated from CD45.2+CD11b+ Ly6C+ cells and classified according

to their Ly6C expression (Supplementary Figures S2A–D).

Inflammatory monocytes were selected based on high expression

of Ly6C (Ly6Chigh), intermediate monocytes identified by low

Ly6C+ (Ly6Cint) expression, and patrolling monocytes identified

based on negative expression of Ly6C (Ly6C-) (Figures 3A–F,

Supplementary Figure S2D). The frequencies and numbers of the

different circulating monocyte subsets were increased during the

acute phase of LCWE-induced KD-like vasculitis at day 5 post-

LCWE injection, but these differences did not persist to the later

time points (Figures 3A–F). While the frequencies and numbers of

inflammatory and patrolling monocytes peaked at day 5, only cell

numbers of intermediate monocytes peaked at day five post-LCWE

(Figures 3A–F). These results suggest that changes in systemic

immune cell composition, particularly in frequencies and
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numbers of circulating neutrophils and myeloid cells, persist during

the long-term phase of LCWE-induced KD-like vasculitis.
Increased circulating levels of neutrophils
are associated with the severity of LCWE-
induced abdominal aorta dilations and
cardiovascular lesions

We next investigated if increased systemic frequencies and

numbers of neutrophils observed at day 5 post-LCWE injection

correlate with the severity of LCWE-induced cardiovascular lesions.

Mice were injected with LCWE, blood was collected on day 5 post-

LCWE injection, and circulating neutrophil frequencies and counts

were determined by flow cytometric analysis. Heart vessel

inflammation and maximal abdominal aorta diameter and area

were assessed 14 days post-LCWE injection. Higher neutrophil

frequencies and counts at day 5 strongly positively correlated with

enlarged abdominal aorta dilations (Figures 4A, B) and the severity

of heart vessel inflammation at day 14 post-LCWE (Figure 4C).

Similarly, higher frequencies and counts of circulating

inflammatory monocytes at day 5 post-LCWE positively

correlated with the development of more severe abdominal

aorta dilations at day 14 post-LCWE (Figures 4D, E). However,

we did not find any significant correlation between the frequency

of inflammatory monocytes at day 5 post-LCWE and the

development of heart vessel inflammation at day 14 post-LCWE

(Figure 4F). These data suggest that circulating neutrophil

and inflammatory monocyte frequencies and counts are

biomarkers indicative of disease severity and the development

of LCWE-induced cardiovascular lesions in this experimental

model of KD.
Neutrophils and T cells infiltrate the
inflamed coronary arteries of LCWE-
injected mice

Since the frequencies and numbers of circulating neutrophils

increase in the acute phase of LCWE-induced KD-like vasculitis,

and strongly correlate with the development of more severe

cardiovascular lesions at day 14 post-LCWE (Figures 2, 4), we

next determined the presence of neutrophils in cardiac tissues by

immunofluorescence (IF) staining. IF staining for Ly6G was

performed on heart tissues from LCWE-injected mice at weeks 4,

8, 12, and 16 post-LCWE-injection, and the presence of neutrophils

was quantified (Figure 5). Neutrophils in heart tissues of LCWE-

injected mice also peaked at week 8 post-LCWE injection,

progressively declined over time, and remained low at 16 weeks

post-LCWE (Figures 5A, B). Neutrophils concentrated mainly

around the inflamed CAs, and no neutrophils were detected in

heart tissues from PBS-injected control mice (Figures 5A, B).

Inflammatory T cells (CD3+) also infiltrate the CA of LCWE-

injected mice and could be detected up to 16 weeks post-LCWE

injection (Supplementary Figure S3). Our results indicate
Frontiers in Immunology 04
neutrophils contribute to the acute phase of the disease and

decline overtime in the healing stages of the vasculitis.
Fibrotic area in the coronary artery and
aortic wall

We next sought to determine if LCWE-induced KD-like vasculitis

leads to the development of persistent fibrosis near the CA, which

represents LMP formation. Heart tissue sections from PBS control and

LCWE-injected mice at different time points post-LCWE-injection

were analyzed by Masson’s trichrome staining, and the fibrotic area

was measured (Figures 6A, B). The deposition of collagen fibers was

detected around the inflamed CA and aortic wall, in the same area

where inflammatory cell infiltrations are observed (Figures 6A, B).

Control mice injected with PBS showed minimum collagen staining,

mainly restricted to the CA and aortic wall (Figures 6A, B). Heart

tissue fibrosis around the CA, as determined by the percentage of

trichrome-positive area, significantly increased starting from week 4

post-LCWE injection and remained elevated at weeks 12 and 16 post-

LCWE (Figures 6A, B). We also observed diffuse interstitial fibrosis in

the myocardium of mice 8 to 12 weeks after LCWE injection

(Supplementary Figure S4A). These data suggest that LCWE-

induced KD-like vasculitis leads to fibrosis around the CA with

LMP, as well as myocardial fibrosis, which persists for up to 16

weeks post-LCWE injection.
Myocarditis, long-term impairment of
myocardial function, decreased ejection
fraction, and left ventricle remodeling in
LCWE-induced KD-like vasculitis

Next, we aimed to evaluate whether myocardial functions, known

to be affected by the intense heart inflammation (37–39), myocarditis,

and myocardial fibrosis induced by LCWE injection in this murine

model of KD-like vasculitis persist long-term. Myocardial

inflammation score was assessed on H&E-stained heart tissue

sections from PBS control and LCWE-injected mice at different

time points of the disease, and the ejection fraction (EF) and the

left ventricle (LV) internal diameter end-systole (LVIDd) parameters

were analyzed by transthoracic echocardiogram. Compared with

PBS-injected control mice, LCWE-injected mice showed

significantly increased myocardial inflammation (myocarditis)

scores starting at week 2 and continuing until week 12 post-LCWE

injection (Figures 7A, B). Myocarditis mainly affected the areas

adjacent to sites of aortitis and coronary arteritis lesions

(Figure 7B). Myocardial dysfunction, measured by decreased EF

and increased LVID, was detected as early as 2 weeks post-LCWE

injection (Figures 7C, D), in line with our previous observations (37–

39). The decline in myocardial function and LV remodeling persisted

and further deteriorated at weeks 12 and 16 post-LCWE injection

(Figures 7C, D). These results indicate that LCWE-induced KD-like

vasculitis, myocarditis, and myocardial fibrosis are also associated

with long-term myocardial dysfunction and LV remodeling.
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Discussion

The current study demonstrates that LCWE-induced KD-like

vasculitis can lead to long-term cardiovascular sequela, with

persistent and severe CAA, dilated abdominal aorta with ongoing

inflammatory infiltration, myocarditis, myocardial fibrosis, left
Frontiers in Immunology 05
ventricular remodeling, and impaired myocardial function.

Cardiovascular complications are a significant concern in the

long-term management of KD (1). Intense inflammatory cellular

infiltrations in the CA destroy the vessel wall leading to aneurysm

formation (7, 20, 21, 26, 27). Previously, it was assumed that

cardiovascular changes only occurred during the acute phase of
B

C D

E F

A

FIGURE 1

Long-term progression of LCWE-induced KD-like vasculitis. (A) Survival curves of PBS and LCWE-injected mice (n= 8–17 mice/group).
(B) Representative H&E-stained heart tissue of PBS or LCWE-injected mice at weeks 2, 4, 8, 12, and 16 post-LCWE-injection. Scale bars: 500 mm.
(C) Heart vessel inflammation scores of PBS and LCWE-injected mice at 2, 4, 8, 12, and 16 weeks post-LCWE injection (n= 4–10/group).
(D) Representative pictures of the abdominal aorta area and H&E staining of the abdominal aorta cross-sections. Scale bars: 500 mm. (E, F) Abdominal
aorta area (E) and maximal abdominal aorta diameter (F) measurements of PBS and LCWE-injected mice at the indicated time points post-LCWE
injection (n= 7–9/group). Survival analysis was done by Log-rank test (Mantel-Cox) (A). Data are presented as mean ± SEM. * p<0.05, **p<0.01,
***p<0.001, ****p<0.0001 by one-way ANOVA with Tukey post-test (E) or Kruskal-Wallis with Dunn’s post-test (C, F). CA indicates coronary artery; and
Ao, aorta.
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the disease. However, histological observations on tissues collected

from autopsied KD patients have shown that CAA can develop for

several months or even years after diagnosis (17, 19, 30, 31, 41, 42).

While CAA may regress after the acute phase, some lesions,

especially the larger ones, can persist beyond that period and

silently progress to stenosis or form a thrombus (8, 43). Ongoing

remodeling in CA abnormalities and injuries can lead to the

development of LMP and progressive narrowing and blockage of

the CA, which then lead to myocardial ischemia and severe

cardiovascular events, such as myocardial infarction (MI) or even

sudden death in rare cases, as observed in our experimental murine

model. Therefore, it is essential to fully characterize the dynamic

pathophysiology of KD to discover novel interventions to prevent

or reverse long-term damage.

Since the availability of heart tissues from KD patients is

severely limited, the development and use of relevant animal

models have been instrumental in better understanding the

immune-pathological processes of KD vasculitis. Although no
Frontiers in Immunology 06
single animal model can genuinely replicate the exact findings of

human diseases, including KD vasculitis, experimental animal

models mimicking KD pathology [LCWE and Candida albicans

water-soluble fraction (CAWS)] have proved to be valuable tools for

investigating the immunopathological aspects of the disease,

provided that limitations of these model systems are

acknowledged (5). The LCWE-induced vasculitis animal model

exhibits acute neutrophil infiltration, necrotizing vasculitis,

aortitis, epicardial coronary arteritis, and myocarditis, closely

mimicking the cardiac pathologies observed in human KD

patients (5). Additionally, this murine model displays LMP in the

healing phase, leading to concentric inflammation and coronary

stenosis similar to the reported human KD pathology (5, 19, 21–23).

While CA are most studied in patients with KD because of their

critical and immediate clinical importance, KD is a widespread

vasculitis and may also affect other systemic vessels, including the

axillary, subclavian, brachial, renal, and iliac arteries, as well as the

abdominal aorta in KD patients (44–47). LCWE injection also
B

C D

E F

A

FIGURE 2

Increased circulating frequencies of immune cells during LCWE-induced KD-like vasculitis. (A, B) Flow cytometry plots (A), frequencies, and cell
numbers (B) of live CD45.2+ cells in the blood of PBS and LCWE-injected mice. (C, D) Flow cytometry plots (C), frequencies, and cell numbers (D) of
myeloid cells (live CD45.2+ CD11b+) in the blood of PBS and LCWE-injected mice. (E, F) Flow cytometry plots (E), frequencies, and cell numbers (F)
of neutrophils (live CD45.2+ CD11b+ Ly6G+) in the blood of PBS and LCWE-injected mice. Data are presented as mean ± SEM. and combined from 3
independent experiments (n=7–40/group). *p<0.05, **p<0.01, ***p<0.001, **** p<0.0001 by one-way ANOVA with Tukey post-test or Kruskal-Wallis
test with Dunn’s post-test for nonparametric data. ns = not significant.
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induces inflammation in other vessels, such as the abdominal aorta,

brachial, iliac, and renal arteries (36, 40, 48–51). In addition, the

LCWE-induced murine model of KD also exhibits fever (35),

myocardial dysfunction with left ventricular impairment, and

EKG changes similar to those reported in human KD patients

(38, 39). Notably, this experimental murine model has proven

beneficial in translating therapies from preclinical studies to

clinical applications (5). Treatments such as IVIG, anti-TNF

agents, and anti-IL-1 therapies have demonstrated efficacy in

both the animal models and human KD patients (52), with

anakinra, an IL-1 receptor antagonist (IL-1Ra), currently

undergoing phase III clinical trials (NCT04656184).

Here, we used the LCWE-induced KD-like vasculitis mouse

model, which causes systemic vasculitis, aortitis, coronary arteritis,

myocarditis, myocardial dysfunction, and myocardial fibrosis in

mice (5, 35, 37, 38). LCWE triggers the destruction of elastic layers,
Frontiers in Immunology 07
promotes intimal hypertrophy, and induces smooth muscle cell

(SMC) proliferation towards the lumen, leading to myofibroblast

proliferation and CA stenosis, as well as fibrotic remodeling and

scarring also reported in children with KD (5, 32, 35, 36, 53).

However, since most studies using this experimental model of KD

have focused on the acute phase of the disease, it remains unknown

whether this model is also useful for evaluating the long-term effects

of KD vasculitis. In one of the few studies that assessed later time

points, Suganuma et al. observed that maximum intimal thickness

and luminal narrowing in the CA occurred 16 weeks after LCWE

injection (54). In addition, we previously reported that abdominal

aorta aneurysms increase in size (measured as area) within the first

5 weeks of LCWE-injection and plateau and were still present 8

weeks after LCWE injection in this experimental model of KD (36).

The current study revealed that LCWE-induced vasculitis can lead

to long-lasting cardiovascular lesions that persist for up to 16 weeks,
B

C D

E F

A

FIGURE 3

Increased circulating frequencies of monocytes during acute LCWE-induced KD-like vasculitis. (A, B) Flow cytometry plots (A), frequencies and cell
numbers (B) of inflammatory monocytes (live CD45.2+ CD11b+ Ly6Chigh) in the blood of PBS and LCWE-injected mice (n=7–10 per group).
(C, D) Flow cytometry plots (A), frequencies and cell numbers (B) of intermediate monocytes (live CD45.2+ CD11b+ Ly6Clow) in the blood of PBS and
LCWE-injected mice (n=7–10 per group). (E, F) Flow cytometry plots (A), frequencies and cell numbers (B) of patrolling monocytes (live CD45.2+

CD11b+ Ly6C-) in the blood of PBS and LCWE-injected mice (n=7–10 per group). Data are presented as mean ± SEM. ***p<0.001, ****p<0.0001 by
one-way ANOVA with Tukey post-test or Kruskal-Wallis test with Dunn’s post-test for nonparametric data. ns = not significant.
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do not regress over time, and leads to 35% mortality at 4 months.

While this study does not address the cause of late mortality, we

suspect that ongoing remodeling that leads to CA stenosis and

myocardial ischemia likely plays a role in the mortality that we have

observed. Calcification of the CA may also potentially occur after 16

weeks in LCWE-injected mice. However, this will need to be

investigated in future studies extending beyond the 16 weeks

of observation.

We observed systemic changes in circulating immune cells and

positive correlations between frequencies and numbers of blood

neutrophils and inflammatory monocytes during the acute phase of

the disease with more severe vasculitis. We also observed an

extensive fibrotic area around the aortitis and CA lesions early in

the disease process, interstitial fibrosis in the myocardium later in

the disease process, and a notable decline in cardiac function early

in the disease as previously observed (37–39), which persists up to

16 weeks. Furthermore, there were substantial infiltrations of

inflammatory cells in the aortic root and CA, with frequent

severe or complete CA stenosis cases up to 16 weeks post-LCWE
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injection. Interestingly, the evaluation of the heart vessel

inflammatory score and development of abdominal aorta

aneurysms seemed to plateau around weeks 12 to 16 post-LCWE;

however, the cardiovascular lesions did not regress and remained

stable. Myocardial fibrosis can also occur in children following KD

either due to myocardial ischemia or due to long-term

complications of the acute myocarditis that occurs during acute

KD (55, 56). Myocarditis occurs frequently during KD (57), and

serial myocardial biopsy studies have shown that histological

myocarditis develops in most children with KD, even in the

absence of CAA or concurrent ischemic damage (42, 58, 59).

Myocardial biopsy results indicate ongoing inflammatory cell

infiltration and interstitial myocardial fibrosis in patients

diagnosed with giant CAA during the acute phase of KD, some

with mildly diminished left ventricular EF (60). After conducting

follow-up assessments, it was found that 25% of patients had

asymptomatic CA obstruction and worsening of fibrosis.

Myocardial fibrosis has been associated with myocardial

dysfunction and reduced EF (≤55%) amongst KD patients (55).
B
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FIGURE 4

Correlation between heart vessel inflammation and abdominal aorta lesions with neutrophil and inflammatory monocyte levels in the peripheral
blood 5 days after LCWE injection. (A) Spearman Correlation between neutrophils count and frequencies and maximum abdominal aorta diameter at
two weeks post-LCWE. (B) Spearman Correlation between neutrophil counts and frequencies and abdominal aorta area at two weeks post-LCWE.
(C) Spearman Correlation between neutrophilcounts and frequencies and heart vessels inflammatory score at two weeks post-LCWE. (D) Spearman
Correlation between inflammatory monocyte counts and frequencies and maximum abdominal aorta diameter at 2 weeks post-LCWE. (E) Spearman
Correlation between inflammatory monocytes count and frequencies and abdominal aorta area at 2 weeks post-LCWE. (F) Spearman Correlation
between inflammatory monocyte counts and frequencies and heart vessels inflammatory score at two weeks post-LCWE. (n= 4–16 per group).
R = correlation coefficient.
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Indeed, KD patients presenting with isolated low EF with normal

CA dimensions during the acute phase of their illness may be at risk

for developing myocardial fibrosis as a late sequela (55).

Here, we show that LCWE injected mice develop myocarditis

starting at week 2 post-injection, which continues up to and

including week 12, and that these mice had significantly reduced

EF during the acute phase, starting at week 2 post-LCWE and

further decreasing over time including at weeks 12 and 16 of follow-

up. Myocarditis was observed mostly adjacent to the aortitis and

CALs, and not at distal portions of the myocardium. Trichrome
Frontiers in Immunology 09
staining revealed that the heart undergoes continuous remodeling

around the CA circumference, detectable as early as 2 weeks after

LCWE injection, peaking on weeks 8 and 12. The entire CA area

becomes fibrotic, with no trend to revert to its normal state due to

the extension of fibrotic tissue. We also observed diffuse interstitial

fibrosis in the myocardium of mice 12 weeks after LCWE injection

but not at earlier time points.

The exact mechanism by which LCWE triggers vasculitis is

unknown, but it is known to involve innate and adaptive immune

responses (5). TLR2 is required to activate LCWE-induced
B

A

FIGURE 5

Neutrophilic infiltrations in heart tissues of LCWE-injected mice. (A) Representative H&E images and Ly6G immunofluorescent (IF) staining in heart
tissues sections from PBS and LCWE-injected mice at different time points post-LCWE injection (n= 5–9 per group). DAPI (blue) was used to identify
cell nuclei. (B) Quantification of Ly6G positive area in heart tissue from PBS and LCWE-injected mice at different time points post-LCWE injection
(n= 5–9 per group). The result is expressed in the percentage of heart tissue positive for the Ly6G marker. Scale bar in H&E images: 500 mm. Scale
bar in isotype, 20X, and 40X images: 50 mm. Data are presented as mean ± SEM. **p<0.01, ***p<0.001 by one-way ANOVA with Tukey post-test.
CA, coronary artery; Ao, aorta.
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inflammatory response in a MyD88-dependent manner, activating

the NF-kB signaling pathway and the production of several

inflammatory cytokines, including IL-1b (34). Neutrophils are

act ivated and seem to play an essential role in KD

immunopathogenesis (61, 62). When neutrophils are activated,

they secret enzymes and proteases, such as neutrophil elastase, to

neutralize and eliminate pathogenic threats. However,

overactivation and uncontrolled recruitment can lead to tissue

damage, destroying the intima and media layers of the CA wall

and contributing to lesion formation. In KD, most circulating

neutrophils are activated and are a major source of IL-1b (61,

63). Neutrophils infiltrate the media layer of CA during the acute
Frontiers in Immunology 10
phase of KD (26), and KD patients with giant CAA have increased

levels of calprotectin (S100A8–9), which is primarily secreted by

neutrophils, years after disease onset (64). However, during the

healing stages of KD, approximately two months after disease onset,

neutrophils have not been observed in the vessel’s pathology reports

(21–23). Here, we observed acute infiltrations of neutrophils in

heart tissues of LCWE-injected mice that peaked at 8 weeks post-

LCWE and progressively declined over time. The presence of

remaining neutrophilic infiltrates around the CAs up to 16 weeks

post-LCWE injection in this animal model is a discordant finding

from published human pathological studies reporting absence of

neutrophils in the later stages of KD (19, 21–23). Alterations in the
BA

FIGURE 6

Long-term fibrosis in heart tissues from LCWE-injected mice. (A) Representative H&E staining and Masson’s trichrome staining of heart tissue
sections from PBS control and LCWE-injected mice at different time points post-LCWE injection. (B) Quantification of the fibrotic area (blue) in heart
tissues from PBS and LCWE-injected mice at 2, 4, 8, 12, and 16 weeks post-LCWE. Scale bars: 500 mm. Data are presented as mean ± SEM.
**p<0.01, ***p<0.001 and ****p<0.0001, by one-way ANOVA with Tukey post-test (n=3–5 per group). CA, coronary artery; Ao, aorta.
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peripheral levels of neutrophils have been reported during KD, and

neutrophilia occurs during the acute and subacute phases of the

disease (62, 63, 65). LCWE-injected mice also exhibited increased

circulating counts and percentages of leukocytes and neutrophils in

peripheral blood. We have also established a clear correlation

between the severity of abdominal aorta dilations and heart vessel

inflammation with frequencies and counts of circulating

neutrophils during the acute phase of LCWE-induced KD-like

vasculitis. Human monocytes can be classified as classical (CD14+

CD16-), intermediate (CD14+ CD16+), and nonclassical (CD14+

CD16++) monocytes (66). Intermediate CD14+ CD16+ monocyte

counts and frequencies are elevated during the acute phase of KD

when compared with convalescent IVIG-treated KD patients and

healthy control subjects (67). A higher proportion of classical

monocytes is also reported during acute KD (68). Moreover,

increased peripheral CD14+ monocyte/macrophage levels were
Frontiers in Immunology 11
found in patients with CAA compared with KD patients without

lesions, and the absolute counts of CD14+ macrophages/monocytes

correlated with the severity of vascular damage during acute KD

(69, 70). In addition, treatment with IVIG appears to rapidly

decrease the levels of monocytes in IVIG-responsive KD patients

(67). Furthermore, not only the frequencies of circulating CD16+

monocytes are increased in KD patients compared to IVIG-treated

convalescent KD patients, but these cells also express higher levels

of pro-inflammatory mediators, including TNF, IL1B, and S100

genes (71). Our flow cytometric analysis revealed increased

numbers of circulating inflammatory, patrolling, and intermediate

monocytes during the acute phase of LCWE-induced KD-like

vasculitis, which correlated with the severity of the abdominal

aorta dilation and aneurysms. We also observed a reduction in

the number of circulating monocytes in the long-term phase of the

disease, reaching levels almost similar to the ones observed in PBS
B

C D

A

FIGURE 7

Myocarditis, reduced cardiac function and left ventricle remodeling in LCWE-injected mice. (A) Myocardial inflammation (myocarditis) score
measured on H&E staining of heart tissue sections from PBS control and LCWE-injected mice at different time points post-injection.
(B) Representative H&E staining of heart tissue sections from PBS and LCWE-injected mice at 4 weeks post-injection, showing myocardial
inflammation and bridging fibrosis. Scale bar 200 mm. (C) Ejection fraction (EF) measured by transthoracic echocardiograph in control PBS and
LCWE-injected mice at 2, 12, and 16 weeks pst-LCWE injection (n=7–8 per group). (D). Left ventricle inner diameter measured by transthoracic
echocardiograph in control PBS and LCWE-injected mice at 2, 12, and 16 weeks post-LCWE injection (n=7–8 per group). Data are presented as
mean ± SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, by one-way ANOVA with Kruskal-Wallis post-test (n=4–9 per group) (A) or Tukey post-
test (n=7–8 per group) (C, D). CA, coronary artery; Ao, aorta.
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control mice. Our observations in the LCWE mouse model of KD-

like vasculitis, associated with the ones reported in KD patients,

suggest a key role of monocytes during the acute phase of

the disease.

A better understanding of the immunopathology of the late

complications of KD related to myocarditis and myocardial fibrosis

and remaining long-term inflammation in CA is needed. Our study

demonstrates that LCWE-induced KD-like vasculitis can lead to

long-term histopathological changes, continuous cardiovascular

inflammation, diminished ventricular function, left ventricular

remodeling, and myocardial fibrosis severely impacting cardiac

function for up to 16 weeks, similar to the long-term effects

observed in patients with KD. Therefore, the murine model of

LCWE-induced KD-like vasculitis may be suitable for investigating

the molecular mechanisms and immunopathology of the long-term

consequences of KD vasculitis, which may lead to the development

of novel strategies to prevent and treat the late cardiovascular

complications of the disease.
Materials and methods

Mice

Five-week-old, Wild-Type (WT) C57BL/6 male mice were

purchased from the Jackson Laboratory (Bar Harbor, ME, USA).

WT mice were randomly assigned to each experimental group.

Mice were housed under specific pathogen-free conditions and used

according to the Cedars-Sinai Medical Center (CSMC) institutional

committee guidelines. All animal studies were approved by the

Institutional Animal Care and Use Committee at Cedars-Sinai

Medical Center and performed following the Guide for the Care

and Use of Laboratory Animals published by the U.S. National

Institutes of Health.
LCWE-induced KD-like vasculitis
mouse model

Lactobacillus casei (ATCC 11578) cell wall extract (LCWE) was

prepared as previously described (35). Briefly, Lactobacillus casei was

grown in Man-Rogosa-Sharpe broth (Sigma-Aldrich, #1.10661) for 48

hours in 37°C incubation, harvested and washed with PBS (1:1

volume). Harvested bacteria were spun down and resuspended in

20 ml of PBS for every 5 grams of bacteria pellet, followed by 2 hours

of sonication using a 3/4-inch horn and a garnet tip at maximum

power. Samples were maintained in a dry ice/ethanol bath during the

sonication procedure to prevent overheating. After sonication,

bacteria were centrifuged for 20 minutes at 12000 rpm and 4°C.

The supernatant was obtained and centrifuged for 1 hour at 38000

rpm and 4°C. The final supernatant was collected and stored at -80°C.

Five-week-old WT male mice were injected with a single dose of

500 µl of either LCWE or PBS intraperitoneally (i.p.) to induce

systemic vasculitis, as previously published (33–40, 48–51, 53, 72).

At weeks 2, 4, 8, 12, and 16 post-LCWE injection, blood was collected,
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and mice were euthanized. Mice were then perfused with PBS, and

heart tissues were collected and embedded in a tissue-tek optimum

cutting temperature (O.C.T.) compound (Sakura Finetek, catalog

#4583). Abdominal aortas were dissected from the level of the left

renal artery down to the iliac bifurcation, photographed, and

embedded in O.C.T., as previously published (36, 40, 48–51, 72).

Themaximal abdominal aorta diameter was determined bymeasuring

five different areas separated by 2 mm of the abdominal aorta infra-

renal portion (below the left renal artery) with ImageJ (NIH) (36, 40,

48–51, 72). The infrarenal abdominal aorta area was also measured in

ImageJ (36, 48–51, 72). Heart tissue sections were stained with

Masson’s trichrome (Millipore Sigma, catalog #HT15), hematoxylin,

and eosin (H&E; Millipore Sigma, catalog #MHS32). Sections were

visualized and captured on a Keyence’s BZ-9000 microscope, with the

BZ-II viewer and BZ-II analyzer software (Keyence). Heart tissue

histopathological examination and assessment of the severity of

cardiovascular lesions (CAs, aortic root vasculitis, and myocarditis)

were performed on H&E-stained tissue sections, and given a heart

vessel severity score by an expert pathologist blinded to the

experimental groups, as previously described (35, 72). Briefly, acute

inflammation, chronic inflammation, and connective tissue

proliferation were each assessed using the following scoring system:

0 = no inflammation, 1 = rare inflammatory cells, 2 = scattered

inflammatory cells, 3 = diffuse infiltrate of inflammatory cells, and 4 =

dense clusters of inflammatory cells. Fibrosis was determined using

the following scoring system: 0 = no medial fibrosis, 1 = medial

fibrosis involving less than 10% of the CA circumference, 2 = medial

fibrosis involving 11% to 50% of the CA circumference, 3 = medial

fibrosis involving 51% to 75% of the CA circumference, and 4 =

medial fibrosis involving more than 75% of the CA circumference. As

previously published, all four scores were combined to generate a

severity score over 16 called the “Heart inflammation score” (35, 40,

48–50, 72). Myocardial inflammation score (myocarditis score) was

described previously (35). Briefly, 0 = no myocardial inflammation

andmyocardial fibrosis, 1 = rare inflammatory cells in myocardium or

very minimal focal subepicardial interstitial fibrosis just infiltrating

beneath epicardial fat, 2 = scattered inflammatory cells in

myocardium, and/or mild subepicardial interstitial fibrosis

infiltrating deeper into the subepicardial myocardium, 3 = diffuse

inflammatory cells in myocardium and/or multifocal subepicardial

interstitial fibrosis, and 4 = dense inflammatory cells in myocardium

and/or replacement fibrosis.
Peripheral blood cell isolation

Mice were anesthetized with isoflurane, and blood was collected

by retro-orbital bleeding using a heparinized micro-hematocrit

capillary tube (Fisher Scientific, #22–362-566). 40 ml of blood was

transferred to a 1.5 ml tube, and red blood cell lysis was performed

by adding 200 ml of RBC lysis buffer (eBioscience, catalog #00–

4333-57). After 2 minutes, 500 ml of wash buffer (1X PBS and 1%

FBS) was added, and samples were centrifuged at 2000 rpm for 5

minutes at 4°C. Pellets were suspended in 50 ml of wash buffer and

stained for flow cytometric analysis.
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Flow cytometric analysis

Samples were first incubated with an anti-murine CD16/CD32

antibody (Clone 2.4G2; Tonbo Biosciences, catalog #70–0161-

M001) for 10 minutes. The following murine antibodies were

used for flow cytometric analysis: CD45.2 (1 µg/ml, AF700, clone

104, Biolegend, catalog #109822), CD11b (1 µg/ml, VioletFluor 450,

clone M1/70, Tonbo Bioscience, catalog #75–0112), Ly6G (1 µg/ml,

APC, clone 1A8, Tonbo Bioscience, catalog # 20–1276) or Ly6C (1

µg/ml, PE, clone HK1.4, Biolegend, catalog #128008). Dead cells

were excluded using a fixable viability dye (eFluor 506, Invitrogen,

catalog #65–0866-14). Samples were incubated on ice for 30

minutes with the antibodies, then washed two times with buffer

(1X PBS and 1% FBS) and fixed with 0.5% paraformaldehyde

(PFA). Before sample acquisition, counting beads were added to

each sample (CountBright, Life Technologies, catalog #C36950).

Data was acquired on a SONY 3800 Spectral Cell Analyzer (Sony

Biotechnology) and analyzed using FlowJo Software

(BD Bioscience).
Immunofluorescence

Tissues were embedded in O.C.T. compound and frozen in 2-

methylbutane precooled in liquid nitrogen, then stored at –80°C

until sectioning. Serial sections of the heart were cut at the

aortic root level. Heart and abdominal aorta tissue cryosections (7

mm) collected from mice injected with either PBS or LCWE

were fixed in cold acetone for 5 minutes, washed in PBS, and

blocked for 1 hour with anti-goat serum. Samples were stained

overnight with the following antibodies: Ly6G (Clone 1A8,

BioLegend, catalog #127610), CD3 (Cell Signaling, catalog

#78588S). Isotype controls were used as negative controls:

Rat IgG2 (Biolegend, catalog #ab400526) and Rabbit IgG

(Abcam, catalog #1ab71870). After washing three times with

PBS, sections were mounted with DAPI (Abcam, catalog

#ab104139). Images were obtained with a Keyence BZ-9000

fluorescence microscope.
Transthoracic echocardiogram

Transthoracic echocardiography was performed using a

VisualSonics Vevo 3100 system equipped with a MX550D

transducer (Visual Sonics) (73–75). Left ventricular ejection

fraction (EF) and dimensions were obtained from short-axis M-

mode scans at the midventricular level. Mice were anesthetized with

4% isoflurane (induction) and maintained with 2–1% isoflurane

on a body-temperature-controlled pad. Echocardiogram

acquisition was initiated when the heart rate ranged between 420

to 500 beats per min. Measurements were obtained on 4 or more

consecutive cardiac cycles by tracing the left ventricular free walls

and averaged for each mouse. All the image analyses were

conducted by an independent trained observer blinded to the

experimental groups.
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Statistical analysis

Pooled data are presented as mean ± SEM. The normality of

data was assessed using the Shapiro-Wilk test. A one-way analysis

of variance (ANOVA) was used for multiple comparisons. Tukey

post-test analysis was used for normally distributed data, and the

Kruskal Wallis test with Dunn’s multiple comparisons was used for

non-normally distributed data. A comparison of Kaplan-Meier

survival analysis was done using the log-rank (Mantel-Cox) test.

Spearman’s correlation test was used to analyze two variables. A

value of p<0.05 was considered statistically significant. Data were

analyzed using GraphPad Prism Software (version 10).
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