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Summary

Recent experimental data, clinical, genetic and transcriptome evidence from patients converge to 

suggest a key role of interleukin-1β (IL-1β) in the pathogenesis of Kawasaki Disease (KD). 

However, the molecular mechanisms involved in the development of cardiovascular lesions during 

KD vasculitis are still unknown. Here, we investigated intestinal barrier function in KD vasculitis, 

and observed evidence of intestinal permeability and elevated circulating secretory IgA (sIgA) in 

KD patients, as well as elevated sIgA and IgA deposition in vascular tissues in a mouse model of 

KD vasculitis. Targeting intestinal permeability corrected gut permeability, prevented IgA 

deposition and ameliorated cardiovascular pathology in the mouse model. Using genetic and 

pharmacologic inhibition of IL-1β signaling, we demonstrated that IL-1β lay upstream of 

disrupted intestinal barrier function, subsequent IgA vasculitis development, and cardiac 

inflammation. Targeting mucosal barrier dysfunction and the IL-1β pathway may also be 

applicable to other IgA-related diseases including IgA vasculitis and IgA nephropathy.

Graphical Abstract

eTOC

Kawasaki Disease (KD) is the leading cause of acquired heart disease among children and the 

etiology is unknown. Noval Rivas and colleagues demonstrate that a murine model of KD 

vasculitis is dependent on intestinal barrier dysfunction leading to secretory IgA leakage and IgA-

C3 immune complex deposition in cardiovascular lesions.
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Introduction

The critical role of intestinal barrier function in health and disease, and intestinal 

permeability is increasingly recognized as a pathogenic factor in many inflammatory 

diseases (Bischoff et al., 2014). Kawasaki Disease (KD) is an acute febrile childhood 

vasculitis of unknown etiology with increasing incidence, and is the leading cause of 

acquired heart disease among children (McCrindle et al., 2017). Coronary artery aneurysms 

(CAA) occur in approximately 30% of untreated pediatric patients, but this is reduced to 5% 

with high-dose intravenous immunoglobulin (IVIG) treatment (McCrindle et al., 2017). KD 

also affects the mucosal intestinal immune responses, and increased numbers of activated T 

cells and macrophages are present in the small intestine of KD patients (Nagata et al., 1993). 

A recent multicenter study of over 300 patients reveals that abdominal and gastrointestinal 

(GI) symptoms at KD onset, such as abdominal pain, vomiting, and diarrhea, complicate KD 

diagnosis, delay treatment and correlate with IVIG-resistance and severe CAA (Fabi et al., 

2018). However, no studies have investigated the role of intestinal permeability in the 

development of KD vasculitis.

To investigate the role of intestinal barrier function in KD, we used the Lactobacillus casei 
cell wall extract (LCWE)-induced KD vasculitis murine model that is associated with 

systemic inflammation and interleukin-1β (IL-1β) production (Lee et al., 2012; Wakita et 

al., 2016), mimics features of human cardiovascular lesions (Noval Rivas et al., 2017) and 

responds to IVIG therapy (Myones et al., 1995). We show that LCWE-induced KD vasculitis 

is associated with increased gut permeability and secretory IgA (sIgA) leakage. We also 

observed IgA-Complement component 3 (C3) immune complex deposition in cardiovascular 

lesions and in the kidney, reminiscent of two other forms of vasculitis: IgA vasculitis 

(Henoch-Schönlein purpura) and IgA nephropathy (IgAN). These data indicate that KD 

vasculitis may be a form of IgA vasculitis and suggest that KD vasculitis as well as IgA-

dependent vasculitis may share common pathological mechanisms involving a gut-vascular 

axis. Furthermore, we found that pharmacological blockade of intestinal gut permeability or 

inhibition of intestinal IL- 1β signaling on intestinal epithelial cells in mice abrogated the 

development of KD vasculitis, indicating that intestinal permeability and IL-1β could be 

targeted to treat not only the immune vasculitis of KD but also IgA-vasculitis and IgAN.

Results

LCWE-induced KD vasculitis is associated with a defective intestinal barrier.

LCWE-injected mice exhibited pathological features similar to those observed in human 

KD, including aortitis, coronary artery lesions (Figure 1A), and abdominal aortic aneurysms 

(AAA) (Figure 1B). Human KD is frequently accompanied by vague intestinal dysfunction 

in children (Fabi et al., 2018) and pathological studies reveal increased activation of immune 

cells in the small intestine (SI) lamina propria (LP) of KD patients (Nagata et al., 1993). 

Histological analysis of the SI and colon did not demonstrate apparent differences in 

architecture or evidence of inflammation between PBS and LCWE-injected KD mice 

(Figure S1A). However, we found that the intestinal barrier integrity was damaged in 

LCWE-injected KD mice as reflected by increased efflux of FITC-dextran and 

lipopolysaccharide (LPS) from the intestinal lumen into the circulation at 24 h and 1 wk 
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post-LCWE injection, respectively (Figures 1C and 1D). We were unable to culture any 

anaerobic bacteria from the blood or spleens of LCWE-injected mice, indicating that the 

increased intestinal permeability was not associated with bacterial translocation into the 

blood or distant organs (data not shown).

The formation and maintenance of tight junctions (TJ) between intestinal epithelial cells 

(IECs) is crucial to maintain barrier function and regulate intestinal permeability (Turner, 

2009). Consistent with a deficit in intestinal barrier function and increased gut permeability, 

the mRNA expression of TJ protein-1 (Tjp1), Tjp2, occludin (Ocln), claudin-3 (Cldn3), 
Cldn7, Cldn12 and Cldn15 were significantly decreased in the SI of LCWE-injected KD 

mice 24 h post-injection (Figure 1E). In contrast, the expression of Cldn2, which indicates a 

leaky intestinal barrier (Zeissig et al., 2007), was upregulated in LCWE-injected KD mice 

(Figure 1E). Reduced expression of two TJ proteins, zonula occludens-1 (ZO-1) and 

occludin (OCLN), were also observed by immunofluorescence in the jejunum of KD mice 

24 h after LCWE injection (Figures 1F and 1G). Except for Cldn15, decreased expression of 

TJ proteins was not observed in the colon of LCWE-injected mice, suggesting that LCWE 

specifically affects the SI barrier integrity (Figures S1B–S1D).

At steady-state, the gut-vascular barrier (GVB) blocks bacteria, bacterial antigens, and other 

luminal contents from systemic dissemination through the intestinal epithelial barrier. To 

determine whether LCWE-induced KD vasculitis was associated with a breach of the GVB, 

we evaluated the expression pattern of plasmalemma vesicle-associated protein-1 (PV-1), 

which is upregulated in intestinal lamina propria endothelial cells upon GVB dysfunction 

(Spadoni et al., 2015). At 24 h after LCWE injection, increased PV-1 signal was seen in the 

SI, but not the colon (Figures 1H,1I and Figure S1E). Intestinal bacteria are separated from 

the IECs by the mucus layer (Turner, 2009). In LCWE-injected KD mice, mucus thickness 

was decreased only in the SI as assessed by reduced Mucin 2 (MUC2) protein and Muc2 
mRNA expression (Figures 1J–1L, Figure S1F) as well as decreased numbers of MUC2 

producing goblet cells (Figures S1G and S1H). Overall, we found that LCWE-induced KD 

vasculitis was associated with increased gut permeability, decreased SI TJ expression, and a 

dysfunctional GVB resulting in the translocation of LPS into the bloodstream.

Pharmacological blockade of intestinal permeability improves LCWE-induced KD 
vasculitis.

Zonulin activates intestinal TJ protein phosphorylation, which opens the paracellular space 

and increases intestinal permeability (Fasano et al., 2000). To confirm further increased 

intestinal permeability and systemic inflammation in LCWE-induced KD vasculitis, we 

measured serum concentrations of zonulin and calprotectin (S100A8/A9 complexes), which 

is also increased in inflammatory disorders such as rheumatoid arthritis and inflammatory 

bowel disease (Brun et al., 1992; Kalla et al., 2016). Zonulin and calprotectin concentrations 

increased significantly in mice 24 h after LCWE-injection and dropped by 1 wk (Figure 2A). 

We also examined serum from KD children and febrile control subjects for evidence of 

increased intestinal permeability (Table S1). We observed signs of increased intestinal 

barrier dysfunction and systemic inflammation in KD children, as zonulin and calprotectin 

were elevated in the serum of KD patients pre-IVIG treatment (Figure 2B).
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To determine if increased intestinal permeability in LCWE-injected KD mice was a 

consequence of elevated concentrations of serum zonulin, and to assess if blocking intestinal 

permeability could reduce LCWE-induced KD vasculitis, we treated mice with the zonulin 

inhibitor AT1001 (Paterson et al., 2007) or ML-7, which inhibits myosin light chain kinase 

(MLCK). MLCK regulates intestinal permeability by contracting the IECs actin 

cytoskeleton, and its upregulation is associated with disruption of intestinal epithelium 

integrity and increased gut permeability (Ferrier et al., 2003). At 24 h post-LCWE injection, 

both inhibitors significantly reduced intestinal permeability and LPS translocation to 

amounts similar to those in control mice (Figures 2C and 2D). Furthermore, LCWE-injected 

KD mice treated with AT1001 or ML-7 had significantly reduced cardiovascular 

inflammation (Figures 2E and 2F) and abdominal aorta dilation (Figures 2G and 2H). 

Collectively, these results indicate that elevated concentrations of zonulin and calprotectin in 

KD patients represent a dysregulated intestinal barrier function phenotype that stimulates 

systemic inflammation. Furthermore, blocking pathways that promote intestinal 

permeability prevented the development of the cardiovascular lesions associated with 

LCWE-induced KD vasculitis.

Increased secretory IgA production and tissue deposition during LCWE-induced KD 
vasculitis.

IgA, the predominant antibody isotype produced in the GI tract, is translocated in mucosal 

secretions as polyreactive dimers, sIgA, and protects the intestinal epithelium from toxins 

and pathogenic microorganisms (Pabst, 2012). Compared with febrile control patients, KD 

subjects had increased concentrations of sIgA in their serum (Figure 3A). Similarly, sIgA 

concentrations were increased in the serum of LCWE-injected KD mice (Figure 3B). 

Blocking intestinal permeability with AT1001 or ML-7 decreased serum sIgA 

concentrations in LCWE-injected KD mice (Figure 3C). The amounts of intestinal luminal 

and fecal sIgA (Figures 3D and S2A), but not serum IgA (Figure S2A), were also increased 

in LCWE-injected KD mice as compared with control mice. In contrast, as reported 

(Lehman et al., 1985), serum concentrations of IgG were higher in LCWE-induced KD mice 

(Figure S2A). Because we observed a dysfunctional intestinal barrier and increased 

intestinal permeability in LCWE-injected KD mice, we reasoned that an unusual activation 

of the mucosal immune response may develop in these mice. This hypothesis is supported 

by the observation that acute KD patients display an increased proportion of IgA-producing 

B cells within inflammatory infiltrates in involved coronary arteries and other tissues 

(Rowley et al., 2000). We observed increased IgA and polymeric immunoglobulin receptor 

(pIgR) expression in the SI of LCWE-injected KD mice compared with controls (Figures 

S2B–S2E). We next examined the frequency of germinal center (GC) B cells and IgA-

positive B cells, and found that LCWE-injected KD mice also displayed increased numbers 

of GC B cells and CD19+ IgA+ class-switched B cells in the spleen, abdominal aorta 

draining lymph nodes (AA LN), Peyer’s Patches (PP) and in the SI lamina propria (LP) 

(Figures 3E–H).

Pathological changes in the IgA compartment are associated with several autoimmune 

conditions, such as IgA nephropathy (IgAN), wherein IgA-immune complexes deposit in the 

renal glomeruli resulting in inflammation and renal failure (Floege and Feehally, 2016). 
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Therefore, we assessed if increased intestinal permeability could also result in IgA 

deposition in LCWE-injected KD mice. Compared with control mice, IgA deposition was 

observed in the heart and abdominal aorta lesions of KD vasculitis mice (Figures 4A, 4B and 

S3A). Blocking intestinal permeability with AT1001 strongly reduced IgA deposition in 

those tissues (Figures 4A, 4B and S3A). Because sIgA is transported across the intestinal 

epithelium into the lumen by pIgR (Kaetzel et al., 1991), we confirmed the intestinal origin 

of IgA deposition by staining the abdominal aorta of LCWE-injected mice for pIgR and 

observed a similar deposition pattern as IgA (Figure S3B). We also observed C3 deposition 

and colocalization with IgA in the heart and abdominal aorta of LCWE-injected WT mice 

(Figures 4C, 4D and S3C). Periodic acid-Schiff (PAS) staining of kidney tissues revealed no 

remarkable cellular inflammatory infiltrates, although glomerular mesangial proliferation 

and expansion were observed in LCWE-injected KD mice (Figure 4E).

In kidney sections, we observed fine granular deposition of IgA and C3 in glomerular 

mesangial areas only in the LCWE-injected KD mice (Figures 4F and S3D), reminiscent of 

the phenotype observed in IgAN (Floege and Feehally, 2016). Transmission electron 

microscopy also identified electron dense deposits corresponding to IgA deposition in the 

mesangial areas of LCWE-injected mice (Figures S3E and S3F). Overall, these results 

support the involvement of the mucosal immune response, sIgA, and complement in KD 

pathology and demonstrate that glomerular capillaries in kidneys may also be affected by 

this vasculitis.

IgA is required for the development of LCWE-induced KD vasculitis.

To explore the requirement for IgA in LCWE-induced KD vasculitis lesions, Igha−/− mice as 

well as mice deficient for the IgA and IgM Fc receptor, Fcamr−/− mice, were injected with 

PBS or LCWE. Absence of IgA signaling, or IgA production, resulted in a significant 

reduction in cardiovascular inflammation in the aortic root, coronary arteries, and the 

abdominal aorta (Figures 5A, 5B and Figures S4A–S4F). As expected, IgA deposition was 

not seen in the heart and abdominal aortic lesions of LCWE-injected Igha−/− mice (Figures 

5C, 5D and Figure S3A). IgM concentrations were higher in their serum and intestinal 

mucus of LCWE-injected Igha−/− mice (Figures S4G and S4H), indicating that IgM does not 

participate in the development of LCWE-induced KD vasculitis. To specifically determine 

the pathogenic role of IgA and its vascular deposition during murine KD vasculitis, we 

sorted CD19+ IgA+ B cells from the PP of WT CD45.1+ mice and adoptively transferred 

them into CD45.2+ Igha−/− mice. Recipient mice were then injected with LCWE, and 2 

weeks later we evaluated the presence of adoptively transferred CD19+ IgA+ B cells, serum 

and SI IgA concentrations, and KD vasculitis (Figure S5A). CD19+ IgA+ B cells were 

detected by flow cytometry in the PP, the AA LN and the mesenteric lymph nodes (MLN) of 

Igha−/− recipient mice (Figures S5B and S5C). Transfer of IgA+ B cells into Igha−/− mice 

resulted in significantly increased intestinal and serum IgA concentrations without impacting 

IgM and IgG concentrations (Figures S5D and S5E). Transfer of CD19+ IgA+ B cells 

significantly increased cardiovascular inflammation in the aortic root, coronary arteries, and 

abdominal aorta in LCWE-injected Igha−/− mice (Figures 5E–5H). Furthermore, adoptive 

transfer of CD19+ IgA+ B cells into Igha−/− mice also restored IgA deposition in the heart 

and abdominal aorta lesions (Figures 5I – 5L).
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As a complementary approach, to restore IgA concentrations in Igha−/− mice, an enriched SI 

IgA fraction was prepared from the SI mucus of WT mice by discarding the bacterial pellet 

and depleting IgG from the remaining supernatant (Figure S6A and S6B). A SI control 

fraction lacking IgA was similarly prepared from the SI mucus of Igha−/− mice (Figure 

S6B). We found that WT enriched SI IgA fraction contained mostly free IgA, which was not 

bound to luminal bacteria (Figure S6C–S6E). The WT SI IgA enriched fraction and the Igha
−/− SI control fraction were transferred by oral gavage into Igha−/− recipients (Figures S6F). 

We then injected recipient Igha−/− mice with LCWE, and examined the serum and intestinal 

IgA concentrations and KD vasculitis development 2 wks later. Oral gavage with the WT 

enriched SI IgA fraction, but not the Igha−/− SI control fraction, resulted in detectable IgA 

concentrations in the serum and SI of the recipient mice (Figure S6G) and exacerbated KD-

associated cardiovascular lesions (Figures S6H, S6I). Reconstitution of with the WT 

enriched SI IgA fraction was also associated with IgA deposition in heart and abdominal 

aorta tissues (Figures S6J–S6L). These results indicate that IgA production, signaling and 

deposition are key events in the development of LCWE-induced KD vasculitis.

IVIG treatment blocks intestinal permeability and prevents the development of LCWE-
induced KD vasculitis.

The mechanisms by which IVIG downregulates cardiovascular tissue inflammation and 

prevents coronary artery damages in acute KD are not completely understood. IVIG may act 

by blocking Fc receptors, decreasing complement-mediated tissue damage, neutralizing 

autoantibodies, or modulating cytokine production (Kazatchkine and Kaveri, 2001). In acute 

human KD, IVIG administration leads to decreased IL-1β production (Leung et al., 1989) 

and increased IL-1 receptor antagonist (IL-1Ra) production (Aukrust et al., 1994). To 

analyze the possible role of IVIG in modulating intestinal permeability, WT mice were 

treated with IVIG and injected with LCWE. IVIG treatment decreased intestinal 

permeability 24 h post LCWE injection, as assessed by FITC-dextran translocation across 

the intestinal epithelium (Figure 6A). IVIG treatment strongly reduced the cardiovascular 

lesions in LCWE-injected KD mice (Figures 6B and 6C). Abdominal aorta dilation and 

aneurysm development were also decreased in IVIG-treated LCWE-injected mice (Figures 

6D–6F). Importantly, IVIG treatment was associated with reduced SI IgA concentrations 

after LCWE-injection (Figure 6G) and diminished IgA deposition in heart and abdominal 

aorta tissues (Figures 6H and 6I). Taken together, these results demonstrate that a possible 

therapeutic effect of IVIG during KD vasculitis is to prevent intestinal barrier dysfunction 

and, in turn, decrease the development of the cardiovascular lesions associated with KD 

vasculitis.

IL-1β signaling on IEC is required for KD murine vasculitis and IgA tissue deposition.

Proinflammatory cytokines, such as IFN-γ and IL-1β modulate intestinal barrier 

permeability by reducing TJ protein expression, altering their distribution, and rearranging 

the IECs actin cytoskeleton (Al-Sadi et al., 2009). Because IL-1β is known to be required for 

the development of LCWE-induced KD vasculitis (Lee et al., 2012; Wakita et al., 2016), we 

interrogated the role of intestinal IL-1β signaling in this effect. For this, we generated IEC-

specific IL1 receptor (IL1R; I1r1) deficient mice by crossing mice expressing Cre 

recombinase under the control of the Vil1 promoter (Vil1Cre) with mice harboring a floxed 

Rivas et al. Page 7

Immunity. Author manuscript; available in PMC 2020 September 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Il1r1 allele (Il1r1fl/fl mice) (Figure 7A). The resulting mice, Vil1CreIl1r1Δ/Δ, had deletion of 

IL1R specifically in IECs (Figure 7B). Vil1CreIl1r1Δ/Δ and control littermate Il1r1fl/fl mice 

were injected with LCWE. Compared with LCWE-injected Il1r1fl/fl mice, intestinal 

permeability was decreased 24 h after LCWE injection in Vil1CreIl1r1Δ/Δ mice (Figure 7C). 

Furthermore, absence of IL-1β signaling in IECs also led to reduced heart inflammation 

(Figures 7D and 7E) and abdominal aorta dilation (Figures 7F and 7G). LCWE-injected 

Vil1CreIl1r1Δ/Δ mice had decreased IgA deposition in heart and abdominal aorta lesions 

(Figures 7H–7J). These results suggest that IL-1β signaling in IECs promotes intestinal 

barrier dysfunction in experimental KD vasculitis.

Discussion.

Dysfunction of the intestinal barrier function, manifested by increased flux across TJ-

dependent pores or through a TJ-independent pathway, is a risk factor for a variety of 

disorders (Turner, 2009). KD patients exhibit multiple signs of disrupted intestinal barrier, 

including increased serum concentrations of anti-Lipid A antibodies (Takeshita et al., 2002), 

sIgA (Ohshio et al., 1987), IgA anti-cardiolipin antibodies (Gupta et al., 2002), and 

increased numbers of IgA+ plasma cells at mucosal surfaces, coronary arteries, and kidneys 

(Rowley et al., 2000). However, data linking these observations to the development of the 

cardiovascular pathologies associated with KD have been lacking. Our results provide strong 

evidence that intestinal IgA production is increased during the acute phase of KD in human 

patients and in a murine model of KD vasculitis, and that intestinal epithelial barrier 

dysfunction in this model results in sIgA leakage and sIgA-C3 complex deposition into 

vascular tissues and glomeruli. Taken together, these data suggest that KD may be a form of 

IgA vasculitis.

Intestinal permeability can be altered by a range of factors, including viral infection, mucus 

barrier degradation and epithelial damage or change in the microbiome composition 

(Bischoff et al., 2014). KD patients presenting with intestinal symptoms are at higher risk of 

developing coronary aneurysms, and IVIG-resistance (Fabi et al., 2018). In KD mice, we 

found that intestinal permeability increased rapidly after LCWE injection, well before the 

development of coronary artery inflammation and abdominal aorta dilatation, suggesting this 

defective intestinal barrier is more likely a trigger than a result of vasculitis development.

Although the exact mechanisms are not completely understood, IVIG reduces the incidence 

of CAA in KD patients from 25% to approximately 4% (McCrindle et al., 2017). IVIG 

likely acts in part via its regulation of IL-1β; IVIG inhibits IL-1β production from in vitro 
stimulated macrophages and induces secretion of IL-1Ra (Iwata et al., 1987; Ruiz de Souza 

et al., 1995). Accordingly, IL-1β is elevated in the serum of acute KD patients (Leung et al., 

1989) and IVIG treatment reduces IL-1β and upregulates IL-1Ra (Aukrust et al., 1994). 

Furthermore, an IL1B gene related signature is associated with the acute phase of KD and 

IVIG-resistance (Fury et al., 2010). Pro-inflammatory cytokines such as IL-1β increase 

intestinal barrier dysfunction by disrupting intestinal TJs (Al-Sadi et al., 2009). Intestinal 

epithelial-derived IL-1β is the primary trigger of intestinal barrier dysfunction in a murine 

model of mucositis (Kanarek et al., 2014). Furthermore, IL-1β plays a critical role in many 

autoinflammatory and chronic inflammatory diseases (Gabay et al., 2010), human KD 
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(Leung et al., 1989) and LCWE-induced KD vasculitis (Lee et al., 2012; Wakita et al., 

2016). Here, we found that IL-1 signaling in IECs increased intestinal permeability, as 

deleting IL-1R specifically in those cells not only prevented increased permeability but also 

reduced heart inflammation and abdominal aortic aneurysm development in LCWE-injected 

KD mice.

However, IL-1β production, which contributes to fever induction, is not sufficient for the 

development of KD vasculitis and coronary arteritis, which specifically requires a currently 

unidentified disease-inducing agent. Because KD occurs in geographical clusters and 

seasonal patterns similar to those observed for respiratory infections (McCrindle et al., 

2017), it has been suggested that the disease is triggered in genetically predisposed children 

by an infectious agent entering the mucosal surfaces either through the lungs or the GI tract 

(Rowley, 2018). Increased numbers of IgA+ plasma cells at the proximal respiratory tract 

mucosal surfaces, coronary arteries, and kidney support a respiratory portal of entry (Rowley 

et al., 2000). Our results showing that LCWE-induced KD mice have increased intestinal 

permeability and that KD patients have elevated serum concentrations of calprotectin (Abe 

et al., 2005) also support this infectious agent hypothesis. Furthermore, using intestinal 

permeability inhibitors such as AT1001, which is currently in clinical trials to treat celiac 

disease (Paterson et al., 2007), we were able to abrogate the cardiovascular lesions at the 

aortic root, coronary arteries, and abdominal aorta, and block sIgA deposition in the LCWE-

induced KD mice, highlighting the key role of intestinal epithelium disruption as an early 

pathogenic event.

The majority of intestinal IgA production is microbiota-reactive and polyreactive (Bunker et 

al., 2017). However, the role of the intestinal microbiome in modulating intestinal 

permeability during LCWE-induced KD vasculitis is unknown and will need to be further 

investigated. Human sIgA is known to bind self-antigens such as actin, myosin and tubulin 

(Quan et al., 1997), and compared with febrile controls, acute phase KD patients have 

increased serum concentration of IgA-containing circulating immune complexes and sIgA 

(Ohshio et al., 1987). We found that in LCWE-injected mice, C3 and IgA form an immune 

complex that deposits in the aortic root, coronary artery, and abdominal aorta. Similar 

findings have been described in an independent KD vasculitis model, in which C3d deposits 

together with mannose binding lectin (MBL) in aortic root lesions (Nakamura et al., 2014). 

Several studies suggest that the anti-inflammatory effect of high dose IVIG in KD and other 

autoimmune diseases might be explained, at least partially, by attenuation of complement 

induced amplification (Lutz and Späth, 2005). While IgA is a weak activator of classical 

complement pathways, human polymeric serum IgA can bind to MBL, which activates the 

alternative lectin complement pathway (Roos et al., 2001). Furthermore, a polymorphism in 

MBL2 is an age-related risk factor for coronary artery lesions in KD patients (Biezeveld et 

al., 2003; Sato et al., 2009) and complement breakdown products C4d and C3d are 

upregulated in KD patients (Kohsaka et al., 1994). The finding that C3 deposits with IgA in 

LCWE-injected KD mice may indicate that these immune complexes contribute to 

inflammation-driven tissue injury and vessel damage.

We also observed C3 and IgA deposits in the kidney glomeruli of LCWE-induced KD 

vasculitis mice. Several reports describe the development of acute kidney injury involving 
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immune complex deposition of IgA and C3 and immune complex-mediated 

glomerulonephritis with KD (Watanabe, 2018). Autopsy findings revealed that 73% of KD 

patients had renal artery involvement (Asachi, 1989). These findings and our observations 

are reminiscent of two other human vasculitis diseases: IgA vasculitis and IgA nephropathy 

(IgAN), which are both characterized by IgA immune-complexes with C3 deposition in the 

kidney. The commonality of kidney involvement points to the gut-kidney axis, which has 

been highlighted by recent studies identifying genetic, microbial and dietary factors which 

affect intestinal mucosal immunity and promote both IgAN (Coppo, 2018a) and IgA 

vasculitis in pediatric and adult patients (Moja et al., 1998). There are additional indications 

of common pathophysiology of IgA vasculitis, IgAN and KD vasculitis. IgAN patients 

exhibit signs of subclinical inflammation associated with the activation of inflammatory 

cells in the small intestinal mucosa, increased intestinal permeability, and in a 

subpopulation, sIgA colocalizes with complement in the glomerular mesangium (Floege and 

Feehally, 2016; Oortwijn et al., 2006). In addition, a polymorphism in the promoter of the 

LPS receptor CD14 (CD14/159) associated with coronary artery abnormalities in KD 

patients (Nishimura et al., 2003) has been linked to progression of IgAN patients to more 

severe renal disease (Yoon et al., 2003). Furthermore, children with KD (Stagi et al., 2006) 

and those with IgAN (Coppo, 2018b) have increased prevalence of coeliac disease. A recent 

case report of a child with IgA vasculitis who developed dilated coronary arteries and 

responded to IVIG and infliximab therapy further supports an overlap in IgA vasculitis and 

KD pathogenesis (Bloom et al., 2018). Finally, similar to the important role that IL-1β plays 

in KD vasculitis (Burns et al., 2017), this master cytokine has been implicated in the 

pathogenesis and renal complications of both IgA vasculitis (Besbas et al., 1997; Boyer et 

al., 2011) and IgAN (Atkins, 1995; Chun et al., 2016). Several recent studies suggest that 

targeting intestinal mucosal immunity is likely to be beneficial for patients with IgAN 

(Coppo, 2018a), and our findings suggest that this approach may be broadly applicable to 

IgA-related diseases, including KD.

Overall, our findings provide a mechanistic link between the gastrointestinal symptoms 

observed in acute KD vasculitis and intestinal barrier dysfunction and demonstrate that 

targeting intestinal permeability in a murine model of KD vasculitis improves intestinal 

barrier dysfunction and strongly decreases cardiovascular tissue inflammation. We propose 

the transformative concept that KD may be a form of IgA vasculitis, characterized by 

increased gut permeability with leakage of sIgA, and by IgA-C3 immune complex 

deposition in cardiovascular lesions and the kidney, which promote further vascular 

inflammation. Therefore, therapies aiming to decrease intestinal permeability, such as TJ-

targeted therapeutic interventions, intestinal permeability inhibitors, IVIG, or drugs targeting 

cytokines known to regulate and open TJs, such as TNF-a or IL-1, should be evaluated as 

additional treatments for KD vasculitis. Recently, IgG endopeptidase treatment has been 

successfully used to block donor pathogenic IgG and complement activation in sensitized 

renal transplant patients (Jordan et al., 2017). Our results suggest that comparable 

therapeutic strategies targeting IgA, such as IgA1 protease that prevents mesangial IgA 

deposits in humanized murine model of IgAN (Lamm et al., 2008), could also be developed 

to treat IVIG-resistant KD patients. More importantly, our data identify systemic IL-1β 
production as an upstream disruptor of intestinal barrier function and mediator of IgA and 
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C3 deposition for vasculitis. Therefore, diseases such as IgA vasculitis and IgAN may also 

benefit from the anti-IL-1β treatment approaches that proved to be beneficial in this immune 

vasculitis mouse model, and which led to the current Phase II clinical trials of Anakinra in 

IVIG-unresponsive KD vasculitis patients.

STAR METHODS

CONTACT FOR REAGENTS AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Moshe Arditi (Moshe.Arditi@cshs.org).

EXPERIMENTAL MODEL AND SUBJECTS DETAILS

Experimental Animals—WT congenic mice CD45.1+ (B6.SJL-Ptprca Pepcb/BoyJ ) and 

C57BL/6J CD45.2+ were obtained from the Jackson Laboratory. Igha−/− mice were a gift 

from Dr. Masayuki Fukata (Cedars-Sinai Medical Center). Fcamr−/− (Shibuya et al., 2000) 

experiments were performed at Tsubuka University Japan in collaboration with Dr. Akira 

Shibuya. Experimental Igha−/− mice were obtained from homozygous breeding and age-

matched WT C57BL/6J from our internal colony were used as controls. The Il1r1fl/fl mice 

on the C57BL/6 background were produced by blastocyst injection of conditional-ready 

embryonic stem cells clone Il1r1tm1a(EUCOMM)Hmgu obtained from the European conditional 

mouse mutagenesis project (EUCOMM)(Skarnes et al., 2011). The Il1r1 allele which 

contains loxP sites flanking exons 2 and a FRT-lacZ-loxP-neo-FRT cassette introduced 

between exons 1 and 2. For initial screening of Il1r1fl/lf we used the following primers; Il1r1 
Forward: GAGGTATGGACGGGGAGAGGAAGC and loxP Reverse: 

TGAACTGATGGCGAGCTCAGACC. Chimeric mice were then crossed with C57BL/6 and 

the offspring with germ line transmission of the recombined allele were crossed with mice 

expressing a FLP1 recombinase (B6.129S4-Gt(ROSA)26Sortm1(FLP1)Dym/RainJ – Jackson 

Laboratory) to excise the FRT flanked lacZ-neo cassette to obtain Il1rfl/fl mice. Il1r1fl/fl mice 

were subsequently bred with B6.Cg-Tg(Vil1-cre)997Gum/J (Jackson Laboratory) to 

specifically delete IL1R in intestinal epithelial cells and generate Vil1CreIl1r1Δ/Δ. Age-

matched Il1r1fl/fl mice littermate controls were used in the study of Vil1CreIl1r1Δ/Δ mice. 

Only 5 week old male animals were used in this study as it has been shown that LCWE-

injection induces stronger and more consistent coronary vasculitis lesions and abdominal 

aorta aneurysms in male compared with female mice (Wakita et al., 2016). All mutant 

mouse strains were backcrossed 8–10 generations on C57BL/6 background. Mice were 

housed under specific pathogen-free conditions and used according to the guidelines of the 

Cedars Sinai Medical Center institutional committee.

Human Study population—Human sera from febrile control patients and KD subjects 

were previously collected and biobanked at 2 different sites (Northwestern University; 

Chicago and Nippon Medical School; Tokyo) under a protocol approved by the respective 

institutional boards. The study population was composed of 2 groups. Group (1) contains 25 

febrile controls and group (2) contains 34 acute phase KD patients. The demographics and 

clinical characteristics of those samples are shown in Table S1. The febrile control subjects 

included 9 boys and 16 girls, ranging in age from 1 month to 9 years. The febrile controls 
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were age-matched and diagnosed with joint infection, lower or upper respiratory tract 

infection or viral illness. The KD patient group is composed of 23 boys and 11 girls, ranging 

from 4 months to 15 years. Group 2 also contained sera from 8 KD patients with coronary 

artery lesions (CAL), defined by a Z score >2.5 in the left anterior descending coronary 

artery or the right coronary artery (McCrindle et al., 2017). The KD sera used was collected 

during KD acute phase pre-IVIG treatment.

LCWE-induced KD vasculitis murine model—Lactobacillus casei (ATCC 11578) cell 

wall extract was prepared as previously published (Lee et al., 2012). 5 week old male mice 

were injected i.p. with either 500μg of LCWE or PBS. One- to 2-weeks post-injection, 

depending of LCWE batch efficiency, mice were euthanized, hearts and kidneys were 

removed and embedded in Optimal Cutting Temperature (OCT) compound for histological 

examination. Abdominal aorta were also collected, photographed to determine the maximal 

abdominal aorta diameter in Image J, then embedded on OCT.

METHOD DETAILS

Tissue Fixation, Staining and histopathology—Serial cryosections (7μm) of heart 

tissue and abdominal aorta were H&E stained and histopathological scoring of coronary 

arteritis, aortic root vasculitis, and myocarditis were performed by a pathologist blinded to 

the experimental set up as previously described (Lee et al., 2012; 2015; Wakita et al., 2016). 

Kidney, small and large intestines were collected, fixed in formaldehyde (4% vol/vol) and 

embedded in paraffin blocks. Periodic acid-Schiff (PAS) staining was performed on kidney 

sections (4μm thickness) to semi-quantitatively score mesangial cell proliferation and 

expansion with the previously published scoring system (Suzuki et al., 2005): score 0, 0%; 

score 1, 1 to 24%; score 2, 25 to 49%; and score 3, Š50% of all glomeruli. Cryosections of 

kidney tissues (4μm thickness) were also obtained to perform immunofluorescence staining 

for IgA and complement C3. Jejunum and colon tissues were fixed in Carnoy’s buffer and 

embedded in paraffin. Jejunum and colon sections (5μm thickness) were used for intestinal 

histological analysis by H&E staining and PV-1, OCLN, ZO-1, pIgR and IgA expression 

quantification by immunofluorescent staining. Goblet cell numbers were assessed by 

counting Alcian blue (American MasterTech) positive cell number per crypt unit, with a 

minimum of 20 crypt units assessed for each tissue samples. All images were acquired either 

with a Biorevo BZ-9000 or BZ-X710 (Keyence), and were further analyzed with ImageJ 

software.

Electron microscopy.—Kidneys were collected from PBS and LCWE-injected mice, the 

capsule was removed, and the tissues were sliced into small pieces (approximately 2 mm3). 

Kidney tissues were then fixed with 3% glutaraldehyde in 0.1 M cacodylate buffer at 4°C for 

24 hrs. As previously described (Eriguchi et al., 2018), ultrathin sections (at 70 nm 

thickness) of plastic-embedded tissue stained with uranyl acetate and lead citrate were 

examined in a JEOL 100CX transmission electron microscope (JEOL Ltd., Tokyo, Japan).

Antibodies and Immunofluorescence.—OCT frozen 7μm tissue sections from heart, 

abdominal aorta and kidneys were fixed in acetone, and after washing with PBS 0.05% 

Tween, were stained overnight with the following antibodies: IgA (A90–103P; Bethyl 
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Laboratories), CD31 (390; eBioscience or abcam ab28364), pIgR (AF2800; R&D systems) 

and C3 (11H9; Abcam). Jejunum and colon tissues were fixed in 10% formalin, and 

processed for paraffin sectioning. Five μm sections were deparaffinized in xylene and 

hydrated by serial immersion in ethanol and PBS. Sections were stained overnight with the 

following antibodies: ZO1 (40–2200; Thermo Fisher Scientific), OCLN (40–4700; Thermo 

Fisher Scientific), PV-1 (MECA-2; BD Biosciences), CD19 (6OMP31, Thermo Fisher 

Scientific), IgA (A90–103P; Bethyl Laboratories), IL-1RI (RM0013–11B7; Novus 

Biological) and MUC2 (Gene Tex). Isotype controls were used as negative controls and 

sections were incubated appropriately with one of the following fluorophore-conjugated 

secondary antibodies: Donkey anti-goat Alexa Fluor 647 (Thermo Fisher Scientific, 

A-21447), Donkey anti-goat Alexa Fluor 594 (Thermo Fisher Scientific, A-11058), Donkey 

anti-rat Alexa Fluor 555 (Abcam, ab150154), Donkey anti-rat Alexa Fluor 488 (Thermo 

Fisher, A-21208) and Donkey anti-Rabbit Alexa Fluor 488 (Abcam, ab150065). Before 

imaging, the nuclei were counterstained with ProLong Gold Antifade Reagent containing 

DAPI (Invitrogen). Images were obtained using a Biorevo BZ-9000 (Keyence) fluorescent 

microscope and were further analyzed with ImageJ software.

In vivo Intestinal Permeability Assay.—To asses intestinal permeability in vivo, we 

performed a FITC-dextran intestinal permeability. At 16 hours post-PBS or LCWE injection, 

mice were fasted for 4 hours. At the end of the fasting, mice received FITC-dextran (4 kDA; 

FD4; 2mg/kg of body weight, Sigma Aldrich) by oral gavage. Four hours later, serum were 

collected and read for fluorescence intensity at 521 nm using a SpectraMax M2 spectrometer 

(Molecular Device).

Modulation of Intestinal Permeability.—To block intestinal permeability, mice were 

treated with either the Zonulin antagonist AT-1001 (500μg i.p.; daily), the Myosin Light 

Chain Kinase inhibitor, ML-7 (40μg i.p. twice a day, Sigma) (Al-Sadi et al., 2012) or Human 

IVIG (2.5kg/kg i.p. 1 day before LCWE injection; Gamunex-C; Grifols)(Myones et al., 

1995). Mice were injected i.p. with LCWE, intestinal permeability and KD vasculitis were 

assessed as described above at 24 h and 1 wk post-LCWE injection respectively.

Antibodies and Flow cytometry.—Cell suspensions were obtained from the spleen, the 

PP, the MLN and the AA LN (lumbar and renal lymph nodes). Jejunum and colon sections 

from PBS and LCWE-injected mice were harvested and dissociated into single-cell 

suspensions with a gentleMACS™ Octo Dissociator (Miltenyi Biotec) and a mouse Lamina 

Propria Dissociation kit (Miltenyi Biotec) following the complete protocol from the 

manufacturer. The following antibodies against the respective murine antigens were used: 

IgA (mA-6E1,Thermo Fisher Scientific), CD19 (eBio1D3, Thermo Fisher Scientific), CD4 

(RM4–5, Tonbo Biosciences), CD3 (145–2C11, BioLegend and Tonbo Biosciences), 

CD45.1 (A20, Thermo Fisher Scientific), CD45.2 (104, BioLegend), CD95 (SA367H8, 

BioLegend), GL-7 (GL-7, BioLegend). Dead cells were routinely excluded based on the 

staining of Fixable Viability dye (FVD) eFluor 506 (Thermo Fisher Scientific). Cell 

numbers were calculated by flow cytometry with the CountBright Absolute Counting Beads 

(Thermo Fisher Scientific). Stained cells were analyzed on a LSRII (BD Biosciences) and 

the data were processed using Flowjo (Tree Star Inc.).
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Intestinal IgA purification.—Small intestines were removed from naïve WT and Igha−/− 

mice, cut open longitudinally and mucus was scrapped out and suspended in PBS. Luminal 

content was filtered and spun twice at 8000g for 5 minutes, the bacterial pellets discarded, 

and the supernatant collected was further processed on a Nab Protein A/G Spin kit (Thermo 

Fisher Scientific) according to the manufacturer’s instruction. The concentration of IgA in 

the eluted fraction, depleted of IgG, was then measured by ELISA (Bethyl). Igha−/− 

recipient mice received by oral gavage 100μg of purified IgA the day before and day 3 after 

LCWE i.p. injection.

Detection of Fecal and SI mucus Bacteria by Flow Cytometry.—50 mg of fecal 

pellet and SI scraped mucus from WT and Igha−/− mice were homogenized in 1ml of sterile 

cold PBS and centrifuged at 40g for 10 minutes at 4°C to remove large particles. 

Supernatant was collected, filtered through a 70μm strainer and centrifuged at 8000 g for 5 

minutes to pellet the bacteria. The supernatant from the SI mucus preparation was kept for 

bacterial flow staining and the bacterial fecal pellets and bacterial SI mucus pellets were 

washed twice with 1ml of sterile PBS and incubated on ice for 15 minutes with blocking 

buffer (1% FCS in PBS). Samples were further centrifuged at 8000g for 5 minutes and 

subsequently stained with 5μM SYTO-BC (Thermo Fisher Scientific) along with anti-mouse 

IgA (clone mA-6E1, Thermo Fisher Scientific). Samples were then washed 3 times with 1 

ml of PBS and fluorescent Countbright Absolute Counting beads (Thermo Fisher Scientific) 

were added to the samples to calculate absolute cell numbers. Flow cytometric analysis was 

performed on a BD LSR Fortessa cell analyzer (BD Biosciences), and data processed using 

FlowJo (Tree Star Inc.).

Adoptive transfer of CD45.1+ IgA+ B cells.—PP cells of CD45.1+ WT congenic donor 

mice were isolated, stained for CD3 (145–2C11, BioLegend), CD19 (eBio1D3, Thermo 

Fisher Scientific) and IgA (mA-6E1, Thermo Fisher Scientific). CD3− CD19+ IgA+ B cells 

were isolated by cell-sorting on a BD FACSAria III (BD Biosciences). After isolation, 0.2–

0.3 x105 viable CD3− CD19+ IgA+ B cells were immediately transferred i.p. into CD45.2+ 

Igha−/− recipient mice as previously described (Wang et al., 2015). One day after, non-

reconstituted and reconstituted Igha−/− mice were injected with LCWE. KD vasculitis and 

heart pathology was assessed as previously described (Noval Rivas et al., 2017).

ELISAs.—To quantify luminal Igs, small intestines and colon were cut open longitudinally 

and mucus and feces were scrapped out and suspended into 1ml of PBS. Luminal content 

were spun at 8000g for 5 minutes and the supernatant collected and stored at −80°C. LPS 

(MyBiosource), sIgA (Cloud-Clone Corp.), IgA (Bethyl), IgM (Bethyl), IgG (Bethyl) and 

Calprotectin (S100A8/S100A9 Heterodimer Duoset; R&D systems) concentrations were 

measured by ELISAs in the serum or luminal content according to the manufacturer 

instructions. For luminal Igs measurement, concentration was normalized to the mucus 

weight. Murine serum Zonulin concentrations were measured by using a mouse Zonulin 

ELISA kit (MyBioSource).

Quantitative Real-Time PCR analysis.—Jejunum and colon sections were flushed with 

PBS, snap-frozen in liquid nitrogen and homogenized in Trizol (Thermo Fisher Scientific). 
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RNA was extracted from the homogenized tissues by using the RNeasy kit (Qiagen). 

Quantitative PCR analysis were performed using the following primers (bellow) and SYBR 

Green Premix Ex Taq (Takara) on a CFX96 Real Time system (Biorad). β-actin was used as 

an endogenous control and WT mouse RNA as the exogenous control. Samples were run in 

triplicate and the relative expression was calculated using the ΔΔCt method. qPCR was 

performed for β-actin, Tjp1, Tjp2, Ocln, Cldn2, Cldn3, Cldn4, Cldn7, Cldn12, Cldn15 and 

Muc2 with primers listed in the Key Resource Table.

ELISA on KD and febrile childhood control sera.—Human sera Zonulin (Alpco), 

sIgA (Cloud-Clone Corp.) and Calprotectin (R&D systems) concentrations were measured 

by ELISAs according to the manufacturer’s instructions. Those measurements were only 

performed when enough volume of human serum sample was available to perform the assay.

Statistical Analysis.—Statistical analyses of data are described in figure legends. 

Statistics were done with Prism software (GraphPad). A p-value of p<0.05 was considered 

statistically significant. *: p<0.05, **: p<0.01, ***: p<0.001 and ****p<0.0001. Results are 

reported as mean ± SEM.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• IL-1β-driven increased intestinal permeability is observed in murine KD 

model

• Blocking intestinal permeability or IgA production decreases murine KD 

vasculitis

• IgA and IgA-C3 are observed in cardiovascular lesions of murine KD model

• KD vasculitis may be a form of IgA vasculitis involving a gut-vascular axis
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Figure 1. Defective intestinal barrier and abnormal small intestinal TJ expression in LCWE-
induced KD vasculitis.
(A) H&E staining of heart sections and heart vessels inflammation score of PBS or LCWE-

injected WT mice (n=10 per group). Scale bars: 500μm. (B) Pictures of abdominal area, 

H&E staining of abdominal aorta cross-section and maximal abdominal aorta diameter of 

PBS or LCWE-injected WT mice (n=10 per group). Scale bars: 200μm. (C) FITC-dextran 

intestinal permeability assay in WT mice 24 h after PBS or LCWE-injection (n=18 per 

group). Data normalized to PBS controls. (D) Serum LPS concentrations of PBS or LCWE-

injected WT mice at 24 h and 1 wk post-injection (n=8–17 per group). (E) SI expression of 

TJ components relative to β-actin 24 h after PBS or LCWE injection (n=10 per group). (F, 
G) ZO-1 (red, left panel) and OCLN (red, right panel) immunofluorescent staining (F) and 

immunofluorescence intensity quantification (G) in the SI of PBS or LCWE-injected WT 

mice 24 h after injection. Scale bars: 25μm. (H, I) PV-1 immunofluorescence (green, H) and 

immunofluorescence intensity (I) in SI sections of PBS or LCWE-injected WT mice 24 h 
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post-injection (n=4 per group). Scale bars: 50μm. (J-L) MUC2 immunofluorescent staining 

(J), immunofluorescence intensity quantification (K) and mRNA expression (L) in the SI of 

PBS or LCWE-injected WT mice (n=2–10 per group). Scale bars: 50μm. Nuclei were 

stained with DAPI (blue) in all the immunofluorescent staining. Data are presented as mean 

± s.e.m., *p<0.05, **p<0.01, ***p<0.001, ****p<0.001 by two-tailed unpaired t test or and 

1-way ANOVA with Bonferroni post-test analysis (D). Data representative of a least 3 

independent experiments (A, B) or compiled from 2 independent experiments (C-E). CA, 

coronary artery; Ao, aorta; AU, arbitrary units. See also Figure S1.
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Figure 2. Intestinal permeability inhibitors significantly reduce LCWE-induced KD vasculitis.
(A) Zonulin (n=12 PBS; n=8 for 24 h and n=15 for 1 wk LCWE) and Calprotectin (n=9 

PBS; n=10 for 24 h and n=10 for 1 wk LCWE) concentrations in the serum of PBS or 

LCWE-injected WT mice. (B) Zonulin (n=25 control patients; n=30 KD patients including 6 

KD patients with coronary artery lesions (CAL) and Calprotectin (n=23 control patients; 

n=34 KD patients including 8 KD patients with CAL) concentrations measured in the serum 

of KD patients pre-IVIG treatment. Red circles indicate patients with CAL. (C) FITC-

Dextran intestinal permeability assay in WT mice 24 h after injection of PBS (n=15), LCWE 

(n=20) or LCWE with either AT1001 (n=10) or ML-7 (n=10). Data normalized to PBS 

control mice. (D) Serum LPS concentrations in PBS (n=8), LCWE (n=10), or LCWE-

injected WT mice treated with either AT1001 (n=7) or ML-7 (n=10). (E, F) Heart sections 

H&E staining (E) and heart vessels inflammation score (F) of PBS (n=10), LCWE (n=20) or 

LCWE-injected WT mice treated with either AT1001 (n=10) or ML-7 (n=10). Scale bars: 
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500μm. (G, H) Representative pictures of abdominal area, H&E staining of abdominal aorta 

cross-section (G) and maximal abdominal aorta diameter (H) of the mouse groups shown in 

(E, F). Scale bars: 250μm. Data are mean ± s.e.m. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.001 by two-tailed unpaired t test (B) or 1-way ANOVA with Bonferroni post-tests 

(A, C, D, F and H). Data compiled from 2 independent experiments. CA: coronary artery; 

Ao: aorta; CAL: coronary artery lesions.
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Figure 3. Increased IgA production during LCWE-induced KD vasculitis.
(A) sIgA concentrations measured in the serum of KD patients pre-IVIG treatment (n=22 

control patients; n=34 KD patients including 8 KD patients with CAL). Red circles indicate 

patients with CAL. (B) sIgA concentrations in the serum of PBS or LCWE-injected WT 

mice (n=10 per group). (C) sIgA concentrations in the serum of PBS, LCWE-injected and 

LCWE-injected WT mice treated with AT1001 or ML7 (n=8–10 per group). (D) Intestinal 

luminal concentrations of IgA, IgM and IgG in PBS or LCWE-injected WT mice (n=10–15 

per group). (E, F) Flow cytometric analysis (E), enumerated frequencies and absolute 

numbers (F) of GC B cells (viable CD3− CD19+ CD95+ GL7+ cells) present in the spleen, 

AA LN, MLN, PP, SI and colon LP of PBS or LCWE-injected WT mice (n=6–10 mice per 

group). (G, H) Flow cytometric analysis (G), enumerated frequencies and absolute numbers 

(H) of IgA+ B cells (defined as viable CD3− CD19+ IgA+ cells) present in the spleen, AA 

LN, MLN, PP, SI and colon LP of PBS or LCWE-injected WT mice (n=6–10 mice per 

group). Data are presented as mean ± s.e.m., *p<0.05, **p<0.01, ***p<0.001 by two-tailed 

unpaired t test and 1-way ANOVA with Bonferroni post-tests analysis. Data compiled from 

2 to 3 independent experiments. See also Figure S2.
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Figure 4. IgA-C3 immune complex deposition in vascular tissues and kidneys during vasculitis.
(A, B) Immunostaining of CD31 (green) and IgA (red) in heart (A) and abdominal aorta 

sections (B) of PBS, LCWE and LCWE-injected mice treated with AT1001. Scale bars: 

100μm (A) and 25μm (B). (C, D) Immunostaining of CD31 (green), C3 (teal) and IgA (red) 

in heart (C) and abdominal aorta sections (D) of PBS or LCWE-injected mice. Scale bars: 

50μm (C) and 25μm (D). (E) PAS staining and glomeruli mesangial cell proliferation and 

expansion score observed in the kidneys of PBS (n=10) or LCWE-injected mice (n=7); 

magnification 400x. (F) Immunostaining of CD31 (green), C3 (teal) and IgA (red) in kidney 

sections of PBS or LCWE-injected mice. White arrows indicate C3 and IgA colocalization. 

Scale bars: 50μm. Data in E are mean ± s.e.m., *p<0.05, **p<0.01, ***p<0.001 by two-

tailed unpaired t test. Immunofluorescence images are representative of n= 4–8 per group 

and nuclei were stained with DAPI (blue). Data representative of 2 independent experiments. 

See also Figure S3.
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Figure 5. IgA promotes coronary vasculitis and abdominal aorta dilation.
(A) Heart vessels inflammation score and maximal abdominal diameter of WT and Fcamr−/− 

mice 1 wk post-LCWE injection (n=10 per group). (B) Heart vessels inflammation score and 

maximal abdominal diameter of WT and Igha−/− mice 1 wk post-LCWE injection (n=10–11 

per group). (C, D) H&E and immunofluorescent staining for CD31 (green) and IgA (red) in 

heart sections (C) and abdominal aorta (D) of PBS or LCWE-injected WT mice. Scale bars: 

200μm (C) and 50μm (D). (E, F) Representative H&E staining of heart sections (E) and 

heart vessels inflammation score (F) of LCWE-injected Igha−/− and LCWE-injected Igha−/− 

mice that received CD45.1+ CD19+ IgA+ B cells (n=9–10 per group). Scale bars: 500μm. 

(G, H) Representative pictures of abdominal area, H&E staining of abdominal aorta cross-

section (G) and maximal abdominal aorta diameter (H) of Igha−/− and Igha−/− mice that 

received CD45.1+ CD19+ IgA+ B cells injected with LCWE (n=9–10 per group). Scale bars: 

250μm. (I-L) Representative H&E sections and immunostaining of CD31 (green) and IgA 
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(red) and IgA immunofluorescence quantification in heart (I, J) and abdominal aorta sections 

(K, L) of Igha−/− and Igha−/− mice that received CD45.1+ CD19+ IgA+ B cells and were 

injected with LCWE (n=4 per group). Scale bars: 100μm (I) and 50μm (K). Data are 

presented as mean ± s.e.m. **p<0.01, ***p<0.001 by two-tailed unpaired t test. Nuclei were 

stained with DAPI (blue) in all the immunofluorescent staining. Data pooled from 2 to 3 

independent experiments. AU; arbitrary units. See also Figures S4, S5 and S6.
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Figure 6. IVIG treatment blocks intestinal permeability and IgA tissue deposition in LCWE-
injected mice.
(A) FITC-dextran intestinal permeability assay in WT mice 24 h after PBS (n=10), LCWE 

(n=12) and LCWE injection with IVIG treatment (n=10). Data normalized to PBS controls. 

(B, C) H&E staining of heart sections (B) and heart vessels inflammation score (C) of PBS, 

LCWE-injected and LCWE-injected IVIG-treated WT mice 1 wk post-LCWE injection 

(n=10 per group). Scale bars: 500μm. (D-F) Representative pictures of abdominal area (D), 

H&E staining of abdominal aorta cross-sections (E) and maximal abdominal aorta diameter 

(F) of the mouse groups in (B, C). Scale bars: 250μm. (G) SI IgA concentrations in PBS, 

LCWE-injected and LCWE-injected IVIG-treated WT mice 1 wk post-LCWE injection 

(n=5 per group). (H) H&E staining of heart coronary artery, abdominal aorta and 

immunostaining of CD31 (green) and IgA (red) in the heart and abdominal aorta sections of 

WT mice injected with PBS, LCWE and LCWE-injected IVIG-treated mice (n=4 per 

group). Scale bars: 25μm. (I) IgA immunofluorescence intensity quantification in the heart 
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and abdominal aorta of WT mice injected with PBS, LCWE and LCWE-injected IVIG-

treated mice. Data are presented as mean ± s.e.m., *p<0.05, ***p<0.001 and ****p<0.0001 

by 1-way ANOVA with Bonferroni post-tests. Data in A, C and F are compiled from two 

independent experiments and data in G are representative of 2 independent experiments. 

Immunofluorescence images are representative of n=4 mice per group and nuclei were 

stained with DAPI (blue). CA: Coronary Artery; Ao: Aorta; AU: Arbitrary Units.
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Figure 7. IL-1β signaling in intestinal epithelial cells is required for LCWE-induced KD 
vasculitis.
(A) Scheme for the generation of Vil1CreIl1r1Δ/Δ mice. (B) Immunofluorescence analysis 

showing absence of IL-1R1 expression (red) in SI sections of Vil1CreIl1r1Δ/Δ as compared 

with Il1r1fl/fl mice. (C) FITC-dextran intestinal permeability assay in PBS-injected Il1r1fl/fl, 

LCWE-injected Il1r1fl/fl and LCWE-injected Vil1CreIl1r1Δ/Δ 24 h post-injection (n=7–10 per 

group). Data normalized to PBS controls. (D, E) Representative H&E staining of heart 

sections (D) and heart vessels inflammation score (E) of LCWE-injected Il1r1fl/fl and 

Vil1CreIl1r1Δ/Δ (n=14 per group). Scale bars: 500μm. (F) Representative pictures of 

abdominal area and H&E staining of abdominal aorta cross-section from LCWE-injected 

Il1r1fl/fl and Vil1CreIl1r1Δ/Δ. Scale bars: 200μm. (G) Measurement of maximal abdominal 

diameter of LCWE-injected Il1rl1fl/fl and Vil1CreIl1r1Δ/Δ (n=12–14 per group). (H) 

Representative H&E sections and immunostaining of CD31 (green) and IgA (red) in the 

heart coronary artery of LCWE-injected Il1r1fl/fl (1; non-obstructed and 2; obstructed 
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coronary) and Vil1CreIl1r1Δ/Δ. Scale bars: 25μm. (I) H&E abdominal aorta cross sections 

staining and immunostaining of CD31 (green) and IgA (red) in the abdominal aorta of 

LCWE-injected Il1r1fl/fl. Scale bars: 10μm. (J) IgA immunofluorescence quantification in 

the heart and abdominal aorta of LCWE-injected Il1rl1fl/fl and Vil1CreIl1r1Δ/Δ (n=5 per 

group). Data are presented as mean ± s.e.m. *p<0.05,**p<0.01, ***p<0.001 by 1-way 

ANOVA with Bonferroni post-test (C) or two-tailed unpaired t test (E, G and J) and pooled 

from 2 to 4 independent experiments.

Rivas et al. Page 32

Immunity. Author manuscript; available in PMC 2020 September 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Rivas et al. Page 33

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-mouse CD3ε – APC/Cy7 (145–2C11) BioLegend Cat# 100222, RRID:AB_2242784

Anti-mouse CD3ε – FITC (145–2C11) Tonbo Biosciences Cat# 35–0031, RRID:AB_2621659

Anti-mouse CD3ε – PerCP/Cy5.5 (145–2C11) BioLegend Cat# 100330, RRID:AB_1877170

Anti-mouse CD4 – PerCP Cy5.5 (RM4–5) Tonbo Biosciences Cat # 65–0042, RRID:AB_2621876

Anti-mouse CD19 – eFluor 450 (eBio1D3) Thermo Fisher Scientific Cat# 48–0193-82, 
RRID:AB_2734905

Anti-mouse CD45.1 – APC/Cy7 (A20) Tonbo Biosciences Cat# 25–0453, RRID:AB_2621629

Anti-mouse CD45.2 – FITC (104) Tonbo Biosciences Cat# 35–0454, RRID:AB_2621692

Anti-mouse CD95 (Fas) – FITC (SA367H8) BioLegend Cat# 152605, RRID:AB_2632900

Anti-mouse/human GL7 – PerCP/Cy5.5 (GL-7) Biolegend Cat# 144609, RRID:AB_2562978

Anti-mouse IgA – PE (mA-6E1) Thermo Fisher Scientific Cat# 12–4204-82, 
RRID:AB_465917

Anti-MUC2 antibody (C3) GeneTex Cat# GTX100664

OCLN Polyclonal Antibody Thermo Fisher Scientific Cat # 40–4700 RRID:AB_2533468

ZO-1 Polyclonal Antibody Thermo Fisher Scientific Cat# 402200 RRID:AB_2533456

Anti-CD31 antibody Abcam Cat# ab28364 RRID:AB_726362

Anti-mouse CD31 (PECAM-1; 390) Thermo Fisher Scientific Cat# 16–0311-81 RRID:AB_468931

Mouse IgA Antibody Bethyl Cat# A90–103P, RRID:AB_67140

Panendothelial Cell Antigen Antibody (PV1; MECA-32) Novus Cat# NB100–77668 
RRID:AB_2276108

Mouse pIgR Antibody R&D Systems Cat# AF2800, RRID:AB_2283871

C3 antibody (11H9) Abcam Cat# 11862 RRID:AB_2066623

CD19 Monoclonal Antibody (6OMP31) Thermo Fisher Scientific Cat# 11–0194-80 
RRID:AB_2637170

Rat Anti-Murine IL1R-I Monoclonal, Unconjugated (m0013–11b7) Novus Cat# NB110–85471 
RRID:AB_1201285

Donkey Anti-Goat IgG (H+L) Antibody – Alexa Fluor 647 Molecular Probes Cat# A-21447 RRID:AB_141844

Donkey Anti-Goat IgG (H+L) Antibody – Alexa Fluor 594 Molecular Probes Cat# A-11058 RRID:AB_142540

Donkey Anti-Rat IgG (H+L) – Alexa Fluor 488 Molecular Probes Cat# A-21208 RRID:AB_141709

Donkey Anti-Rabbit IgG (H+L) – Alexa Fluor 488 Abcam Cat# ab150065

Donkey Anti-Rat IgG (H+L) – Alexa Fluor 555 Abcam Cat# ab150154

Bacterial strains

Lactobacillus casei subsp. casei (OrlaJensen) Hansen and Lessel ATCC ATCC #11578

Biological Samples

Healthy and KD patient sera This Study N/A

Murine Abdominal Aorta This Study N/A

Murine Blood This Study N/A

Murine Heart This Study N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Murine Small Intestine This Study N/A

Murine Colon This Study N/A

Murine Mesenteric Lymph Nodes This Study N/A

Murine Abdominal Aorta Lymph Nodes This Study N/A

Murine Kidneys This Study N/A

Chemicals, Peptides, and Recombinant Proteins

AT1001 Dr. Alessio Fasano N/A

ML-7 Sigma-Aldrich Cat# I2764

Fixable Viability Dye (FVD) – eFluor 506 Thermo Fisher Scientific Cat# 65–0866-14

CountBright Absolute Counting Beads, for flow cytometry Thermo Fisher Scientific Cat# 675269

Fluorescein isothiocyanate-dextran FD4 Sigma-Aldrich Cat# FD4–250MG

Sodium dodecyl sulfate solution Sigma-Aldrich Cat# 05030

Eosin Y solution Sigma-Aldrich Cat# HT110132

Hematoxylin Solution, Harris Modified Sigma-Aldrich Cat# HHS32

MRS Broth Millipore Sigma Cat# 110661

ProLong Gold Antifade Mountant with DAPI Thermo Fisher Scientific Cat# P36931

Gamunex® -C Grifols N/A

SYTO™ BC Green Fluorescent Nucleic Acid Stain Thermo Fisher Scientific Cat# S34855

TRIzol™ Reagent Thermo Fisher Scientific Cat# 15596018

RNAlater RNA Stabilization Reagent Qiagen Cat# 76104

Critical Commercial Assays

Mouse Secretory Immunoglobulin A (sIgA) ELISA Kit, Cloud-Clone. ARP American Research 
Products

Cat# SEA641Mu

Human Secretory Immunoglobulin A (sIgA) ELISA Kit, Cloud-Clone. ARP American Research 
Products

Cat# SEA641Hu

Mouse IgA ELISA Quantification Set Bethyl Cat# E90–103

Mouse IgG ELISA Quantification Set Bethyl Cat# E90–131

Mouse IgM ELISA Quantification Set Bethyl Cat# E90–101

Mouse Zonulin ELISA Kit MyBioSource Cat# MBS748504

Mouse Endotoxin ELISA Kit MyBioSource Cat# MBS722939

Human Zonulin Serum ELISA Alpco Cat# 30-ZONSHU-E01

Mouse S100A8/S100A9 Heterodimer DuoSet ELISA R&D systems Cat# DY8596–05

Human S100A8/S100A9 Heterodimer Quantikine ELISA Kit R&D systems Cat# DS8900

Lamina Propria Dissociation Kit, mouse Miltenyi Biotec Cat# 130–097-410

Alcian Blue -P.A.S Stain Kit American MasterTech Cat# KTAPA

Periodic Acid Schiff (PAS) Stain kit Abcam Cat# ab150680

SDS-out SDS precipitation Kit Thermo Fisher Scientific Cat# 20308

NAb™ Protein A/G Spin Kit, 1 mL Thermo Fisher Scientific Cat# 89980

RNeasy Midi Kit Qiagen Cat# 75144

TB Green Premix Ex Taq II (Tli RNase H Plus) Takara Bio Cat# RR820A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited Data

N/A

Experimental Models: Organisms/Strains

C57BL/6J The Jackson Laboratory Stock 000664

B6.SJL-Ptprca Pepcb/BoyJ The Jackson Laboratory Stock 002014

B6.Cg-Tg(Vil1-cre)997Gum/J The Jackson Laboratory Stock 004586

B6.129S4-Gt(ROSA)26Sortm1(FLP1)Dym/RainJ The Jackson Laboratory Stock 009086

Il1r1fl/fl Cedars Sinai Medical 
Center, Los Angeles, CA

Dr. Moshe Arditi

Igha−/− Cedars Sinai Medical 
Center, Los Angeles, CA

Dr. Masayuki Fukata

Fcα/μR−/− University of Tsubuka, 
Ibaraki, Japan

Dr. Akira Shibuya

Oligonucleotides

Il1r1fwd:GAGGTATGGACGGGGAGAGGAAGC
LoxP rev: TGAACTGATGGCGAGCTCAGACC

This Study N/A

Actb fwd: CTTCTTTGCAGCTCCTTCGTT
Actb rev: TTCTGACCCATTCCCACCA

This Study N/A

Tjp1 fwd: GCGCGGAGAGAGACAAGATG
Tjp1 rev: CTGTGAAGCGTCACTGTGTG

This Study N/A

Tjp2 fwd: GCCTACGAGAAGGTTCTGCT
Tjp2 rev: AGATCCGGCATCTTTGGGTT

This Study N/A

Ocln fwd: GTGAGCACCTTGGGATTCCG
Ocln rev: TTCAAAAGGCCTCACGGACA

This Study N/A

Cldn2 fwd: CTCTTCGAAAGGACGGCTCC
Cldn2 rev: CAGTGTCTCTGGCAAGCTGA

This Study N/A

Cldn3 fwd: GACCGTACCGTCACCACTAC
Cldn3 rev: CAGCCTAGCAAGCAGACTGT

This Study N/A

Cldn4 fwd: ACACGTTACTCCAGCGCTAC
Cldn4 rev: CTCTCAATGGCCCCTCAGTC

This Study N/A

Cldn7 fwd: AATGTACGACTCGGTGCTCG
Cldn7 rev: GTGTGCACTTCATGCCCATC

This Study N/A

Cldn8 fwd: GCAGTGCAAGGTCTACGACT
Cldn8 rev: CATTCCGAGGATGGCTGTCA

This Study N/A

Cldn12 fwd: CAAGGTATTCCCGAGCGGAG
Cldn12 rev: GCACATCTGCACACAAAGCA

This Study N/A

Cldn15 fwd: CGTGGGCAACATGGATCTCT
Cldn15 rev: CCACGAGATAGCCACCATCC

This Study N/A

MUC2 fwd: ATGCCCACCTCCTCAAAGAC
MUC2 rev: GTAGTTTCCGTTGGAACAGTGAA

This Study N/A

Recombinant DNA

N/A

Software and Algorithms

FlowJo 10 FlowJo LLC https://www.flowjo.com/

GraphPad Prism 7 GraphPad Software, Inc. https://www.graphpad.com/

Image J Image J https://imagej.nih.gov/ij/

Keyence BZ-analyzer Keyence https://www.keyence.com
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REAGENT or RESOURCE SOURCE IDENTIFIER

Gimp 2.8.10 GIMP https://www.gimp.org

Other

75 mm Hematocrit Tubes Fisher Scientific Cat # 21–176-6

Fisherbrand™ Superfrost™ Plus Microscope Slides, Superfrost Plus Fisher Scientific Cat# 12–550-15

Tissue-Tek® O.C.T. Compound, Sakura ® Finetek VWR Cat# 25608–930

Parablast® embedding agent for histology VWR Cat# 15159–409
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