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Abstract  
 
Environmental triggers, including those from pathogens, are thought to play an important 

role in triggering autoimmune diseases, such as vasculitis, in genetically susceptible 

individuals. The mechanism by which activation of the innate immune system contributes to 

vessel-specific autoimmunity in vasculitis is not known. Systemic administration of 

Candida albicans water-soluble extract (CAWS) induces vasculitis in the aortic root and 

coronary arteries of mice that mimics human Kawasaki disease. We found that Dectin-2 

signaling in macrophages resident in the aortic root of the heart induced early CCL2 

production and the initial recruitment of CCR2+ inflammatory monocytes (iMo) into the 

aortic root and coronary arteries.  iMo differentiated into monocyte-derived dendritic cells 

(Mo-DC) in the vessel wall and were induced to release IL-1b in a Dectin-2-Syk-NLRP3 

inflammasome dependent pathway. IL-1b then activated cardiac endothelial cells to express 

CXCL1 and CCL2 and adhesion molecules that induced neutrophil and further iMo 

recruitment and accumulation in the aortic root and coronary arteries. Our findings 

demonstrate that Dectin-2-mediated induction of CCL2 production by macrophages resident 

in the aortic root and coronary arteries initiates vascular inflammation in a model of 

Kawasaki disease, suggesting an important role for the innate immune system in initiating 

vasculitis. 
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Introduction  

Kawasaki disease (KD), first described as an acute febrile mucocutaneous lymph node 

syndrome in 1967 (1), is the most common systemic vasculitis of children and infants. KD 

is recognized as the leading cause of acquired heart disease among children in developed 

countries (2). KD primarily involves the coronary arteries, but vasculitis can occur at 

various sites throughout the body (3). Coronary artery abnormalities, including dilatation 

and aneurysms, are the most serious complications that develop in ~25% of untreated cases, 

which can lead to myocardial ischemia, infarction, and death (4). High-dose intravenous 

immunoglobulin (IVIG) therapy reduces the risk of coronary artery lesions (5), however, 

approximately 10-15% of the KD patients do not respond to IVIG, and appropriate 

treatment for these cases is not established (6). Therefore, understanding the pathogenesis of 

KD is critical for the rationale design of improved therapies for preventing the cardiac 

complications of KD.  

 

Although the etiology of KD is not known, an infectious agent has been suspected due to 

the reported seasonal peak during winter and spring seasons (7). Moreover, a number of 

studies have linked KD with exposure to freshly cleaned carpets, habitation near a body of 

water, and humidifier use. Various bacterial and viral agents have been implicated as 

potential causes of KD, but no proof has emerged to incriminate a single pathogen (8). In 

addition, there is also growing evidence supporting genetic contributions to the 

susceptibility to KD (9). These findings suggest that infectious triggers in genetically 

susceptible individuals likely play an important role in the development of KD vasculitis.  
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Because of inherent difficulties in studying human patients with vasculitis, animal models 

have served as important tools for improving our understanding of the basic mechanisms 

underlying the pathogenesis of vasculitis (10). Over the last few decades, several murine 

models of KD have been developed that share pathological features with the human disease, 

including the Candida albicans water-soluble extract (CAWS)-induced vasculitis model 

(11, 12), the Lactobacillus casei cell wall extract (LCWE)-induced vasculitis model (13), 

and the NOD1 ligand-induced vasculitis model (14). Although animal models are not 

identical to human disease and it is not established that Candida causes KD, previous 

studies have suggested that exposure to wind-borne Candida species might be one trigger 

for KD (15-17).  In addition, it has been reported that anti-Candida cell wall beta-glucan 

serum antibody titers are higher in KD patients compared to normal controls (18). These 

reports suggest potential physiological relevance for the CAWS-induced vasculitis model.  

Interestingly, all of these models have in common strong innate immune system activation 

by Pathogen-Associated Molecular Patterns (PAMPs). Pattern recognition receptors (PRR), 

including TLRs, retinoic acid-inducible gene-I-like receptors (RLR), and C-type lectin 

receptors (CLR), recognize PAMPs and initiate the innate immune response (19).  

 

Here we explored the mechanism by which the initiation of an innate immune response 

leads to vasculitis using the CAWS-induced murine model of vasculitis. CAWS consists of 

Candida albican’s cell wall, including α-mannan and β-glucan (20). Both CLRs and TLRs 

play a role in Candida recognition. Among the CLRs, Dectin-1 recognizes β-glucans 

whereas Dectin-2 recognizes α-mannans in fungal cell walls (21, 22). Both Dectin-1 and 

Dectin-2 are glycosylated type II transmembrane proteins, which are mainly expressed on 
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myeloid cells, and induce cytokines and reactive oxygen species to protect hosts from 

fungal infection through activation of a spleen tyrosine kinase (Syk)-CARD9-NF-kB 

pathway in DCs and macrophages (23). Whereas Dectin-1 has a tyrosine-based activation 

motif (ITAM)-like motif (hemITAM) in its intracellular region, Dectin-2 associates with an 

ITAM-containing Fc receptor (FcR) g signaling chain. Among the TLRs, TLR2 recognizes 

phospholipomannan while TLR4 recognizes O-linked mannosyl residues of the Candida 

cell wall, which are involved in the induction of host immune response to Candida (24). 

   

Here we describe a novel mechanism whereby the innate immune response ignites 

autoimmune vessel specific inflammation. We show that CAWS antigen is preferentially 

deposited in the adventitia of the aortic root where is recognized by Dectin-2 expressed on 

resident macrophages in the adventitia.  Dectin-2-activated resident macrophages produce 

CCL2, which induces the recruitment of inflammatory monocytes (iMo) into the aortic root, 

which the initial step required for the induction of aortic root and coronary artery vasculitis 

resembling KD.  iMo differentiate into monocyte-derived dendritic cells (Mo-DC) and 

produce IL-1b via a Dectin-2-NF-kB-NAPL3 inflammasome pathway, resulting in 

chemokine production in the inflamed vessel amplifying neutrophil and iMo recruitment. 
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Results  
 
CAWS induces inflammatory cell recruitment into the aortic root area. 

CAWS induces marked inflammatory cell infiltration into the aortic root area (Figure 1A). 

To clarify the temporal and spacial distribution of inflammatory cell infiltration into the 

heart during the development of CAWS-induced arteritis, we analyzed the number of 

inflammatory cells in coronal section of the entire heart before and on days 1, 7 and 28 after 

beginning CAWS injection on day 0 by IHC using Ly6G/Ly6C to stain neutrophil and iMo 

and F4/80 to stain resident macrophage (Fig. 1B and C). The vast majority of Ly6G/Ly6C+ 

and F4/80+ cells accumulated in the aortic root area during the development of vasculitis 

peaking on day 28 with a small number of Ly6G/Ly6C+ cells transiently observed in the 

myocardium on day 1 (Supplemental Fig. 1). These results suggest that CAWS injection 

induces inflammatory cell recruitment mainly into the aortic root area as has been 

previously reported (11, 12, 25).  These results indicate that while we have used the entire 

heart for subsequent FACS analysis, it is presumed that the majorty of inflammatory cells 

detected by flow cytometry were from the aortic root area of the heart. 

 

To define the initiating events promoting coronary arteritis, we performed a detailed kinetic 

analysis of myeloid cell subset recruited into the heart after 5 daily intraperitoneal injections 

of CAWS into C57BL/6 WT mice. Whole heart cell suspensions were obtained after 

enzyme digestion and analyzed by flow cytometry on days 0, 1, 2, 4, 7 and 28 after the first 

dose of CAWS. After gating on live CD45+ cells and excluding cells expressing CD90.2, 

CD19 and NK1.1 to remove T cells, B cells and NK cells, a sequential gating strategy was 

employed based on the differential expression of CD11b, Ly6G, CD64, MerTK, Ly6C, 
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MHCll and CD11c to define myeloid cell subsets (26, 27). This allowed the identification of 

cardiac macrophages (CD64+MerTK+), neutrophils (CD11b+Ly6G+), cDC 

(CD11c+MHCll+), Ly6Chi monocytes (Ly6ChiMHCll-) and Mo-DC (Ly6Clo/-MHCll+) in the 

heart (Fig. 1D). Using this gating strategy, we found that there was a burst of Ly6Chi 

monocyte and neutrophil infiltration on day 1 (initial phase) after CAWS injection followed 

by a decrease by day 2. Thereafter the number of Mo-DC started to increase on day 7 

(middle phase) followed by a massive influx of neutrophils on day 28 (late phase) (Fig. 1E).   

 

To determine the contribution of circulating cells to the increase in immune cells recovered 

from the heart following CAWS injection, a parabiosis experiment was performed. CD45.1+ 

and CD45.2+ mice were co-joined for 2 weeks to allow for the establishment of a joined 

circulation followed by the injection of CAWS into both parabionts (Fig. 1F).  Mice were 

harvested two weeks after the initial CAWS injection and the ratio of CD45+ cells derived 

from the host and partner was ~60:40 in the heart, which was the same ratio as observed in 

blood. This demonstrates that the inflammatory cells found in the heart after CAWS 

injection were recruited from the circulation (Fig. 1G). The chimerism of each myeloid cell 

type was also ~60:40 in the heart (Fig. 1, H and I). These data show that the immune cells 

within the inflamed cardiac tissues were mainly recruited from the blood. 

 

CCL2 is induced in heart and promotes CCR2+ monocyte recruitment. 

Given the rapid infiltration of innate immune cells after CAWS injection, we next examined 

chemokine expression in the entire heart during the development of arteritis. Chemokine 

mRNA levels in the heart were induced differently over time following CAWS injection 
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(Supplemental Fig. 2). At day 1 after the 1st CAWS injection, several monocyte-attracting 

chemokines, including the CCR2 ligands CCL2, CCL7, and CCL12, were induced. CCR2 

ligands peaked at day 1 while neutrophil-attracting chemokines, such as the CXCR2 ligands 

CXCL1 and CXCL2, peaked at day 28. These data suggest that during the course of 

CAWS-induced coronary inflammation, monocytes expressing CCR2 are recruited into the 

heart at early time points, while CXCR2-expressing PMNs are recruited into the heart at 

later time points. A detailed time course of CCL2 expression demonstrated a transient 

increase at day 1 after CAWS injection (Fig. 2A).  Remarkably, CCL2 was exclusively 

expressed in the heart at day 1 post CAWS injection, and was not detected in other organs at 

this time point, including lung, spleen, kidney and liver (Fig. 2B).  Other CCR2 ligands, 

such as CCL7 and CCL12, were also exclusively induced in the heart one day following 

CAWS injection, while other chemokines tested were not specifically induced in the heart 

(Supplemental Fig. 3).  

 

To determine the role of CCR2 in monocyte trafficking from the blood into the heart, we 

performed adoptive transfer competitive trafficking experiments using WT and Ccr2-/- 

monocytes.  WT monocytes were purified from LysM-GFP mice where expression of the 

green fluorescent protein (GFP) is driven by the lysozyme M promoter, resulting in GFP 

positive neutrophils and monocytes (28). Ccr2-/- monocytes were purified from CCR2-red 

fluorescent protein knock-in mice, which lack CCR2 in Ccr2RFP/RFP  homozygous mice (29). 

Equal numbers of Ccr2+/+GFP+ and Ccr2-/-RFP+ monocytes were isolated from the bone 

marrow of naïve mice, mixed 1:1 and intravenously injected into WT mice along with 

intraperitoneal CAWS injection. 20h after adoptive transfer, tissues were harvested and 



 9 

analyzed for the presence of the Ccr2+/+GFP+ and Ccr2-/-RFP+ cells (Fig. 2C). The ratio 

of Ccr2+/+ and Ccr2−/−monocytes in the heart was skewed towards Ccr2+/+ monocytes at 

~3:1 ratio while Ccr2+/+ and Ccr2−/−monocytes was found in the blood in a 1:1 ratio (Fig. 

2, D and E).  We also tracked the transferred WT GFP+ bone marrow-derived monocytes 

(BMDM) on day 7 after CAWS injection (Fig. 2F). This revealed that the transferred 

monocytes not only migrated into the heart but also differentiated into CD11c+MHC-II+ 

Mo-DCs in the heart, which we found began to accumulate in the aortic root of the heart on 

day 7 (Fig 1B). GFP+ cells in the heart showed increased expression of CD11c, MHC-II, 

CD172a and CD24, and decreased Ly6C expression, compared to the expression of these 

markers on these cells pretransfer (Fig. 2, G and H), which is consistent with the 

transferred monocytes differentiating into Mo-DCs. 

 

Given the importance of the CCL2/CCR2 pathway in early monocyte recruitment into the 

heart, we evaluated the vasculitis scores at day 28 in Ccr2+/+ and Ccr2−/− mice. Notably, 

Ccr2−/− mice were totally protected from development of vasculitis (Fig. 2, I and J). These 

results demonstrate that CAWS induced the CCR2-dependent recruitment of iMo into the 

heart in the early phase of cardiac inflammation and this process was necessary for 

induction of vasculitis. 

 

Cardiac resident macrophages are the main source of CCL2 in the early phase of 

vasculitis.   Given the specific induction of CCL2 in the heart on day 1 after CAWS 

injection, we sought to identify the cellular source of CCL2 production using Ccl2-RFPflox 

mice, which report the cellular expression of the CCL2 protein (30). As shown by flow 
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cytometric analysis of the entire heart obtained from Ccl2-RFPflox mice, CCL2 was 

expressed by heart cells at 6h and became prominent at 18h after CAWS injection (Fig. 

3A). To determine whether cardiac stromal cells or leukocytes are producing CCL2, we 

compared CCL2 expression in four cell subsets in the heart: cardiac leukocytes 

(CD45+CD31-), endothelial cells (CD45-CD31+), fibroblasts (CD45-CD31- gp38+), and 

other stromal cells (CD45-CD31- gp38-) as previously described (25) (Fig. 3A). Strikingly, 

leukocytes were the most abundant CCL2 producers at both 6h and 18h after CAWS 

injection with minor production by fibroblasts (Fig. 3B). Among the leukocyte population, 

CD64+MerTK+ cardiac macrophages preferentially expressed CCL2 on day 1 after CAWS 

injection compared to other cell types (Fig. 3C). We further characterized cardiac 

macrophages in the enitre heart on day 1 following CAWS injection by flow cytometry 

(Supplementary Fig. 4). Cardiac macrophages uniformly expressed high levels of CD11b 

and F4/80 and CD11c at lower levels. A subpopulation of cardiac macrophages also 

expressed MHC-II and Dectin-2 but cardiac macrophages did not express CCR2 or Ly6C. 

These results suggest that cardiac resident macrophages are the major source of early CCL2 

production in the heart following CAWS injection.  

 
CCL2 is produced by CD11b+Dectin-2+ resident cardiac macrophages in the adventitia 

of the aortic root and coronary vessels.  To visualize the location of CCL2-producing 

cells, we histologically analyzed heart tissue from Ccl2-RFPflox mice on day 1 after CAWS 

injection and detected CCL2 protein expression in adventia of the aortic root and coronary 

arteries (Fig. 4A-D).  While there was autofluorescence from cardiac myocytes, we could 

identify CCL2 protein expression associated with CD11b+ and Dectin-2+ cells, as well as 

occasional associated with CD11c+ cells, but not with Ly6G+ neutrophils, confirming that 
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CD11b+ Dectin-2+ cardiac macrophages were the main source of CCL2 on day 1. To 

determine the pattern of CCL2 expression in macrophages in the aortic root area and in the 

myocardium, we injected CAWS into Ccl2-RFPfl/fl reporter mice and harvested the heart on 

day 1 for immunofluorescence analysis following staining for CD11b. CCL2 was 

preferentially produced by CD11b+ cells in the  aortic root area compared to the 

myocardium (Supplemental Fig. 5). Although we have detected a number of CD11b+ in 

myocardium on day 1, most of the CD11b+ cells did not express CCL2. 

 
CAWS components are delivered to the adventitia of the aortic root.  Our results 

suggest that CCL2 was expressed exclusively in the heart one day following CAWS 

injection, and that the main source of CCL2 were cardiac macrophages. We next examined 

why and how cardiac macrophages are activated following CAWS injected into the 

peritoneal cavity. We first hypothesized that Dectin-2 expression might be higher in cardiac 

macrophages compared to macrophages from different organs, making them more sensitive 

to CAWS stimulaiton. However, qPCR analysis of sorted macrophages isolated for various 

organs of naïve mice indicated that Dectin-2 expression was not higher in cardiac 

macrophages compared to other organs (data not shown). Then we next asked if CAWS is 

delivered to the site of future inflammation in heart and thereby directly inducing 

macrophage activation.  To this end, we performed immunofluorescent staining for CAWS 

using an antibody that reacts with proteins in the soluble Candida albicans extract (Fig. 5A-

C). Intriguingly, Candida components (green) were detected on day 1 in the arotic root and 

were associated and with CD11b+ cells (red) (Fig. 5B). In contrast, Candida particle was 

barely detectable in other organs, such as the lung, spleen, liver and kidney, even though 

CD11b+ cells were present in these tissues (Fig. 5C). Notably, Candida particles were not 
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detected in the myocardium on day 1 following CAWS injection (Fig. 5 A and C).  These 

results suggest that the preferential deposition CAWS antigen in the adventitia of the aortic 

root, which is rich in vasa vasorum, and includes the ostium of the coronary arteries, 

determines the cardiac vessel specific inflammation in this model.  

 

Dectin-2 is required for CAWS-induced CCL2 production and development of 

arteritis.  Given the role of Dectin-2 in recognition of mannans and the expression of this 

PRR on cardiac macrophages, we sought to define the role of Dectin-2+ cardiac 

macrophages for CCL2 production after CAWS. As cardiac macrophages express F4/80 

(Supplementary Fig. 4), we isolated F4/80+ cells from single cell suspension of naïve 

hearts using magnetic-activated cell sorting and then stimulated these cells with CAWS. 

CCL2 production was induced by CAWS in F4/80+ cardiac macrophages derived from WT 

mice but not from Dectin-2-/- mice (Fig. 6A). Furthermore, CCL2 mRNA levels in heart 

tissue on day 1 following CAWS injection was markedly reduced in Dectin-2-/- mice 

compared to WT mice (Fig. 6B).  As cardiac fibroblasts also produced CCL2 after CAWS 

injection (Fig. 3B), we determined whether CAWS was also capable of directly stimulating 

CCL2 production in primary cardiac fibroblasts in vitro. Cardiac fibroblasts did not produce 

CCL2 mRNA or protein in response to CAWS stimulation in vitro; however, IL-1b, TNFa 

and LPS were able to induce CCL2 mRNA and protein in cardiac fibroblasts 

(Supplemental Fig. 6). While cardiac fibroblasts also contribute to CCL2 production in the 

heart, our results suggest they are not responding directly to CAWS but are presumably 

responding to other endogenous mediators released in the heart tissue in response to CAWS. 
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In addition to the CLRs Dectin-1 and Dectin-2, TLR2 and TLR4 have also been reported to 

recognize Candida PAMPs and contribute to Candida immunity (31). To determine which 

PRR is crucial for CAWS recognition and vasculitis induction, groups of Tlr4-/-, Tlr2 -/-, 

Dectin-1 -/- and Dectin-2-/- mice were injected with CAWS and vasculitis was assessed 

histologically. Dectin-2 -/- mice were completely protected from vasculitis, while Tlr4-/-, Tlr2 

-/- and Dectin-1 -/- mice were only partially protected from vasculitis compared to WT mice 

(Fig. 6, C and D). These results indicate that Dectin-2, which recognizes the α-mannans on 

fungal hyphae, is a critical PRR for CAWS-induced vasculitis. Dectin-2 signals through 

CARD9 and Syk, resulting in NF-κB activation (23). The FcRg chain is required for the 

surface expression and signaling of Dectin-2. Consistent with our Dectin-2-/- results, FcgR-/- 

and Card9-/- mice were also completely protected from CAWS-induced vasculitis (Fig. 6E). 

As a Dectin-2fl/fl strain was not available, we alternatively assessed the contribution of Syk-

dependent pathways directly in CD11c+ cells during the development of vasculitis. We 

crossed Sykfl/fl mice (32) with CD11c-Cre mice (33) to generate a CD11cΔSyk strain that 

specifically lacks Syk in CD11c expressing cells. Notably, CD11cΔSyk mice were 

completely protected from vasculitis compared to littermate controls (CD11cCre-Sykfl/fl) 

(Fig. 6F). One day after CAWS injection, CCL2 mRNA transcripts in the heart were 

markedly lower in CD11cΔSyk mice compared to control mice, implying a contribution of 

heart CD11c+ cells (possibly CD11c+ cardiac macrophages) in the production of CCL2 in 

response to CAWS (Fig. 6G).  

 

Dectin-2-dependent production of IL-1b from CD11c+ cells is required for CAWS-

induced arteritis. To examine the key cytokines in CAWS-induced arteritis we performed 
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qPCR analysis on RNA isolated from heart tissue on day 28 post CAWS treatment. IL-1b 

was highly expressed in the heart following CAWS treatment compared to other pro-

inflammatory cytokines, including IL-6, TNF-a and IL-1a (Fig. 7A). We then examined the 

role of IL-1a/b in the development of arteritis using IL1a-/-IL1b-/- mice. Remarkably, IL1a-/-

IL1b-/- mice were completely resistant to CAWS-induced arteritis (Fig. 7B). Next, we 

generated bone marrow chimeric (BMC) mice to address whether IL-1a/b are required in 

hematopoietic cells or radioresistant-resident cells for arteritis development. After bone 

marrow engraftment, chimeric mice were subjected to CAWS injection and vasculitis scores 

were evaluated on day 28 (Fig. 7C). BMC mice that had WT bone marrow transplanted into 

(→) WT recipient mice were susceptible to arteritis. In contrast, IL1a-/-IL1b−-/-→IL1a-/-IL1b-

/- controls were resistant to arteritis as were IL1a-/-IL1b-/-→ WT BMC. However, WT 

→IL1a-/-IL1b-/- BMC developed arteritis comparable to WT → WT controls (Fig. 7D). 

These results demonstrate that IL-1a/b expression in radiosensitive cells is necessary and 

sufficient for arteritis, whereas IL-1a/b expression in radioresistant cells does not contribute 

to the development of arteritis.  

 

To further identify the cellular source of IL-1b, we utilized pIL1b-DsRed transgenic mice 

expressing the Discosoma red fluorescent protein (DsRed) gene under the control of the IL-

1b promoter (34). We analyzed DsRed expressing leukocyte subsets in the heart during the 

course of arteritis using the gating strategy described in Supplemental Fig. 7. Distribution of 

IL-1b-producing DsRed+ cells showed that following CAWS injection, IL-1b was actively 

transcribed in neutrophils on day 1 (early phase) followed by Mo-DC on day 7 (middle 

phase) and then was abundantly produced in neutrophils on day 28 (late phase) (Fig. 7E). 
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To determine if Dectin-2 was necessary for IL-1b production in the heart, we evaluated IL-

1b expression in WT and Dectin-2-/-  hearts on days 7 and 28 after CAWS injection. IL-1b 

mRNA levels were markedly reduced in Dectin-2-/- hearts compared to WT hearts on days 7 

and 28 after CAWS injection (Fig. 7F). Similarly, IL-1b mRNA levels in CD11cΔSyk 

hearts were significantly reduced compared to control hearts on day 7 and 28 after CAWS 

injection (Fig. 7G). These results indicate that both Dectin-2 and Syk signaling in CD11c+ 

cells are required for IL-1b expression in the heart after CAWS injection. 

 

CAWS activates the NLRP3 inflammasome and promotes IL-1b production via 

Dectin-2. Translocation of cytoplasmic NF-kB p65 to the nucleus is a key step in activation 

of the NF-kB pathway. To determine whether Dectin-2 was required for CAWS-induced 

activation of the NF-kB pathway in BMDCs, NF-kB nuclear translocation was assessed by 

immunofluorescence staining. Sixty mins following stimulation of BMDC with CAWS, or 

LPS as a positive control, NF-kB p65 (red) was detected in the cell nucleus (blue).  CAWS 

induced NF-kB p65 translocation from the cytoplasm to the nucleus in WT BMDCs, but 

this translocation was largely absent in Dectin-2 -/- BMDCs (Fig. 8A). NF-kB nuclear 

translocation was assessed and quantified as the percentage of p65 nuclei-positively stained 

cells to total cells (Fig. 8B). Similar results were obtained from Dectin-2 -/- Mo-DCs (data 

not shown). Recognition of microbial signals by inflammasome proteins, such as NLRP3 

and AIM2, triggers assembly of the inflammasome. Upon formation of the inflammasome 

complex, procaspase-1 is cleaved into an active cysteine protease, which further cleaves IL-

1b into mature forms (35). To test the functional role of inflammasome activation for IL-1b 

production in CAWS-induced arteritis, groups of Aim2-/-, Nlrp3-/- or Caspase-1-/- mice were 



 16 

injected with CAWS and vasculitis was histologically evaluated. Deficiency of Nlrp3, 

Caspase-1 and IL-1a/b protected mice from arteritis, whereas mice deficient in Aim2 

developed full arteritis (Fig. 8, C and D).  

 

NLRP3 inflammasome activation requires 2 signals: “signal 1” NF-kB activation inducing 

the transcription of NLRP3 and pro-IL-1b; and “signal 2” NLRP3 inflammasome activation 

inducing the cleavage of pro-IL-1b into bioactive IL-1b (36). To investigate whether 

CAWS directly induced IL-1b production, BMDC from Aim2-/-, NLRP3-/- or Caspase-1-/- 

mice were stimulated with CAWS with or without the signal 1 inducer LPS or the signal 2 

inducer monosodium urate crystals (MSU) for 18h, and IL-1b release was determined. In 

combination with either LPS or MSU, CAWS synergistically promoted IL-1b secretion in a 

NLRP3- and Caspase-1-dependent manner (Fig. 8E). These results indicate that CAWS 

induces NLRP3/Caspase-1-dependent IL-1b maturation in DCs, which is required for 

CAWS-induced arteritis. Further, since CAWS synergized with both signal 1 and signal 2 

inducers, this suggest that CAWS can act as both a signal 1 and signal 2 inducer.   

 

BMDC from Dectin-1 -/-, Dectin-2-/- or Card9-/- mice were also stimulated with CAWS with 

or without the signal 2 stimulator MUC for 18h, and IL-1b release was determined. 

Secretion of IL-1b from CAWS-stimulated BMDCs was not observed in Dectin-2-/- and 

Card9-/- cells (Fig. 8F).  Similar results were obtained from Dectin-2 -/-  Mo-DCs (data not 

shown). These results demonstrate that CAWS directly acts as a “signal 1” and “signal 2” 

via Dectin-2 activation to induce the production of IL-1b in Mo-DC, which are the major 

IL-1b-producers on day 7. 
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Role of IL-1b for chemokine and adhesion molecule expression. 

MyD88 is required for most TLR signaling as well as for IL-1 receptor 1 (IL-1R1) 

signaling. To investigate whether MyD88 signaling in radiosensitive cells or radioresistant 

cells was required for CAWS-induced vasculitis, we generated BMC mice using WT and 

MyD88-/- mice (Fig. 9A). MyD88-/-→ MyD88-/- controls were resistant to arteritis as were 

WT → MyD88-/- BMC. However, MyD88-/-→ WT BMC developed arteritis comparable to 

WT → WT controls (Fig. 9, B and C). These results indicate that IL-1R1/MyD88 signaling 

in radioresistant cells, such as endothelial cells, is necessary for arteritis, whereas TLRs or 

IL-1R1/MyD88 signaling in hematopoietic cells do not contribute to the development of 

CAWS-induced arteritis.  

 

To determine whether IL-1b was an important mediator of chemokine and adhesion 

molecule induction in the model, we stimulated mouse aortic endothelial cells (MAEC) with 

IL-1b and measured chemokine and adhesion molecule expression by ELISA and flow 

cytometry, respectively. In MAEC, IL-1b stimulated the production of chemokine proteins 

mediating monocyte and neutrophil recruitment, such as CCL2 and CXCL1, respectively 

(Fig. 9D).  The cell surface expression of ICAM-1, VCAM-1, E-selectin and P-selectin 

were also elevated in IL-1b stimulated MAEC (Fig. 9E). Similarly, IL-1b also stimulated 

monocyte- and neutrophil-attracting chemokine production from primary cardiac fibroblasts 

(Supplemental Fig. 8). We have also performed immunofluorescent staining of ICAM-1, 

VCAM-1 and CD31 on heart tissue isolated on day 28 after CAWS injection 

(Supplemental Fig. 9). ICAM-1 was stained within the adventitial vessels, whereas 

VCAM-1 was stained in the media of the aortic root. In addition to endothelial cells, mouse 
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VCAM-1 is known to be expressed by hematopoietic cells, such as macrophages, 

granulocytes and T cells. It is presumed that in this vasculitis model, IL-1b  promotes 

ICAM-1 expression in the adventitial vasa vasorum, driving adhesion and recruitment of 

inflammatory cells into the aortic root area. 

 

To determine the role of Dectin-2 and IL-1b for chemokine induction in cardiac tissue in 

vivo, we measured the levels of chemokine mRNA by qPCR in IL1a-/-IL1b-/- and Dectin-2-/- 

mice on day 28 following CAWS injection. We observed markedly reduced levels of 

mRNA for monocyte-attracting CCR2 chemokine ligands, such as CCL2, CCL7 and 

CCL12, in IL1a-/-IL1b-/- and Dectin-2-/- mice compared to WT mice.  In addition, levels of 

mRNA for the neutrophil-attracting CXCR2 chemokine ligands CXCL1, CXCL5 and 

CXCL7 were also decreased in IL1a-/-IL1b-/- and Dectin-2-/- mice (Fig. 9F). Accordingly, 

levels of mRNA for CCR2 as well as CCR1 and CXCR2 (murine neutrophil-attracting 

chemokine receptors) were reduced in the hearts of IL1a-/-IL1b-/- and Dectin-2-/- mice on day 

28 following CAWS injection compared to WT mice (Fig. 9G). These data suggest that 

chemokines and chemokine receptors important for iMo and neutrophil recruitment are 

expressed in the heart in the later phase of arteritis in a Dectin-2- and IL-1a/b-dependent 

manner. 
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Discussion 

CAWS is a mannoprotein-beta-glucan complex produced and secreted by Candida albicans 

that induces cardiac arteritis resembling human KD when injected intraperitoneal into mice. 

CAWS is non-infectious since it does not contain live fungal cells, and is considered a 

PAMP that activates the innate immune response (37). Here we found that CAWS directly 

stimulated F4/80+ cardiac tissue-resident macrophages (TRMs) in the adventitia of the aortic 

root and coronary arteries to produce CCL2 in a Dectin-2-dependent manner. CCL2 induced 

iMo recruitment into the adventitia of the aortic root and coronary areteries of the heart 

where they differentiated into Mo-DC, amplifying vessel inflammation by producing IL-

1b, which resulted in neutrophil- and monocyte-attracting chemokine release from 

endothelial cells and fibroblasts leading to the massive inflammatory cell infiltration 

(Supplemental Fig. 10). Strikingly, the CCR2 ligand CCL2 was exclusively expressed in 

the aortic root area after CAWS injection, suggesting that tissue-specific expression of 

CCL2 directs vascular inflammation in this model. 

 

TRM consist of heterogeneous populations of macrophages distributed throughout the body 

that facilitate homeostasis and immunosurveillance (38). Tissue heterogeneity of TRM is 

programmed by local factors derived from tissue environments, which induce selective 

genetic and epigenetic programs that define the phenotype and function of TRM (39, 40). In 

fact, it has been demonstrated that TRM from different tissue, such as the heart, brain, lung 

and peritoneal cavity, have a different transcriptome, and that the CCR2 ligand CCL2 is 

expressed at 200-fold higher levels in cardiac macrophages compared to other TRM (41).  

In addition, TRM are equipped with a variety of PRR that sense microorganisms and 
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produce cytokines and chemokines to recruit and activate immune cells (42). Here we have 

found that cardiac TRM play an important role in initiating vasculitis by sensing CAWS via 

Dectin-2 and releasing CCL2. Ccr2-/- mice have shown to be protected against CAWS-

induced vasculitis (43), which is consistent with our findings. While this prior study found 

that iMo were mobilized from the bone marrow in a Ccr2-dependent manner, they did not 

demonstrate that CCR2 also controls iMo entry into the heart where they contribute to 

vessel inflammation. Although we found that CCL2 was exclusively induced in the heart 

after CAWS injection in vivo, CAWS was able to induce CCL2 in vitro in TRM isolated 

from other organs, and Dectin-2 RNA was detected in the spleen and lung as well as the 

heart at baseline (data not shown). We found that CAWS components are delivered to the 

aortic root area of the heart on day 1 following CAWS injection, whereas they were barely 

detectable in other organs and in the myocardium of the heart. The preferential deposition of 

CAWS PAMPS may explain the mechanism of cardiac-specific induction of CCL2 in this 

model.  

 

Consistent with our data, Dectin-2 has been shown to be required for CAWS-induced IL-1b 

production by BMDC, and that CAWS stimulation activates Syk, MAPKs and NF-kB in 

BMDC in a Dectin-2-dependent manner in vitro (20). We now demonstrate that Dectin-2 is 

required for CAWS-induced vasculitis in vivo and IL-1b production in vitro.  We also 

found that: 1) IL-1b was markedly induced in the inflamed heart; 2) production of IL-

1a/b from hematopoietic cells was required for CAWS-induced vasculitis; and 3) MyD88, 

which mediates IL-1R1-signaling, was required in stromal cells for CAWS-induced 

vasculitis. Among the myeloid cell populations, IL-1b was mainly produced by Mo-DC in 
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the middle phase of vasculitis (day 7), whereas neutrophils were the main IL-1b producers 

in the early (day 1) and late phases (day 28). In addition, we demonstrated that CD11c+ cell-

specific deletion of the Dectin-2-signaling molecule Syk, attenuated both IL-1b production 

in the heart and the induction of vasculitis.  Our findings indicate that iMo recruited by 

CCL2-producing cardiac TRM differentiate into Mo-DC in the middle phase of vasculitis, 

and produce IL-1b to propel neutrophilic inflammation in the late phase. This multi-step 

immune cell-mobilization system might explain the relatively long period of time (-28 

days) for establishing full vasculitis in this model.  

 

GM-CSF production from radioresistant cardiac fibroblasts has also been shown to be 

required for CAWS-induced vasculitis (25).  Since Dectin-2-expression is restricted to 

myeloid cells (44), it is likely that cardiac fibroblasts are not directly responding to CAWS, 

but instead are stimulated by cytokines, such as IL-1b, to produce GM-CSF. As IL-1b is 

known to be a classical inducer of GM-CSF in physiological and pathological conditions 

(45), and IL-1b promotes GM-CSF production from fibroblasts (46), IL-1b is a potential 

upstream stimulator of fibroblast-derived GM-CSF production. However, Stock et al. have 

argued that IL-1 signaling is not essential for the development of cardiac vasculitis. Their 

conclusion was based on their findings that IL-1r1-deficient mice had no impairment in 

neutrophil and monocyte infiltrate into the heart 1 day after CAWS injection, and that 

Anakinra, an IL-1 receptor antagonist (IL-1Ra), did not attenuate CAWS-induced vasculitis. 

In contrast, we have found that IL1a-/-IL1b-/- mice were completely protected from vasculitis 

by histological analysis on day 28. A possible explanation for this discrepancy is that Stock 

et al. did not analyze the hearts of IL-1r1-/- mice histopathologically on day 28. It is likely 
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that IL-1 is not involved in the initial inflammatory cell recruitment on day 1, but instead 

required for the establishment of vasculitis in the late phase. Further, Anakinra has a short 

half-life (4-6h) (47), and therefore is usually administered once or twice daily for the 

treatment of inflammatory diseases in humans and mice. Evidence from preclinical models 

of disease indicate that the therapeutic effectiveness of Anakinra is crucially dependent on 

the continuous saturation of IL-1 receptors (48). Therefore the 3 times a week dosing of 

Anakinra by Stock et al. may not have been sufficient to neutralize all of IL-1 activity in the 

model.  Supporting a role for IL-1 in KD-like vasculitis, IL-1b has been shown to be 

required for the LCWE-induced mouse model of KD (49), and IL-1ra-/- mice spontaneously 

develop aortitis (50). 

 

Growing experimental evidence supports a paradigm of “outside-in” inflammation in 

vasculitis, in which vascular inflammation is initiated and perpetuated in the adventitia and 

progress inward to the intima (51). In CAWS-induced vasculitis, it has been demonstrated 

that vascular inflammation starts from the neovascularization of the vasa vasorum in 

adventitia of the aorta followed by inflammatory cell accumulation (52). This is consistent 

with our observation that following deposition CAWS in the aortic root TRM residing in the 

adventitia initiate vascular inflammation. Clinically, KD is classified as a medium-vessel 

vasculitis as small vessels are not commonly affected (53). In contrast, antineutronphil 

cytoplasmic antibody-associated vasculitis (AAV) is classified as a small vessel vasculitis 

as small vessels, and not medium sized vessels, are commonly involved in this disease. 

Interestingly, the concept of pathogen-triggered activation of immune cells is accepted as 

one of the major triggers of AAV (54).  Our finding that the location of antigen deposition 
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determines the site of vascular inflammation in the CAWS model could provide a clue to 

solve the long-standing question of why specific vasculitis syndromes occur in specific 

vessels and not in all vessels and in all organs throughout the body.   

 

Some limitations in the present study need to be considered. First, although the CAWS-

induced vasculitis model is considered as a representative animal model of KD (11, 12, 55), 

like all other animal disease models, it is not identical to the human disease, especially since 

the trigger for the development of KD is not known. However, the distribution of arterial 

lesions and the histological features of the vascular lesions in this model are similar to those 

in KD, which are both characterized by necrotizing vasculitis with granulomatous 

inflammation (11). The CAWS-induced model is suitable for studying the mechanisms by 

which PAMPs can induce vascular inflammation, which may be of relevance to human 

vasculitis but caution is needed when applying the results from mouse models directly to 

human disease. Second, we focused mainly on the role of myeloid cell subsets, but did not 

evaluate other immune cells, such as T cells, B cells and NK cells. Taking into account the 

time lag between CAWS administration and established vasculitis, it is presumed that in 

addition to the innate immune response initiated by Dectin-2, there is also activation of the 

adaptive immune response that likely contributes to cardiac inflammation. Third, we have 

tested CD11c+ cell-specific Syk deletion in order to assess the contribution of Dectin-2 

signaling in CD11c+ cells, as Dectin-2-floxed mice are not available. However, another 

CLR, Mincle also interacts with FcRγ to activate Syk (56). As Mincle also recognizes 

mannose-rich Candida structures, Syk-deletion could also influence Mincle-mediated 

signaling in vivo. Fourth, we do not understand why intraperitoneally-injected CAWS is 
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preferentially transported and or captured in the aortic root area of the heart and further 

study will be required to delineate the mechanism. 

 

Increasing numbers of studies have implicated infection as risk factors for KD (8). Our 

findings demonstrate that Candidal PAMPs initiate arteritis by activating TRM in the aortic 

root and inducing chemokine and cytokine production in a mouse model of vasculitis 

resembling KD.  Several case reports have shown promising results using the IL-1 receptor 

antagonist Anakinra to treat KD (57, 58) and new therapeutics that target the CCL2/CCR2 

chemokine axis are currently in clinical trials for cancer (59, 60). Finally, Syk inhibitors are 

available and have been in clinical trials for the treatment of rheumatoid arthritis (61).  

Thus, the critical pathways that we have identified that mediate CAWS-induced vasculitis 

can be tested as potential new therapeutic targets for combating KD.  
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Methods   

Mice.  

LysM-GFP (28), Ccr2RFP/RFP (29), Dectin-1 −/− (62), Dectin-2 −/− (20), IL1a−/−IL1b−/− (63), 

Card9-/- (64), and pIL1-DsRed (34) mice were maintained in our laboratory. Wild-type 

C57BL/6 and congenic CD45.1 mice were purchased from Charles River Laboratories. 

Tlr2−/−, Tlr4−/−, Aim2−/−, Nlrp3−/−, Caspase-1−/−, FcgR−/−, MyD88−/−, Ccl2-RFPflox, Sykfl/fl 

and CD11c-Cre mice were purchased from Jackson laboratory. CD11cCre-Sykfl/fl mice were 

generated by crossing Sykfl/fl mice with CD11c-Cre mice. All the mice were in the  

C57BL/6 genetic background. 

 

Induction of CAWS-induced arteritis.  

CAWS was prepared from C. albicans strain IFO1385, using a previously described method 

(65). To induce vasculitis, CAWS (1 mg) was injected intraperitoneally into the mice once 

daily for 5d. Hearts were perfused with PBS and fixed with 10% formalin. Multiple 

paraffin-embedded 5-mm sections were prepared and stained with hematoxylin and eosin 

(H&E). To quantitatively evaluate vascular inflammation, each of 5 areas (3 aortic root 

areas and both coronary arteries) was scored 0–3 according to the classification system for 

the areas of cellular infiltration: (a) aortic root (score 0 for no inflammation; 1, cell 

infiltration <100 um in diameter; 2, 100–199 um in diameter; 3, ≥200 um in diameter); (b) 

coronary arteries (score 0 for no inflammation; 1, cell infiltration <50 um in diameter; 2, 

50–99 um in diameter; 3, ≥100 um in diameter). The severity of arteritis in each mouse was 

defined as the sum of the scores of the five segments (maximum possible score of 15). 
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Parabiosis. 

CD45.2+ C57BL/6 mice and naive CD45.1+ C57BL/6 mice underwent hair removal along 

opposite lateral flanks with the use of hair clippers and depilatory cream. Skin was then 

wiped clean of fur with 70% alcohol prep pads and betadine solution. Mirrored incisions 

were then made on the lateral aspects of both mice. 4.0 sutures were placed around the 

olecranon joints as well as the knees joints of both mice to secure the upper and lower 

extremities, respectively. Dorsal and ventral skin was approximated with the use of 4.0 

sutures and surgical staples to conjoin the mice. At the end of the surgery, mice received 

subcutaneous enrofloxacin antibiotic as well as buprenorphine and flunixin for pain control. 

Enrofloxacin antibiotic was subsequently administered via drinking water. Subcutaneous 

buprenorphine and flunixin was administered as needed every 12h for 48h. Recirculation 

was assessed in peripheral blood 4wk after surgery.  

 

In vivo adoptive cell transfer. 

Bone marrow derived monocytes (BMDM) were negatively isolated using a mouse 

monocyte isolation kit (Stem Cell Technologies) from LysM-GFP or Ccr2RFP/RFP mice. The 

cells were counted and resuspended in PBS containing 1% FCS at 0.5x 105 cells/100 μl. For 

competitive adoptive transfer experiments, the cells were intravenously injected at a 1:1 

ratio into WT recipient mice (200 ul/mouse) along with intraperitoneal CAWS (1 mg) 

injection (Fig. 2C). 20h after cell transfer, peripheral blood and hearts of recipient mice 

were analyzed. Proportion of donor-derived GFP+ and RFP+ cells in the heart was detected 

by flow cytometry. For tracking the transferred BMDM, LysM-GFP mouse BMDM were 

intravenously injected 0.5× 105 per mouse, once daily for 5d along with i.p. injection of 
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CAWS (1 mg) (Fig. 2F). GFP+ cell population before adoptive transfer and those recovered 

from heart 7d after initial CAWS injection were analyzed by flow cytometry. 

 

Immunohistochemistry. 

Paraffin-embedded mouse hearts were deparaffinized and then immersed in citrate buffer 

(F4/80) or Borg decloaker (Ly6G/Ly6C) for 45min at 95-97˚C, removed from heat, and 

kept at room temperature for 20min. Endogenous peroxidase activity was blocked by 

incubation in endogenous peroxidase and alkaline phosphatase blocking solution (Vector 

laboratories) for 10min. Sections were then blocked with 5% normal goat serum for 60min 

and stained with rabbit anti-F4/80 polyclonal antibody (Cell Signaling) or rat anti-

Ly6G/Ly6C mAb (Novus Bio) overnight at 4˚C. Antibody binding was amplified using 

SignalStain boost IHC detection reagent (Cell Signaling) or ImmPRESS polymer reagents 

(Vector laboratories) and developed with DAB. The slides were examined using a bright 

field microscope (Carl Zeiss). 

 

Immunofluorescence microscopy. 

OCT-embedded tissue sections (7 μm thick) from frozen heart tissue were prepared as 

described. Sections were then blocked with protein block (DakoCytomation) for 15min and 

stained with rat anti-CD11b biotinylated antibody (Biolegend), Armenian hamster anti-

CD11c biotinylated antibody (Biolegend), rat anti-Ly6G biotinylated antibody (Biolegend), 

or rat anti-Dectin-2 antibody (Bio-Rad) for 60min at 25°C. Streptavidin-FITC (BD 

Biosciences) or Alexa Fluor 488–conjugated goat anti-rat IgG antibody (Invitrogen) was 
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used as a secondary antibody and incubated for 30min at 25°C. The slides were examined 

using a fluorescence microscope (Carl Zeiss). 

 

Generation of BMC mice.  

BMC mice were generated according to established protocols (66). Eight weeks after 

reconstitution BMC mice were used for experiments. The recovery of blood cell counts at 8 

weeks after irradiation was confirmed by WBC differential count. FACS analysis of 

CD45.1 and CD45.2 expression on BM-derived blood cells was used to control for 

chimerism, exploiting the congenic expression of the CD45.1 allele in WT mice vs. CD45.2 

expression in IL1a−/−IL1b−/− or MyD88−/− mice. Staining reagents used were anti-CD45.1-

FITC and anti-CD45.2-APC (BioLegend). BMC mice were used if ≥ 95% of leukocytes 

were of donor origin. 

 

BMDC preparation. 

Femurs were removed from the mice and the BM was flushed out and plated in petri dishes 

with media containing GM-CSF (20 ng/mL; PeproTech). After 7d in 

culture, BMDCs (1 × 106cells/mL) were plated in six- or 96-well plates and then stimulated 

with CAWS (100 ug/ml), LPS (1 ug/ml; Sigma-Aldrich), or monosodium urate crystals 

(MUC) (100 ug/ml; Invivogen) for 18h. Cell supernatants were analyzed for IL-1b by 

ELISA (R&D Systems). Cell lysates and concentrated culture supernatants were used for 

immunoblot analysis. 

 

Flow cytometry. 
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The hearts were minced and digested with 450 U/ml collagenase I, 125 U/ ml collagenase 

XI, 60 U/ml DNase I, and 60 U/ml hyaluronidase (Sigma-Aldrich) in PBS for 1h at 37°C 

with shaking (67). A cell suspension was obtained by mashing the tissue through a 70-um 

strainer. Single cells were incubated with anti-mouse CD16/32 (93, TruStain fcX, 

BioLegend) to block Fc receptors and then stained with Fixable Viability Dye eF780 

(eBioscience) to identify dead cells and fluorochrome-conjugated anti-mouse Abs as 

indicated in Supplemental Table 1.  In preliminary experiments, i.v. CD45 mAb was 

administered 3min before harvesting to distinguish intravascular leukocytes that remain 

even after vigorous flushing from truly intraparenchymal leukocytes.  As has been described 

(68), in contrast to other organs like the lung, we only found that ~10% of the leukocytes 

stained with i.v. CD45 (data not shown). Therefore, we did not routinely perform this 

technique for this study that exclusively focused on the heart.  

 

Quantitive real-time PCR. 

Tissue was isolated and homogenized in Trizol (Sigma-Aldrich) and RNA was isolated 

according to the manufacture’s instruction. Purified RNA was then converted to cDNA by 

reverse transcription (TaqMan Reverse Transcriptase Reagents, Themofisher).  qPCR 

reactions in the presence of SYBR Green (FastStart Essential DNA Green Master Mix, 

Roche) were performed on a LightCylcer 96 Instrument (Roche) and normalized to b2m.  

The sequences for the qPCR primers can be found in Supplemental Table 2.  

 

Quantitative immunofluorescence analysis of NF-κB nuclear translocation. 
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BMDCs were plated and cultured on recombinant ICAM-1 (2.5 ug/ml; Biolegend)-coated 

glass coverslips at a density of 2x105 cells per well in 8-well plates. The cells were treated 

with CAWS (100ug/ml), LPS (1 ug/ml; Sigma-Aldrich) or PBS for 60min at 37˚C. Then the 

cells were fixed with 4% formalin in PBS for 15min at room temperature. They were then 

permeabilized with PBS containing 1% Triton X-100 for 10min at room temperature. To 

block the nonspecific binding of the antibodies, samples were incubated with protein block 

(DakoCytomation) for 15min at room temperature. Rabbit mAb for NF-kB p65 (1:400; Cell 

Signaling Technology) was added to the samples and incubated 18h at 4˚C. Then the cells 

were incubated with anti-rabbit secondary antibody conjugated with Alexa 546 (Invitrogen) 

for 30min at room temperature. Nuclear:cytoplasmic ratios of NF-κB p65 was analyzed 

using a fluorescence microscope (Carl Zeiss). 

 

In vitro cardiac macrophage stimulation. 

Single cell suspension derived from heart was passed through 30 um cell strainer twice 

followed by incubation with anti-F4/80 microbeads (Miltenyi Biotec). Beads conjugated 

F4/80+ cells were magnetically isolated by magnetic-activated cell sorting (MACS). F4/80+ 

cells were plated at a density of 1x105 cells per well in 96-well plates. The cells were treated 

with CAWS (10 ug/ml) or PBS for 18h at 37˚C. Cell-free cell culture supernatants were 

assayed for CCL2 (R&D Systems) by ELISA. 

 

In vitro mouse aortic endothelial cell stimulation. 

C57BL/6 mouse primary aortic endothelial cells were purchased from CellBiologics. The 

cells were seeded at 1 x 105 in 24 well plates and cultured in endothelial cell medium 
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(CellBiologics) at 37°C. Cultures were stimulated with recombinant IL-1b (20 ng/ml; 

Biolegend) for 18h. Then the cells were stained for flow cytometry and the chemokine 

levels in the culture supernatants were assessed by Multi-Analyte ELISArray Kit (Qiagen). 

 

In vitro mouse cardiac fibroblasts stimulation. 

C57BL/6 mouse primary cardiac fibroblasts were purchased from CellBiologics. The cells 

were seeded at 2 x 104 in 96 well plates and cultured in complete DMEM at 37°C. Cultures 

were stimulated with CAWS (10 ug/ml, 100 ug/ml or 1 mg/ml), recombinant IL-1b (50 

ng/ml; Biolegend), recombinant TNFa (50 ng/ml; PeproTech) or LPS (50 mg/ml; Sigma-

Aldrich) for 18h. Cell lysates were used for qPCR analysis. Cell-free cell culture 

supernatants were assayed for CCL2 (R&D Systems) by ELISA.  

 

Statistical analysis. Data were analyzed using Prism7 (GraphPad Software Inc.), and results 

were expressed as the mean ±SEM. P value in multiple groups was calculated using 

ordinary one-way ANOVA with Dunnett’s post-hoc test or Tukey’s multicomparison test as 

appropriate. Means between two groups were compared with unpaired two-tailed Student’s 

t test. A P value less than 0.05 was considered significant.  

 

Study approval. All experiments described herein were approved by the IACUC of 

Massachusetts General Hospital. 
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Figure 1. CAWS induces inflammatory monocyte recruitment into the heart on day 1.  

(A) Representative H&E–stained horizontal section of the aortic root area from WT naïve 

mice or on day 28 after 5 daily i.p. injections of CAWS beginning on day 0. Low-power 

field shows aortic root area and high-power field shows the ostium of the coronary artery 

within the aortic root. Scale bars= 400 μm. (B and C) Coronal section isolated from naive 

or CAWS-injected WT mice (on day 1, 7 or 28) stained with anti-Ly6G/Ly6C (B) or F4/80 

(C) for IHC. Cropped high-power field images shows aortic root (upper panel) or 

myocardium (lower panel). Scale bars, 1 mm. (D) Representative FACS analysis of heart 

neutrophil, macrophage, DC and monocyte subsets recovered from CAWS-injected mice on 

day 1 after the first CAWS injection. One representative of 3 independent experiments. (E) 

Kinetics of absolute cell numbers of the indicated immune cell subset per mg of heart 

isolated during the course of CAWS-induced vasculitis (mean ± SEM, n=4-5 mice per time 

point, p<0.05, **, p<0.01 versus day 0, using unpaired two-tailed Student’s t test). (F) 

Schematic protocol for parabiosis experiment. (G) Tissue chimerism was analyzed in 

parabiotic pairs by measuring the frequency of host-derived leukocytes (CD45.1+) and 

partner-derived leukocytes (CD45.2+) on day 14 after CAWS injection (mean ± SEM, n=4 

mice). n.s. means statistically identical in indicated organs among host-derived cells or 

partner-derived cells using ordinary one-way ANOVA with a post hoc Tukey’s test. (H) 

Representative FACS plots of each myeloid cell subset in the parabiotic mouse hearts on 

day 14 after the 1st CAWS injection. (I) Quantitation of chimerism for the indicated 

myeloid cell subsets (mean ± SEM, n=4 mice). All values were statistically identical in 

indicated cell subsets among host-derived cells or partner-derived cells using ordinary 

one-way ANOVA with a post hoc Tukey’s test. 
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Figure 2. CCL2 is induced in the heart on day 1 and promotes CCR2+ monocyte 

recruitment.  (A) Kinetics of CCL2 mRNA expression in the heart following CAWS 

injection. (B) CCL2 expression in various organs on day 1 after CAWS injection (mean ± 

SEM, n = 4 mice per group, *, p< 0.001 versus lung, spleen, kidney and liver). (C) 

Schematic of co-adoptive transfer of WT and Ccr2-/- bone marrow-derived monocytes 

(BMDM) into WT mice followed by CAWS injection. Equal numbers of Ccr2+/+GFP+ and 

Ccr2-/-RFP+ BMDMs were mixed and intravenously transferred into WT recipient mice 

along with CAWS injection daily for 5 days. Peripheral blood and heart of recipient mice 

were analyzed 20h after cell transfer. (D) Representative FACS plots of the indicated tissues 

20h after adoptive transfer of BMDM and CAWS injection. Ccr2+/+GFP+ and Ccr2-/-RFP+ 

cells in the heart tissue are shown. Numbers indicate percent of live CD45+ cells. (E) Ratio 

of Ccr2-/-RFP+cells / Ccr2+/+ GFP+ cells in the indicated tissues (mean ± SEM, n = 6 mice, *, 

p< 0.05 versus blood). (F) Schematic of adoptive transfer of GFP+ BMDM into WT mice 

followed by CAWS injection. (G) Representative FACS plots of the CD45+ GFP+ live 

BMDM cell population before adoptive transfer and those recovered from the heart 7 days 
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after CAWS injection. CAWS-injected recipient mice were adoptively transferred with 

GFP+ BMDM (once daily for 5 days).  (H) Representative histograms of the GFP+ live cell 

population before adoptive transfer (filled gray) and those recovered from heart 7 days after 

CAWS injection (black line). (I) Histological vasculitis scores were determined in WT and 

Ccr2-/- mice on day 28 (mean ± SEM, *, p< 0.001 versus WT). (J) H&E stained sections of 

aortic root lesions from WT and Ccr2 -/- mice on day 28 after CAWS injection. Scale bars= 

400 µm. Data in (G and H) are representative of 3 independent experiments. All p values 

were calculated using unpaired two-tailed Student’s t test. 
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Figure 3. Cardiac resident macrophages are the main source of early CCL2 

production.  (A) Representative contour plots of mCherry+ CCL2-expressing cells in live 

singlets derived from WT or Ccl2-RFPfl/fl reporter mice heart 6h and 18h after CAWS 

injection. One representative of 3 independent experiments. (B) Pie chart showing 

percentage distribution of mCherry+ cells for the indicated subpopulations in Ccl2-RFPfl/fl 

reporter mice heart 6h and 8h after CAWS injection. (C) Representative histograms of 

CCL2 expression in myeloid populations isolated from the hearts of Ccl2-RFPfl/fl reporter 

mice day 1 after CAWS injection (n=5 mice).  Individual leukocyte populations were 

immunophenotyped based on the gating strategy shown in Fig. 1A. Reporter mCherry was 

used to identify CCL2-producing cells.   
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Figure 4. CCL2 is produced by CD11b+Dectin-2+ resident cardiac macrophages 

around the aorta. (A-D) Heart tissue of Ccl2-RFPfl/fl reporter mice on day 1 after CAWS 

injection was stained for CD11b (A), CD11c (B), Ly6G (C) and Dectin-2 (D) (all green) 

and analyzed by confocal microscopy. Arrows indicate co-localization with CCL2 (red). 

Scale bars= 40 um. 
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Figure 5. CAWS components are delivered to the aortic root area on day 1 after 

CAWS injection. Each organ was isolated from naive (A) or CAWS-injected WT mice 

on day 1 (B and C) and stained with anti-Candida albicans (green), anti-CD11b (red) and 

anti-CD31 (white). Representative images of 6 mice from three experiments are shown.   
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Figure 6. Dectin-2 is required for CAWS-induced CCL2 production and the 

development of vasculitis.  (A) F4/80+ cells isolated from the heart were stimulated with 

CAWS (10 ug/ml) for 18h and CCL2 protein in the culture supernatant was measured by 

ELISA (mean ± SEM from two experiments; *, p=0.001 versus unstimulated).  (B) Wild 

type and Dectin-2-/- mice were injected with CAWS, and 1 day later hearts were harvested 

and assessed for Ccl2 RNA expression by qPCR (mean ± SEM, n= 4 to 6 from two 

experiments, *, p< 0.0001 versus WT). (C) Vasculitis scores of Tlr4-/-, Tlr2-/-, Dectin-1 -/- or 

Dectin-2 -/- mice on day 28 after CAWS injection (mean ± SEM, n= 4-8 mice per group, *, 

p< 0.001 versus WT). (D) Hematoxylin and eosin stained aortic root lesions isolated from 

Tlr4-/-, Tlr2 -/-, Dectin-1-/- or Dectin-2-/- mice on day 28. Scale bars= 400 um. (E) Vasculitis 

scores of FcgR-/- or Card9 -/- mice on day 28 after CAWS injection (mean ± SEM, *, p< 

0.0001 versus WT). (F) Vasculitis scores of CD11cΔSyk mice or control mice (Sykflox/flox) 

on day 28 after CAWS injection (mean ± SEM, *, p< 0.0001 versus Sykflox/flox). (G) 

CD11cΔSyk mice or control mice were injected with CAWS, and 1 day later, heart tissues 

were harvested and assessed for Ccl2 RNA expression by qPCR (mean ± SEM, n= 4 mice 

per group, *, p< 0.001 versus Sykflox/flox). P values were calculated using unpaired two-tailed 

Student’s t test (A, B, F and G) or one-way ANOVA with Dunnett’s post-hoc test (C and 

E). 
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Figure 7. Dectin-2-dependent production of IL-1b from CD11c+ cells is required for 

CAWS-induced vasculitis.  (A) Heart tissue from WT mice was harvested 28 days after 

initial CAWS injection and assessed for cytokine expression by qPCR (n=4-5 per group, 

mean ± SEM). (B) Vasculitis scores of IL1a-/-IL1b-/- mice or WT mice 28 days after CAWS 

injection (mean ± SEM, *, p< 0.0001 versus WT). (C) Schematic of BMC mice generation 

using WT and IL1a-/-IL1b-/- mice. (D) Vasculitis scores were assessed 28 days after CAWS 

injection into 8-week reconstituted WT → WT, WT → IL1a-/-IL1b-/-, IL1a-/-IL1b-/- → IL1a-/-

IL1b-/- and IL1a-/-IL1b-/- → WT BMC mice (mean ± SEM, *, p< 0.01 versus WT to WT). 

(E) Kinetics of IL-1b (DsRed)+ cell numbers of the indicated immune cell subset per mg of 

heart tissue determined by flow cytometric analysis on day 0, 1, 2, 4, 7, 14 or 28 days after 

CAWS injection of pIl1b-DsRed mice (mean ± SEM, n=3 per time point). (F) Dectin-2 -/- or 

WT mice were injected with CAWS and 7 or 28 day later hearts were harvested and 

assessed for IL-1b expression by qPCR (mean ± SEM, n=4-5 per group). (G) CD11cΔSyk 

mice or control mice were injected with CAWS and 7 or 28 day later hearts were harvested 

and assessed for IL-1b expression by qPCR (F and G; mean ± SEM, *, p<0.05, **, p<0.001 

versus Sykflox/flox). P values were calculated using unpaired two-tailed Student’s t test (B, F 

and G) or one-way ANOVA with Dunnett’s post-hoc test (D). 
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Figure 8. CAWS activates the NLRP3 inflammasome and promotes IL-1b production 

via Dectin-2. (A) Representative immunofluorescence staining showing NF-kB p65 (red) 

nuclear translocation in WT and Dectin-2 -/- BMDM stimulated for 60 mins with CAWS (10 

ug/ml) or LPS (1 µg/ml). Cell nuclei were detected by DAPI (blue). Similar results are 

obtained from three independent experiments. Scale bars: 20 µm. (B) Quantitation of NF-

kB p65 nuclear translocation in the indicated groups. Results are expressed as the 

percentage of the p65 nuclei-positively stained cells to the total cells. Similar results are 

obtained from three independent experiments (mean ± SEM, n=3 per group, *= p< 0.01 

versus WT). (C) Vasculitis scores of WT, Aim2 -/-, NLRP3-/- or Caspase-1-/- mice on day 28 

after CAWS injection (mean ± SEM, n= 4-8 mice per group, *, p< 0.0001 versus WT).  (D) 

Hematoxylin and eosin stained sections of aortic root lesions isolated from Aim2 -/-, NLRP3-

/- or Caspase-1-/- mice on day 28. Scale bars= 400 um. (E) BMDCs from WT, Aim2 -/-, 

NLRP3-/- or Caspase-1-/- mice were stimulated with CAWS with or without inflammasome 

stimulators (LPS and MUC) for 18h, and IL-1b release was assessed by ELISA (mean ± 

SEM, n=3 per group, *, p< 0.0001 versus WT).  (F) BMDCs from Dectin-1-/-, Dectin-2-/- or 

Card9-/- mice were stimulated with CAWS with or without inflammasome stimulators (LPS 

and MUC) for 18h, and IL-1b release was assessed by ELISA (mean ± SEM, n=3-4 per 

group, *, p< 0.0001 versus WT). P values were calculated using unpaired two-tailed 

Student’s t test (B) or one-way ANOVA with Dunnett’s post-hoc test (C, E and F).  
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Figure 9.  IL-1b-MyD88 signaling in heart stromal cells is required for chemokine and 

adhesion molecule induction and the development of vasculitis.  (A) Schematic of BMC 

mice generation using WT and MyD88-/- mice. (B) Vasculitis scores were assessed 28 days 

after CAWS injection into 8 week reconstituted WT → WT or WT → MyD88-/- vs. MyD88-

/-→ MyD88-/- or MyD88-/-→ WT BMC mice (mean ± SEM, 7-12 mice per group, *, p< 0.01 

versus WT). (C) H&E staining of aortic root lesions isolated from the indicated BMC mice 

on day 28. Scale bars= 400 um. (D and E) Mouse aortic endothelial cells were stimulated 

with IL-1b (10 ng/ml) for 18h and chemokine protein levels in the culture supernatant were 

measured by ELISA (mean ± SEM, n=3, *, p< 0.0001 versus Unstimulated) (D). The 

expression levels of adhesion molecules were assessed by flow cytometry (E). One 

representative of 3 independent experiments. (F and G) qPCR analysis for chemokines (F) 

and chemokine receptors (G) in heart tissues isolated from WT, Dectin-2 -/- or IL1a-/-IL1b-/- 

mice 28 days after CAWS injection (mean ± SEM, 4-6 mice per group, *, p< 0.05 versus 

WT, **, p< 0.01 versus WT). P values were calculated using unpaired two-tailed Student’s t 

test (D) or one-way ANOVA with Dunnett’s post-hoc test (B, F and G). 

 

 

 
 


	Graphical abstract

