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Kawasaki disease (KD) is a common systemic vasculitides in children younger than 5 years of age. Activated macrophages are key drivers of vascular inflammation in KD. The aim of this study was to examine differences in M1 and M2 macrophage marker expression in patients with KD. Blood samples were obtained from 18 healthy controls and 18 patients with KD at 24 h prior and 21 days after to intravenous immunoglobulin therapy. GeneChip Human Transcriptome Array 2.0 and Illumina HumanMethylation450 BeadChip were used to examined the mRNA expression and corresponding CpG site methylation ratios of 10 M1 surface markers and 15 M2 surface markers. Of the markers examined 2 M1 markers (TLR2, IL2RA) and 8 M2 markers (ARG1, CCR2, TLR1, TLR8, TLR5, MS4A6A, CD36, and MS4A4A) showed increased mRNA expression in the acute phase of KD which decreased after IVIG therapy (P < 0.05). Corresponding CpG sites in the promoter regions these markers were hypomethylated in the acute phase of KD and significantly increased after IVIG therapy. In conclusion, both M1 and M2 markers showed increased mRNA expression in the acute phase of KD. CpG site methylation may be one of the mechanisms governing macrophage polarization in KD.
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INTRODUCTION

Kawasaki disease (KD) is one of the most common systemic vasculitides in children younger than 5 years of age. First described by Dr. Tomisaki Kawasaki in 1967 (1), characteristic symptoms include fever for more than 5 days and at least 4 out of five signs of mucocutaneous inflammation including: oral mucosal redness or inflammation, non-suppurative conjunctivitis, lymphadenopathy, swelling of the hands or feet or a polymorphous rash (2). If inadequately treated, patients with KD have a high risk of developing coronary artery aneurysms, sometimes resulting in lifelong anticoagulation and an increased risk of myocardial infarction and other cardiovascular complications later in life (3). Intravenous immunoglobulin therapy (IVIG) in particular, if given within the first 10 days after disease onset, has been found to significantly reduce the risk of coronary artery lesions to <5%. However, up to 10–20% of patients with KD do not response to initial IVIG therapy (2), and have an increased risk of developing coronary artery aneurysms (3). The search for alternative therapies is therefore greatly needed, particularly for patients who are IVIG resistant.

Although the precise immunopathogenesis of KD is unclear, histopathology of the coronary arteries has revealed clues to the immunologic sequence of events that lead to coronary artery dilatation and destruction in patients with KD. Edema of the tunica media layer of the coronary arteries begins around the 6th to 8th day after disease onset. This is then followed by increased infiltration of lymphocytes, monocytes, and neutrophils by the 10th day of disease, which then infiltrates all layers of the coronary artery. This panarteritis is characterized by the formation of proliferative granulomatous inflammation consisting mostly of monocytes and macrophages (4, 5). Macrophages in particular are key drivers of vascular inflammation in KD, producing inflammatory cytokines such as Tumor necrosis factor-α(TNF-α), vascular endothelial growth factor, and proteases such as matrix metalloproteinase-2 (MMP-2) and MMP9 which may destroy elastin fibers and structural components within the arterial wall (6). This in turn results in the development of coronary artery aneurysms beginning at about the 12th day after disease onset. These findings point to the pivotal role aberrantly activated macrophages play in the formation of coronary artery aneurysms in KD.

Macrophages are considered an important component of innate immunity and may initiate inflammation and subsequently adaptive immune responses. Recently it has been found that activated macrophages can also be divided into M1 and M2 subsets, which mirror the Th1 and Th2 polarization seen in T-helper cells (7). Polarization of macrophages into either the M1 or M2 phenotype is highly dependent on the local tissue environment. Classically activated macrophages, also known as M1 macrophages are induced by either IFN-γ alone or in combination with microbial stimuli such as lipopolysaccharides (LPS) or cytokines including tumor necrosis factor (TNF). M1 macrophages produce effector molecules such as reactive oxygen and nitrogen intermediates and also inflammatory cytokines including IL-1β, TNF, and IL-6, thereby amplifying the inflammatory response. They are also capable of inducing Th1 cells and thereby increasing immune responses against intracellular pathogens and increasing tumor resistance (8). In contrast, alternatively activated macrophages, or M2 macrophages, are induced by IL-4, IL-13, IL-10, or immune complexes, produce low levels of inflammatory cytokines, are capable of inducing Th2 cells and are considered immune-modulatory in nature (7).

To date, there have been no studies that specifically examine the role of macrophage M1/M2 polarization in patients with KD. Results from the limited number of existing studies regarding macrophage polarization in other forms of autoimmune vasculitis reveal that both M1 and M2 activation may be involved (8). As an example, in giant cell arteritis, vasculitis of the temporal arteries contain both M1 (inducible nitric oxide positive) and M2 (CD163 positive) macrophages (9, 10). In light of the paucity of research regarding the role of macrophage polarization and the development of KD, the aim of this study was to examine differences in M1 and M2 macrophage marker expression in the patients with acute and resolving KD.



MATERIALS AND METHODS


Subject Recruitment

Initially, a total of 18 patients with KD and 18 healthy controls were enrolled in this study for Human Transcriptome array analysis, and another 12 healthy controls and 12 patients with KD were enrolled for Human Methylation Beadchip analysis. We then enrolled an additional 30 healthy controls and 30 patients with KD for confirmation of initial screening results with RT-PCR, 10 of which were analyzed by pyrosequencing.

Patients were diagnosed with Kawasaki disease if they fulfilled the criteria proposed by the American Heart Association, namely fever which persists for more than 5 days and at least four of the following five clinical criteria: oral mucosal involvement (such as injected or fissured lips, strawberry tongue), bilateral non-exudative conjunctival injection, cervical lymph node enlargement of over 1.5 cm in diameter, changes in the peripheral extremities (edema of the hands and feet, erythema over the plantar, or palmar area in the acute phase or periungual desquamation in the convalescent phase), and a polymorphous rash (2). Patients with Kawasaki disease were then given at least one dose of IVIG (2 g/kg/dose) over a 12 h period after diagnosis in accordance with current clinical guidelines (2). This study has been approved by the Chang Gung Medical Foundation Institutional Review Board (IRB No.:101-0680A3), and conforms to the principles outlined in the Declaration of Helsinki. Informed consent was obtained from the parents or guardians of all patients included in this study.



DNA and RNA Extraction From Peripheral Blood Samples

Blood samples from the KD group were obtained at two time points: the first blood draw was performed within 24 h prior to the initial dose of IVIG therapy during the acute phase of KD (KD1), and the second blood draw was performed at least 21 days after initial IVIG therapy during the convalescent phase (KD2). All blood samples were centrifuged and the buffy coat containing white blood cells was then removed for further experiments. Total RNA was then extracted from white blood cells according to manufacturer's instructions (mirVana™ miRNA Isolation Kit, Catalog number: AM1560, Life Technologies, Carlsbad, CA). Total RNA samples were checked for quality and quantity and all RNA samples were confirmed to have a RIN (RNA integral number) of ≥7 as previously described (11). Total genomic DNA was extracted according to manufacturer's instructions (Gentra extraction kit). After quantification of all DNA samples was performed by using NanoDrop ND-1000, 500 ng of genomic DNA was taken from each sample for further bisulfite conversion using Zymo EZ DNA Methylation kit (Zymo Research) and stored at 20°C until further use (12).



Gene Expression Level Profiling With Human Transcriptome Array

For unbiased results, 18 mRNA samples each from the healthy control group (HC group), KD1 group (KD patients 24 h prior to IVIG therapy) and the KD2 group (KD patients 21 days after IVIG therapy) were combined into three pooled RNA libraries each containing six RNA samples. We then used GeneChip® Human Transcriptome Array 2.0 (HTA 2.0, Affymetrix, Santa Clara) to determine gene expression profiles of macrophage surface markers which are commonly expressed on M1 and M2 macrophages after literature review (13–16). Prior to hybridization to the HTA 2.0 microarray chips, all RNA samples were prepared according to manufacturer instructions with the WT PLUS Reagent kit. The hybridized HTA 2.0 microarray chips then underwent quality control inspection. All chips passed quality control examination and were then analyzed using commercial software specific for microarray data analysis (Partek, St. Louis).



DNA Methylation of M1 and M2 Macrophage Surface Markers

DNA samples taken from the 12 healthy controls, and the 12 Kawasaki disease patients at two time points, 24 h prior to IVIG therapy (KD1) and 21 days after IVIG therapy (KD2) were then used to examine DNA methylation patterns of M1 and M2 macrophage surface markers. Two hundred nanograms of bisulfite-converted genomic DNA were then applied to the Illumina HumanMethylation450 (M450K) BeadChip assay as described in previously (11, 17). Cytosine methylation percentages (β values) were then calculated for each CpG marker within in the promoter region of all M1 and M2 markers included.



Confirmation of mRNA Expression With Reverse Transcription Polymerase Chain Reaction (RT-PCR)

We then selected the following markers for RT-PCR confirmation of mRNA expression levels: IL1R1, TLR2, TLR4, IL1T2, ARG1, and TLR5. All mRNA samples were first transformed into cDNA according to manufacturer instructions (cDNA-High Capacity cDNA Reverse Transcription kit, Applied Biosystems, Cat. 4368813). Samples were then prepared by adding 2.5 ng/μL of cDNA with 0.2 μL each of forward and reverse primers (10 μM) and 5 μL of SYBR Green PCR Master Mix (ABI, Cat. 4367659) before performing quantitative RT-PCR on the LightCycler R 480 Real-Time PCR System (Roche Molecular Systems, Inc. Indiana, USA). 18S was used as an internal control. IL1R1—Forward (F) AAAGATGACAGCAAGACACCTG, Reverse (R):GTTTGCAATCCTTACCACGCAA; TLR2—(F): GAGTTCTCCCAGTGTTTGGTGT (R):CACACCATCAGAACCCTGTC; IL1R2—(F):ATGACACCCACATAGAGAGCG (R):GAAGAGCGAAACCCACAGAGT; ARG1—(F):ACTTAAAGAACAAGAGTGTGATGTG (R) CGCTTGCTTTTCCCACAGAC; TLR5—(F):TGCTACTGACAACGTGGCTT (R):CCAGGAAAGCTGGGCAACTA; TLR4—(F):ATGCCAGGATGATGTCTGCC (R):TGGATTTCACACCTCCACGC; 18S—(F):GTAACCCGTTGAACCCCATT (R):CCATCCAATCGGTAGTAGCG. We then calculated the relative quantification of mRNA expression levels by using the comparative threshold cycle (CT) method (i.e., by comparing the RT-PCR cycle number required to reach target fluorescence) by using the following equation: 2−(ΔCTtarget−ΔCTcalibrator), also known as 2−ΔΔCT.



Pyrosequecing of Selected CpG Sites

To confirm the percentage of methylation of selected CpG, further pyrosequencing was performed in a separate cohort. First 0.5 μg of genomic DNA underwent bisulfite modification according to manufacturer instructions (EZ DNA methylation kit, Zymo Research) and with eluted in Tris buffer (10 mM) for a final volume of 20 μl. Polymerase chain reaction (PCR) with a reaction mixture containing bisulfite-converted DNA, PyroMark PCR Master Mix (Qiagen), and biotinylated forward and reverse primers of the selected CpG sites. Primers used are as follows: IL1R1 (cg05886087) F:TTTTTGGAAATAGATTGTTTAAGAATGAGA, R:ATAATAATAACTTCCTTCCTTCTAATACAC; TLR2 (cg06618866) F: AGGTTGGGTAGAAGAAGAGAGT, R: AACACTTAACTTTCCCTATAATTACCA; IL1R2 (cg20340242) F: ATTGTAGTTTGGGGGTGT, R: TTCACCTCCAACAAAAACTCA; ARG1 (cg01699630) F: TTAGGGTTGGAAGGGATGTGATA, R:AACCAAAAAATAACAATCAACAATCTTAC; TLR5 (cg05858079) F:AGGGTTTTAGAGTTTTTTTAGGGTAGTA, Reverse:AATAACTTATCCCCAATCACTTTC; TLR4 (cg13730105) F:GAGGGAAAGTTTAGAGGAGTT, R:ACCACCCATTCACAAAACCACTAC. We then calculated the percentage of methylation at for all CpG sites by comparing relative peak height differences at each site (18).



Statistical Analysis

Statistical analysis was performed using SPSS version 22.0 (SPSS, Inc., Chicago, USA). Data from HTA 2.0 microarray was compared using one-way ANOVA and Bonferroni Correction was used to account for multiple testing. Beta-values from the M450K Array were first transformed into M-values by using the following equation: M-value = log2(beta-value / 1- beta-value) (19). M-values of selected CpG sites were then compared with student's t-test for the comparison of healthy controls and patients with KD; and paired t-test was used to compare data from KD patients at 2 time points, 24 h prior to IVIG therapy and 21 days after IVIG therapy. Likewise, for data obtained from RT-PCR and pyrosequencing, students t-test was used to compare data from healthy controls and KD patients, and paired t-test was used to compare data from patients with KD from 2 different time points. Data are presented as mean ± standard error and a p < 0.05 was considered as statistically significant. The datasets analyzed during the current study are available from the corresponding author on reasonable request.




RESULTS


M1 Marker and M2 mRNA Expression in KD Patients and Controls Using HTA 2.0 Microarray Analysis

In this study we examined the mRNA expression of 10 M1 surface markers (IL1R1, TLR2, TLR4, SOCS3, CCR7, IL2RA, IL15A, IL7R, CD68, CD86) in three groups, healthy control (HC), acute KD (KD1) and in KD patients 21 days after IVIG therapy (KD2) (Figure 1). We found that of the 10 M1 surface markers examined, 2 markers TLR2, and IL2RA had significantly elevated mRNA expression in the acute phase of KD (mRNA expression fold change HC vs. KD1 1 ± 0.118 vs. 2.113 ± 0.367, p = 0.023; 1 ± 0.013 vs. 1.185 ± 0.034, p = 0.011, presented as mean ± standard error, respectively). IVIG therapy resulted in a significant decrease in expression of three genes including TLR2, TLR4, and SOCS3 (KD1 vs. KD2 2.113 ± 0.367 vs. 0.873 ± 0.142, p = 0.009; 1.911 ± 0.388 vs. 0.868 ± 0.113, p = 0.021, 1.276 ± 0.095 vs. 0.755 ± 0.048, p =0.032 presented as mean ± standard error, respectively).
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FIGURE 1. Comparison of M1 macrophage marker mRNA expression fold change by between healthy controls and patients with KD. HC, Healthy controls (18 patients); KD1, acute Kawasaki disease 24 h prior to IVIG therapy (18 patients); KD2, resolving Kawasaki disease 21 days after IVIG therapy (18 patients). An asterisk denotes a p < 0.05. Data are expressed as mean ± standard error.


We also examined the mRNA expression of the 15 M2 cell surface markers (CD163, MRC1, CXCR2, IL1R2, ARG1, CCR2, TLR1, TLR5, TLR8, CXCR4, MS4A6A, CD36, MS4A4A, CXCR1, and FCER2) in both KD patients and healthy controls (Figure 2). Of the 15 M2 cell surface markers examined, 8 markers (ARG1, CCR2, TLR1, TLR8, TLR5, MS4A6A, CD36, and MS4A4A) had significantly increased mRNA expression in acute phase KD (HC vs. KD1 1 ± 0.036 vs. 4.046 ± 1.185, p < 0.029; 1 ± 0.069 vs. 2.491 ± 0.171, p = 0.001; 1 ± 0.134 vs. 2.364 ± 0.423, p = 0.013; 1 ± 0.126 vs. 2.390 ± 0.360, p = 0.011; 1 ± 0.120 vs. 3.178 ± 0.459, p < 0.002; 1 ± 0.099 vs. 1.799 ± 0.143, p = 0.011; 1 ± 0.029 vs. 1.616 ± 0.197, p = 0.045; 1 ± 0.070 vs. 2.261 ± 0.257, p = 0.003 presented as mean ± standard error, respectively), which were then significantly decreased after IVIG therapy (KD1 vs. KD2 4.046 ± 1.185 vs. 0.914 ± 0.003, p = 0.001; 2.491 ± 0.172 vs. 0.828 ± 0.121, p < 0.001; 2.363 ± 0.423 vs. 0.854 ± 0.094, p = 0.005; 2.390 ± 0.360 vs. 0.885 ± 0.131, p = 0.005; 3.178 ± 0.459 vs. 0.872 ± 0.106, p < 0.001; 1.799 ± 0.143 vs. 0.916 ± 0.117, p = 0.005; 1.616 ± 0.197 vs. 0.879 ± 0.057, p = 0.013; 2.261 ± 0.257 vs. 0.929 ± 0.027, p = 0.002; presented as mean ± standard error, respectively). One marker, CXCR2 showed a statistically significant decrease in mRNA expression after IVIG therapy (KD1 vs. KD2 1.528 ± 0.151 vs. 0.834 ± 0.158, p = 0.038). Two markers, CXCR4 and FCER2, had decreased mRNA expression in the acute phase of KD (HC vs. KD1 1 ± 0.078 vs. 0.609 ± 0.071, p = 0.006; 1 ± 0.059 vs. 0.703 ± 0.033, p = 0.004 presented as mean ± standard error, respectively) which increased after IVIG therapy (KD1 vs. KD2 0.609 ± 0.071 vs. 1.057 ± 0.011, p = 0.003; 0.703 ± 0.033 vs. 0.912 ± 0.012, p = 0.022 presented as mean ± standard error, respectively).
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FIGURE 2. Comparison of M2 macrophage marker mRNA expression fold change by between healthy controls and patients with KD. HC, Healthy controls (18 patients); KD1, acute Kawasaki disease 24 h prior to IVIG therapy (18 patients); KD2, resolving Kawasaki disease 21 days after IVIG therapy (18 patients). An asterisk denotes a p < 0.05. Data are expressed as mean ± standard error.




Confirmation of mRNA Expression Levels Using RT-PCR

We then chose three M1 markers (IL1R1, TLR2, TLR4) and three M2 markers (IL1R1, ARG1, TLR5) with the highest fold change between acute KD (KD1) and healthy controls (HC), for RT-PCR confirmation of mRNA expression levels in a separate cohort of 30 KD patients and 30 healthy controls (Figure 3). For the three M1 markers selected, TLR2 and TLR4 mRNA expression levels were higher on average in the acute KD group (HC vs. KD1 1 ± 0.143 vs. 1.073 ± 0.204, p = 0.771, 1 ± 0.128 vs. 1.452 ± 0.504 p = 0.388 presented as mean ± standard error, respectively), which increased after IVIG therapy (KD1 vs. KD2 1.073 ± 0.204 vs. 1.184 ± 0.262, p = 0.737, 1.452 ± 0.504 vs. 1.554 ± 0464, p = 0.878 presented as mean ± standard error, respectively), although these changes were not statistically significant. IL1R1 on the other hand, was lower in the acute phase of KD (KD1) (HC vs. KD1 1 ± 0.649 vs. 0.655 ± 0.190, p = 0.612 presented as mean ± standard error), and increased after IVIG therapy (KD1 vs. KD2 0.655 ± 0.190 vs. 0.789 ± 0.344 p = 0.739 presented as mean ± standard error), but these changes were again not statistically significant.
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FIGURE 3. Confirmation of mRNA expression levels by RT-PCR. HC, Healthy controls (30 patients); KD1, acute Kawasaki disease 24 h prior to IVIG therapy (30 patients); KD2, resolving Kawasaki disease 21 days after IVIG therapy (30 patients). Data are expressed as mean ± standard error.


For the three M2 markers selected, IL1R2 and ARG1 showed higher average expression in acute KD (KD1) (HC vs. KD1 1 ± 0.108 vs. 1.607 ± 0.375, p = 0.129, 1 ± 0.207 vs. 1.098 ± 0.235, p = 0.754 presented as mean ± standard error, respectively), which decreased after IVIG therapy (KD1 vs. KD2 1.607 ± 0.375 vs. 1.238 ± 0.223, p = 0.334, 1.098 ± 0.235 vs. 0.895 ± 0.155, p = 0.319 presented as mean ± standard error, respectively), although these changes were not statistically significant. TLR5 showed lower expression in the acute phase of KD (HC vs. KD1 1 ± 0.416 vs. 1.098 ± 0.252, p = 0.685, presented as mean ± standard error), which increased slightly after IVIG therapy (KD1 vs. KD2 1.098 ± 0.252 vs. 0.847 ± 0.272, p = 0.881, presented as mean ± standard error), but was also not statistically significant.



Methylation Levels of Corresponding M1 and M2 Marker CpG Sites

We then used Infinium HumanMethylation 450 BeadChip (Illumina) to examine the CpG site methylation trends of the 10 M1 and 15 M2 surface markers included in this study (full results in Tables 1, 2). Because hypomethylation of CpG sites in the promoter region of genes leads to increased gene mRNA expression (20), we tried to identify corresponding CpG sites which were hypomethylated in genes with increased mRNA expression.


Table 1. Comparison of CpG site methylation fold changes of M1 macrophage markers in healthy controls and patients with Kawasaki Disease.
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Table 2. Comparison of CpG site methylation fold changes of M2 macrophage markers in healthy controls and patients with Kawasaki Disease.
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Of the three M1 markers with the highest fold change in mRNA expression on HTA 2.0, we identified three corresponding CpG sites the highest negative beta-value fold change between KD1 and HC groups, indicating that these sites were likely to be hypomethylated. Selected CpG sites included cg05886087 (KD1 vs. HC beta-value fold change −1.217, p < 0.001) within the IL1R1 gene, cg06618866 (KD1 vs. HC beta-value fold change −1.0313, p < 0.001) within the TLR2 gene, cg 13730105 (KD1 vs. HC beta-value fold change −1.154, p < 0.001) within the TLR4 gene. Likewise, for the M2 markers three corresponding CpG sites if the highest negative beta-value fold change were selected including cg20340242 (KD1 vs. HC beta-value fold change −1.191, p < 0.001) within the IL1R2 gene, cg01699630 (KD1 vs. HC beta-value fold change −0.1271, p < 0.001) within the ARG1 gene, cg05858079 (KD1 vs. HC beta-value fold change −1.011, p = 0.025).

The six selected CpG sites were then confirmed with a separate cohort of 10 healthy controls, and 10 patients with KD by pyrosequencing. Four of the CpG sites selected corresponding to the M1 markers IL1R1 (cg05886087), TLR4 (cg13730105), and the M2 markers IL1R2 (cg20340242) and ARG1 (cg01699630) were significantly hypomethylated in the acute KD group (HC vs. KD1, 0.607 ± 0.0322 vs. 0.451 ± 0.026, p = 0.001; 0.340 ± 0.023 vs. 0.226 ± 0.019, p = 0.002; 0.405 ± 0.025 vs. 0.274 ± 0.028, p = 0.003; 0.686 ± 0.036 vs. 0.499 ± 0.030, p = 0.001; beta values presented as mean ± standard error.), and became hypermethylated after IVIG therapy (KD1 vs. KD2 0.451 ± 0.026 vs. 0.652 ± 0.031, p < 0.001; 0.226 ± 0.019 vs. 0.344 ± 0.022, p < 0.001; 0.274 ± 0.028 vs. 0.434 ± 0.027, p < 0.001; 0.499 ± 0.030 vs. 0.720 ± 0.039, p < 0.001; beta values presented as mean ± standard error.) The CpG site selected for the M1 marker TLR2 (cg06618866) showed significant hypermethylation after IVIG therapy (KD1 vs. KD2 0.057 ± 0.033 vs. 0.074 ± 0.004, p < 0.001). There were no significant changes in methylation of the Cpg site selected for the M2 marker TLR5, cg05858079 (Figure 4). These results suggest that changes in gene methylation may be one of the many mechanisms governing M1 and M2 polarization in patients with KD.
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FIGURE 4. Beta values of selected markers after pyrosequencing. HC, Healthy controls (10 patients); KD1, acute Kawasaki disease 24 h prior to IVIG therapy (10 patients); KD2, resolving Kawasaki disease 21 days after IVIG therapy (10 patients). An asterisk denotes a p < 0.05. Data are expressed as mean ± standard error.





DISCUSSION

In the first portion of our study we utilized HTA 2.0 microarray analysis to identify M1 and M2 markers with the highest degree of mRNA expression fold-change. Of the 10 M1 markers examined in our study, only two had significantly higher mRNA expression in the acute phase of KD which decreased after IVIG therapy. In contrast, a higher percentage of M2 surface markers, eight out of the 15 surveyed showed significantly increased mRNA expression in the acute phase of KD which decreased after IVIG therapy. Markers with the highest degree of mRNA fold change include the M1 markers TLR2, TLR4, and IL1R1, and the M2 markers TLR5, IL1R2, and ARG1. Expression levels of the six markers with the highest mRNA expression fold changes were then confirmed in a separate cohort of 30 patients with KD and 30 healthy controls by RT-PCR. Of the six selected markers, only IL1R2 and ARG1, both M2 markers were found to have elevated mRNA expression levels in the acute phase of KD which decreased after IVIG therapy, although these results were not statistically significant.

Because CpG site hypomethylation is one of the many mechanisms which regulate gene expression, we then examined the methylation data of corresponding M1 and M2 marker gene CpG sites included on M450K array. Six CpG sites with the highest degree of hypomethylation fold-change corresponding to the three M1 (IL1R1, TLR2, TLR4) and three M2 markers (IL1R2, TLR5, ARG1) with the highest mRNA expression fold change on HTA 2.0 were selected for confirmation. Pyrosequencing of the six CpG sites selected was performed in a separate cohort of 10 KD patients and 10 healthy controls. Four of the CpG sites selected corresponding to the M1 markers IL1R1 (cg05886087), TLR4 (cg13730105), and the M2 markers IL1R2 (cg20340242) and ARG1 (cg01699630) were significantly hypomethylated in the acute KD group and were then hypermethylated after IVIG therapy, which mirrored the increased mRNA expression of these genes on HTA 2.0 microarray. This suggests that CpG site methylation may be one of the many mechanisms which regulate M1 and M2 macrophage polarization in KD.

In our previous research, we have found that both Th-1 and Th2 subset activation are involved in the acute phase of KD. Th1 associated cytokines including IL-2 IL-6, TNF-α, and IFN-γ were significantly increased in the acute phase of KD and decrease after IVIG therapy (21–23). In addition, lower levels of TNF-α prior to IVIG therapy was associated with a lower risk of IVIG resistance, and higher levels of IL-6 levels after IVIG therapy was associated with a higher risk of coronary artery lesions (21). Similarly, Th2 associated cytokines including IL-4, IL-5, and IL-10 are elevated in the acute phase of KD (21, 23, 24), although patients with higher IL-5 and eosinophil counts after IVIG therapy were less likely to develop coronary artery lesions (24). The results of these studies suggest that while both Th1 and Th2 activity are associated with the acute phase of KD, higher levels of Th1 activity may increase the risk of coronary artery lesions, while increased Th2 activity may protect against them. Because M1 and M2 macrophage activation increases Th1 and Th2 immunity respectively, we initially hypothesized that both M1 and M2 macrophage activity would increase in the acute phase of KD.

Monocyte derived macrophages can be to activated into either M1 or M2 macrophages according to the tissue microenvironment. As mentioned earlier, stimuli such as IFN-γ, TNF-α or LPS promotes macrophage polarization toward the M1 phenotype, and IL-13 and IL-4 promotes macrophage polarization into the M2 phenotype. In addition, there appears to be plasticity among the M1/M2 phenotypes; once a macrophage is activated into the M1 phenotype, it can still be repolarized into the M2 phenotype according to dynamic changes in the tissue microenvironment, and vice versa (25). In this study we also found that although both M1 and M2 markers are elevated in the acute phase of KD, a higher percentage of M2 markers were elevated.

Both M1 and M2 marker mRNA expression decreased after IVIG therapy. Although there are no other studies to date that specifically examine M1 and M2 macrophage activation in KD, one study of 28 patients with KD showed that CD14+ CD16+ monocytes were elevated in the acute phase of KD (26). CD14+ and CD16+ monocytes are considered to be “intermediate-type” monocytes which can differentiate into both M1 and M2 macrophages, and are highly associated with IL-10 production (27). Likewise, both M1 and M2 macrophages appear to be implicated in the development of other autoimmune vasculitis. As an example, in a murine model of systemic lupus erythematosus (SLE), M1 macrophages are recruited to the kidney early after kidney injury and create a pro-inflammatory environment that aids with the clearance of damaged or apoptotic cells (28). In addition, M2b macrophages, an immune-regulatory M2 macrophage subtype, can be induced by incompletely phagocytosed immune complexes in lupus patients, and are associated with the development of lupus in both mouse models and in patients with SLE glomerulonephritis (29). Although the most direct way of examining macrophage polarization would be to perform immunohistochemical staining of the coronary arteries, specimens can only be obtained from patients who have died of KD. Therefore, we can only hypothesize that both M1 and M2 macrophages are activated in the acute phase of KD. It is possible that M2 macrophages, due to their role in tissue healing and repair are responsible for the resolution of KD, although further functional studies are required.

Of the 10 M1 macrophage markers and 15 M2 macrophage markers examined in this study, we found that the M1 markers TLR2, TLR4, and IL1R1 and the M2 markers TLR5, IL1R2, and ARG1 had the highest levels of mRNA expression in the acute phase of KD. Previous research has found that toll-like receptors, particularly toll-like receptor 2 (TLR2) is associated with the development of KD. In human patients with KD, increased expression of TLR2 positive CD14 monocytes occurs in the acute phase of KD (22), and is down regulated after IVIG therapy (30), and can successfully predict risk of coronary artery lesions and IVIG resistance (31). In mouse models of KD, mice which were TLR2 or MyD88 deficient failed to develop KD after induction by Lactobacillus casei cell-wall extract (LCCWE), suggesting that TLR2 signaling through the MyD88 pathway is crucial for the development of KD (32). In addition to TLR2, we also found that TLR4 and TLR5 had high levels of mRNA expression in the acute phase of KD. TLR2, TLR4, and TLR5 are capable of recognizing pathogen associated molecular patterns (PAMPs) including lipoteichoic acid, lipopolysaccharides, and flaggellin on bacteria and aids the phagocytosis of pathogens and further signal transduction and amplification of the immune response through the MyD88 pathway (33). These results lend credence to the hypothesis that bacterial infections may pose a possible trigger for the development of KD (34).

Both IL1R1 and IL1R2 belong to the interleukin-1 receptor family. IL1R1 which is expressed on M1 macrophages, acts as a receptor of the cytokines IL-1a, IL-1b, and IL-1 receptor antagonist (IL-1RA). Conversely, IL1R2 which is expressed on M2 macrophages, acts as a decoy receptor for IL-1a, IL-1b, and IL-1RA thereby inhibiting the further signal transduction of these cytokines (35). The IL-1 pathway is a crucial part of the development of KD, as evidenced by one study which examined the whole blood transcriptional profiles of 146 subjects with KD, and found that all of the top five pathways upregulated in KD included IL-1 signaling molecules such as IL1R1 and IL1R2 (36). IL-1α and IL-1β signaling is also essential to the development of a mouse model of KD (37), and treatment with IL-R antagonist (Anakinra) has been shown to inhibit arterial aneurysm formations in mouse models (38).

Furthermore, we found that the M2 marker ARG1 showed significant increase of mRNA expression in the acute phase of KD. ARG1 diverts arginine away from the inflammatory iNOS (inducible nitric oxide synthase) pathway, thereby modulating inflammatory responses (39). Although there have been no studies which specifically examine ARG1 expression in KD, there have been many studies that show a link between enhanced iNOS expression in the acute phase of KD and the development of coronary artery disease (40, 41) perhaps suggesting that increased ARG1 expression in acute KD may be associated with protection against coronary artery lesions.

Finally, we found that four CpG sites corresponding to the M1 markers IL1R1 (cg05886087), TLR4 (cg13730105), and the M2 markers IL1R2 (cg20340242) and ARG1 (cg01699630) were significantly hypomethylated in the acute KD group and were then hypermethylated after IVIG therapy. Previous studies have found that epigenetic regulation of gene expression particularly through DNA methyltransferases (DNMT) may be one of the ways which regulate M1 and M2 macrophage polarization. DNMTs are enzymes that bind methyl groups to DNA strands, and include DNMT1, which maintains DNA methylation by adding methyl groups to hemimethylated strands of DNA during replication; and DNMT3a and DNMT3b, which add methyl groups to previously unmethylated DNA (i.e., de novo methylation). There is evidence that increased expression of DNMT1 promotes polarization toward the M1 macrophage phenotype possibly through regulation of the PPAR-γ pathway (42). In a mouse model of obesity, dietary supplementations of saturated fatty acids significantly increased DNMT1 expression and macrophages and increased methylation of the promoter region of PPAR-γ. This led to a decrease in PPAR-γ expression, a transcriptional factor that promotes macrophage polarization toward the alternatively activated M2 phenotype, therefore suppressing M2 macrophage polarization. These findings were corroborated in another study, where macrophage specific overexpression of DNMT1 in a transgenic mouse model of atherosclerosis led to decreased PPAR-γ expression and increased inflammatory macrophage activation and increased atherosclerosis. The researchers also found that DNMT1 expression was negatively correlated to PPAR-γ expression in the peripheral monocytes of human subjects with atherosclerosis (43, 44). Conversely, M2 macrophages have higher levels of expression of DNMT3a and DNMT3a1 which may be associated with AMP-activated protein kinase (AMPK) signaling (42, 45).

Because DNA and RNA samples were extracted from whole white blood cells (including neutrophils, lymphocytes and monocytes), the heterogeneity of cells used is one of the limitations of our study. In our study we found that acute Kawasaki disease (KD1) was associated with a higher percentage of neutrophils (KD1 vs. HC 55.28 ± 2.79% vs. 31.05 ± 1.95%), and a lower percentage of lymphocytes (KD1 vs. HC 33.62 ± 2.56% vs. 59.75 ± 2.14%) when compared to the healthy controls. The ratios of neutrophils and lymphocytes normalized and were comparable to healthy controls 21 days after IVIG therapy (KD2), and the percentage of monocytes was similar in all three groups (HC 5.6 ± 0.50%, KD1 5.8 ± 0.46%, KD2 4.8 ± 0.37%). In our study we found that a much higher percentage of M2 related markers showed increased mRNA expression in the acute phase of KD, but decreased after IVIG therapy, particularly IL1R2, TLR5, and ARG1. While TLR5 is also expressed on neutrophils, it is more highly expressed in monocytes (46). Likewise, while IL1R2 is also expressed on B cells and T cells, it is more densely expressed on monocytes (47, 48).

In conclusion, this is the first study to specifically examine the role of M1 and M2 macrophage polarization in patients with KD. We found that both M1 and M2 markers showed increased expression in the acute phase of KD which decreased after IVIG therapy, with the M1 markers TLR2, TLR4, and IL1R1 and the M2 markers TLR5, IL1R2, and ARG1 showing the highest levels of mRNA expression. We also found that the corresponding promoter CpG sites of these markers were hypomethylated in the acute phase of KD, and hypermethylated after IVIG therapy, which suggest that CpG site methylation may be one of the mechanisms governing macrophage polarization in KD. Further functional studies are needed to confirm the role of macrophage polarization in the development of KD, which may prove to be a novel therapeutic target in the future.



DATA AVAILABILITY STATEMENT

The data analyzed in this study can be found in https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE109430 and https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE109351.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Chang Gung Medical Foundation Institutional Review Board. Written informed consent to participate in this study was provided by the participants' legal guardian/next of kin.



AUTHOR CONTRIBUTIONS

MG participated in the study design, analyzed data, and wrote the main manuscript. L-SC, Y-HH, and F-SW participated in data collection and analysis. H-CK was responsible for study designs and edited the main manuscript. All authors have reviewed the manuscript prior to publication.



FUNDING

This study received support from grants provided by the Ministry of Science and Technology (MOST: 105-2314-B-182−050 -MY3) and Chang Gung Memorial Hospital (CORPG8F0011-2-3, CMRPG8E0211-2, CMRPG8F1911, 1921, 1931, 1941, CMRPG8J0321). The funders had no role in study design, collection, analysis, interpretation of data, writing or the decision to submit this paper for publication.



REFERENCES

 1. Kawasaki T. [Acute febrile mucocutaneous syndrome with lymphoid involvement with specific desquamation of the fingers and toes in children]. Arerugi. (1967) 16:178–222.

 2. McCrindle BW, Rowley AH, Newburger JW, Burns JC, Bolger AF, Gewitz M, et al. Diagnosis, treatment, and long-term management of kawasaki disease: a scientific statement for health professionals from the american heart association. Circulation. (2017) 135:e927–99. doi: 10.1161/CIR.0000000000000484

 3. Burns JC, Glode MP, Kawasaki syndrome. Lancet. (2004) 364:533–44. doi: 10.1016/S0140-6736(04)16814-1

 4. Takahashi K, Oharaseki T, Yokouchi Y. Histopathological aspects of cardiovascular lesions in Kawasaki disease. Int J Rheum Dis. (2018) 21:31–5. doi: 10.1111/1756-185X.13207

 5. Takahashi K, Oharaseki T, Yokouchi Y. Pathogenesis of kawasaki disease. Clin Exp Imm. (2011) 164(Suppl. 1):20–2. doi: 10.1111/j.1365-2249.2011.04361.x

 6. Rowley AH, Baker SC, Orenstein JM, Shulman ST. Searching for the cause of Kawasaki disease–cytoplasmic inclusion bodies provide new insight. Nat Rev Microbiol. (2008) 6:394–401. doi: 10.1038/nrmicro1853

 7. Mantovani A, Sica A, Sozzani S, Allavena P, Vecchi A, Locati M. The chemokine system in diverse forms of macrophage activation and polarization. Trends Immunol. (2004) 25:677–86. doi: 10.1016/j.it.2004.09.015

 8. Shirai T, Hilhorst M, Harrison DG, Goronzy JJ, Weyand CM. Macrophages in vascular inflammation–from atherosclerosis to vasculitis. Autoimmunity. (2015) 48:139–51. doi: 10.3109/08916934.2015.1027815

 9. Ciccia F, Alessandro R, Rizzo A, Raimondo S, Giardina A, Raiata F, et al. IL-33 is overexpressed in the inflamed arteries of patients with giant cell arteritis. Ann Rheum Dis. (2013) 72:258–64. doi: 10.1136/annrheumdis-2012-201309

 10. Wagner AD, Bjornsson J, Bartley GB, Goronzy JJ, Weyand CM. Interferon-gamma-producing T cells in giant cell vasculitis represent a minority of tissue-infiltrating cells and are located distant from the site of pathology. Am J Pathol. (1996) 148:1925–33.

 11. Huang YH, Li SC, Huang LH, Chen PC, Lin YY, Lin CC, et al. Identifying genetic hypomethylation and upregulation of Toll-like receptors in Kawasaki disease. Oncotarget. (2017) 8:11249–58. doi: 10.18632/oncotarget.14497

 12. Kuo HC, Chang JC, Kuo HC, Yu HR, Wang CL, Lee CP, et al. Identification of an association between genomic hypomethylation of FCGR2A and susceptibility to Kawasaki disease and intravenous immunoglobulin resistance by DNA methylation array. Arthritis Rheumatol. (2015) 67:828–36. doi: 10.1002/art.38976

 13. Ka MB, Daumas A, Textoris J, Mege JL. Phenotypic diversity and emerging new tools to study macrophage activation in bacterial infectious diseases. Front Immunol. (2014) 5:500. doi: 10.3389/fimmu.2014.00500

 14. Martinez FO, Gordon S, Locati M, Mantovani A. Transcriptional profiling of the human monocyte-to-macrophage differentiation and polarization: new molecules and patterns of gene expression. J Immunol. (2006) 177:7303–11. doi: 10.4049/jimmunol.177.10.7303

 15. Roszer T. Understanding the mysterious M2 macrophage through activation markers and effector mechanisms. Mediators Inflamm. (2015). 2015:816460. doi: 10.1155/2015/816460

 16. Duluc D, Delneste Y, Tan F, Moles MP, Grimaud L, Lenoir J, et al. Tumor-associated leukemia inhibitory factor and IL-6 skew monocyte differentiation into tumor-associated macrophage-like cells. Blood. (2007) 110:4319–30. doi: 10.1182/blood-2007-02-072587

 17. Li SC, Chan WC, Huang YH, Guo MM, Yu HR, Huang FC, et al. Major methylation alterations on the CpG markers of inflammatory immune associated genes after IVIG treatment in Kawasaki disease. BMC medical genomics. (2016) 9(Suppl 1):37. doi: 10.1186/s12920-016-0197-2

 18. Colella S, Shen L, Baggerly KA, Issa JP, Krahe R. Sensitive and quantitative universal pyrosequencing methylation analysis of CpG sites. Biotechniques. (2003)35:146–50. doi: 10.2144/03351md01

 19. Du P, Zhang X, Huang C-C, Jafari N, Kibbe WA, Hou L, et al. Comparison of Beta-value and M-value methods for quantifying methylation levels by microarray analysis. BMC Bioinformatics. (2010) 11:587. doi: 10.1186/1471-2105-11-587

 20. Jang HS, Shin WJ, Lee JE, Do JT. CpG and Non-CpG Methylation in Epigenetic Gene Regulation and Brain Function. Genes. (2017) 8:E148. doi: 10.3390/genes8060148.

 21. Wang Y, Wang W, Gong F, Fu S, Zhang Q, Hu J, et al. Evaluation of intravenous immunoglobulin resistance and coronary artery lesions in relation to Th1/Th2 cytokine profiles in patients with Kawasaki disease. Arthritis Rheum. (2013) 65:805–14. doi: 10.1002/art.37815

 22. Lin IC, Kuo HC, Lin YJ, Wang FS, Wang L, Huang SC, et al. Augmented TLR2 expression on monocytes in both human Kawasaki disease and a mouse model of coronary arteritis. PLoS ONE. (2012) 7:e38635. doi: 10.1371/journal.pone.0038635

 23. Lee SB, Kim YH, Hyun MC, Kim YH, Kim HS, Lee YH, et al. T-Helper cytokine profiles in patients with kawasaki disease. Korean Circ J. (2015) 45:516–21. doi: 10.4070/kcj.2015.45.6.516

 24. Kuo HC, Wang CL, Liang CD, Yu HR, Huang CF, Wang L, et al. Association of lower eosinophil-related T helper 2 (Th2) cytokines with coronary artery lesions in Kawasaki disease. Pediatr Allergy Immunol. (2009) 20:266–72. doi: 10.1111/j.1399-3038.2008.00779.x

 25. Wang N, Liang H, Zen K. Molecular mechanisms that influence the macrophage m1-m2 polarization balance. Front Immunol. (2014) 5:614. doi: 10.3389/fimmu.2014.00614

 26. Katayama K, Matsubara T, Fujiwara M, Koga M, Furukawa S. CD14+CD16+ monocyte subpopulation in Kawasaki disease. Clin Exp Immunol. (2000) 121:566–70. doi: 10.1046/j.1365-2249.2000.01321.x

 27. Boyette LB, Macedo C, Hadi K, Elinoff BD, Walters JT, Ramaswami B, et al. Phenotype, function, and differentiation potential of human monocyte subsets. PLoS ONE. (2000) 12:e0176460. doi: 10.1371/journal.pone.0176460

 28. Lee S, Huen S, Nishio H, Nishio S, Lee HK, Choi BS, et al. Distinct macrophage phenotypes contribute to kidney injury and repair. J Am Soc Nephrol. (2011) 22:317–26. doi: 10.1681/ASN.2009060615

 29. Orme J, Mohan C. Macrophage subpopulations in systemic lupus erythematosus. Discov Med. (2012) 13:151–8.

 30. Mortazavi SH, Amin R, Alyasin S, Kashef S, Karimi MH, Babaei M, et al. Down-regulation of TLR2, 3, 9 and signaling mediators, MyD88 and trif, gene transcript levels in patients with kawasaki disease treated with IVIG. Iran J Allergy Asthma Immunol. (2015) 14:188–97.

 31. Kang SJ, Kim NS. Association of Toll-like receptor 2-positive monocytes with coronary artery lesions and treatment nonresponse in Kawasaki disease. Kor J Pediatr. (2017) 60:208–15. doi: 10.3345/kjp.2017.60.7.208.

 32. Rosenkranz ME, Schulte DJ, Agle LM, Wong MH, Zhang W, Ivashkiv L, et al. TLR2 and MyD88 contribute to Lactobacillus casei extract-induced focal coronary arteritis in a mouse model of Kawasaki disease. Circulation. (2005) 112:2966–73. doi: 10.1161/CIRCULATIONAHA.105.537530

 33. Kawasaki T, Kawai T. Toll-like receptor signaling pathways. Front Immunol. (2014) 5:461. doi: 10.3389/fimmu.2014.00461

 34. Rowley AH. Is Kawasaki disease an infectious disorder? Int J Rheum Dis. (2018) 21:20–5. doi: 10.1111/1756-185X.13213

 35. Peters VA, Joesting JJ, Freund GG. IL-1 receptor 2 (IL-1R2) and its role in immune regulation. Brain Behav Immun. (2013) 32:1–8. doi: 10.1016/j.bbi.2012.11.006.

 36. Hoang LT, Shimizu C, Ling L, Naim AN, Khor CC, Tremoulet AH, et al. Global gene expression profiling identifies new therapeutic targets in acute Kawasaki disease. Genome Med. (2014) 6:541. doi: 10.−1186/s13073014-0102-6

 37. Lee Y, Wakita D, Dagvadorj J, Shimada K, Chen S, Huang G, et al. IL-1 signaling is critically required in stromal cells in kawasaki disease vasculitis mouse model: role of both IL-1α and IL-1β. Arterioscler Thromb Vasc Biol. (2015) 35:2605–16. doi: 10.1161/ATVBAHA.115.306475

 38. Wakita D, Kurashima Y, Crother TR, Noval Rivas M, Lee Y, Chen S, et al. Role of interleukin-1 signaling in a mouse model of kawasaki disease-associated abdominal aortic aneurysm. Arterioscler Thromb Vasc Biol. (2016) 36:886–97. doi: 10.1161/ATVBAHA.115.307072

 39. Rath M, Muller I, Kropf P, Closs EI, Munder M. Metabolism via arginase or nitric oxide synthase: two competing arginine pathways in macrophages. Front Immunol. (2014) 5:532. doi: 10.3389/fimmu.2014.00532.

 40. Yu X, Hirono KI, Ichida F, Uese K, Rui C, Watanabe S, et al. Enhanced iNOS expression in leukocytes and circulating endothelial cells is associated with the progression of coronary artery lesions in acute Kawasaki disease. Pediatr Res. (2004) 55:688–94. doi: 10.1203/01.PDR.0000113464.93042.A4.

 41. Song R, Liu G, Li X, Xu W, Liu J, Jin H. Elevated inducible nitric oxide levels and decreased hydrogen sulfide levels can predict the risk of coronary artery ectasia in kawasaki disease. Pediatr Cardiol. (2016) 37:322–29. doi: 10.1007/s00246-015-1280-8.

 42. Zhou D, Yang K, Chen L, Zhang W, Xu Z, Zuo J, et al. Promising landscape for regulating macrophage polarization: epigenetic viewpoint. Oncotarget. (2017) 8:57693–706. doi: 10.18632/oncotarget.17027

 43. Wang X, Cao Q, Yu L, Shi H, Xue B, Shi H. Epigenetic regulation of macrophage polarization and inflammation by DNA methylation in obesity. JCI Insight. (2016) 1:e87748. doi: 10.1172/jci.insight.87748

 44. Yu J, Qiu Y, Yang J, Bian S, Chen G, Deng M, et al. DNMT1-PPARgamma pathway in macrophages regulates chronic inflammation and atherosclerosis development in mice. Sci Rep. (2016) 6:30053. doi: 10.1038/srep30053

 45. Sang Y, Brichalli W, Rowland RR, Blecha F. Genome-wide analysis of antiviral signature genes in porcine macrophages at different activation statuses. PLoS ONE. (2014) 9:e87613. doi: 10.1371/journal.pone.0087613

 46. O'Mahony DS, Pham U, Iyer R, Hawn TR, Liles WC. Differential constitutive and cytokine-modulated expression of human Toll-like receptors in primary neutrophils, monocytes, and macrophages. Int J Med Sci. (2008) 5:1–8. doi: 10.7150/ijms.5.1

 47. Alshevskaya AA, Lopatnikova JA, Krugleeva OL, Nepomnyschih VM, Lukinov VL, Karaulov AV, et al. Expression density of receptors to IL-1beta in atopic dermatitis. Mol Immunol. (2016) 75:92–100. doi: 10.1016/j.molimm.2016.05.015

 48. Alshevskaya AA, et al. Differences of IL-1beta Receptors Expression by Immunocompetent Cells Subsets in Rheumatoid Arthritis. Mediators Inflamm. (2015) 2015:948393. doi: 10.1155/2015/948393

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Guo, Chang, Huang, Wang and Kuo. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fped-08-00129-t001.jpg
Genesymbol  TargetID Fold-Change p-value Fold-Change p-value Fold-Change p-value

(KD1 vs. HC) (KD1 vs. HC) (KD2 vs. HC) (KD2vs.HC)  (KD2vs.KD1)  (KD2vs.KD1)
IL1R1 905886087 —121732 0.000006* ~105198 0041622 1.15716 0.000431*
906880612 —1.10287 0.000006" —1.04512 0.000028" 1.05526 0.001306"
906043668 ~1.00208 0981921 ~101157 0016226 ~1.00952 0.020868"
909363443 ~1.04316 0.000003" ~1.02102 0000032 1.02168 0026471
919754707 ~1.01821 0005930 ~1.02287 0000020 ~1.00954 0.019204*
TLR2 902345613 ~100986 0001359* ~101118 0081380 ~1.0018 0775385
903523945 ~1.01976 0000002 ~1.00686 0.058977 1.01281 0.021652"
©g03610073 —1.0096 0.142018 —1.03862 0.003742* —1.02875 0.009883"
906405222 —1.00285 0978750 —1.02161 0000008 ~1.01922 6.44E-05"
cg0B618866 ~1.0813 0000083 —1.02138 0013046 1.00971 03621
15852258 1.00144 0.701207 1.01416 0000083 1.0127 0001127
¢g16547110 1.0028 0.484426 —1.00836 0026797 —1.01118 0.000831*
917016835 ~1.01637 0012428 ~1.01335 0.051072 1.00299 0381223
g19037167 —1.02192 0.000062" —1.01232 0020365 1.00948 0.021885"
TLR4 cg04061482 1.00672 0.766085 ~10013 0.958727 ~1.00803 0.081436"
905429895 ~101334 351E-07" 1.0092 0008932 1.02266 2.55E-06"
913730105 —1.15383 0000035 ~1.0844 0.125541 1.11546 0.000666"
SOCs3 901897823 100161 0.174351 1.0108 0.000612* 1.00868 0005838"
903752138 —1.04133 0.000013* —1.08298 1.61E-10" —1.04 9.92E-06"
©g04548563 —1.00384 0.157371 1.00241 0.243839 1.00626 0.000491*
g04610187 ~1.07261 0.000012" ~1.00513 36107 ~1.02099 0.011633"
910368834 ~1.01261 0.500669 —1.01755 0.313913 —1.00488 0.159929
912009453 1.00176 0.756747 1.00261 0.327255 1.00085 0.491749
g14253096 ~1.00833 0263096 ~1.00123 0.900064 1.00708 0.434305
914496305 —1.02192 0028009 —1.0201 0000009 —1.00703 0.000825
cg14721618 1.00797 0028757 103565 4.00E-11* ~1.0439 1.03E-07"
915502888 1.00195 0.173635 1.01376 0.000056 1.01178 0.000944*
916253629 ~1.00525 0.363686 ~1.00862 0.133850 ~1.00335 0619161
918538958 ~101177 0.116957 —1.04835 0000455 ~1.03616 0.004421
©g18855780 1.00358 0.054970 —1.00029 0.496837 —1.00387 0.011058"
g21500342 ~1.01087 0.001759* ~1.00208 0502114 1.00827 0.023568"
€g22749855 1.04158 0000056 —1.03244 0003358 —1.07537 5.71E-06"
923085214 ~1.00508 0.111600 1.00529 0.070625 1.0104 0.000407*
€g26747885 1.01678 0.001820" —1.01665 0000177 ~1.0337 9E-06"
CCR? g07248223 1.19679 0.000020* 1.01481 0.484177 —1.17032 0.000231*
908724510 ~1.00393 0420426 ~1.01085 0.246296 ~1.00859 0678295
918270626 ~1.00996 0010916* ~1.01008 0.086185 ~1.00011 0578922
18504059 1.04995 0005605 ~1.00074 0577696 ~1.06018 0001253"
916047279 1.22107 0.000005* 1.03122 0.180002 —1.18411 0.000176"
cg17067993 -1.00135 0.830882 1.01779 0.000009* 1.01916 6.75E-05"
€g26060939 1.12657 0.000284* 1.00808 0.677247 —1.11754 0.000322"
IL2RA ©g10486505 —1.00264 0.267540 1.00034 0.969791 1.00298 0.404473
911733245 1.01058 0003400 1.02302 0000089 1.01231 0.0232"
916049914 1.04095 0.001556" 1.01301 0.333223 ~1.02758 0.028752"
€g26105232 ~1.22018 0000002 —1.05966 0042674 1.15148 0.000197*
926316423 1.03938 0.008769" —1.00981 0516062 ~1.04957 0.000267*
cg27131821 1.00412 0.159932 1.01061 0000098 1.00845 0.031687*
IL15RA 900508950 ~1.00036 0.989579 ~1.00867 0.392564 ~1.00831 0282137
g01718738 ~101164 0066812 ~1.05996 7.07E-09" ~1.04776 2.66E-06"
903691156 ~100144 0.280415 ~1.00355 0000505 —~1.0021 0.009006"
0g05144147 ~1.00041 0777642 ~1.01095 0000867 ~1.01054 0.002767*
©g08676905 -1.0012 0.508908 1.0071 0.017166* 1.00831 0.002231*
©g09290866 ~1.04138 0.000096* ~1.02537 0028776 1.01561 0.18332
910686550 ~1.01486 0.000056" ~1.00163 0580957 1.01321 0.007886*
913730879 —1.02743 0.000268" ~1.10803 5.56E-12" ~1.07845 1.67E-07*
915071696 ~1.00745 0.000153" ~101708 0.000065" ~1.00056 0.077432
919979643 —1.00974 0.001077* 1.0096 0.001914* 1.01944 411E-05
©g24348573 ~1.09086 0.000021* ~1.03349 0046198 1.05652 0.008376*
cg2a677732 ~1.00015 0690520 ~1.00477 0001312* ~1.00463 0.001144*
IL7R cg01804183 1.10724 0.000005* ~1.00733 0.648630 ~1.11535 1.11E-05*
904312209 1.1607 0000017 1.06724 0013245 —1.08758 0.000639"
©g27582180 -1.0079 0.027828" -1.01512 0.002740* -1.00717 0.128131
ces 901934632 ~1.00606 0.018308* ~1.00528 0030178 1.00077 0.780858
©g02346901 —1.02463 0.000072" —1.03887 0.000001* ~1.0139 0.112221
902613380 ~1.00316 0322148 ~1.00648 0.157876 ~1.0033 0.380751
cg04510815 ~1.0012 0280227 ~1.05302 0.000001* —1.05175 0.000165*
905209483 —1.17957 0.000002* ~1.08637 0008743 1.10615 0.000196*
©g05270696 ~1.00707 0284327 ~1.054 1.15E-09" ~1.0466 9.25E-07"
905652328 —1.02215 0010914* —~1.02657 0011688" ~1.00432 0647877
©g06852395 ~1.03301 0.006797* 1.01227 0219162 1.0466 6.35E-05"
cg07421515 ~1.02056 0008227 1.01715 0023434 1.03806 5.47E-05"
cg10587621 ~1.03019 0.000017* 1.0162 0.115484 1.04688 0.000478*
918749033 ~1.0266 0.000005* ~1.04487 4.77€08° ~101779 0.008606*
©g15095917 17028 0.000003* —1.08479 0.005198* 1.09907 0.00052*
916056611 1.00386 0.119835 1.00356 0522221 ~1.0003 0677193
16547235 ~1.00794 0.001642" ~1.02074 0000032 —1.0127 0.040127*
g18900669 —1.11258 0.000012* ~1.0362 0040849 1.07371 0.001219*
©g21808406 15626 0.000027* —1.03643 0.163403 1.11662 0.000321*
922259724 1.00184 0699657 ~1.05907 1.18E-08" —1.06102 256-06"
924219033 ~1.00705 0.127193 ~1.10006 1.98E-00" ~1.00236 6.80E-06"
927010959 ~1.00357 0073877 1.00212 0524067 1.0057 0080075
coss cg01021483 1.00741 0925748 ~1.00276 0457571 ~101018 0.040495*
g01436254 ~1.02563 00831212" 1.00076 0445134 1.03563 0.000256"
©g01878435 -1.01772 0.003025* —1.00637 0.236206 1.01127 0.024484*
©g04387658 ~1.0469 0.000221* ~1.05514 0.000120* ~1.00788 0.332005
cg04880737 —1.03367 0.000270" ~1.0287 0.140235 1.00483 0.639007
€g06327732 ~1.01266 0035835 ~1.00175 3.86E-08" ~1.07809 9.93E-05*
©g07108581 —1.00402 0.571690 -1.01501 0.036759" —1.01095 0.063199
cg11874272 1.00599 0580171 ~1.02365 0023441 —1.02078 0.00443"
913069531 —1.00587 0.000010* —1.02401 0.118781 1.06923 0.000181*
13617155 ~1.07336 3.95E-08" ~101786 0081353 1.05452 5.63E-05"
916331509 ~1.03419 0.000019* 1.03103 0017608 1.08628 0.000159*

HC, Healthy controls (12 patients), KD1, acute Kawasaki disease 24 h prior to IVIG therapy (12 patients), KD2, resolving Kawasaki disease 21 days after IVIG therapy (12 patients). An
asterisk denotes a p < 0.05. Data are expressed as mean + standard error.
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HC, Healthy controls (12 patients), KD1, acute Kawasaki disease 24 h prior to IVIG therapy (12 patients), KD2, resolving Kawasaki disease 21 days after IVIG therapy (12 patients). An
asterisk denotes a p < 0.05. Data are expressed as mean + standard error.
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