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ABSTRACT OF THE THESIS 
 
 
 
 
 

The Role of Transforming Growth Factor Beta-Receptor III in Kawasaki Disease 
 
 

by 
 
 

Jennifer E. Lundergan 
 

 
 
 

Master of Science in Biology 
 

University of California, San Diego, 2011 
 

Dr. Jane C. Burns, Chair 
 
 

Kawasaki Disease (KD) is an acute, self-limited, vasculitis that occurs 

predominantly in infants and children under the age of 5 (Kawasaki, Kosaki et al. 1974). 

An intense inflammatory response mediated by cytokine pathways and migration of 

myofibroblasts created through endothelial/epithelial to mesenchymal transition (EMT) 

damages the arterial wall. KD is now the most common cause of acquired heart disease in 

children in developed countries (Taubert, Rowley et al. 1991). Transforming growth 

factor ß (TGFß) is a multifunctional cytokine that has important roles in cardiovascular 

remodeling, cellular differentiation, and proliferation, as well as T cell regulation.  All of 

these processes are important in KD. The TGFß superfamily co-receptor III (TGFßRIII) 

mediates ligand binding in the TGFß pathway, but also has roles in regulation of EMT 
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and cardiovascular development during fetal life. Evaluation of TGFßRIII at the 

transcript and protein levels showed significantly lower levels of transcript abundance 

(p<0.05) with simultaneous high protein levels (p<0.05) during the acute phase of KD.  

All 6 of the IVIG treatment non-responders (100%) showed higher acute sTGFBRIII 

protein levels compared to the convalescent stage of illness while only 3 of the 13 

responders (23%) were above the presumably normal levels.  High acute sTGFBRIII 

protein levels were also detected in Hispanic KD subjects but no difference between 

ethnicities was present at the transcript level. These results suggest that reduced 

TGFßRIII transcript levels may contribute to KD pathogenesis, and high sTGFBRIII 

protein levels may be working to suppress excess inflammation and EMT possibly by 

decreasing TGFß-2 signaling. 
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INTRODUCTION 
 

Kawasaki Disease (KD) is an acute, self-limited, vasculitis that occurs 

predominantly in infants and children under the age of 5 (Kawasaki, Kosaki et al. 1974).  

The cause of KD is still undetermined but it is believed to result from a combination of 

pathogenic exposure and a genetic predisposition (Burns and Glode 2004).  Still, a 

pathogen has not been identified and the specific genetic pathways involved have only 

been partially identified.  A diagnosis of KD is established through observation of clinical 

signs including oral manifestations (strawberry tongue and red or cracked lips), 

conjunctival injection, enlarged lymph nodes, and swollen, red hands and feet plus fever 

that lasts longer than 5 days (Newburger, Takahashi et al. 2004).  Since the disease is not 

well known and the clinical signs are similar to other rash/fever illnesses in children, KD 

is often missed or misdiagnosed and therefore goes untreated.  KD leads to coronary 

artery aneurysms in up to 25% of children when not treated (Kato, Sugimura et al. 1996).  

Early treatment for the disease is therefore crucial to prevent serious cardiac 

complications in the child’s future.  Even if there were a simple test to diagnose the 

disease efficiently, 15-30% of those treated with the standard of care (intravenous 

immunoglobulin (IVIG) and aspirin) fail treatment and present with recrudescent fever, 

thus increasing the chances of developing coronary artery abnormalities (Tremoulet, Best 

et al. 2008). In 2006, 38.3% of KD patients in San Diego were IVIG resistant (Tremoulet, 

Best et al. 2008).  A more effective therapy is therefore required to decrease coronary 

artery inflammation.  

Transforming growth factor ß (TGFß) is a multifunctional cytokine that exists in 3 

different isoforms within a superfamily that functions to regulate development, 
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proliferation, differentiation, apoptosis and migration in many cell types (Gordon 

and Blobe 2008). The TGFß signaling pathway is initiated by ligand binding to TGFß 

receptor II, which in turn phosphorylates TGFß receptor I.  Activated TGFßRI 

subsequently phosphorylates the Smad2/3 transcription factors, which proceeds to 

migrate into the nucleus where TGFß responsive gene expression is modulated (de 

Caestecker 2004). TGFß type III receptor (TGFßRIII), unlike the type I and II receptors, 

is a co-receptor which binds TGFß superfamily ligands and presents them to type I and II 

receptors thereby increasing the affinity of the receptors for the ligands.   It has become 

clear through further study of the role of the type III TGFß receptor that its modulation of 

signal transduction is quite complex.  The receptor exists in two forms, it is found 

membrane-bound ubiquitously but can undergo ectodomain shedding possibly mediated 

by MMP 14 or 16, releasing a soluble form of the receptor (sTGFßRIII) (Velasco-

Loyden, Arribas et al. 2004). Both soluble and membrane bound forms have distinct 

functions in TGFB signaling from the other.  Both forms of TGFBRIII have been shown 

to bind several ligands in the TGFB superfamily including the TGFß isoforms (Blobe, 

Schiemann et al. 2000), inhibin (Lewis, Gray et al. 2000) and bone morphogenic proteins 

(BMP’s) (Kirkbride, Townsend et al. 2008). TGFßRIII importantly binds TGFß2, which 

has low affinity for the type II-type I complex without the accessory receptor III (Wang, 

Lin et al. 1991). During embryonic cardiac development, TGFB2 mediates endothelial 

cell-cell activation and separation in chicks and is the only TGFB ligand involved in 

EMT in mice (Mercado-Pimentel and Runyan 2007). TGFB2 knockout mice have a 

decrease of mesenchyme in collagen gels and during embryonic development have many 
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cardiac defects including atrioventricular and outflow tract region derived abnormalities 

(Mercado-Pimentel and Runyan 2007).   

TGFß is involved in a signaling pathway that has been identified as having an 

important role in T cell-activation, cardiovascular remodeling, and generation of 

myofibroblasts, all of which are characteristic features of KD.  Analysis of genetic 

variants of genes in the TGFß pathway showed consistent association of certain alleles 

with KD susceptibility and outcome (Shimizu, Jain et al. 2011). Whole blood transcript 

abundance for the genes in this pathway such as TGFßRIII and TGFß2 plasma protein 

levels changed dynamically over the course of the illness (Shimizu, Jain et al. 2011). 

Gene expression analysis was done and genes were filtered for differential expression 

between the acute and convalescent stages. Both Agilent and Lymphochip microarrays 

found TGFBR3 expression was strongly down-regulated during acute KD compared to 

convalescent KD (Fig 1a) (Shimizu, Jain et al. 2011). TGFB2 protein levels were 

measured in paired plasma samples and detected low acute and high convalescent TGFB2 

protein levels (Shimizu, Jain et al. 2011).   

These suggest that the TGFß pathway has an important role in KD pathogenesis. 

Beyond ligand presentation, TGFβRIII has several essential functions, including valve 

formation during chick heart development (Brown, Boyer et al. 1999), suppression of 

cancer progression (Dong, How et al. 2007), regulation of endothelial mesenchymal 

transition (EMT) (Gordon, Dong et al. 2008), and prevention of fibrosis (Ahn, Park et al. 

2010).  Total loss of the gene resulted in fetal death due dysmorphic and distended 

coronary vessels suggesting that TGFβRIII has a role in coronary vessel development 

(Compton, Potash et al. 2007).  The TGFß pathway regulates myofibroblast 



4 
 

 

differentiation (Carthy, Garmaroudi et al. 2011) and immunohistochemical study of the 

coronary arterial wall from KD autopsies showed infiltrating myofibroblasts that may 

mediate damage to the arterial wall again linking the pathway to KD pathogenesis 

(Shimizu C. Submitted). 

TGFBRIII is one of the key molecules regulating EMT.  Study of a TGFB-

induced EMT model in pancreatic carcinoma cells showed that TGFBRIII protein levels 

on the cell surface were reduced to nearly undetectable levels after 12h of TGFB1 

treatment, coinciding with the earliest detectable signs of EMT (Gordon, Dong et al. 

2008). This loss of TGFBRIII was maintained >3 days after treatment with a single dose 

of TGF-B1 due to loss of TGFBRIII at the mRNA level.  Reduced TGFBRIII transcript 

levels lasted from 2h-48h post TGF-B1 treatment.  Conversely, increased sTGFBRIII 

levels were reported in this EMT model of pancreatic carcinoma cells as well as in 

several cancers (Hempel, How et al. 2007; Finger, Turley et al. 2008; Gordon, Dong et al. 

2008).  It is suggested that sTGFBRIII sequesters various ligands in extracellular space 

thereby decreasing downstream signaling (Lopez-Casillas, Payne et al. 1994). 

Experiments involving shRNA-mediated silencing of TGFBRIII revealed that loss of 

TGFBRIII expression, although coinciding with the reduction of E-Cadherin, was not 

required for induction of EMT through reduction of such markers but was required for 

the increase in motility associated with EMT in pancreatic carcinoma cells (Gordon 

2008). Therefore it is possible that sTGFBRIII levels reflect magnitude of both 

inflammation and EMT occurring in systemic arterial walls. 

TGFβRIII expression is studied in several cancer cells. While loss of 

heterozygosity and epigenetic regulation of the TGFBRIII gene may also have a role, 
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studies searching for causes of the reduced transcript and membrane bound TGFBRIII 

protein levels have revealed that the TGFBRIII gene locus is not mutated in human 

cancers (Dong, How et al. 2007; Hempel, How et al. 2007; Turley, Finger et al. 2007). 

microRNAs are small non-coding RNAs that regulate the expression of many genes 

associated with immune regulation (Lu and Liston 2009) and cardiovascular modification 

(Small, Frost et al. 2010) at the post transcriptional level. As far as we know, there is no 

microRNA reported to regulate TGFBRIII. In this report, we investigated the role of 

miR-15a, which is predicted to regulate TGFBRIII (Accessed 04/2011: miRanda.com). 

Based on all of these observations, we focused on TGFßRIII, as an important 

regulator of EMT, and specifically myofibroblast differentiation, to investigate its role in 

the pathogenesis of KD. 

 
Figure 1a In paired RNA and serum samples, TGFßRIII transcripts were low in the acute 
phase and high in convalescent based on the Agilent microarray and our own RTPCR 
TaqMan assay (Shimizu, Jain et al. 2011). However, TGFßRIII protein levels were high 
in the acute and low in the convalescent phase, indicating an inverse relationship.
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MATERIALS AND METHODS 

Subjects 

KD patients were enrolled in the study at Rady Children’s Hospital (San Diego, 

CA) once diagnostic criteria were fulfilled; fever for at least 3 and not more than 8 days 

and four or more of the five principal clinical criteria for KD (rash, conjunctival injection, 

cervical lymphadenopathy, changes in the oral mucosa, and changes in the extremities) or 

three criteria plus coronary artery abnormalities documented by echocardiography 

(Newburger, Takahashi et al. 2004).  IVIG failure or non-response was defined as 

persistent or recrudescent fever (T ≥ 38°C rectally or orally) 36 h following completion 

of the IVIG infusion (2 g/kg). The internal diameters of the right coronary (Mercado-

Pimentel and Runyan) and left anterior descending arteries (Ng, Cheng et al.) were 

classified by echocardiography as normal (< 2.5 standard deviations (z score) from the 

mean, normalized for body surface area (de Zorzi, Colan et al. 1998), dilated (2.5 < z 

score < 4.0), or aneurysmal (saccular or fusiform dilatation of a coronary artery segment 

with z score  ≥  4.0).  Clinical data including sex, ethnicity, race, age, day of illness (first 

day of fever = illness day 1), results of laboratory testing, response to IVIG therapy, and 

coronary artery status were recorded for all subjects. The UCSD Institutional Review 

Board reviewed and approved this study and parental consent and assent as appropriate 

were obtained from parents and participants. 

 

Blood samples 

Serum for ELISA was collected from KD patients during acute (pre-IVIG >8 

illness day) and convalescent (≥1 month after fever onset and normalization of 



7 
 

 

erythrocyte sedimentation rate and platelet count) phases and processed within 48 hours 

of collection.  Assays were performed on serum samples due to availability.  KD 

pathophysiology occurs in the arterial wall so investigation of TGFBRIII expression in 

the arterial wall from fresh tissue would be ideal but is not possible since we work with 

human subjects. RNA for measurement of transcript levels and for microRNA analyses 

was isolated from whole blood collected in PAXgene tubes followed by extraction using 

PAXgene blood miRNA kit as previously described (Popper, Shimizu et al. 2007) 

according to manufacturer’s instruction. Samples were stored at -70°C until they were 

used for assays. 

 

Microarray Assays 

Genome-wide differential gene-expression analysis was performed on acute and 

convalescent serum samples (paired analysis N = 186 sample pairs, expression levels 

normalized per-chip and per-gene). Due to the very large number of SNP - expression 

association tests performed (> 500 million in total), a P < 10-5 was adopted as ‘nominal’ 

evidence of association. A threshold of P < 10-10 is used for genome-wide significance. 

 

Genotyping of TGFBRIII 

The 186 KD patients who had undergone the gene-expression analysis also had 

genome-wide genotyping done using the Illumina 1M SNP chip.  

 

ELISA Assay 
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The concentrations of TGFβRIII in serum samples were measured following the 

manufacturer’s instruction (Quantikine, R&D Systems, Minneapolis MN).  Samples were 

measured in duplicates and the mean of the two values was used. Absorbance 

measurement was performed at 450nm and background eliminated at 570nm using Micro 

Plate Reader (Bio-Tek ELx800, Vermont, USA). ELISA was validated for cell 

supernatant but not serum or plasma and so required validation.  Standard curve (y=-3e-

07x2+0.0014x+0.4325 ) was generated by myself and validated for serum samples 

following the manufacturer’s instruction.  No interference was detected.  Due to the high 

inter-assay variability (%CV>15%), the independent assays could not be combined. The 

intra-assay variability was acceptable (%CV=4% ).  

 

Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR) 

Transcript abundance levels were measured by RT-PCR for TGFBR3 using a 

TaqMan assay(Applied Biosystems, Hs00234257_m1) and microRNA-15a (Applied 

Biosystems, 000389) for 13 KD subjects with acute and convalescent paired whole-blood 

RNA samples following manufacturers instruction.  Relative abundance of the target 

transcripts was normalized to the expression level of the housekeeping gene TATA box-

binding protein-associated factor, RNA polymerase I, B (TAF1B) (Applied Biosystems, 

Hs00374547_m1) and mature miRNA control, RNU 48 (Applied Biosystems, 001006), 

respectively. 

 

Statistical Methods 
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Statistical analysis was performed with GraphPad Prism Software (GraphPad 

Prism 5.0 for Windows: GraphPad Prism Software, USA).  Analysis of differences in 

mRNA and protein levels between acute and convalescent serum samples were carried 

out using the Wilcoxon paired t-test.  Kruskal-Wallis one-way analysis of variance test 

and Dunn’s multiple comparison test were utilized for the evaluation of statistical 

differences between clinical parameters in KD patients.  For expression levels of both 

mRNA and protein, values are expressed with median and interquartile range. 
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RESULTS 
 

1. Serum sTGFβRIII levels 
 
 

a) TGFBRIII levels during acute and convalescent phases 

Soluble TGFβRIII protein levels were examined by ELISA assay for differential 

levels between the acute (pre-treatment, <13 illness day) and convalescent (>28 illness 

day) disease stages. To compare the levels of transcript abundance and serum protein 

from the same subjects, ELISA assays were performed on serum from patients whose 

transcript abundance levels were measured previously (Shimizu, Jain et al. 2011).  Serum 

was available for 11 subjects from Agilent microarray analysis, 6 RT-PCR samples and 2 

used in both analyses (Fig 1a).  sTGFBRIII serum protein levels were higher (p=0.05) 

during the acute versus the convalescent stage (Fig 1b). This inverse relationship between 

transcript and protein levels was observed in 70% of the samples although the outliers in 

transcript changes were not necessarily the same outliers in protein changes.  

 

b) Coronary artery status 

 Results were analyzed as a function of coronary artery status (normal (N), dilated 

(D), or aneurysm (A)) and the groups analyzed separately. All groups had high levels of 

sTGFβRIII protein levels during the acute phase that fell during the convalescent phase 

(Fig 2a).  Although all three aneurysm subjects showed higher sTGFBRIII protein levels 

during acute, sample size limited our ability to detect a significant difference between the 

three groups. In an analysis of coronary artery status as a continuous variable (Zworst),
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 there was a positive correlation between delta sTGFβRIII levels and coronary artery 

internal dimension (Zworst score) (Fig 2b). 

 

c) IVIG treatment response 

An elevation in acute sTGFβRIII protein levels was detected for those KD patients 

who did not initially respond to IVIG treatment compared to those who responded 

(p=0.03) (Fig 3a). All 6 of the IVIG treatment non-responders (100%) showed higher 

acute sTGFBRIII protein levels compared to the convalescent stage while only 3 of the 

13 responders (23%) were above the presumably normal levels.  The trend of higher 

sTGFBRIII protein levels during acute and lower during the convalescent phase, was 

more apparent in KD patients who failed initial IVIG treatment, although it was not 

statistically significant with such small numbers (p=0.06) (Fig 3b). 

 

d) Ethnicity 

Since Kawasaki Disease preferentially afflicts children of Asian descent, another 

category of interest was ethnicity.  In an analysis of subjects stratified by self-declared 

ethnicity ( Caucasian, Hispanic and Mixed ethnicity), there was a significant (p=0.03) 

difference in sTGFβRIII protein levels between the acute and convalescent phases and a 

higher level of sTGFβRIII protein in the Hispanic KD subjects during the acute phase as 

compared to the other ethnicities (p=0.06) (Fig 4a). Comparison of the Zworst score and 

the difference in sTGFβRIII protein levels between the acute and convalescent phase 

showed a correlation between a high delta sTGFβRIII and a higher Zworst score 

(p=0.0005, r=0.94) (Fig 4b). 
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e) TFGBRIII levels as a function of illness day before starting treatment  

Since KD is a self-limited, acute disease, the concentration of certain molecules in 

blood changes daily even before the treatment (Popper, Shimizu et al. 2007). To study if 

serum TGFBRIII protein levels changed prior to treatment according to illness day, we 

plotted sTGFBRIII protein levels against illness day before treatment (Fig 5). sTGFBRIII 

protein levels increased with increasing time from onset of fever (p=0.11; r=-0.44 ).  

 

2. TGFBRIII transcript abundance levels 

 

 Towards the end of my project, a transcript abundance level analysis on 186 KD 

subjects (Illumina, 1M SNP chip) became available and I was able to extract data on 

transcript abundance levels of TGFBRIII. 

 

a) Coronary artery status 

 There was no difference in TGFBRIII transcript abundance during the acute or 

convalescent stage of KD illness between the normal, dilated and aneurysm coronary 

artery status (Fig 6a).  

 

 b) IVIG treatment response 

 Transcript abundance levels for TFGBRIII were again low in acute and high in 

convalescent for all subjects.  The IVIG non-responders had the lowest levels of 

TGFBRIII transcript during the acute phase and the highest transcript abundance during 
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the convalescent phase as expected (Fig 6b).  This result was anticipated considering that 

an inverse relationship between TGFBRIII transcript and sTGFBRIII protein levels was 

previously detected, and the acute sTGFBRIII protein levels were very high (Fig 3a). 

 

 c) Ethnicity 

 There was no difference in TGFBRIII transcript abundance during the acute or 

convalescent stage of KD illness between the ethnic groups.  This cohort included Asian, 

African American, Caucasian, Hispanic and Mixed ethnicity ethnic groups and 

unexpectedly, there was no distinct pattern of TGFBRIII transcript abundance for the 

Hispanic group of subjects from the other ethnic groups (Fig 6c) as was detected at the 

sTGFBRIII protein level (Fig 4a). 

 

3. Regulation of TGFBRIII transcript abundance levels 

 

a) Regulation by genotype 

To determine whether expression levels of TGFBR3 were significantly associated 

with SNPs flanking the gene within +/- 50,000 base pairs, our collaborator analyzed the 

correlation between individual SNP genotype and TGFBR3 gene expression levels (in 

acute and convalescent stage), but found no correlation.  

b) Regulation by Micro RNA 15a (miR-15a) 

Micro RNA-15a is predicted to regulate TGFBRIII expression through binding 

the 3’ untranslated region by several trusted online programs (Accessed 04/2011: 
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miRanda.com). We studied transcript abundance levels of miR-15a during acute and 

convalescent stages of KD illness along with TGFBRIII transcript abundance levels on 

the same subjects to consider the possibility of TGFBRIII regulation through interaction 

with miR-15a (Fig 7).  With our small sample size, no consistent relationship was 

detected. 

 

4. TGFBRIII relationship to TGFB2 

 

 TGFßRIII importantly binds TGFß2, , which on its own has low affinity for the 

type II-type I complex without the accessory receptor III (Wang, Lin et al. 1991). 

sTGFBRIII acts as a receptor decoy sequestering TGFB2 ligand to prevent signaling, it is 

therefore important to investigate the relationship between sTGFBRIII protein and the 

TGFB2 ligand in KD.  A previous study measured TGFB2 plasma protein levels in KD 

(Shimizu, Jain et al. 2011); we measured sTGFBRIII protein levels from the same group 

of subjects. No significant correlation was detected between the two circulating proteins 

with our small sample size (Fig 8). 



15 
 

 

 
Figure 1b In paired RNA and serum samples, TGFßRIII transcripts were low in the acute 
phase and high in convalescent based on the Agilent microarray and our own RTPCR 
TaqMan assay (Shimizu, Jain et al. 2011). However, TGFßRIII protein levels were high 
in the acute and low in the convalescent phase, indicating an inverse relationship. 

   
Figure 2 a & b ELISA performed on serum samples for 19 patients shows Z worst score 
is associated with delta TGFβRIII levels: a higher delta TGFβRIII correlates with a 
higher z worst score. 
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Figure 3 a & b  IVIG-resistant (non-resp or NR) and –responsive KD (resp or R) patients 
differ in TGFßRIII levels most significantly during the acute phase of illness.  IVIG 
resistant patients show significant differential expression between their acute and 
convalescent illness stages. 

   
Figure 4 a& b Hispanic KD patients had higher levels of TGFßRIII protein circulating 
during their acute illness than was observed in other ethnic populations. The difference 
between Hispanic acute and convalescent TGFßRIII levels was positively correlated with 
z score. 
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Figure 5 Acute KD TGFβRIII levels as a function of Illness day.   

    
Figure 6 a & b Whole blood transcript levels for 186 subjects on Illumina microarray 
platform. Acute TGFβRIII transcript levels were consistently lower than convalescent 
levels between coronary artery outcomes (a), IVIG non-responder (Non-Resp) and 
responder (Resp) subjects (b), across all ethnic groups (c). 
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Figure 6c (Continued) Whole blood transcript levels for 186 subjects on Illumina 
microarray platform. Acute TGFβRIII transcript levels were consistently lower than 
convalescent levels between IVIG non-responder (Non-Resp) and responder (Resp) 
subjects (a), across all ethnic groups (b) and coronary artery statuses (c).  

   
Figure 7 a & b Acute TGFβRIII transcript levels versus acute miR 15a transcript levels. 
Red lines indicate linear regression, 2 groups done separately with too large inter-assay 
variability. 
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Figure 8 Acute sTGFBRIII protein levels versus acute TGFB2 protein levels in serum.
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DISCUSSION 

 TGFBRIII transcript and protein inverse relationship 

We found that in KD blood samples there was dynamic change of sTGFBRIII 

protein levels with high sTGFBRIII during the acute phase of KD. This was the inverse 

of what was detected for TGFBRIII transcript levels, which were low in the acute phase.  

Higher levels of sTGFßRIII protein were seen among IVIG non-responders and subjects 

of Hispanic descent.  At the transcript level, there was no difference among ethnic groups 

but there were lower acute transcript levels for IVIG non-responders again following an 

inverse relationship with sTGFßRIII protein levels. There was also dynamic change of 

sTGFßRIII protein levels as a function of KD illness day Increased sTGFßRIII protein 

levels are reported during the early stages of EMT (Wang, Lin et al. 1991), possibly as 

negative feedback to decrease TGFB2 signaling and EMT, therefore high levels of 

sTGFBRIII may represent a higher magnitude of inflammation in KD systemic arteritis. 

 

TGFBRIII signaling pathway 

It has become clear through further study of the role of the type III TGFß receptor 

that its modulation of signal transduction is quite complex.  The receptor exists in two 

forms, it is found membrane-bound ubiquitously but can undergo ectodomain shedding 

possibly mediated by MMP 14 or 16, releasing a soluble form of the receptor 

(sTGFßRIII) (Velasco-Loyden, Arribas et al. 2004).  Membrane bound TGFßRIII has a 

short cytoplasmic region that is capable of regulating signaling and growth inhibition by 

interacting with either GAIP-interacting protein C-terminus (GIPC) of the scaffolding 

protein, or ß-arrestin2 (Chen, Kirkbride et al. 2003) (Blobe, Liu et al. 2001).  When the 
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TGFßRIII cytoplasmic domain interacts with GIPC the membrane-bound complex is 

stabilized on the cell surface and increases TGFß signaling (Chen, Kirkbride et al. 2003).  

In contrast, when ß-arrestin2 is bound, the complex is internalized into endocytic vesicles 

leading to a decrease in TGFß signaling (Blobe, Liu et al. 2001). Soluble TGFßRIII has 

been shown to bind and sequester ligands that would enhance membrane-bound 

TGFßRIII signaling thereby down-regulating TGFß signaling (Lopez-Casillas, Payne et 

al. 1994) (See Figure 9). 

 

TGFBRIII and EMT 

Increased sTGFBRIII protein and reduced levels of TGFβRIII at both mRNA and 

cell surface protein level have been described in multiple cancers such as ovarian 

(Hempel, How et al. 2007), breast (Dong, How et al. 2007) and lung cancer (Finger, 

Turley et al. 2008).  Cancer cells go through EMT process and gain the capacity to 

migrate; perhaps this can be partially explained by TGFβRIII’s role in the regulation of 

endothelial mesenchymal transition (EMT). Therefore low TGFBRIII transcript levels 

and high sTGFBRIII protein levels may be reflecting EMT process in KD much like what 

appears to be happening in cancer models.  

Myofibroblasts generated through EMT are important in KD arteritis (Shimizu C. 

Submitted). When fibroblasts or endothelial cells undergo EMT and become 

myofibroblasts they gain the ability to migrate, secrete pro-inflammatory proteins (such 

as Il-6, IL-17 and MMP-9) and therefore participate in the inflammatory process. EMT is 

regulated by several mechanisms, in which TGFBRIII plays important roles (Figure 9): 

1) Enhancing TGFB induced early EMT by increasing affinity of ligands to bind 
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TGFBRI and II. This works especially through TGFB2 since this isoform has low 

binding affinity for its receptor without interacting first with TGFβRIII. 2) Decreasing 

cell migration by affecting actin re-organization through ß-arrestin-cdc42 signaling 

pathway (Mythreye and Blobe 2009). 3) The cytoplasmic domain of membrane bound 

TGFβRIII mediates inhibition of TGFβ signaling through interaction with GIPC 

scaffolding protein, thereby reducing cell migration and invasion (Lee, Hempel et al. 

2010). 4) Through induction of the cyclin-dependent kinase inhibitors p21 and p27, 

TGFβRIII inhibits proliferation and motility and increases adhesion (Lambert, Huang et 

al. 2011).  5) After EMT is in progress, sTGFBRIII protein can reduce migration of cells 

probably through binding and sequestering TGFβ ligand (Gordon, Dong et al. 2008). 

Presumably, low levels of TGFβRIII transcript lead to low levels of membrane-

bound TGFβRIII protein, but this has not been shown to occur in KD yet.  Through this 

study, high levels of sTGFβRIII protein levels were detected during acute KD, which are 

reported to increase during EMT as a negative feedback mechanism to suppress motility 

and invasion (Gordon, Dong et al. 2008) in early pancreatic cancer.  It is possible that this 

mechanism is also be occurring in acute KD.  This may leave an even lower level of 

membrane-bound TGFβRIII.  Due to the effect of membrane-bound TGFβRIII on several 

pathways, a decrease in TGFβRIII may result in increased migration, cell growth and 

proliferation.  This inverse relation was not expected but may suggest that loss of 

TGFβRIII transcript results in increased EMT, while high levels of sTGFBRII protein are 

a reflection of this increased inflammation and EMT. 

 

IVIG responder/non-responder prediction, CA status 
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Approximately 15% of KD patients fail treatment presenting with recrudescent 

fever of above 38º C for ≥36 hours after the end of IVIG treatment (Tremoulet, Best et al. 

2008). Patients who fail their IVIG treatment have a 20% higher chance of developing 

coronary artery abnormalities (Newburger, Takahashi et al. 2004).  In KD, we see 

systemic inflammation of arteries and are particularly concerned about inflammation of 

the coronary arteries; therefore decreased TGFβRIII production and function leading to 

EMT could be very relevant to KD pathogenesis.  

We found increased levels of sTGFBRIII protein in subjects who went on to be 

IVIG-resistant (Fig 2a), which may represent a negative feedback mechanism to suppress 

the increased EMT occurring in these patients mediated by increased TGFB signaling.  

With increased EMT there would be elevated inflammation and arteritis. Those who fail 

IVIG treatment require a more intensive treatment initially due to more inflammation but 

there is no current method for differentiating these patients from those who will respond. 

There are several scoring system to predict IVIG treatment response in Japanese patients, 

but these scoring systems have been shown not to work in a mixed ethnic population of 

KD patients from the U.S. (Tremoulet, Best et al. 2008). If high acute sTGFBRIII levels 

in IVIG non-responder are confirmed through further investigation, sTGFBRIII protein 

levels during the acute phase may be useful to identify this subset of KD patients who 

require more intensive anti-inflammatory therapy.  

A correlation was detected between increasing coronary artery outcome severity 

(increasing Zworst score) and increased delta sTGFβRIII protein levels (Fig 2b). This 

would be consistent with an increased amount of EMT occurring in which the levels of 

sTGFβRIII protein are high reflecting increased EMT, cell invasiveness and motility 
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(Gordon, Dong et al. 2008).  No difference was detected at the transcript level between 

coronary artery outcomes (Fig 6b). Given the presumed role of TGFBRIII in EMT 

regulation we may expect to see more dramatic differences between those with normal 

and abnormal coronary arteries at the sTGFBRIII protein as well at TGFBRIII transcript 

level. This is most likely a result of limitations of the study. Analysis of serum and 

circulating cells rather than tissue assumes the biology of coronary artery aneurysm 

formation is a systemic issue when it is in fact a local one.  

There was an unexpected difference in sTGFBRIII protein levels detected 

between ethnicities (Fig 4a).  The Caucasian and mixed ethnicities groups had 

inconsistent trends and low differences in sTGFBRIII protein level between the disease 

stages.  For Hispanic KD patients there were high acute sTGFBRIII protein levels and 

differential levels of sTGFBRIII detected between the acute and convalescent phase.  The 

high acute sTGFBRIII protein levels as well as the differential sTGFBRIII levels between 

acute and convalescent KD associated with certain ethnicities may suggest that there is 

genetic influence in these subjects effecting their TGFBRIII expression.  We must also 

consider the possibility that the high acute sTGFBRIII protein levels were an artifact of 

the small numbers (n=15) since there was no difference at the transcript level between 

ethnicities. In this cohort, we only looked at Caucasians, mixed ethnicity and Hispanic 

KD subjects, but considering the recorded rate of KD incidence which is highest in 

Asians, followed by African Americans, Hispanics and then Caucasians in San Diego 

county, it is possible that sTGFBRIII protein levels would be high for Asian and African 

American KD subjects as well had they been included in the cohort.  The high levels of 
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sTGFBRIII protein may be indicative of pathophysiologies that predispose certain ethnic 

groups to KD, although further investigation is required. 

 

TGFBRIII regulation 

We found dynamic change of TGFBRIII transcript abundance levels and 

circulating protein levels in an inverse relationship with low mRNA and high soluble 

protein. First, the TGFBRIII gene was analyzed for association between nearby (+/- 

50,000 base pairs) SNPs and transcript abundance.  Haplotype maps of the TGFBRIII 

gene between Caucasian (European descent), Mexican and Japanese ethnicities were 

compared for different linkage disequilibrium patterns but no significant difference was 

observed.  It has been reported that TGFB isoforms 1 and 2 decrease TGFBRIII transcript 

levels (Gordon, Dong et al. 2008), to further consider regulation at the transcriptional 

level, microRNAs and transcription factors found to be associated with acute KD were 

examined. miR-15a is predicted to bind TGFBRIII and down regulate gene expression, so 

we studied transcript abundance levels of TGFBRIII and mir-15a in paired samples at the 

acute and convalescent phase. There is an association between the two in that subjects 

with high acute levels of acute miR-15a had low acute levels of TGFBRIII transcript (Fig 

7 a & b). This correlation was not found to be statistically significant (r=-0.3), again 

further investigation is required. The transcription factor, zinc finger homeobox 3 

(ZFHX3), has several SNPs that were identified as being highly associated to KD 

susceptibility in a Genome wide association study (Burgner, Davila et al. 2009). Genetic 

variation in ZFHX3 has been associated with atrial fibrillation and ischemic stroke 

(Benjamin, Rice et al. 2009) (Gudbjartsson, Holm et al. 2009). It is reported that 
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suppression of ZFHX3 mRNA indirectly suppresses TGFBRIII gene expression (Kim, 

Kawaguchi et al. 2010). Future study of transcription binding sites and RNA sequence 

may help to better understand the regulation of TGFBRIII gene expression.   

 

Limitations 

We recognize several limitations to our experimental studies. First, there were a 

limited number of samples that were tested for serum protein levels.  Again, ideally we 

would be looking at fresh tissue of the arterial wall but we work with human patients 

making experimental assays of the tissue unrealistic.  We therefore work with peripheral 

blood and whole blood RNA, but this shows what is circulating and not necessarily what 

is happening in the arterial wall.  

Transcription levels were studied in circulating cells, however, TGFBRIII may 

also originate from other cells or myobfibroblasts. This may be the reason we could not 

see the correlation between sTGFBRIII protein levels and transcription levels. The 

ELISA kit we used detects an epitope in the extracellular domain of TGFBRIII protein. 

This can detect both sTGFBRIII and TGFBRIII on the surface of exosomes, which may 

have different effects on EMT. sTGFBRIII protein regulates binding and blocking TGFB 

ligand, however, TGFBRIII on the membranes of exosomes can be transferred to other 

cells leading to myofibroblast transformation in recipient cells (Webber, Steadman et al. 

2010).   A solution to this limitation is the use of western blot assays rather than ELISAs 

allowing separation of soluble (100-120 kD) and membrane-bound TGFBRIII (250-350 

kD) (Andres, Stanley et al. 1989).  Other options include high speed ultracentrifugation 
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and/or sucrose gradient, to remove the exosomes (densities of around 1.1-1.2 g/mL) 

(Thery, Amigorena et al. 2006). 

 

Conclusions 

We found that in KD blood samples, there was an inverse trend detected for 

TGFßRIII transcript levels and sTGFßRIII protein levels with increased sTGFBRIII 

protein levels during the acute phase of KD but low transcript levels.  These trends, 

similar to what is observed in multiple cancer types, suggest increased EMT during the 

acute phase.  Higher acute levels of sTGFßRIII protein were seen among IVIG non-

responders prior to treatment (p=0.03) and subjects of Hispanic descent (p=0.06) but no 

significant difference was detected between subjects with coronary artery abnormalities 

and those with normal coronary arteries.  The high levels of sTGFBRIII protein present 

may sequester TGFB2 during the acute phase of KD resulting in the low acute TGFBR2 

protein levels detected (Shimizu, Jain et al. 2011) as a negative feedback in response to 

elevated EMT and inflammation.  Low acute TGFβRIII transcript levels may be 

associated with acute miR-15a levels, suggesting regulation of TGFBRIII gene 

expression by miR-15a.  Further understanding of the regulation of TGFBRIII mRNA 

expression may identify possible treatments to enhance or restore TGFBRIII expression 

on cells transforming to myofibroblasts in KD arteritis. 
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Figure 9.  Proposed role of TGBR3 in pathogenesis of KD. The orange circles indicate 
real findings in KD, the rest is just speculation. (See text for description).
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