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THE ROLE OF THE IL4/13 PATHWAY IN THE GENETICS OF ASTHMA  

SEVERITY 
 
 

Thesis under the direction of Deborah A. Meyers, PhD, Professor of Pediatrics 
and Genomics and Personalized Medicine Research 
 

 T helper 2 (Th2)-related interleukin 4/13 pathway genes have been 
associated with asthma susceptibility; however the role of these genes in asthma 
severity has not been explored.  We tested single nucleotide polymorphisms 
(SNPs) in the critical Th2 regulator GATA-binding protein 3 (GATA3) and other 
Th2 genes for association with baseline lung function, allergic symptoms, and 
health care utilization in non-Hispanic whites (n=437) and African-American 
(n=208) asthma patients in the Severe Asthma Research Program (SARP).  
Linear or ordinal regression models with an additive genetic term were developed 
to evaluate continuous or multi-level categorical variables.   In SARP SNPs in 
GATA3 SNPs were associated with baseline lung function, including rs1244186, 
which was replicated in The Epidemiology and Natural History of Asthma: 
Outcomes and Treatment Regimens (TENOR) study.  In SARP whites, GATA3 
promoter polymorphisms, most notably rs1244181 [Odds Ratio (OR) 1.7, 95% 
Confidence Interval (CI) 1.23-2.36], were significantly associated with increasing 
use of inhaled and oral corticosteroids.   GATA3 SNPs were also predictors of 
increased sinus infections, pollen allergy and SARP atopic asthma cluster 
phenotypes.  This analysis provides evidence that GATA3 may contribute to 
modulation of baseline lung function, steroid use and atopy in severe asthma. 
 

 



CHAPTER 1 LITERATURE REVIEW 
 
 

Introduction 

 Severe asthma is the cause of significant asthma morbidity and mortality 

(Moore et al., 2007).  Approximately 5-10% of asthma patients are currently 

classified as severe, yet this subset of patients utilizes a high percentage of 

health care resources and does not respond well to current therapy (Moore and 

Peters, 2006; Moore et al., 2007; Wenzel and Busse, 2007c).  Patients with 

severe asthma experience frequent exacerbations, leading to lost work 

productivity and increased disability (Eisner et al., 2006).  The pathogenesis of 

severe asthma is poorly understood and very few genetic studies have focused 

on asthma severity.  The Wake Forest School of Medicine’s Center for Human 

Genomics is a site for the National Heart, Lung and Blood Institute (NHLBI)-

sponsored Severe Asthma Research Program (SARP), which is one of the 

asthma studies with enough severe asthma patients enrolled for comprehensive 

genetic analysis of asthma severity.  Not all asthma patients are the same.   If the 

genetic pathways that underlie severe asthma could be identified, more specific 

drug therapies could be developed for these patients.  This novel genetic study of 

the T helper 2 (Th2) -related interleukin 4/13 (IL4/13) pathway in severe asthma 

patients compared to non-severe asthma patients may provide valuable 

preliminary data for functional studies and pharmacological studies of the Th2 

pathway.  For example, physiological studies of rare IL13 polymorphisms 

identified in our laboratory are already underway by Dr. Donata Vercelli at the 

University of Arizona (personal communication).  Additionally, interleukin 4 
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receptor α (IL4RA) polymorphisms were found to be predictors of treatment 

response in an exploratory pharmacogenetic analysis of a novel IL4 receptor 

antagonist (pitrakinra) (Wenzel et al., 2007a; Slager et al., 2009), currently in an 

early-phase mechanistic trial in difficult-to-treat patients with asthma.  

  There is a substantial amount of in vitro cell signaling, pharmacological, 

and animal model studies in the literature focused on the role of the Th2 pathway 

in the pathophysiology of asthma.  Additionally, this signaling pathway is one of 

the most replicated candidate pathways in asthma susceptibility studies.   

However, due to inconsistent phenotypic definitions, small sample sizes, and 

small numbers of polymorphisms analyzed, there are conflicting reports in the 

literature regarding the true genetic contribution of this pathway to asthma and 

allergy (Vercelli, 2008), especially in regards to the severity of asthma.  Our 

research group has published extensively on genetic variants in this pathway 

associated with phenotypic aspects of asthma susceptibility as well as allergic 

phenotypes and lung function.  However, comprehensive genetic studies on 

severe asthma have not been done.  SARP provides a unique population in 

which to study the genetics of severe asthma.  Because we have access to the 

full SARP phenotypic information as well as high-throughput genotyping data, our 

research group is in a unique position to determine the contribution of genetic 

polymorphisms in this pathway to asthma severity.  Utilizing genome-wide 

association data, we have the ability to comprehensively examine polymorphisms 

in the following genes:  interleukin 4 (IL4), interleukin 5 (IL5), interleukin 13 

(IL13), interleukin 4 receptor α (IL4RA), janus kinase 1 (JAK1), signal transducer 
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and activator of transcription protein 6 (STAT6) and GATA-binding protein 3 

(GATA3) in non-Hispanic whites and African-Americans, while controlling for 

confounders and population stratification.    We also have access to a replicate 

populations to confirm significant IL4/13 pathway genetic associations with lung 

function:  a case-only asthma population with a large number of subject with 

severe asthma, The Epidemiology and Natural History of Asthma: Outcomes and 

Treatment Regimens (TENOR) study (Dolan et al., 2004; Li et al., 2010) and 

asthma cases from the asthma susceptibility case/comparison population, the 

Collaborative Studies on the Genetic of Asthma (CSGA) (Meyers et al., 2001; Xu 

et al., 2001).   

 We suggest that the precise phenotypic classifications defined by our 

research group for the SARP population will better elucidate the genetic 

pathways underlying severe asthma and determine whether this pathway should 

be further targeted for therapy development for these patients.  This analysis can 

also provide critical information for future pharmacological and functional studies 

of asthma.   

 

Severe asthma 

 It is estimated that severe cases comprise approximately 5-10% of 

people with asthma (Moore et al., 2007), yet this subset of patients utilizes a high 

percentage of health care resources, including emergency room visits and 

admissions to the intensive care unit (Moore et al., 2006; Moore et al., 2007; 

Wenzel et al., 2007c).  In contrast to clinically mild and moderate patients with 
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asthma, subjects with severe asthma are generally less responsive to current 

therapy and their asthma is not well controlled with current medications.  Costs 

related to asthma are correlated with severity, and both direct and indirect 

healthcare costs are significantly higher for those with severe, persistent asthma 

(Godard et al., 2002; Van Ganse et al., 2002).  Additionally, the prevalence of 

disability is 14% among adult patients with severe asthma (Eisner et al., 2006).  

The National Heart Lung and Blood Institute’s (NHLBI) multi-center Severe 

Asthma Research Program (SARP) provides a unique opportunity to study the 

genetics of asthma in one of the best-characterized cohorts in the United States.  

Our research group at Wake Forest University School of Medicine Center for 

Human Genomics has extensively analyzed phenotypic data from SARP.  

Asthma is a heterogeneous condition and phenotypic precision is required if 

genes for asthma and asthma severity are going to be discovered. 

 

Severe Asthma Research Program.  The pathogenesis of severe asthma is not 

well-understood and little is known about the genetic and environmental factors 

that contribute to asthma severity.  It is imperative to better understand the 

mechanism of asthma severity in order to develop more effective drug therapy for 

these patients.  Many severe asthma patients use high levels of systemic 

corticosteroids to attempt to control their asthma, which can have adverse effects 

such as obesity, diabetes, and cataracts (Moore et al., 2007).  Due to generally 

small numbers of subjects with severe asthma, the SARP study, principal 

investigator Dr. Eugene Bleecker, is one of the few cohorts enriched with enough 
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severe asthma patients for research and is currently comprised of approximately 

27% African-American subjects.  African-Americans have higher asthma 

morbidity and mortality rates and African-American ethnicity is one of the 

strongest predictors of asthma exacerbation (Gupta et al., 2006; Wenzel et al., 

2007c), yet few asthma research studies have included minorities.  In response 

to an American Thoracic Society (ATS) workshop in 2000, several SARP 

research sites were funded to identify and characterize severe asthma patients 

as well as define the mechanistic factors that underlie severe asthma, in order to 

develop treatment strategies for these patients (Moore et al., 2006; Moore et al., 

2007).  Subjects with severe asthma were recruited primarily using the clinical 

criteria developed at this workshop and non-severe asthma patients were 

included as a reference group.  The major characteristic of severe asthma 

defined by the workshop was use of high-dose corticosteroids (injectable or oral) 

and minor characteristics included regular use of a rescue inhaler, a near-fatal 

asthma event in the past, and use of urgent care to treat an asthma exacerbation 

(Moore et al., 2007).    

 The research focus of the Wake Forest University’s Center for Human 

Genomics SARP site is to characterize the unique phenotypic aspects of severe 

asthma and how these differ from clinical definitions of mild and moderate 

asthma, as well as to define the genetic pathways underlying this chronic 

condition (Moore et al., 2006).  A better description of the phenotypic 

heterogeneity of asthma will lead to improved understanding of disease 

pathophysiology as well as more effective treatment options.  Despite the efforts 
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of clinical respiratory societies, there remains no “gold standard” for definition of 

severe asthma and phenotypic analysis remains challenging.  We suggest that 

utilizing the extensive pulmonary function test results, reported medication use, 

and data on family asthma and allergy history collected for SARP participants will 

precisely define the phenotypic spectrum of asthma.   

 In an initial characterization of 438 SARP subjects, subjects with severe 

asthma were significantly older, had longer duration of disease, more daily 

symptoms and utilized more urgent health care than subjects with clinically mild 

or moderate asthma.  Patients with severe asthma also had lower lung function 

and significantly less allergy by number of positive skin prick tests (Moore et al., 

2007).   

 

 As of February 2010, SARP is composed of 1785 individuals, 

predominantly females (63%) who report either non-Hispanic white (65%) or 

African-Americans (27%) ethnicity, as shown in Figure 1.  Approximately 32% of 
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the SARP cohort is composed of subjects with severe asthma, 48% were 

classified as mild or moderate and 20% were controls without asthma.  This 

analysis is limited to SARP non-Hispanic white (n=437) and African-American 

(n=208) genotyped subjects with asthma and complete information as of 

November 2008 on the primary outcome of baseline lung function.  The lung 

function parameters for these subjects are listed in the Table 1 and in the 

manuscript in Chapter 2. 

  Recently, our research group performed an in-depth phenotypic 

analysis of the SARP cohort using a hierarchical analysis approach to determine 

which phenotypic traits clustered together (Moore et al., 2010).  The goal was to 

describe the SARP population more accurately than previous designations of 

mild, moderate, and severe asthma and to identify predictors of  

 

 SARP Non-
Hispanic whites  

n=437 

SARP African-
Americans  

n=208 
Age at enrollment, mean years (SD)  37 (14) 30 (14) 
Sex, % female 67 61 
Body mass index, mean (SD)  29 (8) 31 (11) 
Baseline FEV1 % of predicted  77 (22) 77 (21) 
Baseline FVC % of predicted  87 (18) 89 (19) 
Baseline FEV1/FVC ratio  0.71 (0.12)  0.72 (0.12) 
Atopic, % subjects ≥ 1 positive skin prick tests 75 80 

 
Table 1.  Lung function parameters for genotyped SARP subjects with asthma 
by ethnicity.  
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asthma severity.  Five clusters (Figure 2 and Appendix C) were generated from 

this analysis, in order of increasing asthma controllers and exacerbations and 

worsening lung function: 1) mild atopic asthma, 2) mild-moderate atopic asthma, 

3) late-onset less atopic asthma, 4) severe atopic asthma and 5) severe asthma 

with fixed airflow obstruction (Moore et al., 2010).  Clusters 1, 2 and 4 represent 

atopic asthma of increasing severity and also have the largest percentage of 

individuals who report a family history of asthma (data not shown), compared to 

clusters 3 and 5.  As shown in the flowchart below (Figure 2), baseline lung 

function remains one of the strongest predictor of cluster assignment and asthma 

severity (Moore et al., 2010).  Pulmonary function test results and the unique 

phenotypic classifications defined for the SARP population will better elucidate 

the underlying physiological pathways in genetic studies of asthma severity.    
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The role of the Th2 Interleukin 4/13 pathway in asthma  
 
Allergic asthma is thought to result from mis-regulated immune response to 

common environmental stimuli or allergens.   Response to these pathogens is 

primarily organized by CD4+ T helper cells which differentiate into three effector 

cell types:  T helper 1 (Th1), T helper 2 (Th2), and T helper 17 (Th17) cells 

(Larche et al., 2003).  Chronic airway inflammation is biased towards Th2 cells, 

which secrete pro- inflammatory cytokines that drive eosinophilia and increased 

serum IgE levels that comprise the asthma phenotype (Larche et al., 2003; 

Jenner et al., 2009).  This complex signaling network has a genetic basis and 

various Th2 genes have been studied as candidates for asthma. 
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 The interleukin 4 (IL4) and interleukin 13 (IL13) cytokine pathway is a 

critical regulator of the inflammation and remodeling that occurs in allergic 

asthma.  These molecules as well as a common unit of their receptor complex, 

the alpha subunit of the IL4 receptor (IL4RA), organize aspects of the Th2 

immune response, including IgE synthesis and antigen-presenting function.  This 

pathway also modulates differentiation of naive CD4+ Th cells into Th2 cells and 

downstream activation and recruitment of eosinophils (summarized in Figure 3). 

The polarization of Th2 cells requires the zinc finger transcription factor GATA-

binding protein 3 (GATA3) as well as signal transduction mediated by IL4 through 

the IL4 receptor and the signaling intermediate signal transducer and activator of 

transcription 6 (STAT6; Figure 4) (Chatila, 2004; Vercelli, 2008; Warrier and 

Hershey, 2008).  GATA3 promotes human T cell development by binding to 

GATA DNA motifs within T cell receptor (TCR) gene enhancer regions 

(Kiwamoto et al., 2006; Li et al., 2006).   Tissue-specific mouse models which 
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block GATA3 through dominant negative constructs or antisense DNA prevent 

Th2-related responses such as cytokine expression, eosinophilia, and airway 

hyperresponsiveness (Finotto et al., 2001).   GATA3 also induces IL4 expression, 

which further propagates Th2 differentiation through STAT6 phosphorylation and 

regulation of interleukin 5 (IL5) expression, a key modulator of eosinophil 

activation.  Further detail regarding the role of GATA3 is presented in the next 

section. 

 

 

 IL13 is also a critical regulator of allergen-induced inflammation.  In animal 

studies, IL13 is sufficient to mediate Th2-induced airway hyperresponsiveness, 

mucus hypersecretion and airway fibrosis (Grunig et al., 1998; Wills-Karp et al., 

1998).  Airway-specific expression of IL13 induces in allergic airway inflammation 

and mucus hypersecretion in mice which resembles human asthma (Zhu et al., 

1999).   
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  Increased numbers of cells which express GATA3 as well as other Th2 

signaling molecules such as STAT6 have been detected in bronchial biopsy 

samples from patients with asthma.  Molecules within this pathway have been 

shown to be highly expressed in patients with asthma and allergic disease, which 

may act to promote the recruitment of endothelial adhesion molecules and 

downstream chemokines (Lukacs, 2001; Li-Weber and Krammer, 2003; Luft et 

al., 2004).  These studies and animal models provide evidence that the Th2 

pathway is critical in asthma and suggest that genes within this pathway are 

excellent candidates for association studies in asthma and asthma severity. 

 

GATA3 and T cell biology 

The GATA-binding protein 3 (GATA3) transcription factor belongs to a family of 

six mammalian transcription factors that bind to the consensus DNA sequence 

(A/T)GATA(G/A) via a conserved zinc-finger domain (Ray and Cohn, 1999; Ho et 

al., 2009).  GATA3 was first identified as a T cell receptor-interacting protein, 

though subsequent investigation has demonstrated the importance of GATA3 in 

vascular development.  Targeted knockout of the GATA3 gene in mice leads to 

failure of fetal liver and central nervous system defects which result in embryonic 

death on day 12 (Pandolfi et al., 1995; Ray et al., 1999) . Relevant to this genetic 

study are the elegant experiments which describe the role of GATA3 in T cell 

biology (Zheng and Flavell, 1997).  Because deficiency of GATA3 gene causes 

embryonic lethality, investigators have used techniques such as transgenic mice 

expressing an inducible dominant-negative form of GATA3 to define the GATA3-
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dependent CD4+ T cell response to antigen.  For example, Zhang and 

colleagues demonstrated that disruption of endogenous murine GATA3 was 

associated with inhibition of airway eosinophilia, mucus production, IgE synthesis 

and expression of Th2 cytokines in mice sensitized and challenged with 

ovalbumin (OVA) (Zhang et al., 1999).  Similarly, local antisense depletion of 

GATA3 (Finotto et al., 2001) or downregulation of GATA3 mRNA expression 

through RNAi delivered by lentivirus (Lee et al., 2008) results in decreased 

allergic airway inflammation and reversal of antigen-induced airway 

hyperresponsiveness in mice, measured by enhanced pause (Finotto et al., 

2001).  In a murine conditional knockout study, GATA3 was required for 

development and maintenance of Th2 cells (Pai et al., 2004), providing further 

evidence that inhibition of GATA3 activity causes a severe attenuation of Th2 

effects, both local (eosinophilia and mucus production) and systemic (IgE 

production) (Ray et al., 1999; Zhang et al., 1999).  

 The Th1/Th2 cytokine ratio in T cells is regulated primarily by the 

reciprocal determinant transcription factors GATA3 and TBX21 (also called T-

bet).  Expression of GATA3 is upregulated in CD4+ T cells differentiating along 

the Th2 pathway and is decreased in Th1 committed cells (van Panhuys et al., 

2008).  T-bet is normally only expressed in Th1 cells to modulate IFN-γ 

production, while ectopic expression of T-bet in Th2 cells induces IFN-γ 

production and down-regulation of Th2 cytokines. Conversely, if GATA3 is 

introduced into Th1 cells, IFN-γ is downregulated while the Th2-related cytokines 

IL4, IL5, and IL13 are expressed (Ansel et al., 2003; Kiwamoto et al., 2006).  
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While basal levels of GATA3 in naïve T cells are regulated via IL4-independent 

pathways, IL4/STAT6-mediated signals are required for the upregulation of 

GATA3 transcription in Th2 differentiation (Nakayama and Yamashita, 2008).  

Once a high level expression of GATA3 is induced, epigenetic mechanisms are 

induced, which include histone methylation and acetylation of the upstream 

region of GATA3 promoter, to establish a transcriptionally active status of 

chromatin which to maintain GATA3 expression (Figure 5) (Nakayama et al., 

2008).  Once GATA3 expression has been established, this transcription factor 

binds to regions within the IL4 promoter to enhance production of this cytokine, 

which creates a feedback mechanism to express more GATA3 (Figure 5) 

(Yamane et al., 2005; Zhu et al., 2006). GATA3 is critical for initial stage of 

expression of IL4 expression but becomes less important in later-stage 

expression.  However, GATA3 is required for IL5 and IL13 production in 

differentiated Th2 cells through initiation and maintenance of epigenetic changes.  

While a naive CD4+ T cell has dense, highly-methylated chromatin, as 

differentiation occurs, STAT6 is activated and demethylation occurs within the 

IL4/IL5/IL13 genomic region (Nakayama et al., 2008).  GATA3 and other Th2-

related transcription factors bind to specific sequences to enhance transcription 

within this locus (Zhu et al., 2006).  
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 As the majority of GATA3 regulated signaling in response to antigen has 

been studied in vitro and in murine models, the contribution of this transcription 

factor to the pathogenesis of human asthma is less well-understood.  However, 

complementary to the murine studies, reports have shown that GATA3 

expression is increased in T cells from human patients with clinically mild or 

moderate asthma compared to subjects without asthma (Caramori et al., 2001).  

GATA3 mRNA expression was also higher in broncho-alveolar lavage cells from 

patients with asthma undergoing an allergen challenge compared to baseline 

levels (Erpenbeck et al., 2003).  Additionally, individuals who lack one functional 

copy of the GATA3 gene due to naturally-occurring deletions, showed diminished 

number of Th2 cells and decreased levels of serum immunoglobulins IgE and 

IgG4 (Skapenko et al., 2004).  In vitro experiments silencing GATA3 with RNAi in 

CD4+ human T cells also significantly reduced Th2 cell differentiation, providing 

evidence that GATA3 is an important transcription factor in regulating human Th2 

cells and may be an important therapeutic target for asthma and other allergic 

diseases (Skapenko et al., 2004).   
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 This analysis is one of the only population-based studies to investigate the 

role of GATA3 polymorphisms and steroid use in subjects with asthma.  

However, there are reports that show that steroids can affect GATA3 expression, 

phosphorylation and nuclear transport.  While it was known for several years that 

the pleiotropic immunosuppressive and anti-inflammatory properties of 

glucocorticoids (GC) involved the inhibition of Th2 cytokine gene expression 

(Barnes and Adcock, 1993), this mechanism was not well-understood because 

the IL4/IL5/IL13 genomic region on human chromosome 5q31 does not contain a 

recognized glucocorticoid receptor (GR) element sequence (Maneechotesuwan 

et al., 2009).  To investigate this phenomenon in vitro, Jee and colleagues 

demonstrated that GR reduced IL5 and IL13 promoter activity in human CD4+ T 

cells via effects on GATA3 (Jee et al., 2005).  The corticosteroid fluticasone also 

inhibited GATA3 phosphorylation and subsequent nuclear translocation, in a T 

cell line and in activated peripheral blood mononuclear cells (PBMCs) from 

patients with asthma, which lead to low levels of GATA3-dependent expression 

of Th2 cytokines (Maneechotesuwan et al., 2009).  The GCs dexamethasone 

and hydrocortisone downregulated GATA3 transcriptional activity via inhibition of 

p38 mitogen activated protein kinase phosphorylation of GATA3 (Liberman et al., 

2009).  In a small, direct treatment trial of atopic and non-atopic subjects with 

asthma with corticosteroids for 6 weeks, GATA3 mRNA levels were decreased in 

induced sputum (Mashhour et al., 2007).  In this study, baseline pre-treatment 

lung function was also associated with GATA3 levels (Mashhour et al., 2007).   
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Genetic studies of the IL4/13 pathway in asthma  

Genetic studies of the IL4/IL13 pathway, especially those of the IL4 and IL13 

genes, are some of the most replicated candidate genes studies of asthma 

susceptibility (Vercelli, 2008).  These genes map to chromosome 5q31, a 

genomic region which has repeatedly been linked to asthma and allergic 

phenotypes.  However, a majority of these studies were in non-Hispanic white 

populations and there are limited data on whether polymorphisms in this pathway 

are associated with severe asthma.  Moreover, due to lack of statistical power 

and limited genomic coverage for many early candidate gene studies, the true 

genetic contribution of this pathway to asthma and allergy is still unknown 

(Vercelli, 2008).   

 In human genetic studies by other research groups, the IL13 -1111 

promoter polymorphism (rs1800925), which increases IL13 transcription in 

polarized Th2 cells (Cameron et al., 2006), and the amino acid coding change, 

R130Q (rs20541), have been reported to be associated with asthmatic 

phenotypes such as airway hyperresponsiveness (AHR) and asthma 

susceptibility as well as atopy, allergic sensitization, and atopic dermatitis in 

population-based studies (Heinzmann et al., 2000; Arima et al., 2002; 

Heinzmann et al., 2003; Chen et al., 2004). The functional relevance of the 

R130Q change has also been established in vitro and in animal studies (Chen et 

al., 2004; Vladich et al., 2005).   A screening of the IL4 gene identified several 

novel polymorphisms and demonstrated a significant association between 

several polymorphisms in linkage disequilibrium and physician-diagnosed 
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asthma and total IgE levels in German school children (Kabesch et al., 2003).  

Common variants of STAT6 (Schedel et al., 2004), were also associated serum 

IgE levels and allergic phenotypes.   

 The IL4 receptor alpha is a critical component of both IL4 and IL13 

signaling.  The IL4RA gene is located on chromosome 16, a genomic region 

associated with asthma in linkage studies (Deichmann et al., 1998) and IL4RA 

intronic as well as amino acid coding changes have been associated with 

susceptibility to atopy and asthma (Hershey et al., 1997; Ober et al., 2000; Risma 

et al., 2002).  A study from the Childhood Asthma Management Program (CAMP) 

population using genome-wide association data to replicate previously reported 

candidate genes for asthma showed significant replication for one IL4RA non-

synonymous polymorphism (rs1805015; P = 0.03) and borderline significance for 

another amino acid coding change (rs1805011; P = 0.058) (Rogers et al., 2009).  

Interactions within this pathway also significantly contribute to asthma 

susceptibility.  For instance, individuals carrying three asthma risk alleles for 

genes within the IL4/13 pathway had dramatically increased likelihood of 

developing asthma (Kabesch et al., 2006). 

 As GATA3 has been shown to be a critical regulator of the Th2 cell 

response to antigen, several genetic association studies have investigated the 

role of this gene in allergic diseases or asthma.  A discussion of GATA3 genetic 

studies is presented in the manuscript in Chapter 2.   

 Our research group at Wake Forest School of Medicine Center for Human 

Genomics has also shown that IL4/13 pathway genes are associated with 
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asthma-related phenotypes in case-comparison and family studies of asthma.  

Dr. Timothy Howard and co-authors at Wake Forest hypothesized that asthma 

and atopy may share a common genetic predisposition, modulated by genes in 

the IL4/13 pathway.  In a family study of asthma, three IL13 single nucleotide 

polymorphisms (SNPs) were genotyped in 184 Dutch probands and their 

spouses.  The IL13 -1111 promoter polymorphism (rs1800925) was found to be 

significantly associated with asthma (P = 0.005), bronchial hyperresponsiveness 

(P = 0.003) and skin test reactivity (P = 0.03), suggesting that variation in IL13 

contributes to asthma and allergic phenotypes (Howard et al., 2001).  

Additionally, as the IL13 molecule binds to the interleukin 4 receptor to potentiate 

Th2 polarization (Chatila, 2004), our research group hypothesized that there may 

be a genetic interaction between variants of the IL13 and interleukin 4 receptor α 

(IL4RA) genes which may modulate asthma-related phenotypes.  In an analysis 

of Dutch asthma probands and spouses, several IL4RA polymorphisms were 

independently associated with asthma or atopy.  There was a significant 

gene/gene interaction between the IL13 -1111 promoter polymorphism and a 

non-synonymous polymorphism (rs1805015; S478P) in IL4RA.  Individuals with 

the risk genotype for both genes had a five times greater risk of asthma 

compared with those without risk genotypes (P = 0.0004) (Howard et al., 2002). 

 Our research group also performed a comprehensive analysis of the IL4 

gene, which involved extensive re-sequencing of the genomic region surrounding 

IL4 on chromosome 5q31.  Re-sequencing was performed in 16 asthma cases or 

controls of different ethnic backgrounds from the Collaborative Study of the 
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Genetics of Asthma (CSGA) study.  Nineteen SNPs were found by re-

sequencing:  two novel and 17 previously identified.  Genetic analysis of 11 

SNPs revealed that nine IL4 polymorphisms were significantly associated with 

serum IgE levels in non-Hispanic whites and five of these polymorphisms 

showed some evidence for association with asthma (0.03 ≤ P ≤ 0.10).  One 

polymorphism or the haplotype defined by this polymorphism was concordant 

with high or low IgE serum levels based on genotype (Basehore et al., 2004).  

Subsequently, in a genome-wide association study (GWAS) of asthma 

susceptibility by our research group in the TENOR population and using 

publically-available Illumina controls, multiple SNPs in the IL13/RAD50 region on 

chromosome 5q31.1 were predictors of asthma including rs2244012 in intron 2 of 

RAD50 (P = 3.0E-07) (Li et al., 2010).   

 The SARP cohort provides a unique opportunity to study the genetics of 

severe asthma.  Though few genetic studies have focused on asthma severity, 

IL4RA is one of the only genes analyzed in this context.  Using data from 563 

SARP subjects and other severe asthma patients recruited from a cohort at 

National Jewish Hospital, Wenzel et al., with collaborators at Wake Forest 

University, reported that minor alleles of two amino acid-changing polymorphisms 

in the IL4RA receptor, E375A and Q551R, were associated with reported asthma 

exacerbations and lower lung function.  The minor alleles were more common in 

African-Americans, though significant associations were also found for most of 

these polymorphisms in non-Hispanic whites (Wenzel et al., 2007b).  The genetic 
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studies in this proposal will expand on these previous studies to determine 

whether IL4/13 pathway genes are predictors of asthma severity.   

 

Summary 

The Th2 signaling pathway has also been the focus of numerous 

pharmacological studies to develop asthma drug therapies, with variable clinical 

results. The lack of clinical efficacy of drugs targeted to IL5, IL13 or IL4 alone 

may be due to redundancy in this pathway that is not well understood.  However, 

results from an early phase clinical trial of a modified IL4 molecule (pitrakinra) 

which inhibits the binding of IL4 and IL13 to IL4RA and blocks subsequent 

downstream signaling, suggest that modulation of this pathway may alleviate 

asthmatic symptoms in adults with allergic asthma (Wenzel et al., 2007a).  More 

data are needed to determine whether this molecule will be an effective 

treatment for severe asthma.  This study will provide valuable preliminary data for 

future pharmacogenetic analyses of IL4RA in the context of a clinical trial to 

assess pitrakinra efficacy in patients with difficult-to-treat asthma (Wenzel et al., 

2007a). 

 Despite the promising studies linking the IL4/13 pathway to the 

pathogenesis of asthma, in vitro models and animal studies of severe asthma 

and non-allergic inflammation are limited.  Therefore, we propose to incorporate 

phenotype and genotype data from human asthma patients to determine if this 

pathway contributes to severe asthma.  Results from these studies may provide 

the basis for the development of more effective drug targets.  
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Overview of proposed study 

Severe asthma is the cause of significant morbidity and mortality.  While the 

pathophysiology of severe asthma is likely multi-factorial, there have been few 

comprehensive studies that explore the genetic basis of asthma severity.  

Interleukin 4 and 13 (IL4/13) modulate airway inflammation and the T-helper 2 

mediated immunological response and comprise one of the most replicated 

candidate pathways in asthma susceptibility studies; however the role of this 

pathway in severe asthma is unknown.  The primary research focus of the Wake 

Forest University’s Center for Human Genomics site for the National Heart Lung 

and Blood Institute’s multi-center Severe Asthma Research Program (SARP), is 

to characterize the unique phenotypic aspects of severe asthma in order to 

identify the genetic pathways underlying this chronic condition.  We recently 

performed an in-depth phenotypic analysis of the entire SARP population.  

Pulmonary function test results, reported medication use, and data on family 

asthma and allergy history and environmental exposures were analyzed to 

identify predictors of severe asthma.  This analysis determined that several 

measures of lung function remain one of the strongest predictors of asthma 

severity.  We suggest that the phenotypes defined for the SARP population will 

elucidate the physiological pathways of severe asthma more effectively than a 

case-control study which categorizes all asthma patients the same way. 

 We have recently completed a genome-wide scan of the SARP cohort 

and propose to use the genotyping data from this candidate pathway to 
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determine if the following IL4/13 pathway genes:  IL4, IL5, IL13, IL4RA, JAK1, 

STAT6 and GATA3 are associated with severe asthma phenotypes in 437 non-

Hispanic white and 208 African-American SARP patients with asthma.  We 

propose to replicate significant genetic associations with lung function in a case-

only asthma population enriched for subjects with severe asthma, The 

Epidemiology and Natural History of Asthma: Outcomes and Treatment 

Regimens (TENOR) study as well as lung function and asthma susceptibility 

case-comparison population, the Collaborative Studies on the Genetic of Asthma 

(CSGA), and subjects with asthma from a randomized efficacy trial of pitrakinra, 

an IL4/13 antagonist.  

 

 Specific aims 

Hypothesis:  Polymorphisms in specific genes within the Th2 pathway will be 

associated with aspects of severe asthma phenotypes, including lower lung 

function, increased health care utilization, exacerbations and medication use, 

which will discriminate the pathophysiology of asthma severity.   

 

Specific aim 1.  To use genome-wide association data to determine if there is an 

association between IL4/13 pathway polymorphisms and severe asthma 

phenotypes including: 1) the primary outcome of baseline lung function;  2) 

binary and composite phenotypes which describe health care utilization, 

medication use, and allergic symptoms in the SARP cohort; and 3) phenotypic 

clusters which describe the SARP population (mild, atopic asthma, mild-
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moderate atopic asthma, late-onset non-atopic asthma, severe atopic asthma 

and severe asthma with fixed airflow obstruction). 

 

Specific aim 2.  To replicate significant IL4/13 genetic associations with lung 

function in the asthma case-only populations 1) The Epidemiology and Natural 

History of Asthma: Outcomes and Treatment Regimens (TENOR) study and 2) 

determine if IL4/13 pathway polymorphisms are associated with asthma 

susceptibility and lung function using genome-wide association data from the 

case/comparison population, the Collaborative Studies on the Genetic of Asthma 

(CSGA).   
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CHAPTER 2  

 
 

GATA3 POLYMORPHISMS ARE PREDICTORS OF PULMONARY FUNCTION  
 

AND STEROID USE IN SEVERE ASTHMA  
 
 

RE Slager, RM Pascual, WC Moore, EA Ampleford, X  

Li, DA Meyers, ER Bleecker for the NHLBI Severe Asthma Research Program 

 

 

 

 

 

 

 
 
This manuscript will be prepared for publication in 2010.   Please note that the 

numbering of tables and figures is consecutive throughout the thesis.  

 

RE Slager performed the primary analysis and prepared the manuscript.  DA 

Meyers and ER Bleecker provided access to data and acted in an advisory, 

mentorship, and editorial capacity.  
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Abbreviations:   
 
BHR  Bronchial hyperresponsiveness 
CI  Confidence Interval 
GATA3 GATA-binding protein 3 
HWE   Hardy-Weinberg equilibrium 
FEV1pp Forced Expiratory Volume in 1 second, percent of predicted 
FVCpp  Forced Vital Capacity, percent of predicted 
ICS  Inhaled corticosteroids 
ICU  Intensive care unit  
IL4  Interleukin 4  
IL4RA  Interleukin 4 receptor α gene  
IL5   Interleukin 5 
IL13  Interleukin 13      
JAK1  Janus kinase 1 
LD   Linkage disequilibrium 
MAF  Minor allele frequency 
NAEPP National Asthma Education and Prevention Program 
OR  Odds Ratio 
PC20  Provocative concentration of methacholine causing a 20% drop in  
  FEV1 
SARP  Severe Asthma Research Program 
SNP  Single nucleotide polymorphism      
STAT6 Signal Transducer and Activator of Transcription 6 
TENOR  The Epidemiology and Natural History of Asthma: Outcomes and  
  Treatment Regimens   
Th1  T helper 1 
Th2  T helper 2  
UTR  Untranslated region 
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ABSTRACT 
 

 
 The transcription factor GATA-binding protein 3 (GATA3) is a critical 

regulator of T helper 2 (Th2) cell differentiation.  Polymorphisms in GATA3 and 

Th2 pathway genes have previously been associated with atopy and asthma 

susceptibility, however, the role of these genes in asthma severity is not well 

understood.  We tested single nucleotide polymorphisms (SNPs) in GATA3 and 

other Th2-related genes for association with baseline lung function and other 

severe asthma phenotypes in the Severe Asthma Research Program (SARP) 

non-Hispanic whites (n=437) and African-American (n=208) subjects with 

asthma.  Linear or ordinal regression models with an additive genetic term were 

developed to evaluate continuous or multi-level categorical variables.  In the 

SARP cohort, GATA3 SNPs were associated with baseline forced expiratory 

volume in 1 second percent of predicted (FEV1pp), including rs3802604 in 

African-Americans (P=0.0012) and SNPs in the GATA3 5’ proximal promoter in 

SARP whites, including rs1244186 (P=0.017), which was replicated in The 

Epidemiology and Natural History of Asthma: Outcomes and Treatment 

Regimens population (TENOR; P=0.033).  SNPs in GATA3 were also predictors 

of increasing use of inhaled and oral corticosteroids, most notably rs1244181 (P 

=0.001) and increased sinus infections, pollen allergy and SARP atopic asthma 

phenotypic clusters (rs1244186, P=0.001).  There was a similar trend for 

rs1244186 in the TENOR population for mild, moderate, and severe asthma 

(P=0.0087).  Risk alleles in GATA3/rs1244186, IL4RA/rs1805011, 

JAK1/rs11208527 and IL13/rs1881457 contributed to a more significant 
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association with atopic asthma.  GATA3 may contribute to regulation of baseline 

lung function, steroid use and severe atopic asthma.  
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INTRODUCTION 
 
 

Severe asthma is the cause of significant morbidity and mortality (Moore 

et al., 2007).  This subset of asthma patients utilizes a high percentage of health 

care resources and does not respond well to current therapy (Moore et al., 2006; 

Moore et al., 2007; Wenzel et al., 2007c).  The pathogenesis of severe asthma is 

poorly understood and very few genetic studies have focused on asthma 

severity.  Our research group recently performed an in-depth phenotypic analysis 

of patients with asthma in the National Heart, Lung and Blood Institute-sponsored 

Severe Asthma Research Program (SARP), in order to categorize this population 

more accurately than previous clinical designations and to identify predictors of 

asthma severity (Moore et al., 2010).  Using continuous variables, questionnaire 

data and biomarkers, SARP patients were classified into five primary phenotypic 

clusters.  In addition to the genetic analysis of these clusters, the continuous 

variable of baseline lung function (withholding medication) was used as the 

primary outcome since it is one of the strongest predictors of asthma severity and 

phenotypic clusters in SARP (Moore et al., 2010).   

 The T helper 2 interleukin 4 (IL4) and interleukin 13 (IL13) cytokine 

pathway is a critical regulator of the inflammation and remodeling that occurs in 

allergic asthma.  The polarization of Th2 cells requires the zinc finger 

transcription factor GATA-binding protein 3 (GATA3) as well as transduction 

mediated by IL4 through the IL4RA receptor and the intermediate signal 

transducer and activator of transcription 6 (STAT6) (Chatila, 2004; Vercelli, 2008; 

Warrier et al., 2008).  In murine models of allergic asthma, GATA3 regulates IgE 
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synthesis and transcription of the Th2 cytokines interleukin 5 (IL5), interleukin 13 

(IL13) and early-stage expression of interleukin 4 (IL4) through initiation and 

maintenance of epigenetic changes (Ansel et al., 2003; Nakayama et al., 2008).  

GATA3 also promotes Th2 cell expansion and repression of the T helper 1 (Th1) 

response (Zhu et al., 2006). 

 The Th2 signaling pathway is also one of the most replicated candidate 

pathways in asthma susceptibility studies, though results have not always been 

consistent due to sample size limitations, phenotype definitions, and gene 

coverage (Hershey et al., 1997; Ober et al., 2000; Howard et al., 2002; Vercelli, 

2002; Kabesch et al., 2006; Huebner et al., 2008; Vercelli, 2008).   Moreover, 

comprehensive genetic studies of this pathway in asthma severity have not been 

reported.  IL4RA is one of the only genes that has been analyzed in this context.   

Using data from SARP subjects and subjects with severe asthma recruited from 

a cohort at National Jewish Hospital, Wenzel et al. reported that minor alleles of 

two amino acid-changing polymorphisms in the IL4RA receptor were associated 

with reported asthma exacerbations and lower lung function.  The minor alleles 

were more common in African-Americans, though significant associations were 

also found in non-Hispanic whites (Wenzel et al., 2007b).    

 In this analysis utilizing a candidate pathway approach from a larger 

genome-wide dataset, we tested polymorphisms in Th2 pathway genes (IL4, IL5, 

IL13, IL4RA, JAK1, STAT6 and GATA3) for association with severe asthma 

phenotypes in SARP non-Hispanic white and African-American participants with 

asthma, while controlling for confounders and population stratification.  We 
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hypothesized that polymorphisms in genes within the Th2 pathway would be 

associated with specific aspects of severe asthma, including lower lung function, 

increased health care utilization, exacerbations and medication use.   In order to 

replicate significant associations with baseline lung function, we tested significant 

polymorphisms in a case-only study of patients with predominantly allergic 

asthma, The Epidemiology and Natural History of Asthma: Outcomes and 

Treatment Regimens (TENOR) study (Dolan et al., 2004; Li et al., 2010).  These 

results provide important information for future pharmacological and functional 

studies of the Th2 pathway and whether this pathway should be targeted for 

therapy development for patients with severe asthma.   
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MATERIALS AND METHODS 
 
 
Study populations 
 
Severe Asthma Research Program (SARP) 

 The SARP population has been described in detail previously (Moore et 

al., 2007; Wenzel et al., 2007c; Moore et al., 2010).  Briefly, in response to an 

American Thoracic Society (ATS) workshop in 2000 on severe asthma, several 

SARP research sites were funded to identify and characterize mild to severe 

asthma subjects  as well as to define the mechanistic factors that underlie severe 

asthma, in order to develop treatment strategies for these patients (Moore et al., 

2006; Moore et al., 2007).   The major characteristic of subjects with severe 

asthma defined by the workshop was use of high-dose corticosteroids (injectable 

or oral) and minor characteristics included regular use of a rescue inhaler, a 

near-fatal asthma event in the past, and use of urgent care to treat an asthma 

exacerbation (Moore et al., 2007).  Non-smoking patients with severe asthma 

were recruited based on the clinical criteria developed at this workshop and non-

severe asthmatics were included as a reference group.  This analysis is limited to 

genotyped SARP non-Hispanic white (n=437) and African-American asthmatics 

(n=208) with complete information on baseline lung function. 

 Significant findings in non-Hispanic whites were examined for replication 

in The Epidemiology and Natural History of Asthma: Outcomes and Treatment 

Regimens (TENOR) population, an observational study of patients with asthma 

(cases only) aged ≥ 6 years from the United States with severe or difficult-to-treat 

asthma (Dolan et al., 2004; Li et al., 2010).  Participants received standard 
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asthma treatment during the study, as indicated by their physician.  Genotyping 

was performed on 473 genomic DNA samples from non-Hispanic whites with 

complete data for measures of pulmonary function (Li et al., 2010).  The 

demographic characteristics and lung function values for each cohort are 

presented in Table 2. 

 
Phenotypic outcome measures 

Pulmonary function   

 Pulmonary function measures in SARP and TENOR were performed 

according to standard ATS spirometry guidelines and have been described in 

detail previously (American Thoracic Society Board of Directors, 2000; Dolan et 

al., 2004; Moore et al., 2007).  The primary outcome of this genetic analysis is 

baseline Forced Expiratory Volume in 1 second, adjusted according to 

Hankinson methods to obtain percent predicted values (FEV1pp) (Hankinson et 

al., 1999) Other pulmonary function measures include Forced Vital Capacity 

percent of predicted (FVCpp), FEV1/FVC ratio, and provocative concentration of 

methacholine or PC20 (the concentration of methacholine in mg/ml causing a 

20% drop in FEV1), a measure of bronchial hyperresponsiveness (BHR).  

Subjects were instructed to withhold asthma medications before methacholine 

broncho-provocation and baseline spirometry if symptoms permitted.  Subjects 

with low lung function (FEV1 < 55% predicted) were excluded from methacholine 

testing because of safety concerns.    
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Categorical variables 

 SARP subjects were classified as atopic based on ≥1 positive skin prick 

tests to common allergens.  Exacerbations and health care utilization were 

evaluated using questionnaire variables: 1) ever visited emergency room (ER) for 

breathing problems, 2) ever hospitalized due to an asthma attack, 3) ever had an 

intensive care unit (ICU) admission due to an asthma attack;  as well as 

composite rank-ordinal variables which have been described previously (Moore 

et al., 2010).  Composite variables analyzed in this study are listed in Appendix 

B.  Using continuous variables such as lung function and categorical variables 

describing allergy, health care utilization and controller, SARP asthmatics were 

classified into five phenotypic clusters: 1) mild, atopic asthma, 2) mild-moderate 

atopic asthma, 3) late-onset less-atopic asthma, 4) severe atopic asthma and 5) 

severe asthma with fixed airflow obstruction (Moore et al., 2010).   Clusters 1, 2, 

and 4 reflect a spectrum of increasingly severe atopic asthma.  The demographic 

characteristics for each of the clusters have been reported previously (Moore et 

al., 2010) and are presented for SARP whites in Clusters 1-5 in Appendix C.   

TENOR cases were divided into mild, moderate and severe groups based on the 

National Asthma Education and Prevention Program guidelines (NAEPP) 

(National Asthma Education and Prevention Program, 2002) since all the 

variables needed for the clusters were not available in the TENOR population. 
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Genotyping 

 SNPs within Th2 pathway genes:  IL4, IL5, IL13 (RAD50 also included in 

this analysis due to high linkage disequilibrium or LD with IL13), IL4RA, JAK1, 

STAT6 and GATA3, including approximately 2000 base pairs at the 5’ and 3’ 

ends of each gene, were genotyped in SARP for the SNP Typing for Association 

with Multiple Phenotypes from Existing Epidemiologic Data (STAMPEED) 

genome-wide association project, using the Illumina 1M BeadChip according to 

manufacturer’s protocol.  Briefly, genotyping quality control consisted of the 

following procedures within BeadStudio:  1) initial clustering with Illumina-defined 

clusters (Human1Mv1_C.egt), 2) removal of samples with call rates less than 

90%, 3) removal of SNPs with call rates less than 90%, 4) re-calculation of call 

rates, and removal of samples with call rates less than 95%, 5) re-clustering of 

remaining samples, and 6) removal of SNPs with poor clustering (GenTrain < 

0.75 and ClusterSep < 0.3).  Additional quality control and was performed using 

the publically available software Plink v1.07 (Purcell et al., 2007) and  Haploview 

v4.1.  Three-SNP sliding window haplotypes for each gene were generated in 

Plink.  All SNPs analyzed had a minor allele frequency (MAF) > 0.05, genotyping 

efficiency > 95% and were concordant with Hardy-Weinberg Equilibrium (HWE; P 

> 0.01).  TENOR DNA samples were genotyped as previously described using 

the Illumina HumanCNV370 BeadChip (Li et al., 2010).      

 We tested Th2 SNPs for replication in the TENOR study.  Direct 

replication in TENOR was restricted to SNPs from the Illumina 1 M chips that 

were included on the Illumina 370K chip.  Linear models similar to those 
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described above were generated to evaluate SNP association with FEV1pp in 

TENOR.   

 

Statistical methods  

 The primary outcome measure for genetic analysis was baseline FEV1 

percent of predicted (FEV1pp).  Additional outcomes included FVCpp, FEV1/FVC 

ratio, PC20, and categorical variables which describe asthma severity in the 

SARP population.  FEV1/FVC ratio values were squared prior to analysis and 

PC20 measurements were analyzed as log10 transformed values.  Summary 

statistics, including means and standard deviation were tabulated by genotype 

using Plink v1.07, SPSS v16 software (SPSS, Chicago, IL) or SAS v9.2 (SAS, 

Cary, NC).  General linear models with an additive genetic model were 

developed to test for association between pulmonary function measures and 

each Th2 pathway SNP.   

 Binary and multi-category ordinal categorical variables were initially 

examined using contingency tables by genotype with a linear test for trend.  In 

the cluster analysis, risk alleles for several SNP predictors of clusters were 

summed (unweighted) and the percentage of risk alleles or the percentage of 

subjects with each number of risk alleles was determined by cluster.  

Subsequently, adjusted logistic regression or ordinal regression (also called 

proportional odds) models with an additive genetic term were developed to test 

Th2 pathway SNPs as predictors of asthma exacerbation, allergic symptoms and 

medication history.  Ordinal regression models were evaluated using a test of 
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parallel lines or Score test provided by SAS.   Most categorical analysis was 

limited to genotyped non-Hispanic whites due to sample size and contingency 

tables with zero count cells were excluded from analysis.  Odds ratios and 95% 

confidence intervals are presented for the minor allele. 

 All models were adjusted for age, sex, body mass index, principal 

components, and genomic inflation factors.   Principal components were 

generated for non-Hispanic whites and African-Americans SARP subjects from 

genome-wide genotyping data using EIGENSTRAT software (part of the 

EIGENSOFT package) (Price et al., 2006).  Significant principal components 

were then included as covariates in regression analysis to adjust for population 

stratification.  Overall, there was little evidence for population stratification in our 

analyses, as few principal components were significant and did not substantially 

alter P values for genetic association.  Genomic inflation factors were typically 

<1.1.  All regression analysis was performed using Plink (Purcell et al., 2007) and 

statistical significance was assessed based a two-sided test with a type I error 

rate of 0.05.  All analyses were stratified by ethnicity and a Bonferroni correction 

was applied to adjust for multiple comparisons.    
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RESULTS 
 
 

 Characteristics of the SARP subjects with asthma and the TENOR 

replication populations are presented in Table 2.  Participants with asthma in 

both populations were predominantly female and atopic based on skin prick 

positivity to common allergens.  In SARP, African-Americans and non-Hispanic 

whites had comparable lung function, though African-Americans were younger 

and had higher body mass index (BMI).     

 In this analysis, the Th2 pathway gene SNPs significantly associated 

(lowest p values) with the primary outcome of baseline FEV1 (FEV1pp) in the 

SARP population were upstream or within the GATA3 gene.  Mean FEV1pp 

values by genotype and P values for association in SARP are shown in Table 3 

and replication P values for the TENOR non-Hispanic whites are included in 

Table 3A.  In SARP whites, 5 SNPs in the GATA3 promoter and 5’ UTR region 

were associated with FEV1pp (Table 3A), two of which were replicated in 

TENOR, rs485411 (P = 0.045) and rs1244186 (P = 0.033).  The other significant 

SNPs were not directly tested in TENOR, though are in high LD (Figure 6A).   In 

African-Americans, 8 SNPs throughout the GATA3 gene were predictors of 

FEV1pp.  GATA3/rs3802604 (P = 0.0012; Table 3B) had the lowest P value and 

a haplotype composed of GATA3 rs1399180/rs3781093/rs3802604 was also 

strongly associated with FEV1pp (P = 5.22E-04; African-American haplotypes in 

Appendix D), which did not withstand Bonferroni adjustment for multiple testing.  

 Figure 6 shows the linkage disequilibrium (LD) for all SNPs analyzed in 

GATA3 in non-Hispanic whites (A) and African-Americans (B) and adjusted –log 
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P values for associations with baseline pulmonary function measurements in 

SARP:   FEV1pp, FVCpp and FEV1/FVC ratio, and PC20, a measurement of BHR.  

In whites, 7 SNPs within an LD block in the 5’ region of GATA3 were associated 

with FEV1/FVC ratio; rs1244186 had the lowest P value (P = 0.0012; Table 3A).  

GATA3 SNPs were significant predictors of FVCpp as well as FEV1pp in African-

Americans; however there was no association with FEV1/FVC ratio (Figure 6B).  

In this analysis, neither GATA3 (Figure 6) nor other genes in this pathway were 

predictors of BHR.  

 As a secondary analysis, other phenotypic aspects of asthma severity 

defined for the SARP populations, including health care utilization were analyzed.  

In SARP whites, SNPs in IL4 in were predictors of ICU admissions, including 

IL4/rs2070874 (P = 0.03) and in African-Americans, IL4RA/rs3024544 was 

associated with emergency room admissions for asthma (P = 0.02).  As GATA3 

SNPs were predictors of pulmonary function, we tested variants in this gene for 

association with 10 ordinal composite variables (listed in Appendix B), which 

comprise other aspects of asthma severity.  This analysis was limited to non-

Hispanic whites due to sample size (n=402).  As shown in the graph of odds 

ratios (OR) and MAF in Figure 7, an OR > 1 indicates an increased frequency of 

a SNP minor allele in “higher” phenotypic categories, which are consistent with 

severe asthma.  In these analyses, the most significant associations were found 

in the LD block in the 5’ proximal promoter region of GATA3.  For example, 8 

GATA3 SNPs were associated with increasing use of inhaled and oral 

corticosteroids (Figure 7A), most notably rs1244181 (OR 1.70, 95% CI 1.23-2.36; 
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Figure 7B).  GATA3/rs1244181 was also a predictor of increased sinus infections 

(OR 1.52, 95% CI 1.09-2.13; Figure 7C).  Additionally, the minor alleles of four 

polymorphisms across the GATA3 gene were associated with fewer pollen 

allergies based on number of positive skin tests to pollen allergens; including 

rs1058240 in the 3’ UTR (OR 0.68, 95% CI 0.49-0.94; Figure 7D).  

 Five major phenotype clusters were identified in SARP (Moore et al., 

2010), which suggests different pathophysiologic mechanisms may be involved 

in the development of severe asthma.  GATA3 promoter polymorphisms were 

modestly associated with all five SARP phenotype clusters; rs1244186 had the 

lowest P value (P = 0.02; Figure 8A).  However, a sensitivity analysis of the 

predominantly atopic clusters 1, 2 and 4 revealed that the GATA3 SNPs 

rs1244181, rs1271899, rs1244186 (Figure 8B), rs501764, rs485411, rs2275806, 

rs1269486, and rs422628 were predictors of SARP atopic asthma clusters of 

increasing severity (0.001 ≤ P ≤ 0.025).  For example, the GATA3 rs1244186 T 

minor allele was more prevalent in Cluster 4 (severe atopic asthma) than in 

Cluster 1 (mild atopic asthma; P = 0.001; Figure 8B).  There was a similar trend 

for the same SNP in TENOR for NAEPP categories of mild, moderate and severe 

asthma (P = 0.0087).   

 Other SNPs in Th2 pathway are associated with atopic clusters in SARP 

whites, including the IL4RA/rs1805011 amino acid change (E400A; P = 0.04, 

data not shown).  Risk (minor) alleles in GATA3/rs1244186, IL4RA/rs1805011, 

JAK1/rs11208527 and IL13/rs1881457 SNPs were summed and the percentage 

of risk alleles in each cluster was determined, resulting in a more significant 
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linear trend in the atopic clusters (P = 4.7E-04; Figure 9A) than the individual 

SNPs.  Similarly, as the percent of subjects with 0 risk alleles in any of these 

SNPs decreased as the severity of asthma increased and the percent of subjects 

with 1 or more risk alleles increased from mild atopic asthma (Cluster 1) to more 

severe atopic asthma (Cluster 4; Figure 9B). 
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DISCUSSION 
 
 

 We performed a comprehensive examination of the Th2 cytokine 

regulatory pathway in the context of asthma severity.  These results show that 

variation in the promoter region of GATA3 contributes to lower lung function in 

non-Hispanic white subjects with asthma in the SARP and TENOR population.  

Significant association with lung function was also seen across the GATA3 gene 

in African-American patients with asthma.  GATA3 SNPs were also predictors of 

atopic asthma clusters and other aspects of asthma severity including pollen 

allergy, increased steroid use and increased sinus infection.  Minor alleles of the 

Th2 pathway SNPs IL4RA/rs1805011, JAK1/rs11208527 and IL13/rs1881457 

were also associated with SARP atopic clusters.  This analysis supports a role 

for GATA3 and potentially other Th2 related genes in severe atopic asthma.    

 This study takes advantage of one of the largest and best-characterized 

severe asthma cohorts.  To date, there remains no “gold standard” for definition 

of severe asthma and phenotypic analysis remains challenging.  In this analysis, 

we used unique ordinal composite variables related to allergy, health care 

utilization and controller use as well as SARP phenotypic cluster variables to test 

for genetic association of the Th2 related pathway genes more effectively than 

previous studies.  This analysis is also one of the few to include African-

Americans, though admittedly our sample size was small.  This ethnic group 

often experiences high asthma morbidity and mortality and African-American 

ethnicity is one of the strongest predictors of asthma exacerbation (Gupta et al., 

2006; Wenzel et al., 2007c).  Our analysis also supports a role for IL4RA in 
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asthma severity, similar to our previous SARP analyses (Wenzel et al., 2007b), 

as IL4RA/rs1805011 was a predictor of atopic clusters in SARP non-Hispanic 

whites.  

  As GATA3 has been shown to be a critical regulator of the Th2 cell 

response to antigen, several genetic association studies have investigated the 

role of this gene in allergic diseases or asthma.  The majority of these studies 

were in non-Hispanic white populations of relatively small sample sizes and few 

included participants with severe asthma.  Two genetic studies from the Isle of 

Wight birth cohort examined the association of seven polymorphisms in GATA3 

with childhood atopic eczema (a Th2-related condition) (Arshad et al., 2008), 

allergic rhinitis and allergen skin prick positivity (Huebner et al., 2008).  The 

GATA3 SNPs rs2275806 and rs444762 were associated with an increased odds 

of childhood atopic eczema (Arshad et al., 2008), and in a similar analysis, the 

interaction of the GATA3/rs1058240 and the IL13/rs1800925 was modestly 

associated with childhood rhinitis (P = 0.04) (Huebner et al., 2008).  A study in 

China also showed an association between the GATA3/rs1269486 and allergic 

rhinitis (Zhang et al., 2009).  Additionally, a Finnish family and case/comparison 

study of asthma and IgE levels demonstrated an association between three 

GATA3 haplotypes and asthma or atopy related phenotypes (Pykalainen et al., 

2005).  In our current analysis of asthma severity, rs2275806 and rs1269486 

were part of the same LD block in whites and were predictors of lung function 

and atopic asthma in SARP.  Additionally, the minor allele of rs1058240 was 

related to decreased number of pollen allergies, supporting a role for GATA3, 
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especially the 5’ regulatory region, in asthma and allergy.  In contrast, a 

European case/comparison study showed no association between GATA3 

polymorphisms and childhood asthma or other atopic phenotypes such as hay 

fever and eczema, though there was nominal association with high serum IgE 

levels (Suttner et al., 2009).  Additionally, few studies in humans have shown that 

GATA3 variants are predictors of pulmonary function though murine experiments 

have shown a reversal of ovalbumin-induced airway hyperreactivity by inhibition 

of GATA3 (Finotto et al., 2001; Lee et al., 2008).  GATA3 polymorphisms were 

not associated with BHR in humans in our current analysis.    

 This is one of the only genetic association studies to show that 

polymorphisms in the GATA3 promoter region are predictors of increased steroid 

use in subjects with asthma.  However, there is in vitro evidence that steroids can 

alter GATA3 expression, phosphorylation and nuclear transport.  Jee and 

colleagues demonstrated that the glucocorticoid receptor (GR) reduced IL5 and 

IL13 promoter activity in human CD4+ T cells via effects on GATA3 (Jee et al., 

2005).   Subsequent experiments showed that the corticosteroid fluticasone 

inhibited GATA3 phosphorylation and nuclear translocation in both a T cell line 

and in activated peripheral blood mononuclear cells (PBMCs) from patients with 

asthma, leading to low levels of GATA3-dependent expression of Th2 cytokines 

(Maneechotesuwan et al., 2009).  Similarly, the GCs dexamethasone and 

hydrocortisone also downregulated GATA3 transcriptional activity via inhibition of 

GATA3 phosphorylation by p38 mitogen activated protein kinase (Liberman et 

al., 2009).  Similar effects were seen in a small direct treatment trial of atopic and 
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non-atopic subjects with asthma with corticosteroids for 6 weeks, which 

decreased GATA3 mRNA in induced sputum (Mashhour et al., 2007).  

Additionally, baseline pre-treatment lung function was also associated with 

GATA3 levels (Mashhour et al., 2007).  We speculate that genetic variation in the 

GATA3 promoter which effect transcription of this protein which may also alter 

downstream interaction with exogenous factors such as steroids in subjects with 

asthma. 

 The major strengths of this study are the precise phenotypes defined for 

the SARP population which we used as outcome variables in this genetic 

association analysis.  Additionally, we took advantage of high quality genotyping 

and comprehensive gene coverage for this candidate pathway as well as 

adjustment for population stratification.  We recognize that several of these 

asthma-related phenotypes are correlated, however the cluster analysis suggests 

that distinctly different pathophysiological mechanisms contribute to severe 

asthma (Moore et al., 2010), which may involve different genetic pathways.  We 

were able to demonstrate a role GATA3 in baseline lung function which was 

confirmed in the TENOR population, also composed of a large proportion of 

severe or difficult-to-treat asthmatics.  Though we were limited by small sample 

sizes, especially in African-Americans, this analysis provides evidence that 

polymorphisms in the GATA3 transcription factor may contribute to lower 

function, steroid use and severe atopic asthma. 
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Table 2.  Demographic characteristics and lung function measurements for 
SARP and TENOR asthma cases. 

  
 SARP TENOR 

 Non-Hispanic 
whites 
n=437 

African-
Americans 

n=208 

Non-Hispanic 
whites 
n=473 

Age at enrollment, mean years (SD) 37 (14) 30 (14) 47 (18) 
Sex, % female 67 61 63 
Body mass index, mean (SD) 29 (8) 31 (11) --- 
Baseline FEV1 % of predicted,  mean (SD) 77 (22) 77 (21) 79 (22) 
Baseline FVC % of predicted,  mean (SD) 87 (18) 89 (19) 90 (20) 
Baseline FEV1/FVC ratio, mean (SD) 0.71 (0.12) 0.72 (0.12) 0.72 (0.12) 
Total serum IgE, mean IU/mL (SD) 242.5 (685.3) 532.3 (990.6) 286.4 (626.0) 
% atopica 75 80 95 
a Atopy status based on ≥ 1 positive skin prick tests to 12 common allergens  
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Table 3.  GATA3 polymorphisms significantly associated (P < 0.05) with baseline 
FEV1pp and mean values by genotype in SARP non-Hispanic Whites (A) and 
African-Americans (B).  P values for replication in TENOR are shown for non-
Hispanic whites (A).  All P values adjusted for age, sex, BMI, principal 
components and genomic inflation. 
 
A. 
 

SNP Location/function Genotypes N Mean SD 
SARP TENOR 

p value p value 

  TT 36 66.87 20.96   

rs485411 FLJ45983/near GATA3 5' TC 174 76.15 22.33 0.016 0.045 

  CC 227 78.45 22.13   

  TT 37 66.9 20.67   

rs1244186 FLJ45983/near GATA3 5' TC 170 76.42 22.26 0.017 0.033 

  CC 229 78.49 22  

  AA 37 66.64 21.67   

rs1269486 FLJ45983/near GATA3 5' AG 176 76.52 22.18 0.019 Not 
tested 

  GG 224 78.27 22.13  

  TT 35 67.82 20.46   

rs1271899 FLJ45983/near GATA3 5' TC 174 75.87 22.61 0.022 Not 
tested 

  CC 228 78.46 22.05  

  GG 105 72.79 22.01   

rs2275806 FLJ45983/near GATA3 5' AG 209 77.54 21.46 0.048 Not 
tested 

  AA 122 78.02 23.69  
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B. 
 

SNP Location/function Genotypes N Mean SD 

SARP 
African-

Americans 

p valuea 

  TT 17 87 18.9  

rs3802604 GATA3 intron TC 67 81.4 20.8 0.0012 

  CC 124 74 20.3 

  GG 8 72 26.4  

rs9746 GATA3 3’ utr GA 60 72.3 19.9 0.008 

  AA 138 80.1 20.6 

  GG 7 64.5 19.6  

rs3781093 GATA3 intron GA 62 73.9 19.6 0.012 

  AA 139 79.7 21 

  AA 11 87.6 19.4 

rs2275806 FLJ45983/near 
GATA3 5' AG 64 80.4 22.3 0.02 

  GG 132 75.3 19.8 

  CC 37 70.5 21.3  

rs569421 GATA3 intron CT 112 78.1 20.7 0.024 

  TT 59 80.7 19.8 

  GG 42 72.8 20.3  

rs570613 GATA3 intron GA 104 76.7 20.9 0.024 

  AA 62 82 20.3 

  GG 14 68.5 23 

rs477461 Intergenic/near 
GATA3 3' GA 84 75.3 19.8 0.026 

  AA 110 80.3 20.8 

  TT 4 88.2 11.9 

rs485411 FLJ45983/near 
GATA3 5' TC 51 82.7 20.1 0.034 

  CC 153 75.5 20.9 
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Chapter 2 figure legends: 
 
Figure 6.  LD structure of GATA3 polymorphisms and associations with baseline 
pulmonary function (FEV1pp, FVCpp, FEV1/FVC) and bronchial 
hyperresponsiveness (log PC20) in SARP non-Hispanic whites (A) and African-
Americans (B) with asthma.  All P values were adjusted for age, sex, BMI, 
principal components and genomic inflation using linear models with an additive 
genetic term.  LD plots were generated in Haploview 4.1.  
 
 
Figure 7.  GATA3 polymorphisms in the 5’ promoter region are associated with 
steroid use, sinus infections and pollen allergy in SARP whites.  A.  Odds ratios 
(OR) and 95% confidence intervals (CI) shown for all GATA3 polymorphisms 
tested for associations with increasing steroid use.   B.   The observed minor 
allele frequency (MAF) for GATA3/rs1244181 (indicated by asterisk in A) 
increased by steroid use category.  C.  The observed MAF for GATA3/rs1244181 
increased by sinus infection category.  D. The observed MAF for 
GATA3/rs1058240 generally decreased as the number positive skin prick 
reactions to pollen allergens (tree, grass, ragweed, or weed mix) increased.  
Adjusted P values from ordinal regression models. 
 
 
Figure 8.  GATA3 promoter SNPs are predictors of atopic asthma.  Eight SNPs in 
the promoter and 5’ upstream region of GATA3 were associated with SARP 
phenotypic clusters; GATA3/rs1244186 had the lowest P value.  The observed 
and expected MAF for are shown for GATA3/rs1244186 in all SARP clusters (1-
5; A) and for the predominantly atopic clusters (1,2,4; B), where a more 
significant trend is noted.  Adjusted P values from ordinal regression models. 
 
 
Figure 9.  Multiple SNPs in Th2 pathway are predictors of SARP atopic clusters.  
A.  As minor alleles in GATA3/rs1244186, IL4RA/rs1805011, JAK1/rs11208527 
and IL13/rs1881457 were independent predictors of SARP atopic clusters, risk 
alleles from these SNPs were summed and the percentage of risk alleles in each 
cluster was determined, resulting in a more significant trend of linear association 
in the predominantly atopic clusters.  B.  The percent of subjects in each atopic 
cluster with 0 risk alleles in any of these SNPs decreased as the severity of 
asthma increased while the percent of subjects with 1 or more risk alleles was 
increased in severe atopic asthma (Cluster 4) compared to mild atopic asthma 
(Cluster 1). 
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Fig 6A 
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Fig 6B 
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Fig 7A 

Fig 7B 

60 
 



Fig 7C 

Fig 7D 
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Fig 8A 

Fig 8B 
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Fig 9A  

Fig 9B  
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CHAPTER 3 EXPLORATORY ANALYSIS 
  
  
 This chapter consists of additional analyses that were not included in the 

manuscript in Chapter 2 or were only mentioned in text or supplementary 

information.  Though these analyses should be regarded as exploratory, they 

may form the basis of future laboratory experiments or pilot population-based 

studies in asthma. 

 
Replication of significant associations 
 
Although the Collaborative Studies on the Genetic of Asthma (CSGA) 

case/comparison study was originally included as a replication population for 

significant findings in SARP, the manuscript in Chapter 2 only includes the 

TENOR population.  There was no replication of significant associations with 

GATA3 or other Th2 pathway SNPs for pulmonary function in CSGA white or 

African-American asthma cases.  This may be due to the fairly small samples 

sizes in CSGA (n=238 whites and n=138 African-Americans) or possibly due to 

fewer severe asthma cases with lower function.  In this analysis, GATA3 was 

associated with lung function in SARP and TENOR only.  These populations are 

enriched for severe asthma, compared to the mild to moderate asthma in CSGA, 

which suggests that GATA3 may be a predictor of lung function within the context 

of severe atopic asthma.  
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SNP interactions 
 
In the models to test genetic association with asthma severity that comprised the 

primary analysis, each Th2 pathway SNP was analyzed one at a time.  To 

explore putative gene interactions, pairwise Th2 pathway SNP/SNP multiplicative 

interaction terms were added to linear models to identify predictors of pulmonary 

function and serum IgE.  To reduce the false positive results, these models were 

limited to two SNP genotype combinations (in a 3 x 3 contingency table) without 

zero counts.  Overall, few significant interactions were identified with P values 

<0.001 and samples sizes were small.  However, several JAK1 SNPs did not 

show main effects but were significant in interaction models.  For example, as 

shown in Figure 10A, in SARP African-Americans with asthma, 

JAK1/rs11208545 and RAD50/rs2706364 (on chromosome 5q near IL13) were 

significantly associated with FVCpp (interaction P = 0.003), and subjects with 

rs11208545GG/rs2706364GG genotypes (n=21) had a higher mean FVCpp 

(101.02) than other genotypes at these loci.  Additionally, white SARP subjects 

with JAK1/rs310245CC and rs11739623TT (on chromosome 5q, near IL5) 

genotypes (n=7) had a higher mean FEV1/FVC ratio (0.82; interaction P = 0.006; 

Figure 10B), which may be driven by small numbers of subjects in this category.   
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Figure 10.  Th2 pathway SNP interactions and lung function in SARP.  A.  JAK1/rs11208545 and 
RAD50/rs2706364 genotypes in SARP African-Americans and mean FVCpp.  B.  JAK1/rs310245 
and rs11739623 genotypes in SARP non-Hispanic whites and mean FEV1/FVC ratio.  

A

B
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Genetic associations with total serum IgE levels 

Several publications have shown a relationship between variation in Th2 pathway 

genes and total serum IgE levels (Howard et al., 2002; Beghe et al., 2003; 

Kabesch et al., 2003; Basehore et al., 2004; Vladich et al., 2005; Kabesch et al., 

2006), though few studies have included a large component of patients with 

severe asthma.  We also tested Th2 pathway gene polymorphisms for 

association with serum IgE levels (analyzed as log10 IgE levels) in SARP patients 

with asthma.  In African-Americans, several SNPs in the IL4/IL5/IL13 region of 

5q31 were associated with IgE levels, notably three SNPs in IL4, including 

IL4/rs2243290 (P = 0.005) and IL5/rs2069818 (P = 0.007).  Geometric means, 

SD, and P values for association are shown in Table 4.  In SARP whites, SNPs in 

the STAT6 gene were significantly associated with IgE, including 

STAT6/rs17119494 (P = 0.006) and STAT6/rs1059513 (P = 0.02), consistent 

with previous reports suggesting a role for STAT6 in regulation of IgE levels 

(Schedel et al., 2004; Weidinger et al., 2004; Weidinger et al., 2008).  In the 

majority of SNP predictors of serum IgE levels in SARP, the minor allele was 

associated with lower IgE compared to the common allele (Table 4).    

 The STAT6/rs324011 variant is highly correlated with STAT6/rs12368672, 

which was identified as a predictor of IgE levels in a GWAS (Weidinger et al., 

2004).  As shown in Figure 11, STAT6/rs324011 was significantly associated 

with IgE levels in an interaction model in SARP non-Hispanic whites.  Eighteen 

subjects with STAT6/rs324011AA and IL4RA/rs1805010TT genotypes had 

higher levels of serum IgE (interaction P = 0.005).  IL4RA/rs1805010 is a 

nonsynonymous polymorphism (I75V) which has also independently been linked 
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to asthma (Beghe et al., 2009).   Additionally, though numbers of subjects were 

small, subjects with the GATA3/rs507164AA and ROG/rs107068GG genotype 

(n=4), had a significantly higher IgE levels (interaction P = 0.005) than other 

genotypes at these loci.  Repressor of GATA (ROG), was not part of the primary 

analysis, however this gene has been shown to modulate allergic phenotypes 

and airway hyperresponsiveness in mice (Hirahara et al., 2008), therefore it was 

included in exploratory models.   

 These models suggest SNP interactions between Th2 pathway genes 

may modulate serum IgE levels, however the number of subjects in each group 

is small and results should be confirmed by future experiments.
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A

 
SNP Nearest gene Genotypes N Geometric mean log 10 SD P value 

    AA 26 109.90 0.67   

rs2243290 IL4 AC 78 177.83 0.71 0.005 

    CC 90 257.04 0.60   

rs2069818 IL5 AC 35 338.84 0.52 0.007 

    CC 159 175.79 0.68   

TT 38 126.77 0.69 

rs2070874 IL4 TC 86 202.30 0.73 0.016 

CC 70 245.47 0.54 

    CC 14 112.46 0.77   

rs2243268 IL4 CA 69 157.04 0.71 0.026 

    AA 110 244.34 0.61   

 

 B

SNP Nearest gene Genotypes N Geometric mean log 10 SD P value 

AA 3 172.58 0.21 

rs17119494 STAT6 AG 57 119.12 0.66 0.006 

    GG 329 88.92 0.62   

GG 7 50.12 0.92 

rs1059513 STAT6 GA 57 70.47 0.69 0.023 

    AA 325 99.08 0.60   

AA 3 45.92 0.79 

rs3790529 
RAVER2/ near 

JAK1 AG 72 64.12 0.65 0.044 

    GG 313 102.33 0.61   

AA 2 33.81 1.06 

rs12402976 
RAVER2/ near 

JAK1 AC 36 58.48 0.66 0.054 

    CC 350 98.40 0.62   

Table 4.  Th2 pathway polymorphisms associated with serum IgE levels in 
SARP African-Americans (A) and non-Hispanic whites (B) with asthma.  P 
values were adjusted for age, sex, BMI, principal components and 
genomic control.  IgE values (geometric mean and standard deviation) are 
presented by genotype.
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Figure 11.  Th2 pathway SNP interactions and total IgE levels in SARP non-Hispanic 
whites.  A.  Serum IgE levels (geometric mean and standard deviation) by STAT6/rs324011 
and IL4RA/rs1805010 genotypes.  B.  Serum IgE levels (geometric mean and standard 
deviation) by GATA3/rs507164 and ROG/rs107068 genotype. P values were adjusted in 
linear models for age, sex, BMI, principal components and genomic inflation.  
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Th2 pathway predictors of SARP clusters and other asthma-related symptoms 

Additional analyses were performed to identify other Th2 pathway predictors of 

SARP phenotypic clusters and ordinal composite variables.  In contrast to the 

GATA3 polymorphisms which were predictors of five SARP phenotype clusters 

discussed in Chapter 2, the non-synonymous polymorphism 

IL4RA/rs1805011(E400A) and JAK1/rs11208527 were not significantly 

associated with all five SARP clusters in overall linear trend tests or ordinal 

regression models (Figure 12A,B).  However, these polymorphisms were 

significantly associated with atopic clusters (1,2,4) of increasing severity 

(JAK1/rs11208527, P = 0.011 and IL4RA/rs1805011, P = 0.04) in SARP whites.  

As shown in Figure 12A,B, there was a higher frequency of the minor allele of 

these SNPs in the more severe atopic asthma categories.  These analyses 

provide further evidence that SNPs in this pathway may be related to atopy, and 

not all aspects of asthma severity.  The IL13/rs1881457 promoter polymorphism 

has been previously associated with allergy-related phenotypes (Graves et al., 

2000; Maier et al., 2006) and has been shown to modulate transcription at the 

IL13 locus through binding of the transcription factor Oct-1 (Kiesler et al., 2009).  

However the role of this polymorphism in asthma severity has not been widely 

explored.  In SARP whites, this SNP was not linearly associated with all 5 SARP 

clusters (Figure 12C), however there was a trend of association for the atopic 

clusters 1,2,4, which did not attain significance.   

 A combined analysis was also performed to determine if increased 

number of risk alleles from individual SNPs predictors of SARP clusters would 

provide more significant association.  The risk (minor) alleles from 
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GATA3/rs1244186 and IL4RA/rs1805011 were summed and the percentage of 

risk alleles was determined by cluster (Figure 13A) and age-adjusted P values 

and odds ratios were determined for all clusters and atopic clusters (1,2,4) using 

ordinal regression.  For example, in this analysis, two risk alleles could be two 

copies of the minor allele from the GATA3/rs1244186 SNP or one copy of the 

minor allele from GATA3/rs1244186 and one copy of the minor allele from 

IL4RA/rs1805011.  The P value for the combined analysis was lower (P = 6.6E-4; 

OR 1.77, 95% CI 1.27, 2.46) than for the individual SNPs.  When other risk 

(minor) alleles from the SNPs JAK1/rs11208571 and IL13/rs1881457 were also 

summed and the percentage of risk alleles was determined by cluster, there was 

a similar P value for atopic cluster (P = 4.7E-04; Figure 13B) however there was 

a somewhat decreased odds ratio (OR 1.46, 95% CI 1.18, 1.80), suggesting that 

GATA3 and IL4RA variants may be driving the association.  When the 

percentage of each risk alleles was broken down by cluster, there was a higher 

percentage of 2-4 risk alleles in cluster 4 compared to other clusters (Figure 

13C).  When the percentage of subjects with each number of risk alleles (1-4 risk 

alleles as very few subjects had more than 4) was graphed by SARP cluster, 

there were similar trends, as cluster 4 had increased numbers of subjects with 2-

4 risk alleles and a low percentage of subjects with no risk alleles, compared to 

cluster 1, which has increased percentage of 0-1 risk alleles (Figure 13D).   The 

less atopic clusters 3 and 5 also have an increased percentage of 0 risk alleles. 

 These exploratory analyses provide additional evidence that IL4RA is 

associated with the atopic asthma in SARP, similar to Wenzel et al. (Wenzel et 
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al., 2007b).  A combined analysis of GATA3/rs1244186 and IL4RA/rs1805011 

suggested that these SNPs together are strongly associated with severe atopic 

asthma.  
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Figure 12.  IL4RA and JAK1 SNPs are predictors of atopic asthma.  The nonsynonymous 
polymorphism IL4RA/rs1805011 and rs11208527, upstream of JAK1, were not linearly associated 
with all five SARP phenotypic clusters.  However, there was significant association between these 
SNPs and the primarily atopic phenotypic clusters 1,2,4 (A and B), shown by the increasing minor 
allele frequency in the severe atopic asthma category.  P values adjusted from ordinal regression 
models. 
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Figure 13.  Combined Th2 pathway genes are predictors of SARP clusters.  A. Risk (minor) 
alleles from the individual SNP predictors of SARP atopic clusters, GATA3/rs1244186 and 
IL4RA/rs1805011, were summed and the percentage of risk alleles was determined by cluster.  
Age-adjusted P values are presented from all clusters and atopic clusters (1,2,4) only.  B. Risk 
(minor) alleles from the SNP predictors of SARP atopic clusters, GATA3/rs1244186, 
IL4RA/rs1805011, JAK1/rs11208571 and IL13/rs1881457, were summed and the percentage of 
total risk alleles was determined by cluster.  C.  Risk (minor) alleles from the SNP predictors of 
SARP atopic clusters, GATA3/rs1244186, IL4RA/rs1805011, JAK1/rs11208571 and 
IL13/rs1881457, were summed and the percentage of risk alleles (1-4) was graphed by cluster.  
D.  Risk (minor) alleles from the SNP predictors GATA3/rs1244186, IL4RA/rs1805011, 
JAK1/rs11208571 and IL13/rs1881457 of SARP atopic clusters were summed and the 
percentage of subjects with each number of risk alleles was graphed by SARP cluster. 
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Th2 pathway variants and asthma susceptibility  

As discussed in the literature review in Chapter 1, Th2 pathway variants have 

primarily been associated with asthma susceptibility in several populations.  

Although many Th2 pathway SNP associations with asthma or other allergy-

related phenotypes have been replicated, the results have sometimes been 

contradictory (Vercelli, 2008).  In order to investigate Th2 pathway genetic 

variants in the Wake Forest STAMPEED case/control genome-wide association 

study, SNPs were selected which have often been reported to be associated with 

asthma etiology, atopy, or asthma-related phenotypes, including IL13 promoter 

SNPs and IL4RA amino acid variants (Table 5).   Standard genetic association 

tests were performed in STAMPEED non-Hispanic whites, adjusting for principal 

components and genomic inflation.  However, as shown in Table 5, the only SNP 

significantly associated with asthma susceptibility and borderline associated with 

atopic asthma was GATA3/rs1058240.  This polymorphism was a predictor of 

pollen allergy in SARP cases (Chapter 2) and has been reported to be 

associated with childhood rhinitis (Huebner et al., 2008).  The lack of replication 

for other Th2 pathway SNPs is not known; however STAMPEED is composed of 

asthma cases and controls from SARP and CSGA and has a significant 

proportion of severe asthma cases.  This unique composition of subjects may 

result in less replication of significant findings from populations composed of 

mostly mild to moderate asthma cases.  Or perhaps the relatively small sample 

size reduces the power to detect significant associations.    

 Overall, the work presented here suggests an important role for GATA3 in 

asthma severity and suggests a possible contribution to the etiology of asthma.
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SNP 
Nearest 

gene 
Minor 
allele 

Asthma 
susceptibility 

P value 

Atopic asthma 
susceptibility 

P value 
rs1881457 (-1512) IL13 C 0.66 0.73 

rs1295686 IL13 A 0.30 0.69 

rs20541 (Q144R) IL13 T 0.30 0.66 

rs848 IL13 T 0.31 0.78 

rs2243204 IL13 T 0.81 0.75 

rs2243250 IL4 T 0.46 0.52 

rs2070874 IL4 T 0.46 0.45 

rs570613 GATA3 G 0.26 0.40 

rs1058240 GATA3 G 0.04 0.05 

rs324011 STAT6 T 0.11 0.11 

rs1805010 (I75V) IL4RA G 0.68 0.64 

rs3024560 IL4RA G 0.65 0.69 

rs1805011 (E400A) IL4RA C 0.12 0.08 

rs1805012 (C431R) IL4RA C 0.08 0.07 

rs1805015 (S503P) IL4RA C 0.16 0.12 

rs1801275 (Q576R) IL4RA G 0.37 0.13 

 Table 5.  Th2 pathway SNPs and association with asthma susceptibility in 
STAMPEED non-Hispanic white cases and controls.  P values were 
adjusted for significant principal components and genomic inflation.  
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APPENDIX B COMPOSITE ORDINAL PHENOTYPIC VARIABLES 
  
Composite ordinal phenotypic variables analyzed in this study.  Adapted from 
Moore, WC et al, 2010.  
 

 

Title Category 
Health care utilization       

Health care utilization 
past year 

None ≥ 1 urgent 
visit/yr 

Emergency 
room past 

year 

≥  3 oral 
steroids 
burst/yr 

Hospital 
visit past 

year 

Intensive 
care unit 

(ICU) past 
year 

Intensity of ICU care No ICU 
Ever 

ICU 1 time Ventilator 1 
time 

ICU 2-5 
and > 5 

Ventilator  
2-5 and > 5 

 

Controllers       

Steroid use No Steroids Low-Moderate 
inhaled 

corticosteroids 
(ICS) 

High ICS Oral or 
other 

injectable 
steroids 

  

Allergy       

Allergic symptoms No 
Symptoms 

Mild Symptoms Moderate 
Symptoms 

Severe 
Symptoms 

  

Dog and cat allergy No pets or 
atopy 

Pets only Atopic but 
no pets 

Pet + 
symptoms 
no atopy 

Symptoms 
and atopy, 

no pets 

Atopics 
with pets 

Mites and roach allergy None Dust only Cockroach 
only 

Both   

Pollen allergy 
Tree, grass, ragweed, weed 
mix 

None 1+ skin test 2+ skin test 3+ skin 
tests 

All positive  

Mold  
Alternaria, Cladosporium, 
Aspergillus 

None 1+ skin test 2+ skin test All positive   

Family History       

Siblings with asthma No sibs 1 sibling 
without asthma 

2+ siblings 
without 
asthma 

1 sibling 
with 

asthma 

2+ siblings 
with asthma 

 

Medical history       
Sinus infections None Sinusitis  Surgery for  

sinus 
disease 
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APPENDIX C DEMOGRAPHIC CHARACTERISTICS BY CLUSTER STATUS 

  
Demographic characteristics of non-Hispanic white SARP subjects with asthma by 
cluster status.  Clusters 1, 2, and 4 represent atopic asthma of increasing severity.   
Adapted from Moore, W.C. et al., 2010.  
 
 

  
Cluster 1 Cluster 2  Cluster 3  Cluster 4  Cluster 5  

n=70  n=159  n=45  n=58  n=70  
Sex (% female)  80 70 76 62 51 

Age at enrollment, mean years (SD)  27 (8)  34 (12)  51 (6)  42 (11)  50 (10)  

Body mass index, mean (SD)  26 (5) 28 (8) 32 (8) 30 (6) 31 (8) 
Baseline lung function:  
   FEV1 % predicted, mean (SD)  102 (11)  84 (11)  78 (11)  57 (12)  45 (15)  

   FVC % predicted, mean (SD)  109 (9)  93 (9)  82 (8)  74 (10)  61 (15)  

   FEV1/FVC ratio, mean (SD)  0.80 (0.1) 0.75 (0.1)  0.74 (0.1)  0.62 (0.1)  0.59 (0.1)  

Total number of controllers, mean (SD)  1.1 (1.1)  1.7 (1.4)  2.2 (1.3)  2.7 (1.5)  2.8 (1.4)  

Total serum IgE, mean IU/mL (SD)  222 (212) 236 (485)  121 (154)  269 (358)  136 (184)  

Atopy status, % ≥ 1 positive skin prick test  80 87 60 88 64 
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APPENDIX D PARTIAL GATA3 THREE-SNP SLIDING WINDOW 
HAPLOTYPES AND P VALUES FOR ASSOCIATION WITH BASELINE FEV1PP 

IN SARP AFRICAN-AMERICANS 

rs1244181

rs1271899

rs1244186

rs501764

rs485411

rs2275806

rs1269486

rs1399180

rs3781093

rs3802604

rs3781092

rs570613 Freq  P value  

G  C  C                             0.74 0.751 
   C  C  T                          0.74 0.751 
      T  T  C                       0.11 0.086 
      C  T  C                       0.74 0.751 
         T  C  A                    0.21 0.013 
         T  C  G                    0.65 3.03E-04 
            C  A  G                 0.21 0.013 
            C  G  G                 0.54 0.013 
               A  G  C              0.2 0.005 
               G  G  T              0.35 0.129 
                  G  C  G           0.17 0.01 
                  G  C  A           0.23 4.79E-04 
                     C  A  T        0.24 5.22E-04 
                     T  C  A        0.52 0.097 
                        G  C  T     0.17 0.021 

A  T  C  0.23 0.001 
                        A  C  C     0.54 0.198 
                           C  T  G  0.19 0.009 

T  C  A  0.22 0.003 
                           C  C  A  0.33 0.903 
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	Severe asthma is the cause of significant morbidity and mortality (Moore et al., 2007).  This subset of asthma patients utilizes a high percentage of health care resources and does not respond well to current therapy (Moore et al., 2006; Moore et al., 2007; Wenzel et al., 2007c).  The pathogenesis of severe asthma is poorly understood and very few genetic studies have focused on asthma severity.  Our research group recently performed an in-depth phenotypic analysis of patients with asthma in the National Heart, Lung and Blood Institute-sponsored Severe Asthma Research Program (SARP), in order to categorize this population more accurately than previous clinical designations and to identify predictors of asthma severity (Moore et al., 2010).  Using continuous variables, questionnaire data and biomarkers, SARP patients were classified into five primary phenotypic clusters.  In addition to the genetic analysis of these clusters, the continuous variable of baseline lung function (withholding medication) was used as the primary outcome since it is one of the strongest predictors of asthma severity and phenotypic clusters in SARP (Moore et al., 2010).  
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