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Abstract
The interaction of genes and environmental exposures influences the development of asthma and
determines asthma severity. This review focuses on recent developments in genetic studies of
asthma onset and progression. Genome-wide association studies (GWAS) are currently the most
effective approach to study genetics of complex diseases. There have been two large meta-
analyses of asthma susceptibility, GABRIEL and EVE, which identified the same four
chromosomal regions, many of which had also been identified in previous GWAS: loci in the
ORMDL3 region of 17q21, IL1RL/IL18R genes on chromosome 2q, the TSLP gene region on
5q22, and IL33 on chromosome 9p24. These regions were associated with asthma in individuals
of different ethnic backgrounds. EVE also identified a novel asthma susceptibility locus, PYHIN1,
in individuals of African descent. Genome-wide screens for asthma susceptibility in Asian adults
and children both identified genetic variants in the major histocompatiblity complex gene region
(HLA region) on chromosome 6p21 as highly associated with asthma risk. This locus was one of
the first candidate genes identified for asthma and has been a significant predictor of asthma risk
in several GWAS.

There is also a need to understand asthma disease heterogeneity as different phenotypes may
reflect several pathogenic pathways. Genes that are associated with phenotypes including lung
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function, biomarker levels and asthma therapeutic responses provide insight into mechanisms of
asthma severity progression. For example, the HHIP gene is a significant predictor of pulmonary
function changes in asthma and in the normal population. A joint model of risk variants in lung
function genes were highly associated with lower FEV1 and increased asthma severity criteria. In
addition, a genome-wide screen to discover pharmacogenetic associations related to response to
inhaled glucocorticoids identified two correlated SNPs in the GLCCI1 gene that confer a
significant lung function response to this asthma therapy.

Future genetic studies for asthma susceptibility and severity will incorporate exome or whole-
genome sequencing to identify common and rare genetic variants. Using these variants identified
in comprehensively phenotyped asthmatics will lead to the development of personalized therapy in
individuals with asthma.
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Introduction
Asthma is a heterogenous disease with a complex etiology. The interaction of genes and
environmental exposures influences the development of asthma and determines the
expression or progression of the disease (Fig. 1) [1]. An overall aim of genetic studies in a
complex disease such as asthma is to identify a group of genetic variants that will predict
risk for development (susceptibility) or progression (severity) of asthma. Genetic factors
related to asthma susceptibility and severity are not limited to a single gene but are due to a
number of gene variants that each contribute to the risk architecture.

There has been major progress in determining the genetic factors that are associated with
asthma susceptibility, using genome wide association study (GWAS) approaches [2–11].
GWAS genes such as IL13 (interleukin 13), IL33 (interleukin 33), its receptor IL1RL1
(interleukin 1 receptor-like 1 isoform 1) and TSLP (thymic stromal lymphopoietin) have
been linked to asthma and several other allergic phenotypes, suggesting dysregulation of
shared inflammatory pathways. In addition, the major histocompatiblity complex region,
which was one of the first asthma susceptibility loci identified [12], appears to contribute to
asthma and allergen sensitization [2]. Regulatory T cell signaling may also play a role in
asthma, as the SMAD3 (SMAD family member 3) gene, which encodes a transcriptional
modulator related to transforming growth factor β, has also been identified in several
genome-wide screens for asthma. A number of these susceptibility genes and their biologic
pathways have been replicated in some but often not all asthma populations suggesting that
there may be heterogeneity in the genetic risk in populations of different ethnic backgrounds
[7, 13]. Results from major GWAS studies of asthma are reviewed in this article and are
summarized in Table 1.

Many of the large genome-wide screens that have identified genes important to asthma
susceptibility were based on a clinical diagnosis of asthma rather than more comprehensive
phenotypes that would also evaluate the mechanisms of disease progression and severity.
Current studies are now using more extensive characterization to investigate the progression
of asthma. Thus, asthma severity may be related to specific subphenotypes, some of which
are discussed in this review and summarized in Table 2: 1) genes related to pulmonary
function; 2) biomarkers related to asthma progression and risk of exacerbations; 3)
pharmacogenetic interactions in which an individual may have reduced responsiveness or be
resistant to a specific asthma therapy; or 4) specific gene by environment interactions.
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Genome wide association studies of asthma susceptibility
Prior to 2007, candidate genes in known asthma and allergy biological pathways were tested
for association with asthma susceptibility [7] and family studies and positional cloning
techniques identified several putative chromosomal loci related to asthma [6, 14–17]. For
example, the T Helper 2 (TH2) immunological pathway is one of the most replicated
pathways in human and animal asthma studies [7, 18–22]. However, many of the other
positive genetic associations from candidate pathways and family studies have not been
consistently replicated, possibly due to relatively small sample sizes, population
stratification, inconsistent phenotype definitions, and lack of adequate gene coverage [7].
Following the transition to GWAS, risk variants discovered in these genome-wide screens
were more likely to be replicated, at least in populations of similar ethnic background. This
review will highlight some of the newer studies and meta-analyses of asthma susceptibility
and severity including GWAS in multiple ethnic groups.

GWAS of asthma susceptibility in multiple ethnic groups
Based on a doctor’s diagnosis of asthma, the first asthma susceptibility GWAS was
published by Moffatt et al., representing the European GABRIEL consortium in 2007. This
report identified genetic markers in the ORMDL3 (ORM1-like 3) on chromosome 17q12–21
as predictors of childhood asthma susceptibility [8]. A large follow-up study in the same
European cohort verified this finding, as single nucleotide polymorphisms (SNPs) spanning
approximately 380kb in the ORMDL3 genomic region were associated with asthma [3].
Several subsequent GWAS have also confirmed this result, and this is one of the most
highly replicated susceptibility loci in genome-wide screens for asthma [9, 11, 23, 24].
However, due to the high degree of linkage disequilibrium (LD) in this region that spans
several genes, it is still not clear whether ORMDL3 or a nearby gene is the risk gene with
the causative variant(s) [25]. Interestingly, a splice-site mutation which is in strong LD with
ORMDL3 but located the adjacent GSDMB (gasdermin-like B) gene was recently identified
by the 1000 Genomes Project, indicating this may be a causal risk variant for asthma [26].
This example highlights the importance of new genetic sequencing projects and how these
technologies continue to facilitate understanding the genetics of asthma.

While many of the initial asthma GWAS studies were carried out in non-Hispanic white
discovery cohorts, there is a need to investigate the genetic pathways that play a role in
asthma in individuals of different ethnic backgrounds, especially since minority groups such
as African-Americans are more likely to experience higher asthma morbidity and mortality
rates than whites [27, 28]. Populations of different ancestry also have different patterns of
gene variation and LD that can alter the gene-specific risk variants. Whereas the GABRIEL
consortium consisted of European individuals with asthma and unaffected controls, the EVE
meta-analysis was established in North America to identify genetic factors that contribute to
asthma susceptibility in multiple ethnic groups. Five major susceptibility loci were identified
in 5,416 asthma cases and replication was performed in an additional 12,649 individuals of
European-American, African-American or African-Caribbean, and Latino ancestry. Four of
the chromosomal regions that reached genome-wide significance in EVE had been
previously identified in GABRIEL or other studies: loci in the ORMDL3 region of 17q21,
the IL1RL/IL18R (interleukin 18 receptor) loci on chromosome 2q, the TSLP gene region
on 5q22 and interleukin 33 (IL33) on chromosome 9p24 [11]. Interestingly, these loci are
associated with asthma development in all three ethnic groups, while a novel susceptibility
locus in individuals of African descent was identified near at the PYHIN1 (pyrin and HIN
domain family, member 1) gene on chromosome 1q23 [11]. Prior to the EVE analysis, one
of the only asthma GWAS performed in populations of African ancestry was carried out in
African-American asthma cases and controls from the United States and African-Caribbean
individuals from Barbados. Adjusting for racial admixture, this study identified
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polymorphisms in ADRA1B (α-1B-adrenergic receptor) on chromosome 5q33, PRNP
(prion-related protein) on chromosome 20pter-p12, and DPP10 (dipeptidyl peptidase 10) on
chromosome 2q12.3-q14.2 as predictors of asthma [29]. While DPP10 had been identified in
earlier positional cloning studies of asthma [14], many of these associations appear to be
limited to individuals of African ancestry.

GWAS of asthma in Asian populations
Genome-wide screens for asthma susceptibility in Asian adults and children were published
in 2011 and both identified genetic variants in the major histocompatiblity complex gene
region (HLA region) on chromosome 6p21 as highly associated with asthma risk. In the
Japanese population, 7,171 adult asthma cases and 27,912 unaffected individuals were
genotyped in the discovery and replication cohorts, identifying five loci associated with
susceptibility to adult asthma, two of which had previously been reported: the HLA region
and TSLP/WDR36 (WD repeat domain 36) locus. Three additional genomic regions were
also significant at the genome-wide significance level: the USP38 (ubiquitin specific
peptidase 38)/GAB1 (GRB2-associated binding protein 1) locus on chromosome 4q31, loci
on chromosome 10p14, and a region of chromosome 12q13 [30]. In a separate GWAS of
childhood asthma in 938 Japanese pediatric asthma patients and 2,376 controls, SNPs were
tested for association with asthma susceptibility and highly significant associations were
tested for replication in independent Japanese samples and in Korean samples. This analysis
determined that genetic variants in the HLA-DP locus were associated with the risk of
pediatric asthma across Asian populations.

Furthermore, a replication study in 710 asthma cases and 656 unaffected controls in the
Chinese Han population tested specific variants in the ORMDL3/GSDMB region of
chromosome 17q21, providing further evidence that this locus was associated with adult
onset asthma risk in multiple ethnic groups [23].

The specific role and functional biology of novel GWAS loci such as ORMDL3 in the
pathogenesis of asthma is still unknown. However, there is strong evidence from asthma
GWAS of the biologic importance of pathways that communicate epithelial damage to the
adaptive immune system, ultimately leading to airway inflammation. Moreover, cytokines
derived from epithelial cells such as TSLP and IL33 may promote the TH2 response through
activation of receptors such as IL1RL1, on cell types such as mast cells, TH2 cells, and
regulatory T cells.

Genetic studies of asthma severity and related phenotypes
Since initial GWAS focused primarily on childhood-onset asthma and asthma susceptibility,
it is not well understood whether the same genes that contribute to asthma predisposition
also play a role in the progression and severity of disease. In addition, population-based
studies often rely on limited phenotypes such as a physician’s diagnosis to accommodate
large sample sizes. However, comprehensive studies of asthma severity require more
intense, time-consuming, and costly phenotyping which can result in smaller cohort sizes.
Asthma severity studies also require different comparison groups than susceptibility studies.
Instead of unaffected individuals, subjects with severe asthma should be compared to
individuals with mild asthma, which can be an additional complexity for subject recruiting.
Analysis of asthma severity can include intermediate phenotypes such as measures of
pulmonary function, bronchial hyperresponsiveness (BHR), biomarkers, and response to
asthma therapy.
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GWAS of severe, persistent asthma
Bleecker and Meyers and colleagues performed a GWAS for asthma susceptibility and
severity in a comprehensively phenotyped, longitudinal cohort of 473 non-Hispanic white
adult cases in The Epidemiology and Natural History of Asthma: Outcomes and Treatment
Regimens (TENOR) study [31, 32], compared to Illumina general population controls. In
this analysis, several variants in the RAD50/IL13 region of chromosome 5q31.1 were
identified as predictors of asthma susceptibility. A SNP in intron 2 of RAD50 (adjacent to
IL13) was one of the most highly associated with asthma, though strong correlation between
variants in this LD block makes it difficult to identify the causal variant [2]. However, this is
an important example of a genome-wide study identifying a biologically relevant gene
(IL13), which had been observed in several candidate gene studies [7, 33]. IL13 is an
important regulator of allergen-induced asthma in mice [34, 35] and also appears to
contribute to asthma in this severe allergic cohort. This study also identified variants in the
HLA-DR/DQ region on chromosome 6p21.3 associated with asthma, a genomic region
which has been replicated in many candidate genes studies [36, 37] and GWAS [3, 30, 38],
as discussed above.

Lung function
Extensive phenotypic characterization in the National Heart, Lung, and Blood Institute
(NHBLI)-sponsored Severe Asthma Research Program (SARP) cohort indicates that one of
the primary determinants of asthma severity is lung function [39, 40]. Therefore identifying
the genetic determinants of pulmonary function, a statistically powerful objective measure,
represents a relevant approach to define genes that contribute to asthma severity.

There are currently no GWAS powered to test the progression of asthma severity and
longitudinal lung function decline. However, two large meta-analyses for normal lung
function have been carried out in the European general population. The CHARGE and
SpiroMeta consortium both identified the HHIP (hedgehog interacting protein) gene
associated with lung function measures forced expiratory volume in 1 second (FEV1) or the
FEV1/forced vital capacity (FEV1/FVC) ratio [41, 42], along with eleven other genomic
regions for normal pulmonary function (Table 2). To better understand whether these
genetic variants also play a role in asthma populations, Li and colleagues tested 14 SNPs in
these candidate genes for association with pulmonary function measures in a meta-analysis
of three independent asthma cohorts (n=1,441): the NHLBI–sponsored SARP [39, 40] and
Collaborative Studies on the Genetics of Asthma (CSGA) studies [43]; and the TENOR
study [44]. This analysis identified the HHIP/rs1512288 variant as a significant predictor of
FEV1 and FVC in asthma. And in a joint model, an increasing number of risk variants in
these lung function genes were highly associated with lower FEV1 and increased asthma
severity [45], demonstrating the close relationship between pulmonary function and asthma
severity. This additive approach has been used successfully to predict prostate cancer risk
[46, 47] and may have important clinical applications to personalized medicine in the future.

In a very large (approximately 90,000 European individuals in the discovery and replication
cohorts) follow-up meta-analysis from the CHARGE and SpiroMeta consortia, an additional
16 loci for normal lung function were identified at the genome-wide significance level
(Table 2). These genes are related to a number of different physiological pathways including
cell growth, signaling and migration. It remains to be determined whether these genes or
pathways also contribute to lung function variation in individuals with asthma, however a
region of 6p21.33 that contains a non-synonymous SNP in LTA (lymphotoxin a) and a
correlated SNP in the promoter region of TNFA (tumor necrosis factor α), were identified in
this lung function analysis [48]. These genes have been linked to asthma susceptibility
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previously [49, 50]. Other plausible asthma-related mechanisms include TGF-β signaling,
which can induce mucin expression in bronchial epithelial cells [51].

Interleukin 6 (IL6) is a cytokine that becomes systemically or locally elevated during
inflammatory processes [52]. Increased IL6 expression has been observed with lung
inflammation and injury [53] and elevated serum IL6 levels have been reported in subjects
with asthma [54], chronic obstructive pulmonary disease (COPD) [55–59], and more
recently, in a small severe asthma study [60]. For IL6 to have a role in inflammatory lung
disease, the IL6 receptor must also be involved, which appears to be the case. In a genome
wide association study of 57,800 subjects, the IL6R gene was identified as an asthma
susceptibility gene [61], and more recently, the common IL6R coding variation rs2228145
(Asp358Ala) was identified as a potential genetic modifier of lung function in asthma and as
a novel genetic marker of asthma [62]. In this last study, subjects of European ancestry with
asthma who inherited the minor C allele of rs2228145 (Ala358) had the lowest mean percent
predicted FEV1, FEV1/FVC, and the highest mean levels of methacholine responsiveness
(PC20). The frequency of the rs2228145 C allele was significantly higher in phenotypic
asthma clusters consisting of subjects with more severe asthma [40], and high serum levels
of the soluble form of the IL6 receptor (sIL6R) were associated with lower lung function
[62]. In cells that do not possess the membrane bound IL6 receptor, the active IL6/sIL6R
complex can bind the membrane bound co-receptor glycoprotein 130 (gp130) and initiate
IL6 signaling cascade, resulting in phosphorylation and activation of signal transducer and
activator of transcription 3 (STAT3) protein, a transcription factor that has been linked to
airway inflammation and changes in lung function [63–66]. This extracellular process is
termed IL6 transsignaling and has been associated with a range of inflammatory diseases
[52, 67], including rheumatoid arthritis [68], Crohn’s disease [69], and inflammatory bowel
disease [70]. Long term exposure to IL6 transsignaling may induce morphological changes
in smooth muscle structure and may be an important component in long term development
of airway remodeling in obstructive lung disease. Anti-IL6R therapy is currently being used
to control disease progression in inflammatory diseases such as rheumatoid arthritis [71–75],
and thus there is the possibility that anti-IL6R therapy could also be important in the
treatment of airway diseases such as asthma.

Biomarkers
Biomarkers such as serum IgE levels and blood or sputum eosinophil levels may be
important predictors of asthma severity or risk of exacerbations. Therefore many asthma
cohorts as well as large population-based studies have evaluated genetic factors related to
these biomarkers (Table 2). The GABRIEL cohort performed a genome-wide study for
genetic factors associated with total serum IgE levels in 7087 subjects with asthma and 7667
controls, and identified one novel locus in the class II region of MHC which was significant
at the genome-wide level [3]. This study also observed several genetic variants associated
with IgE levels in the FCER1A (Fc fragment of IgE, high affinity I), IL13 and STAT6
(signal transducer and activator of transcription) genes. These regions were also reported in
previous GWAS for IgE in the general population [76], including a recent analysis by the
Framingham cohort [77]. In GABRIEL, genes that were associated with asthma
susceptibility generally did not overlap with those associated with IgE. Therefore the authors
concluded that loci strongly associated with IgE levels may not play an important role in the
development of asthma but may contribute to severity or progression of the disease [3]. In
order to identify additional genes associated with IgE levels in non-Hispanic white asthma
populations, Li et al. tested SNPs on chromosome 11q13.5 between the C11orf30 (open
reading frame 30) and LRRC32 (leucine-rich repeat containing 32) genes, which had
previously been identified in genetic analyses of related inflammatory conditions such as
atopic dermatitis [78], childhood eczema [79] and Crohn’s disease [80]. Four SNPs in this
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region were significantly associated with total serum IgE levels in after adjustment for
multiple testing, suggesting a common genetic regulation for IgE levels in atopic diseases.

Asthma genes identified through GWAS have also been identified as predictors of blood
eosinophil levels, an inflammatory biomarker likely related to asthma pathogenesis and
progression. For example, a large population-based GWAS of 9,392 Icelanders identified an
IL1RL1 variant which was associated with eosinophil counts and asthma, and SNPs in
WDR36, IL33 and MYB that were nominally associated with eosinophil counts and atopic
asthma [81]. The 5q22 genomic region spanning TSLP and WDR36 genes, which has been
associated with asthma in several reports [3, 11], is also associated with pediatric
eosinophilic esophagitism, an allergic disorder characterized by excess eosinophils in the
esophagus. Based on expression studies, the authors conclude that TSLP is the most likely
causative gene in this region [82].

Asthma therapy
Another genetic mechanism that can produce more severe or difficult to manage asthma is
response to asthma therapy. This section focuses on new developments in pharmacogenetics
research (Table 2).

Corticosteroid (glucocorticoid) pathway
Glucocorticoid (GCs) steroids are currently the most common anti-inflammatory asthma
therapy. For the most part, regular use of steroids is effective and reduces mortality due to
asthma [83]. However, chronic steroid use can result in side effects which may be alleviated
by targeted, inhaled drug delivery to the lung. There is subset of severe asthma patients that
requires high-doses of inhaled and oral steroids to control symptoms and asthma
exacerbations [39, 40]. However, there is also considerable variability in response to
corticosteroids, with a significant number of patients who have no response. Relatively little
is known about the pharmacogenetic interactions of this complex pathway [84, 85] though
there is likely a genetic component to the variability in corticosteroid responses in childhood
and adult asthma [86].

The Hop protein (encoded by the STIP1 gene) is involved in activation of the glucocorticoid
receptor and is a novel therapeutic target in the glucocorticoid pathway. In a
pharmacogenetic analysis, STIP1 single nucleotide and haplotypic variation was related to
changes in FEV1 in response to treatment with inhaled corticosteroids (ICS). There was a
heterogeneous response to steroids, as approximately half of STIP1 haplotypes were
associated with reduced corticosteroid response and the other half with greater sensitivity to
ICS [87].

A recent genome-wide study by Tantisira and colleagues evaluated four asthma populations
(n=935) to identify pharmacogenetic associations related to response to inhaled
glucocorticoids. A significant, replicated association was found in two correlated SNPs,
rs37972 and rs37973, in the GLCCI1 (glucocorticoid-induced transcript 1) gene, which
confer a lung function response to inhaled glucocorticoids and are also associated with
reduced GLCCI1 expression and luciferase reporter activity. Using data pooled from all
treatment trials, the overall mean (±SE) increase in FEV1 for ICS treated subjects
homozygous for the rs37973 variant allele was significantly less than for subjects
homozygous for the common allele (3.2±1.6% vs. 9.4±1.1% respectively). In this analysis,
genotype was estimated to account for 6.6% of inhaled glucocorticoid response variability.
This is an example of a replicated pharmacogenetic analysis with functional verification
[88]. In addition, Tantisira et al. have also shown that variation in the corticotrophin-

Slager et al. Page 7

Clin Chest Med. Author manuscript; available in PMC 2013 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



releasing hormone receptor 1 gene (CRHR1) is associated with improved lung function
response to corticosteroids in three asthma clinical trial populations [86].

Beta2-adrenergic pathway
Beta adrenergic receptor agonists or beta agonists are commonly prescribed medications for
relief of bronchoconstriction and long-term symptom treatment in asthma. Short-acting beta
agonists (SABA) and long-acting β-agonist (LABA) target beta2-adrenergic receptors on the
surface of airway smooth muscle cells and other lung or inflammatory cells [83]. Many
pharmacogenetic studies have explored whether ADRB2 (beta-2 adrenergic receptor) gene
variation could explain differences in bronchodilator response among asthma patients or
identify a subgroup of patients with reduced response [83, 89]. Many of these studies have
focused on the common functional nonsynonymous Gly16Arg and Gln27Glu mutations [90,
91]. For example, reduced pharmacologic responses to use of SABA but not to LABA in
individuals homozygous for the ADBR2 Arg16 variant have been reported [92–96].
However, there are additional rare variants in ADRB2 that may also play a role in response
to therapy. Extensive resequencing of the ADRB2 locus in African-Americans and non-
Hispanic whites with asthma revealed four rare ADRβ2 polymorphisms which were
analyzed for association with asthma severity outcomes: 25bp insertion-deletion at
nucleotide -376, Asn15Ser (rs33973603), Thr164Ile (rs1800888, also identified in Liggett et
al. [97]), and Ser220Cys (rs3729943) [98]. African-American cases with rare ADRB2
alleles treated with LABA demonstrated greater percentage of sputum eosinophils when
compared to African-American cases with common alleles (28% versus 7%; P=0.02) or
those with rare alleles not treated with LABA (28% versus 0.4%; P=0.01) [99].
Additionally, non-Hispanic white asthma cases with rare alleles treated with LABA
demonstrated a significantly increased number of urgent care and emergency department
visits for asthma in the past year compared to asthma patients with ADRB2 common alleles
[99]. These analyses suggest that rare and common gene variation may modulate response to
asthma therapy.

T Helper 2 pathway
There are several novel therapies currently under development targeting molecules in the T
Helper 2 (TH2) pathway. Two recent clinical trials of these biologics identified specific
population subgroups with improved therapeutic responses based on biomarker levels or
specific genotypes. Corren et al. hypothesized that anti–IL13 therapy would benefit asthma
patients with a baseline profile consistent with IL13 activity [100]. In a randomized, double-
blind, placebo-controlled study of lebrikizumab, a monoclonal antibody to IL13, patient
subgroups were prespecified according to TH2 status (based on total IgE level and blood
eosinophil counts) and serum periostin level. After 12 weeks, the mean increase in FEV1
was 5.5 percentage points higher in the anti-IL13 group compared to the placebo group in
the overall trial (P=0.02). However, among patients in the high-periostin or high fraction of
exhaled nitric oxide (FeNO) subgroup, the increase from baseline FEV1 was 8.2 percentage
points higher in the anti-IL13 group than placebo [100].

Additionally, Wenzel and colleagues reported results from a clinical trial of the anti-
interleukin 4 receptor antagonist pitrakinra. In an ICS-withdrawal, double-blind,
randomized, placebo-controlled, multicenter trial in 534 patients with uncontrolled,
moderate to severe asthma, participants were randomized to 1 mg (n=132), 3 mg (n=137),
10 mg (n=128) pitrakinra or placebo (n=137) twice daily for a 12-week treatment period. In
the overall study population, efficacy was not demonstrated, however statistically significant
efficacy was observed in pre-specified subpopulations including: 1) subjects with increased
blood eosinophil levels (peripheral blood count >350 cells/mm3, n=125), 2) upper tertile
fraction of exhaled nitric oxide (range 20–122 ppb, n=64), and 3) individuals with GG
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genotype in IL-4 receptor (IL4R) variant rs8832 (n=134 non-Hispanic whites). Of these
three subgroups, the greatest relative reduction in incidence of asthma exacerbation at the
highest anti-interleukin 4 receptor dose compared to placebo (88%) was observed for IL4R/
rs8832 GG subjects. Participants with the IL4R/rs8832GG genotype randomized to active
anti-interleukin 4 receptor therapy had decreased asthma exacerbations, decreased nocturnal
awakenings and activities limited by asthma. There was also a dose-dependent reduction in
exacerbations in these subjects as the frequency of exacerbations in the placebo, 1 mg, 3 mg,
and 10 mg treatment groups was 25%, 16%, 12%, and 3% respectively [101–103]. This
analysis represents one of the largest pharmacogenetic investigations of the TH2 pathway in
patients with uncontrolled, moderate to severe asthma, identifying an asthma subgroup with
improved response to this therapy.

Issues such as statistical power, generalizability and functional characterization that are
critical for all genetic studies are especially important in pharmacogenetic studies.
Identifying appropriate replication populations also remains a challenge, due to the highly
specific treatment regimens specified in clinical trials. However these studies may represent
an important step in personalized medicine, as clinical decisions regarding appropriate
therapy for asthma patients may rely on these types of studies in the future.3

Gene/environment interactions and asthma
Despite the importance of environmental factors to the development of asthma (Fig. 1), very
few gene/environment interactions have been consistently identified and replicated for
asthma severity. Challenges in genetic association studies such as adequate sample size,
population stratification, gene coverage, and adjustment for false positives can be
compounded in gene/environment interaction studies and accurately measuring
environmental factors represents additional obstacles.

There have been several gene/environment studies to evaluate the interaction between genes
and smoke exposure, including a genetic linkage analysis in 200 Dutch families. Linkage
signals for asthma and BHR were observed on chromosomes 3p and 5q, though passive
smoke exposure accounted for BHR linkage to 5q [15]. Similar results were observed in US
populations [104]. Additional studies in candidate genes such as ADAM33 (A disintegrin
and metalloprotease 33) have also demonstrated the role of smoke exposure on increased
risk of asthma. The ADAM33 gene was identified through positional cloning [6] and
replicated as an asthma susceptibility gene in several candidate gene studies. ADAM33
variants have also been tested in 200 Dutch asthma cases with more than 25 years of
longitudinal data and the S_2 polymorphism was a significant predictor of increased decline
in FEV1 [105]. This gene has also been associated with risk of COPD in a Dutch cohort
[106] and in a cross-sectional population of 880 long-term tobacco smokers [107],
suggesting that this gene may be related to disease progression in asthma and other
respiratory diseases.

Investigators in the GABRIELA Study Group conducted a genome-wide interaction analysis
for asthma and atopy testing 500,000 SNPs and rural farm-related exposures in 1708
European children. Overall, no significant interactions were identified and the authors
conclude that common genetic polymorphisms were unlikely to moderate the influence of
the farming environment on childhood asthma, though rare variants may play a role [108].
This analysis emphasizes that new statistical and measurement tools are needed to address
these issues genome-wide [109, 110].

There have been other studies in families to investigate gene/environment interaction on a
genome-wide basis or in candidate gene analysis. The Childhood Asthma Management
Program conducted a genome-wide study of genes and modulation of vitamin D levels
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related to asthma exacerbations using population-based and family-based approaches in 403
individuals and trios. Three common variants in the CRTAM gene (class I MHC–restricted
T cell–associated molecule) were associated with an increased rate of asthma exacerbations
based on low vitamin D levels; these results were replicated in 584 children from a Costa
Rican cohort. Functional studies then explored the interaction of vitamin D and the
nonsynonymous coding polymorphism rs2272094 on CRTAM expression. The results
suggest that maintaining adequate vitamin D levels may be especially important in subsets
of asthma patients based on genotype [111]. In another candidate gene analysis, variants in
the P2Y12 (purinergic receptor P2Y) gene, which is necessary for leukotriene E4-induced
inflammation, were tested for interaction with house dust mite exposure and association with
lung function. Five P2RY12 SNPs were predictors of multiple lung function measures
(P=0.006–0.025) in 422 children with asthma and their parents. Individuals homozygous for
minor alleles in P2RY12 exposed to house dust mite had lower lung function than those
unexposed (P interaction=0.0028–0.040) [112].

Despite the obvious challenges involved in gene/environment interaction studies, these types
of analyses may account for some of the “missing heritability” that GWAS variants do not
explain in common diseases such as asthma [113]. But perhaps even more challenging than
systematic and comprehensive evaluation of gene/environment interactions is defining how
environmental exposures lead to disease. It is likely that epigenetic mechanisms are an
important component for understanding the development of asthma. Several studies are now
focusing on understanding how epigenetic modifications such as methylation regulate gene
expression and may ultimately affect disease susceptibility and severity [114]. Interaction
studies can also provide insight into which environmental exposures that contribute to
asthma severity and risk of exacerbations and may guide interventions in the future [110,
115].

Summary and future studies
More than 10 years have passed since the first human genome was sequenced in 2001 [116,
117] and GWAS is currently the most effective approach to study genetics of human
diseases. Several genes/regions have been consistently associated with asthma susceptibility
through this method: ORMDL3/GSDMB, IL33, IL1RL1, RAD50/IL13, HLA-DR/DQ,
TSLP, and SMAD3 (Table 1) [3, 11]. In many cases, the effect of each individual genetic
variant is relatively small [113], suggesting that the additive effect of multiple risk variants
should be taken into account. An important goal of the genetic approach in complex disease
is to identify a group of variants that will reliably predict risk of the development
(susceptibility) or progression (severity) of disease. Improved phenotyping approaches will
also improve our ability to link genotype and phenotype. There is a need to understand
asthma disease heterogeneity as different phenotypes may reflect several pathogenic
pathways that have different underlying genetic architecture [40].

Genes that contribute to phenotypes such as lung function and biomarker levels provide
insight into mechanisms of asthma progression (Table 2). However, additional studies
evaluating genes and environmental factors leading to disease severity are needed. This will
ultimately lead to greater understanding of the biologic pathways that contribute to disease
progression. Future genetic studies in asthma severity will also incorporate whole-genome
or exome-specific sequencing to identify more common and rare genetic variants. Exome
and complete genome sequencing will provide better genomic coverage than existing
genotyping platforms and will discover biologically relevant causal variants. For example,
resequencing the IL4 gene in African-American identified an excess of private noncoding
SNPs in asthma cases compared with unaffected individuals (P=0.031) [118]. New
genotyping technologies and comprehensive phenotyping should elucidate the genetics of
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asthma severity in the future. Understanding the functional biology of these novel variants
discovered through genome-wide sequencing will also become increasing important. Using
these variants identified in comprehensively phenotyped studies, we may more effectively
develop personalized therapy for all individuals with asthma.
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Synopsis

This article summarizes major findings in genome-wide studies of asthma susceptibility
and severity. Two large meta-analyses identified four chromosomal regions which were
consistently associated with development of asthma. Genes that are associated with
asthma subphenotypes such as lung function, biomarker levels and asthma therapeutic
responses can provide insight into mechanisms of asthma severity and disease
progression. Future genetic studies will incorporate sequencing in comprehensively
phenotyped asthmatics to lead to the development of personalized therapy.
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Key points

• Genes and environmental exposures interact to influence risk of asthma
susceptibility and severity

• Two large meta-analyses of asthma susceptibility, GABRIEL and EVE,
identified four chromosomal regions which were associated with asthma in
individuals of different ethnic backgrounds: loci in the ORMDL3 region of
17q21, IL1RL/IL18R on chromosome 2q, TSLP on 5q22, and IL33 on
chromosome 9p24

• Genome-wide screens for asthma susceptibility in Asian populations identified
genetic variants in the major histocompatiblity complex gene region (HLA
region) on chromosome 6p21 associated with asthma risk; this locus has been a
significant predictor of asthma susceptibility in several genetic studies

• Genes that are associated with asthma subphenotypes such as lung function,
biomarkers levels and asthma therapeutic responses can provide insight into
mechanisms of asthma severity progression

• A joint model of risk variants in lung function genes identified in the general
population were highly associated with lower lung function and increased
severity in asthma populations

• A pharmacogenetic genome-wide screen identified two correlated genetic
variants in the GLCCI1 gene related to response to inhaled glucocorticoids

• Future genetic studies for asthma susceptibility and severity will incorporate
exome or whole-genome sequencing in comprehensively phenotyped asthmatics
which will contribute to personalized asthma therapy
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Fig. 1.
Gene-environment interactions in asthma susceptibility and severity (adapted from Slager et
al., 2011).
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Table 1

Significant asthma susceptibility GWAS variants from meta-analyses or replicated studies.

Gene(s) Chromosomal region Ethnic background(s) References

ORMDL3/GSDML 17q21 All Moffat 2007, 2010, Torgersen 2011

IL1RL1/IL18R1 2q11 All Moffatt 2010, Torgerson 2011

TSLP 5q22 All Moffatt 2010, Torgerson 2011, Hirota 2011

IL33 9p24 All Moffatt 2010, Torgerson 2011

SMAD3 15q23 European Moffatt 2010

RORA 15q22 European Moffatt 2010

HLA-DQ/DR 6p21 All Moffatt 2010, Li 2010, Hirota 2011, Noguchi 2011

IL13 5q31 European Moffatt 2010, Li 2010

PYHIN1 1q23 African Torgerson 2011
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Table 2

Selected GWAS associations for asthma severity and related traits.

Trait Gene(s) References

Lung function measures (FEV1/FVC or FEV1)

 General population

HHIP, GPR126, ADAM19, AGER/PPT2, FAM13A, PTCH1, PID1,
HTR4, GSTCD, TNS1, NOTCH4/AGER/PPT2, THSD4I, NTS12/

GSTCD/NPNT, MFAP2, TGFB2, HDAC4, RARB, MECOM,
SPATA9, ARMC2, NCR3, ZKSCAN3, CDC123, C10orf11, LRP1,

CCDC38, MMP15, CFDP1 and KCNE2

Wilk 2009, Repapi 2009, Hancock
2009, Artigas 2011

 Asthma populations HHIP, IL6R Li 2011, Hawkins 2012

Total serum/plasma IgE levels

 General population STAT6, FCER1A, IL13/RAD50 Weidinger 2008, Granada 2011

 Asthma populations HLA-DR, STAT6, FCER1A, IL13/RAD50, C11orf30-LRRC32 Moffatt 2010, Li 2011

Eosinophil levels

 General population IL1RL1, IKZF2, IL5, SH2B3 Gudbjartsson 2009

 Atopic conditions TSLP/WDR36 (Eosinophilic esophagitis) WDR36, IL33, MYB
(Eosinophil levels and atopic asthma) Rothberg 2010, Gudbjartsson 2009

Response to asthma therapy

 Inhaled corticosteroids GLCCI1 Tantisira 2011
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