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Abstract

INTRODUCTION—The genetics of severe asthma and asthma exacerbations are distinct from
milder forms of asthma. Gene-environmental interactions contribute to the complexity and
heterogeneity of severe asthma and asthma exacerbations, and pharmacogenomic studies have also
identified genes that affect susceptibility to asthma exacerbations.

AREAS COVERED—Studies on the genetics, gene-environment interactions, and
pharmacogenomics of asthma exacerbations are reviewed. Multiple individual genetic variants
have been identified to be associated with asthma exacerbations but each genetic polymorphism
explains only a fraction of the disease and by itself is not able to translate into clinical practice.
Research is shifting from candidate gene studies and genome wide association studies towards
more integrative approaches to translate genetic findings into clinical diagnostic and therapeutic
tools.

EXPERT COMMENTARY—Integrative approaches combining polygenic or genomic data with
multi-omics technologies have the potential to discover new biologic mechanisms and biomarkers
for severe asthma and asthma exacerbations. Greater understanding of genomics and underlying
biologic pathways will also lead to improved prevention and treatment, lowering costs, morbidity,
and mortality. The utilization of genomic testing and personalized medicine may revolutionize
asthma management, in particular for patients with severe, refractory asthma.
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1.0 INTRODUCTION

Asthma is a heterogeneous and genetically heritable disease composed of multiple subtypes
with discrete pathogenic mechanisms[1]. Asthma affects an estimated 300 million
individuals worldwide and accounts for significant morbidity and economic costs,
particularly in severe or uncontrolled asthmatics[2]. The biology and genetics of severe
asthma is distinct from milder forms of the disease[3]. Research has shown that the greatest
predictor of future asthma exacerbations is a prior asthma exacerbation in both children and
adults, which demonstrates that susceptibility toward asthma exacerbations exists beyond
general asthma susceptibility[4, 5]. Greater understanding of the genetics and pathogenesis
of severe asthma and in particular asthma exacerbations may lead to new targeted treatments
that more effectively lower asthma morbidity.

Most genetic studies on asthma have previously focused on asthma susceptibility instead of
asthma phenotypes because case-control studies are easier to conduct and genetic studies in
general, as well as genome-wide association studies (GWAS) specifically, require large
sample sizes for adequate power. Asthma severity studies depend on accurate phenotyping
of individuals and selection of comparison measures. The genetics of asthma exacerbations
are complex and heterogeneous, influenced by multiple genes and the environment[3].
While individual genes and environmental loci can provide biologic insights into the
pathogenesis of severe asthma, it is likely that a combination of these factors interact to
contribute to the full spectrum of severe asthma. Integrating these multiple components will
require novel pathway and network approaches to discover underlying interactions and gain
new insights into biologic mechanisms and therapeutic targets.

In this review, we will discuss the genetics of severe asthma focusing on research that has
studied asthma exacerbations and advanced the understanding or clinical management of
severe asthma. Asthma exacerbations are an acute or sub-acute worsening of symptoms and
lung function, and exacerbations in research studies are often measured as emergency
department (ED) visits, hospitalizations, and use of oral corticosteroids[6]. Asthma severity
classifications are defined by the Global Initiative for Asthma (GINA) and National Asthma
Education and Prevention Program[6, 7]. Research on human genetics, gene-environment
interactions, and pharmacogenomics will be reviewed. When available, the genomic
reference sequence is given. We will also outline current and future directions in the field as
research is rapidly progressing toward individual genetic profiling and integrated pathway
approaches.

2.0 ASTHMA EXACERBATION GENES IDENTIFIED BY CANDIDATE GENE

STUDIES

Candidate genes are selected via their influence on the known biology of the disease process
of interest. The gene /L-4and its receptor /L-4R have emerged as major candidates not only
for regulating asthma susceptibility, atopy, and serum total IgE levels but also for asthma
exacerbations[8, 9]. The /L-4 gene is located on chromosome 5¢g31 and maps within the
chromosome 5g31-33 locus, where several other candidate genes for asthma severity are
located[8]. These other genes, including the Bo-adrenoreceptor (ADRB2), RAD50, and /L-9
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genes will be discussed later. A multinational study from Australia, New Zealand, and
Canada found the rs2243250:C>T SNP in the IL-4 promoter to be associated with fatal or
near-fatal asthma exacerbations (Table 1)[10]. The rs2243250 polymorphism has also been
associated with a lower predicted ratio of forced expiratory volume in 1 second to forced
vital capacity (FEV1/FVC) in Caucasians in a multicenter cohort of moderate to severe
asthmatics in the United States (US) and with increased severity of airway
hyperresponsiveness (AHR) as measured by methacholine challenge in a study from
Taiwan[11, 12]. /L-4Ris located on chromosome 16p12, and polymorphisms in /L-4Ra
(rs1801275:A>G and rs1805011:A>C) are associated with severe asthma exacerbations and
lower predicted FEV1/FVC in Caucasians and African Americans in the US[13]. These
findings were replicated in an independent multicenter cohort that found African Americans
to have a higher prevalence of severe exacerbations and polymorphisms in /L4-Ra[13]. The
association of the rs1801275 polymorphism in /L-4Ra with a decrease level of lung
function has also been demonstrated in multinational study from Australia, New Zealand,
and Canada[10]. The rs1801275:A>G SNP in /L-4Ris associated with enhanced signaling
through the IL-4R and an increased number of bronchial mast cells, suggesting a mechanism
by which variation in /L-4R may modify asthma severity and atopy[13, 14].

Polymorphisms in the ADRBZ gene are common and associated with distinct forms of
severe asthma[15, 16, 17]. Two nonsynonymous polymorphisms are associated with agonist-
promoted downregulation in human airway smooth muscle cells and measurements of
asthma severity: the rs1042713:G>A SNP resulting in substitution of Gly for Arg at codon
16 (Argl6Gly) and the rs1042714:G>C SNP resulting in substitution of Glu for GIn at
codon 27 (Glu27GIn)[18]. A third coding SNP (Thr164lle) has also been described but is
uncommon and not associated with asthma severity[19]. A candidate gene study ina US
population found Arg16Gly to be associated with steroid-dependence and use of allergen
immunotherapy, and a separate US cohort identified Arg16Gly to be associated with
frequent nocturnal awakening due to asthma[15, 16]. Glu27GIn was associated with history
of asthma-related hospitalizations in a study from New Zealand, and the prevalence of the
Glu27GIn polymorphism was demonstrated to be higher in moderate-to-severe Caucasian
asthmatics compared with those with mild disease in an independent population from
Canada[20, 21]. Furthermore, in a cohort of 65 steroid-dependent asthmatics from the
United Kingdom (UK), Glu27GIn was associated with increased AHR in a gene-dose
dependent manner[17]. Lastly, a study from Australia on ADRBZ haplotype pairs, which
allows for observation of interactions between individual SNPs and haplotypes, found no
association between individual polymorphisms and severe asthma as defined by American
Thoracic Society guidelines but a strong correlation between the heterozygous haplotype
pair containing Arg16Gly and Glu27GIn and severity of asthma in Caucasians[19].
Polymorphisms in ADRBZ have not been found to be associated with fatal or near-fatal
asthma[21]. Despite the association of ADRBZ2 polymorphisms with p2-adrenergic receptor
downregulation, ADRBZ polymorphisms and haplotypes have not consistently demonstrated
an association with B-agonist treatment response, and their role in the pathogenesis of
severe asthma and asthma exacerbations remains unclear[22, 23, 24].

Polymorphisms rs1801282:C>G and rs3856806:C>T in the peroxisome proliferator-
activated receptor gamma (PPARG) gene were shown to be protective against asthma
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exacerbations in Caucasian children and young adults in the UK[25]. Individuals who were
homozygous haplotypes for the C allele at both rs1801282 and rs3856806 had an increased
risk for asthma exacerbations, courses of oral steroids, school absences, and hospital
admissions[25].

Transforming growth factor beta 1 (TGF-B1) and interleukin-10 (IL-10) are an anti-
inflammatory cytokines that are secreted by T regulatory cells to drive peripheral tolerance
and suppress airway inflammation[26]. Polymorphisms rs1800469:A>G and
rs2241712:C>T in the TGFB1 promoter have been associated with increased AHR in a
cohort of Costa Rican children and replicated in a US pediatric Caucasian cohort, and the
exonic SNP rs1800470:G>A was associated with lower risk of asthma hospitalizations in
both cohorts in a gene-dose dependent manner[27]. In addition, a study of Caucasian
asthmatics in the UK found the rs1800469 polymorphism to be associated in a gene-dose
dependent manner with asthma severity[28]. Three SNPs are common in the /L-10
promoter-rs1800896:T>C, rs1800871:A>G, and rs1800872: T>G[29]. Two haplotypes,
CGG and TAT, were discovered to be associated with severe asthma in Caucasians in the
UKJ30]. Furthermore, the C allele at rs1800896 is associated with higher IL-10 production
versus the T allele in peripheral blood mononuclear cells[29]. Fewer severe asthmatics had
the low IL-10 producing CGG haplotype, and more severe asthmatics had the high IL-10
producing TAT haplotype[30].

In summary, multiple biologic candidate genes have demonstrated association with asthma
exacerbations and asthma severity. Many of these studies have further demonstrated a
functional role behind the associated variants. However, none of the individual variants by
themselves have been identified to uniquely differentiate individuals with frequent
exacerbations from those without or been translatable to clinical diagnostic and therapeutic
agents.

2.1 ASTHMA EXACERBATION GENES IDENTIFIED BY GWAS

In contrast to candidate gene studies, GWASes provide an unbiased approach to genetic
association by interrogating potential associations across the genome. The gene CH/3L1
encodes for chitinase-like protein YKL-40, also known as human cartilage glycoprotein 39
[HCgp-39] or chitinase 3-like 1[31]. Chitin is the second most abundant polysaccharide in
nature and provides protection for pathogens[32]. Mammalian chitinase hydrolyzes chitin
and increases during T-helper type 2 airway inflammation and hyperresponsiveness[32]. The
rs4950928:G>C SNP in the CH/3L 1 functional promoter was first found to be positively
associated with asthma prevalence, AHR, and serum YKL-40 levels in a founder population
of European ancestry and replicated in a German case-control population[31]. Serum
YKL-40 levels were found to inversely correlate with FEV1 and were a significant predictor
of both asthma and decline in lung function[31]. The protective effect of the minor G allele
against asthma susceptibility and exacerbations was replicated in Caucasian adults and
children in the UK[33]. Several other SNPs in CH/3L 1 have been found to be associated
with asthma severity and YKL-40 levels, including the intronic rs12141494:G>A SNP with
lower predicted post-bronchodilator FEV1/FVC in two independent populations of
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European ancestry and the SNPs rs1538372:A>G and rs10399931:T>C in a gene-dose
dependent manner with lower FEV1/FVC in a Taiwanese study[34, 35].

The chromosome 17q12-21 locus containing the ORMDL3and GSDMB genes has been
widely replicated to be associated with childhood and adult asthma in multiple ethnically
diverse populations[36, 37]. ORMDL proteins are transmembrane proteins localized to the
endoplasmic reticulum that regulate sphingolipid biosynthesis, and GSDM proteins regulate
epithelial cell autophagy[38, 39]. In a case-control study of children and young adults of
European ancestry with asthma in the UK, the SNP rs7216389:C>T, located within the first
intron of the GSDMB gene, was found to be associated with an increased risk of asthma
exacerbations, school absence, and oral corticosteroid use over the previous 6 months[40].
TT homozygotes were at increased risk over both CT and CC genotypes[40]. Another SNP
rs2305480:G>A in GSDMB has been associated with asthma-related hospitalizations in both
Caucasian and non-Caucasian children and replicated in three European cohorts[41]. Finally,
the SNP rs4794820:A>G was associated with increased risk of severe asthma according to
GINA classification compared to mild to moderate asthma in individuals of European
ancestry in the UK[42]. This association was replicated in an independent cohort of subjects
from the UK and Western Australia of European ancestry[42].

Our research group has recently conducted a GWAS meta-analysis of two pediatric cohorts
of Caucasians, identifying polymorphisms in alpha-T-catenin (CTNNA3)-rs7915695:T>C,
rs7923078:A>C, rs7923279:G>T, and rs6480203:A>C—to be associated with asthma
exacerbations[43]. The alpha catenin family of proteins is critical to the function of
epithelial cell adherens junctions and mediates cell-cell adhesions[44]. The GWAS also
found a non-significant association with semaphorin 3D (SEMA3D) SNP rs993312:C>A
and asthma exacerbations in the two pediatric Caucasian cohorts but a significant association
in an African American adult and pediatric replication cohort[43]. Semaphorins are
transmembrane and secreted proteins, and class 3 semaphorins regulate endothelial cell
motility and migration[45, 46]. SEMAZ3D is necessary for normal vascular patterning and
may play a role in airway remodeling[43, 46].

A GWAS of early childhood asthma with severe exacerbations identified rs928413:G>A
near /L33, rs6871536:T>C in RAD50, and rs1558641:G>A in /L 1R/ 1to be associated with
increased risk of asthma-related hospitalizations in Caucasian children in Denmark[41].
These findings were replicated in three cohorts in Europe, two of European ancestry and one
of mixed ancestry[41].

In summary, like candidate gene studies, GWASes have identified several novel loci in
multiple genes associated with asthma severity and exacerbations. Current work is focused
on further defining the biology behind these associations. However, no single GWAS
association is sufficient by itself to provide a model for clinical translation as it relates to
asthma exacerbations or severity.

2.2 GENE-ENVIRONMENT INTERACTION STUDIES

Studies focusing on gene-environment interactions and exposures have identified novel
asthma genes and led to greater understanding of underlying biologic mechanisms. A GWAS
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of early childhood asthma with severe exacerbations was the first to identify the SNP
rs6967330:G>A in the cadherin-related family member-3 (CDHR3) gene to be associated
with increased risk of asthma-related hospitalizations (Table 2)[41]. The findings were
replicated in three cohorts in Europe, two of European ancestry and one of mixed
ancestry[41]. CDHR3 is a member of the cadherin family of transmembrane proteins and
was recently discovered to facilitate rhinovirus C binding and replication[47]. Furthermore,
the rs6967330 SNP in CDHR3 mediates enhanced rhinovirus C binding and increased
progeny yields /in vitro[47].

Vitamin D insufficiency affects asthma outcomes through gene-environment interactions.
The cytotoxic and regulatory T-cell molecule (CRTAM) regulates the interaction between T
cells and antigen presenting cells and enhances NK cell adhesion and cytotoxicity[48, 49].
Our GWAS in Caucasian children found individuals who were homozygous at the minor
alleles of rs7941607:C>T, rs2272094:A>G, and rs2140151:A>C in CRTAMto have
increased likelihood of asthma exacerbations when stratified by low serum levels of vitamin
D[50]. Asthma exacerbations were defined as ED visits or hospitalizations, and high serum
vitamin D levels were protective for the same variants. These findings were replicated in a
cohort of Costa Rican children. One of the SNPs, rs2272094, is a nonsynonymous
polymorphism in CR7AM, and a functional cell line study showed CRTAM expression in
the presence of vitamin D to be significantly increased in the rs2272094 homozygous minor
allele group compared to the homozygous major allele group[50].

House dust mite exposure has been found to modify polymorphisms in /L-10, TGFB1, and
/L-9to increase the risk of asthma exacerbations. Among Costa Rican children exposed to
high levels of dust mite allergen (Der p 1 allergen >10ug/g), those who were homozygous
for the minor allele at rs1800896:T>C, rs3024492:T>A, or rs3024496:A>G in /L-10had
higher odds of asthma hospitalizations[51]. The major allele at rs1800896, rs3024492, or
rs3024496 was protective against asthma exacerbations in a gene-dose dependent manner in
asthmatic children exposed to high levels of dust mite allergen. The results for rs1800896
and rs3024496 were replicated in a US pediatric Caucasian cohort[51]. In another study,
dust mite exposure was found to modify the effects of SNPs in 7GFp1 in Costa Rican
children and an independent cohort of US Caucasian children[27]. Higher levels of dust mite
allergen exposure led to SNP-specific effects of increased AHR for the exonic SNP
rs1800470:G>A and increased asthma exacerbations for the promoter SNP
rs2241712:C>T[27]. Similarly, elevated dust mite exposure has been also shown to increase
the odds of a severe asthma exacerbation by three to four-fold in US Caucasian and Costa
Rican children who have the /L-9polymorphism rs11741137:C>T or rs2069885:G>A[52].
Of note, the polymorphisms rs11741137:C>T and rs2069885:G>A in IL-9 are in linkage
disequilibrium (r2 = 0.99) and measure the same effect. In children exposed to low dust mite
levels, the same polymorphisms were associated with 30% reduced odds of severe asthma
exacerbation, as defined by asthma-related ED visit or hospitalization, and a meta-analysis
combining these two cohorts with a third cohort of children from the US and Puerto Rico
replicated the association in rs2069885[52].

The 20p13 locus contains the genes a disintegrin and metalloproteinase 33 (ADAM33) and
sialic acid-binding Ig-like lectin 1 (S/GLECI)[53]. In a pediatric case control study from
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Croatia, asthmatic children who were homozygotes for the G allele at rs512625:A>G in
ADAMS33and T allele carriers at rs532448:A>T in S/GLECI had 2.61 times odds and 1.99
times odds, respectively, of having two or more asthma-related hospitalizations compared to
other genotypes. The increased odds of asthma-related hospitalizations were augmented by
early life exposure to tobacco smoke, defined as having a mother who smoked during
pregnancy. Asthmatic children who were homozygotes for the G allele at rs512625 in
ADAMS33and had early life exposure to tobacco smoke had 9.15 times odds of having two
or more asthma-related hospitalizations. These children also had lower lung function
compared to asthmatic children who were non-exposed and did not have the rs512625
polymorphism[53]

2.3 PHARMACOGENOMIC STUDIES

Pharmacogenomic studies relate the interaction of genes with response to medications and
have identified multiple genetic polymorphisms associated with asthma exacerbations in
children and adults treated with inhaled corticosteroids (ICSs), including variations in S713,
Fc epsilon RIlI (FCERZ2), PZRX7, and cap methyltransferase 1 (CMTRI) (Table 3). S713
encodes for heat shock protein 70 interacting protein, a co-chaperone in the glucocorticoid
receptor complex that promotes functional maturation of the receptor[54]. In a meta-analysis
of three independent Northern European cohorts, rs138335:C>G and rs138337:A>G in
ST13increased the odds of asthma-related hospital visits in children and young adults on
ICSs[55]. The G allele in rs138335 was also associated with oral corticosteroid use in a
gene-dose dependent manner. These data were combined with three independent cohorts of
Caucasian and Hispanic children and young adults from the UK, US, and Puerto Rico into a
six cohort meta-analysis. The rs138335 SNP in S713remained associated with asthma-
related hospital visits and oral corticosteroid use but was under the threshold for significance
when corrected for multiple testing[55].

FCER?2 (or CD23) is the low-affinity IgE receptor, which can induce cellular responses to
specific allergen, and cell surface expression is upregulated in the airways of individuals
with allergic asthma[56]. In Caucasian and African American children taking ICSs, we
previously reported that the rs28364072:A>G SNP in FCERZ s associated with a 3 to 4-fold
higher risk of severe asthma exacerbations respectively and with lower FCERZ expression in
a gene-dose dependent manner[57]. The increased risk for asthma exacerbations was not
present in children not taking ICSs[57]. These results were replicated in an independent
cohort of Caucasian children and young adults on ICSs in the Netherlands and the UK which
demonstrated the rs28364072 variant to be associated with severe asthma exacerbations
defined by hospital visits, higher risk of uncontrolled asthma, and increased daily dose of
ICS[58].

Extracellular ATP increases in human airways after allergen challenge and activates P2X5
receptors on epithelial cells and leukocytes[59]. The P2ZRX7 gene encodes a homotrimeric,
ATP-gated non-selective cation channel that can reversibly dilate to a larger pore[60].
Attenuated whole blood monocyte P2X7 pore activity in mild-intermittent asthmatics is
associated with 11 times odds of developing an asthma exacerbation and 15 times odds of
developing an asthma exacerbation in the presence of rhinovirus and use of ICS[61]. In a
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case-control study, the rs2230911:C>G SNP in P2RX7 was significantly associated with a
history of prednisone use in African American asthmatics adjusted for ICS and long-acting
beta-agonist use[62]. In a multi-ethnic population of moderate severe asthmatics, individuals
with attenuated P2X7 pore function were found to have a higher rate of asthma
exacerbations despite medium-dose ICS use[62].

In a case-control study of US Caucasian children and adults, polymorphism rs2395672:G>A
in the CMTRI gene was associated with an increased risk of asthma exacerbations in
patients taking ICSs in two independent populations[63]. CMTRI mRNA expression was
found to be differentially expressed during asthma exacerbations, suggesting that CMTRI
may have a potential role in the pathogenesis of asthma exacerbations.

Pharmacogenomic studies have also identified variations in leukotriene pathway genes that
modify asthma risk and response to leukotriene receptor antagonists[64]. Polymorphisms in
the arachidonate 5-lipoxygenase (AL OX5) gene promoter, LTA4 hydrolase (L7A4H) gene,
and LTC4 synthase (L7C45S) gene reduced the risk of asthma exacerbations in a study of
Caucasians taking montelukast for 6 months[65]. Individuals with a variant number (either
2,3, 4,6, or7) of repeats in the ALOX5 promoter in one allele had a 73% reduction in risk
of asthma exacerbations compared to homozygotes for five repeat alleles. Individuals who
were heterozygotes and GG homozygotes for the rs2660845:G>A SNP in L7TA4Hhad a 4 to
4.5-fold higher risk of having at least one asthma exacerbation, and individuals who were
carriers of the C allele at the rs730012:A>C SNP in L7C4S, including both heterozygotes
and homozygotes, had an 80% reduced risk of having an asthma exacerbation[65]. These
results demonstrate the complex biologic and genetic pathways underlying asthma
exacerbations and leukotriene antagonist treatment response and need to be replicated in
larger and more diverse populations.

In summary, genetic variants can influence the asthmatic response to environmental
exposures, such as rhinovirus, vitamin D, house dust mite, and tobacco smoke as well as
medications. Relevant pharmacogenomic studies, including those involving S713 FCERZ,
PZRX7, and CMTR1 for ICS and ALOX5, LTA4H, and LTC4S for leukotriene modifiers,
may have direct translational relevance in terms of predicting pharmacodynamic response,
but further replication studies will need to be performed to assess feasibility and
performance of such testing.

3.0 CONCLUSION

Research on the genetics of asthma exacerbations has identified multiple individual genetic
variants associated with this phenotype and advanced the scientific understanding of
biologic pathways underlying asthma severity and disease progression. Candidate gene and
GWAS approaches have described multiple genetic variants associated with asthma
exacerbations and severe asthma, several of which have proven functional significance. Not
only is determining function important, a challenge of genetic association studies is also to
translate newly detected genetic polymorphisms into biologically or clinically significant
information. A successful example of how genetic research has elucidated underlying
biologic mechanism is the discovery of the polymorphism in COHR3which led researchers
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to identify the receptor for rhinovirus C[41, 47]. Current studies on the genetics of asthma
severity and exacerbations have also reflected the inherent complexity and heterogeneity of
asthma. Individual genetic variants explain only a fraction of the heritability of severe
asthma and asthma exacerbations. This ‘missing” heritability is common in complex
diseases, and in genetic studies of asthma exacerbations, the small sample sizes,
insufficiently comprehensive arrays, and lack of ethnic diversity contribute to the missing
heritability[66]. In addition, part of the missing heritability has more recently been explained
by gene-environment interaction and pharmacogenomic studies, and some of these studies
have begun to translate their findings into potential diagnostic or therapeutic targets.
However, many studies were not performed or replicated in diverse populations because of
difficulty identifying defined phenotypes or exposures which limits the generalizability of
results and calls for large-scale international collaborations in the field going forward[67].
Finally, the future of research in the field as we continue to discover new genes that regulate
asthma exacerbations and severity requires the integration of individual genetic information
with polygenic models and multi-omics technologies to predict prognosis and treatment
response.

4.0 EXPERT COMMENTARY

Approximately 5-10% of asthmatics have severe disease refractory to combination ICS and
bronchodilator medications[3]. This subgroup of patients disproportionately consumes up to
50% of health care resources and accounts for the majority of asthma-related morbidity[68].
As the global burden of asthma continues to increase with urbanization, severe asthma will
become a growing problem with a need for improved risk prediction and biomarkers to
guide management decisions, in addition to new targeted therapies[69]. Currently, there are
multiple individual genetic variants that singularly provide insight into asthma biologic
pathways but do not translate into meaningful, practice changing information impacting
patient morbidity and mortality.

The use of genomic testing has the potential to revolutionize asthma management, much like
it has for the field of oncology. The ultimate goal of genotype or other ‘omic profiling is to
provide both medically effective and cost-effective treatment regimens that improve
morbidity and mortality, particularly for the sickest patients who are refractory to current
treatment regimens. To do so, biomarkers that predict prognosis and response to expensive
medications will be needed. This is the basis of personalized (precision) medicine, where the
understanding of genomics and biologic pathways guides and individualizes diagnosis and
treatment. Genetic and genomic studies in asthma have laid the foundation for precision
medicine, but research thus far has not yet been able to translate genetic findings into
clinical practice. Several current research approaches may lend themselves to enhancing the
potential for precision medicine as applied to asthma exacerbations. First, a prevalent
hypothesis in the asthma literature is that asthma may not represent one disease but rather
comprises a syndrome of multiple disease subtypes or endotypes[70]. The derivation of
endotypes is typically done by clustering algorithms centered around multiple clinical inputs
and universally has demonstrated that some clusters tend to be more severe or exacerbation
prone than others[71, 72]. In turn, each endotype is likely to be determined by distinct
genetic and molecular mechanisms. Therefore, molecular biomarkers may identify disease
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severity and optimal therapies targeting the underlying pathophysiology of the endotype.
Indeed, gene expression microarray studies have begun to uncover genes and pathways
specific to severe asthma endotypes and inhaled corticosteroid treatment response[73, 74]. A
second approach to prediction is to use integrative approaches focused on specific and in
particular severe phenotypes. For instance, our group has used random forest modeling in a
Caucasian pediatric population to predict severe asthma exacerbations with an area under the
curve score of 0.66 by combining 160 SNPs[75]. Markov modeling has also been used to
predict hospitalizations, ED visits, and need for oral corticosteroid therapy in childhood
asthma[76]. Next, the utilization of systems biology to understand asthma exacerbation is
another potential methodology emerging in the field of precision medicine. Systems biology
has the ability to incorporate multi-omics interactions to model complex diseases such as
asthma. One multi-center study profiling gene expression during acute asthma exacerbations
in adults described separate exacerbation-associated gene expression signatures in three
asthma phenotypes, each pointing to a different immune signaling pathway upregulated
during exacerbations[77]. Finally, epigenetic variation and regulation likely accounts for
interindividual susceptibility to asthma severity and exacerbations. Research has
demonstrated DNA methylation patterns in response to exposure to 1L-13 to be correlated
with asthma severity and lung function[78].

We are now faced with the challenge of integrating available technologies in an efficient and
clinically meaningful manner. Furthermore, new findings, whether it be a genotype risk
score, biomarker, or therapeutic target, will need to be validated in large clinical trials or
across well phenotyped asthma cohorts. The future use of personalized data for management
of severe asthma and asthma exacerbations is possible as it has been for other fields, such as
oncology, and once established, validated diagnostic tests and treatments will need to be
integrated into the health care system. Eventually, genotype profiling and personalized
medicine will become more cost-effective for the management of severe asthma
exacerbations by improving prevention and decreasing morbidity and mortality associated
with the disease.

4.1 FIVE-YEAR VIEW

In five years, genomics research on asthma exacerbations will use more integrative methods
to discover biologic pathways. Both systems biology and epigenetics research on severe
asthma and asthma exacerbations have the potential to elucidate new mechanistic insights
and treatment targets. Furthermore, research focused specifically on the sub-phenotypes of
severe asthma and asthma exacerbations is important to reduce sample heterogeneity and
improve power. Some of the gene products discussed in this review, such as P2X7 activity,
are easily measurable with a known functional role and serve as excellent biomarker
candidates[62]. In the future, functional roles and biomarkers will not only be elucidated
from individual candidate genes but also from polygenic and systems biology models.
Finally, genotype profiling will become more widely available to researchers, patients, and
health care systems as our understanding of the genomics and biologic mechanisms of
asthma improves in the coming years.

Expert Rev Precis Med Drug Dev. Author manuscript; available in PMC 2017 December 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang and Tantisira

Page 11

Acknowledgments

Funding

This work was supported by the National Institutes of Health- NIH T32 AlI007306, T32 HL007427, R01 HL127332
and U01 HL65899.

References

Papers of particular interest have been identified using one or two asterisk symbols (* = of
interest, ** = of considerable interest).

1**. Anderson GP. Endotyping asthma: new insights into key pathogenic mechanisms in a complex,
heterogeneous disease. Lancet (London, England). 2008; 372:1107-19. Epub 2008/09/23.
Review that first presented the asthma endotype model in the context of novel disease pathways.

2. World Health Organization. Global surveillance, prevention and control of chronic respiratory

diseases. Geneva: WHO Press; 2007.

3. Chanez P, Wenzel SE, Anderson GP, Anto JM, Bel EH, Boulet LP, Brightling CE, Busse WW,
Castro M, Dahlen B, Dahlen SE, Fabbri LM, Holgate ST, Humbert M, Gaga M, Joos GF, Levy B,
Rabe KF, Sterk PJ, Wilson SJ, Vachier I. Severe asthma in adults: what are the important questions?
The Journal of allergy and clinical immunology. 2007; 119:1337-48. Epub 2007/04/10. [PubMed:
17416409]

4. Miller MK, Lee JH, Miller DP, Wenzel SE. Recent asthma exacerbations: a key predictor of future
exacerbations. Respiratory medicine. 2007; 101:481-9. Epub 2006/08/18. [PubMed: 16914299]

5. Haselkorn T, Zeiger RS, Chipps BE, Mink DR, Szefler SJ, Simons FE, Massanari M, Fish JE.
Recent asthma exacerbations predict future exacerbations in children with severe or difficult-to-treat
asthma. The Journal of allergy and clinical immunology. 2009; 124:921-7. Epub 2009/11/10.
[PubMed: 19895984]

6. Global strategy for asthma management and prevention, 2016 [Internet]. Global initiative for
asthma. 2016. [cited 2016 Nov 26]. Available from: http://ginasthma.org/2016-gina-report-global-
strategy-for-asthma-management-and-prevention/ [Published

7. EPR-3 Expert panel report 3: Guidelines for the diagnosis and management of asthma. Bethesda,
MD: U.S. Department of Health and Human Services; National Institutes of Health; National Heart,
Lung, and Blood Institute; National Asthma Education and Prevention Program; 2007 Aug. p.
440NIH Publication No.: 07-4051

8*. Marsh DG, Neely JD, Breazeale DR, Ghosh B, Freidhoff LR, Ehrlich-Kautzky E, Schou C,
Krishnaswamy G, Beaty TH. Linkage analysis of IL4 and other chromosome 5g31.1 markers and
total serum immunoglobulin E concentrations. Science (New York, NY). 1994; 264:1152-6.
Epub 1994/05/20. Sib-pair linkage analysis that first demonstrated an association between
chromosome locus 5g31.1 with serum IgE concentrations and asthma.

9. Postma DS, Bleecker ER, Amelung PJ, Holroyd KJ, Xu J, Panhuysen CI, Meyers DA, Levitt RC.
Genetic susceptibility to asthma-bronchial hyperresponsiveness coinherited with a major gene for
atopy. The New England journal of medicine. 1995; 333:894-900. Epub 1995/10/05. [PubMed:
7666875]

10. Sandford AJ, Chagani T, Zhu S, Weir TD, Bai TR, Spinelli JJ, Fitzgerald JM, Behbehani NA, Tan
WC, Pare PD. Polymorphisms in the IL4, IL4ARA, and FCERIB genes and asthma severity. The
Journal of allergy and clinical immunology. 2000; 106:135-40. Epub 2000/07/11. [PubMed:
10887316]

11. Burchard EG, Silverman EK, Rosenwasser LJ, Borish L, Yandava C, Pillari A, Weiss ST, Hasday J,
Lilly CM, Ford JG, Drazen JM. Association between a sequence variant in the IL-4 gene promoter
and FEV(1) in asthma. American journal of respiratory and critical care medicine. 1999; 160:919—
22. Epub 1999/09/03. [PubMed: 10471619]

12. Chiang CH, Tang YC, Lin MW, Chung MY. Association between the IL-4 promoter
polymorphisms and asthma or severity of hyperresponsiveness in Taiwanese. Respirology
(Carlton, Vic). 2007; 12:42-8. Epub 2007/01/09.

Expert Rev Precis Med Drug Dev. Author manuscript; available in PMC 2017 December 20.


http://ginasthma.org/2016-gina-report-global-strategy-for-asthma-management-and-prevention/
http://ginasthma.org/2016-gina-report-global-strategy-for-asthma-management-and-prevention/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang and Tantisira

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Page 12

Wenzel SE, Balzar S, Ampleford E, Hawkins GA, Busse WW, Calhoun WJ, Castro M, Chung KF,
Erzurum S, Gaston B, Israel E, Teague WG, Curran-Everett D, Meyers DA, Bleecker ER. IL4R
alpha mutations are associated with asthma exacerbations and mast cell/IgE expression. American
journal of respiratory and critical care medicine. 2007; 175:570-6. Epub 2006/12/16. [PubMed:
17170387]

Hershey GK, Friedrich MF, Esswein LA, Thomas ML, Chatila TA. The association of atopy with a
gain-of-function mutation in the alpha subunit of the interleukin-4 receptor. The New England
journal of medicine. 1997; 337:1720-5. Epub 1997/12/11. [PubMed: 9392697]

Reihsaus E, Innis M, Maclntyre N, Liggett SB. Mutations in the gene encoding for the beta 2-
adrenergic receptor in normal and asthmatic subjects. American journal of respiratory cell and
molecular biology. 1993; 8:334-9. Epub 1993/03/01. [PubMed: 8383511]

Turki J, Pak J, Green SA, Martin RJ, Liggett SB. Genetic polymorphisms of the beta 2-adrenergic
receptor in nocturnal and nonnocturnal asthma. Evidence that Gly16 correlates with the nocturnal
phenotype. The Journal of clinical investigation. 1995; 95:1635-41. Epub 1995/04/01. [PubMed:
7706471]

Hall IP, Wheatley A, Wilding P, Liggett SB. Association of Glu 27 beta 2-adrenoceptor
polymorphism with lower airway reactivity in asthmatic subjects. Lancet (London, England).
1995; 345:1213-4. Epub 1995/05/13.

Green SA, Turki J, Bejarano P, Hall IP, Liggett SB. Influence of beta 2-adrenergic receptor
genotypes on signal transduction in human airway smooth muscle cells. American journal of
respiratory cell and molecular biology. 1995; 13:25-33. Epub 1995/07/01. [PubMed: 7598936]

Chung LP, Baltic S, Ferreira M, Temple S, Waterer G, Thompson PJ. Beta2 adrenergic receptor
(ADRbeta2) haplotype pair (2/4) is associated with severe asthma. PloS one. 2014; 9:e93695.
Epub 2014/04/03. [PubMed: 24691493]

Holloway JW, Dunbar PR, Riley GA, Sawyer GM, Fitzharris PF, Pearce N, Le Gros GS, Beasley
R. Association of beta2-adrenergic receptor polymorphisms with severe asthma. Clinical and
experimental allergy : journal of the British Society for Allergy and Clinical Immunology. 2000;
30:1097-103. Epub 2000/08/10. [PubMed: 10931116]

Weir TD, Mallek N, Sandford AJ, Bai TR, Awadh N, Fitzgerald JM, Cockcroft D, James A,
Liggett SB, Pare PD. beta2-Adrenergic receptor haplotypes in mild, moderate and fatal/near fatal
asthma. American journal of respiratory and critical care medicine. 1998; 158:787-91. Epub
1998/09/10. [PubMed: 9731005]

Bleecker ER, Postma Ds Fau, Lawrance RM, Lawrance Rm Fau, Meyers DA, Meyers Da Fau,
Ambrose HJ, Ambrose Hj Fau, Goldman M, Goldman M. Effect of ADRB2 polymorphisms on
response to longacting beta2-agonist therapy: a. Lancet (London, England). 2007; 370:2118-25.
Ambrose HJ, Lawrance Rm Fau, Cresswell CJ, Cresswell Cj Fau, Goldman M, Goldman M Fau,
Meyers DA, Meyers Da Fau, Bleecker ER, Bleecker ER. Effect of beta2-adrenergic receptor gene
(ADRB2) 3" untranslated region. Respir Res. 2012; 13:37. LID - 10.1186/465-9921-13-37[doi].
[PubMed: 22559839]

Zuurhout MJ, Vijverberg Sj Fau, Raaijmakers JAM, Raaijmakers Ja Fau, Koenderman L,
Koenderman L Fau, Postma DS, Postma Ds Fau, Koppelman GH, Koppelman Gh Fau, Maitland-
van der Zee AH, Maitland-van der Zee AH. Arg16 ADRB2 genotype increases the risk of asthma
exacerbation in children with a. Pharmacogenomics. 2013; 14:1965-71. LID - 10.2217/pgs.13.200
[doi]. [PubMed: 24279851]

Palmer CN, Doney As Fau, Ismail T, Ismail T Fau, Lee SP, Lee Sp Fau, Murrie I, Murrie | Fau,
Macgregor DF, Macgregor Df Fau, Mukhopadhyay S, Mukhopadhyay S. PPARG locus haplotype
variation and exacerbations in asthma. Clin Pharmacol Ther. 2007; 81:713-8. [PubMed:
17329993]

Lambrecht BN, Hammad H. The immunology of asthma. Nature immunology. 2015; 16:45-56.
Epub 2014/12/19. [PubMed: 25521684]

Sharma S, Raby BA, Hunninghake GM, Soto-Quiros M, Avila L, Murphy AJ, Lasky-Su J,
Klanderman BJ, Sylvia JS, Weiss ST, Celedon JC. Variants in TGFB1, dust mite exposure, and
disease severity in children with asthma. American journal of respiratory and critical care
medicine. 2009; 179:356-62. Epub 2008/12/20. [PubMed: 19096005]

Expert Rev Precis Med Drug Dev. Author manuscript; available in PMC 2017 December 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang and Tantisira

28.

29.

30.

31.

32.

33.

34.

35.

36*

37.

38.

39.

40.

41.

Page 13

Pulleyn LJ, Newton R, Adcock IM, Barnes PJ. TGFbetal allele association with asthma severity.
Human genetics. 2001; 109:623-7. Epub 2002/01/26. [PubMed: 11810274]

Turner DM, Williams DM, Sankaran D, Lazarus M, Sinnott PJ, Hutchinson IV. An investigation of
polymorphism in the interleukin-10 gene promoter. European journal of immunogenetics : official
journal of the British Society for Histocompatibility and Immunogenetics. 1997; 24:1-8. Epub
1997/02/01.

Lim S, Crawley E, Woo P, Barnes PJ. Haplotype associated with low interleukin-10 production in
patients with severe asthma. Lancet (London, England). 1998; 352:113. Epub 1998/07/22.

Ober C, Tan Z, Sun Y, Possick JD, Pan L, Nicolae R, Radford S, Parry RR, Heinzmann A,
Deichmann KA, Lester LA, Gern JE, Lemanske RF Jr, Nicolae DL, Elias JA, Chupp GL. Effect of
variation in CHI3L1 on serum YKL-40 level, risk of asthma, and lung function. The New England
journal of medicine. 2008; 358:1682-91. Epub 2008/04/12. [PubMed: 18403759]

Zhu Z, Zheng T, Homer RJ, Kim YK, Chen NY, Cohn L, Hamid Q, Elias JA. Acidic mammalian
chitinase in asthmatic Th2 inflammation and IL-13 pathway activation. Science (New York, NY).
2004; 304:1678-82. Epub 2004/06/12.

Cunningham J, Basu K, Tavendale R, Palmer CN, Smith H, Mukhopadhyay S. The CHI3L1
rs4950928 polymorphism is associated with asthma-related hospital admissions in children and
young adults. Annals of allergy, asthma & immunology : official publication of the American
College of Allergy, Asthma, & Immunology. 2011; 106:381-6. Epub 2011/05/03.

Gomez JL, Crisafi GM, Holm CT, Meyers DA, Hawkins GA, Bleecker ER, Jarjour N, Cohn L,
Chupp GL. Genetic variation in chitinase 3-like 1 (CHI3L1) contributes to asthma severity and
airway expression of YKL-40. The Journal of allergy and clinical immunology. 2015; 136:51—
8.e10. Epub 2015/01/17. [PubMed: 25592985]

Tsai Y, Ko Y, Huang M, Lin M, Wu C, Wang C, Chen Y, Li J, Tseng Y, Wang T. CHI3L1

polymorphisms associate with asthma in a Taiwanese population. BMC medical genetics. 2014;

15:86. Epub 2014/07/25. [PubMed: 25056157]

. Moffatt MF, Kabesch M, Liang L, Dixon AL, Strachan D, Heath S, Depner M, von Berg A, Bufe
A, Rietschel E, Heinzmann A, Simma B, Frischer T, Willis-Owen SA, Wong KC, Illig T,
Vogelberg C, Weiland SK, von Mutius E, Abecasis GR, Farrall M, Gut IG, Lathrop GM,
Cookson WO. Genetic variants regulating ORMDL3 expression contribute to the risk of
childhood asthma. Nature. 2007; 448:470-3. Epub 2007/07/06. GWAS that first identified
ORMDL3 on chromosome 1721, one of the most widely replicated asthma susceptibility and
severity loci. [PubMed: 17611496]

Galanter J, Choudhry S, Eng C, Nazario S, Rodriguez-Santana JR, Casal J, Torres-Palacios A,

Salas J, Chapela R, Watson HG, Meade K, LeNoir M, Rodriguez-Cintron W, Avila PC, Burchard

EG. ORMDL3 gene is associated with asthma in three ethnically diverse populations. American

journal of respiratory and critical care medicine. 2008; 177:1194-200. Epub 2008/03/04.

[PubMed: 18310477]

Paulenda T, Draber P. The role of ORMDL proteins, guardians of cellular sphingolipids, in asthma.

Allergy. 2016; 71:918-30. Epub 2016/03/13. [PubMed: 26969910]

Shi P, Tang A, Xian L, Hou S, Zou D, Lv Y, Huang Z, Wang Q, Song A, Lin Z, Gao X. Loss of

conserved Gsdma3 self-regulation causes autophagy and cell death. The Biochemical journal.

2015; 468:325-36. Epub 2015/04/01. [PubMed: 25825937]

Tavendale R, Macgregor DF, Mukhopadhyay S, Palmer CN. A polymorphism controlling
ORMDL3 expression is associated with asthma that is poorly controlled by current medications.
The Journal of allergy and clinical immunology. 2008; 121:860-3. Epub 2008/04/09. [PubMed:
18395550]

Bonnelykke K, Sleiman P, Nielsen K, Kreiner-Moller E, Mercader JM, Belgrave D, den Dekker
HT, Husby A, Sevelsted A, Faura-Tellez G, Mortensen LJ, Paternoster L, Flaaten R, Molgaard A,
Smart DE, Thomsen PF, Rasmussen MA, Bonas-Guarch S, Holst C, Nohr EA, Yadav R, March
ME, Blicher T, Lackie PM, Jaddoe VW, Simpson A, Holloway JW, Duijts L, Custovic A, Davies
DE, Torrents D, Gupta R, Hollegaard MV, Hougaard DM, Hakonarson H, Bisgaard H. A genome-
wide association study identifies CDHR3 as a susceptibility locus for early childhood asthma with
severe exacerbations. Nature genetics. 2014; 46:51-5. Epub 2013/11/19. [PubMed: 24241537]

Expert Rev Precis Med Drug Dev. Author manuscript; available in PMC 2017 December 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang and Tantisira

42.

43.

44,

45.

46.

47.

48.

49.

50.

5L

52.

53.

54.

55.

Page 14

Wan Y1, Shrine NR, Soler Artigas M, Wain LV, Blakey JD, Moffatt MF, Bush A, Chung KF,
Cookson WO, Strachan DP, Heaney L, Al-Momani BA, Mansur AH, Manney S, Thomson NC,
Chaudhuri R, Brightling CE, Bafadhel M, Singapuri A, Niven R, Simpson A, Holloway JW,
Howarth PH, Hui J, Musk AW, James AL, Brown MA, Baltic S, Ferreira MA, Thompson PJ,
Tobin MD, Sayers I, Hall IP. Genome-wide association study to identify genetic determinants of
severe asthma. Thorax. 2012; 67:762-8. Epub 2012/05/09. [PubMed: 22561531]

McGeachie MJ, Wu AC, Tse SM, Clemmer GL, Sordillo J, Himes BE, Lasky-Su J, Chase RP,
Martinez FD, Weeke P, Shaffer CM, Xu H, Denny JC, Roden DM, Panettieri RA Jr, Raby BA,
Weiss ST, Tantisira KG. CTNNA3 and SEMA3D: Promising loci for asthma exacerbation
identified through multiple genome-wide association studies. The Journal of allergy and clinical
immunology. 2015; 136:1503-10. Epub 2015/06/16. [PubMed: 26073756]

Smith JD, Meehan Mh Fau, Crean J, Crean J Fau, McCann A, McCann A. Alpha T-catenin
(CTNNAZ3): a gene in the hand is worth two in the nest. Cell Mol Life Sci. 2011; 68:2493-8. LID -
10.1007/s00018-011-0728-0 [doi]. [PubMed: 21598020]

Kruger RP, Aurandt J, Guan KL. Semaphorins command cells to move. Nature reviews Molecular
cell biology. 2005; 6:789-800. Epub 2005/11/30. [PubMed: 16314868]

Aghajanian H, Choi C, Ho VC, Gupta M, Singh MK, Epstein JA. Semaphorin 3d and semaphorin
3e direct endothelial motility through distinct molecular signaling pathways. The Journal of
biological chemistry. 2014; 289:17971-9. Epub 2014/05/16. [PubMed: 24825896]

Bochkov YA, Watters K, Ashraf S, Griggs TF, Devries MK, Jackson DJ, Palmenberg AC, Gern JE.
Cadherin-related family member 3, a childhood asthma susceptibility gene product, mediates
rhinovirus C binding and replication. Proceedings of the National Academy of Sciences of the
United States of America. 2015; 112:5485-90. Epub 2015/04/08. [PubMed: 25848009]

Takeuchi A, Itoh Y Fau, Takumi A, Takumi A Fau, Ishihara C, Ishihara C Fau, Arase N, Arase N
Fau, Yokosuka T, Yokosuka T Fau, Koseki H, Koseki H Fau, Yamasaki S, Yamasaki S Fau, Takai
Y, Takai Y Fau, Miyoshi J, Miyoshi J Fau, Ogasawara K, Ogasawara K Fau, Saito T, Saito T.
CRTAM confers late-stage activation of CD8+ T cells to regulate retention within. Journal of
immunology (Baltimore, Md : 1950). 2009; 183:4220-8. LID - 10.049/jimmunol.0901248 [doi].

Martinet L, Smyth MJ. Balancing natural Killer cell activation through paired receptors. Nat Rev
Immunol. 2015; 15:243-54. LID - 10.1038/nri3799 [doi]. [PubMed: 25743219]

Du R, Litonjua AA, Tantisira KG, Lasky-Su J, Sunyaev SR, Klanderman BJ, Celedon JC, Avila L,
Soto-Quiros ME, Weiss ST. Genome-wide association study reveals class | MHC-restricted T cell-
associated molecule gene (CRTAM) variants interact with vitamin D levels to affect asthma
exacerbations. The Journal of allergy and clinical immunology. 2012; 129:368-73. 73.e1-5. Epub
2011/11/05. [PubMed: 22051697]

Hunninghake GM, Soto-Quiros ME, Lasky-Su J, Avila L, Ly NP, Liang C, Klanderman BJ, Raby
BA, Gold DR, Weiss ST, Celedon JC. Dust mite exposure modifies the effect of functional I1L10
polymorphisms on allergy and asthma exacerbations. The Journal of allergy and clinical
immunology. 2008; 122:93-8. 8.e1-5. Epub 2008/04/29. [PubMed: 18440625]

Sordillo JE, Kelly R, Bunyavanich S, McGeachie M, Qiu W, Croteau-Chonka DC, Soto-Quiros M,
Avila L, Celedon JC, Brehm JM, Weiss ST, Gold DR, Litonjua AA. Genome-wide expression
profiles identify potential targets for gene-environment interactions in asthma severity. The Journal
of allergy and clinical immunology. 2015; 136:885-92.e2. Epub 2015/04/29. [PubMed: 25913104]
Bukvic BK, Blekic M, Simpson A, Marinho S, Curtin JA, Hankinson J, Aberle N, Custovic A.
Asthma severity, polymorphisms in 20p13 and their interaction with tobacco smoke exposure.
Pediatric allergy and immunology : official publication of the European Society of Pediatric
Allergy and Immunology. 2013; 24:10-8. Epub 2013/01/22. [PubMed: 23331525]

Nelson GM, Prapapanich V, Carrigan PE, Roberts PJ, Riggs DL, Smith DF. The heat shock protein
70 cochaperone hip enhances functional maturation of glucocorticoid receptor. Molecular
endocrinology (Baltimore, Md). 2004; 18:1620-30. Epub 2004/04/09.

Vijverberg SJ, Koster ES, Tavendale R, Leusink M, Koenderman L, Raaijmakers JA, Postma DS,
Koppelman GH, Turner SW, Mukhopadhyay S, Tse SM, Tantisira KG, Hawcutt DB, Francis B,
Pirmohamed M, Pino-Yanes M, Eng C, Burchard EG, Palmer CN, Maitland-van der Zee AH.
ST13 polymorphisms and their effect on exacerbations in steroid-treated asthmatic children and

Expert Rev Precis Med Drug Dev. Author manuscript; available in PMC 2017 December 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang and Tantisira

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Page 15

young adults. Clinical and experimental allergy : journal of the British Society for Allergy and
Clinical Immunology. 2015; 45:1051-9. Epub 2015/01/24. [PubMed: 25616159]

Williams J, Johnson S, Mascali JJ, Smith H, Rosenwasser LJ, Borish L. Regulation of low affinity
IgE receptor (CD23) expression on mononuclear phagocytes in normal and asthmatic subjects.
Journal of immunology (Baltimore, Md : 1950). 1992; 149:2823-9. Epub 1992/10/15.

Tantisira KG, Silverman ES, Mariani TJ, Xu J, Richter BG, Klanderman BJ, Litonjua AA, Lazarus
R, Rosenwasser LJ, Fuhlbrigge AL, Weiss ST. FCER2: a pharmacogenetic basis for severe
exacerbations in children with asthma. The Journal of allergy and clinical immunology. 2007;
120:1285-91. Epub 2007/11/06. [PubMed: 17980418]

Koster ES, Maitland-van der Zee AH, Tavendale R, Mukhopadhyay S, Vijverberg SJ, Raaijmakers
JA, Palmer CN. FCER2 T2206C variant associated with chronic symptoms and exacerbations in
steroid-treated asthmatic children. Allergy. 2011; 66:1546-52. Epub 2011/10/01. [PubMed:
21958076]

ldzko M, Hammad H, van Nimwegen M, Kool M, Willart MA, Muskens F, Hoogsteden HC,
Luttmann W, Ferrari D, Di Virgilio F, Virchow JC Jr, Lambrecht BN. Extracellular ATP triggers
and maintains asthmatic airway inflammation by activating dendritic cells. Nature medicine. 2007;
13:913-9. Epub 2007/07/17.

Gudipaty L, Humphreys BD, Buell G, Dubyak GR. Regulation of P2X(7) nucleotide receptor
function in human monocytes by extracellular ions and receptor density. American journal of
physiology Cell physiology. 2001; 280:C943-53. Epub 2001/03/14. [PubMed: 11245611]

Denlinger LC, Shi L, Guadarrama A, Schell K, Green D, Morrin A, Hogan K, Sorkness RL, Busse
WW, Gern JE. Attenuated P2X7 pore function as a risk factor for virus-induced loss of asthma
control. American journal of respiratory and critical care medicine. 2009; 179:265-70. Epub
2009/02/10. [PubMed: 19201928]

Denlinger LC, Manthei DM, Seibold MA, Ahn K, Bleecker E, Boushey HA, Calhoun WJ, Castro
M, Chinchili VM, Fahy JV, Hawkins GA, Icitovic N, Israel E, Jarjour NN, King T, Kraft M,
Lazarus SC, Lehman E, Martin RJ, Meyers DA, Peters SP, Sheerar D, Shi L, Sutherland ER,
Szefler SJ, Wechsler ME, Sorkness CA, Lemanske RF Jr. P2X7-regulated protection from
exacerbations and loss of control is independent of asthma maintenance therapy. American journal
of respiratory and critical care medicine. 2013; 187:28-33. Epub 2012/11/13. [PubMed:
23144325]

Dahlin A, Denny J, Roden DM, Brilliant MH, Ingram C, Kitchner TE, Linneman JG, Shaffer CM,
Weeke P, Xu H, Kubo M, Tamari M, Clemmer GL, Ziniti J, McGeachie MJ, Tantisira KG, Weiss
ST, Wu AC. CMTRL is associated with increased asthma exacerbations in patients taking inhaled
corticosteroids. Immunity, inflammation and disease. 2015; 3:350-9. Epub 2016/01/07.

Via M, De Giacomo A, Corvol H, Eng C, Seibold MA, Gillett C, Galanter J, Sen S, Tcheurekdjian
H, Chapela R, Rodriguez-Santana JR, Rodriguez-Cintron W, Thyne S, Avila PC, Choudhry S,
Gonzalez Burchard E. The role of LTA4H and ALOX5AP genes in the risk for asthma in Latinos.
Clinical and experimental allergy : journal of the British Society for Allergy and Clinical
Immunology. 2010; 40:582-9. Epub 2010/01/14. [PubMed: 20067482]

Lima JJ, Zhang S Fau, Grant A, Grant A Fau, Shao L, Shao L Fau, Tantisira KG, Tantisira Kg Fau,
Allayee H, Allayee H Fau, Wang J, Wang J Fau, Sylvester J, Sylvester J Fau, Holbrook J,
Holbrook J Fau, Wise R, Wise R Fau, Weiss ST, Weiss St Fau, Barnes K, Barnes K. Influence of
leukotriene pathway polymorphisms on response to montelukast in. American journal of
respiratory and critical care medicine. 2006; 173:379-85. [PubMed: 16293801]

66**. Manolio TA, Collins Fs Fau, Cox NJ, Cox Nj Fau, Goldstein DB, Goldstein Db Fau, Hindorff

LA, Hindorff La Fau, Hunter DJ, Hunter Dj Fau, McCarthy MI, McCarthy Mi Fau, Ramos EM,
Ramos Em Fau, Cardon LR, Cardon Lr Fau, Chakravarti A, Chakravarti A Fau, Cho JH, Cho Jh
Fau, Guttmacher AE, Guttmacher Ae Fau, Kong A, Kong A Fau, Kruglyak L, Kruglyak L Fau,
Mardis E, Mardis E Fau, Rotimi CN, Rotimi Cn Fau, Slatkin M, Slatkin M Fau, Valle D, Valle D
Fau, Whittemore AS, Whittemore As Fau, Boehnke M, Boehnke M Fau, Clark AG, Clark Ag
Fau, Eichler EE, Eichler Ee Fau, Gibson G, Gibson G Fau, Haines JL, Haines JI Fau, Mackay
TFC, Mackay Tf Fau, McCarroll SA, McCarroll Sa Fau, Visscher PM, Visscher PM. Finding the
missing heritability of complex diseases. Nature. 2009; 461:747-53. LID - 10.1038/nature08494

Expert Rev Precis Med Drug Dev. Author manuscript; available in PMC 2017 December 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang and Tantisira

67.

68.

69.

70.

71.

72.

73.

74.

75*

76.

77.

78.

Page 16

[doi] Review on the sources and identification of ‘missing’ heritability in complex human
diseases. [PubMed: 19812666]

Vijverberg SJ, Raaijmakers Ja Fau, Maitland-van der Zee AH, Maitland-van der Zee AH. ADRB2
Arg16 and the need for collaboration in childhood asthma pharmacogenomics.
Pharmacogenomics. 2013; 14:1937-9. LID - 10.2217/pgs.13.195 [doi] FAU - Vijverberg, Susanne
J H. [PubMed: 24279845]

Godard P, Chanez P, Siraudin L, Nicoloyannis N, Duru G. Costs of asthma are correlated with
severity: a 1-yr prospective study. The European respiratory journal. 2002; 19:61-7. Epub
2002/02/15. [PubMed: 11843329]

Masoli M, Fabian D, Holt S, Beasley R. The global burden of asthma: executive summary of the
GINA Dissemination Committee report. Allergy. 2004; 59:469-78. Epub 2004/04/15. [PubMed:
15080825]

Lotvall J, Akdis CA, Bacharier LB, Bjermer L, Casale TB, Custovic A, Lemanske RF Jr, Wardlaw
AJ, Wenzel SE, Greenberger PA. Asthma endotypes: a new approach to classification of disease
entities within the asthma syndrome. The Journal of allergy and clinical immunology. 2011;
127:355-60. Epub 2011/02/02. [PubMed: 21281866]

Moore WC, Meyers DA, Wenzel SE, Teague WG, Li H, Li X, D’Agostino R Jr, Castro M, Curran-
Everett D, Fitzpatrick AM, Gaston B, Jarjour NN, Sorkness R, Calhoun WJ, Chung KF, Comhair
SA, Dweik RA, Israel E, Peters SP, Busse WW, Erzurum SC, Bleecker ER. Identification of
asthma phenotypes using cluster analysis in the Severe Asthma Research Program. American
journal of respiratory and critical care medicine. 2010; 181:315-23. Epub 2009/11/07. [PubMed:
19892860]

Howrylak JA, Fuhlbrigge AL, Strunk RC, Zeiger RS, Weiss ST, Raby BA. Classification of
childhood asthma phenotypes and long-term clinical responses to inhaled anti-inflammatory
medications. The Journal of allergy and clinical immunology. 2014; 133:1289-300. 300.e1-12.
Epub 2014/06/04. [PubMed: 24892144]

Howrylak JA, Moll M, Weiss ST, Raby BA, Wu W, Xing EP. Gene expression profiling of asthma
phenotypes demonstrates molecular signatures of atopy and asthma control. The Journal of allergy
and clinical immunology. 2016; 137:1390-7.e6. Epub 2016/01/23. [PubMed: 26792209]

Baines KJ, Simpson JL, Wood LG, Scott RJ, Fibbens NL, Powell H, Cowan DC, Taylor DR,
Cowan JO, Gibson PG. Sputum gene expression signature of 6 biomarkers discriminates asthma
inflammatory phenotypes. The Journal of allergy and clinical immunology. 2014; 133:997-1007.
Epub 2014/03/04. [PubMed: 24582314]

. Xu M, Tantisira KG, Wu A, Litonjua AA, Chu JH, Himes BE, Damask A, Weiss ST. Genome
Wide Association Study to predict severe asthma exacerbations in children using random forests
classifiers. BMC medical genetics. 2011; 12:90. Epub 2011/07/02. An example of modeling
using random forests algorithm to predict asthma exacerbations. [PubMed: 21718536]

Wu AC, Gregory M, Kymes S, Lambert D, Edler J, Stwalley D, Fuhlbrigge AL. Modeling asthma

exacerbations through lung function in children. The Journal of allergy and clinical immunology.

2012; 130:1065-70. Epub 2012/10/02. [PubMed: 23021884]

Bjornsdottir US, Holgate ST, Reddy PS, Hill AA, McKee CM, Csimma ClI, Weaver AA, Legault
HM, Small CG, Ramsey RC, Ellis DK, Burke CM, Thompson PJ, Howarth PH, Wardlaw AJ,
Bardin PG, Bernstein DI, Irving LB, Chupp GL, Bensch GW, Bensch GW, Stahlman JE, Karetzky
M, Baker JW, Miller RL, Goodman BH, Raible DG, Goldman SJ, Miller DK, Ryan JL, Dorner AJ,
Immermann FW, O’Toole M. Pathways activated during human asthma exacerbation as revealed
by gene expression patterns in blood. PloS one. 2011; 6:e21902. Epub 2011/07/23. [PubMed:
21779351]

Nicodemus-Johnson J, Naughton KA, Sudi J, Hogarth K, Naurekas ET, Nicolae DL, Sperling Al,
Solway J, White SR, Ober C. Genome-Wide Methylation Study Identifies an IL-13-induced
Epigenetic Signature in Asthmatic Airways. American journal of respiratory and critical care
medicine. 2016; 193:376-85. Epub 2015/10/17. [PubMed: 26474238]

Expert Rev Precis Med Drug Dev. Author manuscript; available in PMC 2017 December 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Wang and Tantisira Page 17

KEY ISSUES

. The biology and genetics of severe asthma and asthma exacerbations are
distinctive, complex, and heterogeneous, influenced by multiple genes and the
environment.

. Multiple individual genes have been identified by candidate gene studies,
genome wide association studies, gene-environment interaction studies, and
pharmacogenomic studies to be associated with asthma exacerbations, but no
individual gene by itself can provide a model for clinical translation relating
to disease management.

. The integration of individual genetic information with polygenic models,
epigenetic data, and multi-omics technologies is of ongoing research interest
with the goal to translate findings into tools for clinical prevention and
treatment of severe, refractory asthma.
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