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Abstract

There is wide variability in the response to inhaled corticosteroids (ICS) in asthma. While some of this heterogeneity
of response is due to adherence and environmental causes, genetic variation also influences response to treatment
and genetic markers may help guide treatment. Over the past years, researchers have investigated the relationship
between a large number of genetic variations and response to ICS by performing pharmacogenomic studies. In

this systematic review we will provide a summary of recent pharmacogenomic studies on ICS and discuss the latest
insight into the potential functional role of identified genetic variants. To date, seven genome wide association stud-
ies (GWAS) examining ICS response have been published. There is little overlap between identified variants and meth-
odologies vary largely. However, in vitro and/or in silico analyses provide additional evidence that genes discovered in
these GWAS (e.g. GLCCIT, FBXL7, T gene, ALLC, CMTRT) might play a direct or indirect role in asthma/treatment response
pathways. Furthermore, more than 30 candidate-gene studies have been performed, mainly attempting to replicate
variants discovered in GWAS or candidate genes likely involved in the corticosteroid drug pathway. Single nucleotide
polymorphisms located in GLCCIT, NR3CT and the 17g21 locus were positively replicated in independent populations.

Although none of the genetic markers has currently reached clinical practise, these studies might provide novel
insights in the complex pathways underlying corticosteroids response in asthmatic patients.
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Introduction

Affecting up to 18% of the world’s population, asthma
is a chronic airway disease and inhaled corticosteroids
(ICS) are the preferred first-line treatment for persis-
tent asthma [1]. However, there is a wide variability in
response to ICS [2-4] such that up to 35-40% of the
patients receiving ICS for 8—12 weeks do not show signif-
icant improvement in lung function [2, 3]. Furthermore,
10% of the asthmatic patients on maintenance ICS treat-
ment may remain symptomatic or at high risk of asthma
attacks in spite of the regular use of this medication [5].
In addition to poor adherence to medication, continuing

*Correspondence: okalayci63@gmail.com

3 Pediatric Allergy and Asthma Unit, Hacettepe University School
of Medicine, 06100 Ankara, Turkey

Full list of author information is available at the end of the article

B BMC

noxious environmental exposures, misdiagnosis, and
truly steroid refractory disease, genetic variation might
also be an important factor influencing treatment
response in patients with asthma [4, 6—8]. Approximately
70% of the variance in ICS response is suggested to be
due to genetic factors [4, 9].

Over the past three decades, researchers have investi-
gated the relationship between a large number of genetic
variations and response to ICS by performing pharma-
cogenomic studies. The main aim of these studies was to
identify genetic markers that could help physicians opti-
mize asthma treatment. The high number of publications
has enabled systematic literature reviews that summarize
the findings of the studies and evaluate the potential clin-
ical relevance of the findings. One of these systematic lit-
erature reviews was published by Farzan et al. [10]. This

© The Author(s) 2019. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/

publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://orcid.org/0000-0001-8715-5694
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13601-018-0239-2&domain=pdf

Keskin et al. Clin Transl Allergy (2019) 9:2

study reviewed pharmacogenomics studies of ICS and
leukotriene modifiers that were published between 1999
and 2015. Furthermore, SNPs that were positively rep-
licated at least once in an independent population were
discussed in detail. Despite the large number of pharma-
cogenomics studies, there is still no genetic marker used
in clinical practice to optimize asthma treatment with
ICS. However, due to the rapid decrease in the costs of
genotyping and emergence of advanced genotyping tech-
nologies, efforts are still ongoing to replicate previously
identified markers and/or identify new genetic mark-
ers by performing Genome-wide association studies
(GWAS). One of the important issues of single nucleo-
tide polymorphisms (SNPs) that are identified by GWAS
is that their function and relation to the disease/trait of
interest is often not clear and therefore might inhibit fur-
ther progression towards clinical implementation. This
has encouraged researchers to perform in vitro and/or
in silico studies to unravel the potential role of the SNPs/
genes in the asthma-treatment response pathway. Since
the field is rapidly evolving, this follow-up systematic
review aims to (1) provide a summary of the pharma-
cogenomics studies on ICS published after 2015 and (2)
provide the latest insight into the potential functional
role of the identified genes/variants identified in GWAS,
in order to provide an overview of the latest promising
clinical markers.

Methods

Articles published from 1995 January through the end of
August 2018 were searched in PubMed using three key-
words. Conference abstracts, articles assessing adverse
drug effects and articles that had not been published in
English were excluded. First, we eliminated articles from
the titles, and then by abstracts. Then the remaining arti-
cles were read in full. We also screened review articles for
possible missed publications.

A search using the keywords “Asthma and/or Lung
function, Corticosteroids, Genetics”yielded 1106 studies;
“Asthma and/or Lung function, Corticosteroids, Phar-
macogenetics” yielded 93 studies; “Asthma and/or Lung
function Corticosteroids Pharmacogenomics” yielded
122 studies. Of these, 46 met the inclusion criteria with
38 being candidate gene studies and 7 being GWAS and
1 being exome sequencing study (Fig. 1). Nine articles
remained after excluding the studies before 2015 June.

From all the publications selected, the following data
were extracted: ICS type and duration of treatment, genes
and SNPs, outcome, study design, ethnic backgrounds of
patients, sample size, age range and duration of the study.
From GWAS, information regarding the in vitro or in sil-
ico analysis after the association analysis was extracted.
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This systematic review is reported according to PRISMA
guidance [11].

Novel pharmacogenomics studies

From 2015 to 2018, nine additional studies were iden-
tified through PubMed. Of these studies, three were
GWAS and six were candidate gene studies.

GWAS (Genome-wide association studies)

GWAS have provided the opportunity to detect novel
pharmacogenetic variants related to ICS response by
scanning a high number of genetic variants across the
entire genome. In the systematic review by Farzan et al.
[10], the results of the four GWAS that had been con-
ducted prior to 2015 have been described in detail. These
GWAS had identified four new loci to be associated with
ICS response. These loci harbored the GLCCII (gluco-
corticoid-induced transcript 1 protein), T, FBXL7 (F-box
and leucine-rich repeat protein 7) and ALLC (Allantoi-
case) genes [12—15]. SNPs within GLCCII, T gene, and
ALLC were associated with changes in the lung function
and rs10044254 SNP within FBXL7 was associated with
changes in the asthma symptom scores. From the iden-
tified SNPs within these genes, rs10044254 was the only
SNP that reached the genome-widesignificance thresh-
old. SNPs within the GLCCII, T gene, and FBXL7, were
associated with ICS response in pediatric asthma popu-
lations and were conducted by the same research group
[12-14]. These studies included Caucasians from the
Single-Nucleotide Polymorphism Health Association-
Asthma Resource Project (SHARP). Although the three
GWAS all studied the SHARP population, the methods
of the GWAS differed quite a lot with regard to sample
size, study design, outcome measurements, and genotyp-
ing platforms.

Between 2015 and 2018, three additional GWAS were
published [16—18], of which one was conducted by the
SHARP group. Changes in lung function were consid-
ered as the primary outcome in two of these GWAS and
asthma exacerbations were considered the primary out-
come in one study. None of the new GWAS could iden-
tify the previously found genes/SNPs in candidate gene
or GWAS.

In the GWAS by Wang et al. [16], 120 mild-to-moder-
ate adult asthmatics were included. In this study, patients
received different doses of glucocorticoids (125, 250, 500,
1000 mcg) and the dosage of ICS was increased each
week. The hypothesis underlying this approach was that
integration of pharmacodynamic properties of corticos-
teroids into pharmacogenetic GWASs containing drug
responses to different doses may increase the statistical
power of significant association detection [19]. For the
first time, a mechanistic model was applied to analyse
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Fig. 1 Flowchart for the inclusion of ICS pharmacogenomic studies

the GWAS data with a series of dose-dependent pharma-
cological phenotypic data and detected associations of
genome-wide significance between dose-dependent pul-
monary function response to ICS, and five loci: rs6924808
on chromosome 6 (p=5.315x10""), rs10481450 on
chromosome 8 (p=2.614 x 107%), rs1353649 onchromo-
some 11 (p=3.924 x 10~°), rs12438740 on chromosome
15 (p=4.499 x 10~%), and rs2230155 onchromosome 15
(p=1.798 x 1077). These loci are mapped to candidate
genes related to cellular functions [20, 21]. Asthmat-
ics who were homozygous for the mutant alleles had

30-300% higher % Forced expiratory volume in one sec-
ond (FEV1) values at an intermediate dose of glucocor-
ticoids compared to the homozygotes for the wild-type
alleles and heterozygotes for all of the associated SNPs
(with the exception of rs6924808). Some of the SNPs were
sensitive to a small change in low drug doses and some
showed variation after larger dose changes. Significant
associations were also demonstrated in three additional
independent replication populations. Two SNPs, chr6
rs6924808 and chrll rs1353649, displayed an increased
significance level (p=6.661 x 1071® and 5.670 x 10~'1) in
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the pooled analysis of first GWAS results with these three
replication trials. This GWAS underlined the importance
of the optimal ICS dose for individualized asthma treat-
ment based on a patient’s genetic makeup.

The first GWAS that studied asthma exacerbations as
a primary outcome was performed by Dahlin et al. in
2015. In this study, 806 asthmatic children with Cauca-
sian ethnicity were included from two population-based
biobanks [17]. The results of the GWASs performed in
these two populations were meta-analysed. However,
none of the SNPs from the meta-analysis met the thresh-
old for genome-wide significance. The most significant
result was reported for 6 SNPs (rs2395672 and rs279728,
rs4271056, rs6467778, rs2691529, and rs9303988) within
three different genes CMTRI (Cap methyltransferase 1),
TRIM?24 (Tripartite Motif Containing 24) and MAGI2
(Membrane Associated Guanylate Kinase). Among these,
the rs2395672 SNP within the CMTRI gene had the
smallest p value from the meta-analysis [joint Odds Ratio
(OR)=1.07, 95% CI 1.03-1.11; p=2.3 x 10~°].

The latest and so far largest GWAS of ICS response has
been published by Mosteller et al. [18]. In this study, 2672
patients (12 years and older) were included from seven
randomized, double-blind, placebo-controlled, multi-
center clinical studies that were performed in a total of
26 countries. Changes in FEV1 at week 8 and 12 follow-
ing fluticasone furoate (FF) or fluticasone propionate
(FP) treatment were considered as the study outcome.
The analysis was performed with more than 9.8 mil-
lion genetic variants (minor allele frequency>1%), and
none of the SNPs reached the genome-wide significance
threshold.

An overview of published GWAS is provided in Table 1.

Evidence of functional activity of the previously identified
genes and SNPs in GWAS

GLCCI

GLCClIis a protein-coding gene located within the
chromosome 7p21.3. The role of GLCCII as one of the
target genes of glucocorticoids was described by Chap-
man et al. more than two decades ago. They showed
an increased expression of this gene in two different
cell lines upon the administration of dexamethasone
[22]. Glucocorticoids can induce apoptosis in several
immune-inflammatory cells such as eosinophils and
lymphocytes. Therefore, researchers concluded that
reduced expression of GLCCII because of rs37973 could
result in reduced apoptosis of these cells. Consequently,
reduced apoptosis of these cells could decrease ICS effi-
cacy. To validate the functional role of the gene and its
SNP in asthma control, an in vitro study was performed
using lymphoblastoid B cells derived from children in the
Childhood Asthma Management Program (CAMP) study
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[12]. This study showed that dexamethasone significantly
increased GLCCII expression. Specifically, in patients
homozygous for the mutant allele (G), the expression
was significantly lower compared to homozygotes for the
wild-type allele (A) in the presence of dexamethasone.
Increased expression of the GLCCII gene was associated
with a better response to ICS. Furthermore, Hu et al. [23]
in their mRNA analysis showed an increased expression
in GLCCII after ICS. Taken together, GG carriers appear
to be less sensitive to corticosteroids at the cellular level.

FBXL7

FBXL7, located in chromosome 5, is a member of Skpl-
Cull-F-box complex which is involved in ubiquitylation
and degradation of proteins in the cells [24, 25]. In-vitro
studies show that FBXL7 induces cell apoptosis and its
cellular abundance is regulated by FBX18, another SCF
protein [26]. Therefore, increased FBXL7 expression can
induce cell and tissue injury. In fact, studies on lung epi-
thelial cells show that overexpression of FBXL?7 results in
mitochondrial damage [27]. FBXL7 mediates this func-
tion through a decrease in the amount another protein
(survivin) involved in cell survival and apoptosis. To date,
more than 50 F-box proteins have been identified and
these proteins appear to play major roles in inflammation
and immunity by interacting with each other [28, 29]. A
study in murine lung epithelial cells showed that F-box
family members interact with proteins that can induce
cytokine release in immune cells [26]. In the GWAS of
asthma symptoms by Park et al. [14], the variant allele
of the rs10044254 SNP was associated with poor symp-
tom control. A further in vitro analysis using immor-
talized B cells obtained from the CAMP participants
demonstrated that the variant allele was associated with
a decrease in FBXL7 expression in response to dexameth-
asone. Although not statistically significant, increased
dexamethasone-induced expression of FBXL7 was asso-
ciated with poor asthma symptom scores. Despite these
promising findings, no further studies have tried to eluci-
date the role of these proteins in asthma control.

Tgene

T gene, located within the chromosome 6, is a member
of the genes containing the T locus as a common pro-
tein motif [30]. The product of the T locus seems to be
involved in the development of all vertebrate organisms.
Furthermore, T gene expression has been previously
shown in healthy adult lung tissue. In the GWAS study
by Tantisira et al., researchers performed a pathway anal-
ysis in order to unravel the potential influence of the T
gene on response to corticosteroids. To that end, using
the program GeneMANIA (http://genemania.org/),
they focused on the T gene—NR3C1 (Nuclear Receptor
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Subfamily 3 Group C Member 1) interactions [13]. The
results showed that the T gene is co-expressed with the
NRIPI, FOXA2, and TTPA genes. The same analysis
showed that these genes directly interact or are predicted
to interact with NR3C1.

Considering the important role of corticosteroids in
lung development, it has been suggested that alterations
in corticosteroid-responsive genes during development
mighthave an influence on bothasthma susceptibilityand
treatment response. Previous studies have shown that a
decrease in T gene expression inhibits chondrogenesis,
the process of cartilage development, mediated by BMP2
and FGFR3 [31]. These two proteins have been shown
to be associated with corticosteroids resistance [32, 33].
As suggested by Tantisira et al. [13], these findings might
provide a mechanistic basis for the T gene in response to
ICS. However, despite these findings no further studies
have tried to explore the functional role of this gene in
ICS response.

ALLC

The study by Park et al. [15], was the first study ever to
report an association between the ALLC gene and a
disease or treatment response. By performing in silico
analysis, Park et al. reported correlations between the
ALLC function and three SNPs (rs13418767, rs6754459,
and rs13409104) in high LD with the most significant
SNP (rs11123610) from the GWAS. Furthermore, using
the TESEARCH program, they showed that rs13418767
is a binding site for Sp1l, a member of the Skp1-Cull-F-
box complex. A recent study that investigated the asso-
ciation between occupational exposure to pesticides and
genome-wide DNA methylation sites found differential
DNA methylation in the ALLC gene [34]. In patients
with airway obstruction who were exposed to high doses
of pesticides, two different CpG sites of the ALLC gene
were significantly hypo-methylated. ALLC is an enzyme
that has lost its uricolytic activity during vertebrae evolu-
tion. However, animal studies suggest rather than a non-
functionality, there seems to be low expression level and
low substrate affinity of this gene in animals [35]. There
is limited knowledge regarding the role of this gene and
its variations on asthma and treatment response. While
ALLC located within chromosome 2 seems to have a lost
function in humans, this chromosome harbors several
genes that have been found to be associated with FEV1
[36, 37] and IgE levels [38].

CMTR1

CMTRI, located within the chromosome 6p21, is
involved in mRNA capping [39]. Capping of mRNA
stimulates the stability of mRNA and increases efficient
mRNA translation [40]. Furthermore, the product of this
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gene (hMTr1) is involved in defense mechanisms against
viral infections. Increased CMTRI expression has been
found to be associated with T cell mediated immune
response mechanisms in human peripheral blood mon-
onuclear cells [41]. Using independent microarrays,
Dahlin et al. [17], evaluated the expression level of the
top genes identified in their GWAS. They collected nasal
lavage samples from children during and 1-2 weeks after
asthma exacerbations. The expression level of CMTRI,
but not TRIM24 or MAGI2,was significantly reduced
1-2 weeks after exacerbations. Since viral infections are
the main causes of asthma exacerbations in children and
expression of CMTRI1 has been shown to be upregulated
in children during asthma exacerbations [42], this gene
and its product might be promising new therapeutic tar-
gets that treat viral infections.

Candidate gene studies

In total 29 candidate gene studies were included in the
systematic review by Farzan et al. [10]. In summary,
SNPs within the CRHR1 (Corticotropin Releasing Hor-
mone Receptor 1), GLCCI1, FCER?2 [Fc fragment of IgE,
low-affinity II, receptor for (CD23)], NR3Cl1, STIPI,
and TBX21(T-box 21) were studied the most. However,
despite the large number of studied SNPs (>500) within
120 genes, the most consistent results were reported
only for one SNP, rs28364072, within the FCER2 gene.
rs28364072 was significantly associated with all three
outcomes (lung function, symptoms, and exacerbations)
in pediatric asthma populations.

Between 2015 and 2018, six additional candidate gene
studies were published. These studies attempted to rep-
licate the previously studied markers within the GLCCII
[23, 43-45]; ADRB2 (Adrenoceptor Beta 2) [46, 47],
NR3C1I [43], CRHRI [43], 1721 locus [48)] and TBX21
[43]. SNPs located in the GLCCII, NR3Cl,and 1721
were positively replicated in independent populations.
An overview of replicated candidate gene studies is pro-
vided in Table 2 [23, 43-61].

Replicated genes and SNPs

GLCCI1 (glucocorticoid induced 1)

By 2015, three candidate gene studies had studied
GLCCII in order to replicate the findings of a GWAS
published by Tantisira et al. [12]. In short, the GLCCII
rs37973 was positively replicated only in one of the three
candidate gene studies. The positive replication study
included 224 adult asthmatic patients of Japanese ethnic-
ity. The SNP was significantly associated with an annual
decline in FEV1 of 30 ml/year or greater [54]. After 2015,
four additional studies, including one study by our own
research group, have assessed the association between
rs37973 SNP and ICS response [23, 43—45].
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In a Chinese population of 418 adult asthmatics receiv-
ing 24 weeks of ICS treatment, rs37973 was indepen-
dently associated with lower ICS response measured with
FEV1 changes [44]. Percentages of homozygotes for the
wild-type allele who had>5% FEV1 change were more
common than homozygotes of the rare allele (AA 67.01%
vs. GG 49.49%, p <.05) [44].

In another Chinese study, Hu et al. evaluated the asso-
ciation of 24 SNPs within the GLCCII gene with ICS
response. They included 180 healthy individuals and 182
adult asthmatic patients from Chinese Han population.
In line with the previous findings, patients homozygous
for the G allele had significantly poorer improvements
in their lung function compared to the heterozygotes
and homozygotes for the A allele after 12 weeks of treat-
ment with ICS [23]. Contrasting findings were shown in a
study in 208 Slovenian adults with atopic and nonatopic
asthma. FEV1% predicted was higher in patients with
GG genotype than patients with the AG or AA geno-
type; after 3 months treatment FEV1% predicted change:
7.5% in patients homozygous for the G allele versus 4%
(patients with AG/AA genotype), p value: 0.049. After
3 years of treatment, similar effects were observed; FEV1
%pred 7% (GG) versus 3.5% (AG/AA), p-value: 0.041)
[45].

However, in a study we performed in 82 Turkish chil-
dren with moderate-severe asthma exacerbation, we were
unable to show any association between FEV1 increase
after 4 h of single-high-dose ICS and variation at GLCCII
rs37973, rs3099266, rs2305089 genotypes [43].

Therefore, seven candidate gene studies have tried
to replicate the results of the original GWAS. Interest-
ingly, three studies that included East Asian popula-
tions (Japanese and Chinese) could positively replicate
the results of the GWAS. Although the exact definition
of the outcomes was different (annual decline in FEV1
and improvements in FEV1), all three showed that the G
allele was associated with poor lung function outcomes.
Interestingly, the minor allele frequency of rs37973 in
East Asian patients was comparable to patients of Cauca-
sian ethnicity. However, in contrast to the non-Hispanic
white subjects in the GWAS, where LD was almost per-
fect between rs37972 and rs37973, in the study by Hu
et al. this LD was far from perfect.

NR3C1

Glucocorticoids bind to their receptors in the cytosol
and after the transfer of glucocorticoid receptor com-
plex to the nucleus, they regulate expression of the
genes involved in the inflammatory pathways [62, 63].
Therefore, due to its central role in glucocorticoid sign-
aling pathway, NR3C1I, the gene encoding GR, has been
the center of attention in numerous pharmacogenomics
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studies [63, 64]. By 2015, two studies had investigated
the role of SNPs in the NR3CI in glucocorticoid sensi-
tivity and response. However, only one study in adults
hadfound an association between anSNP within this
gene (rs41423247) and response (defined by changes in
FEV1 predicted) to prednisolone but not ICS. In-vitro
and in vivo models have shown that the G allele of the
rs41423247 locus at the NR3CI gene was associated with
hypersensitivity to glucocorticoids [65, 66].

Recently, our group reported a significant association
between rs41423247 and improvements in FEV1 after 4 h
upon a single high-dose of ICS (4000 pg FP) in 82 Turk-
ish children with moderate-to-severe asthma exacerba-
tions [43]. Children with the GG genotype at rs41423247
had a higher improvement in FEV1 [24.2% (11.5-36.3)]
compared to those with CG+CC, [7.9% (6.1-24.6)
(p=0.006)].

17q21locus

17q21 is the most consistently identified locus associated
with asthma onset in children and severe asthma, and it
has also been linked to ICS response. By 2015, two stud-
ies examined the association between SNPs within the
17921 locus and response to ICS [67, 68], though dif-
ferent variants were studied. A Slovenian study showed
that asthmatic children treated with ICS showed a bet-
ter improvement in FEV1% when they were homozygous
for the AA genotype at rs2872507 at 17q21 compared to
patients with AG or GG genotypes (13.3% vs. 7.0% vs.
4.9% respectively). In addition, a post hoc exome array
analysis of Dutch children who participated in the Chil-
dren Asthma Therapy Optimal (CATO) trial, showed that
several variants in the 17q12-21 locus were found nomi-
nally associated with treatment response to ICS (based
on FEV1% improvement or BHR during ICS treatment).
The strongest association in this region was found for
rs72821893 in KRT25.

In 2018, one of the largest pharmacogenomics studies
[48] so far was performed by the international Pharma-
cogenomics in Childhood Asthma (PiCA) consortium
[69]. In this study, more than 4000 children were included
from 13 different studies. Genetic variation at position
rs7216389 in thel7q21 locus was found to be associated
with an increased risk of OCS use and asthma-related
hospitalizations/ER visits despite ICS use.

Discussion

In the past 3 years, nine additional pharmacogenom-
ics studies on ICS have been published, of which three
GWAS. Although there is few overlap between identified
variants and applied methodologies vary largely, in vitro
and/or in silico analyses provide additional evidence that
genes discovered in GWAS (e.g. GLCCI1, FBXL7, T gene,
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ALLC, CMTRI) might play a direct or indirect role in
asthma/treatment response pathways.

Candidate gene analysis, on the other hand identi-
fied five SNPs within four genes (CRHRI: rs242941,
rs1876828; GLCCII: rs37973; FCeR2: rs28364072 and
TBX21: rs2240017) that were positively replicated at
least once. In line with the previous systematic review by
Farzan et al., most consistent results were obtained for
FCeR2 (rs28364072) and TBX21(rs2240017) [46, 51, 58,
60, 61]. The only gene that showed a positive association
in both GWAS and candidate gene analyses was GLCCII
[12, 23, 44, 45, 54]. However, it should be noted that this
may be partly due to the fact the candidate gene stud-
ies were undertaken after identification of GLCCII in a
GWAS analysis.

Consistent significant associations were replicated
between FCeR2 rs28364072 and poor ICS response meas-
ured by exacerbations in two long follow up childhood
studies [60, 61], asthma symptoms measured by ACQ in
one long follow up childhood study [61], and lung func-
tion in one study [51] in asthmatic children. Moreover,
supporting clinical findings, functional data related with
FCER?2 provided a mechanistic basis for the observed
associations with severe exacerbations. This variation in
FCER2, T2206C, was associated with decreased FCER2
expression and can adversely affect normal negative
feedback in the control of IgE synthesis and action [60].
Moreover, it has been shown that the highest IgE levels
were found in subjects both homozygous for the T2206C
variant and taking ICSs, demonstrating a significant ster-
oid-genotype interaction. This may actually be connected
with the observation that higher IgE levels are associated
with increased frequency of exacerbations [70], and hos-
pitalizations [71, 72] in children with asthma.

Both studies investigating TBX21 H33Q and ICS
response showed significant association measured by two
different outcomes: improvement in BHR in one child-
hood study of 4 years duration [58], and asthma control
status in a 5-12 weeks adult study [46]. Since BHR and
asthma control level are related to the quality of life in
asthma patients and prognosis of asthma, genetic varia-
tion in TBX21 may be important for asthma phenotypes.
This finding was further supported by a functional study
that showed that the TBX21 variant increases T helper 1
and decreases T helper 2 cytokine expression compared
to wild type [58]. However, we were not able show any
association between TBX21 H33Q and FEV1 4 h after
single-high-dose ICS in children with moderate-severe
asthma exacerbation [43]. This difference may be due to
different outcome parameter or different study design or
different doses and duration of ICS.

Asthma is a very heterogeneous disease with various
phenotypes and underlying disease pathways. Recent
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studies have emphasized the importance of defining
the correct phenotype in successful asthma treatment.
A good characterization of patients as well has a stand-
ardized definition of treatment response is therefore
extremely important. Since most pharmacogenetic stud-
ies are underpowered, collaboration is inevitable. Novel
consortia, such as the Pharmacogenomics in Childhood
Asthma (PiCA) consortium, are emerging [69, 72] and
are able to conduct large-scale GWAS meta-analyses,
while performing sensitivity analyses for specific sub-
groups. This might lead to novel insights on the general-
izability of findings between different populations, as well
as more power to identify novel genetic variants.

In order to increase the utility of the pahramacog-
enomic studies in asthma the data that have emerged
from GWAS, candidate gene, and mechanistic candi-
dates should be evaluated together. This approach will
allow the discovery not only of pharmacologic agents that
directly target the disease asthma but also other path-
ways and biomarkers that are indirectly associated with
or increase the risk of the disease such as atopy, eosino-
phils, bronchial hyperreactivity, pulmonary functions,
and NO [73].

Pharmacogenomics may produce very important infor-
mation for the practicing clinician. Predicting the drug
response based on genetic testing has implications with
respect to not only providing the best treatment but
also preventing the adverse events that may be associ-
ated especially with higher doses and systemic CS [74,
75]. On a larger scale it may have tremendous effect on
pharmacoeconomics by decreasing unnecessary medica-
tion use as well as by having a positive impact on the cost
of the disease, as has been shown in other disease areas
[76]. Even though ongoing international attempts such
as “Ubiquitous Pharmacogenomics (U-PGx)” project
“An Horizon2020 Program to Drive Pharmacogenom-
ics into Clinical Practice” that is going on in seven Euro-
pean countries [77] holds promise, we are far from using
pharmacogenomics data in clinical asthma practice. In
contrast to long-acting beta-2 agonists [78], response
to corticosteroids might be too complex to be mainly
driven by a few genetic variants. Nevertheless, pharma-
cogenomics studies still might provide useful insights
in underlying pathways or identify novel drug targets,
especially when combined with other-omics layers (e.g.
epigenomics, transcriptomics, microbiomics, breathom-
ics) or assessing the interaction with the environmental
factors using genome-wide interaction studies in well
characterized patient populations [79]. Especially with
the emergence of novel expensive biologics for patients
with a poor response to ICS, it is of great importance to
assess at an early stage which patients have an intrinsic
poor response to ICS and will be eligible candidates for
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these novel targeted treatments. Genomics might, at
least partly, help to answer this question.
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transcript 1 protein; FBXL7: F-box and leucine-rich repeat protein 7; ALLC:
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(CD23); ADRB2: Adrenoceptor beta 2; TBX21: T-box 21.
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