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ABSTRACT

Asthma is a complex and heterogeneous disease that requires individualized man-
agement. In childhood, poor asthma control can irreversibly compromise the chil-
dren’s lung function. Beyond asthma phenotypes, considering disease endotypes 
has been assumed a crucial issue in developing tailored therapies. The interaction 
between genome and exposome determines the emergence of several cellular and 
molecular mechanisms that contribute to different asthma endotypes and clinical 
phenotypes. The exposome concept was introduced as an innovative approach 
for simultaneously assessing environmental risk factors and their impact on human 
health, thus encompassing the totality of the environmental exposures occurring 
over a lifetime. Given that different types of environmental exposures occurring 
throughout life have a major impact on asthma, an exposome-based approach ap-
pears to be particularly suggested, as it provides a risk profile rather than individual 
predictors. Pharmacogenomics refers to the genome-wide study of variants in the 
deoxyribonucleic acid, which evaluates the effect of genetic variants on the indi-
vidual’s response to treatment. Though many genetic variants have been shown 
to influence response to asthma treatment, results are still inconsistent and/or ef-
fect sizes are small. Furthermore, it should be considered that epigenetic changes, 
gene-gene and gene-environment interactions could affect pharmacogenomic as-
sociations. Sustainability and large-scale population-based studies are needed in 
order to improve research in exposome and pharmacogenomics. This review aims 
to discuss the latest developments related to childhood asthma in the fields of expo-
some and pharmacogenomics as well as challenges in integrating these innovative 
approaches into clinical practice and opportunities for future research.

IMPACT STATEMENT: Advances in the fields of exposome and pharmacog-
enomics research pave the way to precision medicine in pediatric asthma.

INTRODUCTION

Asthma is a chronic respiratory disease of the airways affecting about 9% of 
children in the US and 15% of school-aged children in Europe (1), remaining a 
significant global health burden worldwide (2). The term “asthma” encompass-
es subgroups of patients characterized by considerable clinical variability, with 
some having persistent and some only transient or intermittent symptoms, some 
having eosinophilia and some not, some showing reduced and some normal 
lung function, some responding well to prescribed treatments and others with 
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severe forms of therapy-resistant disease (3). Despite 
advances in understanding the mechanisms under-
lying the disease, the general principles of therapy 
have remained the same over time, being based on 
an approach calibrated on severity and exacerbations 
(4). Indeed, asthma guidelines have traditionally ad-
vocated a stepwise approach to treatment, in which 
uncontrolled patients are treated with higher doses or 
combinations of drugs. However, it is well recognized 
that patients with heterogeneous diseases compris-
ing multiple phenotypes do not respond equally to the 
same treatment and have different prognoses. There-
fore, such a traditional approach to asthma therapy 
may result in overtreating some patients, exposing 
them to adverse side effects from potentially harmful 
drugs, and undertreating others, putting them at risk of 
acute exacerbations. This suggests that patients with 
asthma need a more personalized and precise treat-
ment approach (5).
The term “precision medicine” has been recently pro-
posed to indicate “treatments targeted to the needs of 
individual patients on the basis of genetic, biomarker, 
phenotypic, or psychosocial characteristics that distin-
guish a given patient from other patients with similar 
clinical presentations” (6). Hence, this concept refers 
to the probability of responding (or not) to a certain 
therapeutic intervention and/or of suffering (or not) 
adverse effects, and can be adopted as an innovative 
strategy to guide asthma treatment (7). The challenge 
in achieving the concept of precision medicine is de-
fining disease endotypes, that is identifying specific 
subtypes of a disease based on underlying molecular 
mechanisms, rather than on clinical features. Indeed, 
characterization of the endotype is crucial to ensure an 
optimal response to treatment (8).
It has been recently proposed that the interaction 
between the genetic background (genome) and the 
cumulative environmental exposures over a lifetime 
(exposome), through complex biological networks, de-
termines the emergence of several cellular and mo-
lecular mechanisms that contribute to endotypes and 
clinical phenotypes (7).
Herein, the latest developments related to childhood 
asthma in the fields of exposome and pharmacog-
enomics are reviewed, describing their contribution to 
our current understanding of disease endotypes with 

regard to treatment response, and discussing chal-
lenges in integrating these innovative approaches into 
clinical practice as well as opportunities for future re-
search.

The Exposome: an innovative approach  
for assessing environmental determinants  
in childhood asthma
Starting from the recognition that the genome alone 
explains only a small part of the variance observed in 
patients with chronic diseases, the exposome concept 
was introduced about 15 years ago as an innovative 
approach for providing a deep comprehension of the 
role that environmental risk factors have in disease 
etiology and pathophysiology, thus encompassing the 
totality of the environmental exposures occurring over 
a lifetime (9-11). Indeed, the exposome aims to cover 
the time frame of lifelong exposure history, providing 
an accurate assessment of the impact of environmen-
tal factors on human health, capturing the fluctuating 
dynamics of environmental exposures, the diversity in 
their sources, and their interactions and also consider-
ing that body responses against these exposures can 
mediate the influence of these exposures on individual 
health (12).
The exposome encompasses three different domains 
interacting closely with each other: the general exter-
nal exposome, which includes the urban-rural environ-
ment, climate, socio-economic and psychological fac-
tors; the specific external exposome, which includes 
exposures from chemical (including environmental pol-
lutants), biological (infectious organisms, diet), physi-
cal (radiation, noise) and lifestyle factors; the internal 
exposome, including internal biological factors, such 
as metabolic factors, gut microbiota, inflammation, ox-
idative stress and aging (Figure 1) (13).
More recent definitions of the exposome have been 
formulated to include the application of omics sciences 
that can better characterize exposures and the molec-
ular changes associated with exposures, introducing 
the concept of “precision exposomics” within the con-
text of precision medicine (14).
Given that different types of environmental exposures 
occurring throughout life have a major impact on asth-
ma, an exposome-based approach appears to be par-
ticularly indicated, as it provides a risk profile rather than 
individual predictors (15). The first study investigating 
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childhood respiratory health through an exposome ap-
proach has been based on the Kingston Allergy Birth 
Cohort, a prenatally recruited cohort characterized by a 
wide variety in environmental exposures. 
Data about respiratory symptoms of 235 children at 2 
years of age were obtained by parents. All the three 
exposome domains showed effects on the respirato-
ry health of the study population. In particular, sig-
nificant associations were observed between wheeze 
or cough without a cold and prenatal tobacco smoke 
exposure, mold/dampness in the house, and the use 
of air fresheners in the home environment. On the 
contrary, breastfeeding, older siblings, and increased 
gestational age were associated with decreased re-
spiratory symptoms (16).
In the past years, some initiatives have been launched 
with the aim of expanding the current knowledge on the 
exposome approach in pediatric environmental health. 
In 2014, the “Health and Environment-wide Associa-
tions based on Large population Surveys” (HEALS) 
project (FP7-ENV- 2013- 603946 http://www.heals-eu.
eu/) was funded by the European Commission with the 
aim to describe in a series of about 335,000 individuals 
the internal exposome by integrating omics and bio-
monitoring data through population studies taking into 
account different levels of environmental exposure, 
age-specific windows of exposure, and genetic vari-
ability (17-19). Notably, the HELIX project (https://www.
projecthelix.eu/), involving six birth cohorts, has been 

already launched to investigate, with the aid of omics 
markers, the relationships between the early childhood 
exposome and health in 32,000 mother-infant pairs, as 
well as measure growth, development and children’s 
health, including asthma and lung function (20, 21). In 
this context, the association between 85 prenatal and 
125 postnatal environmental exposures and lung func-
tion has been investigated in 1,033 children aged 6-12 
years. The authors reported that lower values of FEV1 
were associated with prenatal perfluorononanoate and 
perfluorooctanoate exposures, as well as with 9 post-
natal exposures (copper, ethyl-paraben, phthalate me-
tabolites concentrations, house crowding, and facility 
density around schools), whereas the inverse distance 
to the nearest road during pregnancy was associated 
with a higher FEV1 (22). More recently, the PROMESA 
cohort study protocol aims to characterize the exter-
nal exposome (ambient and indoor exposures) and its 
contribution to clinical respiratory and early biological 
effects in children under five in tropical countries (23).
Though promising, the study of the exposome is chal-
lenging both in terms of measuring it and analyzing its 
relationship to health. Exposure assessment should 
be “holistic”, with different assessment tools that are 
needed for different exposure domains. The exposome 
approach then involves the collection of cumulative 
measures of external and internal exposures since 
preconception. Measuring the “totality” of exposures 
also requires the use of wearable devices capable of 

Figure 1. The three exposome domains: general external, specific external and internal.
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evaluating personal exposures in real time. Therefore, 
being able to increase the volume of exposures with-
out affecting the measurement accuracy is a major 
challenge in exposome research (24).
According to this vision, the “European Environmen-
tal Exposure Assessment Network” (EIRENE) project 
(https://www.eirene-ri.eu/) was launched to support a 
comprehensive research on human health and the en-
vironment. Based on the Czech national research in-
frastructure RECETOX (https://www.recetox.muni.cz/
en/services/recetox-ri), EIRENE connects 50 research 
institutions from 17 countries around the world, with 
the mission of studying the effects of long-term expo-
sures to various types of environmental stressors on 
human health and the roles played by such exposures 
in the development of chronic diseases. In addition, 
within the context of the “European Long-term Study 
of Pregnancy and Childhood” (ELSPAC) (https://www.
elspac.cz/index-en.php), a prospective study launched 
by the World Health Organization (WHO) in the early 
1980s in six European countries, the CELSPAC plat-
form (https://www.recetox.muni.cz/en/services/cel-
spac-population-studies/celspac-study) is continuing 
to expand data collection, build large databases, and 
create new protocols for addressing the exposome 
concept in environmental health (25).
These initiatives are expected to contribute to a better 
understanding of the relationships between environment 
and health through studies that will need to be contin-
uously ongoing and systematically evaluated. Indeed, 
levels of environmental stressors usually vary during 
lifetime, and individual changes in lifestyle can result 
in increased or decreased exposures (26). Moreover, 
certain life stages are recognized to be more suscepti-
ble to environmental exposures with regard to specific 
health outcomes such as asthma (15). In this context, 
the use of prospective birth cohort studies has been 
advocated (11, 27). However, it should be pointed out 
that biomarkers of exposure might not be continuously 
recorded for a long time. Another issue to be consid-
ered is the risk of increasing exposure misclassification 
due to the increased number of time-varying exposures 
assessed (28). Additionally, other gaps in the research 
field of exposome need to be acknowledged, i.e. the 
ability to link exposome and genome data in order to 
investigate gene-environment interactions. Moreover, 

we lack validated criteria for selecting the best assay 
for assessing the chosen research question, as well as 
guidelines for sample collection, repositories and bio-
banks, data sharing and security (15). From a statistical 
point of view, methodologies combining omics and mul-
tiple exposures, mediators, confounders, and outcomes 
are needed, along with specific expertise to optimize 
the analyses of complex data and to facilitate transdis-
ciplinary collaborations (29). Finally, exposome-based 
projects are highly expensive due to the large study 
sample sizes and to the use of innovative tools required 
to assess several exposome components, including en-
vironmental monitoring and omics technologies (30).
In summary, the main future research perspectives in 
the field of exposome include:
•	 to improve the identification of the target popula-

tion according to the research question, the optimal 
study design, timing and duration of measurements;

•	 to establish standards for data collection and secu-
rity, as well as for the use of emerging technologies 
for the exposome assessment;

•	 to develop advanced biostatistical approaches for 
linking a large number of exposures with biological 
and clinical outcomes.

Pharmacogenomics: an innovative approach  
for assessing response to treatment in childhood 
asthma
The term “pharmacogenomics” refers to a subfield of 
genomics, i.e., the genome-wide study of variants in 
the deoxyribonucleic acid (DNA), which evaluates the 
effect of genetic variants on the individual’s response 
to treatment (31). The relevance of pharmacogenom-
ics has been recognized even by the European Med-
icines Agency, that described pharmacogenomics as 
an “integral part of the development and post-authori-
zation (marketing) phase for a number of medicines, 
with significant impact on the management of their 
benefits and risks in clinical use” (32, 33). Indeed, 
the degree of the genetically determined variability in 
response to pharmacological treatment can vary con-
siderably, from 20 to 95% depending on the drug (34). 
Therefore, the availability of a pharmacogenomic test 
would dramatically influence the choices made by 
the prescriber, detecting a genetic predisposition to 
an adverse drug reaction, or differentiating between 
drug responders and drug non-responders, or indicat-
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ing that a different dose of the drug - or in some cases 
a different class of drug - is needed (Figure 2) (35).
With regard to asthma, there is evidence that individ-
uals from different populations and ethnic groups re-
spond differently to pharmacological treatment, likely 
due to genetic variants inherited from a specific an-
cestry associated with disease severity or response to 
treatment (36). This suggests that the inter-individual 
variation in drug response in asthmatic patients could 
be partly genetically determined (37).
Despite the numerous genetic variants identified, the 
poor replication of the results obtained only partially 
explains the heterogeneity of the response to treat-
ment in pediatric asthma. With regard to response 
to inhaled corticosteroids (ICS), the most consis-
tent findings have been reported for DNA variants 
in chromosomes 5 (rs10044254), 6 (rs6924808), 11 
(rs1353649) and 16 (rs2388639). Other genetic vari-
ants have been associated with response to ICS, 
though not reaching genome-wide significance. The 
most relevant results were reported for the FCER2 
gene, encoding for a low-affinity IgE receptor (CD23). 
In particular, the DNA variant rs28364072 has been 
associated with asthma symptoms and poor lung 
function, and the largest effect was reported with 
the risk of exacerbations (hazard ratio: 3.95, 95% 
CI: 1.64-9.51) (38). Genetic variation has also been 
associated with response to long-acting β-2 agonists 
(LABA) in children. According to a recent systematic 
review including eight studies on children (n = 6051), 
the ADRB2 rs1042713 variant resulted more associ-
ated with LABA response in children than in adults. In 

particular, five studies and a meta-analysis reported 
an increased risk of exacerbations in children having 
one or two A alleles (OR: 1.52, 95% CI: 1.17-1.99), 
suggesting to investigate further the potential role of 
rs1042713 genotyping for personalized treatment in 
pediatric asthma (39).
Pharmacogenomic testing has recently become 
mainly available and less costly; however, challeng-
es and evidence gaps have been associated with its 
use in childhood asthma research and practice (40). 
In addition, whereas the use of pharmacogenom-
ics in pediatrics is currently limited to less common 
diseases, such as cystic fibrosis (41), international 
guidelines for asthma do not recommend it. In spite 
of this, a pilot prospective questionnaire-based study 
recently conducted in children and young people with 
asthma, their parents, and healthcare professionals 
at a secondary/tertiary children’s hospital in the UK 
demonstrated that the use of genetic information to 
guide asthma management it is widely acceptable. 
In particular, 46% of participants were happy about 
sharing genetic data with healthcare providers, and 
46% agreed to share solely to guide asthma man-
agement (42). A relevant issue to address in phar-
macogenomics is the identification of genetic markers 
associated with treatment response in patients with 
different ethnicities to guide asthma treatment (43). 
Additionally, validation of the genes identified to date, 
as well as identification of the loci accounting for a 
large proportion of the variation in treatment response 
should be considered (40). International collaboration 
may be helpful in identifying genetic markers in large 
samples of well-phenotyped children with asthma. 
In this regard, the Pharmacogenomics in Childhood 
Asthma (PiCA) consortium was established as the 
first consortium focusing on pharmacogenomics in 
pediatric asthma. PiCA’s main goals are developing a 
platform to discover new pharmacogenomic markers, 
replicating identified loci associated with treatment 
response, and ultimately establishing algorithms to 
guide asthma treatment (44).
Another potential limitation to the application of phar-
macogenomics in the clinical management of asthma 
patients is the little functional evidence and the lack of 
experimental studies investigating the link between ge-
netic markers identified and biological pathways (45). 

Figure 2. Stratification of patient groups according to treatment re-
sponse. ADR: adverse drug reaction.
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Given the existence of many asthma pheno/endotypes, 
a promising approach in asthma pharmacogenomics 
is through applying phenome-wide association studies 
(PheWAS), which test for associations between genetic 
variants and a wide range of phenotypes in a given pop-
ulation (46). The application of pharmacogenomics in 
childhood asthma should also take into account the het-
erogeneous disease endotypes to improve the response 
to biological drugs (47). Genome-wide interaction stud-
ies (GWIS) might also provide novel insights into com-
plex relationships between genetic background and the 
environment. Through this, Dahlin et al. have identified 
age-by-genotype interactions in several asthma candi-
date genes, suggesting that age-specific genetic mech-
anisms may be implicated in the response to ICS as 
measured by the occurrence of exacerbations. In par-
ticular, the top-ranked age-by-genotype association was 
found for the DNA variant rs34631960 in THSD4, a gene 
potentially involved in lung function, airway remodeling, 
and asthma severity, which could be protective against 
the risk of exacerbations in younger asthmatics on ICS 
treatment, or, conversely, may predict an increased risk 
of poor ICS response in older patients (48).
Actually, one of the main challenges for the implemen-
tation of pharmacogenomics in clinical practice is the 
lack of validated and useful biomarkers. High-through-
put technologies approaching different-omics layers si-
multaneously, hold the promise of expanding our knowl-
edge of molecular mechanisms underpinning asthma 
pathophysiology and may contribute to select and strat-
ify targeted treatment strategies (49-51). Nevertheless, 
integrating multi-omics and clinical data needs large-
scale databases, strong computational power, and 
close collaboration between clinicians and bioinforma-
ticians (43). In this context, the Biobanking and BioMo-
lecular resources (BBMRI-ERIC) infrastructure (https://
www.bbmri-eric.eu/) (52), sustains the collection of bio-
logical samples that may be useful to detect new targets 
for therapy and may support drug discovery and devel-
opment. In addition, the ELIXIR infrastructure (https://
elixir-europe.org/) (53), which integrates and sustains 
bioinformatics resources across European life science 
organizations, may provide new insights from large data 
sets, particularly data from gene sequencers.
Finally, implementing a multidisciplinary team of 
healthcare professionals and stakeholders for the care 

of children with asthma will be a crucial aspect in the 
context of an innovative model of therapeutic man-
agement that also includes pharmacogenomics in the 
evaluation of response to treatment (35).
In summary, the main future research perspectives in 
the field of pharmacogenomics include:
•	 to investigate the associations between genetic 

variants and different asthma phenotypes;
•	 to study the interaction between the genetic back-

ground and the environment;
•	 to correlate endotype and response to treatment 

with biological drugs;
•	 to develop and validate genetic biomarkers that can 

help select and stratify personalized therapeutic 
strategies.

CONCLUSIONS

Asthma is a complex and heterogeneous disease 
that requires individualized management. Uncon-
trolled asthma is still an issue worldwide, particularly 
in low-resource settings (54). In childhood, poor asth-
ma control can irreversibly compromise the children’s 
lung function. Beyond asthma phenotypes, consider-
ing disease endotypes is considered a crucial issue 
in developing tailored therapies (55). Looking at the 
concept of precision medicine in childhood asthma, 
we need validated biomarkers to identify the main 
drivers of morbidity, allowing the provision of the right 
treatment, at the right time to the right patient.
It has been suggested that the interaction between 
genome and exposome determines the emergence 
of several cellular and molecular mechanisms that 
contribute to different asthma endotypes and clinical 
phenotypes (7). The latest developments related to 
childhood asthma in the fields of exposome and phar-
macogenomics may contribute to identify disease en-
dotypes with regard to treatment response. Indeed, 
an exposome-based approach is particularly suited 
to chronic diseases such as asthma as it provides a 
risk profile rather than individual predictors. On the 
other hand, advances in pharmacogenomics pave the 
way for investigating the association between treat-
ment response and genetic variants. However, main 
challenges are associated with exposome and phar-
macogenomics in childhood asthma research and 
practice (Figure 3).
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Though many genetic variants have been shown to in-
fluence response to asthma treatment, results are still 
inconsistent and/or effect sizes are small. Furthermore, 
it should be considered that epigenetic changes, gene-
gene and gene-environment interactions could affect 
pharmacogenomic associations (37). In this regard, Pe-
rez-Garcia et al., report novel associations of epigene-
tic markers with bronchodilator drug response (BDR) in 
pediatric asthma identifying five differentially methylat-
ed regions and two CpGs in African Americans locat-
ed in FGL2 (cg08241295, p = 6.8x10-9) and DNASE2 
(cg15341340, p = 7.8x10-8), demonstrating that BDR 
influence DNA methylation (DNAm) and ultimately 
showing the applicability of pharmacoepigenetics in 
precision medicine of respiratory diseases (56).
Sustainability and large-scale population-based stud-
ies are needed in order to improve research in ex-
posome and pharmacogenomics. In addition, huge 
efforts are required in terms of consortia building as 
well as development and validation of measurement 
devices and statistical tools. Furthermore, collabora-
tion between experts from different fields (such as cli-
nicians, pharmacologists, immunologists, and data sci-
entists) is required to pave the way for more precise, 
personalized, and effective management of childhood 
asthma, and to identify endotypes/phenotypes that are 
predictive of therapy response. Integrating multi-om-
ics and clinical data might improve the ability to pre-
dict treatment response in children with asthma and 
to build decision support tools potentially valuable for 
the selection of drugs, in particular emergent and ex-

pensive biologicals, and to predict adverse events as 
well as exacerbations and decline in lung function (40).
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Figure 3. Main challenges associated with exposome and pharmacogenomics in childhood asthma research and practice.
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