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Purpose of review

Severe pediatric asthma exerts a substantial burden on patients, their families and society. This review
provides an update on the latest insights and needs regarding the implementation of precision medicine in
severe pediatric asthma.

Recent findings

Biologicals targeting underlying inflammatory pathways are increasingly available to treat children with
severe asthma, holding the promise to enable precision medicine in this heterogeneous patient population
with high unmet clinical needs. However, the current understanding of which child would benefit from
which type or combination of biologicals is still limited, as most evidence comes from adult studies and
might not be generalizable to the pediatric population. Studies in pediatric severe asthma are scarce due
to the time-consuming effort to diagnose severe asthma and the challenge to recruit sufficient study
participants. The application of innovative systems medicine approaches in international consortia might
provide novel leads for – preferably noninvasive – new biomarkers to guide precision medicine in severe
pediatric asthma.

Summary

Despite the increased availability of targeted treatments for severe pediatric asthma, clinical decision-
making tools to guide these therapies are still lacking for the individual pediatric patient.
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INTRODUCTION

Severe pediatric asthma exerts a substantial burden
on asthmatic patients, their families and the health-
care system [1]. Unscheduled medical visits are often
required and sometimes even the use of emergency
care and hospital admissions. Children with severe
asthma have a low quality of life [2,3]. The majority
of asthma-related costs is attributed to the relatively
small population of severe asthmatics; a UK study
reported that asthma-related healthcare costs are
four times greater in a patient with severe asthma
compared with the average asthma patient [4].

Clinical decision-making tools to identify chil-
dren with severe asthma at an early stage and guide
treatment in the individual patient are currently
lacking. This unmet need is becoming even more
pressing since novel treatments targeting underly-
ing inflammatory pathways (the so-called biologi-
cals) are now increasingly available to treat children
with severe pediatric asthma [5] (Fig. 1), holding
the promise to enable precision medicine in this
uthor(s). Published by Wolters Kluwe
heterogeneous patient population, while reducing
the need for high dosages of systemic corticoste-
roids. However, in contrast to adults, children with
severe asthma are underrepresented in clinical trials
of these novel therapeutics [6], while they may have
different clinical needs as well as different underly-
ing mechanisms driving the disease. In this review,
r Health, Inc. www.co-pulmonarymedicine.com
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KEY POINTS

� The availability of new targeted treatment options for
severe pediatric asthma holds promise for the
implementation of precision medicine into the clinic, but
requires the development of adequate decision-making
tools to guide these therapies based on endotypes
driving the disease in the individual patient.

� Children with severe asthma are generally
underrepresented in clinical trials, while they may have
different clinical needs as well as different underlying
mechanisms driving the disease compared with adults.

� Our current understanding of severe pediatric asthma is
very limited, which is partly due to the often
challenging recruitment of patients in clinical studies, as
well as the complexity of diagnosing severe asthma
in children.

� Thorough phenotyping of children with severe asthma
and large-scale international collaborations are crucial
to pave the way for precision medicine in severe
pediatric asthma.

Table 1. Opportunities and challenges for precision

medicine in severe pediatric asthma

Opportunities

New targeted-treatment options are increasingly becoming
available to treat severe pediatric asthma

A multidimensional response assessment might be a promising
solution to guide treatment with biologicals

New insights into the link between individual antiviral immune
responses and the risk of exacerbations might lead to novel tools
to optimize treatment for the individual patient

Noninvasive point-of-care approaches to assess underlying
inflammatory patterns (e.g. VOC analysis in exhaled breath) are
under development

Large-scale international consortia focusing on severe pediatric
asthma have been established

Challenges

Evidence for safety and efficacy and safety of new targeted-
treatment options mainly comes from studies in adults

Low prevalence of severe pediatric asthma and heterogeneous
patient population

Clinical criteria to diagnose severe asthma in children are
ambiguous, require extensive step-by-step assessment and might
not align with clinical practice

Current lack of validated biomarkers to guide precision medicine
in severe pediatric asthma patients

VOC, volatile organic compound.

Asthma
we will provide an overview of the opportunities, as
well as the challenges (Table 1), for the application
of precision medicine in severe pediatric asthma.
benralizumab

dupilumab
IgE

omalizumab
Target: Binds to circulating IgE and prevents
the binding of free IgE to the high-affinity IgE  
receptor (FcεRI) on mast cells and basophils

Target: Binds to the α subunit of the IL-5 
receptor (IL-5Rα) and prevents the binding of IL-
5 to its receptor on eosinophils.

IgE

Target: Binds to the α subunit of the interleukin-4 
(IL-4) receptor (IL4-Rα) and prevents binding of 
IL-4 on its receptor(s). Multiple cell types express
IL-4Rα including mast cells, eosinophils, 
macrophages, lymphocytes and epithelial cells. It 
inhibits IL-4 and IL-13 mediated signal
transduction.  

basophil

mast cell

mepolizumab

IL-5

eosinophil

Target: Binds to interleukin 5 (IL-5) and prevents
the binding of interleukin 5 (IL-5) to its receptor on 
eosinophils.

IL-5

IL-5
IL-5

FcεRI

FcεRI

IgE

IL-13

IL-4

various cell types (e.g. lymphocytes, macrophages, 
mast cells, eosinophils, epithelial cells)

Type 1
Type 2

FIGURE 1. Targets of biologicals currently approved for the treatment of severe pediatric asthma. The four biologicals that are
currently approved to treat pediatric asthma, target different inflammatory pathways. Dupilumab inhibits IL-4 and IL-13 mediated
signaling, benralizumab and mepolizumab inhibit IL-5 mediated signaling, while omalizumab inhibits IgE-mediated signaling.
FceRI, high affinity immunoglobin E receptor; IgE, immunoglobin E; IL, interleukin; IL4-Ra, alpha subunit of the IL-4 receptor.
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Precision medicine in severe pediatric asthma Vijverberg et al.
THE RIGHT TREATMENT FOR THE RIGHT
ASTHMATIC CHILD
Various targeted-treatment options have been devel-
oped or are in the pipeline to treat severe asthmatic
patients, includingvarious biologicals and smallmol-
ecules targeting inflammatory mediators or path-
ways (also see the review by Suppli Ulrik et al. in
this issue). However, only a subset of these treatment
options are currently licensed to treat adolescents
and young children with severe asthma [5,7]
(Fig. 2). So far, most clinical evidence in severe pedi-
atric asthma has been collected foromalizumab (anti-
IgE), which is available since 2003 to treat adolescents
(�12 years) with severe allergic asthma and since
2009 to treat younger children at least 6 years [8].

More recently, mepolizumab (anti-IL5), benrali-
zumab (anti-IL5 receptor alpha) and dupilumab
(anti-IL4 receptor subunit alpha of IL4 and IL13
receptors) have become (partly) available to treat
severe pediatric asthma. Dupilumab has been
approved by the European Medicines Agency
(EMA) as well as by the US Food and Drug Adminis-
tration (FDA) to treat children (12 years of age or
older) with severe asthma with type 2 inflammation.
Mepolizumab is now indicated for children (aged
6 years and older) with severe eosinophilic asthma.
In addition, benralizumab has currently been
approved by the FDA to treat children (aged 12 years
or older) with severe eosinophilic asthma. Neverthe-
less, for these newer biologicals, both safety and
efficacy data in children and adolescents are scarce
[5,6]. For example, the extended EMA approval to use
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FIGURE 2. Timeline of novel biologicals becoming available
biologicals targeting underlying inflammatory pathways have becom
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mepolizumab in children between 6 and 11 years,
was based on a pharmacokinetics and pharmacody-
namics study with only 26 participants [9]. Although,
it is essential that novel targeted drugs become avail-
able for asthmatic children as soon as possible, this
raises concerns about the lack of understanding the
long term, potentially harmful effects that might be
specific for the pediatric population. A recent safety
study reported a positive benefit–risk profile for
mepolizumab in children 6–11 years of age with
severe asthma with an eosinophilic phenotype (dur-
ing 52 weeks of treatment) [10

&

], however, we need to
be aware that the immune system of children is still
under development [11] and that any long-term
immunomodulatory effects of these drugs remain
unclear. As these expensive and (especially for chil-
dren) relatively demanding treatments (e.g. admin-
istration by injections) target different disease
mechanisms and may require lifelongadministration
[12], careful consideration is needed to assess which
child with severe asthma is an eligible candidate for
which type (or combination of [13]) biologic(s).

For omalizumab, which has been on the market
for 15 years, real life response rate in children
(�12 years) is estimated to be approximately 60%
[14] indicating an urgent need for better treatment
stratification. Current indicators to guide treatment
[e.g. eosinophilia, fraction of exhaled nitric oxide
(FeNO), IgE [1,15]] are not very sensitive on a patient
level and there is a need for clinical decision-making
tools to guide these therapies based on pathophysio-
logical mechanisms driving the disease in the
FD
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to treat severe pediatric asthma. Especially in recent years,
e increasingly available to treat children with severe asthma.
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Asthma
individual pediatric patient. In the United Kingdom,
this has recently led to the initiation of a pragmatic
clinical trial to compare the efficacy of omalizumab
and mepolizumab in severe asthmatic children, con-
sidering potential biomarkers of response [6]. To
rapidly translate scientific evidence on precision
medicine into clinical practice, innovative trial
designs are needed, which has also been recognized
by regulatory agencies [16].
HETEROGENEITY OF SEVERE PEDIATRIC
ASTHMA

One of the key challenges is to identify whether
poor asthma control in a child on high dosages of
inhaled corticosteroids (ICS) is due to a genuine
poor ICS response. According to Global Initiative
for Asthma (GINA) guidelines, severe asthma (in
adolescents and adults) is defined as ‘asthma that
is uncontrolled despite adherence with maximal
optimized therapy and treatment of contributory
factors, or that worsens when high dose treatment is
decreased’ [1]: that is, a relatively ambiguous defini-
tion. To diagnose severe pediatric asthma (ideally) a
step-by-step and time-consuming clinical assess-
ment is needed in a specialized (often tertiary) cen-
ter [17].

Epidemiological studies that previously did
attempt to investigate the prevalence of severe pedi-
atric asthma within birth cohorts, report that 2–5%
of the pediatric asthmatic population might suffer
from severe asthma [18]. However, these definitions
of severe asthma mainly focused on poorly con-
trolled asthma despite treatment with high dosages
of maintenance treatment [18], or high dosages of
treatment in children with a reported asthma diag-
nosis [19], and did not take into account potentially
perturbing factors such as poor adherence, continu-
ous exposure to for example allergens and tobacco
smoke, comorbidities, psychosocial and environ-
mental aspects. This suggests that the actual preva-
lence of severe pediatric asthma – following the
definition of the clinical guidelines – might even
be lower.

Bossley et al. [17] showed that in approximately
60% of the children who had been referred to a
tertiary asthma clinic for uncontrolled asthma
despite high-dose asthma treatment, modifiable fac-
tors could be identified that might cause the lack of
control. In the remaining 40% of the patients, the
level of corticosteroid insensitivity varied. Cortico-
steroid response was assessed by means of response
to an intramuscular injection of triamcinolone ace-
tonide in four predefined response domains: symp-
toms, lung function, FeNO and sputum eosinophils.
Most children with severe asthma responded in at
80 www.co-pulmonarymedicine.com
least one domain, yet, few responded in all domains.
This reflects the heterogeneity of this group of severe
asthmatic patients and likely the underlying driving
pathways. At the same time, assessing treatment
response in different domains might be a promising
tool to guide treatment with biologicals in clinical
practice. A study in the same cohort, showed that a
good corticosteroid response in the inflammatory
domain could predict the response to omalizumab
[20]. Children with a positive FeNO response to
triamcinolone had a significant reduction in exac-
erbations when treated with omalizumab, while
a positive symptom or lung function response to
triamcinolone could not predict omalizumab
response. Further studies in larger populations are
needed to assess the clinical value of such a response
assessment, whereby the total burden of such a
series of tests should be taken into account as well.
TREATABLE TRAITS AND TREATABLE
MECHANISMS

In 2016, the concept of treatable traits has been
proposed to facilitate the implementation of preci-
sion medicine in patients with chronic airway dis-
eases [21]. This concept advocates that patients
should be carefully assessed for associated pulmo-
nary, extrapulmonary and behavioral/psychosocial
treatable traits and an individualized management
plan should target the identified treatable traits (also
see the review by Suppli Ulrik et al. in this issue). As a
next step toward precision medicine in severe pedi-
atric asthma, an adapted version of these principles
should be applied to the pediatric asthma popula-
tion, keeping in mind that certain traits (e.g. type 2
inflammation) would require different criteria in
adults than in children. Unlike in adults, blood
eosinophils or airway eosinophils might not equal
type 2 inflammation in children [22]. In addition to
understanding which treatable traits should be
assessed in the severe pediatric population and
establishing criteria for these traits, we need to
gain understanding of the underlying molecular
mechanisms that drive these traits to target them
adequately [23].

Our current understanding of the different
mechanisms underlying severe pediatric asthma is
very limited, which is partly due the challenge to
recruit sufficient numbers of patients and the com-
plexity of diagnosing severe asthma. Previous stud-
ies have shown that on a group level, children with
severe asthma are characterized by increased levels
of eosinophils in bronchoalveolar lavage (BAL)
fluid, endobronchial biopsies and sputum samples,
despite treatment with high doses of corticosteroids
[17]. It remains unknown which mechanisms cause
Volume 26 � Number 1 � January 2020
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this apparently corticosteroid-insensitive eosino-
philia. It has been suggested that IL-33 might
be a mediator of severe asthma in children [24].
This corticosteroid-insensitive cytokine is rapidly
released upon epithelial damage, including damage
from respiratory viruses. It is a chemoattractant for
Th2 cells and involved in the induction of group 2
innate lymphoid cells. In a subset of children with
severe asthma, IL-33 is upregulated in submucosal
cells of biopsy samples. Combined with the obser-
vation that Th2 mediators were below detection
levels in BAL fluid samples of these children, it could
be speculated that IL-33 can orchestrate an alter-
nate, less corticosteroid-responsive immune path-
way in this population. This steroid resistant
cytokine has also been linked to fungal sensitization
in children with severe asthma [25]. Furthermore,
increased levels of ILC2s (CRTH2þIL13þ) have been
found in children with severe asthma, but these cells
showed to be corticosteroid responsive [26

&

]. The
Th17/IL17 axis has been linked to severe asthma in
adults with a neutrophilic (steroid insensitive) phe-
notype [27,28], however it remains unclear whether
this also plays a role in children. Moreover, the
observation that a subset of children with severe
asthma also display a Th1 signature in their lower
airways (based on BAL samples) in a Th1/Th2 mixed
cytokine milieu [29], suggests that precision medi-
cine strategies in children should not only focus on
targeting Th2 pathways.
PREDICTING EXACERBATION RISK
BASED ON INDIVIDUAL ANTIVIRAL
IMMUNE RESPONSES

Exacerbations have a major impact on both children
and adult asthmatic patients and are the most com-
mon reason for hospital admissions [30]. The ability
to predict exacerbations at individual patient level,
might provide important treatment opportunities
to modify the course of disease.

Exacerbations are often induced by viral respira-
tory infections [31], but not every infection will lead
to a flare-up of the disease. Genomics studies have
shown that some children are more prone for severe
exacerbations, due to genetic variants in the CDHR3
gene, encoding the rhinovirus C receptor [32].
This receptor on airway epithelial cells is critical
for rhinovirus C infection [33

&&

]. Application of
machine-learning techniques has shown that char-
acterization of the cytokine response by peripheral
blood mononuclear cells to rhinovirus stimulation
in school-age children can be linked to the risk of
severe exacerbations [34].

In addition, in a recent longitudinal (blood/
nasal) transcriptome network analysis of children
1070-5287 Copyright � 2019 The Author(s). Published by Wolters Kluwe
with exacerbation-prone asthma followed for 6
months, CDHR3 was also identified as part of an
IL-33 response pathway in children who experi-
enced a viral-induced exacerbation during the fol-
low-up [35

&&

]. Significantly, the same study showed
that systemic corticosteroids could only affect a
subset of the exacerbation-associated pathways
[35

&&

].
Nasal epithelial cells constitute an accessible

and relatively noninvasive surrogate for studying
lower airway inflammation, which is especially
important when studying children. Nasal airway
gene expression profiles of asthmatic children have
shown to be highly similar to gene expression pro-
files in the lower airways [15]. An interesting oppor-
tunity for the application of precision medicine in
severe pediatric asthma could be the development of
a minimally invasive assay to assess individualized
transcriptomic response to human rhinovirus, to
predict the risk of subsequent exacerbations and
investigate potential drug targets [36].
THE VALUE OF EXHALED BREATH
ANALYSIS

Especially for children, it is important to develop
noninvasive techniques to assess underlying inflam-
matory patterns and guide treatment. The analyses
of metabolites in exhaled breath have shown to be
attractive for the purpose of diagnoses and moni-
toring of airway diseases. Exhaled breath is easy to
sample and novel methods have emerged to per-
form analyses in a point-of-care setting [37]. Never-
theless, the clinical use of FeNO measurements to
tailor treatment or predict exacerbations in children
seems to be challenging [38,39]. On the other hand,
volatile organic compounds (VOCs) profiles in
exhaled breath might be an alternative approach
providing more details on the underlying airway
inflammation [40,41]. Exhaled breath contains
thousands of VOCs, partly originating from the
conducting airways and alveoli [37]. Previous stud-
ies have shown that VOC measurements (using
electronic nose technology) in exhaled breath can
predict loss-of-asthma control [42], phenotypes of
disease in adults with asthma/chronic obstructive
pulmonary disease [40], as well as corticosteroid
responsiveness in adults [43]. A prospective study
in children showed that VOCs analysis (using gas
chromatography–mass spectrometry) could accu-
rately predict asthma exacerbations within 14 days
after sampling (sensitivity: 88%, specificity: 75%)
[44]. In addition, a recent U-BIOPRED study in
adults with severe asthma showed that exhaled
VOC analysis also holds promise for therapeutic
drug monitoring [45]. However, the clinical
r Health, Inc. www.co-pulmonarymedicine.com 81



Asthma
implementation of VOCs analysis is currently ham-
pered by a lack of standardization and validation
[37]. Exhaled breath findings of international
consortia such as U-BIOPRED (including data on
cohorts of severe and mild-to-moderate asthmatic
children) [3] and SysPharmPediA (focusing on asth-
matic children with a good or poor response to ICS)
might shed more light on the clinical value of
exhaled breath analysis and are expected soon.
THE NEED FOR COLLABORATION

Except for omalizumab [14], real-life data on biolog-
icals use in severe pediatric asthma are still limited. In
a US cohort of adult and pediatric patients referred for
suspected severe asthma to tertiary care, a retrospec-
tive analysis showed that approximately 33% of the
children would have been eligible for mepolizumab
treatment (based on fulfilling the GINA severe
asthma criteria, blood eosinophil counts�150 eosin-
ophils/ml and age �12 years), while over 50% would
have been eligible if the age threshold of at least
6 years was applied [46]. Since eligibility criteria for
biologicals aremainly extrapolated from adultdata, it
is unclear whether these criteria are optimal for the
pediatric population.

A promising new initiative is the Severe Paedi-
atric Asthma Collaborative in Europe (SPACE),
which aims to build a registry of severe pediatric
asthma patients recruited in secondary/tertiary care
centers in Europe to facilitate research on biologicals
in this population [47]. SPACE follows in the foot-
steps of the Severe Heterogeneous Asthma Research
collaboration, Patient-centred (SHARP), which has
successfully united European severe adult asthma
registries [48]. In addition, we recently initiated the
PERsonalized MEdicine Approach for asthma and
allergy Biologicals SeLEction (PERMEABLE) consor-
tium (funded by an ERA PerMed Joint Transnational
Call). This consortium aims to combine clinical
research (establishing a real life Pan-European
cohort with pediatric biologics users) with advanced
preclinical studies (to functionally validate bio-
markers) and scalable, cloud-based IT solutions to
harmonize data management and development
towards a clinical-decisions tool to guide treatment.
These initiatives are expected to provide valuable,
hard needed, real life data on severe asthma, bio-
logicals use and response in the pediatric asthma
population.
CONCLUSION

Recent omics advances in large-scale consortia
such as U-BIOPRED, ADEPT and SARP [49] have
provided valuable new insights in (severe) asthma
82 www.co-pulmonarymedicine.com
subphenotypes and underlying cellular processes
[50], but mainly focused on adults. With the com-
mercial availability of various biologicals to treat
severe pediatric asthma, and even more biologicals
in the research pipeline, new hope has arrived in
the severe asthma clinic. These drugs may improve
the quality of life of patients and their families,
by specifically targeting underlying pathways and
thus reducing the corticosteroids load. Nevertheless,
safety and efficacy data of biologicals in children
are scarce and decision-making tools to guide these
(costly and burdensome) therapies in the individual
pediatric patient are lacking. The application of inno-
vative systems medicine approaches in international
pediatric asthma consortia might provide novel leads
for – preferably noninvasive – biomarkers to guide
precision medicine in severe pediatric asthma.
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