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Abstract

Aparadigm shift brought by the recognition that childhood asthma is
an aggregated diagnosis that comprises several different endotypes
underpinned by different pathophysiology, coupled with advances in
understanding potentially important causalmechanisms, offers a real
opportunity for a step change to reduce the burden of the disease on
individual children, families, and society.Data-drivenmethodologies
facilitate the discovery of “hidden” structures within “big healthcare
data” to help generate new hypotheses. These findings can be
translated into clinical practice by linking discovered “phenotypes” to
specific mechanisms and clinical presentations. Epidemiological
studies have provided important clues about mechanistic avenues
that should be pursued to identify interventions to prevent the
development or alter the natural history of asthma-related diseases.
Findings from cohort studies followed by mechanistic studies in
humans and in neonatal mouse models provided evidence that

environments such as traditional farming may offer protection by
modulating innate immune responses and that impaired innate
immunity may increase susceptibility. The key question of which
component of these exposures can be translated into interventions
requires confirmation. Increasing mechanistic evidence is
demonstrating that shaping the microbiome in early life may
modulate immune function to confer protection. Iterative dialogue
and continuous interaction between experts with different but
complementary skill sets, including data scientists who generate
information about the hidden structures within “big data” assets,
and medical professionals, epidemiologists, basic scientists, and
geneticists who provide critical clinical and mechanistic insights
about the mechanisms underpinning the architecture of the
heterogeneity, are keys to delivering mechanism-based stratified
treatments and prevention.
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Asthma usually starts before school age and
is responsible for a heavy burden of ill
health, including premature death. Despite
availability of effective drugs, a proportion
of children with asthma have troublesome
symptoms and frequent exacerbations. Not
much has changed in asthma treatment; for
most children, inhaled corticosteroids and
leukotriene receptor antagonists remain
controller medications of choice, but
predicting response in individual patients
continues to be a major clinical challenge
(1–3). Up to 30% of children with asthma
have only a partial improvement (or no
improvement) when using currently

available antiinflammatory drugs (1, 2), and
the delivery of personalized treatment, the
cure, or the prevention appear as elusive as
ever (4). A paradigm shift brought by the
recognition that asthma is an aggregated
diagnosis comprising different endotypes
(4–6), coupled with recent breakthroughs
in understanding important mechanisms
leading to different clinical presentations,
offers a real opportunity for a step change
to reduce the disease burden on individual
children, families, and the society. Asthma
endotypes are defined as disease subtypes
characterized by distinct pathophysiological
mechanisms, and each endotype should

have a unique pathophysiology (5).
However, common mechanisms may
overlap different endotypes, which may
in part explain the heterogeneity in
treatment responses. For example, inhaled
corticosteroids may target the common
mechanism(s), and consequently patients
belonging to several different endotypes
will exhibit a range of responses (7). In
contrast, a drug may target a unique
pathway that underpins a specific endotype,
and only patients belonging to that
endotype will benefit (which may be the
case for some of the novel biologics).
One important issue going forward is to
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develop better ways to distinguish
between meaningful asthma subtypes
at a population and individual patient
level. This would allow disaggregation
of the primary outcome (asthma) into its
constituent parts to facilitate the discovery
of their underlying specific mechanisms,
identify novel endotype-specific therapeutic
targets for stratified treatment (8), and
move away from symptom-based toward
mechanism-based treatment.

Disaggregating Childhood
Asthma: Can Data Science
Facilitate Endotype
Discovery?

One approach to identify asthma endotypes
uses the advances in data-driven techniques,
with the assumption that patterns of
symptoms and/or biomarkers assessed
either longitudinally (e.g., in birth cohorts)
or cross-sectionally (e.g., in studies of
patients with asthma) are a reflection of
underlying mechanisms (7). However, this
assumption is by no means certain. Such
analyses range from univariate approaches
that use a single symptom (usually wheeze)
(9, 10), or measures of lung function
(11–13) or various biomarkers (14–16)
ascertained over time, to methods that
model a number of variables together,
either cross-sectionally (17, 18) or
longitudinally (19, 20). Several recent
articles have reviewed the use of data-
driven methodologies for endotype
discovery in childhood asthma (21–23) and
have summarized how patterns “hidden” in
large datasets can be uncovered using
statistical and machine learning techniques,
such as latent class analysis (LCA) (9, 10),
principal component analysis (24, 25),
cluster analysis (26), and exploratory factor
analysis (27). Similar techniques have also
been used in adult asthma (28, 29).

Although data-driven methods reveal a
structure within “big healthcare data,” one
has to be careful not to assume that derived
classes (or clusters) exemplify “true”
asthma endotypes. It has been shown that
the choice of features used in machine
learning algorithms, the use of different
methods applied to the same dataset,
or different data transformations in the
same dataset using the same algorithm
can drastically affect results (18).
Furthermore, the optimal number of
clusters identified in any analysis may be
an artifact of the study design (30), and

there may be a considerable heterogeneity
between individuals within supposedly
homogeneous classes (23). Within-class
heterogeneity, which has rarely been
investigated or reported, may explain the
discrepancies between different studies.
This is exemplified by inconsistencies
in risk factors associated with wheeze
phenotypes reported in different
studies that used the same methodology
(longitudinal LCA) and the same feature
(current wheeze) (23). Although
phenotypes reported in different studies
generally share the same nomenclature,
classes/phenotypes with the same name
often differ in the time of onset of
symptoms, their longitudinal trajectories,
and/or distribution in a study population
(8, 23). The nomenclature that we currently
use to describe patterns of childhood
wheezing at a population level (e.g.,
“transient,” “persistent,” and “late-onset”
wheezing) may not adequately convey the
temporality of wheezing among individual
children assigned to each of these classes
(23). Furthermore, the same pattern of
symptoms does not necessarily indicate the
same underlying mechanism. For example,
some patients assigned as persistent
wheezers may wheeze at preschool age in
association with virus infection (e.g.,
because of impaired antivirus responses)
(31), but in the same child wheezing at
school age may be caused by different
mechanism (e.g., allergic sensitization and
allergen exposure) (32). Finally, different
mechanisms are not mutually exclusive
(and may be synergistic), and it is possible
that children in whom more than one
mechanism is operating may have the most
severe disease (32).

Findings from data-driven analyses
may be translated into practice by linking
“hidden” patterns discovered in clinical
datasets with underlying pathology, with
the ultimate aim to target therapies to
pathophysiological mechanisms and deliver
stratified treatment. Rapid advances in
molecular methods that generate large
amounts of data offer opportunities to use
data-driven analyses to facilitate better
understanding of mechanisms. Recent
analysis using machine learning applied to
multiple IFN-related, proinflammatory and
regulatory cytokines and T-helper cell type
2 chemokines induced by rhinovirus-16
stimulation of blood mononuclear cells of
children in a birth cohort study described
six profiles (clusters, immunophenotypes)

of antivirus responses (32). Importantly,
different immunophenotypes were linked
to disease protection, early-onset
troublesome asthma, and late-onset mild
allergic asthma, providing pointers to
potential mechanisms (32). A genome-wide
association study using early-onset asthma
with recurrent, severe exacerbations as an
outcome identified a novel gene, CDHR3
(cadherin-related family member 3), that
was associated only with this phenotype but
not with physician-diagnosed asthma.
Subsequent mechanistic studies have
suggested that CDHR3 may be a receptor
for rhinovirus C (33), identifying CDHR3
as a potential therapeutic target. This
example demonstrates how information
on asthma subtypes and relevant
environmental exposures that interact with
genes can be used to better understand
pathophysiology (34). Geneticists can use
asthma subtypes discovered by data-driven
techniques as outcomes in future genome-
wide association studies to offer further
mechanistic insights.

Advances in Identifying
Factors That Prevent or
Propagate Childhood Asthma

Epidemiological studies have provided
important clues into avenues that should
be pursued to allow identification of
interventions to prevent the development or
change the natural history of childhood
asthma. Two lines of investigation have been
highlighted in recent years: first, the role of
environments such as traditional farms,
which offer protection from asthma (35);
and second, the role of allergic sensitization
and the interplay of allergens, microbes,
and other environmental exposures in the
development and exacerbation of asthma
(36). Investigations of these paradigms
provide examples of how to move from
epidemiological observations to mechanistic
studies and highlight the importance of the
developing and maturing immune system.

Early-Life Immune Development and
Asthma Onset
Evidence of the specific immune landscape
in early life that results in increased
propensity to exaggerated allergic
inflammatory responses has been shown in
neonatal mice, whereby shortly after birth,
type 2 innate lymphoid cells, eosinophils,
basophils, and mast cells accumulate in
developing lungs in an IL-33–dependent

CONCISE CLINICAL REVIEW

Concise Clinical Review 415

 



manner. These cells accumulated in naive
mice without any external exposures (37).
The immune responses were further
exaggerated with allergen exposure. An
exaggerated eosinophilia and airway
hyperresponsiveness (AHR) are apparent in
neonatal mice exposed to inhaled house
dust mite (HDM) from 3 days of life
compared with adult mice exposed to
HDM from 8 weeks of life (38). The
exaggerated type 2 immunity to allergen
occurred despite high numbers of
pulmonary natural Helios1 T regulatory
cells. The difference in responses was
explained by the developing airway
microbiome, which increased in diversity
during the first weeks of life and underwent
a change from mainly Proteobacteria and
Firmicutes phyla, toward Bacteroidetes. The
change and increasing diversity in the
airway microbiome with age was associated
with less eosinophilia, AHR, and type-2
immune response and a parallel emergence
of protective Helios2 T regulatory cells.
This showed a direct relationship between
the developing airway microbiome and
induction of T regulatory cells needed for
protection from allergen-induced
inflammatory airways disease (38).

Microbial Exposures, Innate
Immunity, and Asthma Prevention
The protective effect of the traditional
farming was confirmed in the comparison
of Amish and Hutterite children, with a
striking fourfold lower asthma prevalence
among the Amish (39, 40). These farming
communities have similar genetic ancestry
and exposures to most known risk factors
for asthma, but with the key difference that
Amish communities practice traditional
farming and Hutterites use industrial
agriculture (40). Circulating neutrophils
with lower levels of CXCR4 (C-X-C
chemokine receptor type 4) expression were
higher in the Amish, and monocytes
expressed a suppressive phenotype,
suggesting differences in innate immunity
were important in determining asthma
susceptibility. In addition, in a murine
model of allergic airways disease, intranasal
administration of dust extracts from homes
in the Amish community inhibited airway
hyperreactivity and eosinophilia, and this
protection was reversed in the absence
of two molecules (MyD88 [myeloid
differentiation primary response protein
88] and TRIF [TIR-domain-containing
adapter-inducing IFN-b]), which are

critical in the development of innate
immune signaling (40). These findings
suggest that the mechanism by which the
Amish environment provides protection is
a modulation of innate immune responses
(40, 41).

The key question of which component
of the farmyard exposures is protective and
can be translated into interventions requires
confirmation. Numerous experimental
studies have been undertaken in early-life
models of allergen exposure to dissect
the mechanisms and identify therapeutic
targets. One of the components of the
traditional farming environment that
confers protection from asthma and
allergies may be bacterial gram-negative LPS
(endotoxin) exposure, which may also be an
indirect marker of total microbial exposure
(42). Interestingly, LPS exposure alone, at a
high dose, results in significant airway
inflammation characterized by neutrophilia
and is used to recapitulate acute lung injury
(43, 44). Smaller doses, when administered
intranasally with allergen such as HDM,
lead to allergic airways inflammation with
eosinophilia and AHR (45). Yet, the key
difference in the peripheral circulation
between the protected Amish children
and Hutterites was increased neutrophils
and endotoxin levels in the Amish (40).
It is likely that the type of endotoxin,
exposure load (determined by the overall
bacterial exposure), and duration are
critical in determining disease protection
or exacerbation. Among sensitized children,
a combination of allergen and endotoxin
exposure results in worse disease (46). In
contrast, children who are protected from
asthma have a continuous exposure to
endotoxin from early life, and if exposure is
removed (for example by migration from a
rural to urban environment), the protection
is lost (47–49). A murine model of chronic
low-dose endotoxin exposure, followed
by HDM exposure, has shown that prior
endotoxin reduced the induction of
dendritic cells by cytokines produced by
bronchial epithelial cells, including IL-33,
which in turn protected from the type-2
immune response development (50). Loss
of the ubiquitin-modifying epithelial
enzyme A20 resulted in a loss of the
protection (50). This suggests that airway
epithelial cell function may be central to the
mechanism by which endotoxin confers
protection in childhood asthma. However,
this mechanistic link was investigated in an
adult murine model, and mRNA levels of

the gene TNFAIP3, which encodes A20,
were assessed after allergen exposure to
bronchial epithelial cells from adults with
asthma.

It is important to note that endotoxin
load is often measured as an indirect
representation of total microbial exposure,
and the type and diversity of early-life
bacterial exposure from a protective
environment may shape the airway
microbiome toward a phenotype that
promotes immune responses that protect
from allergic inflammation. The Finnish
and Russian Karelia communities are
another example of adjacent regions with
contrasting socioeconomic demographics
and lifestyles (51) and distinct asthma
and allergy prevalence. Skin microbiota
and bacterial microbes in nasal mucosa
were strikingly different, with overall
increased diversity and an abundance of
Acinetobacter among Russian subjects who
had 3- to 10-fold lower asthma prevalence
(52). This causal link has recently been
supported in a neonatal murine model of
HDM exposure in which concomitant
exposure of allergen and the inhaled
lyophilized bacteria Acinetobacter lwoffii,
from farm dust (53), conferred complete
protection from the development of
AHR in early life (54). This was associated
with a significant reduction of pulmonary
eosinophils and IL-5 and IL-13 (54).
Increasing evidence from experimental
models suggests that shaping the airway
microbiome in early life modulates immune
function to protect against the development
of allergic airway inflammation and
asthma. However, the optimal timing or
duration of an intervention to achieve a
“protective” airway microbiome in children
remains unknown. Indeed, the constituents
and route of administration of a protective
intervention are also unclear. However,
with evidence of cross-talk between the
mucosal tissues and of the existence
of a gut–lung axis (55), a pilot clinical
trial of infantile oral bacterial lysates
supplementation to prevent recurrent
wheezing has shown benefit on both
rate and duration of asthma attacks (56).
The potential benefits of oral bacterial
lysates in disease prevention among
young children (6–18 mo old) at increased
risk for asthma is currently being
investigated in the ORBEX (Oral Bacterial
Extract for the Prevention of Wheezing
Lower Respiratory Tract Illness) trial
(NCT02148796).
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Acknowledging the limitations of
murine studies and their applicability
to children, increasing focus is being
placed on investigating mechanisms using
primary immune cells from children.
The importance of interactions between
allergens and infection in determining
immune responses in childhood asthma is
established (57), but specific mechanisms
have been lacking. Longitudinal collection
of peripheral blood cells from children at
ages 2 and 3 years has shown differential
expression of genes associated with natural
killer cells among children who developed
asthma by mid–school age (7 yr) (58).
The gene response pattern was specific
to children who were both sensitized and
had asthma, thus identifying a potential
molecular pathway for early intervention,
before established disease (58).

Although peripheral blood remains
an excellent source of inflammatory cells
and mediators, the relationships between
peripheral and pulmonary immune
responses in childhood asthma are
uncertain. Cohort studies are increasingly
including longitudinal airway sample
collection (59); although limited to the
upper airway to ensure this is minimally
invasive, such approaches are critically
important if we are to understand
mechanisms underlying asthma inception.
Analysis of nasal epithelial cells by RNAseq
and machine learning from adults has
allowed identification of a 90-gene
signature that classified asthma and
provided a potential nasal diagnostic
biomarker (60).

Viral and Bacterial Pathogens
Contributing to Childhood Asthma
Neonatal hypopharyngeal colonization in
the first 28 of days of life with Streptococcus
pneumoniae, Haemophilus influenzae, or
Moraxella catarrhalis has been associated
with increased risk of subsequent wheeze or
asthma in childhood (61). Longitudinal
nasopharyngeal sample collection for
microbes has also shown that more than
80% of acute respiratory illnesses in
preschool-aged children involve viruses,
but they are accompanied by a change
in the nasopharyngeal microbiome toward
a dominance of a narrow range of
pathogenic bacteria. The combination
of the predominant bacterial genera
associated with respiratory infections
(Moraxella, Streptococcus, Corynebacterium,
Alloiococcus, Haemophilus, and Staphylococcus)

and early-life allergic sensitization was
associated with persistent wheeze and
asthma by school age (62). In contrast,
the presence of the same bacteria
without sensitization was associated with
transient wheezing illnesses until 3 years
of age.

It is becoming increasingly apparent
that viral pathogens alone are not the only
trigger for symptoms and acute attacks.
Bacterial pathogens and a dysbiotic airway
microbiome may be as important for
triggering symptoms and attacks as viruses
(particularly for attacks of preschool
wheeze) (63). The most common viruses
that cause symptoms are rhinovirus and
respiratory syncytial virus, and bacterial
species that appear to be important
include S. pneumoniae, H. influenzae, and
M. catarrhalis. A dysbiosis involving
a predominance of these organisms
contributes to recurrent symptoms and
attacks (64). This suggests there are

phenotypes of preschool wheezers who
may have a predominant infection-
driven, neutrophilic airway inflammatory
profile that does not respond to the
usual therapeutic approach of inhaled
corticosteroids (65, 66). However, the
functional role and impact of airway
bacteria detected during acute attacks on
immune responses remains uncertain. Two
trials have investigated the role of the
macrolide antibiotic azithromycin for acute
attacks of wheeze or troublesome lung
symptoms in children younger than 5 years
of age (67, 68). Although both showed
benefit on symptom duration, neither
showed improvement in severity of attacks,
hospitalization, or time to next attack,
and it is likely that the observed benefits
were due to the immunomodulatory or
antiinflammatory activity of azithromycin,
rather than its antibacterial properties (69,
70). The potential antineutrophilic benefit
of azithromycin is supported from separate

Allergic sensitization and allergen
exposure:

1. Multiple early sensitization
2. Avoidance may be effective in carefully
selected patients with established asthma

Airway microbes:
1. Viruses: HRV/RSV

2. Bacteria: H. influenzae, M. catarrhalis,
S. pneumoniae, and S. aureus (less diverse

nasopharyngeal microbiome)
3. Bacterial–virus interactions

Genetic susceptibility and
gene × environment interactions:

17q21 locus – associated with early- 
onset childhood wheezing and

asthma, influenced by environment
(protection in farm environment; 

increase in risk in association with RV
infection)

CDHR3 – associated with troublesome
early-onset childhood asthma with

hospital admissions; increased RV-C
binding and replication

Developmental immune responses:
Early life accumulation of ILC2s,
eosinophils, and basophils, and 
susceptibility to type 2 immunity

Responses exaggerated with
allergen exposure in association

with less diverse airway
microbiome

Host (airway, skin, and gut) and
external microbiome

Childhood
“asthmas” 

Figure 1. Host and environmental influences increasing susceptibility and severity: key influences
that determine development of childhood “asthmas” identified from longitudinal cohorts and
experimental investigations. CDHR3 =Cadherin Related Family Member 3; HRV = human rhinovirus;
H. influenzae =Haemophilus influenza; ILC2 = type 2 innate lymphoid cell; M. catarrhalis =Moraxella

catarrhalis; RSV = respiratory syncytial virus; RV = rhinovirus; S. aureus = Staphylococcus aureus;
S. pneumoniae = Streptococcus pneumoniae.
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indirect evidence that lower airway
inflammation in children with severe
preschool wheeze reveals a phenotype
with neutrophil predominance that is
relatively insensitive to inhaled corticosteroid
therapy (66). It is therefore not clear
whether bacteria are causal or are present
as “bystanders” as a result of mucosal
immunosuppression by viral infection
or corticosteroid therapy (71, 72). Future
intervention studies for wheezing in
preschool children and older children
with established asthma therefore need to

investigate the downstream immunological
consequences (whether beneficial or harmful)
of manipulating of bacterial, viral, and
fungal organisms (72).

Contribution of Allergic Sensitization
to Preschool Wheeze and Asthma
The concomitant presence of infection and
allergic sensitization is associated with a
differential response to treatment with
inhaled corticosteroids (73) and predicts the
progression from preschool wheeze to later
asthma (12, 74) and hospitalizations with

asthma attacks (75). A recent LCA of
data from five clinical trials has revealed
four classes that differed according to
the presence of allergen sensitization and
exposure (19). Only classes with multiple
sensitization and persistent allergen
exposure or sensitization with eczema
were responsive to inhaled steroids (19).
During school age, there appears to be
a switch in the predominant driver of
persistent symptoms from infection to
allergic sensitization and allergen exposure,
which results in a predominance of type 2
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 Age-appropriate in vivo and
primary cell in vitro analyses 

Childhood asthma personalized
interventions

Day 3 
of life

Machine learning and modeling to
identify potential causal pathways

and phenotypic groups    

Cohorts and clinical
phenotyping 

–8
FIF75

FIF50
FIF25

FEF75

FEF50

FEF25

PEFR

FVC

Volume (Liters)
654321

FEV1

FEV0.5

FEV3
–4

–6

–2

0

2

4

F
lo

w
 (

Li
te

rs
/s

ec
)

6

8

Biomarker discovery (blood, sputum,
breath, and/or urine) and application in

clinical trials

Type A

Type B

Type C

–2

–10
–5

0
z

y

x

0

2

4

6

151050

Figure 2. Integrated, multidisciplinary approach to enable discovery of interventions that allow prevention and disease modification in childhood asthma.
Interpreting “big data” using clinical knowledge from patients and cohorts, mechanistic in vitro studies using human samples, and experimental animal
model studies helps identify biomarkers and individualized interventions. Data scientists turn “big data” into useful information about the “hidden”
structures using statistical and machine learning algorithms and help disaggregate asthma into “asthmas,” medical professionals and basic scientists
provide critical clinical and mechanistic insights about the mechanisms underpinning the architecture of the heterogeneity, and geneticists use asthma
subtypes discovered by data-driven techniques as outcomes in genetic studies to provide further mechanistic insights. Iterative decisions are made at
each step to deliver mechanism-based stratified treatments and prevention. FEF = forced expiratory flow; FIF = forced inspiratory flow.
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immunity with eosinophilic airway
inflammation. Severe asthma in school-
aged children is characterized by a steroid-
insensitive eosinophilia, not neutrophilia
(67, 76).

The PROSE (Preventative Omalizumab
or Step-up Therapy for Severe Fall
Exacerbations) trial, which demonstrated
a significant reduction in seasonal
exacerbations in autumn in children who
received anti-IgE antibody omalizumab, has
confirmed a close link between allergic
sensitization and virus-induced asthma
attacks (77); the patient subgroup who
benefitted most had rhinovirus-induced
exacerbations (78). However, although
childhood asthma is closely associated with
allergic sensitization (36, 79), most asthma
guidelines do not advocate the assessment
of sensitization for asthma diagnosis.
Confirmation of sensitization does not
prove that allergy is a cause of patients’
symptoms (79), and in a proportion of
sensitized children with asthma, presence of
IgE antibodies ascertained by skin or blood
tests is not related to either asthma
presence or its severity (80). Similar to
“asthma,” “allergic sensitization” may
be an agglomerate of several types of
sensitization, some of which are benign
and some pathologic (80), with only
pathologic subtypes (such as multiple early
sensitization) being associated with asthma
(14, 74, 81). Several studies using machine
learning identified cross-sectional (82) and
longitudinal (15, 16) clusters of specific
IgE responses to individual allergenic
protein (allergen components), which were
associated with different risks of asthma
development (16), persistence (15, 83),
and severity (14, 74, 82). However, these
sensitization classes can only be identified
by modeling of the large amounts of data
collected longitudinally during childhood in
hundreds of children (14, 74) and cannot
as yet be differentiated or confirmed in
a clinical situation. A recent study has
shown that in a marked difference from
IgE-mediated food allergy, in which
sensitization to individual allergenic
molecules predicts clinical reactivity (e.g.,
Ara h 2 in peanut allergy [84]), the key
associate of asthma in children is not IgE
response to any individual molecule but
complex interaction patterns between
allergen component–specific IgEs (85).
Results from intervention studies such as
Preventing Asthma in High Risk Kids
(NCT02570984), which tests whether

2 years of treatment of high-risk children
aged 2 to 3 years with omalizumab (anti-IgE)
will prevent the progression to childhood
asthma, will provide data that will allow
triangulation to enable causal inference.

There is ongoing controversy as
to whether allergen avoidance should
be recommended in the treatment of
childhood asthma, and several national
and international guidelines conclude
that allergen avoidance measures are
ineffective and should not be used (86).
Among children who are sensitized, virus
infection and high allergen exposure act
synergistically to increase the risk of
hospitalizations with asthma attacks (75).
The impact of mite avoidance on asthma
exacerbations has been addressed in an
intervention trial among mite-sensitized
children with asthma aged 3 to 17 years
randomized to receive either allergen-
impermeable or placebo bed encasings; over
the 1-year follow-up, the risk of hospital
presentation due to asthma attacks was 45%
lower in the active group (87). Future
guidelines should take these results into
account when making recommendations
about nonpharmacological interventions.

Gaps in Knowledge and
Future Directions

The gaps in our knowledge of the
complexities of mechanisms and airway
pathology in childhood “asthmas”
(Figure 1) will only be filled with increasing
assessments of lower airways and by
application of novel technologies that
enable significant amounts of mechanistic
data to be generated from small and limited
samples (88). The challenge of dissecting
mechanisms driving endotypes in children
and not extrapolating data from studies
in adults is essential if we are to avoid
inappropriate use of therapies. This is of
particular importance as the novel biologics
enter clinical practice, because the long-
term effects of these treatments in children
remain unknown. For example, both
mepolizumab (anti–IL-5 monoclonal
antibody) and benralizumab (an antibody
to the receptor for IL-5) very successfully
deplete circulating eosinophils (89).
However, eosinophils may be essential for
immune regulation and homeostasis (90,
91), and levels of circulating eosinophils in
healthy children are higher than in adults
(92) (and it is likely this is for a reason).

Therefore, a caution is needed before
undertaking eosinophil depletion using
systemic biologics in children without
understanding mechanisms and potential
consequences. To assume that cut-offs of
peripheral eosinophils as a biomarker for
antieosinophil biologics can be extrapolated
from adults to children is another potential
error.

One urgent direction for future
research is to undertake interventional
studies that incorporate mechanistic
outcomes. We have embraced the challenge
of assessing mechanisms in samples
collected from children in observational
cohorts and undertaken studies to
investigate mechanisms underpinning
pediatric severe asthma (76, 93, 94).
However, interventional studies that assess
only simple efficacy outcomes, such as
symptoms or exacerbations, without
consideration of mechanism of action of
the intervention will not allow progress.
Innovative technologies allow invaluable
information to be generated from small-
volume samples (transcriptomics, single-
cell PCR, multiplex cytokine assays), and
there are reliable techniques to assess
airway pathology noninvasively (induced
sputum, nasal epithelial brushings, breath
tests), making it unacceptable to undertake
interventional trials without mechanistic
endpoints. We therefore propose that no
pediatric interventional trial (including
randomized controlled trials of novel and
existing drugs) should be funded or
approved by institutional boards without
evidence of a parallel investigation of
mechanisms. Together with birth cohorts
and patient studies, and mechanistic studies
in humans and animal models, this will
generate invaluable “big data” assets to
provide a foundation for a step change
toward personalized medicine (Figure 2).
To capitalize on this, we need to foster
iterative dialogue and continuous
interaction between experts with different
but complementary skill sets. This may
include (but should not be limited to)
healthcare professionals, epidemiologists,
basic scientists, biologists, geneticists,
data scientists, computer scientists, and
mathematicians. In such a team approach,
methodologist and applied data scientists
can turn “big data” coming from different
sources into useful information to help
disaggregate asthma into “asthmas” (4),
with medical professionals and basic
scientists providing critical clinical and
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mechanistic insights about the mechanisms
underpinning the architecture of the
heterogeneity. Such a “team science”
approach is key to delivering mechanism-
based stratified treatments and prevention
for common complex diseases (95).

The data-driven “revolution” to help
clinical decision making will not be
achieved by technology alone.

Technological advances have to be
accompanied by a culture change in how
we conduct research and by fundamental
changes in the academic reward system that
currently favors individuals over teams.
Bringing together diverse disciplines in
such a landscape is challenging, but
childhood asthma may serve as an example
of how a specific health problem can be

looked at from multiple perspectives. We
need an equivalent of the Large Hadron
Collider experimental program to bring
together technological advances and human
expertise across different domains to move a
step closer toward a world without asthma. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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