
Current perspectives

New and future strategies to improve asthma control in
children

William C. Anderson III, MD,a,b Stanley J. Szefler, MDb,c Aurora, Colo

Symptomatic asthma in childhood has lifelong effects on lung
function and disease severity, emphasizing the need for
improved pediatric asthma control. Control of pediatric risk
and impairment domains can be achieved through increased
medication adherence or new therapeutic strategies. Developing
electronic monitoring device technology with reminders might
be a key noninvasive resource to address poor adherence in
children and adolescents in a clinical setting. In patients who
have persistently poor control despite optimal medication
compliance, newly emerging pharmaceuticals, including inhaled
therapies and biologics, might be key to their treatment.
However, barriers exist to their development in the pediatric
population, and insights must be drawn from adult studies,
which has its own unique limitations. Biomarkers to direct the
use of such potentially expensive therapies to those patients
most likely to benefit are imperative. In this review the current
literature regarding strategies to improve pediatric asthma
control is addressed with the goal of exploring the potential and
pitfalls of strategies that might be available in the near future. (J
Allergy Clin Immunol 2015;nnn:nnn-nnn.)
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Despite advances in care, asthma still imposes a significant
burden on the pediatric population. The Eunice Kennedy
Shriver National Institute of Child Health and Human Devel-
opment Asthma Group raised several questions regarding the
natural history, diagnostics, outcome measures, and therapeu-
tics of pediatric asthma.1 They addressed the pressing need to
define effective strategies to prevent exacerbations and pro-
gression of disease, especially in younger populations.1 The
age of asthma diagnosis is decreasing, from 4.7 years in
1993 to 2.6 years in 2000.2 Among children given a diagnosis
before age 3 years, by 6 years of age, 35.6% to 45.2% continue
to require care for their asthma2 and most already have lung
function abnormalities,3 suggesting a more persistent disease
process. Early-onset asthma has long-lasting effects that can
continue throughout childhood into adolescence and adult-
hood. Patients with mild-to-moderate asthma have an
increasing magnitude of airway obstruction over their child-
hood compared with nonasthmatic subjects.4 Persistent pediat-
ric wheezing carries a significant risk for both reduced lung
function and FEV1 growth over adolescence.5 Severe child-
hood asthma is a risk factor for continued active disease as
an adult.6
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ACQ: Asthma control questionnaire

BADGER: Best Add-on Therapy Giving Effective Responses

CAMP: Childhood Asthma Management Program

COPD: Chronic obstructive pulmonary disease

DREAM: Dose Ranging, Efficacy, and Safety with Mepolizumab

EMD: Electronic monitoring device

EPR3: Expert Panel Report 3

FDA: US Food and Drug Administration

FENO: Fraction of exhaled nitric oxide

FVC: Forced vital capacity

ICATA: Inner-City Anti-IgE Therapy for Asthma

ICS: Inhaled corticosteroid

LABA: Long-acting b-agonist

MENSA: Mepolizumab as Adjunctive Therapy in Patients with

Severe Asthma

NHLBI: National Heart, Lung, and Blood Institute

OCS: Oral corticosteroid

PEF: Peak expiratory flow

SARP: Severe Asthma Research Program

SMART: Single combination budesonide-formoterol inhaler main-

tenance and reliever therapy

TALC: Tiotropium Bromide as an Alternative to Increased

Inhaled Glucocorticoid Inadequately Controlled on Lower

Dose of Inhaled Corticosteroid

TREXA: Treating Children to Prevent Exacerbations of Asthma
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Given asthma’s lifelong effect, prevention of disease develop-
ment and progression has been investigated, particularly with
inhaled corticosteroids (ICSs). Inhaled fluticasone propionate in
preschool children with a positive Asthma Predictive Index result
did not change the development of asthma symptoms, exacerba-
tions, or lung function once medication was stopped compared
with placebo.7Maintenance inhaled fluticasone propionate in pre-
school children with multiple-trigger wheezing did not prevent
the development of asthma or change in lung function, FEV1,
and airway reactivity compared with placebo by 5 years of
age.8 To date, no therapy has been able to prevent the develop-
ment of pediatric asthma. The appropriate time or targets of inter-
vention to prevent pediatric lung remodeling are also unclear.9

Given the lack of resources to prevent asthma development, focus
should be given to asthma control.

The National Heart, Lung, and Blood Institute (NHLBI) Expert
Panel Report 3 (EPR3) recommendations focus asthma control on
2 primary domains: impairment and risk.10 Control in both
domains is necessary because pediatric patients with persistent
asthma symptoms have an increased risk of exacerbations,
hospitalizations, emergency department visits, and oral cortico-
steroid (OCS) use,11 with exacerbations leading to progressive
loss of lung function.1 Reasons for poor asthma control include
controller medication adherence failure, unresponsiveness to
available therapies, improper inhalation technique, poor comor-
bid condition control, psychosocial stressors, and misdiagnosis.
In this review we examine current and future approaches of pedi-
atric asthma control, with a focus on adherence and therapeutics
in development.

ADHERENCE
Therapeutic adherence should be addressed first when ap-

proaching asthma control. Adult and pediatric adherence to
controller therapies only ranges from 30% to 70%.12 In ancillary
Childhood Asthma Management Program (CAMP) study data,
75% of children had objective adherence of less than 80%, and
27% of subjects had adherence of less than 50%.13 Pediatric
adherence specifically to ICSs is only 20% to 33.9%, with only
4.7 to 5.5 prescription refills for inhaled fluticasone over
1 year.14 The ramifications of poor controller adherence in the pe-
diatric population include an increased risk of severe exacerba-
tions, hospitalizations, emergency department visits, and OCS
use.14 Based on refill data, the risk of an asthma exacerbation
was 21% to 68% lower for children who were adherent to
controller medications.14

Even when adherence is assessed, patients are poor self-
reporters, with a large discrepancy existing between their reported
adherence and their actual medication use.13,15-17 Evaluation of
CAMP data showed 93.6% self-reported adherence on diary cards
but only 60.8% objective adherence based on device actuations in
5- to 12-year-olds.13 Diary cards are limited by patients poten-
tially fabricating data or completing it retrospectively. Only
26.2% of patients 6 to 17 years old kept diary cards regularly
for at least 6 months in one study.18 Although regular diary card
users had significantly greater use of daily controller therapies,
neither the number of asthma exacerbations, emergency depart-
ment visits, or hospitalizations nor the patient’s FEV1 or Asthma
Control Test scores varied between those who completed diary
cards and those who did not, regardless of whether they were
completed by the patient or parent.18 Overall, it is unclear how

much symptom diaries or diary cards add to improving asthma
control, health care use, or costs.19

Multiple reasons exist for poor adherence with medications in
the pediatric population, including the complexity of treatment
regimens, costs of medications, perceived risk of medication-
related side effects, insufficient parental health literacy, lack of
parental supervision, familial socioeconomic strain, poor patient
perception of disease severity, and possible secondary gain from
poor asthma control.15,20-22 Broadly, this nonadherence can be
categorized as either intentional or unintentional.23

Intentional nonadherence can result from a patient choosing
not to take their medication based on their own needs, knowledge
base, or perception of the medication.15,23 Conversely, uninten-
tional nonadherence can result from the complexity of the
treatment regimen or the patient’s life, forgetfulness, or under-
standing of the medication.15 Nonadherent asthmatic patients
are more likely to have unintentional nonadherence and, per the
investigators, would likely benefit from reminder systems and pa-
tient education.23

Electronic monitoring devices (EMDs) are a new approach to
achieving disease control and adherence in clinical practice and
research.15,24 EMDs provide accurate, objective, and detailed
information on day-to-day patient adherencewithout significantly
disrupting a patient’s natural medication-taking behavior.25

The SmartTouch (formerly SmartTrack; Adherium, Auckland,
New Zealand) and Propeller (Propellor Health, Madison, Wis)
sensors are 2 of the more advanced devices, with date and time re-
cordings of each actuation, real-time uploading to a Web page or
smartphone application, and reminders to prompt adherence.25

The Propeller sensor also has a Global Positioning System to
monitor location of inhaler use.25 EMDs also overcome the limi-
tation of dose dumping when using remaining doses or canister
weight as markers of adherence.13,16,24,26 EMDs are not without
their limitations, which include their cost,15,27,28 time for patient
education27 and device testing and data download,28 measure-
ment reliability and potential device failures,27,28 identification
of patients most likely to benefit from this strategy,24,27 and the
need to convince patients to use a device that will supervise their
behavior.28 As more technologically advanced devices come onto
the market, the cost is decreasing.26 Real-world study of the
SmartInhaler Tracker (Adherium, Auckland, New Zealand) has
demonstrated reliability, with 98.2% of devices passing prestudy
checks, only 3.5% being thrown away or lost by patients, and only
1.9% malfunctioning before data upload.29

Adults and adolescents given an EMD with an audiovisual
reminder function showed a 19% improvement in ICS adherence
compared with control subjects.30 Pediatric and adolescent
studies using EMDs with reminders demonstrated a 40% to
54% increase in adherence to controller medications compared
with those without reminders.25,31 The aforementioned studies
showed no difference in asthma outcomes,31 school or caregiver
work absenteeism, FEV1 improvement, or emergency department
visits.25 One reminder group had significantly fewer asthma exac-
erbations in the first 2 months but without a persistent difference
at 4 and 6 months.25 Possible reasons for lack of improvement
include small sample sizes, limited intervention duration, patient
awareness of adherence monitoring, or multiple asthma pheno-
types requiring different treatment modalities.24 Pediatric pa-
tients with poorly controlled asthma who were provided
adherence feedback had overall increased adherence, which
continued to increase over the course of the study, compared
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with those who used an EMD without provider feedback.32

Conversely, in a trial of adolescent and adult asthmatic patients
with poorly controlled asthma, although EMDs with reminders
increased adherence compared with those with lack of reminders,
there was no difference in adherence between those who received
additional physician adherence discussions and those who did
not.33 These studies of provider feedback with EMD reminders
did not have improved asthma control,32 FEV1,

32,33 exacerbation
rates,32,33 Asthma Control Test scores,33 or quality of life.33 For
some patients who have optimal adherence but remain symptom-
atic, additional therapeutics might be warranted. Nonetheless, in-
surance companies might eventually want to see objective data of
adherence, which EMDs can provide, before paying for newer
and more expensive medications.

THERAPEUTICS IN DEVELOPMENT
In patients whose symptoms remain poorly controlled despite

close adherence with optimal current therapy, new therapeutics
might be the key to their treatment. However, barriers exist in
pharmaceutical development for the pediatric population because
the process for drug approval differs somewhat in the United
States and Europe, along with other countries (see Table E1 in this
article’s Online Repository at www.jacionline.org). Traditionally,
pediatric drug development is influenced by evidence for dosing,
efficacy, and safety from adult studies.34 A large percentage of pe-
diatric medications are used off label based on these adult studies,
with asthma medications among the most prescribed off-label
drugs in children.35 Extrapolation of new therapeutic advances
in adults to children cannot be readily made because of differ-
ences in pediatric respiratory function, immunology, and disease
pathogenesis.1 Specific pediatric studies are needed to prevent
this inappropriate extrapolation of adult data, especially in the
youngest age groups. Although pediatric asthma represents
49.4% of asthma disease burden, only 17.9% of all asthma medi-
cation trials from 2006-2011 were in pediatric populations.36

Several unique challenges exist when developing pediatric
pharmaceutical trials. The issue of placebo control is more
problematic in a vulnerable pediatric population, especially given
the benefit of ICSs in the pediatric population.37 The use of a dose
or best available practice control might result in a higher threshold
for statistical significance or need for a larger sample size
compared with adult placebo-controlled studies.1,37

Processes are in place to encourage the development of
pediatric medications. The European Union requires every drug
in development to have a pediatric investigational plan, with an
incentive of an extra 6 months of market exclusivity if followed.38

This intervention has resulted in an overall increase in the number
of pediatric trials, subjects, and approved drugs with pediatric in-
dications since its implementation.39 When examining the
following drugs, the pediatric literature is highlighted. However,
without sufficient studies to date, some conclusions must be
drawn from adult data, with the aforementioned limitations, until
specific pediatric studies are performed (see Table E2 in this arti-
cle’s Online Repository at www.jacionline.org).

INHALED THERAPIES
NHLBI EPR3 guidelines recognize ICSs as the preferred

controller medication for persistent asthma and the addition of
a long-acting b-agonist (LABA) at steps 3 and 4, respectively, for

patients 5 years and older and 4 years and younger.10 The devel-
opment and introduction of second-generation ICSs and combi-
nation ICS/LABAs are likely responsible for the change in
course of severe asthma over the last 20 years, including less
use of chronic OCSs, with their adverse side effect profiles, and
improved asthma control.40 However, ICSs and LABAs are not
without their own adverse effects and controversy. ICSs are
most notably associated with a reduction in growth velocity and
adult height7,41,42 and potential hypothalamic-pituitary-adrenal
axis suppression.21,43 Pediatric LABA use is based primarily on
data from adults,38,44 with studies in pediatric patients, adoles-
cents, and adults conflicting on the added benefit of LABAs
compared with higher-dose ICSs in asthma control, exacerba-
tions, and lung function.45-47 The US Food and Drug Administra-
tion (FDA) has mandated 5 postmarket clinical trials, including
one exclusively in the pediatric population, to investigate the ben-
efits and safety of ICS/LABA combination therapy compared
with ICS therapy alone.48

New evidence is directing a potential benefit of on-demand
dosing of ICSs and ICS/LABAs in the pediatric population. In the
Maintenance and Intermittent Inhaled Corticosteroids in
Wheezing Toddlers (MIST) trial, over 1 year, the use of
intermittent 7-day courses of high-dose ICSs did not differ
compared with daily low-dose ICSs in children 12 to 53 months
old with recurrent wheezing, a positive Asthma Predictive Index
score, and at least 1 exacerbation in the previous year.49 In the
Treating Children to Prevent Exacerbations of Asthma (TREXA)
study, both twice-daily and rescue beclomethasone showed a
reduction in exacerbation frequency and treatment failure
compared with placebo in 5- to 18-year-old patients with mild
persistent asthma.50 Both studies showed reduced ICS exposure
with intermittent treatment, and the TREXA study also showed
increased linear growth in this group compared with scheduled
dosing.49,50

A similar interest has been raised on the use of an ICS/LABA
inhaler both for maintenance and reliever therapy, also known as
single combination budesonide-formoterol inhaler maintenance
and reliever therapy (SMART), in patients with intermittent to
mild asthma to reduce disease burden, limit side effects by
titrating the dose according to need, and overcome poor
adherence.51 In patients 4 to 80 years old, a SMART approach
prolonged the time to first severe exacerbation and all exacerba-
tions, reduced the risk of a severe exacerbation requiring medical
attention, improved symptom control, and improved morning and
evening peak expiratory flow (PEF) and FEV1 compared with bu-
desonide/formoterol or budesonide alone.52 A similar study
analyzing SMART specifically in patients 4 to 11 years old whose
symptoms were uncontrolled on ICSs demonstrated that SMART
was superior to budesonide/formoterol and budesonide alone in
reducing the rate of asthma exacerbations, prolonging the time
to first exacerbation, and reducing the risk of exacerbations
requiring medical attention, mild exacerbation days, and
nocturnal awakenings but not symptom-free days or asthma con-
trol days.53 In both studies children treated with SMART had
improved linear growth compared with those treated with fixed-
dose budesonide alone.52,53

New ICS-LABA combinations
Three twice-daily ICS/LABA combinations are currently FDA

approved for the treatment of asthma, fluticasone propionate/
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salmeterol, budesonide/formoterol, and mometasone/formoterol,
with only fluticasone propionate/salmeterol approved for patients
as young as 4 years old and the other 2 approved for patients as
young as 12 years old.54-56 Although LABAs have increased
compliance as an add-on controller to ICSs compared with leuko-
triene receptor antagonists in asthmatic patients 12 years and
older,57 they still carry the limitation of being a twice-daily medi-
cation. A prominent factor associated with poor medication
compliance is the treatment regimen complexity.15,20,58 Once-
daily ICS dosing increases medication adherence and reduces
health care costs, irrespective of whether treatment is stepped
up or down.59 Although new combinations of previously FDA-
approved ICSs and LABAs have demonstrated improved asthma
control, such as combination fluticasone propionate/formoterol in
adolescents and adults,60-62 they still require twice-daily dosing.

Vilanterol is a LABA with 24-hour activity developed as a
once-daily treatment in combination with a novel ICS, fluticasone
furoate, approved by the FDA for the treatment of chronic
obstructive pulmonary disease (COPD) in 2013 and for asthma
in patients 18 years and older in 2015.63-65 In patients 12 years and
older with uncontrolled persistent asthma, therewas no difference
between 100/25 mg daily fluticasone furoate/vilanterol and 250/
50 mg twice-daily fluticasone propionate/salmeterol in improve-
ment in FEV1 and time to onset of bronchodilator effect.63 There
was no difference in asthma exacerbations between fluticasone
furoate/vilanterol and fluticasone propionate/salmeterol based
on adverse event reporting.63 Exclusive pediatric studies of vilan-
terol/fluticasone furoate are limited. In 5- to 11-year-old patients
with well-controlled asthma, fluticasone furoate/vilanterol has a
similar tolerability, safety profile, pharmacodynamic effect, and
pharmacokinetic profile as fluticasone furoate alone.64

Tiotropium
Tiotropium is a long-acting once-daily anticholinergic initially

approved for the treatment of COPD in 2004.66 Given that tio-
tropium improves lung function, quality of life, and exacerbations
in adults with COPD,67 interest emerged in it as a therapeutic in
asthmatic patients with incomplete response to standard therapy.
Initial studies demonstrated a benefit of tiotropium in adult
asthma control. Tiotropium studies were initially conducted
with the HandiHaler and then the Respimat device (Boehringer
Ingelheim, Ingelheim am Rhine, Germany). In the Tiotropium
Bromide as an Alternative to Increased Inhaled Glucocorticoid
Inadequately Controlled on Lower Dose of Inhaled Corticosteroid
(TALC) trial, addition of tiotropium to an ICS was superior to a
doubling dose of ICS and noninferior to the addition of salmeterol
in improving morning and evening PEF, asthma control days, and
asthma control questionnaire (ACQ) and daily symptom scores in
adults with mild-to-moderate asthma.66 Tiotropium was superior
both to a doubling dose of ICS and to the addition of salmeterol
for prebronchodilator and postbronchodilator FEV1 improve-
ment.66 Similar results were demonstrated in adults with poorly
controlled asthma receiving medium-dose ICSs68 or high-dose
ICS/LABA treatment69,70 with tiotropium add-on therapy
showing an improvement in peak and trough FEV1,

68-70 morning
and evening PEF,68-70 ACQ scores,68,69 and time to first severe
exacerbation.69 The addition of tiotropium to ICS/LABA treat-
ment reduced the risk of a severe exacerbation by 21%.69

Recent studies demonstrated a benefit of tiotropium in adoles-
cent and pediatric lung function. In studies of symptomatic 6- to

11-year-old71 and 12- to 17-year-old72,73 asthmatic patients
receiving at least an ICS, tiotropium improved peak and trough
FEV1 andmorning and evening PEF. A potential role exists for tio-
tropium as add-on therapy to improve FEV1 in pediatric and
adolescent patients with severe asthma and subsequently prevent
exacerbations. However, these studies have not yet investigated
the effect of tiotropium on asthma exacerbations in pediatric and
adolescent patients. Studies in these populations did not show a
statistically significant improvement in asthma control with tio-
tropium.71,72 Additional pediatric asthma studies will be needed
to compare the addition of tiotropium versus a LABA with an
ICS and its addition directly to combined ICS/LABA treatment.

Biomarkers for additional ICSs
Biomarkers and patients’ characteristics can provide guidance

into the optimal add-on therapy to ICSs, including LABAs and
tiotropium, in patients with poorly controlled asthma. The Best
Add-On Therapy Giving Effective Responses (BADGER) study
demonstrated considerable response variability to step 3 therapy,
with 44.1% of subjects responding best to the addition of a LABA,
29.2% responding best to the addition of a leukotriene receptor
antagonist, and 26.7% responding best to a medium-dose ICS.47

Improved response to LABA step-up therapy in the BADGER
study was associated with lower prebronchodilator FEV1/forced
vital capacity (FVC) ratio, higher prebronchodilator impulse
oscillometry with resistance at 5 Hz, and higher prebronchodila-
tor impulse oscillometry reactance area, suggesting a response in
children with low lung function related primarily to peripheral
airway obstruction.74 Post hoc BADGER data analysis demon-
strated phenotypically that patients without eczema responded
best to LABA step-up therapy to an ICS irrespective of race,
whereas those with eczema varied in preferred best treatment op-
tion by race and ethnicity.75 The upcoming Best African-
American Response to Asthma Drug (BARD) study will examine
the role of step-up therapy specifically in African Americans by
comparing an increased dose of ICS versus the addition of a
LABA on asthma control in uncontrolled African American asth-
matic patients aged 5 years and older on low-dose ICSs, with
separate analysis of patients 5 to 11 years old and those older
than 12 years.37,76

Clinical characteristics predicting a response to tiotropium
have been derived from adult studies only. TALC data showed
tiotropium improved FEV1 and PEF in patients with a
response to albuterol, decreased FEV1/FVC ratio, and higher
cholinergic tone, as reflected by a lower resting heart rate.77

Adults less than 42 years old had greater improvement in
asthma control days than older patients with the addition of
tiotropium.77 Improvements in FEV1 with the addition of tio-
tropium to ICS/LABA treatment tended to be greater in pa-
tients with a lower percent predicted FEV1, men, and former
smokers with less than a 10 pack year history.69 Tiotropium
studies have not shown a response association with allergic
markers, including atopy,69 IgE level, sputum eosinophil
count, or fraction of exhaled nitric oxide (FENO).77 Extrapola-
tion of these tiotropium response predictors to pediatric pa-
tients is conflicting because the response in younger patients
with reversible airway obstruction would suggest a benefit in
a pediatric population. Additional independent prospective
studies are needed to identify treatment response markers in
children and adolescents.

J ALLERGY CLIN IMMUNOL

nnn 2015

4 ANDERSON AND SZEFLER

FLA 5.4.0 DTD � YMAI11596_proof_–15-00869 � 21 August 2015 � 9:49 am



BIOLOGICS

Phenotypes, endotypes, and biomarkers
Biologics, also known as immunomodulators, are directed

against a specific determinant, such as an immunoglobulin,
cytokine, or cytokine receptor,78 placing them at the forefront
of personalized medicine. Asthma is a complex disease with mul-
tiple phenotypes representing several heterogeneous underlying
immunologic endotypes. Thus for these biologics to be successful
in personalized asthma management, 2 goals must be achieved.
First, they must be developed in light of a greater understanding
of both asthma clinical phenotypes and molecular and cellular
endotypes.20,79,80 Second, they must be used with biomarkers
that identify which patients would benefit most from their
therapy.80

Adult asthmatic phenotypes have previously been explored by
using data from the Severe Asthma Research Program (SARP).81

Similarly, a cluster analysis of SARP patients 6 to 17 years old
identified 4 phenotypic clusters, 3 of which were atopic, with dif-
ferentiation based on their level of lung function.82 These same
SARP clusters could be replicated in 6- to 18-year-olds from 3
Childhood Asthma Research and Education Network clinical
trials.83 Spectral clustering of children from the CAMP study
identified 5 clusters distinguished based on atopic burden, degree
of airway obstruction, and exacerbation rates.84 Four of the 5
CAMP clusters were moderately to highly atopic.85 Most
pediatric patients with atopic asthma, especially those with
severe asthma, are characterized by a younger presentation,

less-controlled disease with increased symptoms and exacerba-
tions, increased atopy, and increased airway hyperresponsiveness
and reversibility compared with other phenotypes.20,86-90

Immunologically, most pediatric patients with atopic asthma,
including those with severe asthma, have an eosinophilic or TH2
profile. An eosinophilic profile includes peripheral eosino-
philia20,85,91 compared with nonallergic asthmatic patients.
A TH2 profile is characterized by the cytokines IL-4, IL-5, IL-9,
IL-13, IL-25, and IL-31, which favor antibody class-switching
to IgE and the presence of eosinophils, basophils, and mast
cells.78 Recent studies with anti–IL-5 modulators are questioning
whether an eosinophilic phenotype and an allergic phenotype
might be fundamentally different.92 Most biologics to date in
adults have focused on these TH2 cytokines (Fig 1 [F1-4/C]), including
anti–IL-4–, anti–IL-5–, and anti–IL-13–based therapies.78 In
the Childhood Allergy Study birth cohort, patients with allergic
asthma had higher mean IL-5 and IL-13 levels in stimulated
peripheral blood samples and lower ratios of IFN-g and IL-12
to IL-4, IL-5, and IL-13.93 Conversely, bronchoalveolar lavage
of pediatric patients with severe therapy-resistant asthma has
shown increased eosinophil counts compared with those in
control subjects but no increase in IL-4, IL-5, or IL-13 levels.94

This suggests that the new immunomodulators directed toward
these TH2 cytokines might not be effective in pediatric patients
with severe asthma.95 These studies illustrate the heterogeneity
of treatment-resistant pediatric phenotypes alone and the need
for further identification of appropriate biomarkers.

FIG 1. Modified from Szefler et al1 to show potential intervention sites of new therapies. Airway inflamma-

tion in the setting of asthma. DC, Dendritic cell; LT, leukotriene;MBP, major basic protein;MF, macrophage;

MMP, matrix metalloproteinase; PGD, prostaglandin; Treg, regulatory T cell.
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Omalizumab
Omalizumab was the first FDA-approved biologic for the

treatment of asthma in 2003.96 Omalizumab is a humanized IgG1

anti-IgE mAb that binds the Cε3 domain of circulating free
IgE.22,96,97 Omalizumab decreases free IgE levels, inhibits bind-
ing of IgE with its high- and low-affinity receptors (FcεRI and
CD23), and downregulates these receptors on mast cells, baso-
phils, and circulating dendritic cells.98-100 Overall, this inhibits
IgE-induced inflammatory mediator release and reduces allergen
presentation.96,98 Omalizumab can be a prototype for the
development of additional immunomodulators in both adults
and children.

Omalizumab was approved for the treatment of moderate-to-
severe persistent asthma in patients 12 years of age and older
whose disease is not adequately controlled with ICSs alone.101

Omalizumab is indicated as an additional controller medication
in steps 5 and 6 of the NHLBI EPR3 guidelines for patients
aged 12 years and older.10 Omalizumab in adolescents and adults
decreases rates of asthma exacerbations,99,102,103 annualized rates
of hospital admission,99 total emergency department visits,99,103

unscheduled doctor’s office visits,99 rescue therapy use,102 and
ICS dose.100 It also improves symptom scores, quality of life,
and time to first asthma exacerbation.102

Although currently not FDA approved for patients less than
12 years old, omalizumab has been demonstrated to improve
asthma control and decrease medication use in this pediatric
population104-107 similar to that seen in adolescents and adults. In
the Inner-City Anti-IgE Therapy for Asthma (ICATA) trial of 6- to
20-year-olds with predominantly moderate-to-severe persistent
or uncontrolled asthma, the use of omalizumab resulted in abso-
lute reductions in exacerbations, symptom days, and hospitaliza-
tions compared with placebo.104 Most notably, omalizumab was
found to nearly eliminate the seasonal variability of exacerbations
in the fall and spring.104 Omalizumab has been found to reduce
both OCS and ICS use in pediatric patients. In the ICATA trial
omalizumab was able to reduce the ICS dose by 109 mg/d.104

Separate trials of 6- to 12-year-old patients with moderate-to-
severe asthma105 and patients with severe asthma who are less
than 12 years old106 have demonstrated a reduction in ICS use
while still reducing asthma exacerbation rates. In the aforemen-
tioned trial of 6- to 12-year-olds, 55% of patients had complete
withdrawal of ICSs, and there was an overall reduction in urgent
physician’s office visits, missed school days, and daily rescue
medication use compared with control subjects.105 In a small trial
of 5- to 16-year-olds with severe asthma requiring daily mainte-
nance OCS, omalizumab was able to reduce 85% of the patients’
OCS doses, with a median reduction of 15 mg/d.107 Given its
proved benefit and only twice-weekly or monthly dosing,
omalizumab theoretically could be used to provide control in a
noncompliant population. In a small trial of 6- to 26-year-old
poorly compliant symptomatic asthmatic patients requiring
ICSs with or without LABAs, the addition of omalizumab
resulted in fewer exacerbations requiring OCSs than placebo,
despite continued noncompliance with inhaled controllers.108

Patients 12 to 75 years old in the EXTRA study had greater
reductions in asthma exacerbations with omalizumab if they had
‘‘high’’ baseline levels, based on median split, of the type 2
inflammatory markers FENO, peripheral eosinophil count, and
periostin compared with those with ‘‘low’’ levels.102,109,110

Similarly, in the ICATA trial patients with a FENO value of
20 ppb or greater, a peripheral eosinophil count of 2% or greater,

and a body mass index of 25 kg/m2 or greater had a significantly
lower number of exacerbations with omalizumab compared with
those with lower values of these parameters.111 In subgroup
analysis of 12- to 75-year-old patients with uncontrolled asthma
with normal lung function treated with omalizumab, a peripheral
eosinophil count of 300/mL or more was associated with a
reduction in asthma exacerbations versus placebo, whereas those
with low eosinophil counts at baseline had no improvement versus
placebo in exacerbations.112 Although larger prospective,
randomized, placebo-controlled studies are needed to validate
biomarkers for omalizumab, FENO values and peripheral
eosinophil counts could be readily available, reproducible, and
cost-effective measures to identify those patients most likely to
respond to omalizumab.

Mepolizumab
Mepolizumab is a humanized mAb directed against IL-5. Given

that IL-5 induces the maturation, activation, and recruitment of
eosinophils,78 it is a logical target for the treatment of asthma.
Several studies have demonstrated a decrease in eosinophil counts
in asthmatic patients treated with mepolizumab.113-117 Much like
omalizumab development, initial mepolizumab studies showed a
reduction in asthma exacerbations in adults,113,114 with only recent
studies enrolling patients as young as 12 years old.116-118 Specific
pediatric studies must be performed, and insights thus far can only
be extrapolated from these adolescent and adult studies.

In the Dose Ranging, Efficacy, and Safety with Mepolizumab
(DREAM) study of patients 12 to 75 years old maintained on
high-dose ICSs with at least 2 exacerbations in the previous year
and evidence of eosinophilic inflammation, mepolizumab
reduced the number of clinically significant exacerbations per
patient per year, delayed the time to first exacerbation, and
decreased the number of exacerbations requiring hospital admis-
sion or an emergency department visit.116 Even though patients
from 12 years old were eligible, demographics suggest that no pe-
diatric subjects were actually enrolled.22

Although the DREAM study did not show improvement in
FEV1 or ACQ scores,116 theMepolizumab as Adjunctive Therapy
in Patients with Severe Asthma (MENSA) trial demonstrated im-
provements in both of these parameters, as well as rates of both all
exacerbations and exacerbations requiring a hospitalization or
emergency department visit.117 As such, although earlier studies
might have pointed to a benefit in control only in the risk
domain,92 newer studies suggest prevention in both risk and
impairment domains with mepolizumab.

In the Steroid Reduction with Mepolizumab (SIRIUS) trial of
asthmatic patients at least 12 years old requiring maintenance
OCSs for at least 6 months and with serum eosinophilia,
mepolizumab reduced OCSs compared with placebo, with a
50% median reduction in daily OCS use from baseline.118

Furthermore, this same population had a reduction in asthma ex-
acerbations, improved FEV1, and improved ACQ scores despite
the reduction in OCS dose.118

Previous studies of mepolizumab that did not use biomarkers to
guide treatment did not find a clinical benefit in exacerbation
rates, FEV1, symptom scores, or quality-of-life measures.115 In
the DREAM trial eosinophilic inflammation was defined as a
sputum eosinophil count of 3% or greater, FENO value of 50 ppb
or greater, or peripheral eosinophil count of 0.3 3 109/L or
greater.116 FENO values have been found to correlate with lung
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eosinophilia but are independent of IL-5 levels.110,113,119 Reduc-
tions in the rate of clinically significant exacerbations with
mepolizumab in the DREAM study correlated with baseline
patient blood eosinophil counts and numbers of exacerbations
in the year but not atopic status, IgE concentrations, FEV1, or
bronchodilator response.116 An eosinophil count of 300/mL or
greater could be a feasible biomarker for mepolizumab treatment.
This difference in response to atopic markers might differentiate
it as a treatment from omalizumab.116

Reslizumab
Reslizumab is an IgG4k humanized mAb that binds human

IL-5.120,121 As seen with anti–IL-5 treatment with mepolizumab,
reslizumab decreases eosinophilia in asthmatic patients.120,121

Also like mepolizumab, early reslizumab studies focused on
adults,120 with only recently published studies involving
adolescents older than 12 years.121 Initial study of reslizumab
in adults with poorly controlled asthma and sputum eosinophilia
of 3% or greater receiving ICSs and another controller agent
resulted in improved FEV1 and FVC but not asthma
exacerbations.120 Most recently, a study of 12- to 75-year-old
patients with poorly controlled asthma maintained on ICSs with
a peripheral eosinophil count of 400/mL or greater demonstrated
a reduction in asthma exacerbation rates with reslizumab
comparable with that seen in the DREAM and MENSA studies
with mepolizumab.121 In addition, there was improvement in
time to first exacerbation, FEV1, ACQ, and quality-of-life
scores.121 Although the study authors noted that the improve-
ments in asthma control and lung measures were more striking
than seen in the DREAM or MENSA studies, this reslizumab
study had a higher eosinophil cutoff of 400/mL or greater121

compared with 300/mL or greater in the mepolizumab
studies.116,117 Although the eosinophil count can be once again
used as a biomarker, it raises interest about whether the level of
eosinophilia itself can act as a biomarker to distinguish response
to 2 therapies that both target IL-5. Additional studies, including a
pediatric population, are warranted.

Lebrikizumab
Lebrikizumab is a humanized anti–IL-13 IgG4 mAb.122 IL-13

mediates its effects through downstream production of periostin
by bronchial epithelial cells acting on fibroblasts, ultimately
resulting in mucus production, goblet cell hyperplasia,
myeloblast differentiation, smooth muscle cells contraction,
airway remodeling, and airway hyperresponsiveness.78,123,124 In
conjunction with IL-4, IL-13 is responsible for generating IgE
production.78 Published lebrikizumab clinical trials to date have
focused only on adults,122 highlighting the need for additional
research in adolescent and pediatric populations.

The importance of biomarkers in assessing treatment response
is demonstrated with lebrikizumab. Patients with inadequately
controlled asthma despite treatment with medium-to high-dose
ICSs were classified based on median split according to periostin
level and TH2 signature, as defined by an IgE level of greater than
100 IU/mL and a peripheral eosinophil count of greater than
0.14 3 109 cells/L.122 The population treated with lebrikizumab
had an improvement in prebronchodilator FEV1 but not asthma
exacerbation rates compared with placebo.122 When examining
biomarkers, patients with high periostin levels had a more marked

improvement in FEV1, and those with a high TH2 signature had a
significant improvement in exacerbation rates.122 Additional
analysis revealed that a high baseline FENO value and periostin
level correlated with improved FEV1 with lebrikizumab, but the
TH2 signature did not.

122,125 Thismight be explained immunolog-
ically by IL-13’s ability to strongly induce FENO110,119,126 and
clinically by those patients with a high periostin level demon-
strating a greater decrease in FENO values with lebrikizumab.122

A study of adults with stable asthma not receiving ICSs who
were similarly classified based on periostin and TH2 signature did
not show a significant change in FEV1 either in the total treatment
group or in the high periostin armwith lebrikizumab.127 This sug-
gests that the interaction of IL-13 with ICS itself might contribute
to lebrikizumab response. This study was limited by insufficient
power to detect a difference between periostin groups and obtain-
ment of periostin levels only before unblinding.127

Potential questions also exist for periostin as a biomarker
specifically in the pediatric population. Periostin is a product of
bone turnover, which would suggest higher baseline levels in
growing children compared with adults, thereby limiting its use.
ChildhoodOrigins ofAsthma (COAST)data revealed that although
periostin levels are 2- to 3-fold higher in children than in adults,
those patientswith asthmaby6 years of age had significantly higher
periostin levels than children who did not have asthma by that
age.128 A study of 6- to 15-year-olds demonstrated significantly
higher periostin levels in asthmatic patients than healthy control
subjects,with theperiostin level correlatingwithbothmethacholine
PC20 and mannitol PD15 values.

129 Although these studies show a
relationship between periostin levels and development of pediatric
asthma, additional studies examining periostin levels in relation to
IL-13 and lebrikizumab in children are needed.

Dupilumab
Dupilumab is a fully humanmAb to the IL-4 receptora subunit,

which is shared by both the IL-4 and IL-13 receptors.78,92,130 IL-4
is key to the polarization and maintenance of TH2 cells.78 Inhibi-
tion of the IL-4 receptor a subunit would theoretically inhibit the
downstream actions of both cytokines. Published studies to date
have only examined dupilumab in adults with moderate-to-
severe persistent asthma whose symptoms are not well controlled
with medium-to high-dose ICS/LABA combined therapy with
serum or sputum eosinophilia.130 Dupilumab reduced asthma
exacerbations and improved time to first exacerbation, asthma
symptoms, and FEV1.

130 In this proof-of-concept trial, LABAs
were discontinued, and the dose of ICS was tapered throughout
the study.130 The improvement in FEV1 occurred as early as
week 2 and was maintained throughout despite the reduction
and removal of background therapy.130 Although specific
biomarkers for dupilumab need to be explored, FENO values
were inversely correlated with the change in FEV1.

110 Additional
adolescent and pediatric dupilumab studies to investigate a benefit
in asthma control and the use of therapy-guiding biomarkers are
warranted.

CONCLUSION
Improved pediatric asthma control is imperative to prevent

potential adverse disease sequelae later in life. Interventions
should be made on a global level to make up for the lag in
pediatric asthma drug development (see Table E1).Whilewewait
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TABLE I. Timeline for emerging pharmacologic therapies in pediatric patients with asthma*

Agent Trial Summary Sponsor Phase

Current

status

Start

date

End date/estimated

completion date

Fluticasone

furoate/

vilanterol

NCT01134042 24-wk trial in adolescent and adult patients

(aged >12 y) with persistent asthma

GlaxoSmithKline III Completed June

2010

October 2011

NCT01147848 24-wk trial in adolescent and adult patients

(aged >12 y) with persistent asthma

GlaxoSmithKline III Completed June

2010

July 2011

NCT01165138 12-wk trial in adolescent and adult patients

(aged >12 y) with persistent asthma

GlaxoSmithKline III Completed August

2010

October 2011

NCT01453023 Two-period trial in children (aged 5-11 y)

with persistent asthma

GlaxoSmithKline II Completed October

2011

June 2012

NCT01498653 12-wk trial in adolescent adult patients

(aged >12 y) of Asian ancestry despite

high-strength ICS or midstrength ICS/

LABA combination therapy

GlaxoSmithKline III Completed January

2012

March 2013

NCT01498679 12-wk trial in adolescent and adult patients

(>12 y) of Asian ancestry despite low-

to middle-strength ICS or low-strength

combination therapy

GlaxoSmithKline III Completed January

2012

July 2013

NCT01686633 12-wk trial in adolescent and adult patients

(aged >12 y) with persistent asthma

GlaxoSmithKline III Completed September

2012

October 2013

NCT02301975 24-wk trial in adolescent and adult patients

(>12 y) with persistent asthma despite

middle-dose ICS/LABA combination

therapy

GlaxoSmithKline III Recruiting March

2015

August 2016

Tiotropium

bromide

NCT01122680 Trial with 4-week treatment periods in

adolescent patients (aged 12-17 y) with

moderate persistent asthma

Boehringer

Ingelheim

II Completed May

2010

April 2011

NCT01257230 48-wk trial in adolescent patients (aged 12-

17 y) with moderate persistent asthma

Boehringer

Ingelheim

III Completed December

2010

December 2013

NCT01277523 12-wk trial in adolescent patients (aged

12-17 y) with severe persistent asthma

Boehringer

Ingelheim

III Completed January

2011

October 2013

NCT01383499 Trial with 4-wk treatment periods in

children (aged 6-11 y) with moderate

persistent asthma

Boehringer

Ingelheim

II Completed August

2011

September 2012

NCT01634113 12-wk trial in children (aged 1-5 y) with

persistent asthma

Boehringer

Ingelheim

II Completed July

2012

December 2014

NCT01634139 48-wk trial in children (aged 6-11 y) with

moderate persistent asthma

Boehringer

Ingelheim

III Ongoing July

2012

December 2015

NCT01634152 12-wk trial in children (aged 6-11 y) with

severe persistent asthma

Boehringer

Ingelheim

III Ongoing July

2012

May 2015

Mepolizumab NCT01000506 52-wk trial in adolescent and adult patients

(aged 12-65 y) with severe uncontrolled

refractory asthma

GlaxoSmithKline II Completed November

2009

March 2012

NCT01691508 24-wk trial in adolescent and adult patients

(>12 y) with severe refractory asthma

GlaxoSmithKline III Completed October

2012

December 2013

NCT01691521 32-wk trial and adolescent and adult patients

(aged >12 y) with severe refractory asthma

GlaxoSmithKline III Completed October

2012

January 2014

NCT01842607 12-mo trial in adolescent and adult patients

(>12 y) with severe refractory asthma

GlaxoSmithKline III Completed May

2013

March 2015

NCT02135692 Trial of up to 128 wk in adolescent and

adult patients (>12 y) with seriously

debilitating asthma

GlaxoSmithKline III Recruiting May

2014

October 2017

NCT02281318 24-wk trial in adolescent and adult patients

(aged >12 y) with severe eosinophilic

asthma

GlaxoSmithKline III Recruiting December

2014

May 2016

NCT02377427 12-wk trial in children (aged 6-11 y) with

severe eosinophilic asthma

GlaxoSmithKline II Planned April

2015

August 2016

Reslizumab NCT01270464 16-wk trial in adolescent and adults patients

(aged 12-75 y) with eosinophilic asthma

Cephalon (Teva) III Completed December

2010

December 2013

NCT01285323 12-mo trial in adolescent and adult patients

(aged 12-75 y) with eosinophilic asthma

Teva III Completed March

2011

May 2014

NCT01287039 12-mo trial in adolescent and adult patients

(aged 12-75 y) with eosinophilic asthma

Cephalon (Teva) III Completed March

2011

April 2014

(Continued)
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for these pharmaceuticals to gain FDA approval, focus should be
directed toward medication adherence. EMDs can be a tool to
generate discussion of adherence and provide reminders to pa-
tients. Real-world studies are needed to consistently demonstrate
that such technology ultimately leads to prevention of exacerba-
tions and improved symptom control. Inhaled therapeutics,
including tiotropium, might bemore readily available alternatives
as add-on therapy to achieve asthma control. Developing immu-
nomodulators (Fig 1) are already showing promise for control
of both risk and impairment domains in adolescents and adults.
Given the difference in adult and pediatric lung function and
asthma phenotypes, specific studies are warranted to assess their
benefit in children (Table I). Concurrently, appropriate pediatric
clinical biomarkers need to be explored to guide immunomodu-
lator use. The coming years will see a wealth of options available
to provide control of pediatric asthma, but this will ultimately rely
on a joint venture between patients, clinicians, and researchers to
find the appropriate personalized strategies to gain success.

Editorial assistance was provided by Denise Bonen, PhD, at Complete

HealthVizion, which was supported by Boehringer Ingelheim Pharmaceuti-

cals for these services. Drs Anderson and Szefler would like to thank Gretchen

Hugen for assistance with manuscript preparation.
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TABLE I. (Continued)

Agent Trial Summary Sponsor Phase

Current

status

Start

date

End date/estimated

completion date

Lebrikizumab NCT01875003 104-wk trial in adolescent patients (aged

12-17 y) with uncontrolled asthma

despite ICS and a second controller

medication

F. Hoffmann-La

Roche

III Recruiting August

2013

August 2019

NCT01987492 44-wk trial in adolescent and adult patients

(aged 12-75 y) with severe

corticosteroid-dependent asthma

F. Hoffmann-La

Roche

II Recruiting March

2014

August 2018

Dupilumab NCT02414854 1-y trial in adolescent and adult patients

(>12 y) with persistent asthma

Sanofi III Recruiting April

2015

August 2017

*ClinicalTrials.gov was accessed on May 15, 2015, using the search terms ‘‘agent’’ AND ‘‘asthma.’’ The results were then manually filtered for trials involving pediatric patients.
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Supplemental Table 1. Global Pediatric Asthma Drug Development1-4

Comparisons EU US

Knowledge gaps

Historically, drugs have been used in the treatment of children without the same
level of evidence as has been obtained in the treatment of adults

• Strategies to prevent
exacerbations

• Diagnostic criteria for all ages
• Validated control tests for all

ages
• Clinical trials in children <5

years
• Phenotype/genotype

stratification
• Criterion to start LABA therapy
• Long term follow-up depending

on MOA
• SIT in allergic asthma
• Surrogate endpoints/biomarkers
• Exercise induced asthma
• Age appropriate devices
• Validated PD parameter for

dose finding

• Strategies to prevent
exacerbations

• Primary prevention
• Disease modification
• Treatment of wheezing and

mild asthma
• Identification of optimal

strategies for ICS or
ICS+LABA step-down therapy

• Outcomes measures for children
• AEs as a function of

development
• Personalization of asthma

therapies
• Identify age-appropriate

medication delivery, especially
in the hospital setting

• Varying bioavailability and
dose finding

Regulatory
legislation

EMA FDA

• Current EU legislation, in place
since 2007 combined with US
legislation drives pediatric
asthma product development

• One pediatric process:
− Study incentives and

requirements are unified
under one legislation

• In the EU, mandatory pediatric
product development is
discussed earlier in the
regulatory process compared
with the US

• Current US
regulations/legislation, in place
since 1997 drives pediatric
asthma product development

• 2 separate pediatric processes
were both made permanent
under FDASIA in 2012:
− BPCA incentive

process; studies are
voluntary, applies to
drugs only

− PREA mandatory
requirement; studies are
required, applies to drug
and biologic asthma
products



Pediatric Collaboration: FDA & EMA
• Legislation passed in 2012 to move EU and US closer, regarding the

requirements for timing of discussion of pediatric plans to avoid exposing
children to unnecessary trials

• Both have agreed on the importance of age appropriate formulations,
validated endpoints, and long term follow-up to permit accurate and safe
dosing, assessment of efficacy and effects of chronic therapy, including
effects on growth

Pediatric
development

End of Phase II End of Phase II

Document used Pediatric Investigation Plan Pediatric Study Plan

Age classifications

Term newborn infants: 0 to 27 days Neonate: birth to 1 month

Infants/toddlers: 28 days to 23 months Infant: 1 months to 2 years

Children: 2 to 11 years Children: 2 to 12 years

Adolescents: 12 to 16-18 years Adolescents 12 to <16 years

Types of studies
required

• Grade of asthma severity
• Efficacy
• Safety
• PK and PD
• Non clinical
• Quality

• Grade of asthma severity
• Efficacy
• Safety
• PK and PD

BPCA = Best Pharmaceuticals for Children Act; EMA = European Medicines Agency; EU = European Union;
FDA = Food and Drug Administration; FDASIA = Food and Drug Administration Safety and Innovation Act;
ICS = inhaled corticosteroids; LABA = long-acting β2-agonists; MOA = mechanism of action; PD =
pharmacodynamics; PK = pharmacokinetics; PREA = Pediatric Research Equity Act; SIT = specific
immunotherapy; US = United States



1. European Medicines Agency. Report of the expert meeting on paediatric asthma. Available at:

http://www.ema.europa.eu/docs/en_GB/document_library/Minutes/2012/11/WC500135121.pdf. Last

updated 2012. Accessed 16 September 2014.

2. Smyth AR, Barbato A, Beydon N, Bisgaard H, de BK, Brand P, Bush A, Fauroux B, de JJ, Korppi M,

O'Callaghan C, Pijnenburg M, Ratjen F, Southern K, Spencer D, Thomson A, Vyas H, Warris A, Merkus

PJ. Respiratory medicines for children: current evidence, unlicensed use and research priorities. Eur Respir J

2010; 35: 247-265.

3. Sutherland ER, Busse WW. Designing clinical trials to address the needs of childhood and adult asthma: the

National Heart, Lung, and Blood Institute's AsthmaNet. J Allergy Clin Immunol 2014; 133: 34-38.

4. European Medicines Agency. ICH Topic E 11 Clinical Investigation of Medicinal Products in the Paediatric

Population. Available at:

http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2009/09/WC500002926.pdf.

Last updated 2001. Accessed 16 September 2014.



Supplemental Table 2. Emerging pharmacological therapies for asthma1

Classification Agent Mechanism Efficacy Potential
predictors of
response

Mode of
administration

Development
Phase

Bronchodilator:
Long-acting
anticholinergic

Tiotropium bromide
Boehringer Ingelheim
1-11

Relaxes airway
smooth muscle
cells

Improves FEV1, FVC, PEF, ACQ,
AQLQ and reduces exacerbation
rate in adult patients
Improves FEV1, PEF and ACQ in
adolescent patients (12-17 years)
Improves FEV1, FVC, PEF, ACQ,
PAQLQ[S] in children (6-11
years)

FEV1, FVC,
PEF, ACQ,
AQLQ,
exacerbations

Inhaled QD Phase III

Bronchodilator:
Inhaled
corticosteroids/
long-acting β2-
agonists

Fluticasone propionate
/formoterol fumarate
SkyePharma AG
12-24

Suppresses
airway
inflammation or
relaxation effect
on airway
smooth muscle

Improves FEV1, PEF, ACQ,
AQLQ and reduces exacerbation
rate in adolescent (>12 years) and
adult patients

FEV1, PEF,
ACQ, AQLQ,
exacerbations

Inhaled BID Phase III

Fluticasone
furoate/vilanterol
GlaxoSmithKline
25-30

Improves FEV1 and PEF in
adolescent (>12 years) and adult
patients
The PK and PD profile were
comparable with fluticasone
furoate in children (6-11 years)

FEV1, PEF Inhaled QD Phase III

Indacaterol
maleate/mometasone
furoate
Novartis
31

Improves FEV1, FVC, PEF, ACQ
and reduces exacerbation rate in
adolescent (>12 years) and adult
patients

FEV1, FVC,
PEF, ACQ,
exacerbations

Inhaled QD Phase II

Fluticasone
furoate/umeclidinium
bromide
GlaxoSmithKline
32

Improves FEV1 and PEF in adult
patients

FEV1, PEF Inhaled QD Phase II

Anti-IL-4/IL-13
monoclonal
antibody

Dupilumab
Sanofi and Regeneron
33

Modulates IL-4
and IL-13
signaling,
drivers of a TH2
immune
response

Improves FEV1 and ACQ and
reduces exacerbation rate in adult
patients

FEV1, ACQ,
exacerbations

Subcutaneous
QW

Phase III

Anti-IL-5 Reslizumab Reduces Improves FEV1,ACQ, AQLQ and FEV1, ACQ, Intravenous Phase III



monoclonal
antibodies

Teva and Cephalon
34,35

production,
activation, and
proliferation of
eosinophils

reduces exacerbation rate in
adolescent (>12 years) and adult
patients

AQLQ,
exacerbations

QW

Benralizumab
AstraZeneca,
MedImmune LLC and
Kyowa Hakko Kirin
Company
36-38

Reduces eosinophil counts and
exacerbation rate in adult patients

Eosinophils,
exacerbations

Intravenous
QW

Phase III

Mepolizumab
GlaxoSmithKline
39-44

Improves PEF, ACQ, AQLQ,
reduces exacerbation rate and
esoinophil counts in adolescent
(>12 years) and adult patients

PEF, ACQ,
AQLQ,
exacerbations,
eosinophils

Intravenous
Q4W

Phase III

Anti-IL-13
monoclonal
antibodies

Tralokinumab
AstraZeneca and
MedImmune
45

Theoretically
blocks airway
hyperresponsive
ness,
eosinophilic
inflammation,
and mucus
production

Improves FEV1 in adult patients FEV1 Subcutaneous
Q2W

Phase III

Lebrikizumab
F. Hoffmann-La Roche
and Genentech
46-48

Improves FEV1 in adult patients FEV1 Subcutaneous
QMT

Phase III

QAX576
Novartis

No results reported Intravenous Q3W Phase II

Anti IL-17
monoclonal
antibody

Brodalumab
Amgen
49

Blocks IL-17
inflammatory
signaling

No treatment differences observed
in adult patients

Subcutaneous Phase II

CRTH2
antagonists

OC000459
Oxagen
50-52

Reduces
PGD2/CRTH2
effect on
inflammation

Improves FEV1, ACQ, AQLQ and
reduces eosinophil counts in adult
patients

FEV1, ACQ,
AQLQ,
eosinophils

Oral QD Phase II

MK1029
Merck Sharp & Dohme
Corp

No results reported Oral QD Phase II

ARRY-502
Array BioPharma

No results reported Oral QD Phase II

ADC3680
Pulmagen Therapeutics

No results reported Oral QD Phase II

QAW039
Novartis

No results reported Oral QD Phase II

Oligonucleotide ASM8 Promotes TH1 Decreases eosinophil counts in Eosinophils Inhaled BID Phase II



agents Pharmaxis
53

over TH2
response

adult patients

TLR7 agonist GSK2245035
GlaxoSmithKline

Blocks TH2-
mediated airway
inflammation

No results reported Nasal spray QW Phase II

ACQ, Asthma Control Questionnaire; AQLQ, Asthma Quality of Life Questionnaire; BID, twice daily; CRTH2, chemoattractant receptor-homologous
molecules expressed on T helper lymphocytes; FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity; IL, interleukin; NO2, nitic oxide;
PEF, peak expiratory flow; PGD2, prostaglandin D2; PAQLQ[S], Standardised Paediatric Asthma Quality of Life Questionnaire; PD, pharmacodynamic; PK,
pharmacokinetic; QD, once daily; QMT, once monthly; QW, once weekly; Q2W, once every 2 weeks; Q3W, once every 3 weeks; Q4W, once every 4 weeks;
TLR, toll-like receptor
1. PubMed search performed using the Boolean string: (Agent [Title/Abstract]) AND asthma[Title/Abstract]) in May 2015. ClinicalTrials.gov accessed on
May 14, 2015 using the search terms: “agent” AND “asthma”
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