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Abstract
Purpose of Review There has been an explosion of monoclonal antibodies in the treatment of severe uncontrolled adult asthma.
Studies have now been published in severe pediatric asthma. There are numerous questions that need to be answered in
determining whether these modalities are appropriate and safe in children.
Recent Findings This is a narrative review examining the latest pediatric literature on monoclonal antibodies, both approved and
in the pipeline, for uncontrolled asthma. Presently, all of the biologics are positioned to treat patients with underlying type 2 high
disease. Two monoclonal antibodies are approved for children 6 years of age and older, omalizumab and mepolizumab, with
more likely approved in the near future.
Summary The effect of these agents in controlling severe pediatric asthma is promising. Data is limited to long-term efficacy and
safety, and whether any agent has an effect on the natural history of asthma.
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Introduction

Asthma is the most common chronic condition seen in
the pediatric population with estimates that 7.5% of
children and adolescents in the United States suffer
from it [1]. During 2013, children with asthma aged
5–17 years missed 13.8 million days of school per year
(2.6 days per child). The good news is that control has
improved for children with mild to moderate persistent
disease as the percentage of children with asthma who
experienced an asthma attack decreased significantly,
from 61.7% in 2001 to 53.7% in 2016 [2].

Unfortunately, the burden of uncontrolled childhood
asthma continues to be a major public health issue in
the United States and throughout the world. For the 5%

of the pediatric asthma population with severe disease,
optimal control has been difficult to achieve. It is this
group of patients that account for a disproportionally
high amount of the direct and indirect costs seen in
the disease [3]. Frequent asthma exacerbations affect
the quality of life of those with uncontrolled disease
in addition to their parents/caregivers and are associated
with an accelerated loss of lung function [4]. In defin-
ing severe asthma, a panel consensus report developed
by allergists and pulmonologists in 2017 stated it is
“Asthma that, despite patient adherence, requires high-
dose inhaled corticosteroid (ICS) plus long-acting beta-
agonist (LABA) and/or additional controller medication
or requires oral corticosteroids (OCS) to prevent it from
becoming uncontrolled or that remains uncontrolled de-
spite this therapy” [5]. There is a need in children that
meet this definition for newer therapies which can lead
to better long-term outcomes and improved quality of
life with minimal risk of side effects with chronic use.

In this review, we will assess the use of monoclonal
antibodies in the management of the child with uncon-
trolled asthma as related to their different asthma phe-
notypes and endotypes. Our examination will include
the approved monoclonal products in children in addi-
tion to ones in the pipeline. For each biological agent,
we will assess the current data on the mechanism of
action, efficacy, and safety in the pediatric population.
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Phenotypes and Endotypes in Pediatric Asthma

The pathophysiologic model of asthma has evolved from a
mostly singular entity to a multifaceted network of interrelated
inflammatory pathways leading to more distinct clinical pre-
sentations. Asthma endotypes refer to distinct mechanistic
pathways, broadly known as either type 2 (T2) high or T2-
low, that lead to variable clinical presentations or phenotypes
[6••]. Characterizing asthma endotypes and phenotypes has
inherent prognostic and therapeutic implications. Pediatric
asthma has historically been described as an atopic disease
with a Th2 predominant cytokine profile that includes inter-
leukin (IL) 4, IL-5, and IL-13 leading to eosinophilic airway
inflammation. Th2 CD4+ Tcells were initially identified as the
source of these cytokines, but further evidence showed that
these cytokines and others in the Th2 pathway are produced
by non-Th2 cells including basophils, mast cells, eosinophils,
and group 2 innate lymphoid cells (ILC2s). To recognize this
more diverse immunologic origin, the inflammatory state as-
sociated with asthma was recategorized as type 2 inflamma-
tion [7]. The dual endotype classification of T2 versus non-T2
asthma has direct clinical implications as the eosinophilia seen
in T2 asthma correlates with corticosteroid response, the onset
of disease, and severity of symptoms [8].

Allergen sensitization and subsequent exposure are thought
to drive the characteristic eosinophilic inflammation in over
half of pediatric asthma patients [9]. It is estimated that up to
80% of pediatric asthma and more than 50% of adult asthma
cases may have an allergic component [10]. When exposed to
small molecules such as allergens, pollutants, or microbes,
airway epithelia release “alarmins” such as IL-25, IL-33, and
thymic stromal lymphopoietin (TSLP) that start a cascade of
multiple inflammatory pathways. TSLP primes dendritic cells
to stimulate type 2 inflammation via activation of CD4+ Th2
cells and B cells while IL-25 and IL-33 principally activate
ILC2s. The Th2 cytokines IL-4 and IL-5 produced by CD4+

Th2 cells lead to B cell differentiation into immunoglobulin E
(IgE) secreting plasma cells and promote eosinophil differen-
tiation and survival respectively [11]. IL-4 and IL-13 secretion
leads to increased goblet cell expression and thus mucous
secretion and airway hyper-responsiveness which are central
to asthma pathophysiology [12].

The three biomarkers of type 2 inflammation most thor-
oughly characterized in the literature and therefore used to
guide the selection of biologic agents for asthma treatment
include serum IgE, peripheral blood eosinophils, and exhaled
nitric oxide (FeNO) [13, 14]. A systematic review investigat-
ing the accuracy of serum IgE, blood eosinophils, and FeNO
as single markers for airway eosinophilia in patients with asth-
ma found that these markers had only moderate sensitivities
and specificities [15]. Of these T2 biomarkers, clinical expe-
rience has been greatest with peripheral blood eosinophilia
which most likely reflects both the ease of measurement and

near-universal involvement of eosinophils in T2-high inflam-
mation [13, 16]. Allergic asthma, a Th2-driven process, is
defined as asthma associated with symptomatic sensitization
to aeroallergens as measured by serum specific IgE or skin
prick test positivity and is commonly comorbid with allergic
rhinitis and atopic dermatitis [17]. Allergic sensitization and
blood eosinophilia in children with asthma can be used to
predict response to inhaled corticosteroid therapy. Amulticen-
ter, randomized, double-blind clinical trial found that children
with aeroallergen sensitization and blood eosinophilia experi-
enced the best response to daily ICS therapy [18]. In a similar
fashion, another study found that children with FeNO >
25 ppb, blood eosinophilia > 350 cells/mm3, and serum
IgE > 200 kU/L exhibited a better response to ICS over
montelukast. An association between allergic asthma and ele-
vated total serum IgE has been shown. In the epidemiological
study on the Genetics and Environment of Asthma (EGEA)
study, total IgE was positively associated with a history of
hospitalization for asthma and ICS treatment in the past
12months. Data examining pediatric asthma severity and total
serum IgE has been mixed. In one study, total serum IgE level
was not associated with clinical severity score [19] while an-
other found that children with severe asthma had significantly
higher serum IgE compared with subjects with mild to mod-
erate asthma [20].

IL-13 induces nitric oxide synthase function which in turn
generates FeNO [21]. FeNO has been used as a corollary of
eosinophilic airway inflammation in asthma and has the ad-
vantage of being both easily measured and noninvasive [22,
23]. Per the American Thoracic Society guidelines, a FENO of
> 50 ppb in adults or 35 ppb in children is an indicator of
eosinophilic inflammation and likely response to corticoste-
roids [22]. In a cohort of 495 individuals enrolled in the
Severe Asthma Research Program showed that patients with
high FeNO were more likely to have early-onset asthma,
greater number of positive skin testing to aeroallergens, higher
serum IgE, and both blood and sputum eosinophilia. A sys-
tematic review investigating the utility of a FENO-based strat-
egy to guide asthma management found a reduction in asthma
exacerbation in both children and adults, but this benefit was
inconsistent and did not extend to other asthma outcomes such
as asthma symptoms or rescue medication use [24]. However,
caution must be taken when incorporating FeNO into asthma
management decisions as FeNO can be elevated in allergic
rhinitis, eosinophilic bronchitis, dietary inorganic nitrate con-
sumption, and viral and allergen exposure [22].

Patients with Th2-high asthma had increased allergen skin
prick test reactivity, higher serum IgE levels, and higher pe-
ripheral blood and bronchoalveolar lavage eosinophil counts
relative to those with T2-low asthma [9]. T2-low (or non-T2)
asthma is characterized by either a neutrophilic or
paucigranulocytic infiltrate. A paucicellular asthma pheno-
type has been defined as low sputum eosinophil and
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neutrophil counts (eosinophils < 3%, neutrophils < 60%) in
both children and adults [25]. The cytokines produced in neu-
trophilic inflammation are a mix of Th1 and Th17 cytokines
such as IL-8, IL-17A, and IL-22. Neutrophilic inflammation is
thought to be triggered by either infections, tobacco smoke, or
inhaled pollutants [26]. In children, neutrophilic airway in-
flammation is uncommon and tends to vary over time [27].
The trigger for the paucicellular phenotype is largely un-
known. The paucicellular phenotype is poorly defined in
pre-school children, but has been proposed to correspond with
the early onset (average age of 18 months) of the “Mild
Episodic Viral Wheeze” or EVW phenotype that was seen in
children with symptoms in the setting of upper respiratory
tract infections only, overall mild disease course, and higher
likelihood of a normal chest X-ray [28, 29]. Overall, non-T2
asthma is more prevalent in obese and older patients which
suggests a role for systemic or metabolic inflammation [30].
As of yet, there are no successful trials of targeted therapies in
adult and pediatric asthmatic patients without evidence for
type 2 inflammation [31].

The Need for New Therapies in Children with Severe
Uncontrolled Asthma

Although most children respond well to safe and evidence-
based stepwise pharmacological treatment, about < 5% of
children show a severe therapy-resistant asthma phenotype
who require increasing doses of ICS and an additional con-
troller medication to either achieve or maintain control [32].
This diminished responsiveness to standard therapy demon-
strates the need for alternative treatments that target the het-
erogeneous causes of severe asthma, specifically biologic
therapy. Evaluating patients for adherence to and proper use
of evidence-based, stepwise pharmacologic treatment prior to
proceeding to biologic therapy is also essential [33]. We will
review the different monoclonals approved and in the pipeline
for severe uncontrolled pediatric asthma and summarize the
relevant studies performed in this population with these agents
in Table 1.

Biologic Therapy: Omalizumab

attenuation of the Th2 immune response [63, 64]. Most im-
portantly, the decreased mast cell activation and sensitivity
ultimately reduces eosinophilic tissue infiltration [65, 66].
An additional mechanism by which omalizumab mediated
IgE depletion may reduce exacerbation frequency is by restor-
ing normal production of interferon-α following rhinovirus
exposure as some asthmatic subjects have been shown to have
increased rhinovirus susceptibility with increased expression
of IgE on mononuclear and dendritic cells [45, 67–70]. There
is also data to support that omalizumab therapy reduces circu-
lating basophils which correlated with clinical outcomes
which suggests a possible mechanistic relationship between
IgE levels and circulating basophil populations [71].

Omalizumab is administered via subcutaneous injection
every 2 or 4 weeks. A nomogram guides dosing and admin-
istration frequency derived from pre-treatment total serum IgE
(eligible if measured between 30 and 1500 IU/mL) and pa-
tient’s weight [72]. Prior to approval of the first biologic ther-
apy, asthma treatment efficacy was largely assessed via im-
provement in lung function as a primary outcome. Early clin-
ical studies found that omalizumab reduced the frequency of
exacerbations and decreased the clinical need for other con-
troller medications (including ICS), but did not improve lung
function when added onto standard controller therapies [73,
74]. This has led to an overall paradigm shift towards a focus
on reducing risk of exacerbations and hospitalizations as a
primary outcome in biologic therapy trials and marker of dis-
ease control [16••]. A number of studies have established the
efficacy and safety of omalizumab for the treatment of chil-
dren with moderate to severe persistent allergic asthma uncon-
trolled on high-dose inhaled corticosteroid (ICS) plus a long-
acting beta-agonist (LABA) [16, 75–78]. The US Food and
Drug Administration (FDA) first approved omalizumab’s use
in adolescents and adults ≥ 12 years of age in 2003 with ex-
panded approval down to as young as 6 years of age in
July 2016 [79]. The expanded pediatric approval was largely
based on the results of 3 multicenter, randomized, double-
blind, placebo-controlled phase III studies in children age 6
to 11 years [36, 45, 47]. The scope and longevity of available
data, extensive safety profile, and longer term real-world clin-
ical experience of omalizumab’s use with allergic asthma
makes it the current biologic therapy of choice in children.

Busse’s sentinel 2011 Inner-City Anti-IgE Therapy for
Asthma (ICATA) Study in 419 inner-city children aged 6–
20 years of age showed that omalizumab utilized as “add-
on” therapy to guideline-directed care compared to placebo
significantly reduced the number of days that patients experi-
enced asthma symptoms (24.5% decrease) and proportion of
participants who had ≥ 1 exacerbation over the study period
(48.5 to 30.3%) that persisted despite reducing the use of ICS
and LABA therapy [36]. Interestingly, the predominant bene-
ficial effects of omalizumab therapy were greatest on seasonal
asthma exacerbations in the spring and fall. Johnston had
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Omalizumab was the first biologic therapy approved for asth-
ma and is currently the only anti-IgE therapy in use.
Omalizumab is a recombinant, humanized IgG1 monoclonal
antibody that binds to the constant region (C3) of free circu-
lating IgE thereby preventing IgE binding to both high-affinity
and low-affinity IgE receptors, FcƐR1 and CD23, respective-
ly, on mast cells and basophils. The reduction of free IgE leads
to the downregulation of FcƐR1 expression on inflammatory
cells, including mast cells, basophils, and dendritic cells [61,
62]. The downregulation of FcƐR1 expression on dendritic
cells reduces antigen presentation to T cells and subsequent
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previously described the “September Epidemic of Asthma”
which refers to the increase in asthma exacerbations when
children return to school in the fall. This has been attributed
to both increased allergen and respiratory virus exposure [80].
Busse’s study showed the most notable reduction in exacer-
bations during high-risk times of the year from children which
was further supported by nasal swabs that confirmed a rhino-
virus upper respiratory infection in a significant proportion of
patients with seasonal exacerbations [36]. The Preventative
Omalizumab or Step-up Therapy for Fall Exacerbations
(PROSE) protocol was designed to detect if the addition of
omalizumab prior to school resuming the fall session and for
the following 4 months would protect children ages 6–
17 years of age at high risk for asthma exacerbation due to
higher prevalence of respiratory viruses during this time of the
year [50]. A unique strength of this study was the 4–9 month
pre-trial period where asthma control was achieved in each
enrolled subject with guideline-directed care prior to random-
ization to omalizumab or placebo at 1 month prior to their re-
entry into school. As predicted, the frequency of fall exacer-
bations was patients receiving omalizumab was significantly
reduced [50].

Omalizumab was generally well tolerated with the most
common adverse effect being transient injection site reactions
[81]. A small study from Hendeles, et al. with 15 participants
showed that omalizumab may represent an alternative therapy
for patients with recalcitrant non-adherence to daily ICS ther-
apy that fails to improve with conventional educational inter-
ventions [82]. Har et al. showed that children with moderate to
severe persistent asthma and sensitization to multiple
aeroallergens who received either omalizumab or combination
therapy (omalizumab and subcutaneous immunotherapy or
SCIT) had significantly lower rates of systemic reactions com-
pared to SCIT alone which suggests that omalizumab may be
used as a bridge to safely administer SCIT in patients with
allergic asthma.

The safety data derived from multiple sources including
clinical trials, observational studies, and post-marketing mon-
itoring show an overall favorable safety and tolerability profile
for omalizumab in children and adolescents [34, 38, 48, 83,
84]. Anaphylaxis has not been observed in pediatric studies
unlike in adolescent and adult studies [39, 40]. The most fre-
quently reported side effects were mild to moderate injection
site reactions in up to 44% of patients in the initial studies that
lasted 3–14 days, but resolved without specific intervention
[34, 83]. Finally, there is no evidence to support an increased
risk of malignancy in patients treated with omalizumab [38,
48]. Long-term monitoring of treated patients is still ongoing
to further support this overall favorable safety profile. Despite
the above evidence, the optimal selection of pediatric patients
remains somewhat unanswered. Phenotypic features that pre-
dict a favorable clinical response include severe asthma with
multiple allergic disease comorbidities, elevated serum

eosinophils, high total IgE, and elevated FeNO [37, 81].
Currently, there is limited evidence to support the use of
omalizumab in children < 6 years of age, very high IgE levels
> 1500 IU/mL, and non-allergic severe asthma phenotypes.
Preliminary studies have been performed in non-allergic chil-
dren [85] and children with excessively high IgE levels [86]
with encouraging results, but more study would be needed.

Omalizumab is currently being evaluated as a potential
disease-modifying and preventative therapy. The Preventing
Asthma in High-Risk Kids (PARK; ClinicalTrials.gov
Identifier: NCT02570984) study is a randomized, double-
blind, placebo-controlled trial designed to examine if 2 years
of omalizumab therapy can reduce the risk of progression to
persistent asthma in high-risk 2–3-year-olds as reflected in the
prevalence of active asthma in the final 12 months of a 2-year
observation period of the study of drugs [87]. Asthma severity
would be another primary outcome. Secondary outcome mea-
sures include the number of new allergic sensitization mea-
sured via skin prick test (SPT) and a decrease in the number of
wheezing episodes. This study is actively recruiting and the
estimated study completion date is November 27, 2025.
Overall, the combination of clinical trial and real-world data
supports the use of omalizumab for the treatment of both
adults and children with severe asthma with evidence of Th2
inflammation and comorbid allergic sensitization [16••].

Biologic Therapy: Mepolizumab

Mepolizumab is a humanized, IgG1 monoclonal antibody
(mAb) targeting interleukin-5 (IL-5) used to treat severe asth-
ma with an eosinophilic phenotype. IL-5, whose expression
has been associated with the exacerbation of later-onset or
less-atopic asthma [88, 89], regulates various aspects of eosin-
ophilic inflammation including their proliferation, maturation,
and activation [90].

Mepolizumab is indicated for use in patients aged 6 years
or older with severe eosinophilic asthma in several countries
including the United States, European Union, and Japan. The
safety and efficacy of mepolizumab in adolescents have been
evaluated in multiple trials [91–94]. These studies established
that mepolizumab was efficacious, reduced asthma exacerba-
tions in a durable manner, and improved health-related quality
of life (HRQoL) in patients with severe eosinophilic asthma.
Long-term studies have also suggested a safety profile that
was mostly similar to placebo [92]. In a network meta-
analysis that compared the relative efficacy of several bio-
logics used in the treatment of eosinophilic asthma,
mepolizumab demonstrated the biggest improvement in terms
of asthma control questionnaire (ACQ) scores and the second
greatest magnitude of effect in asthma quality of life question-
naire (AQLQ) scores among all anti-IL-4, IL-5, and IL-13
mAbs studied. However, it also had the least improvement
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in forced expiratory volume in 1 s (FEV1), compared to all
other approved mAbs in the study [88].

Mepolizumab received approval by The US Food and
Drug Administration (FDA) to treat severe asthma with an
eosinophilic phenotype in the pediatric population aged 6–
11 years based on evidence from a non-randomized, open-
label, phase 2 trial and its long-term extension study that eval-
uated safety and pharmacodynamics [51, 52]. In the first part
of the study, children aged 6–11 years (N = 36) received either
40 mg or 100 mg of mepolizumab subcutaneously once every
4 weeks during the treatment period of 12 weeks (a total of 3
doses) based on their body weight group. There was an addi-
tional 8-week follow-up period after which patients who com-
pleted all doses and assessments and opted to continue receiv-
ing mepolizumab entered the long-term extension where they
received 13 more doses of the medication subcutaneously
once every 4 weeks. At the end of the initial treatment period,
mepolizumab reduced blood eosinophil counts by 83–89%. In
the long-term safety study, adverse events (AEs) were report-
ed in 90% of patients, of which 27% were deemed as
mepolizumab-related and resolved without treatment interrup-
tion. The most common AEs were bronchitis, headache, and
asthma exacerbation. Twenty-three percent of patients had a
serious adverse event (SAE), but none of the SAEs were
judged to be mepolizumab-related. It should be noted that
the study had several limitations. Due to the open-label nature
and the objectives of the study, no placebo or comparator
groups were included, making direct efficacy or safety com-
parisons impossible. Recruiting challenges for trials in the age
group also meant a small sample size, further limiting efficacy
assessments. While there is ample amount of data for
mepolizumab use in adolescents, the use of mepolizumab in
the age group 6–11 years has only been studied up to a period
of 80 months so far and may require additional investigation
to validate the long-term safety and efficacy in this population
[52]. However, at the time of writing, mepolizumab remains
the only therapy approved to treat severe eosinophilic asthma
in this younger pediatric population. Given the relatively sim-
ilar safety profile compared to adolescents and the limited
treatment options for eosinophilic asthma in younger children,
mepolizumab may be considered a viable therapy choice.

Biologic Therapy: Benralizumab

Benralizumab is another humanized, IgG1 monoclonal anti-
body (mAB) targeting interleukin-5 (IL-5) used to treat severe
eosinophilic asthma. It is the first and currently only anti-
eosinophil monoclonal antibody that binds directly to the IL-
5 receptorα on eosinophils [95]. In addition, it attracts natural
killer cells to induce apoptosis of eosinophils without the re-
lease of inflammatory mediators [95]. As a result, it decreases
the eosinophil count and reduces asthma exacerbations.

Benralizumab was initially approved for use in patients 18–
75 years with severe eosinophilic asthma. It showed a reduction
in asthma exacerbations and improved lung function asmeasured
by the forced expiratory volume in 1 s (FEV1) [53–55].
Benralizumab later received approval by the US Food and
Drug Administration (FDA) as add-on maintenance treatment
for patients with severe eosinophilic asthma aged 12–75 years
as supported by data in randomized, double-blind, parallel-group,
placebo-controlled phase 3 studies [53, 55]. Presently, there is a
study enrolling children aged 6 to 11 years with severe eosino-
philic asthma to assess the pharmacokinetics, pharmacodynam-
ics, and long-term safety of benralizumab administered subcuta-
neously (ClinicalTrials.gov, NCT04305405).

In the CALIMA and SIRROCO studies, patients were ran-
domly assigned to receive benralizumab 30mg every 4weeks,
benralizumab 30 mg every 8 weeks, or placebo. For the
CALIMA study, they received treatment for 56 weeks and
for the SIROCCO study for 48 weeks. The primary endpoint
was the annual exacerbation rate ratio versus placebo and
secondary endpoints of prebronchodilator FEV1 and total
asthma symptom score [53, 55]. The results confirmed a re-
duction in annual asthma exacerbation rate with increased
prebronchodilator FEV1 in patients. The most common ad-
verse events were nasopharyngitis and upper respiratory tract
infections with the rate of AEs to be similar in both groups.
Overall, benralizumab appears to have clear benefits including
a reduction in asthma exacerbations with an improvement in
FEV1 and the added benefit of the least frequent dosing
schedule among the biologics.

Biologic Therapy: Dupilumab

Dupilumab is a fully human IgG4 monoclonal antibody which
targets the interleukin-4 receptor alpha (IL-4Rα) subunit. Since
the cytokines IL-4 and IL-13 signal through IL-4Rα,
dupilumab binding to the shared receptor complex inhibits sig-
naling by both cytokines and thus inhibits their overlapping
functions [96]. IL-4 and IL-13 are secreted primarily by Th2
cells and innate lymphoid type 2 cells (ILC2) and are central
drivers of type 2 inflammation [97–99]. These cytokines are
also produced by basophils, natural killer (NK) cells, mast cells,
and eosinophils [98, 99]. IL-4 plays a critical and unique role in
Th2 cell differentiation that then produce large quantities of IL-
4, IL-5, and IL-13 [96, 98]. IL-4 and IL-13 recruit and activate
inflammatory cells, including eosinophils, and induce class
switching of B cells, thus mediating the production of
allergen-specific IgE [98, 100, 101]. IL-13 has been implicated
in airway remodeling through its effects on airway epithelium
and smooth muscle [98, 101]. Since pediatric asthma is most
commonly distinguished by a Th2 cytokine profile and IgE-
mediated allergen sensitization, blocking the underlying cyto-
kines simultaneously via their shared functional receptor repre-
sents a viable therapeutic strategy [102, 103].
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Dupilumab is currently approved in the United States as an
add-on maintenance therapy to treat patients aged 12 years
and older with poorly controlled moderate-to-severe eosino-
philic asthma. It is also approved in Europe as an add-on
maintenance treatment in adolescents aged 12 years and older
for severe asthma. Multiple global clinical trials that investi-
gated the safety and efficacy of dupilumab in treating asthma
in this population have demonstrated improved outcomes in-
cluding lower oral glucocorticoid use, reduced rates of exac-
erbation of asthma, better lung function, and improved quality
of life as well as a somewhat benign safety profile [56–60].
However, it should be noted that somewhat higher rates of
eosinophilia were observed in patient groups receiving
dupilumab compared to those in the placebo groups [57,
60]. In a network meta-analysis comparing the relative effica-
cy of biologics used to treat eosinophilic asthma, dupilumab
demonstrated the greatest improvement in lung function and
HRQoL as measured by FEV1 and AQLQ, respectively [88].

Dupilumab has also been approved in the US to treat other
type 2 inflammatory disorders like atopic dermatitis (AD) in
patients who are 12 years and older and in other regions such
as Europe and Japan in adult patients [104]. Dupilumab is being
investigated in a randomized, double-blind study for the treat-
ment of uncontrolled persistent asthma in this younger pediatric
population of 6–11 years (VOYAGE), and recruitment has been
completed (ClinicalTrials.gov, NCT02948959). As of February
2020, dupilumab is under priority review by the US FDA for
approval as an add-on maintenance treatment for children aged
6–11 years with moderate-to-severe AD, based on phase 3 data
that demonstrated that it improved clinical outcomes andHRQoL
measures in this age group (ClinicalTrials.gov, NCT03345914).
Dupilumab is also being evaluated as an adjunct therapy to
peanut oral immunotherapy in pediatric subjects with a peanut
allergy (ClinicalTrials.gov, NCT03682770).

Biologic Therapy: Reslizumab

Reslizumab, like mepolizumab, is a humanizedmAB against IL-
5 used to treat severe eosinophilic asthma. Its clinical efficacy
was established in patients aged 12–75 years in multiple double-
blind, randomized, placebo-controlled studies [105, 106].
Presently, there are no studies ongoing evaluating reslizumab in
pediatric asthma, though there is data with this biologic in eosin-
ophilic esophagitis down to the age of 5 [107].

The adult and adolescent studies in asthma demonstrated
those who received intravenous reslizumab at 3 mg/kg every
4 weeks for 52 weeks had a significant reduction in asthma
exacerbation frequency by up to 59% compared with placebo
[106]. In addition, patients experienced a significant increase in
FEV1 of 0.1–0.2 L relative to placebo over 16 weeks of therapy
[106]. The benefit was noted at 4 weeks of reslizumab in all
studies [105, 106] and maintained at 52 weeks [105].
Compared with placebo, reslizumab also showed significant

improvement in asthma symptoms as measured by the Asthma
Symptom Utility Index (ASUI) and Asthma Control
Questionnaire (ACQ), quality of life as measured by Asthma
Quality of Life Questionnaire (AQLQ), and blood eosinophil
count [105]. In an open-label extension study, reslizumab con-
tinued for up to 2 years was associated with durable lung func-
tion benefit [108].

One study investigated the safety profile of intravenous
reslizumab by analyzing data from 5 placebo-controlled trials
and 1 open-label extension and found AEs and serious AEs
occurred in higher percentages of patients in the placebo
group (81% and 9%) than the reslizumab group (67% and
6%) [109]. Overall, worsening asthma, nasopharyngitis, and
upper respiratory infections were the most common AEs.
Reslizumab is well tolerated, however, with a rare risk of
anaphylaxis as documented in a few cases [109].
Reslizumab has shown long-term safety and sustained long-
term efficacy in lung function.

Biologic Therapy: Tezepelumab

Recently, thymic stromal lymphopoietin (TSLP) has emerged
as an important cytokine that modulates multiple inflammatory
pathways including those in asthma [110, 111]. In fact, high
concentrations of TSLP have been found in the lungs of asth-
matics correlating with Th2 responses and disease severity
[110, 111]. A genetic evaluation has also found specific TSLP
polymorphisms being associated with a higher risk of develop-
ing asthma [112]. TSLP is involved in the inflammatory re-
sponse by binding to a high-affinity receptor complex com-
posed of the TSLP receptor and IL-7Rα. In a pediatric study,
TSLP was found to be significantly more elevated in patients
with asthma and negatively correlated with asthma control test
and T regulatory cells. Therefore, TSLP may be used as a bio-
marker for inflammation in pediatric asthma patients [113].
Tezepelumab is the first monoclonal antibody that binds to
TSLP hindering the binding of it to the TSLP receptor complex.
Studies are exploring this therapy as an add-on treatment option
for those with moderate-to-severe poorly controlled asthma.

Tezepelumab was initially evaluated in a double-blind,
placebo-controlled trial in 31 adult patients with mild allergic
asthma. Patients received three monthly doses of tezepelumab
(700 mg intravenous) or placebo. They found that those who
received tezepelumab had a reduction in the allergen-induced
bronchoconstriction during the early and late allergen chal-
lenges, decreased blood and sputum eosinophils, and a reduc-
tion in FeNO [114]. In a phase II randomized, double-blind,
placebo-controlled trial, 584 adult patients were randomized
to receive low (70 mg), medium (145 mg), or high doses
(210 mg) of tezepelumab or placebo every 4 weeks. The pri-
mary endpoint showed a reduction in annual exacerbation
rates of 61%, 71%, and 66% for low, medium, and high doses,
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respectively. The overall prebronchodilator FEV1 was greater
in the three tezepelumab groups than in placebo [115••].

At this time, tezepelumab has not been studied in the pedi-
atric population; however, there is an anticipated study that
will evaluate tezepelumab in adults and adolescents with se-
vere uncontrolled asthma for those aged 12 to 80 years.
Overall, tezepelumab appears to be a novel biologic therapy
in patients with uncontrolled asthma. It may also be an option
specifically for patients who are not responding to other bio-
logic therapies.

Conclusion

Pediatric asthma is one of the most common chronic condi-
tions of childhood. For most children, medications such as
inhaled corticosteroids, leukotriene receptor antagonists, and
long-acting beta-agonists, along with environmental control
measures and allergen immunotherapy, can keep their asthma
under control. Unfortunately, there is a small percent of pedi-
atric asthma sufferers who fail these treatments and may need
repeated courses of corticosteroids for exacerbations. These
are the high-cost patients who are at a greater risk for emer-
gency department visits and hospitalizations [116, 117].

Monoclonal antibody therapy may be an effective option in
these difficult to control pediatric patients. In a review of the
clinical studies published in the pediatric population, omalizumab
has the most extensive database, showing improvement in asth-
ma control and decreased exacerbations down to the age of 6. So
far, its safety profile in encouraging with no serious adverse
events in children. Mepolizumab, which has an indication for
pediatric asthmawith an eosinophilia phenotype down to 6 years,
was extrapolated from efficacy in adults and adolescents with
support from pharmacokinetic analyses and shows a safety pro-
file similar to seen in adult and adolescent studies [51, 52]. Other
monoclonal antibody treatmentsmay be approved in the pediatric
population in the near future. Very importantly, what is the effi-
cacy and safety with the long-term use of these agents in young
children? Are there safety differences over time than what is seen
in the adult population?When is it safe to stop treatment once it is
started in a child? We must be cognizant that we do not know if
any of these targeted treatments will have an effect on the natural
history of childhood asthma. Hopefully, over time, these ques-
tions will be answered.
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