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Abstract

Allergic asthma is defined as asthma associated with sensitization to aeroallergens, which leads to
asthma symptoms and airway inflammation. Allergic asthma is the most common asthma
phenotype. The onset of allergic asthma is most often in childhood and is usually accompanied by
other comorbidities including atopic dermatitis and allergic rhinitis. It is often persistent although
there is a wide variation in disease severity. It is a Ty2-driven process. Biomarkers have been
identified to distinguish patients with allergic asthma, particularly serum IgE levels, tests to
indicate sensitization to aeroallergens such as specific IgE or skin prick test positivity, blood and
sputum eosinophil levels, fraction of exhaled nitric oxide, and periostin. Treatments for allergic
asthma include environmental control measures, allergen immunotherapy, and glucocorticoids.
Biologics, targeting the T2 pathway, have been shown to be effective in the treatment of allergic
asthma.
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DEFINING ALLERGIC ASTHMA

Allergic asthma is usually defined as asthma associated with sensitization to aeroallergens.
Sensitization to aeroallergens significantly contributes to asthma symptoms and airway
inflammation. Inhalation of allergen leads to acute bronchoconstriction, followed by
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inflammatory cell influx, which triggers a late asthmatic response.? Allergic asthma is the
most common asthma phenotype.3 It is estimated that up to 80% of childhood asthma and
more than 50% of adult asthma cases may have an allergic component.* The Third National
Health and Nutrition Examination Survey estimated that 56% of asthma cases in the United
States were associated with atopy.> Allergic asthma is a T2-driven process.2 The main
cytokines involved include IL-4, IL-5, and 1L-13. IL-4 and IL-13 are critical for IgE class
switching.® In a population-based cohort of young adults, cytokine profiles of participants
with an allergic asthma phenotype were compared with those with a nonallergic asthma
phenotype. Patients with allergic asthma had elevated IL-5 secretion as well as a Ty2-
skewed cytokine response with a lower IFN-y to T2 cytokine ratio.” Other important
inflammatory cells in the T2 pathway include mast cells, CD4* T cells, and type 2 innate
lymphoid cells.8

CLINICAL CHARACTERISTICS OF ALLERGIC ASTHMA

Allergic asthma is often accompanied by a history of eczema? and allergic rhinitis.® It is
more common in males than in females.® Allergic asthma typically starts in childhood.1011
In a cross-sectional analysis of subjects with severe asthma, those with early onset asthma,
before age 12 years, had significantly more allergen sensitization and allergic symptoms
compared with those with late-onset asthma: 98% versus 76%.10 In this study, 40% of those
with early onset asthma had eczema or a history of eczema.10 In a study of adolescents and
adults with and without asthma, history of allergic rhinitis and seasonal exacerbations of
asthma were more likely in allergic asthma, although the prevalence of rhinitis symptoms
was the same in both groups.® Patients with allergic asthma are more likely to have a family
history of asthma.12

Allergic asthma is not common in the first year of life given that sensitization to
aeroallergens usually does not occur before age 2 years. However, the prevalence of allergic
asthma increases throughout childhood and adolescence.! Sensitization to allergens is
thought to have a significant role in the development of asthma. The Asthma Predictive
Index is used to determine the likelihood that a child with a history of wheezing will develop
asthma. The Asthma Predictive Index is considered positive if a child has more than 3
episodes of wheezing in the first 3 years of life and at least 1 major or 2 minor criteria. The
major criteria are physician-diagnosed atopic dermatitis, parental history of asthma, and
sensitization to an aeroallergen. The minor criteria are peripheral eosinophils more than 4%,
wheezing unrelated to the common cold, and sensitization to a food allergen.13 Holt et al
hypothesized that host response to viral antigens and aeroallergens is responsible for airway
inflammation early in life. A low level of Tl immunity and a skewed T2 response lead to
airway inflammation and subsequent damage to airway mucosal tissues. If a patient is
exposed to both infection and sensitization to allergens, there is a high risk for persistent
asthma.14 This is supported by a prospective cohort study of 2601 children, followed from
birth, which found that lower respiratory tract illness with wheezing in the first year of life
and atopy were independently associated with an increased risk for asthma at the age of 6
years. This risk was increased even more in children with both respiratory infections in the
first year of life and atopy.1® A study of subjects at risk for atopic disorders demonstrated a
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strong association between early sensitization, wheezing past age 5 years, and bronchial
hyperresponsiveness.16

Allergic asthma is often persistent? and typically continues into adulthood.1* The German
Multicentre Allergy Study followed 1314 children from birth to 13 years and found that
children with early onset wheeze who were also sensitized to perennial allergens were more
likely to develop persistent asthma.1” There is a large variation in disease severity.2 In the
Epidemiological Study on the Genetics and Environment of Asthma (EGEA), atopic
children were found to have significantly milder asthma compared with nonatopic children.
18 However, a study by Fitzpatrick et all® that followed school-age children with asthma
longitudinally over 6 months found that children with severe asthma had more allergic
sensitization than those with mild to moderate asthma. In adults, a cross-sectional
observation study comparing subjects with severe asthma to subjects with asthma controlled
by low-dose inhaled corticosteroids (ICSs) found that subjects in the severe asthma group
had less sensitization to allergens.20

Clustering analyses have been done in adults and children to determine distinct asthma
groups, each identifying at least 1 cluster with allergic asthma.1121-24 (Table 1). One study
performed latent class analysis in adults from EGEA and the European Community
Respiratory Health Survey. In each sample, there was an active treated, allergic, childhood-
onset asthma cluster.22 Hierarchical cluster analysis using subjects from the Severe Asthma
Research Program cohort identified 5 clusters, 3 of which had atopic asthma. Most of these
subjects had early onset asthma. The 3 clusters with atopic asthma varied with regard to
asthma severity, baseline lung function, response to bronchodilators, medication
requirements, asthma symptoms, and health care utilization.1> A second Severe Asthma
Research Program analysis performed on subjects with bronchoalveolar lavage, blood, and
fractional exhaled nitric oxide (Feno) data identified an early onset allergic asthma cluster.
Patients in this cluster had low lung function and eosinophilic inflammation.28 A k-means
cluster analysis was performed in a population with mild to moderate asthma managed by
primary care and a population with refractory asthma managed in secondary care. Clusters
of early onset atopic asthma were identified in both populations. There was 1 atopic cluster
in the primary care group and 2 atopic clusters in the secondary care cohort. Those with
atopic asthma in the primary care group had a greater number of hospitalizations and asthma
exacerbations when compared with other clusters within the group.2! Those with atopic
asthma within the secondary care population had greater airway dysfunction and more
asthma symptoms and eosinophilic airway inflammation on higher doses of corticosteroids
when compared with the atopic asthma group with more mild disease. Overall, the
difference between the groups was in the severity of disease.?! Another study performed
latent class analysis in 3001 adults with a history of asthma from 3 large epidemiological
studies (EGEA, European Community Respiratory Health Survey, and the Swiss Cohort
Study on Air Pollution and Lung and Heart Diseases in Adults). Four classes were
identified, 2 with allergic asthma.2> Latent transition analysis was applied to longitudinal
data from 3320 adults with asthma from the same 3 studies. Seven groups were identified, 4
of which were identified as “allergic.” The clusters were observed at 2 time points, 10 years
apart. Allergic status remained stable over time. Subjects with an allergic phenotype were
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more likely to demonstrate improvement over time compared with those with a nonallergic
phenotype.24

A study by Fitzpatrick et al?3 performed cluster analysis aimed at identifying phenotypes in
school-age children with severe asthma. Three of the 4 clusters identified had early onset
atopic asthma. The clusters varied on the basis of degree of airflow limitation.23 Spectral
clustering was performed in 1041 children with mild to moderate persistent asthma, and 5
patient clusters were identified. Of these 5 clusters, 4 had atopic asthma, differing on the
basis of levels of obstruction and exacerbation rates. There was consistency in phenotypic
distributions over time.2”

HISTOLOGY IN ALLERGIC ASTHMA

The airways of patients with allergic asthma have increased reticular basement membrane
thickness®28 as well as smooth muscle hypertrophy and epithelial damage. There is
mucosal infiltration by eosinophils, mast cells, and CD4* T cells as well as expression of
high-affinity IgE receptors on inflammatory and resident cells. One study found increased
expression of the gelforming mucins, MUC5AC and MUC?2, and repression of MUC5B
expression in airway epithelial cells in Ty2-high asthma when compared with T2-low
asthma and healthy controls.28

LUNG FUNCTION IN ALLERGIC ASTHMA

The association between allergic asthma and lung function is unclear. Some studies have
found that patients with allergic asthma have better lung function than do those with
nonallergic asthma,2® whereas others have suggested that patients with allergic asthma have
decreased lung function.17:30 A cross-sectional analysis using survey data from children and
adolescents suggested that asthma, sensitization to house-dust mite, and increasing severity
of allergic rhinitis were associated with a lower FEV4.31 At the same time, other studies
demonstrated that FEV4 was higher in patients with allergic asthma than in those with
nonallergic asthma.®10

BIOMARKERS IN ALLERGIC ASTHMA

Multiple biomarkers have been established to identify patients with allergic asthma
including total IgE and tests for atopy such as specific IgE and skin prick tests for allergens.
Allergic asthma often presents with T2-high biomarkers including elevated blood and
sputum eosinophil counts and Feno, as well as periostin in adults.32 A study classified
subjects with asthma into Ty2-high or T2-low asthma, on the basis of high or low
expression of IL-13—inducible genes, respectively. Patients with T2-high asthma had
increased allergen skin prick test reactivity, higher serum IgE levels, and higher peripheral

blood and bronchoalveolar lavage eosinophil counts relative to those with T2-low asthma.
28

An association between allergic asthma and elevated total IgE has been shown. In the EGEA
study, total IgE was positively associated with history of hospitalization for asthma and ICS
treatment in the past 12 months; however, it was not associated with clinical severity score.18
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On the other hand, another study found that children with severe asthma had significantly
higher serum IgE compared with subjects with mild to moderate asthma.1®

Specific IgE antibodies to environmental allergens suggest sensitization and are associated
with allergic asthma because these allergens are often asthma triggers.33 It is important to
note that sensitization alone may not be clinically relevant because the interpretation of skin
prick tests and specific IgE to whole allergen extracts relies on arbitrary cutoffs, which do
not distinguish between pathologic and benign sensitizations.34 Pathologic sensitization is
sensitization associated with clinical symptoms, whereas benign sensitization is sensitization
without symptoms. Component-resolved diagnostics measure levels of specific IgE to a
large number of allergenic molecules and may help identify clinically relevant sensitization.
35 Latent variable modeling with a number of allergen components demonstrated 3 patterns
of IgE responses. One group with sensitization to 27 components of plant, animal, and
fungal origin had a strong association with asthma.3® Another study examined the
relationship between IgE responses to multiple allergen components and their associations
with asthma. This study found that the pattern of interaction between component-specific
IgEs was the major predictor of asthma.3” It is still to be determined how this can be
integrated into clinical use. Allergen-specific 1gG/IgE antibody ratios may help distinguish
benign and pathologic sensitization, although not currently used in clinical practice.38
Among sensitized children from 2 birth cohorts in the United Kingdom and Australia,
IgG/IgE antibody ratios for dust mite were lower among children with asthma than among
asymptomatic children. This suggests that allergen-specific IgG antibodies may protect
against expression of symptoms.3?

Feno is generated by inducible nitric oxide synthase, which is induced by 1L-13.4° It has
been used for the assessment of eosinophilic airway inflammation in asthma*! and has the
advantage of being noninvasive and easily measured.2 Per the American Thoracic Society
guidelines, a Feno greater than 50 parts per billion in adults or 35 parts per billion in
children is an indicator of eosinophilic inflammation and likely response to corticosteroids.
42 Online Feno levels were measured in 495 individuals enrolled in the Severe Asthma
Research Program cohort. Patients with high FEno were more likely to have early onset
asthma, more positive skin test results, and higher serum IgE and blood and sputum
eosinophils.#! Elevated Feno levels must be considered cautiously because they can be
elevated in relation to allergic rhinitis, eosinophilic bronchitis, and diet, as well as allergen
or viral exposure.*2 A single-blind, placebo-controlled trial of inhaled fluticasone in patients
with undiagnosed respiratory symptoms found greater steroid response in subjects with
higher Feno.%3 A systematic review investigating the utility of a FEno-based strategy to
guide asthma management found a reduction in asthma exacerbation in both children and
adults; however, the benefit was inconsistent and did not extend to other asthma outcomes
such as asthma symptoms or rescue medication use.*4

Sputum eosinophils can be a useful biomarker of allergic asthma.*> A systematic review
found that using sputum eosinophilia to guide asthma management resulted in reduced
exacerbations in adults but not a significant difference in children when compared with
guideline-based management.#* Sputum in children with atopic and nonatopic asthma and
healthy controls was compared. In sputum, median eosinophil counts as well as
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concentrations of I1L-4, IL-5, IFN-vy, IL-2, and IL-12p70 were higher in children with atopic
asthma than in those with nonatopic asthma or healthy controls.#6 However, there is
limitation in using sputum eosinophils in clinical practice due to technical difficulties in
obtaining sputum eosinophils.#” A systematic review investigating the accuracy of Feno,
IgE, and blood eosinophils as single markers for airway eosinophilia in patients with asthma
found that these markers had only moderate sensitivities and specificities.*8

Eosinophil peroxidase (EPX) has been suggested as a proxy for lower airway eosinophilia.
EPX is a protein secreted by eosinophils that can be detected by ELISA. One study
demonstrated correlation between sputum eosinophil percentage and nasal and pharyngeal
EPX levels. Using EPX levels is minimally invasive and easier to obtain than sputum
eosinophils*9; however, clinical use is limited given that diagnostic cutoff levels have not
been established.>0

Serum periostin is a ligand for integrin receptors and is produced by airway epithelial cells
and lung fibroblasts in response to IL-13 and 1L-4.51 It has been considered as a biomarker
of Ty2-high asthma because of its association with increased airway hyperresponsiveness,
elevated total IgE, and eosinophilic inflammation.®! In an observational study of subjects
with uncontrolled severe asthma on high-dose ICS, serum periostin was shown to be a
biomarker of persistent airway eosinophilia.>2 However, another study in adults with poorly
controlled asthma demonstrated that although periostin levels were significantly associated
with airway eosinophilia and were higher in patients with eosinophilic asthma compared
with noneosinophilic asthma, periostin could not predict the presence of an eosinophilic
inflammatory subtype.*’

Studies have attempted to identify nasal biomarkers that are representative of the lower
airways. One study found moderate correlations between IL-24 levels in the upper and lower
airways. Nasal 1L-24 levels showed a strong negative correlation to the Global Initiative for
Asthma score, whereas sputum IL-24 levels were increased in patients with asthma in
season.>3 Another study, in children, found increased expression of vascular endothelial
growth factor, TGF-f2, and periostin in airway epithelial cells of atopic children with
asthma compared with atopic children without asthma and healthy controls. There was good
correlation between bronchial and nasal epithelial expression of these factors.>*

Biomarkers that have been associated with the allergic phenotype of asthma include elevated
IgE levels, elevated sputum eosinophils, periostin, and Feno. These biomarkers are reflective
of the pathophysiologic mechanisms underlying allergic asthma. Investigation for novel
biomarkers is currently ongoing.

GENETICS OF ALLERGIC ASTHMA

Interactions between genes and environmental factors influence the development of allergic
asthma.14 Variants of the Filaggrin, ORMDL3, and thymic stromal lymphopoietin (TSLP)
promoter genes as well as the chromosome 17g12-21 locus have been associated with
allergic asthma.®:% Single nucleotide polymorphisms (SNPs) have been associated with
allergic asthma. In a latent class analysis that identified 2 phenotypes with allergic asthma,
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inactive and active, specific SNPs were associated with each phenotype. SNPs in IL1RL1,
IL18R1, DPP10, TSLP, TAD50-1L13, HLA-DQ, I1L33, RORA, ORMDL3/GSDMB, and
IL12RB were associated with active allergic asthma, whereas SNPs in IL1IRL1, HLA-DQ,
IL33, and SMAD3 were significantly associated with inactive allergic asthma.25 In pooled
genome-wide association studies in pediatric allergic asthma, SNPs have been identified in
the coding sequence of C5 as well as loci regulating mediation of immune or inflammatory
mechanisms and airway smooth muscle contraction.® Polymorphisms in the coding region of
the IL-4 receptor alpha chain have been associated with susceptibility to atopic asthma.>®
DNA methylation changes have been identified in the nasal epithelia of inner-city children
with allergic asthma.5’

TREATMENT OF ALLERGIC ASTHMA

There are multiple treatment considerations for allergic asthma, including environmental
control measures, immunotherapy, glucocorticoids, and biologics. Environmental control
measures can have a significant impact in allergic asthma. A study of 937 children with
atopic asthma in 7 cities in the United States demonstrated that an intervention to decrease
cockroach and dust mite allergens resulted in decreased asthma symptom days.?8 A
randomized controlled trial (RCT) found that the use of dust mite—impermeable bedding
effectively decreased the number of mite-sensitized children with asthma attending the
hospital with asthma exacerbations.>® However, it is often difficult to achieve significant
remediation leading to clinical improvements in a nonclinical study environment.

Allergen immunotherapy (AIT) has been shown to be effective in the treatment of allergic
asthma. Multiple guidelines recommend consideration of AIT for patients with allergic
asthma.80-62 Although AIT can be used in patients with well-controlled asthma, it is not
routinely used in severe asthma given that uncontrolled asthma is the major risk factor for
severe AlT-related adverse events.®3 Use of omalizumab in combination with AIT can
increase the effectiveness and safety of subcutaneous immunotherapy (SCIT).5465 Studies
have demonstrated significant improvement in asthma symptoms in children with allergic
asthma after AIT.54 AIT has the potential to decrease the risk of progression from allergic
rhinitis to asthma and prevent new allergen sensitizations.%8 AIT can be administered either
subcutaneously (SCIT) or sublingually (sublingual immunotherapy [SLIT]).67 Patients can
receive single or multiallergen SCIT; however, there are only 4 Food and Drug
Administration (FDA)-approved SLIT products (1 for ragweed, 1 for dust mite, and 2 for
grass). SCIT has been shown to reduce asthma symptoms, airway hyperresponsiveness, and
medication requirements®8-70 although its effect on lung function is unclear.” SLIT is
recommended as add-on therapy for asthma in adults and adolescents with allergic rhinitis,
asthma exacerbations despite ICS with FEVq greater than or equal to 70% predicted, and
sensitizations to house-dust mite.61 Both a systematic review and a meta-analysis concluded
that SLIT decreased asthma symptoms and medication use.”%:"2 Although both SCIT and
SLIT have been shown to improve asthma symptoms, SLIT may have a more favorable
safety profile.”3 AIT may also help prevent asthma in patients at risk for allergic asthma.
The Preventive Allergy Treatment Study was a 10-year follow-up study of SCIT in children
with seasonal rhinoconjunctivitis that demonstrated that treatment with AIT had a preventive
effect on the development of asthma.”* Similarly, the 5-year grass SLIT asthma prevention
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trial in children with grass pollen allergy found that treatment with grass SLIT decreased the
risk of asthma symptoms or using asthma medication during the 5-year trial period, although
there was no effect on the time to asthma onset.”®

Patients with allergic asthma are typically responsive to corticosteroids. A multicenter,
randomized, double-blind, double-dummy clinical trial in children with asthma found that
subjects with best response to daily ICS were those with aeroallergen sensitization and blood
eosinophilia.”® Another study comparing ICS to montelukast in children with asthma found
that children with FEno greater than 25 ppb, blood eosinophil count greater than 350
cells/mm3 and serum IgE greater than 200 kU/L responded better to ICSs.”” Both of these
studies support the use of blood eosinophilia and allergic sensitization in predicting response
to ICS in children. In a study in adults, subjects with Ty2-high asthma treated with inhaled
fluticasone had significant improvements in FEV; at 4 and 8 weeks compared with subjects
treated with a placebo whereas those with T2-low asthma did not.28

In patients with poorly controlled allergic or eosinophilic asthma on high-dose 1CS-long-
acting p-agonists or maintenance oral corticosteroids, treatment with a biologic should be
considered.81 Multiple biologics targeting the T2 pathway underlying allergic asthma are
currently approved or in clinical trials. These targets include IgE, IL-5, IL-4 receptor alpha
(receptor for both IL-4 and 1L-13), IL-13, and TSLP.”® There are 5 FDA-approved biologics
for the treatment of asthma: omalizumab, mepolizumab, reslizumab, benralizumab, and
dupilumab (Table 11).

Omalizumab is a recombinant humanized anti-IgE monoclonal antibody (mAb) that binds
IgE at the FceRI binding site, the same site as the high-affinity IgE receptor. Treatment with
omalizumab reduces levels of free IgE and downregulates the expression of FceRI receptors
on mast cells, basophils, and dendritic cells. Decreased expression of FceRI receptors on
mast cells causes reduced mast cell activation and sensitivity, leading to a reduction in the
influx and activation of eosinophils.92 Reduction of FceRI receptors on dendritic cells
restores anti-viral activity important in mitigating viral-induced asthma exacerbations.
Omalizumab is FDA approved for patients 6 years or older with uncontrolled moderate to
severe persistent allergic asthma despite high-dose ICS. It has been shown to be effective in
decreasing asthma symptoms and exacerbations in a number of double-blind RCTs.93:94
Omalizumab has been shown to have an ICS-sparing effect when compared with placebo in
RCTs in children and adolescents with moderate to severe allergic asthma®5-97: however, the
same benefit has not been shown with oral corticosteroids.®® A Cochrane review concluded
that omalizumab treatment resulted in fewer asthma exacerbations, a reduction in ICS and
rescue medication use, and an improvement in asthma symptom scores and quality of life.98
Omalizumab has only a modest effect on lung functions. Data from RCTs have shown
inconsistent effects of omalizumab on lung function?3:96.99 in patients with allergic asthma.
However, 2 recent studies, 1 prospective and 1 retrospective, demonstrated a clinically
meaningful improvement in lung function in adolescents treated with omalizumab.80:100

Dupilumab is a human mAb to the IL-4 receptor alpha that inhibits 1L-4 and IL-13
signaling.83 It is FDA approved for the treatment of moderate to severe asthma in patients 12
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years or older. In RCTs, patients treated with dupilumab had decreased rates of asthma
exacerbations as well as a significant increase in FEV4 compared with placebo.101.102

Mepolizumab is a humanized mAb against IL-5, a cytokine involved in eosinophilic
inflammation.103 It should therefore be considered in patients with peripheral eosinophilia.
Mepolizumab is approved for patients 6 years or older with eosinophilic asthma.
Mepolizumab has been shown to improve asthma control and decrease asthma
exacerbations, particularly in patients with blood eosinophil counts greater than or equal to
150 cells/uL. DREAM (Dose Ranging Efficacy and Safety with Mepolizumab in severe
asthma) and MENSA (Mepolizumab as Adjunctive Therapy in Patients with Severe Asthma)
were both RCTSs that demonstrated that mepolizumab significantly reduces the rate of
asthma exacerbations when compared with placebo.103:104

Benralizumab is an anti—IL-5 receptor alpha mAb that leads to antibody-dependent cell-
mediated cytotoxicity of cells bearing this receptor including eosinophils and basophils,
ultimately causing depletion of eosinophils.8? It is approved for patients 12 years or older
with severe eosinophilic asthma. In a double-blind RCT, treatment with benralizumab
decreased asthma exacerbations in adults with uncontrolled asthma and eosinophil counts of
greater than or equal to 300 cells/pL.%0 Two other RCTs, in patients aged 12 to 75 years,
demonstrated that treatment with benralizumab significantly lowered annual exacerbation
rates and improved prebronchodilator FEV; and asthma symptom scores.89:91

Dupilumab, mepolizumab, and benralizumab have been shown to have oral corticosteroid—
sparing effects.

Reslizumab is a humanized mAb against IL-5. It is approved for adults with severe
eosinophilic asthma. It is administered intravenously every 4 weeks. In RCTSs, it has been
shown to lead to improvements in FEV1, asthma exacerbations, rescue inhaler use, asthma
control, asthma symptoms, and quality of life in patients with poorly controlled asthma and
blood eosinophilia.86:87 However, reslizumab has not been shown to be as effective in
patients with eosinophil counts of less than 400 cells/uL,88 nor has it been effective when
dosed subcutaneously.

Selecting the most appropriate biologic is based on a number of factors including blood
eosinophil count, evidence of allergic sensitization, age, and comorbid conditions (Figure 1).
61 |n patients with the classic allergic phenotype, including symptoms triggered by allergens,
evidence of sensitization based on skin prick testing or specific IgE, or onset in childhood,
omalizumab is likely the most appropriate biologic.6? Omalizumab and now mepolizumab
are the only biologics approved for children aged 6 to 12 years. Omalizumab is approved for
patients aged 6 to less than 12 years with IgE levels 30 to 1300 IU/mL and for patients 12
years or older with total IgE level 30 to 700 1U/mL193; however, benefit has been shown
even with levels outside of these parameters. In patients with eosinophilic asthma as well as
evidence of Ty2-high asthma such as elevated Feno, dupilumab may be the most appropriate
biologic to select. Dupilumab is FDA approved for the treatment of patients with oral
corticosteroid dependence. It is FDA approved for the treatment of atopic dermatitis and
nasal polyps and so it may be most appropriate for patients with asthma and these comorbid
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conditions.106 Per the most recent Global Initiative for Asthma guidelines, patients with
eosinophilic asthma and more exacerbations in the previous year may have the best response
to an anti—IL-5 or anti—IL-5 receptor alpha such as mepolizumab, reslizumab, or
benralizumab.81 In this case, patient preference for mode of administration may play a role
because mepolizumab and benralizumab are both administered subcutaneously whereas
reslizumab is administered intravenously. Mepolizumab, as mentioned above, is approved
for patients 6 years or older, benralizumab for patients 12 years or older, and reslizumab for
patients 18 years or older.

New potential targets for allergic asthma are being investigated. GATA3 is a transcription
factor of the T2 pathway, and SB010 is an inhaled DNAzyme that inactivates expression of
GATAZ3. In a double-blind RCT, SB010 decreased early and late responses to allergen
challenge compared with placebo in patients with allergic asthma and sputum eosinophilia.
107 Other therapies currently under investigation include anti—IL-33 antibodies, 108 CRTH2
antagonists, 199 anti-TSLP mAbs,108 and chemokine receptor 4 antagonists.110.111

CONCLUSIONS

Effective treatments for allergic asthma exist, including those targeting the allergic trigger
such as environmental control measures or immunotherapy, and those targeting the
underlying Ty2 pathway such as the mAbs.

Despite overlap with other asthma phenotypes, allergic asthma can be classified as a distinct
phenotype. It is a Ty2-driven process that can be distinguished on the basis of its clinical
presentation with asthma symptoms following exposure to allergic triggers as well as
specific biomarkers. Multiple therapeutic options for allergic asthma exist and understanding
of the underlying mechanisms in allergic asthma can help guide effective treatment.
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Figure 1.

Choosing a biologic. /V; Intravenous; LABA, long-acting B-agonist; OCS, oral

Does patient require a biologic?

e Asthma not controlled despite
treatment with ICS-LABA

e Allergic or eosinophilic
phenotype

e ORrequires maintenance oral
corticosteroids

YES

pr

e Are asthma symptoms triggered
by allergens?
e IgElevel
o Adults: 30-700 IU/ml
o Children 30-1300 IU/ml

NO

p-

Is eosinophil count > 150 cells/ul

YES

Does patient have any of the
following:

e Increased FENO?

e OCSdependent asthma?
e Atopic dermatitis?

e Nasal polyps?

NO
YES - -
| Is patient 6-11 years of age? | Consider Mepolizumab SC
every 4 weeks
NO
YES . -
| [s patient 12-18 years of age? | Consider Mepohzumab
SC or Benralizumab SC
NO
YES Consider Mepolizumab
[s patient >18 years of age? SC or Benralizumab SC
or Reslizumab IV

YES Consider Omalizumab*
# SC every 2 or 4 weeks
(dosing based on weight
and IgE level)

YES Consider
Dupilumab** SC
every other week
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corticosteroid; SC, subcutaneous. *Omalizumab is approved for patients > 6 years of age.
**Dupilumab is approved for patients = 12 years of age with asthma and = 6 years with
atopic dermatitis.
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Clustering analyses

TABLE L.

Page 19

Ages of Study Distinguishing features of
Study Analysis subjects population Clustersidentified atopic clusters
Moore et Hierarchical 212y Severe Asthma Cluster 1: Younger, F > M, childhood Clusters 1, 2, and 4 most
alll cluster Research onset, atopic, normal lung function consistent with allergic
analysis Program— Cluster 2: F > M, childhood onset, phenotype: atopic, highest serum
subjects with atopic, relatively normal lung function, total IgE levels, childhood onset
persistent more medication use Differences in clusters 1, 2, and
asthma of all Cluster 3: F > M, older, highest BMI, 4: baseline lung function,
severity levels late-onset asthma, less atopy, decreased response to bronchodilators,
lung function, more medicines medication requirements, asthma
Cluster 4: F = M, childhood onset, atopy, =~ symptoms, and health care
decreased lung function utilization
Cluster 5: F > M, later onset, less atopy,
low pre- and postbronchodilator FEV,
Haldar et k-means Adults Subjects from 2 Mild to moderate disease: Cluster 1 from Mild to
al2t cluster populations: Cluster 1: Early onset, atopic, moderate disease and
analysis Mild to eosinophilic airway inflammation clusters 1 and 3 from refractory
moderate Cluster 2: Obese, F > M, disease with characteristics
disease noneosinophilic consistent with allergic
managed in Cluster 3: “Benign asthma,” middle- phenotype: atopic, Early onset
primary care aged, well-controlled symptoms and Cluster 1 from both groups with
and refractory inflammation eosinophilic inflammation
asthma managed  Refractory disease: (elevated sputum eosinophil
in secondary Cluster 1: Early onset, atopic count and FENO) but cluster 3
care Cluster 2: Obese, noneosinophilic with minimal eosinophilic
Cluster 3: Early onset, atopic, symptom disease
predominant, minimal eosinophilic
disease
Cluster 4: Late-onset, M > F,
eosinophilic inflammation, few
symptoms
Siroux et Latent class Adults ECRHSII and ECRHSII: Phenotypes A, C, E, and G
al?? analysis EGEA2 Phenotype A: Atopic, childhood-onset, consistent with allergic asthma
active disease phenotype: atopy, earlier onset,
Phenotype B: Older, adult-onset, F > M,  greater % with IgE = 100 IU/mL
active disease Phenotypes A and E with active
Phenotype C: “Inactive/mild untreated disease
allergic asthma” Phenotype E with highest
Phenotype D: “Inactive/Mild untreated eosinophil count
nonallergic asthma”
EGEA2:
Phenotype E: Atopic, childhood-onset,
active disease
Phenotype F: Older, adult-onset, active
disease
Phenotype G: “Inactive/Mild untreated
allergic, childhood-onset asthma”
Phenotype H: “Inactive/Mild untreated
adult-onset asthma”
Fitzpatrick Cluster Children  Severe Asthma Cluster 1: Late-onset, symptomatic, Clusters 2, 3, and 4 with
et al?3 analysis aged Research normal lung function, less atopy characteristics consistent with
6-17y Program—Mild  Cluster 2: Early onset, atopic, normal allergic asthma: atopy, Early
to moderate lung function onset, higher serum IgE
asthma and Cluster 3: Early onset, atopic, Mild
severe asthma airflow limitation
Cluster 4: Early onset, atopic asthma,
advanced airflow limitation
Boudier et Latent Adults Subjects from 3 Phenotype A: “Allergic, few symptoms, Phenotypes A, D, E, and F with
al?4 transition studies: no treatment” characteristics consistent with
analysis ECRHS, Phenotype B: “Nonallergic, few allergic phenotype: atopy,
SAPALDIA, symptoms, no treatment” greater % with total IgE = 100
and EGEA Phenotype C: “Nonallergic, high 1U/mL

symptoms, treatment”

Phenotype D: “Allergic, high symptoms,
treatment, BHR”

Phenotype E: “Allergic, moderate

A, D, E, and F differed on the
basis of symptom frequency and
lung function
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Ages of Study Distinguishing features of

Study Analysis subjects population Clustersidentified atopic clusters

symptoms, BHR”
Phenotype F: “Allergic, moderate
symptoms, normal lung function”
Phenotype G: “Nonallergic, moderate
symptoms, no treatment”
Siroux et Latent class Adults Subjects from 3 Phenotype A: “Inactive/mild nonallergic ~ Phenotypes B and C with
al?s analysis studies: asthma” characteristics consistent with
ECRHS, Phenotype B: “Inactive/mild allergic allergic phenotype: atopy,
SAPALDIA, asthma” childhood-onset, higher
EGEA Phenotype C: “Active allergic asthma” likelihood of IgE =100 1U/mL
Phenotype D: “Active adult-onset,
nonallergic asthma”

Wu et al?6 Unsupervised Adults Severe Asthma Cluster 1: Normal controls Cluster 4 identified as early
clustering Research Cluster 2: Mild asthma, early onset onset, allergic cluster; however,
methods Program Cluster 3: F > M, frequent symptoms, clusters 2, 4, and 6 had early

allergic sensitization onset asthma and most clusters
Cluster 4: F > M, high BMI, frequent had multiple allergen skin
symptoms, early onset reactions and symptoms caused
Cluster 5: Older, later onset, poor lung by animal exposure
function, nasal polyps and sinusitis Cluster 6 had the highest FENO;
Cluster 6: Early onset, frequent Clusters 2, 4, and 5 had higher
symptoms, poorest lung function blood eosinophil numbers than
cluster 1
Howrylak Spectral Children Mild to Cluster 1: “Mild asthma with low atopy, Clusters 2, 3, 4, and 5 with
et al?’ clustering moderate obstruction, and exacerbation rate” atopy, differing in regard to level
aged 5-12y Cluster 2: “Atopic asthma with low of obstruction and
persistent levels of obstruction and medium rates exacerbation rates
asthma of Clusters 2 and 5 universally

exacerbation”

Cluster 3: “Atopic asthma with high
levels of obstruction and medium rates
of

exacerbation”

Cluster 4: “Moderately atopic asthma
with high levels of obstruction and high
exacerbation rates”

Cluster 5: “Highly atopic asthma with
high levels of obstruction and high
exacerbation rates”

report AD

Clusters 2 and 3 with high
prevalence of allergic rhinitis
and skin test reactivity

Cluster 5 with highest skin test
reactivity prevalence and highest
IgE levels, intermediate
prevalence of allergic rhinitis
Cluster 4 with no history of AD,
intermediate prevalence of
allergic rhinitis, and lower IgE
levels

AD, Atopic dermatitis; BHR, bronchial hyperresponsiveness; BM/, body mass index; ECRHS, European Community Respiratory Health Survey;
F, female; M, male; SAPALDIA, Swiss Cohort Study on Air Pollution and Lung and Heart Diseases in Adults; SC, subcutaneous.
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Biologics approved for treatment of asthma

TABLE Il

Page 21

Medication

M echanism of
action

Indications

Mode of administration

Biomarkers predicting
responseto therapy

Biomarkers
modulated

by therapy

Omalizumab

Dupilumab

Mepolizumab

Reslizumab

Benralizumab

mAb to IgE:
Recognizes IgE
at FceRI binding
site leading to
decreased free
IgE, decreased
expression of
FceRI, and
decreased
mediator release

mAb to IL-4
receptor alpha

mADb against
IL-5

mADb against
IL-5

mADb against
IL-5 receptor
alpha

Moderate to severe
persistent asthma in
patients 26 y with
evidence of sensitization
to a perennial
aeroallergen and
symptoms not controlled
with ICS

Moderate to severe
asthma in patients 212 y
with an eosinophilic
phenotype or oral
corticosteroid—dependent
asthma

Add-on maintenance
treatment for patients
with severe asthma =6 y
with an eosinophilic
phenotype

Add-on maintenance
treatment for patients
with severe asthma 218 'y
with an eosinophilic
phenotype

Add-on maintenance
treatment for patients
with severe asthma =12y,
with an eosinophilic
phenotype

75-375 mg SC every 2 or 4
wk. Dose and dosing
frequency determined by
serum total IgE and body
weight

Administered
subcutaneously. Initial dose
of 400 mg followed by 200
mg every other week. For
patients requiring oral
corticosteroids or with
moderate to severe atopic
dermatitis, initial dose of
600 mg followed by 300 mg
every other week

Patients > 12 years: 100 mg
SC every 4 weeks; 6-11
years: 40 mg SC every 4
weeks

3 mg/kg IV every 4 wk

30 mg SC every 4 weeks for
the first 3 doses, followed by
once every 8 weeks
thereafter

FENO (219.5 ppb), blood
eosinophils (=260 cells/
uL), periostin (=50
ng/mL) associated with
greater effects in
reductions in
exacerbations’®

FENO (=25 ppb) and
blood eosinophils (=300
cells/uL) associated with
ACT scores and lung
function improvement
but not clinically
significant®°

For exacerbations: FENO
and blood eosinophils
For FEV;: FENO, blood
eosinophils, periostin,
total IgE®?

Blood eosinophils 2150
cells/uL84

Blood eosinophils 2400
cells/pL86-88

Blood eosinophils 2300
cells/puL 899t

IgE FENOS!

FENO IgES3

Blood
eosinophils
Sputum
eosinophils®

Blood
eosinophils

Blood
eosinophils

ACT, Asthma Control Test; mAb, monoclonal antibody; SC, subcutaneous.
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