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REVIEW

Targeted therapeutics for severe refractory asthma: monoclonal antibodies
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ABSTRACT
Severe asthma is a complex multifactorial disease that requires specialist multidisciplinary input for
optimal clinical outcomes. Following multidimensional assessment for optimisation of current therapy,
self-management skills and comorbidities, all patients should be accurately phenotyped. Only after this
assessment has been completed should new monoclonal antibody therapies be considered. In this
review, we summarise the new antibody approaches targeting identified pathological pathways in
severe refractory asthma.
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Introduction

Asthma is a common chronic inflammatory disorder of the
airways affecting approximately 300 million people worldwide.
Over the last three decades, there have been significant
advances in the management of and outcomes for people
with mild to moderate asthma. While asthma prevalence
throughout the world remains high, the majority of patients
with asthma can achieve effective disease control with stan-
dard guideline-based treatments [1].

However, this is not the case for a relatively small propor-
tion between 5% and 20% of patients with asthma who have
severe disease [2]. In this population, a major unmet need
remains in terms of both health and economic burden.
Patients with severe asthma suffer a high symptom burden
and health status impairment [3], resulting in two of three
severe asthma patients being unable to hold full-time employ-
ment because of their illness [4]. Severe asthma also accounts
for the majority of health-care expenditure for asthma, with
per patient costs 10 times that of mild disease [5], equating to
approximately 50% of all asthma health-care costs.

To address the ongoing problems related to severe asthma,
the European Respiratory Society and American Thoracic
Society taskforce on severe asthma was formed, with goals
of reviewing the definition and providing clinicians guidelines
for the assessment and management of severe asthma [1].
Their definition of severe asthma is as follows:

Asthma which requires treatment with guidelines suggested med-
ications for GINA steps 4–5 asthma (high dose inhaled corticoster-
oid (ICS) and long acting beta agonist (LABA) or leukotriene
modifier/theophylline) for the previous year or systemic corticos-
teroids for ≥50% of the previous year to prevent it from becoming
“uncontrolled” or which remains “uncontrolled” despite this ther-
apy [1].

Severe asthma is characterized by disease heterogeneity as
well as multiple exacerbating factors and comorbidities [6]. To
identify and treat these issues, the taskforce recommended
that patients undergo a systematic assessment to confirm
diagnosis, assess and optimize disease management skills,
triggers, and comorbidities, and that patients be characterized
in terms of disease phenotypes in order to target therapies [1].

In this review, we present the currently available monoclo-
nal antibody therapies as well as those in development for
severe asthma. These are discussed along with the importance
of and rationale for careful characterization of severe asthma
patients to confirm and manage the disease and support the
use of these targeted therapies.

Asthma phenotyping

Severe asthma is recognized as a heterogeneous disease with
great variability in clinical, pathological, immunological, molecu-
lar, and physiological domains. Unbiased statistical cluster ana-
lysis has helped identify clinical phenotypes in severe asthma [7–
10]. Chung [10] summarized these findings and presents the
following three primary clinical severe asthma phenotypes:

(1) Early onset severe asthma with an allergic background.
(2) Late-onset asthma with persistence of eosinophilic

inflammation, despite treatment with adequate corti-
costeroid therapy.

(3) Late-onset asthma with uncontrolled symptoms, parti-
cularly in women and associated with obesity, that is
less eosinophilic.

The heterogeneous nature of the disease is well recognized [7,
9, 11] and likely reflects multifactorial precipitating and driving
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factors which require a different approach to management
compared to ‘usual’ asthma. Severe asthma can usefully be
considered a separate disease entity to mild or moderate
asthma, rather than on a continuum with these disease phe-
notypes. As such, detailed phenotyping of patients presenting
with severe asthma enables selection of specific treatments for
specific individuals. Once patients are phenotyped clinically
(e.g. frequent exacerbator), pathologically (e.g. predominant
eosinophilic airway inflammation), and often on the basis of
biomarkers (e.g. serum immunoglobulin E [IgE]; Table 1), spe-
cific targeted therapies, including monoclonal antibodies if
needed, can be selected as appropriate [12,13].

Four inflammatory airway phenotypes have been described
in severe asthma: (1) eosinophilic, (2) neutrophilic, (3) mixed
eosinophilic and neutrophilic, and (4) paucigranulocytic (an
absence of any granulocytes) [14] (Figure 1). The eosinophilic
phenotype is frequently defined as sputum eosinophils ≥3% of
total sputum cells, and has been reported in approximately
55% of severe asthma patients, though estimates vary in
different populations [15]. Using a cut off of >1.9%, the
European U-BIOPRED adult severe asthma cohort reported
eosinophilic bronchitis in approximately 60% of participants
[3]. Simpson and colleagues found that 41% of patients with

asthma exhibited an eosinophilic pattern of inflammation,
20% were neutrophilic, 8% had a mixed eosinophilic/neutro-
philic pattern, and the remaining 31% were paucigranulocytic
[14]. The coexistence of eosinophilic and neutrophilic inflam-
mation in asthma is associated with more severe disease [1].

Without consideration of the complexities of the multiple
inflammatory processes which exist in asthma and can coexist
in any single patient [16], it is likely that treatment nonrespon-
siveness, unnecessary escalation of inappropriate treatments,
and the potential for toxic side effects will prevail. Detailed
asthma phenotyping should lead to optimization of the right
therapy to the right patient at the right time [13,17].

Targeted therapy and approaches to the
management of refractory asthma

Due to the complexity of severe asthma, management is con-
founded by disease heterogeneity, symptoms that may be
erroneously attributed, and comorbidities that both mimic
asthma and lead to increased disease severity [18]. An essen-
tial step in the management of severe asthma is first ensuring
the diagnosis of asthma is correct and subsequently that it is
indeed severe asthma [1]. In studies evaluating patients

Table 1. Monoclonal antibodies for severe refractory asthma.

Target Biomarkers/indications Antibodies Treatment subgroup/study population Effect of treatment in clinical trials

IgE High serum IgE
(but <700 IU/mL)

Atopy

Omalizumab Currently in use for treatment of
refractory
allergic asthma

Improved asthma control
Reduced exacerbations
Reduced ICS use
Improved quality of life
Variable results for lung function

Ligelizumab Single phase I trial to date Reduced circulating IgE
IL-5 and IL-5Rα Sputum eosinophilia

>3% or
blood eosinophilia
>0.3 × 109/L

Frequent exacerbations

Mepolizumab Currently in use for treatment of
refractory eosinophilic asthma

Reduced sputum/blood eosinophils
Improved asthma control
Reduced exacerbations
Reduced ICS use
Variable results for lung function

Reslizumab In trials: poorly controlled eosinophilic
asthmatics

Reduced exacerbations
Improved lung function
Improved quality of life

Benralizumab Phase IIb trial: patients with baseline
eosinophils >0.3 × 109/L

Reduced exacerbations

IL-13 and IL-13R High periostin
High FeNO
Increased blood
eosinophil counts

Lebrikizumab In trials: severe treatment-refractory
asthma

Baseline FEV1 reversibility >12%

Improved lung function
Reduced exacerbations

Tralokinumab In trials: moderate-to-severe uncontrolled
asthma, potential added benefit:

Patients not on long-term OCS

Minor improvement in lung function
Reduced beta-agonist use

GSK679586 Single trial: treatment-refractory asthma No benefit
IL-4Rα High blood or sputum

eosinophils
Dupilumab Single trial: moderate-to-severe asthma Reduced exacerbations

Improved asthma control
Improved lung function

IL-17R Brodalumab Single study: poorly controlled moderate-
to-severe asthma

Improved asthma control
(‘high reversibility’ subgroup only)

IL-2 Daclizumab Single trial: moderate-to-severe persistent
asthma

Improved symptoms
Improve lung function
Reduced exacerbations

IL-1 Canakinumab Single safety study Well-tolerated
TNFα Infliximab Single trial: moderate asthma Reduced exacerbations

Golimumab In trials: severe asthma, add-on to anti-
inflammatory

No benefit (trial discontinued)

Etanercept In trials: refractory asthma and moderate-
to-severe asthma

Variable results

C5a Eculizumab Single phase II trial: mild asthmatics Reduced late phase response (only when patients
received treatment after placebo)

IgE: immunoglobulin E; ICS: inhaled corticosteroid; IL: interleukin; FeNO: fractional exhaled nitric oxide; FEV1: forced expiratory volume in 1 second; OCS: oral
corticosteroid; TNFα: tumor necrosis factor alpha; C5a: complement 5a.
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referred to a severe asthma center, 22–50% of patients who
had previously been classified as severe asthma were reclassi-
fied as difficult-to-treat asthma following multidimensional
and systematic assessment [18–21]. These data highlight the
importance of systematic assessment in severe asthma popu-
lations. A practical guide for the assessment and characteriza-
tion of severe asthma can be found at http://www.
severeasthma.org.au/tools-resources/toolkits and [22].

Once diagnosis is confirmed, treatment must be optimized
to ensure that patients are prescribed and also adherent to
high-dose inhaled corticosteroids (ICSs) and long-acting beta2-
agonists. In addition, other disease management skills, includ-
ing disease knowledge, inhaler technique, self-monitoring,
and exacerbation management, must be optimized. Triggers
and comorbidities must be identified and appropriately man-
aged. This process requires the input of a multidisciplinary
team, including specialist asthma physicians, specialist asthma
nurses, physiotherapists, speech pathologists, dieticians, and
ideally clinical psychologists. It is not until all correctable
issues have been addressed that the addition of expensive
or potentially toxic add-on therapies should be considered.
These issues are of high importance; in severe asthma popula-
tions, non-adherence may be as high as 56% and inadequate
inhaler technique is common [1]. Furthermore, as few as 32%
of patients referred to a severe asthma clinic recalled ever
having received a written asthma management plan [18].

When patients with severe asthma undergo systematic
assessment within a dedicated severe asthma service, signifi-
cant reductions in primary care or emergency department
visits (66.4% vs. 87.8%) and hospital admissions (38% vs.
48%) can be achieved. In addition, patients use less oral
corticosteroids (OCSs) and achieve improved health status
[23]. We would advocate that no patients be considered for
monoclonal antibody therapy in the absence of such an
assessment. We would also advocate that multidimensional

assessment of clinical asthma characteristics, airway pathobiol-
ogy, comorbidities, risk factors, and self-management skills as
well as an individualized approach to correcting any manage-
ment issues identified be standard for all patients with severe
asthma (Figure 2). Only once this is achieved should mono-
clonal antibody therapies be trialed.

Monoclonal antibodies

Antibodies are large glycoproteins (~150 kDa) consisting of
both variable and constant regions. The variable region for
each antibody binds to a single target (or antigen) and pro-
vides antigen specificity. The constant region determines the
antibody class. Monoclonal antibodies are produced by a
single immune cell, or a genetically identical clone, and will
only recognize one specific target. This affinity is used ther-
apeutically to block target molecule function, modulate signal-
ing pathways, or induce apoptosis of specific cells.

Constant regions vary by species, meaning that antibodies
generated in different species are recognized as foreign by the
human immune system. This was an issue for early monoclo-
nal antibodies, which were manufactured in animals. Injection
of these unmodified monoclonal antibodies led to host anti-
body formation and multiple inflammatory and immune-
mediated side effects (reviewed in [25]). These problems
have largely been overcome by ‘humanizing’ monoclonal anti-
bodies, a process of replacing all but the antigen-binding site
with a human amino acid sequence, or production of antibo-
dies with fully human sequences.

Monoclonal antibody naming is governed by the World
Health Organization’s International Non-proprietary Names
Committee [26] and provides some information about species
of origin and intended activity. The first part of the word provides
a unique identifier (e.g. ‘mepo’ in mepolizumab). The next part
indicates the body system being targeted (e.g. immune system is

Figure 1. Inflammatory Airway Phenotypes in Severe Asthma. Assessment of induced sputum samples from patients with severe asthma can demonstrate A)
eosinophilic, B) neutrophilic, C) mixed granulocytic or D) paucigranulocytic patterns of airways inflammation.

EXPERT REVIEW OF CLINICAL PHARMACOLOGY 3

D
ow

nl
oa

de
d 

by
 [

va
ne

ss
a 

m
cd

on
al

d]
 a

t 1
9:

22
 1

5 
A

pr
il 

20
16

 

http://www.severeasthma.org.au/tools-resources/toolkits
http://www.severeasthma.org.au/tools-resources/toolkits


designated by – li(m), hence omalizumab or interleukin targeting
– k(i) as lebrikizumab). The next portion reflects the degree of
humanization of the antibody (partially humanized = ‘zu’ [e.g.
reslizumab], fully humanized = ‘xi’ [e.g. infliximab], and fully
human sequence = ‘nu’ [e.g. canakinumab]). The terminator
‘mab’ indicates the molecule is a monoclonal antibody [27].

Antibodies currently in use or under development for the
treatment of severe refractory asthma are detailed in Table 1.

The IgE pathway

The IgE pathway is central to allergic asthma. B cells produce
antigen-specific IgE, which then binds to specific IgE receptors.
These receptors for IgE are divided into two types: low affinity
and high affinity.

Thehigh-affinity IgE receptor (FCƐRI) is present onmast cells and
basophils [28]. Cross-linking of high-affinity receptors by IgE leads
to release of a wide variety of proinflammatory mediators includ-
ing cysteinyl leukotrienes, proinflammatory cytokines including
interleukin (IL) 3, 4, and 5, and granulocyte monocyte colony-
stimulating factor. These molecules promote the recruitment of
eosinophils and other inflammatory cells. IgE/FCƐRI binding also
promotes mast cell proliferation and survival (reviewed in [29]).

The low-affinity receptor (FCƐRII:CD23) is expressed on a
multitude of cells, including T cells, macrophages, B cells,
eosinophils, and platelets. IgE binding to low-affinity receptors
mediates and regulates IgE production, the differentiation of B
cells, as well as induces antigen presentation. FCƐRII is

upregulated by IL-4 and IgE, and, though its exact role in
asthma is currently unknown, genetic polymorphisms are
associated with increased risk of asthma exacerbations, high
serum IgE, and atopy [30]. Inhibition of IgE/FCƐRII binding may
be more important than previously thought, as mouse models
of asthma have suggested that the IgE/FCƐRII binding allows
IgE–allergen complexes to translocate across the epithelial
barrier in the lung [31,32], which implies that antibodies pre-
venting this binding may be useful in asthma [33,34].

Anti-IgE-targeted therapy aims to reduce signaling via the
IgE pathway to decrease the clinical asthma syndrome.
Omalizumab targets IgE and is the first monoclonal antibody
to be licensed for asthma treatment. Other anti-IgE monoclo-
nal antibodies under development include ligelizumab.

Omalizumab

Omalizumab (Xolair; Genentech, South San Fransisco, USA/
Novartis, Basel, Switzerland) is a humanized monoclonal IgG1
antibody that was approved by the United States Food and
Drug Administration (US FDA) in 2003 and the European
Union Medicines Agency in 2005 as an add-on therapy for
patients with severe, persistent asthma. Patients should have
ongoing symptoms despite optimized inhaled therapy, as well
as reduced lung function, high serum IgE, and a positive skin
prick test result to an aeroallergen to qualify for treatment.
Omalizumab is administered by subcutaneous injection every
2 or 4 weeks, depending on the dose, which is calculated

Figure 2. Core Components For Assessment And Management In Severe Asthma. Multidimensional assessment of severe refractory asthma patients requires an
integrated approach including guideline-based management, risk factor modification, self-management education and pharmacotherapy (Reproduced with
permission [24]).
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using a nomogram of body weight and serum IgE. The recom-
mended upper and lower limits of IgE vary by country; how-
ever, few data exist in patients with IgE < 30 or >700 IU/mL.
An Australian real-life data registry study compared responses
to omalizumab in patients who were both within and above
the recommended dosing range. Patients with high IgE, nor-
mally above the recommended upper limit for IgE, received a
ceiling dose of 750 mg/month of omalizumab. In both groups,
improved asthma control and improved health status were
observed [22].

Omalizumab binds IgE at its CƐ3 domain, the same domain
bound by the FCƐRI receptor. By binding at this site, omalizu-
mab cannot cross-link IgE, which is fundamental to the drug’s
safety; cross-linking could lead to mast cell degranulation and
possible anaphylaxis [35]. By binding to IgE, omalizumab
reduces levels of free IgE, and through a feedback pathway,
reduces FCƐRI expression on mast cells and basophils [36–38].
This in turn reduces cellular responses to allergen, reducing
inflammatory cell influx into the lung. In addition, omalizumab
has effects on dendritic cells, downregulating FCƐRI and redu-
cing their ability to skew naïve T cells to a Th2 phenotype [39],
and B cells, inducing anergy and reducing IgE production [40].

The effectiveness and safety of treatment with omalizumab
in refractory allergic asthma is now well established, with
evidence from a large number of clinical trials [38,41–54] and
real-life effectiveness studies [55,56].

A recent Cochrane review of omalizumab clinical trial data
reported significant benefits across multiple disease out-
comes [57]. After treatment, exacerbation frequency was
reduced, with an odds ratio (OR) of 0.55 (95% CI: 0.46–0.65)
and an absolute reduction in risk of an exacerbation falling
from 26% to 16% [57]. Hospitalizations were also reduced
(OR: 0.16; 95% CI: 0.06–0.42), with the absolute risk falling
from 3% to 0.5% [57]. In addition, more patients were able to
cease ICS treatment [57], though whether this should be an
aim of any asthma therapy is debatable. However, no signifi-
cant reduction in OCS use was observed [57]. The meta-
analysis from the Cochrane review did demonstrate
improved quality of life and symptoms with omalizumab
therapy, although no consistent improvement in lung func-
tion was seen [57].

In addition to clinical trial data, there is a growing body of
real-life data on omalizumab effectiveness. These data include
over 4000 patients and reinforce the results of clinical trials,
with omalizumab associated with improvements in both the
objective and the subjective burden of asthma [56]. Again,
improvements in exacerbation frequency, hospitalizations,
and symptoms are demonstrated, though unlike the clinical
trial data, there were also significant improvements in lung
function [56,58]. Patients who demonstrated improvement
following an initial 16-week therapeutic trial of omalizumab
were likely to receive long-term benefit, and although the
optimal duration of therapy is not known, improvements in
asthma control extend up to 5 years [59]. There are conflicting
reports regarding asthma control following cessation of oma-
lizumab therapy [60,61], with full results of the xolair persis-
tency of response after long-term therapy (XPORT) study
examining this issue awaited [62]. In addition to its clinical
effectiveness, the safety of omalizumab is now well

established, with an anaphylaxis incidence of 0.14% [63], a
rate similar to penicillin and aspirin [64].

Omalizumab may also be effective in patients with non-
allergic/nonatopic asthma. Several clinical studies, albeit
small and uncontrolled in design, have demonstrated efficacy
of omalizumab in patients who have not been identified as
atopic [45,65–67]. The mechanisms of this are unclear and
may result from treatment responses in atopic patients that
test negative on standard clinical atopy diagnostics, or may
indicate that omalizumab is acting via a non-IgE-mediated
pathway. IgE, unlike IgG antibodies, can be produced in local
tissues, rather than in germinal centers [69] and in this situa-
tion, it may be that omalizumab therapy targets this locally
produced IgE despite negative skin prick testing. Another
proposed mechanism is that omalizumab reduces expression
of FCƐRI on dendritic cells, increasing the ability of the innate
immune system to clear viral infections [38,69,70]. Whatever
the mechanism, the issue remains of how to identify this
group of patients; the current approach is to use a clinical
trial of therapy for 16–24 weeks, in order to identify
responders.

Given the significant clinical improvements associated with
omalizumab and the decade of clinical experience using this
treatment in practice, the cost-effectiveness of this expensive
therapy is worthy of mention. A 2015 review [71] of omalizu-
mab cost-effectiveness presents equivocal data. Economic
evaluations conducted in Dutch and Spanish health-care set-
tings found omalizumab to be cost-effective. However, data
from economic evaluations using current willingness to pay
thresholds in the UK and Japan did not demonstrate cost-
effectiveness of omalizumab as an add-on to standard ther-
apy. In subgroups of patients with more severe disease, cost-
effectiveness seems to be greater.

Ligelizumab

Ligelizumab (QGE031; Novartis) is a humanized IgG1 anti-IgE
antibody with 50 times greater affinity for IgE than omalizu-
mab while still binding at the CƐ3 binding domain. During
omalizumab therapy, greater reductions in circulating IgE are
associated with greater improvements in asthma control [72],
and so a more potent antibody may result in a better treat-
ment response. In small phase I clinical trials, compared to
omalizumab, ligelizumab produces a more rapid and greater
reduction of circulating IgE, even in patients with initially high
levels of IgE [73]. This may be particularly relevant for patients
with high IgE levels (>700 IU/mL), where dosing is not recom-
mended in some countries. A clinical trial is currently listed by
Novartis for the assessment of ligelizumab in patients with
asthma (NCT01716754); however, no results from this study
have been reported to date.

Interleukins in asthma: an overview

Interleukins are cytokines that are produced by immune cells
and modulate many immune responses. A number of inter-
leukins have key roles in severe asthma, and targeting inter-
leukin pathways has been proposed as a novel approach for
asthma treatment (reviewed in [74]). In particular, type 2 or
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Th2 cytokines (IL-4, 5, and 13) have been extensively asso-
ciated with allergic and eosinophilic disease. Anti-IL5 therapy
(mepolizumab) recently received marketing authorization in
Europe, for the treatment of severe eosinophilic asthma, and
antibodies targeting IL-13 and IL-4 are under investigation. In
non-eosinophilic disease phenotypes, other interleukins play
more prominent roles. IL-17 has been associated with neutro-
philic disease [75,76], and anti-IL-17 therapy is under trial. IL-2
regulates T- and B-cell proliferation and the development of
antibody responses and may play a role in initiation and
prolongation of inflammation in asthma and is also being
targeted for treatment [77]. Finally, IL-1β levels are increased
in patients with asthma [78–80], and anti-IL-1 therapies are
undergoing trials.

The IL-5 pathway

Eosinophilic asthma is a common severe asthma inflammatory
phenotype and airway eosinophilia has long been used as a
marker of disease severity, with disease control improving
when eosinophils are specifically targeted [81,82]. In addition,
there is growing evidence that blood eosinophils are an excel-
lent surrogate marker for sputum eosinophils [83–87], and one
study suggests that severe asthma control may be improved
with the use of an OCS dosing algorithm based on blood
eosinophil levels [87]. Airway remodeling in asthma is also
related to eosinophil numbers, with smooth muscle hyperpla-
sia associated with an increased density of eosinophils [89].

IL-5 is a 115 amino acid protein homodimer that potently
induces eosinophil differentiation and is a major regulatory
factor for eosinophil accumulation in tissues. IL-5 is produced
by both Th2 cells and type 2 innate lymphoid cells and mod-
ulates eosinophil function by mobilizing eosinophils and eosi-
nophil precursors into the circulation and increasing both
eosinophil survival and cytotoxicity. The IL-5 pathway appears
particularly important in a population of eosinophilic asth-
matics termed ‘Th2 high’ [90,91].

In mice, IL-5 leads to increased airway hyperresponsiveness,
as well as airway inflammation [92], while inhibition abolishes
airway hyperreactivity and eosinophilia [93]. In humans, there
is a negative correlation between IL-5 protein levels in the
bronchial mucosa or bronchoalveolar lavage (BAL) and asthma
control [94]. Further, IL-5 inhalation increases airway eosino-
phils in asthmatic patients [95]. As a result of these findings,
anti-IL-5 monoclonal antibodies were developed as a potential
targeted asthma therapy.

Mepolizumab

Mepolizumab (Nucala®; GlaxoSmithKline, Brentford, London) is
a humanized monoclonal IgG1 antibody against IL-5.
Mepolizumab was initially studied in the context of experi-
mental allergen challenge. In this setting, mepolizumab
decreased blood eosinophil counts for 16 weeks and reduced
blood and sputum eosinophils following allergen challenge.
However, mepolizumab failed to improve the severity of either
airway hyperresponsiveness or late-phase allergic responses
[96]. This was followed by a clinical study of patients with
poorly controlled asthma despite high-dose ICSs, assessing

end points of peak expiratory flow (PEF) rate, symptom scores,
lung function, quality of life, and exacerbation frequency [97].
Mepolizumab treatment effectively decreased blood and spu-
tum eosinophils and also reduced airway remodeling, but did
not provide significant improvements in symptoms, quality of
life, or exacerbation frequency [98].

Though these initial studies failed to show clinically or sta-
tistically significant benefits, they had recruited participants
based on disease severity, rather than airway inflammatory
phenotype. Follow-up studies assessed patients with poorly
controlled asthma and sputum eosinophilia of ≥3%, despite
treatment with high-dose ICSs and OCSs, based on the hypoth-
esis that anti-IL-5 would be most beneficial in patients with
eosinophilic disease. In this subset of patients, not only was
there a reduction in sputum and blood eosinophils, but there
were also improvements in asthma control, lung function,
exacerbation frequency, and a reduction in corticosteroid
dose [99]. The possibility of a personalized approach was
further investigated in patients selected based on the presence
of eosinophilic inflammation and recurrent exacerbations. This
study demonstrated a reduction in exacerbation frequency,
despite no observed change in lung function or asthma-related
quality of life [100]. Further, the effect size of the observed
reduction in exacerbation rates was higher in individuals with
higher blood eosinophil counts. Recent larger phase III studies
were conducted in patients selected based on peripheral blood
eosinophilia (>0.3 × 109/L in the preceding year) and recurrent
exacerbations (≥2 per year), despite optimal inhaled steroid
therapy [90,91]. In this patient group, mepolizumab reduced
exacerbations, improved asthma control, and improved lung
function, despite a reduction in oral steroid dose [90,91].

The mepolizumab studies are important in several ways,
beyond providing another therapeutic option for severe
asthma. These studies highlight the importance of targeting
severe asthma treatment to carefully characterize patients
using biomarkers, in this case eosinophils, to guide treatment
decisions. In the clinic, use of anti-IL-5 therapy should be
focused on patients with a demonstrated eosinophilic pheno-
type and a history of frequent exacerbations, rather than a
high symptom burden.

Reslizumab

Reslizumab (Cinquil®; Teva, Petah Tikva, Israel) is an IgG4κ
humanized monoclonal antibody that also targets IL-5.
Similar to mepolizumab, early reslizumab studies in severe
persistent asthma failed to demonstrate improvements in
lung function or symptom scores, despite significant reduc-
tions in blood eosinophils [101]. Subsequent studies stratified
patients on ICS and long-acting beta-agonist (LABA) according
to sputum eosinophils (>3%) and, in this subgroup, demon-
strated an improvement in asthma control and lung function,
with a trend toward a reduction in exacerbation frequency
[102]. Two parallel phase III studies recruited a large popula-
tion (953 patients) with poorly controlled asthma, at least one
exacerbation in the preceding year and blood eosinophils
>0.4 × 109/L. Treatment with 3 mg/kg intravenous reslizumab
monthly reduced exacerbations as well as improved lung
function, quality of life, and symptom scores [103]. The FDA’s
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Pulmonary-Allergy Drugs Advisory Committee recommended
approval of reslizumab in December 2015, and regulatory
action is expected by March 2016, while a decision from the
European Medicine Agency is expected later in 2016.

Benralizumab

Benralizumab (MEDI-563; MedImmune, Gaithersburg, MD, USA/
AstraZeneca, London, England) is an IgG1 antibody directed
against the IL-5 receptor (IL-5Rα), as an alternative approach to
block IL-5 signaling. Similar to anti-IL-5 antibodies, benralizumab
depletes blood and airway eosinophils [104]. In addition to
blocking the effect of IL-5 on eosinophils, basophils also express
IL-5Rα and are hence targeted by benralizumab. As a result,
benralizumab induces antibody-mediated cell cytotoxicity of
eosinophils and basophils [105]. Theoretically, this could result
in greater reductions in eosinophil and basophil numbers, com-
pared to reslizumab or mepolizumab. However, the clinical dif-
ferences are yet to be demonstrated with only a single, dose-
ranging phase IIb study reported for benralizumab, which
demonstrated a reduction in exacerbation frequency in patients
with baseline blood eosinophils of >0.3 × 109/L [106]. Larger
phase III studies assessing benralizumab are awaited.

The IL-13 pathway

IL-13 is linked to multiple aspects of asthma pathophysiology
(reviewed in [107]). IL-13 promotes inflammation and airway
hyperresponsiveness [108], in part, by increasing eosinophil
migration, inducing macrophage activation, and stimulating
goblet cell hyperplasia and mucus overproduction [109,110].
IL-13 is also important in directing antibody class-switching of
B cells to produce IgE [111]. Elevated IL-13 levels are present in
sputum from a subset of asthma patients, including patients
with severe uncontrolled asthma [112].

A number of drugs have been designed to block IL-13
function in vivo. Both lebrikizumab and tralokinumab are
humanized monoclonal antibodies that bind IL-13 and inhibit
its function, which have been assessed in patients with asthma
[113], while GSK679586 is a humanized monoclonal antibody
that targets the IL-13 receptor. GSK679586 has been assessed
in a single study of 237 patients with treatment refractory
asthma, but failed to improve asthma outcomes [114].
Anrukinzumab is a monoclonal antibody that blocks interac-
tion of IL-13 with the IL-4Rα receptor, but has only been
assessed for the treatment of ulcerative colitis [115].

Lebrikizumab

Initial dose-ranging studies of lebrikizumab (TNX-650; Roche,
Basel, Switzerland) targeted 212 patients with mild asthma not
receiving ICS treatment [116]. Patients received placebo or
lebrikizumab (125, 250, or 500 mg s.c. every 4 weeks for
12 weeks, with an 8-week follow-up). Forced expiratory
volume in 1 second (FEV1) changes following treatment were
higher, but failed to achieve statistical significance.
Lebrikizumab-treated patients had reduced rates of treatment
failure at all treatment doses, compared to placebo controls.
No significant differences were observed between the varying

lebrikizumab doses or when patients were subgrouped based
on periostin levels. Adverse events were reported by a similar
number of patients in the treatment and placebo groups. The
first clinical trial of lebrikizumab conducted in severe asthma
patients who remained poorly controlled despite high-dose
inhaled glucocorticoid therapy recruited 219 participants.
Patients were treated with lebrikizumab (250 mg/dose s.c.
every 4 weeks) for 20 weeks and followed until week 32.
Patients demonstrated a greater improvement in FEV1 from
baseline to week 12 than placebo controls [117]. In a sub-
group of patients with high periostin levels, a further increase
in FEV1 was observed [113,117].

In a follow-up trial, 29 patients with uncontrolled asthma
were randomized to either placebo control or lebrikizumab
treatment (1–5 mg/kg s.c. every 4 weeks for 12 weeks). The
late asthmatic response to allergen challenge was decreased,
but failed to reach statistical significance and patients with
higher levels of peripheral blood eosinophils, serum IgE, and
periostin exhibited the greatest response to treatment. In
addition, lebrikizumab treatment reduced serum IgE and
CCL13/17 levels [118].

The LUTE and VERSE studies were initiated as phase III
clinical trials in a total of 463 patients with uncontrolled
asthma despite medium-to-high-dose ICS therapy and an
additional controller medication [119]. Patients received pla-
cebo or different doses of lebrikizumab (37.5, 125, or 250 mg s.
c. every 4 weeks, initially planned for 52 weeks). However, the
trials were discontinued as a precautionary measure and
downgraded to phase IIb, following detection of impurities
in the drug preparation. As a result, patient follow-up lengths
were variable, with median treatment duration of 24.1 weeks.
Asthma exacerbations were reduced following treatment
across all groups. In a high periostin subgroup (>50 ng/mL),
exacerbations were reduced by 60% and FEV1 measurements
were improved by 9.1%, compared to placebo controls. The
‘low periostin’ subgroup experienced exacerbation and FEV1
improvements between 5% and 2.6%, respectively. Biomarker
assessment for high fractional exhaled nitric oxide (FeNO)
(>21 ppb) and increased peripheral blood eosinophil counts
(>0.24 × 109/L) was predictive for responses to lebrikizumab
treatment. Treatment was well tolerated and no safety issues
were identified [119].

Tralokinumab

Tralokinumab (CAT-354; AstraZeneca/MedImmune) was first
evaluated in a phase II trial of 194 patients with moderate-
to-severe uncontrolled asthma [120]. Participants received pla-
cebo control or different doses of tralokinumab (150, 300, or
600 mg s.c.) every 2 weeks for 12 weeks. At 13 weeks, treat-
ment had no effect on Asthma Control Questionnaire (ACQ-6)
scores, the primary study end point. Treatment resulted in
modest dose-dependent improvements in FEV1, which only
reached statistical significance in the high-dose treatment
group (600 mg) though the increased FEV1 persisted through
to week 24, 12 weeks after treatment cessation. Reduced
short-acting beta2-agonist use occurred in all treatment
groups, at weeks 13 and 24, compared to placebo control.
No serious adverse effects were noted from treatment.
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A further randomized, double-blind, placebo-controlled,
parallel-group phase IIb study of 452 patients with severe
uncontrolled asthma was reported [121]. Patients received
placebo control or tralokinumab (300 mg s.c. every 2 weeks
for 52 weeks, or every 2 weeks for 12 weeks followed by every
4 weeks until week 52). Patients also received high-dose fluti-
casone and salmeterol and any pre-study controller therapies.
FEV1 measurements were significantly increased in patients
that received biweekly treatment, but not patients receiving
treatment every 4 weeks, compared to placebo control. Post
hoc subgroup analysis did reveal significant improvements in
FEV1, ACQ-6 scores, and asthma quality of life questionnaire
scores (AQLQ[S]), for a subset of patients not on long-term
OCS and with baseline FEV1 reversibility >12%. Similar exacer-
bation rates were reported for all groups after 1 year. No
significant safety concerns were reported.

The IL-4Rα pathway

IL-4 signaling in T cells controls Th2 differentiation and
induces IgE production by B cells [122]. Importantly, both IL-
4 and IL-13 signal through a receptor containing the IL-4Rα
subunit. By blocking this interaction, dupilumab effectively
blocks signaling from both IL-4 and IL-13, to dampen allergic
responses.

Dupilumab

Dupilumab (Regeneron) treatment has been assessed in a
single trial of 104 patients with moderate-to-severe asthma
and blood eosinophil counts ≥0.3 × 109/L or sputum eosino-
phils ≥3% that were on treatment with medium-to-high-dose
ICS plus LABA [123]. Dupilumab, or placebo, was administered
(300 mg s.c.) weekly for 12 weeks, with patients discontinuing
LABAs on week 4 and tapering ICS from weeks 6–9. In the
treatment group, an 87% reduction in exacerbations was
observed. While none of the patients in either group experi-
enced an exacerbation requiring hospitalization, reductions
were seen in significant but less severe exacerbations, defined
by a ≥30% reduction in morning PEF from baseline on 2
consecutive days, the requirement for ≥6 additional inhala-
tions of short-acting beta-agonist in a 24-h period relative to
baseline on 2 consecutive days or the need for systemic
corticosteroids. The secondary end points of asthma control
(ACQ-5) and lung function (improvement in FEV1, morning
PEF) also improved. Treatment also reduced biomarkers asso-
ciated with Th2 inflammation, including reduced FeNO and
reduced serum CCL26 and IgE. The overall rates of reported
adverse events were similar between groups, with no serious
adverse reports resulting from the study drug.

The IL-17 pathway

In addition to Th2-driven subtypes of asthma, there is grow-
ing recognition that IL-17 (and Th17) responses can recruit
eosinophils and neutrophils to the lung and contribute to
airway hyperresponsiveness [75,76]. IL-17 expression is
increased in animal models of asthma [124] and increased
levels of IL-17A and IL-17F are observed in the lungs of

patients with asthma, particularly those with severe neutro-
philic disease [75,125–128]. IL-25 (IL-17E) also signals through
the IL-17 receptor (IL-17R) and contributes to asthma
through the activation of Th2 pathways, increasing secretion
of IL-4, 5, and 13 [129]. By blocking interactions with the IL-
17R, brodalumab effectively blocks both IL-17 and IL-25 sig-
naling. Brodalumab has previously been assessed in rheuma-
toid arthritis, psoriasis, psoriatic arthritis, and Crohn’s disease,
and showed promising results in a phase II study of plaque
psoriasis [130].

Brodalumab

Responses of 302 poorly controlled, moderate-to-severe
patients with asthma were assessed using three doses of bro-
dalumab (140, 210, and 280 mg; Amgen, Thousand Oaks, CA,
USA/AstraZeneca/Valeant Pharmaceuticals, Laval, Canada) or
placebo control. In the overall study population, no significant
differences were observed in asthma control (ACQ), FEV1, symp-
tom scores, or symptom-free days. However, in a ‘high reversi-
bility’ patient subgroup, slightly improved ACQ scores were
observed [131]. A subsequent phase IIb study in this patient
subpopulation has been discontinued due to lack of efficacy.

The IL-2 pathway

IL-2 is released by antigen-stimulated T cells, inducing the
proliferation of T cells and B cells and also increasing antibody
production by B cells; it may also directly promote eosinophil
recruitment [132,133]. Increased levels of IL-2 and soluble IL-2
receptor are found in the airways of patients with severe
asthma. It is possible that IL-2 contributes to the initiation
and prolongation of inflammation in asthma, as well as con-
tributing to airway remodeling [77].

Daclizumab

Daclizumab (Zenapax®; Roche) is a humanized monoclonal
antibody that binds the alpha subunit of the IL-2 receptor,
blocking IL-2 signaling. A small trial of daclizumab in 115
moderate-to-severe persistent asthma patients demonstrated
an improvement in symptoms, lung function (FEV1), and
exacerbation frequency [134]. Despite these positive initial
findings, no further trials are registered examining the effects
of daclizumab in asthma.

The IL-1 pathway

The therapeutic options for eosinophilic asthma are growing;
however, few exist for neutrophilic asthma. Innate immune
activation appears to be important in both neutrophilic
asthma and virus-induced asthma exacerbations, with a pro-
posed role for the IL-1β axis in both acute and chronic neu-
trophilic asthma. IL-1 is secreted by macrophages, monocytes,
fibroblasts, and dendritic cells in response to bacterial infec-
tion, injury, and cellular activation [135]. Preliminary studies
using inhaled lipopolysaccharide endotoxin to induce innate
immune activation demonstrated that administration of the IL-
1R antagonist anakinra effectively reduced neutrophilic airway
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inflammation and reduced the inflammatory cytokines IL-1β,
IL-6, and IL-8 [136]. Blockade of IL-1β in mice reduces airway
inflammation and airway hyperresponsiveness [137]. Both IL-
1β and IL-1Rα genes are associated with asthma risk [138], and
IL-1β levels are increased in BAL, sputum, and airway epithe-
lium in asthmatics [78,79].

Canakinumab

Canakinumab (Ilaris®; Novartis) is a high-affinity human anti-
IL-1β monoclonal IgG1k antibody. The drug was developed to
treat a rare group of disorders, the cryopyrin-associated peri-
odic disorders, which are caused by an overproduction of IL-
1β. In airways disease, IL-1β has been implicated in both
epithelial and systemic inflammation [139,140] and may be
an appropriate treatment target in both asthma and chronic
obstructive pulmonary disease (COPD). While the drug has
orphan drug approval via the FDA, and there is one reported
small study in mild asthma [141], there are no ongoing clinical
trials in airways disease.

Other molecules in severe asthma

In addition to interleukins, other molecules have been impli-
cated in severe asthma pathogenesis. Tumor necrosis factor
alpha (TNFα) is a proinflammatory cytokine that is present in
sputum from severe steroid-resistant asthma patients [142].
The complement system is part of the immune system that
enhances the ability of antibodies and immune cells to destroy
pathogens. Complement 5 (C5), a protein in the complement
pathway, has also been implicated in asthma. C5 is increased
in asthmatic patients [143] and can induce a number of dis-
ease pathways associated with asthma. Targeted antibody
treatment against each of these molecules is being assessed
in asthma.

TNFα pathway

TNFα is a proinflammatory cytokine produced primarily by
activated monocytes/macrophages, but also by T cells, mast
cells, eosinophils, and epithelial cells [144]. TNFα release
induces fever and inflammation, and also promotes neutrophil
recruitment [145]. TNFα levels are increased in induced spu-
tum samples from patients with asthma [146,147], in particular
those with severe steroid-resistant disease [142].

Infliximab and golimumab are monoclonal antibodies that
specifically bind and neutralize TNFα [148,149]. Blocking TNFα
function has been demonstrated as an effective therapy in
patients with rheumatoid arthritis [150], ankylosing spondylitis
[151], Crohn’s disease [152], and psoriasis [153]. In mouse
models of acute asthma, infliximab treatment effectively
decreased numbers of BAL fluid neutrophils and eosinophils
and a range of inflammatory cytokines, suggesting potent
anti-inflammatory effects [154].

While not technically a monoclonal antibody, we also draw
attention to the use of etanercept in severe asthma.
Etanercept is an engineered recombinant protein that blocks
both TNFα and lymphotoxin-alpha function [155].

Infliximab

The effects of infliximab (Remicade®; Janssen Biotech, Horsham,
PA, USA) were assessed in 38 patients with moderate asthma
(5 mg/kg) by i.v. infusion on weeks 0, 2, and 6. Clinical responses
were assessed by monitoring lung function, symptoms, and
inhaled β2-agonist usage [156]. The results indicated that while
treatment failed to alter morning PEF, treatment did decrease
exacerbations and sputum TNFα levels [156,157]. Assessment of
infliximab in severe asthma patients may yield more promising
results; however, these studies have not been performed to date.

Golimumab

Golimumab (Simponi®; Janssen Biotech) treatment was
assessed in a group of 309 severe asthma patients, as an
add-on anti-inflammatory treatment [158]. Patients were ran-
domized into placebo control (n = 78) or golimumab groups
(50, 100, 150, or 200 mg/dose s.c. every 4 weeks for 52 weeks).
End points were changes in FEV1 (% predicted) and the num-
ber of exacerbations by week 24. At week 24, there were no
significant effects of treatment, although two treatment
groups (100 and 200 mg) trended toward decreased exacer-
bations. This trial was discontinued due to reported adverse
events. The overall rates of adverse events were similar
between groups. However, patients receiving golimumab
experienced increased incidence of infections and malignan-
cies. Golimumab treatment did not appear to have a causal
role in malignancies, but was proposed to be a risk factor for
increased tumoral aggressivity in elderly subjects [159]. Post
hoc analysis demonstrated that patients with better lung func-
tion and who were receiving higher doses of treatment were
less likely to experience exacerbations at week 24. This study
suggests that anti-TNF treatments may increase infection risk
in severe asthma, but may have some clinical benefit in a
subset of patients.

Etanercept

Etanercept (Enbrel®; Amgen) treatment was first assessed in a
pilot study of 10 patients with refractory asthma [160]. Ten
weeks of treatment resulted in an increased methacholine
concentration required for bronchial hyperresponsiveness
(BHR), improve AQLQ scores, and an increase in FEV1. In a
second study, etanercept treatment (over 12 weeks) in 39
patients with severe corticosteroid refractory asthma resulted
in a small reduction in ACQ scores, but no difference in AQLQ
scores, lung function, PEF, BHR, or exacerbation rates [161]. In
a phase II trial of etanercept treatment (12 weeks) of 132
individuals with moderate-to-severe asthma, treatment failed
to identify any improvements in lung function (FEV1), morning
PEF, exacerbations, methacholine provocation responses, or
ACQ/AQLQ scores [162]. Minor adverse effects of treatment
were reported following etanercept treatment [161].

The C5 pathway

C5 is increased in asthmatic patients [143] and in the lungs of
mice in experimental models of asthma [163]. C5a can induce
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smooth muscle contractions, mucus secretion, microvascular
permeability, and immune cell migration and activation, in
particular mast cell release of histamine (reviewed in
[164,165]). In animal models of allergic airways disease, inhibi-
tion of C5 suppresses allergic responses to a variety of aller-
gens [163,166].

Eculizumab

Eculizumab (Soliris®; Alexion Pharmaceuticals, New Haven, CT,
USA) is a humanized monoclonal antibody that targets C5 and
prevents cleavage into the active C5a/b forms. It was initially
approved for the treatment of paroxysmal nocturnal hemoglo-
binuria [167], at a cost of >400,000 USD/year. More recently, it
has also been approved in the United States for the treatment
of atypical hemolytic uremic syndrome [168].

Eculizamab treatment for asthma has only been tested in
one clinical asthma trial to date. In a phase II trial, the impact
of a single dose (600 mg) of eculizumab on the late asthmatic
response was assessed in mild asthmatic patients in a cross-
over study [169]. Treatment blunted the late asthmatic
response, but only when given after placebo in the crossover
allocation. This may suggest that the drug, though effective,
was not cleared during the 4-week washout period. No further
trials have been performed.

Expert commentary

Severe asthma is a complex multifactorial disease. Effective
management of severe asthma requires careful and sys-
tematic multidimensional and multidisciplinary characteri-
zation of patients to confirm diagnosis, identify areas of
suboptimal disease management, comorbidities, and aggra-
vating factors, and also to identify disease phenotypes.
Often, careful assessment and management using standard
therapy is sufficient to control even severe asthma following
detailed characterization. If standard therapy is not suffi-
cient, then meticulous characterization of individual
patients enables selection of targeted therapies most likely
to be of benefit. Monoclonal antibody therapies target spe-
cific pathways in severe asthma and offer promise for effec-
tive therapy.

Severe asthma therapy is guided by outcomes from clinical
trials; however, trials in severe asthma, as in most diseases, are
conducted on a highly selected group of patients. The entry
criteria for trials are extremely stringent, and becoming more
so as therapies target ever more specific subgroups of disease.
Less than 10% of patients in severe asthma clinics are eligible
for trial entry [170], and this raises various issues. First, these
entry criteria affect recruitment to and the feasibility of clinical
trials, especially when multiple trials are aiming to recruit the
same disease subpopulations. Second, management of
patients in ‘real life’, which should ideally be directed by
clinical trial data, instead requires highly nuanced experience
and expertise. Third, most studies trialing monoclonal antibo-
dies have and continue to target allergic or eosinophilic dis-
ease phenotypes, while other phenotypes are not well
catered for.

Another issue in clinical trials of severe asthma is the pre-
valent use of exacerbations as a primary end point. While this
end point is binary (exacerbation or not) and, therefore, a
useful clinical trial metric, many patients do not exacerbate
frequently, and rather are burdened by daily life-limiting
symptoms and quality-of-life impairment. These impacts are
difficult both to measure and to control. Clinical trial metrics
that specifically measure the impacts of treatment on every-
day symptoms, health status, and treatment requirement
including OCSs would provide more nuanced data on the
impacts of treatment and improve the ability to verify
response to treatment in the clinic.

The requirement of dedicated specialist teams for
patients with severe or chronic respiratory disease is well
established in cystic fibrosis and lung transplantation. The
same degree of multidisciplinary input is required to ensure
best possible outcomes in severe asthma, and severe
asthma centers are best equipped to provide this. The
reluctance to embrace this concept is, in part, due to the
fact that asthma can exist in mild or moderate forms, which
do not require such intensive medical input. However,
severe asthma is most usefully considered as a separate
disease entity, rather than on a continuum with milder
forms of disease.

Five-year view

The first monoclonal therapy approved for severe asthma (oma-
lizumab) is now widely used in clinical practice and recently, a
second molecule, mepolizumab, has been approved for use in
the United States and Europe. Many more therapies are at
advanced stages of development and will provide much
needed treatment options for severe asthma.

These new therapies will raise a number of challenges
relating to patient management, which impact the individual
patient, clinic structure, and health-care expenditure levels. In
order to use advanced therapies, detailed patient character-
ization is vital, meaning that severe asthma centers will need
support and development. Although the high direct costs of
these therapies are apparent, there is also a significant indirect
health-care cost. The requirement for skilled administration
and monitoring of treatment will require systems of health
care that can cope with the increasing prevalence of advanced
therapy. It may be that following an initial period of adminis-
tration and stabilization, responsibility for ongoing therapy
can be shared with primary care groups or specialized admin-
istration centers, in much the same way as community dialysis
units have been organized.

Finally, new research into biomarker discovery and valida-
tion programs in severe asthma is required, in order to
improve clinicians’ ability to target therapies to achieve opti-
mal health and economic benefit. Single-dimensional assess-
ments of disease phenotypes (e.g. serum IgE levels) will not be
sufficient to predict patient responses to treatment or select
therapy. To overcome this challenge, algorithms will need to
be developed that consider multiple biomarkers of disease
and inform the optimal therapy option for each individual
with severe asthma.
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Key issues

● Severe asthma is a complex multifactorial disease requiring
specialist input.

● Patients with severe asthma should be treated in severe
asthma centres by multidisciplinary teams conducting mul-
tidimensional assessments.

● It is vital that severe asthma patients have management
optimised on the basis of multidimensional assessment,
including pathological phenotype, prior to the addition of
targeted monoclonal antibody therapy.

● Airway Inflammatory phenotypes in asthma include eosino-
philic, neutrophilic, paucigranulocytic and mixed granulocytic.

● Monoclonal antibody therapies target specific pathological
pathways in severe asthma that drive symptoms and
exacerbations of the disease.

● Omalizumab (anti-IgE) reduces exacerbations in patients
with severe allergic asthma.

● Mepolizumab (anti-IL-5) reduces exacerbations, improves
asthma control and lung function in patients with severe
eosinophilic asthma.

● Increasing use of monoclonal antibodies will result in finan-
cial and, clinic design and management issues, which need
to be addressed to maintain services in the future.

● New monoclonal antibody therapies will become available
in the next few years, leading to the need for further
phenotyping of patients.

● Treatments that target non-eosinophilic asthma and its
molecular pathways are needed.
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