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Abstract
Asthma has been increasingly recognized as being a heterogeneous disease with multiple distinct mechanisms and pathophys-
iologies. Evidence continues to build regarding the existence of different cell types, environmental exposures, pathogens, and
other factors that produce a similar set of symptoms known collectively as asthma. This has led to a movement from a “one size
fits all” symptom-based methodology to a more patient-centered, individualized approach to asthma treatment targeting the
underlying disease process. A significant contributor to this shift to more personalized asthma therapy has been the increasing
availability of numerous biologic therapies in recent years, providing the opportunity for more targeted treatments.When targeted
biologics began to be developed for treatment of asthma, the hope was that distinct biomarkers would become available, allowing
the clinician to determine which biologic therapy was best suited for which patients. Presence of certain biomarkers, like
eosinophilia or antigen-specific IgE, is important features of specific asthma phenotypes. Currently available biomarkers can
help with decision making about biologics, but are generally too broad and non-specific to clearly identify an asthma phenotype
or the single biologic best suited to an asthmatic. Identification of further biomarkers is the subject of intense research. Yet,
identifying a patient’s asthma phenotype can help in predicting disease course, response to treatment, and biologic therapies to
consider. In this review, major asthma phenotypes are reviewed, and the evidence for the utility of various biologics, both those
currently on the market and those in the development process, in each of these phenotypes is explored.
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Introduction

Asthma is a heterogeneous disease, with variable symptom-
atology, pathophysiology, and response to medications. The
current paradigm underlying the approach to study of asthma
therapeutics, especially biologics, is that asthma should not be
considered a single uniform disease, but rather many different
disease sub-entities with different etiologies and pathophysi-
ologies. Asthma has been divided into multiple phenotypes,
defined as “the visible characteristics of an organism resulting
from the interaction between its genetic makeup and the en-
vironment” [1]. Subsequently, the term “endotype” was

coined to delineate distinct subtypes of asthma; an “endotype”
specifically is as “a subtype of a condition, which is defined
by a distinct functional or pathophysiological mechanism”
[2]. The division of asthma into phenotypes or endotypes is
critical to the development of targeted immunomodulators and
other specific treatment modalities tomore effectively treat the
diverse asthmatics encountered in clinical practice.

Current Understanding of Asthma
Pathophysiology

Asthma is an inflammatory disorder of the airways resulting in
variable airflow obstruction and airway hyperresponsiveness.
Increased airway wall thickness is a characteristic of asthma,
with airway smooth muscle hyperplasia, thickened lamina
reticularis layer of the basement membrane, increased extra-
cellular matrix deposition, and increased submucosal glands.

There is a bias towards increased Th2 cells in the T cell
compartment in asthma, although other T cell subsets are be-
ing described in some asthma phenotypes. Relatedly, while
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eosinophilic infiltration bronchial epithelium and submucosa
is a characteristic feature of most asthma, absence of eosino-
phils and presence of neutrophils have notably been described
in some fatal asthma cases.

Th2-Mediated Inflammation

Th2-mediated inflammation is the most common driver of asth-
ma, and the increased presence of Th2 cells is observed in the
airways of the majority of patients with asthma [3]. Through
epithelial-derived cytokines such as IL-25, IL-33, and thymic
stromal lymphopoietin (TSLP), Th0 cells are driven towards
the Th2 cell pathway in response to allergens, infections, pol-
lutants, and various other airway insults [4, 5]. Co-stimulation
of naive T cells by IL-4 has also been shown to play a role in
generating Th2 cells, although this differentiation can occur in
its absence. Th2 cells, once derived, move to the airway epithe-
lium and subepithelial mucosa and begin to excrete IL-5 and
IL-13. It is believed that IL-4 co-stimulation during Th2 differ-
entiation leads to increased IL-5 and IL-13 production, but this
is not essential [6]. Another potential contributing mechanism,
under certain circumstances, is direct production of IL-5 and IL-
13 by type 2 innate lymphoid cells under the influence of IL-25,
IL-33, TSLP, and leukotriene D4 [7]. Through various mecha-
nisms, IL-5 and IL-13 drive many of the signature features of
asthma including increased mucus secretion, IgE production,
bronchial remodeling, and airway hyperresponsiveness [5].

The activities of several cytokines, most notably IL-4, IL-5,
and IL-13, have been implicated in the pathophysiology of
Th2-mediated asthma. IL-4 acts as a regulatory cytokine in
the Th2 pathway, affecting processes both downstream and
upstream of Th2 differentiation. It binds to the IL-4 receptor
expressed on T helper cells, B cells, eosinophils, mast cells,
bronchial epithelium, endothelium, and airway smooth muscle
cells [5]. The IL-4Rα receptor subunit then forms a complex
with IL-2Rγ (type I signal) or IL-13Rα1 (type II signal). The
type I signaling complex assists with Th0 differentiation into
Th2 helper cells. The type II signaling complex results in down-
stream effects including IgE class switching in B cells, mast cell
hyperplasia, goblet cell hyperplasia, and eosinophilia.

IL-13 has a multitude of effects in asthma pathology,
playing a role in IgE class switching, goblet cell hyperplasia,
eos inophi l ia , subepi the l ia l f ibros is , and ai rway
hyperresponsiveness [5, 6]. These are primarily accomplished
through IL-13 binding to the IL-4Rα/IL-13Rα1 heterodimer
with similar overlapping effects to those of IL-4, which binds
to the same heterodimer as explained above. IL-13 also binds
to another receptor, IL13Rα2, believed to act primarily as a
decoy receptor for excess IL-13 [8]. IL-4 and IL-13 share
many functions, demonstrated by them sharing some signal-
ing pathways, such as JAK1 and JAK3 [9]. One significant
difference is that unlike IL-4, IL-13 has no effect on Th2
differentiation, as T cells do not possess IL-13 receptors [3].

IL-5 binds to the alpha chain of the IL-5 receptor and forms
a complex with the β chain in association with IL-3 and
granulocyte-macrophage colony-stimulating factor. IL-5
plays a prominent role in the recruitment, activation, and sur-
vival of eosinophils in airway tissue, which is augmented by
eotaxin and RANTES [10]. IL-5 also has a lesser role on
development of mast cells and basophils [5].

An additional type 2 cytokine, IL-9, contributes to T cell
proliferation and differentiation, mast cell hyperplasia, and goblet
cell hyperplasia [6]. It also increases B cell production of IgE and
induces mast cells to be more responsive to allergens [11, 12].

Eosinophils are recruited into the airway through various
cytokines and chemokines including IL-5, IL-13, eotaxin, P-
selection, and vascular cell adhesion molecule (VCAM)-1
[10]. Eosinophils exert their effects on the airway through
their release of major basic protein, eosinophilic cationic pro-
tein, eosinophilic-derived neurotoxin, and eosinophil peroxi-
dase, along with the inflammatory lipid mediators cysteinyl
leukotrienes C4 and D4, platelet-activating factor, and prosta-
glandin D2 [10, 13].

Chemoattractant receptor-homologous molecule expressed
on Th2 cells (CRTH2) is a G protein-coupled receptor that
binds to prostaglandin D2 (PGD2). CRTH2 is expressed by
Th2 cells, eosinophils, basophils, epithelial cells, and innate
lymphoid type 2 cells (ILC2) and is involved in allergic and
eosinophilic inflammation.

Together, type 2 cytokines drive a surge of downstream
effects such as activation of airway epithelial cells,
chemoattraction of mast cells, basophils, and eosinophils,
and epithelial and sub-epithelial remodeling, which ultimately
result in a hyperreactive airway prone to exaggerated re-
sponses to inhaled irritants [4]. Figure 1 depicts an overview
of the components of Th2-mediated inflammation in asthma.

Non-Th2-Mediated Asthma

Another clinically relevant pathway underlying asthma path-
ogenesis in some individuals is driven by Th17 cells, which
secrete cytokines including IL-17A, IL-17F, IL-21, and IL-22
[14]. Differentiation of naïve T cells into Th17 cells can be
driven by TGF-β and IL-6 and requires maintenance from IL-
23. Airway epithelial cells contain receptors for IL-17A and
IL-17F, which when activated, lead to the production of pro-
inflammatory factors including IL-6, IL-1, TNF-α, and IL-8
[14]. Some studies have found increased IL-17-producing
cells in asthmatics as compared to normal individuals.

Murine studies have also suggested a potential Th1-
mediated inflammation pathway as an important factor
in asthma pathology, a deviation from the common view
that a greater ratio of Th2 to Th1 cytokines resulted in a
higher likelihood of developing asthma [14]. Transfer of
antigen-specific Th1 cells into ovalbumin-challenged
mice resulted in airway hyperresponsiveness and
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inflammation that was independent of IL-13 and IL-4 in
one study [15]. Another study found Th1 inflammation
dependent on IL-13 and IL-18 [16].

Asthma Phenotypes and Endotypes

The study of asthma phenotypes and endotypes has gained
momentum over time. The field has evolved from thinking
of asthma as a simple dichotomy between intrinsic and extrin-
sic asthma, to now identifying multiple asthma subtypes with
disparate clinical and laboratory features, outcomes, and re-
sponse to therapy. The understanding of asthma phenotypes
has become especially important as multiple biologic thera-
pies begin to offer a targeted approach to treating asthmatic
inflammation. Discussed below are common, well-described
asthma phenotypes, and the utility of biologics, both current
and in development, in these specific subsets of asthma.

Allergic Asthma

Allergic (atopic) asthma is likely the most common overall
phenotype of this disease [1, 17]. It typically presents in early
childhood, although it can begin at any age [1]. It has several
common associations including a positive family history of
asthma and/or atopic, allergic rhinitis, atopic dermatitis, and
early exposure to allergens [1]. Allergic asthma is felt to be
largely mediated by the Th2 inflammatory pathway and is
associated with high specific IgE levels [2]. Airway eosino-
philia is a common feature of allergic asthma, and therefore,
this phenotype has some overlap with the pathogenesis of
eosinophilic asthma [2].

The typical allergic asthma sequence involves inhalation of
a specific allergen, triggering cross-linking of allergen-
specific bound IgE molecules on the surfaces of mast cells
and basophils present in the subepithelial layer of the airways.
These cells release of leukotrienes, cytokines, prostaglandins,
and histamine [18, 19], which contract airway smooth muscle
cells and cause increased mucus secretion, resulting in
narrowed, constricted airways [18]. Through locally produced
cytokines and chemokines, cells such as eosinophils, macro-
phages, neutrophils, and T lymphocytes are then recruited to
the site of inflammation and release additional mediators,
which in turn cause sustained bronchoconstriction and dam-
age epithelial layers [18]. This damage, alongside profibrotic
cytokines released by eosinophils and epithelial cells, may lay
the foundation for the process of airway remodeling and other
long-term inflammatory changes [18].

Numerous biomarkers have been utilized for both diagno-
sis and for therapeutic monitoring in patients with allergic
asthma. Presence of specific allergen sensitization is utilized
in the diagnosis of allergic asthma. IgE and specific IgE levels
have been shown to correlate with asthma severity in children
and adults with allergic asthma and are also predictive of de-
creased FEV1 and probability of wheezing [20]. FeNO levels
have shown to be useful in monitoring adherence to inhaled
corticosteroids, as values increase quickly once medication
use is stopped [21]. Additionally, both peripheral blood eosin-
ophil counts as well as FeNO levels predict risk for asthma
exacerbation [22]. Periostin is an extracellular matrix protein
upregulated by IL-13 which appears to assist in eosinophil
recruitment to the lungs by facilitating eosinophil adhesion
to fibronectin [10]. High periostin has shown to be predictive
of an improvement in FEV1 levels following ICS, whereas

Fig. 1 Airway epithelium-
derived IL-25, IL-33, and TSLP
drive naïve T cells towards the
TH2 pathway with subsequent
secretion of pro-inflammatory
cytokines including IL-4, IL-5,
IL-9, and IL-13. Under certain
circumstances, ILC2 cells can al-
so produce these cytokines
through stimulation by
epithelium-derived IL-25, IL-33,
and TSLP as well as mast cell-
derived PGD2. Downstream ef-
fects of pro-inflammatory cyto-
kines include airway eosinophilia,
increased mucus production, hy-
perreactivity, and airway remod-
eling. TLSP, thymic stromal
lymphopoietin; PGD2, prosta-
glandin D2; ILC2, group 2 innate
lymphoid cell
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patients with low periostin levels, more indicative of non-Th2
asthma, typically do not have significant improvement in pul-
monary function with ICS [23]. While FeNO, eosinophil
levels, and periostin all are associated with general Th2-
mediated asthma, they are not specific for which component
of Th2-mediated inflammation is driving the asthma or which
particular phenotype or endotype is present.

First-line controller therapy for allergic asthma is inhaled
corticosteroids, with additions long-acting beta agonists and/
or leukotriene receptor antagonists if needed. Treatment pro-
gresses stepwise based on symptom severity, number of exac-
erbations experienced, and failure of previous therapies [24,
25]. Most patients with mild-to-moderate asthma can obtain
adequate control with this approach to management [24]. For
patients with more severe asthma despite adherence to thera-
py, other treatment options should be explored, including bi-
ologic therapy [24]. There have been many biologics under
investigation for this prominent phenotype of asthma.

Omalizumab, a monoclonal antibody that binds IgE, is a
treatment option for patients with persistent allergic asthma
inadequately controlled by ICS. Bousquet et al. pooled data
from seven studies analyzing the effect of omalizumab as an
add-on to current therapy and found that omalizumab signif-
icantly reduced the rate of asthma exacerbations by 38%
(P < 0.0001) and the rate of total emergency visits by 47%
(P < 0.0001) versus placebo [9]. Further analysis showed that
the effectiveness of omalizumab on asthma exacerbations was
unaffected by age, gender, baseline serum IgE, or using 2- or
4-weekly dosing schedule. Several studies have also shown
that omalizumab can have corticosteroid-sparing effects in
patients with previously uncontrolled asthma [26].

Dupilumab is an anti-IL-4Rα monoclonal antibody that
inhibits IL-4 and IL-13 signaling through their receptors, both
of which contain an IL-4Rα subunit. It has recently received
FDA approval for severe asthma with elevated eosinophils
and also for steroid-dependent asthma. In a post hoc analysis
of a phase 2b, 24-week trial of dupilumab vs. placebo,
Weinstein et al. demonstrated an improvement in FEV1 and
decreased exacerbations with dupilumab 300 mg q2weeks in
the subgroup of patients with concurrent allergic rhinitis, in-
dicating efficacy in allergic asthma [27]. Further studies are
needed to investigate the efficacy of dupilumab in this sub-
group of patients.

Tezepelumab, an anti-TSLP monoclonal antibody, is cur-
rently being evaluated for use in severe asthma. In a double-
blind, placebo-controlled trial of patients with allergic asthma,
subjects treated with tezepelumab showed significantly im-
proved FEV1 and decreased sputum and blood eosinophil
count and FENO levels [28].

Several CRTH2 antagonists have been under investigation
for asthma, though none are currently approved. Allergic asth-
ma has been a phenotype of particular interest in the investi-
gation of CRTH2 antagonists. A CRTH2 antagonist,

AZD1981, has been in clinical trials in allergic asthma.
However, all doses in a phase 2b trial failed to achieve clinical
efficacy endpoints [29]. Fevipiprant is another CRTH2 inhib-
itor, which has been studied as an add-on therapy in patients
with uncontrolled allergic asthma, based on positive
aeroallergen skin prick test or specific IgE, in a phase 2b study.
In this 12-week study, the primary endpoint of change in
FEV1 compared to placebo was achieved [30].

Allergic Bronchopulmonary Aspergillosis

Allergic bronchopulmonary aspergillosis (ABPA) is a hyper-
sensitivity lung disease caused by colonization of Aspergillus
fumigatus, occurring most commonly in patients with chronic
airway remodeling and inflammatory conditions, specifically
asthma and cystic fibrosis [31]. In the context of asthma, it
may be considered a complication rather than a phenotype.
Aspergillus fumigatus is a saprophytic mold found worldwide
in a multitude of settings including indoor and outdoor air,
soil, compost piles, freshly cut grass, decaying vegetation,
and sewage treatment facilities [31]. Effects of ABPA in rela-
tion to asthma include structural changes of the lower airways
and dysfunction in innate and specific immune responses [32].
Once inhaled, A. fumigatus releases a variety of proteins that
have direct effects on the pulmonary epithelia and macro-
phage inflammation, including epithelial cell detachment
[33, 34]. Protease-containing culture filtrates of Aspergillus
bronchial cells produce proinflammatory chemokines and cy-
tokines including IL-8, IL-6, and monocyte chemoattractant
protein (MCP-1), allowing for disruption of epithelial integrity
and subsequent enhanced allergen exposure to the bronchoal-
veolar lymphoid tissue immune system. Additionally, MCP-1
has been shown to be a direct stimulant of Th2 cells, with
potential of increasing inflammation and hyperresponsiveness
through the Th2 inflammation pathway [35].

Elevated IgE levels much higher than those seen in allergic
asthma are common in ABPA, often reaching as high as
30,000 IU/mL [31]. IgE levels are a useful marker of disease
activity and can be used to follow patients for disease flares as
well as follow-up after treatment [31]. Serum measurements
for Aspergillus-specific IgE and IgG antibodies are other po-
tential markers for disease management [31]. A recent report
from Agarwal et al. showed that Aspergillus-specific IgG
levels are useful in diagnosis of ABPA but not for treatment
response [36].

Prednisone, at a typical starting dose of 0.5 mg/kg/day,
is the treatment of choice in asthmatics with acute ABPA
flares, as it is effective in clearing eosinophilic infiltrates
and associated symptoms [31]. Following successful treat-
ment of an acute phase of asthma symptoms, the predni-
sone dose should be tapered over 1–3 months [31]. If
mucus impaction persists and results in atelectasis, bron-
choscopy should be performed to confirm the diagnosis
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and attempt to remove the mucus plugs [31]. Itraconazole
can be used as a supplementary treatment to reduce exac-
erbations and lower the dose of steroid required [31].

There have been limited studies assessing the effectiveness
of biologics in treatment of ABPA, though some authors re-
port that omalizumab has resulted in decreased exacerbations
and need for steroids in uncontrolled studies of ABPA patients
[37]. Another group, Terashima et al., recently described suc-
cessful treatment of a severe case of ABPA-associated asthma
with mepolizumab [38]. There are currently no biologics with
specific FDA approval for ABPA, and more studies are need-
ed to determine their efficacy in treating this condition, espe-
cially as more biologics targeting Th2-mediated inflammation
become available for clinical use.

Eosinophilic Asthma

Eosinophils have been widely considered to play a prominent
role in the pathogenesis of certain subtypes of asthma, includ-
ing childhood-onset allergic asthma as well as adult-onset
non-allergic asthma. While eosinophilia is often present in
early-onset allergic asthma as one component of Th2-
mediated inflammation, it may also be present independent
of atopy. This adult-onset, non-allergic, eosinophil-rich dis-
ease is characteristic of the “eosinophilic asthma” endotype.
The severe, adult-onset, highly eosinophilic asthma pheno-
type often is resistant to high-dose inhaled corticosteroids,
requiring treatment with systemic corticosteroids or biologics
that target eosinophilic inflammation [10, 13]. Severe eosino-
philic asthma is often associated with sinusitis and nasal
polyps, and sometimes overlaps with frank AERD.

IgE levels, blood eosinophil count, sputum eosinophil
count, FeNO levels, and periostin levels, among others,
have been investigated as potential biomarkers of eosino-
philia and disease activity. Jia et al. compared age, sex,
BMI, IgE levels, blood eosinophils, FeNO levels, and serum
periostin levels in 59 patients with severe asthma and con-
cluded that serum periostin was the best predictor of airway
eosinophilia [10, 39]. However, while serum periostin test-
ing is often not readily available, blood eosinophil count is
easily accessible in clinical practice worldwide and has also
shown to be a good predictive marker for response to bio-
logic therapies targeting IL-5 [40].

Treatment for eosinophilic asthma begins with standard
inhaled corticosteroid and bronchodilator therapy, but these
are often not sufficient for control [10, 13]. Patients frequently
show persistence of eosinophilic airway inflammation despite
high-dose ICS and are often dependent on oral corticosteroids
for adequate control. Several biologics targeting IL-5 or its
receptor have recently been approved for treatment of eosin-
ophilic asthma. In a 32-week study of 576 patients meeting
criteria for eosinophilic asthma (eosinophil count of at least
150 cells per microliter in the peripheral blood at screening or

at least 300 cells per microliter at some time during the previ-
ous year), Ortega et al. reported significantly reduced asthma
exacerbations with subcutaneous mepolizumab, a humanized
monoclonal antibody against IL-5, as compared to placebo, as
well as improvements in FEV1 and asthma severity scores
[41]. Another recently approved biologic, benralizumab, tar-
gets the alpha chain of the IL-5 receptor [42]. It has been
studied in two randomized, double-blind, placebo-controlled,
phase 3 trials evaluating patients having asthma uncontrolled
with high-dose ICS and a long-acting beta agonist (LABA)
and eosinophil counts greater or equal to 300 cells/μL [42]. In
both trials, SIROCCO and CALIMA, patients in the
benralizumab treatment group showed significantly reduced
annual asthma exacerbation rates and improved FEV1 com-
pared to placebo [43, 44]. Reslizumab, another humanized
monoclonal antibody against IL-5, had positive results for
treatment of eosinophilic asthma in phase 3 trials. One trial
showed improvements in FEV1 and decreased asthma symp-
tom questionnaire scores in patients with inadequately con-
trolled asthma and eosinophil counts greater than or equal to
400 cells/μL [45]. Another trial that had no minimum eosin-
ophil count for inclusion did not see significant changes in
FEV1 in the eosinophils < 400 cells/μL subgroup, but did
see significant improvement in FEV1 in the ≥ 400 cells/μL
as well as larger improvements in asthma symptom scores
and rescue inhaler usage [46].

Dupilumab, an anti-IL4Rα monoclonal antibody, has re-
cently received FDA approval for severe asthma with elevated
eosinophils and also for steroid-dependent asthma. In a phase
3 trial, dupilumab demonstrated significantly decreased asth-
ma exacerbations and improved FEV1, with greater results
seen in those patients with blood eosinophils count greater
than or equal to 300 cells/μL [47].

There are several biologic drugs under investigation for
eosinophilic asthma. A monoclonal antibody targeting IL-
33, etokimab, just completed a proof of concept study for
use in adults with severe eosinophilic asthma, but results have
not yet been released [48]. CRTH2 antagonists OC000459
and BI 671800 showed greater lung function improvement
in patients with elevated peripheral blood eosinophils versus
those with lower eosinophil counts [49, 50]. Fevipiprant is
being evaluated in phase 3 trials of eosinophilic and other
uncontrolled asthmatics at this time as well [51].

Aspirin-Exacerbated Respiratory Disease

Aspirin-exacerbated respiratory disease (AERD) is char-
acterized by asthma, chronic rhinosinusitis with nasal
polyposis, and respiratory reactions to aspirin ingestion
(Samter’s triad) [52]. Patients with AERD tends to have
more severe asthma with lower baseline FEV1 values
than patients with aspirin-tolerant asthma, possibly due
to more aggressive airway remodeling [53].
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In patients with AERD, airway-protective PGE2 is low,
potentially due to decreased expression of prostaglandin E2
receptors onmast cells, eosinophils, neutrophils, and Tcells in
respiratory mucosa [52]. When aspirin or NSAIDs cause
COX-1 inhibition, this depletes the already deficient PGE2
in AERD patients, triggering mast cell activation, synthesis
of cysteinyl leukotrienes, and release other inflammatory me-
diators including histamine [54]. Downstream effects of these
inflammatory mediators include bronchospasm, increased
mucus production, flushing, edema, and nasal congestion
[52]. Several studies have demonstrated that patients with
AERD also have overexpression of IL-33 and thymic stromal
lymphopoietin (TSLP), which can drive Th2 pathway inflam-
mation [52, 55].

Several biomarkers have been shown to be valuable in
distinguishing between aspirin-sensitive and aspirin-tolerant
asthma. Park et al. have suggested that urine leukotriene E4
(LTE4) is the most useful biomarker for distinguishing
aspirin-sensitive asthma from aspirin-tolerant asthma and for
monitoring treatment response in AERD [56]. Although not
specific to AERD, blood and sputum eosinophil count are
biomarkers of eosinophilic inflammation, which is a primary
effector cell in AERD [56]. Serum periostin levels have also
been shown to be high in this asthma phenotype and can aid in
diagnosis of the AERD phenotype [57].

While initial treatment of AERD is based on standard asth-
ma controller guidelines, [54] high-dose glucocorticoids are
typically needed in this phenotype for adequate control of
symptoms [52]. Leukotriene-modifying agents assist in symp-
tom management and can serve as a safeguard from severe
reactions in the event of accidental NSAID exposure [58]. In
particular, the 5-lipoxygenase inhibitor zileuton has shown
significant benefit [59]. Aspirin desensitization has proven
therapeutic benefit in patients with AERD, but comes with
the risk of precipitating a severe reaction and the potential side
effects of gastric ulcers and bleeding [60].

Several retrospective and non-placebo controlled studies
have explored the use of biologic therapy for the treatment
of AERD. A retrospective analysis of mepolizumab in sub-
jects with AERD by Tuttle et al. demonstrated evidence of
improvement in nasal congestion, anosmia, and asthma symp-
toms, but no significant change in FEV1 [61]. Weinstein et al.
conducted a post hoc analysis of two double-blind placebo-
controlled trials of reslizumab for asthma, which analyzed a
subset of patients with nasal polyps both with and without
aspirin sensitivity [62]. Aspirin-sensitive patients in this study
demonstrated statistically significant decreases in asthma ex-
acerbations and systemic corticosteroid bursts, improved asth-
ma quality of life score, and significantly increased FEV1 as
compared to placebo [62]. A third group, Phillips-Angles
et al., conducted a prospective, non-placebo-controlled study
of the effects of omalizumab on patients with AERD [63]. Of
the seven patients included in the study, six obtained tolerance

to NSAIDs after 6 months of treatment [63]. While a signifi-
cant decrease in asthma exacerbations was reported, no sig-
nificant improvement in FEV1 was observed [63].

While these studies are promising, further prospective, ran-
domized studies will still be needed to clarify the role of var-
ious biologics in asthmatics with AERD.

Neutrophilic Asthma

The pathological and clinical characteristics of neutrophilic
asthma are less defined than other asthma phenotypes. It is
seen most commonly in patients with severe asthma and is
frequently steroid-insensitive [1, 64]. The use of high-dose
steroids could also contribute to the neutrophilic inflammation
seen in severe asthma, as steroids have shown to decrease
apoptosis of neutrophils in vitro [1].

The Th17 inflammatory pathway has been implicated as
one of the main drivers of neutrophilic infiltration in asthma
[65, 66]. Lung tissue sections from asthmatic patients have
been shown to have overexpression of Th17-derived cyto-
kines IL-17A and IL-17F, particularly in subjects with neutro-
philic, steroid-resistant disease [67]. While the exact cause of
neutrophilic inflammation in asthma is not entirely clear, ex-
ternal factors including allergens, tobacco exposure, diesel
exhaust, occupational irritants, and viral infections have been
hypothesized to play a role in triggering Th17-mediated air-
way inflammation [68, 69]. Sources of IL-17 cytokines other
than Th17 cells include γδ T cells, cytotoxic T cells, invariant
NK T cells, NK cells, and type 3 innate lymphoid cells
(ILC3s) [70, 71]. Once derived, IL-17A and IL-17F stimulate
airway cells, including bronchial epithelial cells and
subep i the l i a l f ib roblas t s , to sec re te neu t roph i l
chemoattractants, most prominently IL-8, which promotes mi-
gration of neutrophils to the site of inflammation [72–75].
Another cytokine involved in the Th17 pathway, IL-6, has
been shown to facilitate the release of polymorphonuclear
leukocyte (PMN) into peripheral blood, which increases the
binding of PMN to vascular endothelial cells, inhibiting spon-
taneous apoptosis in neutrophils [76–78]. Given its strong
association with the pathogenesis of neutrophilic asthma, IL-
8 could become a clinical biomarker of this disease, aiding in
diagnosis and monitoring response to treatment.

Patients with neutrophilic asthma typically have poor re-
sponsiveness to inhaled corticosteroids, and alternative treat-
ment options are relatively limited. Several of the drugs that
have been considered for use in neutrophilic asthma have also
shown efficacy in chronic obstructive pulmonary disease.

Macrolides have been shown in multiple studies to have a
potential benefit in these patients, as they reduce levels of IL-
8, inhibit neutrophil elastase, and attenuate TNF-α- and IL-17
inflammatory responses [79, 80]. In one placebo-controlled
trial of clarithromycin in severe refractory asthma, Simpson
et al. demonstrated reduced airway IL-8 and neutrophil
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numbers and improved quality of life [80]. Despite possible
efficacy, caution should be exercised in long-term use of
macrolides due to the adverse reactions and development of
antibiotic resistance [64].

Another class of medication that has shown some potential
in treatment of neutrophilic asthma is phosphodiesterase
(PDE) inhibitors. Numerous early studies of candidate PDE
inhibitors have demonstrated bronchodilatory and neutrophil
inhibitory effects [64]. Currently, no PDE inhibitors are being
trialed in neutrophilic asthma itself, though roflumilast, a
PDE4 inhibitor approved for use in COPD, is currently in
trials for obesity-related asthma [81]. Theophylline, long act-
ing beta-agonists (LABA), and leukotriene receptor antago-
nists all have been shown to have some modest effects against
neutrophil-driven inflammation, so could have potential ben-
efit in neutrophilic asthma [64].

There are few studies addressing the use of biologics in
neutrophilic asthma. One placebo-controlled clinical trial
assessed the effect of brodalumab, an IL-17 antibody, in pa-
tients with moderate-to-severe asthma taking ICS [82]. It found
no significant effect on asthma control scores, number of
symptom-free days, or FEV1 [82]. However, the group did
acknowledge a subgroup responding strongly to bronchodila-
tors did show improvement of unclear significance, and may
merit a future study [82]. Another IL-17 inhibitor, CJM112, is
currently under investigation in uncontrolled, severe asthmatics
without eosinophilia or high serum IgE, presumably targeting
by default patients with more neutrophilic disease [83].

Obesity-Related Asthma

Obesity is a risk factor for both childhood and adult asthma.
With the substantial rise in the prevalence of obesity in recent
decades, a clearer understanding of this phenotype is of in-
creasing importance. While it has been repeatedly shown that
obesity increases the prevalence of asthma, an exact causal
relationship has yet to be elicited. Many mechanisms have
been explored as contributing to obesity-related asthma, in-
cluding mechanical, hormonal, and inflammatory factors [84].

Potential mechanical explanations for obesity-related asth-
ma include the tendency for obese individuals to have propor-
tionally lower lung volumes than those of normal body
weight, often resulting in lower respiratory tidal volume and
functional residual capacity [85]. Long-term implications of
this include less stretching of airway smooth muscle, making
the airway smooth muscle stiff and more conducive to
narrowing [84]. Additionally, excessive adipose tissue can
compress peripheral airways, leading to repeated opening
and closing during tidal breathing, potentially causing rupture
of alveolar-bronchiole attachments [86]. This process uncou-
ples the airways from the retractive forces of the lung paren-
chyma, leading to further airway narrowing [86].

Obesity has long been recognized as a chronic low-grade
inflammatory state. Cytokines, chemokines, and other inflam-
matory mediators released from adipose tissue are collectively
referred to as adipokines. These inflammation drivers, such as
IL-6, TNF-α, and VEGF, can potentially enter the blood-
stream and contribute to causing asthma or exacerbating pre-
existing asthma [84]. Oxidative stress from obesity has also
been suggested to play a role in obesity-related asthma, but
this link has not been fully established [87].

Some authors have discussed a hormonal basis of obesity-
related asthma. Leptin, a satiety hormone released from adi-
pose cells, is increased in obese individuals and has pro-
inflammatory effects [84, 87]. Leptin is capable of regulating
T cell proliferation and activation, recruiting macrophages,
and facilitating angiogenesis [87]. Leptin is theorized to po-
tentially play a role in immune modulation as well as a facil-
itator of airway inflammation, contributing to the complex
phenotype [87]. However, other studies cast doubt on leptin
playing a significant role [88].

Despite the apparent relationship of adipokines to obesity-
related asthma, no specific biomarkers for the phenotype have
been established [17]. This is possibly due to the fact that the
exact mechanisms resulting in the disease are poorly under-
stood andmost likelymultifactorial. Future studies that further
define the relationship of obesity and asthma will hopefully
yield valuable biomarkers for diagnosis and treatment of this
complex association.

Obesity-related asthma is associated with a more dimin-
ished response to treatment with corticosteroids [17, 87, 89].
Despite this, guidelines for lean and obese patients are cur-
rently the same [89]. Studies characterizing the response of
obese patients to controller medications and development of
more targeted therapy for this population are needed [89].

Several studies have indicated that weight loss through
lifestyle modifications or bariatric surgery can significantly
improve symptoms and quality of life. A Scott et al. study of
46 patients with both obesity and asthma found that weight
loss of 5–10% (through diet, exercise, or both) resulted in
clinical improvement of asthma control in 58% of patients
and improvements of quality of life in 83% [90]. Another
study by Dixon et al. found that asthmatic patients undergoing
bariatric surgery experienced significant improvement in asth-
ma control and quality of life [91]. Proper treatment of comor-
bid sleep apnea can also have positive impact on asthma se-
verity and progression.

There are few studies regarding the use of biologics specif-
ically for obesity-related asthma. One group, Ortega et al., an-
alyzed data from the DREAM trial and found that BMI had no
specific impact on response to treatment with mepolizumab
[92]. An oral PDE4 inhibitor, roflumilast, which is currently
approved for use in COPD, is in trials for obesity-related asthma
[81]. As the prevalence of obesity continues to rise, more novel
approaches to obesity-related asthma must be explored.
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Exercise-Induced Bronchoconstriction

Exercise-induced bronchoconstriction (EIB) refers to acute air-
way narrowing resulting from exercise. It was initially believed
that this phenomenon was only a trigger for patients with under-
lying asthma, but more recent research has concluded that EIB
can occur in the absence clinical asthma [93]. To distinguish
these two entities, several American professional medical socie-
ties have recommended the use of the terms exercise-induced
bronchoconstriction with asthma (EIBA) and exercise-induced
bronchoconstriction without asthma EIBWA [93]. While the
EIBA involves triggering pre-existing airway hyperreactivity,
EIBWA likely involves an alternative mechanism [93].

During the process of exercise, an increase in respiratory
rate and tidal volume necessitates the airways to humidify
larger quantities of air in shorter intervals of time. This even-
tually leads to excess water loss from the airways resulting in
hyperosmolarity and relative dehydration [94]. An acute effect
of this dehydration is the release of mediators including pros-
taglandins, leukotrienes, cytokines, and histamine, which are
capable of stimulating airway smooth muscle causing contrac-
tion and increased vascular permeability [95]. Cold, dry air
results in greater water losses, explaining the tendency for
winter athletes to experience EIB [96]. Epithelial
hyperosmolarity and dehydration specifically lead to in-
creased production of IL-8, a potent attractor of neutrophils
[97]. Other contributors to the pathogenesis of EIB include
increased microvascular permeability, and autonomic dysreg-
ulation through reflex mechanisms induced by exercise and
increased parasympathetic tone in athletes [98, 99].

Several biomarkers have been explored for potential utility
to diagnose EIB and aid in management. Koh et al. found that
blood eosinophilia has a high specificity and positive predic-
tive value for the presence of EIB and that maximal fall in
FEV1 after exercise was increased in asthmatics with blood
eosinophilia [100]. Buchvald et al. concluded that FeNO
levels can be highly predictive of EIB in school-aged children
[101]. Barreto et al. found increased concentrations of 8-
isoprostane, a marker of oxidative stress, in adolescents and
children with EIB, indicating a potential role for oxidative
stress in the pathogenesis of EIB [102].

Controversy exists regarding therapy for EIB, particularly
the use of β-agonists. While they have certain benefits in EIB
including microvascular permeability and anti-exudative ef-
fects, they also decrease β2 receptor expression in airways over
time, potentially reducing threshold for release of inflammatory
mediators in response to osmotic and allergic stimuli [96]. One
study concluded that regular β-agonist treatment leads to in-
creased exercise-induced bronchoconstriction and a suboptimal
bronchodilator response to β-agonist therapy [103]. The use of
β-agonists in EIB should be conservative to slow the develop-
ment of tolerance and tachyphylaxis, and the benefits of their
use should be weighed against potential drawbacks [96].

Montelukast, a leukotriene D4 inhibitor, has showed poten-
tial as therapy for EIB. In a 12-week double-blind trial,
montelukast once-daily showed significantly improved area un-
der the FEV1 curve as compared to placebo, as well as a greater
effect on maximal decrease in FEV1 after exercise [104].
Additionally, tolerance to the medication and rebound worsen-
ing of lung function after discontinuation of treatment were not
observed [104]. In another double-blind trial, montelukast
(10 mg once in the evening) vs. salmeterol (50 μg [2 puffs]
twice per day) for 8 weeks, the montelukast group experienced
more sustained inhibition of exercise-induced bronchospasm,
while the salmeterol group saw initial efficacy but significant
loss of bronchoprotection at weeks 4 and 8 [105].

The role of biologics in the treatment of EIB is unclear at
this time. Little efficacy data exists for the use of biologics
targeting Th2-mediated immunity in the treatment of EIB.
There is an upcoming trial investigating the IL-5R antagonist,
benralizumab, for the treatment of exercise-induced broncho-
spasm in patients with underlying moderate-to-severe eosino-
philic asthma [106].

Late-Onset Asthma

Late-onset asthma (LOA), or adult-onset asthma, can be de-
fined as “asthma with onset of symptoms in adult life in a
patient with no pre-existing, persistent respiratory symptoms”
[107]. This is a broad definition, as LOA encompasses multi-
ple phenotypes with different pathogenesis and severity.
While both Th2 and non-Th2 inflammation pathways can
contribute to late onset phenotypes [108], adult-onset asthma
is often non-atopic, more severe, and features a faster decline
in lung function than childhood-onset asthma [109]. Despite
increased morbidity and mortality from asthma-related com-
plications, asthma in older individuals is less characterized
and understood than in younger adults and children [110].

A multitude of risk factors exist for the development of
LOA. Obesity and aspirin-sensitivity can both contribute to
the development of asthma in adulthood. Other potential con-
tributors to adult-onset asthma include airway infections (vi-
ruses, Staphylococcus aureus, Chlamydia pneumoniae, etc.)
smoking, occupational and environmental exposures, female
sex, stressful life events, and depression [109–111]. Several
LOA phenotypes have been proposed as being distinct. One
group is composed predominantly of male, non-atopic pa-
tients featuring persistent sputum eosinophilia and frequent
exacerbations and airflow limitation [112, 113]. This pheno-
type is often steroid-dependent for control of symptoms and
has been associated with chronic rhinosinusitis, nasal polyps,
and aspirin sensitivity [114, 115]. Another group identified
exhibits a milder form of asthma and has no other significant
defining features [116]. A third phenotype, smoking-related
asthma, tends to include non-atopic male smokers with mild-
to-moderate reduction in lung function [110, 111].
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Useful biomarkers for LOA are dependent on the underlying
pathophysiology. Eosinophils, FeNO, and periostin are frequent-
ly used for diagnosis and management of Th2 inflammatory
asthma, including adult-onset persistent eosinophilic asthma
[17, 108]. There is evidence that smoking-related asthma in-
volves neutrophilic inflammation in a non-Th2-driven process,
making neutrophils a potential biomarker in this subtype [17].
More studies are needed to better understand the pathophysiolo-
gy of late-onset asthma and potential specific biomarkers.

A large percentage of patients with LOA respond poorly to
corticosteroids [109]. Given the variety of causes, a targeted,
phenotype-driven approach is likely to result in better treat-
ment [109]. Mepolizumab has shown efficacy in treating se-
vere eosinophilic asthma, as previously discussed in this re-
view [41]. Lebrikizumab, a monoclonal antibody to IL-13, has
also shown potential for treating adults with adult-onset eo-
sinophilic asthma. In a study of adults with symptomatic mod-
erate asthma despite treatment with inhaled glucocorticoids
and in some cases a LABA, Corren et al. demonstrated that
lebrikizumab improves overall lung function, to a greater de-
gree in patients with high periostin levels at baseline [117].
Another alternative treatment option is bronchial
thermoplasty, which has shown potential in improving lung
function, airway hyperresponsiveness, quality of life and
symptom scores, and decreased exacerbations in adult non-
eosinophilic severe asthma [118–120].

Other potential treatment modalities for LOA can be obvi-
ous, such as smoking cessation in smoking-related asthma,
and irritant avoidance and precautions in certain occupational
exposure-related asthma.

Asthma Phenotypes Identified by Cluster
Analysis

Statistical analysis of large cohorts of asthmatics has been used as
a tool to identify asthma phenotypes. Cluster analysis is a data
mining technique used to group items into clusters usingmultiple
variables, such that those items within a cluster have strong sim-
ilarity, and the similarity between different clusters is weak.
Predefined groups do not exist, so a method such as this can be
used to potentially identify new asthma phenotypes in a cohort.
While this method of defining phenotypes is meant to avoid
clinical bias, cluster analysis is dependent on the variables chosen
to group patients’ asthma, so the process of investigators choos-
ing important disease variables itself introduces some bias.

The first cluster analysis of severe asthma was undertaken
in a single center in Leicester, UK [113]. Adults from two
distinct patient populations were evaluated by cluster analysis.
The first group included asthmatics recruited from a primary
care setting with asthma of mild to moderate severity. The
second group included patients with treatment-refractory asth-
ma cared for by a specialist.

In the primary care group, three phenotypic clusters were
identified. Cluster 1 had “early-onset atopic asthma”, with
active symptoms and eosinophilic airway inflammation.
Cluster 2 was “obese asthmatics” who were predominantly
female. They also had evidence of asthma symptoms, but
lacked eosinophilic airway inflammation. Cluster 3 had “be-
nign asthma” with little active disease.

In the group of treatment-refractory asthmatics in specialist
care, there were four phenotypic clusters. Cluster 1 was anal-
ogous to cluster 1 of the primary care group, with “early-onset
atopic asthma”, but had more eosinophilic inflammation and
airway dysfunction. Cluster 2, “obese asthmatics”, was simi-
larly analogous to cluster 2 in the primary care group.
Interestingly, these two asthma phenotypes were found to be
present across a spectrum of asthma severity. In contrast, clus-
ter 3 and cluster 4 were specific to the treatment-refractory
asthma population. Cluster 3 was a group of early-onset pa-
tients with significant symptoms, but without eosinophilia.
Cluster 4 included patients with eosinophilic inflammation
and few symptoms, who are male-predominant and have
late-onset disease.

The “Severe Asthma Research Project” (SARP) cohort or-
ganized 726 adolescents and adults with severe asthma into
phenotypic clusters [121]. Five distinct clusters were identi-
fied. Cluster 1 included younger, predominantly female pa-
tients, with childhood-onset, atopic asthma, and normal lung
functions. These patients had fewer exacerbations than those
in other clusters, yet had high rates of daily asthma symptoms.
Cluster 2 was a large cluster of slightly older patients (mean
age 33 years) who were also atopic and predominantly female.
They had similar asthma symptoms and exacerbations to clus-
ter 1, but received more controller asthma therapy. Cluster 3
was composed of mainly older women with adult-onset asth-
ma, less atopic, and high rates of obesity. This cluster was
characterized by decreased baseline pulmonary function, use
of multiple asthma drugs, and asthma symptoms that were
disproportional to the degree of airflow obstruction. Cluster
4 included patients with long-standing, childhood-onset atopic
asthma, with no gender predilection, and severely-reduced,
yet reversible, pulmonary function. Cluster 5 consisted of fe-
male-predominant, adult-onset asthmatics with long-standing
disease, who had severely reduced lung function with only
partial response to bronchodilators. Disease biomarkers were
only assessed in a subset of patients in the SARP cohort, but in
this subset, FeNO and blood eosinophils were similar across
all five cohorts, sputum eosinophils were higher in clusters 3
and 4, and both sputum eosinophils and sputum neutrophils
were elevated in cluster 5. Serum IgE was highest in clusters
1, 2, and 4, and lowest in clusters 3 and 5.

The “Epidemiology and Natural History of Asthma:
Outcomes and Treatment Regimens” (TENOR) study exam-
ined the phenotypes of children, adolescents, and adults with
“difficult-to-treat” asthma [122]. In children under age 12, five
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clusters were identified. Cluster 1 included atopic white male
patients with no secondhand smoke exposure. These patients
had less airway obstruction and the lowest exacerbation rate.
Cluster 2 was a group of females, also without secondhand
smoke exposure, and with less airway obstruction than clus-
ters 3, 4, and 5. The remaining pediatric patients fell into
cluster 3 (non-atopic), cluster 4 (passive smoke exposure), or
cluster 5 (non-white males).

In adolescents and adults, there were also five observed
clusters in the TENOR study group. Cluster 1 was composed
of white female patients, with mainly adult-onset asthma,
without aspirin sensitivity, and with lower total serum IgE.
All patients in cluster 2 had comorbid atopic dermatitis.
Cluster 3 was composed of patients of male gender, and this
group had better ATAQ scores and higher quality of life than
other clusters, but lower mean FEV1/FVC ratios. The final
two clusters were defined by non-white race (cluster 4) and
aspirin sensitivity (cluster 5).

In the TENOR study, child clusters did not predict
asthma outcomes, while in adolescents and adults, non-
white and aspirin-sensitive clusters had a worse clinical
prognosis regarding QoL and the aspirin-sensitive clus-
ter also had worse prognosis for asthma exacerbations.

These and other cluster analyses have been useful in
identifying subtypes of asthmatics and in lending sup-
port to asthma phenotypes already recognized by prior
clinical studies. Published cluster analyses have used
quite variable clinical and laboratory parameters of asth-
ma to define their patients into clusters. Some clusters
included asthma outcome measures like corticosteroid
bursts and hospitalization rate as variables, while others
did not. However, despite their differences, common
themes emerge for the asthma phenotypes identified by
many cluster analyses. Age of disease onset, atopic sta-
tus, and presence of obesity are cluster-defining vari-
ables in many studies (Table 1).

Table 1 Asthma sub-types determined by cluster analysis

Leicester [113]

Primary care group

Cluster 1 Early-onset atopic asthmatics

Cluster 2 Obese asthmatics

Cluster 3 Benign asthmatics

Treatment-refractory group

Cluster 1 Childhood-onset, atopic asthmatics

Cluster 2 Noneosinophilic, obese asthmatics

Cluster 3 Early-onset, non-eosinophilic asthmatics

Cluster 4 Late-onset, eosinophilic asthmatics

Severe Asthma Research Program (SARP) [121]

Cluster 1 Childhood-onset, atopic asthmatics with few exacerbations

Cluster 2 Childhood-onset, atopic asthmatics with increased health-care utilization but preserved lung function

Cluster 3 Adult-onset, obese, non-atopic asthmatics

Cluster 4 Childhood-onset, atopic asthmatics with severe, reversible airflow obstruction

Cluster 5 Adult-onset asthmatics, with severe airflow obstruction, only partially reversible

Epidemiology and natural history of asthma: outcomes and treatment regimens (TENOR) [122]

Children

Cluster 1 Atopic white males

Cluster 2 Females without secondhand smoke exposure

Cluster 3 Non-atopic asthmatics

Cluster 4 Asthmatics with secondhand smoke exposure

Cluster 5 Non-white male asthmatics

Adolescents and adults

Cluster 1 White females with adult-onset asthma

Cluster 2 Atopic asthma with comorbid atopic dermatitis

Cluster 3 Males with few symptoms but more airflow obstruction

Cluster 4 Non-white asthmatics

Cluster 5 Aspirin-sensitive asthmatics
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Conclusion

Asthma is now recognized to not simply be a single disease
with a uniform underlying pathology, but instead should be
regarded as clustered sub-entities with varied clinical presen-
tation and underlying pathophysiologies. We are moving into
an era where “one size fits all” treatment for asthma will no
longer be the norm. Personalized treatment targeting the un-
derlying cause and pathophysiology of the individual patient’s
asthma will lead to improved treatment outcomes. Multiple
biologics are already approved for severe asthma and many
more are in the development pipeline. It will be critical as
more biologics and targeted therapies become available to
study them in specific asthma phenotypes and endotypes, thus
facilitating the choice of best treatments for specific asthmatic
patients encountered in the clinic setting.

Compliance with Ethical Standards

Conflict of Interest The authors declare that they have no conflict of
interest.

Ethical Approval Not applicable.

Informed Consent Not applicable.

References

1. Wenzel SE (2006) Asthma: defining of the persistent adult pheno-
types. Lancet 368(9537):804–813. https://doi.org/10.1016/S0140-
6736(06)69290-8

2. Lotvall J, Akdis CA, Bacharier LB, Bjermer L, Casale TB,
Custovic A, Lemanske RF Jr, Wardlaw AJ, Wenzel SE,
Greenberger PA (2011) Asthma endotypes: a new approach to
classification of disease entities within the asthma syndrome. J
Allergy Clin Immunol 127(2):355–360. https://doi.org/10.1016/
j.jaci.2010.11.037

3. Lloyd CM, Hessel EM (2010) Functions of T cells in asthma:
more than just T(H)2 cells. Nat Rev Immunol 10(12):838–848.
https://doi.org/10.1038/nri2870

4. Fahy JV (2015) Type 2 inflammation in asthma–present in most,
absent inmany. Nat Rev Immunol 15(1):57–65. https://doi.org/10.
1038/nri3786

5. Robinson D, Humbert M, Buhl R, Cruz AA, Inoue H, Korom S,
Hanania NA, Nair P (2017) Revisiting type 2-high and type 2-low
airway inflammation in asthma: current knowledge and therapeu-
tic implications. Clin Exp Allergy 47(2):161–175. https://doi.org/
10.1111/cea.12880

6. Oliphant CJ, Barlow JL, McKenzie AN (2011) Insights into the
initiation of type 2 immune responses. Immunology 134(4):378–
385. https://doi.org/10.1111/j.1365-2567.2011.03499.x

7. Lund S, Walford HH, Doherty TA (2013) Type 2 innate lymphoid
cells in allergic disease. Curr Immunol Rev 9(4):214–221. https://
doi.org/10.2174/1573395510666140304235916

8. Hershey GK (2003) IL-13 receptors and signaling pathways: an
evolving web. J Allergy Clin Immunol 111(4):677–690 quiz 691

9. Jiang H, Harris MB, Rothman P (2000) IL-4/IL-13 signaling be-
yond JAK/STAT. J Allergy Clin Immunol 105(6 Pt 1):1063–1070

10. Walford HH, Doherty TA (2014) Diagnosis and management of
eosinophilic asthma: a US perspective. J Asthma Allergy 7:53–65.
https://doi.org/10.2147/JAA.S39119

11. Louahed J, Kermouni A, Van Snick J, Renauld JC (1995) IL-9
induces expression of granzymes and high-affinity IgE receptor in
murine T helper clones. J Immunol 154(10):5061–5070

12. Zhou Y, McLane M, Levitt RC (2001) Th2 cytokines and asthma.
Interleukin-9 as a therapeutic target for asthma. Respir Res 2(2):
80–84

13. de Groot JC, Ten Brinke A, Bel EH (2015) Management of the
patient with eosinophilic asthma: a new era begins. ERJ Open Res
1(1):00024–02015. https://doi.org/10.1183/23120541.00024-
2015

14. Bhakta NR, Woodruff PG (2011) Human asthma phenotypes:
from the clinic, to cytokines, and back again. Immunol Rev
242(1):220–232. https://doi.org/10.1111/j.1600-065X.2011.
01032.x

15. Cui J, Pazdziorko S, Miyashiro JS, Thakker P, Pelker JW,
Declercq C, Jiao A, Gunn J, Mason L, Leonard JP, Williams
CM , M a r u s i c S ( 2 0 0 5 ) TH 1 -m e d i a t e d a i r w a y
hyperresponsiveness independent of neutrophilic inflammation.
J Allergy Clin Immunol 115(2):309–315. https://doi.org/10.
1016/j.jaci.2004.10.046

16. Hayashi N, Yoshimoto T, Izuhara K, Matsui K, Tanaka T,
Nakanishi K (2007) T helper 1 cells stimulated with ovalbumin
and IL-18 induce airway hyperresponsiveness and lung fibrosis
by IFN-gamma and IL-13 production. Proc Natl Acad Sci U S A
104(37):14765–14770. https://doi.org/10.1073/pnas.0706378104

17. Wenzel SE (2012) Asthma phenotypes: the evolution from clinical
to molecular approaches. Nat Med 18(5):716–725. https://doi.org/
10.1038/nm.2678

18. Agrawal DK, Shao Z (2010) Pathogenesis of allergic airway in-
flammation. Curr Allergy Asthma Rep 10(1):39–48. https://doi.
org/10.1007/s11882-009-0081-7

19. Reuter S, Stassen M, Taube C (2010) Mast cells in allergic asthma
and beyond. Yonsei Med J 51(6):797–807. https://doi.org/10.
3349/ymj.2010.51.6.797

20. Burrows B, Martinez FD, Cline MG, Lebowitz MD (1995) The
relationship between parental and children's serum IgE and asth-
ma. Am J Respir Crit Care Med 152(5 Pt 1):1497–1500. https://
doi.org/10.1164/ajrccm.152.5.7582283

21. Silkoff PE, McClean PA, Slutsky AS, Caramori M, Chapman KR,
Gutierrez C, Zamel N (1998) Exhaled nitric oxide and bronchial
reactivity during and after inhaled beclomethasone inmild asthma.
J Asthma 35(6):473–479

22. Hanania NA, Wenzel S, Rosen K, Hsieh HJ, Mosesova S, Choy
DF, Lal P, Arron JR, Harris JM, Busse W (2013) Exploring the
effects of omalizumab in allergic asthma: an analysis of bio-
markers in the EXTRA study. Am J Respir Crit Care Med
187(8):804–811. https://doi.org/10.1164/rccm.201208-1414OC

23. Agrawal S, Townley RG (2014) Role of periostin, FENO, IL-13,
lebrikzumab, other IL-13 antagonist and dual IL-4/IL-13 antago-
nist in asthma. Expert Opin Biol Ther 14(2):165–181. https://doi.
org/10.1517/14712598.2014.859673

24. Berry A, Busse WW (2016) Biomarkers in asthmatic patients: has
their time come to direct treatment? J Allergy Clin Immunol
137(5):1317–1324. https://doi.org/10.1016/j.jaci.2016.03.009

25. National Asthma E, Prevention P (2007) Expert panel report 3
(EPR-3): guidelines for the diagnosis and Management of
Asthma-Summary Report 2007. J Allergy Clin Immunol 120 (5
Suppl):S94–138. doi:https://doi.org/10.1016/j.jaci.2007.09.043

26. Humbert M, Beasley R, Ayres J, Slavin R, Hebert J, Bousquet J,
Beeh KM, Ramos S, Canonica GW, Hedgecock S, Fox H, Blogg
M, Surrey K (2005) Benefits of omalizumab as add-on therapy in
patients with severe persistent asthma who are inadequately con-
trolled despite best available therapy (GINA 2002 step 4

Clinic Rev Allerg Immunol

https://doi.org/10.1016/S0140-6736(06)69290-8
https://doi.org/10.1016/S0140-6736(06)69290-8
https://doi.org/10.1016/j.jaci.2010.11.037
https://doi.org/10.1016/j.jaci.2010.11.037
https://doi.org/10.1038/nri2870
https://doi.org/10.1038/nri3786
https://doi.org/10.1038/nri3786
https://doi.org/10.1111/cea.12880
https://doi.org/10.1111/cea.12880
https://doi.org/10.1111/j.1365-2567.2011.03499.x
https://doi.org/10.2174/1573395510666140304235916
https://doi.org/10.2174/1573395510666140304235916
https://doi.org/10.2147/JAA.S39119
https://doi.org/10.1183/23120541.00024-2015
https://doi.org/10.1183/23120541.00024-2015
https://doi.org/10.1111/j.1600-065X.2011.01032.x
https://doi.org/10.1111/j.1600-065X.2011.01032.x
https://doi.org/10.1016/j.jaci.2004.10.046
https://doi.org/10.1016/j.jaci.2004.10.046
https://doi.org/10.1073/pnas.0706378104
https://doi.org/10.1038/nm.2678
https://doi.org/10.1038/nm.2678
https://doi.org/10.1007/s11882-009-0081-7
https://doi.org/10.1007/s11882-009-0081-7
https://doi.org/10.3349/ymj.2010.51.6.797
https://doi.org/10.3349/ymj.2010.51.6.797
https://doi.org/10.1164/ajrccm.152.5.7582283
https://doi.org/10.1164/ajrccm.152.5.7582283
https://doi.org/10.1164/rccm.201208-1414OC
https://doi.org/10.1517/14712598.2014.859673
https://doi.org/10.1517/14712598.2014.859673
https://doi.org/10.1016/j.jaci.2016.03.009
https://doi.org/10.1016/j.jaci.2007.09.043


treatment): INNOVATE. Allergy 60(3):309–316. https://doi.org/
10.1111/j.1398-9995.2004.00772.x

27. Weinstein SF, Katial R, Jayawardena S, Pirozzi G, Staudinger H,
Eckert L, Joish VN, Amin N, Maroni J, Rowe P, Graham NMH,
Teper A (2018) Efficacy and safety of dupilumab in perennial
allergic rhinitis and comorbid asthma. J Allergy Clin Immunol
142(1):171–177 e171. https://doi.org/10.1016/j.jaci.2017.11.051

28. Gauvreau GM, O'Byrne PM, Boulet LP, Wang Y, Cockcroft D,
Bigler J, FitzGerald JM, Boedigheimer M, Davis BE, Dias C,
Gorski KS, Smith L, Bautista E, Comeau MR, Leigh R, Parnes
JR (2014) Effects of an anti-TSLP antibody on allergen-induced
asthmatic responses. N Engl J Med 370(22):2102–2110. https://
doi.org/10.1056/NEJMoa1402895

29. Bateman ED, O'Brien C, Rugman P, Luke S, Ivanov S, Uddin M
(2018) Efficacy and safety of the CRTh2 antagonist AZD1981 as
add-on therapy to inhaled corticosteroids and long-acting beta2-
agonists in patients with atopic asthma. Drug Des Devel Ther 12:
1093–1106. https://doi.org/10.2147/DDDT.S147389

30. Bateman ED, Guerreros AG, Brockhaus F, Holzhauer B, Pethe A,
Kay RA, Townley RG (2017) Fevipiprant, an oral prostaglandin
DP2 receptor (CRTh2) antagonist, in allergic asthma uncontrolled
on low-dose inhaled corticosteroids. Eur Respir J 50(2):1700670.
https://doi.org/10.1183/13993003.00670-2017

31. Knutsen AP, Slavin RG (2011) Allergic bronchopulmonary asper-
gillosis in asthma and cystic fibrosis. Clin Dev Immunol 2011:
843763–843713. https://doi.org/10.1155/2011/843763

32. Giavina-Bianchi P, Kalil J (2017) Diagnosis of allergic
bronchopulmonary aspergillosis exacerbations. J Allergy Clin
Immunol Pract 5(6):1599–1600. https://doi.org/10.1016/j.jaip.
2017.06.024

33. Kauffman HF, Tomee JF, van de Riet MA, Timmerman AJ,
Borger P (2000) Protease-dependent activation of epithelial cells
by fungal allergens leads to morphologic changes and cytokine
production. J Allergy Clin Immunol 105(6 Pt 1):1185–1193

34. Tomee JF, Kauffman HF, Klimp AH, de Monchy JG, Koeter GH,
Dubois AE (1994) Immunologic significance of a collagen-
derived culture filtrate containing proteolytic activity in
Aspergillus-related diseases. J Allergy Clin Immunol 93(4):768–
778

35. Gu L, Tseng S, Horner RM, Tam C, Loda M, Rollins BJ (2000)
Control of TH2 polarization by the chemokine monocyte
chemoattractant protein-1. Nature 404(6776):407–411. https://
doi.org/10.1038/35006097

36. Agarwal R, Dua D, Choudhary H, Aggarwal AN, Sehgal IS,
Dhooria S, Garg M, Behera D, Chakrabarti A (2017) Role of
Aspergillus fumigatus-specific IgG in diagnosis and monitoring
treatment response in allergic bronchopulmonary aspergillosis.
Mycoses 60(1):33–39. https://doi.org/10.1111/myc.12541

37. Moss RB (2012) The use of biological agents for the treatment of
fungal asthma and allergic bronchopulmonary aspergillosis. Ann
N Y Acad Sci 1272:49–57. https://doi.org/10.1111/j.1749-6632.
2012.06810.x

38. Terashima T, Shinozaki T, Iwami E, Nakajima T, Matsuzaki T
(2018) A case of allergic bronchopulmonary aspergillosis success-
fully treated with mepolizumab. BMC Pulm Med 18(1):53.
https://doi.org/10.1186/s12890-018-0617-5

39. Jia G, Erickson RW, Choy DF, Mosesova S, Wu LC, Solberg OD,
Shikotra A, Carter R, Audusseau S, Hamid Q, Bradding P, Fahy
JV, Woodruff PG, Harris JM, Arron JR, Bronchoscopic
Exploratory Research Study of Biomarkers in Corticosteroid-
refractory Asthma Study G (2012) Periostin is a systemic bio-
marker of eosinophilic airway inflammation in asthmatic patients.
J Allergy Clin Immunol 130(3):647–654 e610. https://doi.org/10.
1016/j.jaci.2012.06.025

40. Godar M, Blanchetot C, de Haard H, Lambrecht BN, Brusselle G
(2018) Personalized medicine with biologics for severe type 2

asthma: current status and future prospects. MAbs 10(1):34–45.
https://doi.org/10.1080/19420862.2017.1392425

41. Ortega HG, Liu MC, Pavord ID, Brusselle GG, FitzGerald JM,
Chetta A, Humbert M, Katz LE, Keene ON, Yancey SW, Chanez
P, Investigators M (2014) Mepolizumab treatment in patients with
severe eosinophilic asthma. N Engl J Med 371(13):1198–1207.
https://doi.org/10.1056/NEJMoa1403290

42. Benralizumab (Fasenra) for Severe Eosinophilic Asthma (2018)
JAMA 319(14):1501–1502. https://doi.org/10.1001/jama.2018.
3609

43. Bleecker ER, FitzGerald JM, Chanez P, Papi A, Weinstein SF,
Barker P, Sproule S, Gilmartin G, Aurivillius M, Werkstrom V,
Goldman M, investigators Ss (2016) Efficacy and safety of
benralizumab for patients with severe asthma uncontrolled with
high-dosage inhaled corticosteroids and long-acting beta2-ago-
nists (SIROCCO): a randomised, multicentre, placebo-controlled
phase 3 trial. Lancet 388(10056):2115–2127. https://doi.org/10.
1016/S0140-6736(16)31324-1

44. FitzGerald JM, Bleecker ER, Nair P, Korn S, Ohta K,
Lommatzsch M, Ferguson GT, Busse WW, Barker P, Sproule S,
Gilmartin G, Werkstrom V, Aurivillius M, Goldman M, investi-
gators Cs (2016) Benralizumab, an anti-interleukin-5 receptor al-
pha monoclonal antibody, as add-on treatment for patients with
severe, uncontrolled, eosinophilic asthma (CALIMA): a
randomised, double-blind, placebo-controlled phase 3 trial.
Lancet 388 (10056):2128–2141. doi:https://doi.org/10.1016/
S0140-6736(16)31322-8

45. Bjermer L, Lemiere C,Maspero J,Weiss S, Zangrilli J, Germinaro
M (2016) Reslizumab for inadequately controlled Asthma with
elevated blood eosinophil levels: a randomized phase 3 study.
Chest 150(4):789–798. https://doi.org/10.1016/j.chest.2016.03.
032

46. Corren J, Weinstein S, Janka L, Zangrilli J, Garin M (2016) Phase
3 study of Reslizumab in patients with poorly controlled Asthma:
effects across a broad range of eosinophil counts. Chest 150(4):
799–810. https://doi.org/10.1016/j.chest.2016.03.018

47. Castro M, Corren J, Pavord ID, Maspero J, Wenzel S, Rabe KF,
Busse WW, Ford L, Sher L, FitzGerald JM, Katelaris C, Tohda Y,
Zhang B, Staudinger H, Pirozzi G, Amin N, Ruddy M, Akinlade
B, Khan A, Chao J, Martincova R, Graham NMH, Hamilton JD,
Swanson BN, Stahl N, Yancopoulos GD, Teper A (2018)
Dupilumab efficacy and safety in moderate-to-severe uncontrolled
Asthma. N Engl J Med 378(26):2486–2496. https://doi.org/10.
1056/NEJMoa1804092

48. Identifier NCT03469934. Proof of Concept Study to Investigate
ANB020 Activity in Adult Patients With Severe Eosinophilic
Asthma. National Library of Medicine: ClinicalTrials.gov.

49. Pettipher R, Hunter MG, Perkins CM, Collins LP, Lewis T, Baillet
M, Steiner J, Bell J, Payton MA (2014) Heightened response of
eosinophilic asthmatic patients to the CRTH2 antagonist
OC000459. Allergy 69(9):1223–1232. https://doi.org/10.1111/
all.12451

50. Hall IP, Fowler AV, Gupta A, Tetzlaff K, Nivens MC, Sarno M,
Finnigan HA, Bateman ED, Rand Sutherland E (2015) Efficacy of
BI 671800, an oral CRTH2 antagonist, in poorly controlled asth-
ma as sole controller and in the presence of inhaled corticosteroid
treatment. Pulm Pharmacol Ther 32:37–44. https://doi.org/10.
1016/j.pupt.2015.03.003

51. Fevipiprant phase iii exacerbation studies: Luster-1 and luster-2
study design (2017) Respirology 22(S3):170–170. https://doi.org/
10.1111/resp.13207_222

52. Laidlaw TM, Boyce JA (2016) Aspirin-exacerbated respiratory
disease–new prime suspects. N Engl J Med 374(5):484–488.
https://doi.org/10.1056/NEJMcibr1514013

53. Laidlaw TM, Boyce JA (2013) Pathogenesis of aspirin-
exacerbated respiratory disease and reactions. Immunol Allergy

Clinic Rev Allerg Immunol

https://doi.org/10.1111/j.1398-9995.2004.00772.x
https://doi.org/10.1111/j.1398-9995.2004.00772.x
https://doi.org/10.1016/j.jaci.2017.11.051
https://doi.org/10.1056/NEJMoa1402895
https://doi.org/10.1056/NEJMoa1402895
https://doi.org/10.2147/DDDT.S147389
https://doi.org/10.1183/13993003.00670-2017
https://doi.org/10.1155/2011/843763
https://doi.org/10.1016/j.jaip.2017.06.024
https://doi.org/10.1016/j.jaip.2017.06.024
https://doi.org/10.1038/35006097
https://doi.org/10.1038/35006097
https://doi.org/10.1111/myc.12541
https://doi.org/10.1111/j.1749-6632.2012.06810.x
https://doi.org/10.1111/j.1749-6632.2012.06810.x
https://doi.org/10.1186/s12890-018-0617-5
https://doi.org/10.1016/j.jaci.2012.06.025
https://doi.org/10.1016/j.jaci.2012.06.025
https://doi.org/10.1080/19420862.2017.1392425
https://doi.org/10.1056/NEJMoa1403290
https://doi.org/10.1001/jama.2018.3609
https://doi.org/10.1001/jama.2018.3609
https://doi.org/10.1016/S0140-6736(16)31324-1
https://doi.org/10.1016/S0140-6736(16)31324-1
https://doi.org/10.1016/S0140-6736(16)31322-8
https://doi.org/10.1016/S0140-6736(16)31322-8
https://doi.org/10.1016/j.chest.2016.03.032
https://doi.org/10.1016/j.chest.2016.03.032
https://doi.org/10.1016/j.chest.2016.03.018
https://doi.org/10.1056/NEJMoa1804092
https://doi.org/10.1056/NEJMoa1804092
http://clinicaltrials.gov
https://doi.org/10.1111/all.12451
https://doi.org/10.1111/all.12451
https://doi.org/10.1016/j.pupt.2015.03.003
https://doi.org/10.1016/j.pupt.2015.03.003
https://doi.org/10.1111/resp.13207_222
https://doi.org/10.1111/resp.13207_222
https://doi.org/10.1056/NEJMcibr1514013


Clin N Am 33(2):195–210. https://doi.org/10.1016/j.iac.2012.11.
006

54. White AA, Stevenson DD (2018) Aspirin-exacerbated respiratory
disease. N Engl J Med 379(11):1060–1070. https://doi.org/10.
1056/NEJMra1712125

55. Liu T, Kanaoka Y, Barrett NA, Feng C, Garofalo D, Lai J,
Buchheit K, Bhattacharya N, Laidlaw TM, Katz HR, Boyce JA
(2015) Aspirin-exacerbated respiratory disease involves a
Cysteinyl leukotriene-driven IL-33-mediated mast cell activation
pathway. J Immunol 195(8):3537–3545. https://doi.org/10.4049/
jimmunol.1500905

56. Park H, Choi Y, Jung CG, Park HS (2017) Potential biomarkers
for NSAID-exacerbated respiratory disease. Mediat Inflamm
2017:8160148–8160148. https://doi.org/10.1155/2017/8160148

57. KimMA, Izuhara K, Ohta S, Ono J, Yoon MK, Ban GY, Yoo HS,
Shin YS, Ye YM, Nahm DH, Park HS (2014) Association of
serum periostin with aspirin-exacerbated respiratory disease.
Ann Allergy Asthma Immunol 113(3):314–320. https://doi.org/
10.1016/j.anai.2014.06.014

58. Sakalar EG, Muluk NB, Kar M, Cingi C (2017) Aspirin-
exacerbated respiratory disease and current treatment modalities.
Eur Arch Otorhinolaryngol 274(3):1291–1300. https://doi.org/10.
1007/s00405-016-4273-1

59. Dahlen B, Nizankowska E, Szczeklik A, ZetterstromO, Bochenek
G, Kumlin M, Mastalerz L, Pinis G, Swanson LJ, Boodhoo TI,
Wright S, Dube LM, Dahlen SE (1998) Benefits from adding the
5-lipoxygenase inhibitor zileuton to conventional therapy in
aspirin-intolerant asthmatics. Am J Respir Crit Care Med 157(4
Pt 1):1187–1194. https://doi.org/10.1164/ajrccm.157.4.9707089

60. Berges-GimenoMP, Simon RA, Stevenson DD (2003) Long-term
treatment with aspirin desensitization in asthmatic patients with
aspirin-exacerbated respiratory disease. J Allergy Clin Immunol
111 (1):180–186

61. Tuttle KL, Buchheit KM, Laidlaw TM, Cahill KN (2018) A ret-
rospective analysis of mepolizumab in subjects with aspirin-
exacerbated respiratory disease. J Allergy Clin Immunol Pract
6(3):1045–1047. https://doi.org/10.1016/j.jaip.2018.01.038

62. Weinstein SF, Katial RK, Bardin P, Korn S, McDonald M, Garin
M, Bateman ED, Hoyte FCL, Germinaro M (2018) Effects of
Reslizumab on Asthma outcomes in a subgroup of eosinophilic
Asthma patients with self-reported chronic rhinosinusitis with na-
sal polyps. J Allergy Clin Immunol Pract 7:589–596.e3. https://
doi.org/10.1016/j.jaip.2018.08.021

63. Phillips-Angles E, Barranco P, Lluch-Bernal M, Dominguez-
Ortega J, Lopez-Carrasco V, Quirce S (2017) Aspirin tolerance
in patients with nonsteroidal anti-inflammatory drug-exacerbated
respiratory disease following treatment with omalizumab. J
Allergy Clin Immunol Pract 5(3):842–845. https://doi.org/10.
1016/j.jaip.2016.12.013

64. Gao H, Ying S, Dai Y (2017) Pathological roles of neutrophil-
mediated inflammation in Asthma and its potential for therapy
as a target. J Immunol Res 2017:3743048–3743012. https://doi.
org/10.1155/2017/3743048

65. Aujla SJ, Alcorn JF (2011) T(H)17 cells in asthma and inflamma-
tion. Biochim Biophys Acta 1810(11):1066–1079. https://doi.org/
10.1016/j.bbagen.2011.02.002

66. Trejo Bittar HE, Yousem SA, Wenzel SE (2015) Pathobiology of
severe asthma. Annu Rev Pathol 10:511–545. https://doi.org/10.
1146/annurev-pathol-012414-040343

67. Al-Ramli W, Prefontaine D, Chouiali F, Martin JG, Olivenstein R,
Lemiere C, Hamid Q (2009) T(H)17-associated cytokines (IL-
17A and IL-17F) in severe asthma. J Allergy Clin Immunol
123(5):1185–1187. https://doi.org/10.1016/j.jaci.2009.02.024

68. Vroman H, van den Blink B, Kool M (2015) Mode of dendritic
cell activation: the decisive hand in Th2/Th17 cell differentiation.

Implications in asthma severity? Immunobiology 220(2):254–
261. https://doi.org/10.1016/j.imbio.2014.09.016

69. Wark PA, Johnston SL, Moric I, Simpson JL, HensleyMJ, Gibson
PG (2002) Neutrophil degranulation and cell lysis is associated
with clinical severity in virus-induced asthma. Eur Respir J 19(1):
68–75

70. Manni ML, Robinson KM, Alcorn JF (2014) A tale of two cyto-
kines: IL-17 and IL-22 in asthma and infection. Expert Rev Respir
Med 8(1):25–42. https://doi.org/10.1586/17476348.2014.854167

71. Yu S, Kim HY, Chang YJ, DeKruyff RH, Umetsu DT (2014)
Innate lymphoid cells and asthma. J Allergy Clin Immunol
133(4):943–950; quiz 951. https://doi.org/10.1016/j.jaci.2014.
02.015

72. Bruijnzeel PL, Uddin M, Koenderman L (2015) Targeting neutro-
philic inflammation in severe neutrophilic asthma: can we target
the disease-relevant neutrophil phenotype? J Leukoc Biol 98(4):
549–556. https://doi.org/10.1189/jlb.3VMR1214-600RR

73. Durrant DM, Metzger DW (2010) Emerging roles of T helper
subsets in the pathogenesis of asthma. Immunol Investig 39(4–
5):526–549. https://doi.org/10.3109/08820131003615498

74. Halwani R, Al-Muhsen S, Hamid Q (2013) T helper 17 cells in
airway diseases: from laboratory bench to bedside. Chest 143(2):
494–501. https://doi.org/10.1378/chest.12-0598

75. Wang YH, Wills-Karp M (2011) The potential role of interleukin-
17 in severe asthma. Curr Allergy Asthma Rep 11(5):388–394.
https://doi.org/10.1007/s11882-011-0210-y

76. Asensi V, Valle E, Meana A, Fierer J, Celada A, Alvarez V, Paz J,
Coto E, Carton JA, Maradona JA, Dieguez A, Sarasua J, Ocana
MG, Arribas JM (2004) In vivo interleukin-6 protects neutrophils
from apoptosis in osteomyelitis. Infect Immun 72(7):3823–3828.
https://doi.org/10.1128/IAI.72.7.3823-3828.2004

77. Kukielka GL, Smith CW,Manning AM,Youker KA,Michael LH,
Entman ML (1995) Induction of interleukin-6 synthesis in the
myocardium. Potential role in postreperfusion inflammatory inju-
ry. Circulation 92(7):1866–1875

78. Suwa T, Hogg JC, English D, Van Eeden SF (2000) Interleukin-6
induces demargination of intravascular neutrophils and shortens
their transit in marrow. Am J Physiol Heart Circ Physiol 279(6):
H2954–H2960. https://doi.org/10.1152/ajpheart.2000.279.6.
H2954

79. Essilfie AT, Horvat JC, Kim RY, Mayall JR, Pinkerton JW,
Beckett EL, Starkey MR, Simpson JL, Foster PS, Gibson PG,
Hansbro PM (2015) Macrolide therapy suppresses key features
of experimental steroid-sensitive and steroid-insensitive asthma.
Thorax 70(5):458–467. https://doi.org/10.1136/thoraxjnl-2014-
206067

80. Simpson JL, Powell H, Boyle MJ, Scott RJ, Gibson PG (2008)
Clarithromycin targets neutrophilic airway inflammation in refrac-
tory asthma. Am J Respir Crit Care Med 177(2):148–155. https://
doi.org/10.1164/rccm.200707-1134OC

81. Identifier NCT03532490. Trial of Roflumilast in Asthma
Management (TRIM). National Library of Medicine:
ClinicalTrials.gov.

82. Busse WW, Holgate S, Kerwin E, Chon Y, Feng J, Lin J, Lin SL
(2013) Randomized, double-blind, placebo-controlled study of
brodalumab, a human anti-IL-17 receptor monoclonal antibody,
in moderate to severe asthma. Am J Respir Crit CareMed 188(11):
1294–1302. https://doi.org/10.1164/rccm.201212-2318OC

83. Identifier NCT03299686. Study to Assess the Efficacy and Safety
of CJM112 in Patients With Inadequately Controlled Severe
Asthma. National Library of Medicine: ClinicalTrials.gov.

84. Shore SA (2008) Obesity and asthma: possible mechanisms. J
Allergy Clin Immunol 121(5):1087–1093; quiz 1094-1085.
https://doi.org/10.1016/j.jaci.2008.03.004

Clinic Rev Allerg Immunol

https://doi.org/10.1016/j.iac.2012.11.006
https://doi.org/10.1016/j.iac.2012.11.006
https://doi.org/10.1056/NEJMra1712125
https://doi.org/10.1056/NEJMra1712125
https://doi.org/10.4049/jimmunol.1500905
https://doi.org/10.4049/jimmunol.1500905
https://doi.org/10.1155/2017/8160148
https://doi.org/10.1016/j.anai.2014.06.014
https://doi.org/10.1016/j.anai.2014.06.014
https://doi.org/10.1007/s00405-016-4273-1
https://doi.org/10.1007/s00405-016-4273-1
https://doi.org/10.1164/ajrccm.157.4.9707089
https://doi.org/10.1016/j.jaip.2018.01.038
https://doi.org/10.1016/j.jaip.2018.08.021
https://doi.org/10.1016/j.jaip.2018.08.021
https://doi.org/10.1016/j.jaip.2016.12.013
https://doi.org/10.1016/j.jaip.2016.12.013
https://doi.org/10.1155/2017/3743048
https://doi.org/10.1155/2017/3743048
https://doi.org/10.1016/j.bbagen.2011.02.002
https://doi.org/10.1016/j.bbagen.2011.02.002
https://doi.org/10.1146/annurev-pathol-012414-040343
https://doi.org/10.1146/annurev-pathol-012414-040343
https://doi.org/10.1016/j.jaci.2009.02.024
https://doi.org/10.1016/j.imbio.2014.09.016
https://doi.org/10.1586/17476348.2014.854167
https://doi.org/10.1016/j.jaci.2014.02.015
https://doi.org/10.1016/j.jaci.2014.02.015
https://doi.org/10.1189/jlb.3VMR1214-600RR
https://doi.org/10.3109/08820131003615498
https://doi.org/10.1378/chest.12-0598
https://doi.org/10.1007/s11882-011-0210-y
https://doi.org/10.1128/IAI.72.7.3823-3828.2004
https://doi.org/10.1152/ajpheart.2000.279.6.H2954
https://doi.org/10.1152/ajpheart.2000.279.6.H2954
https://doi.org/10.1136/thoraxjnl-2014-206067
https://doi.org/10.1136/thoraxjnl-2014-206067
https://doi.org/10.1164/rccm.200707-1134OC
https://doi.org/10.1164/rccm.200707-1134OC
http://clinicaltrials.gov
https://doi.org/10.1164/rccm.201212-2318OC
http://clinicaltrials.gov
https://doi.org/10.1016/j.jaci.2008.03.004


85. Naimark A, Cherniack RM (1960) Compliance of the respiratory
system and its components in health and obesity. J Appl Physiol
15:377–382. https://doi.org/10.1152/jappl.1960.15.3.377

86. Milic-Emili J, Torchio R, D'Angelo E (2007) Closing volume: a
reappraisal (1967-2007). Eur J Appl Physiol 99(6):567–583.
https://doi.org/10.1007/s00421-006-0389-0

87. Lugogo NL, Bappanad D, Kraft M (2011) Obesity, metabolic
dysregulation and oxidative stress in asthma. Biochim Biophys
Acta 1810(11):1120–1126. https://doi.org/10.1016/j.bbagen.
2011.09.004

88. Jartti T, Saarikoski L, Jartti L, Lisinen I, Jula A, Huupponen R,
Viikari J, Raitakari OT (2009) Obesity, adipokines and asthma.
Allergy 64(5):770–777. https://doi.org/10.1111/j.1398-9995.
2008.01872.x

89. Pradeepan S, Garrison G, Dixon AE (2013) Obesity in asthma:
approaches to treatment. Curr Allergy Asthma Rep 13(5):434–
442. https://doi.org/10.1007/s11882-013-0354-z

90. Scott HA, Gibson PG, GargML, Pretto JJ, Morgan PJ, Callister R,
Wood LG (2013) Dietary restriction and exercise improve airway
inflammation and clinical outcomes in overweight and obese asth-
ma: a randomized trial. Clin Exp Allergy 43(1):36–49. https://doi.
org/10.1111/cea.12004

91. Dixon AE, Pratley RE, Forgione PM, Kaminsky DA, Whittaker-
Leclair LA, Griffes LA, Garudathri J, Raymond D, Poynter ME,
Bunn JY, Irvin CG (2011) Effects of obesity and bariatric surgery
on airway hyperresponsiveness, asthma control, and inflamma-
tion. J allergy Clin Immunol 128 (3):508-515 e501-502. https://
doi.org/10.1016/j.jaci.2011.06.009

92. Ortega H, Albers F, Llanos-Ackert J, Bradford E, Price R,
Pouliquen I, Castro M (2017) P506 impact of weight on the effi-
cacy of mepolizumab in patients with severe eosinophilic asthma.
Ann Allergy Asthma Immunol 119(5):e3–e4. https://doi.org/10.
1016/j.anai.2017.09.072

93 . Bon i n i M , P a l a ng e P ( 2015 ) Exe r c i s e - i n du c e d
bronchoconstriction: new evidence in pathogenesis, diagnosis
and treatment. Asthma Res Pract 1:2. https://doi.org/10.1186/
s40733-015-0004-4

94. Anderson SD, Daviskas E (2000) The mechanism of exercise-
induced asthma is. J Allergy Clin Immunol 106(3):453–459.
https://doi.org/10.1067/mai.2000.109822

95. Hallstrand TS, Moody MW, Wurfel MM, Schwartz LB,
Henderson WR Jr, Aitken ML (2005) Inflammatory basis of
exercise-induced bronchoconstriction. Am J Respir Crit Care
Med 172(6):679–686. https://doi.org/10.1164/rccm.200412-
1667OC

96. Anderson SD, Kippelen P (2008) Airway injury as a mechanism
for exercise-induced bronchoconstriction in elite athletes. J
Allergy Clin Immunol 122(2):225–235; quiz 236-227. https://
doi.org/10.1016/j.jaci.2008.05.001

97. Hashimoto S, Gon Y, Matsumoto K, Takeshita I, Maruoka S,
Horie T (2000) Inhalant corticosteroids inhibit hyperosmolarity-
induced, and cooling and rewarming-induced interleukin-8 and
RANTES production by human bronchial epithelial cells. Am J
Respir Crit Care Med 162(3 Pt 1):1075–1080. https://doi.org/10.
1164/ajrccm.162.3.9911099

98. Filipe JA, Falcao-Reis F, Castro-Correia J, Barros H (2003)
Assessment of autonomic function in high level athletes by
pupillometry. Auton Neurosci 104(1):66–72

99. Kanazawa H, Asai K, Hirata K, Yoshikawa J (2002) Vascular
involvement in exercise-induced airway narrowing in patients
with bronchial asthma. Chest 122(1):166–170

100. Koh YI, Choi S (2002) Blood eosinophil counts for the prediction
of the severity of exercise-induced bronchospasm in asthma.
Respir Med 96(2):120–125

101. Buchvald F, Hermansen MN, Nielsen KG, Bisgaard H (2005)
Exh a l e d n i t r i c o x i d e p r e d i c t s e x e r c i s e - i n d u c e d

bronchoconstriction in asthmatic school children. Chest 128(4):
1964–1967. https://doi.org/10.1378/chest.128.4.1964

102. BarretoM, VillaMP, Olita C,Martella S, Ciabattoni G,Montuschi
P (2009) 8-Isoprostane in exhaled breath condensate and exercise-
induced bronchoconstriction in asthmatic children and adoles-
cents. Chest 135(1):66–73. https://doi.org/10.1378/chest.08-0722

103. Hancox RJ, Subbarao P, Kamada D, Watson RM, Hargreave FE,
Inman MD (2002) Beta2-agonist tolerance and exercise-induced
bronchospasm. Am J Respir Crit Care Med 165(8):1068–1070.
https://doi.org/10.1164/ajrccm.165.8.200111-091bc

104. Leff JA, BusseWW, Pearlman D, Bronsky EA, Kemp J, Hendeles
L, Dockhorn R, Kundu S, Zhang J, Seidenberg BC, Reiss TF
(1998) Montelukast, a leukotriene-receptor antagonist, for the
t r e a tmen t o f m i l d a s t hma and ex e r c i s e - i n du c ed
bronchoconstriction. N Engl J Med 339(3):147–152. https://doi.
org/10.1056/NEJM199807163390302

105. Edelman JM, Turpin JA, Bronsky EA, Grossman J, Kemp JP,
Ghannam AF, DeLucca PT, Gormley GJ, Pearlman DS (2000)
Oral montelukast compared with inhaled salmeterol to prevent
exercise-induced bronchoconstriction. A randomized, double-
blind trial. Exercise Study Group Ann Intern Med 132(2):97–104

106. IdentifierNCT03327701 The Effect of Benralizumab on Exercise-
induced Bronchoconstriction. National Library of Medicine:
ClinicalTrials.gov.

107. Ayres JG (1990) Late onset asthma. BMJ 300(6740):1602–1603
108. Hirano T, Matsunaga K (2018) Late-onset asthma: current per-

spectives. J Asthma Allergy 11:19–27. https://doi.org/10.2147/
JAA.S125948

109. de Nijs SB, Venekamp LN, Bel EH (2013) Adult-onset asthma: is
it really different? Eur Respir Rev 22(127):44–52. https://doi.org/
10.1183/09059180.00007112

110. Dunn RM, Busse PJ, Wechsler ME (2018) Asthma in the elderly
and late-onset adult asthma. Allergy 73(2):284–294. https://doi.
org/10.1111/all.13258

111. Ilmarinen P, Tuomisto LE, Kankaanranta H (2015) Phenotypes,
risk factors, and mechanisms of adult-onset Asthma. Mediat
Inflamm 2015:514868–514819. https://doi.org/10.1155/2015/
514868

112. Green RH, Brightling CE, McKenna S, Hargadon B, Parker D,
Bradding P, WardlawAJ, Pavord ID (2002) Asthma exacerbations
and sputum eosinophil counts: a randomised controlled trial.
Lancet 360(9347):1715–1721. https://doi.org/10.1016/S0140-
6736(02)11679-5

113. Haldar P, Pavord ID, Shaw DE, Berry MA, ThomasM, Brightling
CE, Wardlaw AJ, Green RH (2008) Cluster analysis and clinical
asthma phenotypes. Am J Respir Crit Care Med 178(3):218–224.
https://doi.org/10.1164/rccm.200711-1754OC

114. Szczeklik A, Stevenson DD (2003) Aspirin-induced asthma: ad-
vances in pathogenesis, diagnosis, and management. J Allergy
Clin Immunol 111(5):913–921 quiz 922

115. van Veen IH, Ten Brinke A, Gauw SA, Sterk PJ, Rabe KF, Bel EH
(2009) Consistency of sputum eosinophilia in difficult-to-treat
asthma: a 5-year follow-up study. J allergy Clin Immunol 124
(3):615-617, 617 e611-612. doi:https://doi.org/10.1016/j.jaci.
2009.06.029

116. Kim TB, Jang AS, Kwon HS, Park JS, Chang YS, Cho SH, Choi
BW, Park JW, Nam DH, Yoon HJ, Cho YJ, Moon HB, Cho YS,
Park CS, Group CS (2013) Identification of asthma clusters in two
independent Korean adult asthma cohorts. Eur Respir J 41(6):
1308–1314. https://doi.org/10.1183/09031936.00100811

117. Corren J, Lemanske RF, Hanania NA, Korenblat PE, Parsey MV,
Arron JR, Harris JM, Scheerens H, Wu LC, Su Z, Mosesova S,
Eisner MD, Bohen SP, Matthews JG (2011) Lebrikizumab treat-
ment in adults with asthma. N Engl J Med 365(12):1088–1098.
https://doi.org/10.1056/NEJMoa1106469

Clinic Rev Allerg Immunol

https://doi.org/10.1152/jappl.1960.15.3.377
https://doi.org/10.1007/s00421-006-0389-0
https://doi.org/10.1016/j.bbagen.2011.09.004
https://doi.org/10.1016/j.bbagen.2011.09.004
https://doi.org/10.1111/j.1398-9995.2008.01872.x
https://doi.org/10.1111/j.1398-9995.2008.01872.x
https://doi.org/10.1007/s11882-013-0354-z
https://doi.org/10.1111/cea.12004
https://doi.org/10.1111/cea.12004
https://doi.org/10.1016/j.jaci.2011.06.009
https://doi.org/10.1016/j.jaci.2011.06.009
https://doi.org/10.1016/j.anai.2017.09.072
https://doi.org/10.1016/j.anai.2017.09.072
https://doi.org/10.1186/s40733-015-0004-4
https://doi.org/10.1186/s40733-015-0004-4
https://doi.org/10.1067/mai.2000.109822
https://doi.org/10.1164/rccm.200412-1667OC
https://doi.org/10.1164/rccm.200412-1667OC
https://doi.org/10.1016/j.jaci.2008.05.001
https://doi.org/10.1016/j.jaci.2008.05.001
https://doi.org/10.1164/ajrccm.162.3.9911099
https://doi.org/10.1164/ajrccm.162.3.9911099
https://doi.org/10.1378/chest.128.4.1964
https://doi.org/10.1378/chest.08-0722
https://doi.org/10.1164/ajrccm.165.8.200111-091bc
https://doi.org/10.1056/NEJM199807163390302
https://doi.org/10.1056/NEJM199807163390302
http://clinicaltrials.gov
https://doi.org/10.2147/JAA.S125948
https://doi.org/10.2147/JAA.S125948
https://doi.org/10.1183/09059180.00007112
https://doi.org/10.1183/09059180.00007112
https://doi.org/10.1111/all.13258
https://doi.org/10.1111/all.13258
https://doi.org/10.1155/2015/514868
https://doi.org/10.1155/2015/514868
https://doi.org/10.1016/S0140-6736(02)11679-5
https://doi.org/10.1016/S0140-6736(02)11679-5
https://doi.org/10.1164/rccm.200711-1754OC
https://doi.org/10.1016/j.jaci.2009.06.029
https://doi.org/10.1016/j.jaci.2009.06.029
https://doi.org/10.1183/09031936.00100811
https://doi.org/10.1056/NEJMoa1106469


118. Castro M, Rubin AS, Laviolette M, Fiterman J, De Andrade LM,
Shah PL, Fiss E, Olivenstein R, Thomson NC, Niven RM, Pavord
ID, Simoff M, Duhamel DR, McEvoy C, Barbers R, Ten Hacken
NH, Wechsler ME, Holmes M, Phillips MJ, Erzurum S, Lunn W,
Israel E, Jarjour N, Kraft M, Shargill NS, Quiring J, Berry SM,
CoxG,Group AIRTS (2010) Effectiveness and safety of bronchial
thermoplasty in the treatment of severe asthma: a multicenter,
randomized, double-blind, sham-controlled clinical trial. Am J
Respir Crit Care Med 181(2):116–124. https://doi.org/10.1164/
rccm.200903-0354OC

119. Cox G, Miller JD, McWilliams A, Fitzgerald JM, Lam S (2006)
Bronchial thermoplasty for asthma. Am J Respir Crit Care Med
173(9):965–969. https://doi.org/10.1164/rccm.200507-1162OC

120. Cox G, Thomson NC, Rubin AS, Niven RM, Corris PA, Siersted
HC, Olivenstein R, Pavord ID, Mccormack D, Chaudhuri R,
Miller JD, Laviolette M, Group AIRTS (2007) Asthma control
during the year after bronchial thermoplasty. N Engl J Med
356(13):1327–1337. https://doi.org/10.1056/NEJMoa064707

121. Moore WC, Meyers DA, Wenzel SE, Teague WG, Li H, Li X,
D’Agostino R Jr, Castro M, Curran-Everett D, Fitzpatrick AM,
Gaston B, Jarjour NN, Sorkness R, Calhoun WJ, Chung KF,
Comhair SA, Dweik RA, Israel E, Peters SP, Busse WW,
Erzurum SC, Bleecker ER, National Heart L, Blood Institute's
Severe Asthma Research P (2010) Identification of asthma phe-
notypes using cluster analysis in the severe Asthma research pro-
gram. Am J Respir Crit CareMed 181(4):315–323. https://doi.org/
10.1164/rccm.200906-0896OC

122. Schatz M, Hsu JW, Zeiger RS, Chen W, Dorenbaum A, Chipps
BE, Haselkorn T (2014) Phenotypes determined by cluster analy-
sis in severe or difficult-to-treat asthma. J Allergy Clin Immunol
133(6):1549–1556. https://doi.org/10.1016/j.jaci.2013.10.006

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

Clinic Rev Allerg Immunol

https://doi.org/10.1164/rccm.200903-0354OC
https://doi.org/10.1164/rccm.200903-0354OC
https://doi.org/10.1164/rccm.200507-1162OC
https://doi.org/10.1056/NEJMoa064707
https://doi.org/10.1164/rccm.200906-0896OC
https://doi.org/10.1164/rccm.200906-0896OC
https://doi.org/10.1016/j.jaci.2013.10.006

	Asthma Phenotypes as a Guide for Current and Future Biologic Therapies
	Abstract
	Introduction
	Current Understanding of Asthma Pathophysiology
	Th2-Mediated Inflammation
	Non-Th2-Mediated Asthma

	Asthma Phenotypes and Endotypes
	Allergic Asthma
	Allergic Bronchopulmonary Aspergillosis
	Eosinophilic Asthma
	Aspirin-Exacerbated Respiratory Disease
	Neutrophilic Asthma
	Obesity-Related Asthma
	Exercise-Induced Bronchoconstriction
	Late-Onset Asthma

	Asthma Phenotypes Identified by Cluster Analysis
	Conclusion
	References


