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Asthma is a common heterogeneous disease with a
complex pathophysiology that carries a significant
mortality rate and high morbidity. Current thera-
pies based on inhaled corticosteroids and long-
acting P-agonists remain effective in a large
proportion of patients with asthma, but ~10%
(considered to have ‘severe asthma’) do not respond
to these treatments even at high doses or with the
use of oral corticosteroids. Analytical clustering
methods have revealed phenotypes that include
dependence on high-dose corticosteroid treatment,
severe airflow obstruction and recurrent exacerba-
tions associated with an allergic background and
late onset of disease. One severe phenotype is
eosinophilic inflammation-predominant asthma,
with late-onset disease, rhinosinusitis, aspirin

sensitivity and exacerbations. Blood and sputum
eosinophilia have been used to distinguish patients
with high Th2 inflammation and to predict thera-
peutic response to treatments targeted towards
Th2-associated cytokines. New therapies in the
form of humanized antibodies against Th2 targets,
such as anti-IgE, anti-IL4Ra, anti-IL-5 and anti-IL-
13 antibodies, have shown encouraging results in
terms of reduction in exacerbations and improve-
ment in airflow in patients with a ‘Th2-high’
expression profile and blood eosinophilia. Res-
earch efforts are now focusing on elucidating
the phenotypes underlying the non-Th2-high (or
Th2-low) group, which constitutes ~50% of severe
asthma cases. There is an increasing need to use
biomarkers to indicate the group of patients who
will respond to a specifically targeted treatment.
The use of improved tools to measure activity of
disease, a better definition of severe asthma and
the delineation of inflammatory pathways with
omics analyses using computational tools, will
lead to better-defined phenotypes for specific ther-
apies.
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Introduction

Asthma is a common disease that affects individ-
uals of all ages. It usually arises in childhood and
may persist into adulthood, but can begin at any
age. Worldwide, asthma affects up to 300 million
individuals, with a reported annual death rate of
250 000, and nearly 10 million children and
adults below 45 years of age have asthma in
Europe. The prevalence increased substantially
between 1950 and 2000, but the increase has
levelled off in the past decade. With the introduc-
tion of inhaled corticosteroid (ICS) therapies, death
from asthma has decreased, but the impact of the
disease remains substantial. In Europe, the

economic costs of asthma consisting of direct
costs, such as hospital care and medication, and
indirect costs, such as time lost from work, range
from 509 Euros for controlled asthma to 2281
Euros for uncontrolled asthma per patient [1]. The
total cost of asthma treatment for individuals
between 15 and 64 years of age may amount to
19.3 billion euros.

The rapid rise in the prevalence of childhood
asthma in many countries in recent decades indi-
cates that important environmental determinants
such as exposure to allergens, infective agents or
pollutants may act on a genetically susceptible pop-
ulation through gene-environment interactions.
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The driving factors remain unclear and one com-
pelling hypothesis is that they are associated with a
‘Western’ environment, reflecting urbanization and
reduced exposure to microorganisms that protect
against allergies and asthma (the ‘hygiene hypoth-
esis’) [2].

This review will focus on the new approaches to
understanding asthma heterogeneity and patho-
genic mechanisms, in terms of defining the various
phenotypes of asthma and linking the phenotypes
to underlying mechanisms, so that improved bio-
markers and treatments can be developed for
patients with asthma who do not respond to
currently available treatments.

Asthma as a syndrome consisting of several phenotypes

Asthma is a syndrome characterized by symptoms
of wheeze, shortness of breath, chest tightness and
cough and by variable expiratory airflow limitation.
It has long been recognized that asthma consists of
different phenotypes. Over the years, different
types of asthma have been described by experi-
enced clinicians supported by long-term studies in
cohorts of patients with asthma, particularly in
children. Several features have been recognized,
including the onset of asthma either in childhood
or during later years, the presence of atopy, the
effect of upper respiratory tract viral infections in
inducing exacerbations, disease induction by
ingestion of aspirin or nonsteroidal anti-inflamma-
tory agents and the concomitant presence of com-
orbidities such as rhinosinusitis or obesity. The
presence of eosinophils in sputum samples was
found to be associated with asthma and indicated a
good therapeutic response to inhaled or oral
corticosteroid therapy [3-5].

A phenotype is defined as the composite observable
characteristics or traits of an organism that result
from genetic as well as environmental influences.
For a chronic disease such as asthma, phenotyping
may be useful in providing long-term prediction of
outcomes and determining specific treatments for
selected phenotypes, such that these differences
between individual patients can be exploited to
relate to clinically meaningful outcomes. Cluster
analysis of clinical and physiological features is
increasingly used to define phenotypes of asthma
(Table 1). In the Severe Asthma Research Program
(SARP) and the UK Leicester adult cohorts, hierar-
chical cluster analysis of populations with a range
of asthma severities was used [6, 7]. Patient
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clusters were either identified with minimal airflow
obstruction and low disease activity, early disease
onset and an atopic background or associated with
adult-onset and active disease (more severe group
of patients with asthma) (Table 1). Thus, age at
disease onset, lung function and atopic state
featured highly in these clusters or phenotypes,
as also observed in cohorts from Korea and Japan
[8, 9]. Clusters related to more severe disease were
represented in the adult SARP cohort by individu-
als on high-dose ICS therapy, often combined with
oral corticosteroid treatment associated with
severe airflow obstruction. In the TENOR study, a
cluster described in adolescents and adults was
associated with aspirin sensitivity, in primarily
White, female and atopic patients with late-onset
asthma, and these patients were more likely to
experience exacerbations [10].

The obesity component in severe asthma defined in
both the SARP and Leicester cohorts has also been
described in other analyses [11, 12], with obese
uncontrolled and obese well-controlled clusters
that differed from one another with regard to age
of asthma onset, measures of asthma symptoms
and control, exhaled nitric oxide concentration
(FeNO) and airway hyper-responsiveness but were
similar with regard to measures of lung function,
airway eosinophilia and serum IgE [11]. A cluster of
obese women with late-onset asthma and frequent
symptoms with high healthcare use but with low
sputum eosinophil counts has also been described
[13].

Pathophysiology of asthma

Understanding of the inflammatory mechanisms of
asthma has increased in the last 25 years with the
delineation of the importance of the airway epithe-
lium in responding to external stimuli such as
allergens, pollutants and infectious agents (e.g.
viruses) to cause the recruitment and/or activation
of innate and adaptive cells (e.g. dendritic cells,
mast cells and innate lymphoid cells).

Th2 mechanisms

The Th2 cytokine pathway has become one of the
main targets for new treatments for asthma (Fig. 1)
since the demonstration that Th2 cytokines,
including IL-3, IL-4, IL-5, IL-9 and IL-13, are
expressed in bronchial submucosa of patients with
the disease [14, 15]. These cytokines contribute
to allergic airways inflammation, triggering the
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Table 1 Clusters of asthma determined by cluster analysis

Severe asthma research program (SARP) [6]
Cluster 1 Early-onset atopic asthma with
normal lung function treated with
up to two controller medications
and minimal healthcare
utilization
Cluster 2 Early-onset atopic asthma and
preserved lung function but
increased medication
requirements and healthcare
utilization
Cluster 3 Older obese women with late-onset
nonatopic asthma, moderate
reductions in FEV; and frequent
oral corticosteroid use to manage
exacerbations
Clusters 4 and 5 Severe airflow obstruction with
bronchodilator responsiveness but
differences in their ability to attain
normal lung function, age of
asthma onset, atopic status and
use of oral corticosteroids
Leicester cohort [7]
Cluster 1 Early-onset atopic asthma, with
airway dysfunction and
eosinophilic inflammation;
increased number of
hospitalizations
Cluster 2 Noneosinophilic inflammation;
obese, female predominant
Cluster 3 Early onset, symptom predominant
with minimal eosinophilic disease
Cluster 4 Eosinophilic inflammation
predominant with few symptoms,

late-onset disease

FEV,, forced expiratory volume in 1 s.

activation and recruitment of IgE antibody-pro-
ducing B cells, mast cells, basophils and eosin-
ophils. Hence, a ‘Th2-high’ expression profile is
associated with high levels of circulating IgE and
atopy, and eosinophilia. More recently, the pres-
ence of group 2 innate lymphoid cells that are also
a source of IL-4, IL-5 and IL-13 has been described
[16], and whether they could constitute an alter-
native pathway for the production of these cyto-

kines or indeed contribute to the Th2-high profile
remains unclear. The airway epithelium appears to
be an important upstream controller of the regula-
tion of Th2 cytokines through the production of
cytokines such as thymic stromal lymphopoietin
(TSLP), IL-25 and IL-33, which can be stimulated
by exposure of epithelial cells to external stimuli
including pollutants, viruses and allergens [17]. IL-
33 is a member of the IL-1 cytokine family and an
inducer of and chemoattractant for Th2 cells. TSLP
is an IL-7-related cytokine secreted by airway
epithelial cells that activates dendritic cells to
release chemokines that attract and activate Th2
cells. Expression levels of both IL-33 and TSLP are
increased in airway epithelium of patients with
asthma, particularly in those with severe asthma
[18, 19].

Thl and Th17 mechanisms

Th1 CD4" T cells are characterized by the produc-
tion of interferon-gamma (IFNy) which play a role in
controlling intracellular infections, particularly
due to viruses, and in autoimmunity. It has been
shown that Th1 cells expressing IFNy are increased
in bronchoalveolar lavage fluid, sputum cells and
bronchial biopsies from patients with asthma [20—
22]. Furthermore, in a mouse model, a neutralizing
antibody to IFNy inhibited the allergen-induced
bronchial hyper-responsiveness [23].

Th17 cells are CD4" T cells that express IL-17A, IL-
17E, IL-17F and IL-22 and are able to mediate
neutrophil activation via the production of IL-8 [24,
25]. Th17 cells may mediate corticosteroid-resis-
tant airway inflammation and airway hyper-respon-
siveness in mice [26], and the Thl7-associated
cytokines IL-17A and IL-17F have been localized
in the airways of patients with severe asthma [27].

Airway remodelling changes

Airway remodelling is characterized by an increase
in airway smooth muscle mass, subepithelial
fibrosis and increased numbers of mucous glands
and goblet cells (Fig. 2). These structural abnor-
malities can alter airway mechanics and contrib-
ute to bronchial hyper-responsiveness, whilst
structural cells can also contribute to inflamma-
tory processes through release of cytokines,
chemokines, growth factors and extracellular
matrix elements [28]. The epithelium in severe
asthma is reported to be thicker than in mild-
to-moderate asthma [29], with increased
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Fig. 1 Stepwise approach to asthma treatments with the use of controller and reliever medications according to the Global
Initiative for Asthma (GINA). Combination therapy with inhaled corticosteroids (ICSs) and long-acting f-agonists (LABAs) is
used at steps 3 and 4, with other add-on medications. At Step 5, add-on treatments may consist of anti-IgE therapy. BDP:
beclomethasone dipropionate; BUD: budesonide; LTRA: leukotriene receptor antagonist. Reproduced with permission from
GINA (http://www.ginasthma.org/ local/ uploads/ files/ GINA_Report_2014_Aug12.pdyf).

proliferation, apoptosis and release of pro-inflam-
matory factors [29]. There is an increased amount
of airway smooth muscle associated with airflow
obstruction and bronchial hyper-responsiveness,
with an increased proliferation rate [30-33].
Finally, fibrocytes, which can differentiate into
myofibroblasts, are increased in blood and in
smooth muscle bundles in patients with asthma
with fixed airway obstruction and/or severe dis-
ease [34-36]. Subepithelial thickening of the bron-
chial reticular layer is a feature of asthma of all
severities [30, 37, 38]. Patients with severe asthma
also have increased the expression of transforming
growth factor-f isoforms and collagen deposition,
compared to those with mild asthma, in associa-
tion with eosinophilia [39, 40].
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Eosinophilic and noneosinophilic (neutrophilic) asthma phenotypes

The presence of eosinophils measured in blood or
in sputum samples may identify a phenotype of
asthma termed ‘eosinophilic’. Using a cut-off point
of blood eosinophil count of >220/mm?, up to 53%
of a group of patients with severe asthma were
found to have an elevated eosinophil count [41].
Using sputum eosinophil counts of either >2% or
3%, 17% of ICS-treated subjects [42], 25% of
hospital clinic patients with asthma [43] and 55%
of patients with severe asthma [41] were defined as
having eosinophilic asthma. Blood and sputum
eosinophil counts correlated well [41, 44], with a
blood eosinophil count of >188/mm?® able to
identify a sputum eosinophil count of >3% with a
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Fig. 2 Pathophysiological mechanisms in asthma illustrated by the interactions between resident and inflammatory cells
and the external environment. The importance of the T helper type 2 (Th2) cells is shown by the contribution of Th2 cytokines
IL-4, IL-5 and IL-13 to eosinophilic inflammation and IgE production. Innate lymphoid cell type 2 (ILC-2) may also contribute
to the production of IL-5 and IL-13, and Th1 and Th17 cells to a more neutrophilic inflammation. Airway wall remodelling
and repair are also important processes that could be driven by Th2 cytokines as well as by growth factors and cytokines

derived from epithelial cells and macrophages.

sensitivity and specificity of 72% and 73%, respec-
tively [41].

Noneosinophilic asthma has been defined as
asthma with a sputum eosinophil count of less
than either <2% or <3%, whilst neutrophilic inflam-
mation has been defined with cut-off points varying
from >60% to >76%. Noneosinophilic asthma was
in fact the most predominant form of the disease in
many described asthma cohorts [42, 43, 45, 46],
and neutrophilic asthma constituted ~20% [41,

45]. In the SARP cohort, individuals with moder-
ate-to-severe asthma were characterized by a pre-
dominantly neutrophil or mixed neutrophil/
eosinophil inflammation [47].

Th2-high asthma has been defined using the gene
signature of airway epithelial brushings of a set of
IL-13-inducible genes consisting of periostin,
chloride channel regulator 1 and serpin peptidase
inhibitor [48]. Patients with the Th2-high asthma
phenotype had a greater degree of bronchial
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hyper-responsiveness, higher serum IgE levels
and increased blood and airway eosinophilia,
subepithelial fibrosis and airway mucin gene
expression [49]; in addition, they responded well
to ICS therapy. Those with a Th2-low’ signature
showed little or no response to ICS treatment.
Th2 gene signatures can also be obtained by
performing polymerase chain reaction measure-
ment of Th2-associated genes in sputum cells and
used to denote patients with Th2-high asthma
[50].

The mechanisms underlying airway neutrophilia
are less clear. Neutrophilia may reflect a non-
Th2-driven mechanism and, possibly, a steroid-
insensitive asthma phenotype. Corticosteroid
treatment can contribute to the neutrophilia and
even Thl factors such as the release of tumour
necrosis factor alpha (TNFa) may play a role.
Th17 cells have been implicated as a cause of
neutrophilia in severe asthma [51]. Bacterial
colonization in the airways of patients with severe
asthma with defective phagocytosis of bacteria by
macrophages could also contribute to neutrophil-
ia [52-54].

Heterogeneous responses to corticosteroid therapy

Poor response to treatments particularly with cor-
ticosteroids is recognized, and low-dose ICS ther-
apy improves lung function in only a proportion of
patients with asthma [55-57]. Only 78% of patients
with mild-to-moderate asthma and 62% of those
with moderate-to-severe asthma achieved good
disease control with a combination of ICS and
long-acting B-agonists (LABAs) (fluticasone propio-
nate and salmeterol) [58]. Another aspect of poor
response to corticosteroid therapy is observed in
patients with severe asthma. By definition,
patients with severe asthma are corticosteroid
insensitive as they do not respond to treatment,
although they do respond to very high doses of
corticosteroid therapy such as with triamcinolone
[59].

Sputum eosinophilia and high levels of FeNO [60],
as well as a Th2-high gene expression in the airway
epithelium [48], can predict a favourable clinical
response to treatment with ICS. Among patients
with severe asthma, there is a well-defined group
with persistently high blood or sputum eosinophil
counts and frequent exacerbations that could
represent an eosinophilic corticosteroid-insensitive
phenotype [7, 61]. Other factors that could be
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associated with corticosteroid insensitivity include
cigarette smoking, bacterial infections with an
altered microbiome, obesity and deficiency of vita-
min D [62].

New targeted treatments for asthma

Increased understanding of the pathophysiology of
asthma has led to new treatments being developed
mainly based on targeting constituents of the Th2
pathway. In addition, there is an increasing need to
use biomarkers to indicate the phenotype of
patients who are likely to respond therapeutically.
This is a novel approach to the treatment of asthma
that will provide the first step towards more
personalized therapy [63]. Fewer treatments are
available in terms of targeting the non-Th2 and
noneosinophilic pathways.

Targeting the Th2 pathway

Anti-Igg  antibody. Omalizumab, the  first
approved biological agent recommended for
asthma, is currently available for the treatment of
patients with severe allergic asthma (Table 2).
Omalizumab is a humanized antibody that binds
to the Ce3 domain of the free IgE heavy chain and
will therefore bind to free circulating IgE. This
treatment also decreases the level of the high-
affinity FceR1 receptor present on mast cells and
basophils [64]. Through these two actions, there is
an interruption of the allergic cascade and preven-
tion of mast cell degranulation with suppression of
free IgE and eosinophilic inflammation [64]. In a
meta-analysis, omalizumab improved disease
symptoms and asthma-related quality of life mea-
sures and reduced exacerbation rates [65, 66]. In
severe persistent allergic asthma, omalizumab as
an add-on therapy decreased clinically significant
asthma exacerbations by 26%, compared to the
effect of placebo [67]. Omalizumab also improved
asthma-related quality of life, morning peak expi-
ratory flow and asthma symptom scores [66].
Biomarkers of therapeutic efficacy for omalizumab
in reducing exacerbations include high levels of
nitric oxide in exhaled breath (FeNO) and high
eosinophil blood counts [68]. The European Respi-
ratory Society and American Thoracic Society
recommend a therapeutic trial of omalizumab in
both adults and children with severe allergic
asthma [66].

QGEO031 is another humanized anti-IgE antibody
that has a 50-fold higher affinity for IgE than
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Table 2 Th2-directed therapies based on monoclonal antibodies in clinical trials for asthma

Patient characteristics

and
Th2 target Drug biomarkers Main response Reference
Free IgE Omalizumab Severe asthma on Reduced asthma exacerbations; [67]
ICS+LABA; atopic reduction in maintenance OCS
status, serum
IgE 30-700 IU mL~!
IL-4Ra AMG-317 Moderate-to-severe Reduction in exacerbation [73]
asthma at the highest dose
IL-4Ra Dupilumab Moderate-to-severe Asthma control and FEV; [74]
asthma with maintained as dose of ICS
sputum eosinophilia tapered or stopped
(>3%) or blood
eosinophilia (>*300/mL)
IL-5 Mepolizumab Severe asthma on ICS Reduced exacerbation rates [78, 79]
and LABA + OCS; Decrease in maintenance OCS
blood eosinophils >150/mm? Improvement in FEV;
at screening or >300/mm?
in past year
IL-5 Reslizumab Severe asthma on Decrease in asthma [76]
ICS+LABA; sputum exacerbations
eosinophilia >3% Improvement in FEV;
IL-5Ra Benralizumab High-dose ICS, 2-6 Some decrease in asthma [80]
exacerbations/year; exacerbations
blood eosinophil count;
blood eosinophil index
and FeNO >50 ppb
IL-13 Lebrikizumab Not well controlled on Improvement in FEV; [81]
ICS+LABA; blood eosinophils
and serum IgE; serum periostin
IL-13 Tralokinumab Moderate-to-severe uncontrolled Small improvement in FEV, [83]

asthma despite controller

therapies; atopic status;

blood eosinophils;

sputum IL-13

FeNO, nitric oxide in the exhaled breath; FEV,, forced expiratory volume in 1 s; ICS, inhaled corticosteroids; LABA, long-
acting p-agonist; OCS, oral corticosteroids; ppb: parts per billion.

omalizumab. QGEO031 reduced circulating levels of
IgE, FceR1, surface IgE and skin prick responses to
aeroallergens to a greater extent compared to
omalizumab [69]. This more potent anti-IgE anti-
body may be suitable for individuals with levels of
serum IgE >1300 IU mL .

Another approach is to inhibit the production of
IgE. Quilizumab is a humanized monoclonal anti-
body directed against an extracellular 52-amino
acid segment termed M1 prime of human mem-
brane IgE. This antibody reduced the generation of
new IgE-producing plasma cells, with consequent
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reduction in serum IgE levels [70]. Quilizumab
caused a long-lasting reduction in total and aller-
gen-specific serum IgE [70]. In allergic asthma
subjects undergoing allergen challenge, this anti-
body blocked the generation of new IgE and
reduced allergen-induced early and late asthmatic
airway responses, and there was a nonsignificant
reduction in allergen-induced increases in sputum
eosinophil count [71].

Anti-IL-4Rx.  antibody. IL-4 activates Th2 cells,
causes isotype class-switching of B cells towards
IgE synthesis and is involved in mast cell recruit-
ment. IL-4 binds to IL-4Ra via two different types of
receptors (type I and type II), which leads to the
signalling of both IL-4 and IL-13 [72]. AMG 317, a
human monoclonal antibody against IL-4Ra that
blocks both IL-4 and IL-13 pathways, showed some
clinical efficacy in patients with moderate-to-severe
asthma in reducing exacerbations at the highest
dose used [73]. However, in patients with persis-
tent, moderate-to-severe asthma and elevated
eosinophil levels in either blood or sputum who
were treated with ICS and LABAs, dupilumab, a
human monoclonal antibody against IL4-Ra, was
associated with fewer asthma exacerbations when
LABAs and ICS were withdrawn, with improved
lung function and reduced levels of Th2-associated
inflammatory markers [74].

Anti-IL-5 antibody. IL-5 is a Th2 cytokine that
is essential for the terminal differentiation,
maturation and survival of eosinophils. In an
unselected cohort of adult patients with asthma,
it was found that the anti-IL5 antibody me-
polizumab was not effective [75]. However, in later
studies in patients with severe asthma on a com-
bination of ICS and LABA with persistent sputum
or blood eosinophilia, two anti-IL-5 antibodies,
mepolizumab and reslizumab, were found to
decrease exacerbations, reduce oral corticosteroid
use and improve symptoms and lung function [61,
76, 77]. In patients with recurrent severe asthma
exacerbations and eosinophilic inflammation, me-
polizumab was effective in reducing exacerbation
rates, but without improvement in forced expira-
tory volume in 1 s (FEV;) or quality of life [78]. In
subsequent larger studies in patients with recur-
rent exacerbations of asthma (more than two per
year) despite high-dose inhaled steroids and eosin-
ophilic inflammation (>300/mm?® blood in past
year), mepolizumab caused a significant reduction
in oral corticosteroid dosage, reduced exacerba-
tions and improved asthma control [78, 79]. There
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was also an improvement in FEV; at 32 weeks with
mepolizumab compared to placebo [78].

Benralizumab is an antibody against the a-chain of
the IL-5 receptor. In patients with uncontrolled
asthma using medium- to high-dose ICS, with
between two and six exacerbations per year and a
baseline blood eosinophil count >300/mm?, there
was a nonsignificant trend towards a reduction in
exacerbations with benralizumab [80].

Anti-IL-13 antibody. Lebrikizumab is an IgG4
humanized monoclonal antibody that binds to IL-
13. Corren et al. showed that in patients with
asthma that was not well controlled on ICS and
LABA, treatment with lebrikizumab improved FEV;
by 8.2% above the baseline value in those with a
high serum periostin level, whereas patients with a
low serum periostin level showed no FEV, response
[81]. By contrast, Noonan et al. enrolled patients
with asthma who had never received ICS therapy
and found no improvement in FEV; in individuals
with high periostin levels and a minor increase in
those with low periostin levels [82]. Another anti-
IL-13 antibody, tralokinumab, did not improve
symptoms but resulted in a nonsignificant increase
in FEV; compared to placebo, with greater effects
in patients with detectable sputum IL-13 levels
[83].

The findings in the Corren et al. study indicated
that serum periostin levels could be used as a
biomarker of response to lebrikuzimab [81]. Perio-
stin levels have been shown to correlate with
airway eosinophilia [84]. On the other hand, high
serum periostin levels may also define patients
with chronic airflow obstruction [85] and a cluster
of well-controlled asthmatic individuals with a
rapid decline in FEV; [86].

Antagonists of chemoattractant homologous recep-
tor expressed on Th2 cells. Prostaglandin D2,
which is released during allergen-induced reac-
tions in the airways, activates a G-protein-coupled
receptor, chemoattractant homologous receptor
expressed on Th2 cells (CRTh2; also known as
DP2 receptor), present on Th2 cells and eosinophils
and induces the chemotaxis of these cells [87].
CRTh2 antagonists have been developed for the
treatment of asthma. In patients with moderate
persistent asthma not on ICS therapy, the CRTh2
antagonist OC000459 improved FEV;, asthma-
related quality of life scores and night-time symp-
toms, without affecting sputum eosinophil counts
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[88]. Another CRTh2 antagonist, AMG 853, used as
an add-on to ICS therapy, did not improve asthma
symptoms or lung function in patients with uncon-
trolled moderate-to-severe disease [89].

Anti-TSLP antibody. AMG 157, a human anti-
TSLP monoclonal antibody, attenuated allergen-
induced early and late asthmatic responses. It also
reduced levels of blood and sputum eosinophils
before and after allergen challenge, and FeNO
levels [90].

Targeting non-Th2 targets

Anti-IL-17RA. Brodalumab, a human anti-IL-
17RA monoclonal antibody, had no effect on
asthma control scores, symptom-free days and
FEV; in subjects with inadequately controlled
moderate-to-severe asthma receiving ICS therapy.
Furthermore, a post hoc examination of prespeci-
fied patient subgroups did not reveal any particu-
lar group with a significant response to this
treatment [91].

Anti-CD25 antibody. The humanized IgG1 mono-
clonal antibody, daclizumab, which binds specifi-
cally to the a-subunit (Tac, CD25) of the high-
affinity IL-2R of activated lymphocytes, inhibits IL-
2 binding. Daclizumab has been shown to improve
FEV; and asthma control in adults with moderate-
to-severe asthma inadequately controlled on ICS
[92]. It is unclear whether this therapy would be
effective specifically in patients with evidence of IL-
2 or high Th2 activity underlying the asthmatic
process.

CXCR2 antagonist. CXCL8 (IL-8) is a chemokine
involved in the chemoattraction and activation of
neutrophils through the CXCR2 receptor, particu-
larly in severe asthma. The CXCR2 antagonist
SCHS527123 inhibited ozone-induced sputum neu-
trophilia in  nonasthmatic subjects [93].
SCHb527123 also reduced sputum neutrophilia in
adults with severe asthma, with a modest reduc-
tion in mild exacerbations, but without any
improvement in asthma control [94].

Anti-TNFx antibody. TNFo is a pro-inflammatory
Th1l cytokine that induces airway inflammation
and hyper-responsiveness, mucus hypersecretion
and activation of macrophages. In a study of
adults with uncontrolled severe persistent
asthma, the anti-TNFa antibody golimumab had
no treatment effect; however, a post hoc analysis

suggested that patients with significant bronchod-
ilator reversibility experienced fewer exacerbations
whilst on golimumab [95]. Serious side effects
included an increased prevalence of infections and
malignancies in the treated group, which is likely
to represent the importance of TNFa in the innate
immune response to infections and cancer in the
lungs.

Macrolide antibiotic therapy. Using the 16S ribo-
somal RNA technique to assess the microbiome in
the lower airways, it was found that bacterial
diversity and bacterial burden were greater in
patients with ongoing asthma compared to non-
asthmatic healthy control subjects [96, 97]. Mac-
rophage phagocytosis of bacteria is impaired in
severe asthma [52]. Macrolide antibiotics have
been used for treating asthma associated with
Chlamydia pneumoniae or Mycoplasma pneumo-
niae infections [98]. Clarithromycin added to ICS
therapy in patients with severe asthma reduced
sputum levels of neutrophils and IL-8, together
with an improvement in quality-of-life measures
but with no effect on FEV; [99]. In a study of
patients with mild-to-moderate persistent asthma
that was suboptimally controlled by low-dose ICS,
the addition of clarithromycin did not lead to better
asthma control, although bronchial hyper-respon-
siveness was improved [100]. Finally, in a post hoc
analysis in a cohort with exacerbation-prone
severe asthma, azithromycin caused a lower rate
of severe exacerbations and a reduction in respi-
ratory tract infections requiring treatment with
antibiotics compared to placebo in subjects with
noneosinophilic severe asthma (defined as a blood
eosinophil count <200/uL) [101]. This indicated
that azithromycin could be beneficial in patient
with noneosinophilic severe asthma.

Bronchial thermoplasty. Bronchial thermoplasty
is administered via a bronchoscopic procedure
during which the large airways are heated to
65 °C. In a blinded, sham treatment-controlled
study, bronchial thermoplasty led to a reduction in
severe asthma exacerbations, with a significant
improvement in asthma-specific quality of life with
a reduction in days lost from school or work
because of asthma. Sham treatment itself had a
beneficial effect on quality-of-life measures, and
6% of patients undergoing the active procedure
were hospitalized during the treatment period
[102]. In an open study in patients with severe
refractory asthma, thermoplasty improved FEV;
and asthma control [103]. The mechanisms by
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which this treatment is effective are unknown, and
its efficacy and side effects in the treatment of
patients with severe asthma remain to be deter-
mined. It is unclear which asthma phenotype
would benefit most from this treatment.

Conclusions

The clinical, physiological and inflammatory pre-
sentation of the asthma syndrome is complex, but
there have been advances in our understanding
and interpretation of this complexity through the
analysis of inflammatory markers in well-defined
patient cohorts. The characterization of a Th2-high
molecular phenotype has enabled the development
of specific targets towards components of the Th2
inflammatory cascade. The challenge now is how
to phenotype Th2-low asthma. To advance per-
sonalized medicine for asthma, it is important to
develop better tools, such as validated measures of
disease activity and severity, and to define severe
asthma using control measures of disease and
through the analysis of inflammatory pathways as
well as omics technologies using computational
tools [104, 105]. More ‘complex’ phenotypes may
be obtained using different advanced computa-
tional and mathematical modelling that may be
more powerful in predicting outcomes to very
highly targeted therapies. This will lead the way
to a more personalized medicine approach for a
disease as complex as asthma. Phenotyping will
ensure that targeted therapeutic agents will be
tailored and delivered to the ‘right’ patient at the
‘right’ time.
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