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ARTICLE INFO ABSTRACT

Keywords: Asthma is often described as an inflammatory disease of the lungs and in most patients symptomatic treatment with
Asthma bronchodilators or inhaled corticosteroids is sufficient to control disease. Unfortunately there are a proportion of
Biomarkers patients who fail to achieve control despite treatment with the best current treatment. These severe asthma patients
E“QOWPE o have been considered a homogeneous group of patients that represent the unmet therapeutic need in asthma. Many
Patient stratification novel therapies have been tested in unselected asthma patients and the effects have often been disappointing,
xfgﬁggferapy particularly for the highly specific monoclonal antibody-based drugs such as anti-IL-13 and anti-IL-5. More recently,

it has become clear that asthma is a syndrome with many different disease drivers. Clinical trials of anti-IL-13 and
anti-IL-5 have focused on biomarker-defined patient groups and these trials have driven the clinical progression
of these drugs. Work on asthma phenotyping indicates that there is a group of asthma patients where T helper
cell type 2 (Th2) cytokines and inflammation predominate and these type 2 high (T2-high) patients can be defined
by biomarkers and response to therapies targeting this type of immunity, including anti-IL-5 and anti-IL-13. How-
ever, there is still a subset of T2-low patients that do not respond to these new therapies. This T2-low group will
represent the new unmet medical need now that the T2-high-targeting therapies have made it to the market.
This review will examine the current thinking on patient stratification in asthma and the identification of the T2-
high subset. It will also look at the T2-low patients and examine what may be the drivers of disease in these patients.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

According to the Global Initiative for Asthma (GINA), asthma is
defined in the following way:

“Asthma is a heterogeneous disease, usually characterized by chronic
airway inflammation. It is defined by the history of respiratory
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symptoms such as wheeze, shortness of breath, chest tightness
and cough that vary over time and in intensity, together with variable
expiratory airflow limitation” (GINA, 2016).

This definition was changed in 2014 to include the statement that
asthma is a heterogeneous disease. This change is in part driven by
clinical experience from the monoclonal antibody trials for anti-
interleukin (IL)-5, anti-IL-13 and anti-IL-4 receptor o (anti-IL-4Rat),
which demonstrated that these highly specific therapies are generally
more efficacious in groups of patients selected on the bases of target
mechanism or pathway activation.

Classically, asthma was thought of as a T helper cell type 2 (Th2)-
driven disease and this has driven the development of therapies targeting
this biology. In this review, we will use the emerging terminology of type
2 (T2) asthma, taking into consideration that other cells, such as group 2
innate lymphoid cells (ILC2s) may contribute to the immune responses
involved (Barnes, 2001; McKenzie, 2014; Fahy, 2015). Importantly,
recent work indicates that asthma has both a T2-high and a T2-low
phenotype (Woodruff et al., 2009). The underlying biology and key
pathological drivers in the T2-low patients are poorly understood
meaning that there are few therapies being developed to treat these
patients (Moore et al., 2010). This review will discuss current thinking
on the pathology of asthma and the methods used to define stratified
groups of patients. In addition, it will make the case for more work to
understand the T2-low asthma group and define where the unmet
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medical need is likely to lie in light of the imminent approval of thera-
pies targeting T2-high-associated pathways.

1.1. The molecular pathology of T Helper 2 cytokine high (T2-high) asthma

T2-high asthma is associated with allergic inflammation despite the
fact that some eosinophilic patients with late-onset disease may be less
allergic (Robinson et al., 1992; Peters, 2014). Allergens or other harm-
less stimuli activate the airway epithelium to release cytokines such as
thymic stromal lymphopoietin (TSLP), IL-33 and IL-25 (Hammad &
Lambrecht, 2015). Activation of the epithelium may occur through acti-
vation of protease activated receptor 2 (PAR2) by allergen-associated
protease activity or the release of proteases from mast cells (Boitano
et al., 2011). Tissue damage appears to be the key to production of
IL-33 which is released by necrotic cells and acts as an alarmin (Luthi
et al,, 2009). There is evidence that TSLP is induced by oxidative stress
and inflammatory cytokines such as tumor necrosis factor (TNF)-a
and IL-1pP (Lee & Ziegler, 2007; Nakamura et al.,, 2008). TSLP, IL-33 and
IL-25 drive the activation of a T2-immune response to allergens. In the
theory of T cell-mediated responses, allergens are taken up by dendritic
cells (DCs) that then migrate to the draining lymph nodes. TSLP causes
the maturation of DCs that upregulate major histocompatibility (MHC)
class Il and OX40L and interact with naive T cells in the draining lymph
node (Liu, 2006; Wang & Liu, 2007). TSLP-activated DCs drive the differ-
entiation of naive T cells to inflammatory Th2 cells that produce high
levels of IL-5, IL-13 and TNF-a but low levels of IL-10 (Soumelis et al.,
2002; Liu, 2006). These T cells migrate back to the airways where they
drive a T2-mediated inflammatory response. This model explains the
activation of allergic inflammation by the adaptive immune system.
However, mice lacking T and B cells will still develop eosinophilic air-
way inflammation to innocuous stimuli (Hammad & Lambrecht,
2015), indicating that there is an innate activation of T2 immunity.
The characterization of innate lymphoid cells (ILCs) demonstrated
how T2 responses could develop in the absence of Th2 cells (Hammad
& Lambrecht, 2015). Broadly speaking, ILCs can be classed as ILC1,
ILC2 or ILC3 depending on the cytokines that they produce (Spits
et al,, 2013) and transcription factor expression. ILC1s characteristically
express the T-bet transcription factor and produce interferon (IFN)-y
and TNF-«; ILC2s express the GATA3 transcription factor and produce
the classical T2 cytokines IL-4, IL-5 and IL-13, whereas ILC3s express
RORyt and produce IL-17A, IL-22 and granulocyte macrophage
colony-stimulating factor (GM-CSF) (Spits et al., 2013; Artis & Spits,
2015). The biology of ILCs is still emerging and there may be many
subtypes that fall between these groups. There is also literature to
suggest that ILC phenotypes display a degree of plasticity, for example,
IFN-v producing ILC1 and IL-17 producing ILC3s can switch between
these phenotypes depending on the cytokines in the environment
(Vonarbourg et al., 2010; Bernink et al., 2013; Artis & Spits, 2015;
Bernink et al., 2015). A full review of ILC biology is outside the scope
of this review but there are a number of recent reviews on these cells
(Artis & Spits, 2015; Sonnenberg & Artis, 2015). In the context of
asthma, there has been considerable focus on the role of ILC2s since
they are capable of producing the classical T2 cytokines that drive eosin-
ophilic airway disease. ILC2s are activated and modulated by many of
the epithelial-derived cytokines that are involved in the maturation of
DCs in T2 responses including TSLP, IL-33 and IL-25 (Imai et al., 2013;
Kim et al., 2013; Salimi et al., 2013; Artis & Spits, 2015). It is speculated
that ILC2s may provide a first line of innate defense against infection of
the airways prior to the induction of an adaptive immune response
(Licona-Limon et al., 2013). Recently, it was demonstrated in vitro
that virally induced IL-33 release from the bronchial epithelium may
activate ILC2s and drive the production of T2 cytokines (Jackson et al.,
2014). This provides a direct link between viral infection and T2
responses.

The link between Th2-mediated inflammation and asthma pathology
is well founded and has now been clinically proven by the successful

trials of therapies that target aspects of Th2 biology, including anti-IL-
4Ray, anti-IL-13 (Barnes, 2008; Corren, 2013b; Wenzel et al., 2013)
anti-IL-5 (Robinson et al., 1992; Sanderson, 1992; Corrigan et al.,, 1993;
Carroll et al., 1996; Giembycz & Lindsay, 1999; Rothenberg & Hogan,
2006; Kouro & Takatsu, 2009), anti-immunoglobulin (Ig) E (Burrows
et al,, 1989; Sunyer et al,, 1995; Hamelmann, 2007) and initial studies
with anti-TSLP (Gauvreau et al., 2014b). However, to the surprise of
many in the field of respiratory research, the initial results of anti-IL-13
and anti-IL-5 trials were disappointing. What changed the prospects
for these drugs was the use of pre-selection of patients for clinical trials
based on biomarkers that indicated active T2-mediated inflammation.
The implications of this work are that there is a group of patients
whose asthma is driven by T2 immunity and that there are severe asth-
ma patients whose disease is independent of T2 immunity or low T2.
These studies provide definitive clinical evidence that asthma is a
heterogenic disease. Considerable work has been performed to under-
stand the different groups, phenotypes or endotypes of asthma patients
and to define methods to identify patients in the clinic. This work is of
vital importance to ensure that therapies are targeted to the appropriate
patient groups.

2. Phenotyping asthma
2.1. Defining asthma: endotypes and phenotypes

The heterogeneous nature of asthma creates a problem for the
development of therapies targeting specific disease mechanisms that
may only be present in some patients; how do we identify the patients
that are more likely to respond to a specific therapy? The process of
classifying patients into different categories is often referred to as
phenotyping. Phenotyping can be made at different levels from clinical
manifestations, inflammatory cell counts in tissue and blood and down
to molecular patterns in tissue and serum. However, it is not always
clear how a specific phenotype may relate to the mechanisms that
drive disease and recent literature highlights the need to define patients
based on mechanistic endotypes (Anderson, 2008; Lotvall et al., 2011;
Corren, 2013a). Here, we will briefly go through different ways of
phenotyping and some of the phenotypes that have been suggested in
asthma. There are many excellent reviews on phenotyping of asthma
for those who want more detailed information on the subject (Wenzel,
2012; Chung & Adcock, 2015; Fajt & Wenzel, 2015; Chung, 2016).

2.1.1. Biased clinical and cellular phenotyping

Historically, asthma patients were categorized as having allergic
(extrinsic) or non-allergic (intrinsic) asthma. Today, the terms T2-high
and T2-low asthma (or sometimes still referred to as Th2 high and
low) are more often used. Allergic asthma most often falls within the
T2-high asthma but not all patients with T2-high asthma are allergic.
T2 refers to the type 2 cytokines IL-4, IL-5, and IL-13, and the cells that
produce them, including Th2 cells, ILC2s, mast cells, eosinophils,
basophils, macrophages, and NKT cells (Chang et al., 2013; Karta et al.,
2016). These cytokines are involved in eosinophil recruitment and anti-
body class switching to IgE, both which are traits of allergy. Eosinophil
counts in both sputum and blood are often measured in asthma patients
(Schleich et al., 2014; Zhang et al., 2014) and sometimes extrapolated to
reflect T2-high asthma.

In addition to allergy and inflammatory cells, biased clinical
phenotyping includes variables such as age at onset of disease, nasal
symptoms and responsiveness to inhaled corticosteroids. Given these
variables and others, the following phenotypes could be suggested
based on interpretation from current literature (Wenzel, 2012), some
of which will be described more in detail later on in this review:

T2-high asthma
1. Eosinophilic, early-onset, allergic, respond to inhaled corticoste-
roids (ICS)
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2. Eosinophilic, late-onset, non-allergic, sinusitis, refractory to ICS
3. Exercised-induced asthma

T2-low asthma

4, Obesity-related, late-onset

5. Asthma and chronic obstructive pulmonary disease overlap
syndrome (ACOS)/Neutrophilic, late-onset

6. Paucigranulocytic (no sputum eosinophilia or neutrophilia),
smooth muscle-associated

2.1.2. Unbiased phenotyping

Unbiased analysis uses cluster analysis to evaluate how different
parameters group together. The method is not completely unbiased
since it is dependent on which parameters are used in the analysis
and in some cases how many clusters have been pre-specified as part of
the analysis. Here, we will review four studies on unbiased phenotyping
of adult asthma (Haldar et al., 2008; Moore et al., 2010; Siroux et al.,, 2011;
Moore et al., 2014). All four studies were based on clinical parameters and
the Haldar study (Haldar et al., 2008) as well as the Moore study from
2014 (Moore et al., 2014) also included sputum cell data.

Haldar et al. mainly report on clusters from nonhierarchical analysis
on two cohorts, one with mild/moderate asthma and one with more
severe refractory asthma (Haldar et al., 2008). The different clusters
are described in Table 1. Importantly, atopy was not a discriminator
for patients ending up in one cluster or another; however, atopy preva-
lence differed between the clusters and is therefore included in the
description of the phenotypes. In addition to this, Haldar et al. tested
the clinical relevance of their clusters in a prospective study, showing
that the outcome of corticosteroid titration, using eosinophilic inflam-
mation as an indicator of response to therapy, differs between the
clusters.

In 2010, Moore et al. used unsupervised hierarchical cluster analysis
based on clinical parameters and identified five clusters within 726 sub-
jects (of which 304 had severe asthma) in the severe asthma research
program, SARP (Moore et al,, 2010). The different clusters are described
in Table 1. In 2014, the same group reported on a new clustering

analysis on 423 patients from the SARP cohort (Moore et al., 2014).
This time four clusters were identified based on clinical and sputum
inflammatory parameters (Table 1). In agreement with the Haldar
study, atopy was not a discriminator of cluster affiliation but was equally
spread throughout the four clusters.

Siroux et al. used the clustering model-based method latent class
analysis (LCA) in two cohorts: the European Community Respiratory
Health Survey (ECRHSII, n = 1895) and the follow-up of the Epidemio-
logical study on the Genetics and Environment of Asthma (EGEA2, n =
641) (Siroux et al., 2011). The different clusters are described in Table 1.
The clustering analysis in the study of Siroux et al. did not include spu-
tum inflammatory cell counts, but blood cell counts in the EGEA2 cohort
showed highest eosinophil count in cluster 1 and lowest in cluster 4
while neutrophil counts were highest in cluster 2 and lowest in cluster 3.

These clustering analysis studies differed from each other in several
ways; they were based on cohorts with different inclusion/exclusion
criteria, different variables were included into their respective analysis
and different statistical methods were used in each study. Hence, the
studies cannot end up with exactly the same clusters. However, there
are still similarities between the clusters in these different studies and
the clusters do, to some extent, confirm phenotypes described in studies
based on more biased phenotyping. All of the above studies were cross
sectional. Hence, from these studies it is impossible to make any conclu-
sions regarding how robust these clusters would form if data from
another time point, within the same cohort, would be analyzed. Newby
et al. has published a study on the matter of phenotypic stability of
clusters and repeatability of cluster membership based on longitudinal
data from the British Society Severe Refractory Asthma Registry
(Newby et al., 2014). The conclusion of the study was that the same
clusters are likely to form when analysis is applied to different cohorts
but that patients do tend to shift cluster membership when their
medication is optimized (Newby et al., 2014).

2.1.3. Molecular phenotyping

A movement from phenotyping based on clinical parameters
towards endotyping, based on variables relevant for defining patients
based on the mechanistic drivers of disease, is strongly encouraged in
the asthma field (Anderson, 2008; Lotvall et al., 2011; Corren, 2013a).

Table 1
Clusters from unbiased cluster analyses of asthma cohorts.
Study Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5
Mild/moderate cohort Eosinophilic Non-eosinophilic Inactive/mild
Haldar et al., 2008 Early-onset Obese asthma
Atopic Female Few symptoms
Low inflammation
Refractory cohort Eosinophilic Non-eosinophilic High symptom Eosinophilic
Haldar et al., 2008  Early-onset Obese expression Few symptoms
Atopic Low inflammation High inflammation
Early-onset
SARP cohort Early-onset Early-onset Obesity related Early-onset Late-onset
Moore et al., 2010 Atopic Atopic Late-onset Atopic Less atopic
Normal lung function ~ Normal lung function Decreased lung function Severe asthma Severe asthma
Low use of medication Higher use of medication High symptom score High use of medication High use of
High use of medication medication

SARP cohort Low inflammation Eosinophilic or pauci-granulocytic
Moore et al., 2014 Early-onset Early-onset
Atopic Atopic

Normal lung function
Low use of medication

Slightly reduced lung function
Higher use of medication

ECRHSII cohort Early-onset Late-onset
Siroux et al., 2011 Allergic Female
Active disease Active disease
Treated Treated
EGEA2 cohort Early-onset Late-onset
Siroux et al., 2011 Allergic Active disease
Active disease Treated
Treated

Neutrophilic or mixed granulocytic
Obese

Atopic

Slightly reduced lung function
High use of medication

Neutrophilic or mixed granulocytic
Obese

Atopic

Severe asthma

Markedly reduced lung function
High use of medication

Allergic Non-allergic
Inactive/mild disease Inactive/mild
Untreated disease
Untreated
Early-onset Non-allergic
Allergic Late-onset
Inactive/mild disease Inactive/mild
Untreated disease
Untreated
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Defining patients based on biomarkers that indicate activation of a
specific molecular pathway, or molecular phenotyping, has recently
generated a great deal of attention since it appears to be able to identify
patients that will respond to anti-IL-13 therapy, as will be described in
Section 3.2. Woodruff et al. have demonstrated that chloride channel,
calcium activated family member 1 (CLCA1), periostin, osteoblast spe-
cific factor (POSTN) and serine peptidase inhibitor, clade B (ovalbumin),
member2 (serpinB2) are up-regulated in the gene expression profiles
of airway epithelial brushings from some asthmatic patients when
compared to healthy subjects (Woodruff et al., 2007). Furthermore,
the expression of these three genes was decreased by treatment with
inhaled corticosteroids, and confirmatory data on epithelial cells
in vitro showed that the gene expression increased by stimulation
with IL-13 and decreased when corticosteroids were added to the
cultures. Based on this, these genes were proposed as biomarkers of
T2-driven (initially called Th2 high-driven) corticosteroid-responsive
asthma (Woodruff et al., 2007). A follow-up study on the expression
of the same three genes in bronchial brushings showed that it was
possible to categorize asthma patients into T2-high and T2-low pheno-
types based on a combination of the three genes. These genes served as
good surrogate markers for T2-driven inflammation in the lungs, since
patients belonging to the T2-high phenotype had higher expression of
IL-5 and IL-13 in bronchial biopsies than did patients belonging to the
T2-low phenotype. These phenotypes also showed to be clinically
relevant since they differed from each other in clinical and cellular
parameters such as airway hyperresponsiveness (AHR), blood and
airway eosinophilia, responsiveness to corticosteroids and in terms of
allergy/atopy and total IgE (Woodruff et al., 2009). Increased expression
of CLCA1 and POSTN, but not serpinB2, in patients with asthma compared
to healthy subjects have also been shown in sputum cells (Peters et al.,
2014). The same study reports that the gene expression of IL4, IL5, and
IL13, as well as the eosinophil marker eotaxin 3 (CCL26) and the mast
cell markers tryptase and CPA3, differs between asthma patients and
may be used to categorize patients into T2-high and T2-low asthma.

2.1.4. Biomarkers for T2-high asthma

As described above, T2 cytokines and eosinophilia seem to be
important drivers of some of the asthma phenotypes and may predict
responsiveness to corticosteroids and, as will be described later on in
this review, responsiveness to anti-IL-13 and anti-IL-5 treatments. Find-
ing an accurate biomarker for T2 inflammation and tissue eosinophilia is
therefore important. Three of the top biomarker candidates for tissue
eosinophilia are serum periostin, fractional exhaled nitric oxide (FeNO)
and blood eosinophil counts (Zhang et al., 2014; Parulekar et al., 2016).
Periostin is a protein produced by bronchial epithelial cells in response
to IL-13 (Sidhu et al., 2010) that can be measured in serum (Jia et al.,
2012). Nitric oxide is produced by the airway epithelium after upregula-
tion of inducible nitric oxide synthase (iNOS) by pro-inflammatory
cytokines (Pavord & Shaw, 2008). A study on patients with severe
asthma and on high dose ICS showed low intra-individual changes in
serum periostin levels over time and in these patients serum periostin
proved to be a better single predictor of tissue eosinophilia than FeNO
or blood eosinophil counts (Jia et al., 2012). However, the relevance of
serum periostin as a predictor of airway eosinophilia was questioned
in a recent study based on two asthma cohorts, one mild to moderate
and one moderate to severe (Wagener et al., 2015). In this study, no
correlation between serum periostin and sputum eosinophils was
found in either cohort. The periostin levels in the Wagener study were
based on a different assay than that used in the studies by Woodruff
et al. and this may or may not explain some of the differences seen
between the studies. In the study by Wagener et al., among blood
eosinophil counts, FeNO and serum periostin, blood eosinophils proved
to be the best predictor of sputum eosinophilia. In addition, smoking
habits may affect serum periostin levels. In a study on patients with
mild to severe asthma, non-smoking asthmatics showed higher serum
periostin than smoking asthmatics while no difference was seen

between non-smoking asthmatics and healthy non-smokers or between
mild/moderate and severe asthmatics (Thomson et al., 2015). Caution
should be taken when interpreting different studies since there may
be statistically significant associations between sputum eosinophils
and biomarkers such as blood eosinophil counts and FeNO, although
these markers may not always predict sputum eosinophilia, as
concluded by Hastie et al. (Hastie et al., 2013). Apart from reflecting
tissue eosinophilia, serum periostin has been suggested to reflect both
severity and phenotype of asthma. When dividing asthmatics into
groups with high and low serum periostin, Nagasaki et al. found that
the high periostin group showed more frequent exacerbations and a
more rapid decline in Forced Expiratory Volume in 1 s (FEV1) over
time, suggesting that serum periostin reflects asthma severity
(Nagasaki et al., 2014). Some researchers mean that serum periostin
reflects a certain asthma phenotype rather than severity of disease.
The high periostin phenotype has been described as patients with late
age of disease onset, T2-signature in the means of high eosinophilia,
rhinosinusitis and nasal polyps. IgE and atopy status were however not
correlated to periostin (Matsusaka et al., 2015).

3. The targeting of IL-5 and IL-13 as case
studies on the need for patient stratification in asthma

The two next sections will describe the need for patient stratification
and how patients can be selected by molecular phenotyping in asthma.
Using anti-IL-5 and anti-IL-13 as case studies, this section will demon-
strate how specific therapies are generally more efficacious in groups
of patients selected on the basis of target mechanism or pathway
activation, thus molecular phenotyping should be applicable in drug
discovery.

3.1. Anti-IL-5 and the role of patient phenotyping

Several studies directly link IL-5 to T2-high asthma pathophysiology
(Robinson et al., 1992; Sanderson, 1992; Corrigan et al., 1993; Carroll
et al,, 1996; Giembycz & Lindsay, 1999; Rothenberg & Hogan, 2006;
Kouro & Takatsu, 2009). The close association of eosinophils with
T2-high asthma and its dependence on IL-5 (Shi et al., 1998) led to the
development of therapies targeting IL-5. Two different types of anti-
IL-5 antibodies have been progressed to the clinic. Mepolizumab and
reslizumab bind to free circulating IL-5 whereas benralizumab targets
the IL-5 receptor o (IL-5R-at). Thus all three antibodies prevent IL-5
from acting through its receptor but benralizumab has the additional
effect of directly depleting eosinophils and other IL-5Ra bearing cells
through recruitment of effector function (Kolbeck et al.,, 2010).

Promising results in pre-clinical models showed that anti-IL-5
reduced circulating and bronchoalveolar lavage (BAL) fluid eosinophils
and airflow obstruction following antigen challenge (Mauser et al.,
1995; Foster et al., 1996; Shardonofsky et al., 1999; Hart et al., 2001).
Given the encouraging pre-clinical data, these anti-IL-5 antibodies
were trialed in human asthma, where the initial results were disap-
pointing (Leckie et al., 2000). In the first clinical trial, a single intrave-
nous dose of mepolizumab (SB-240563) was investigated in mild
asthmatics. Mepolizumab was found to be effective in suppression of
circulating eosinophils and reducing sputum eosinophil numbers, but
without any effect on allergen-induced late asthmatic response or
histamine-induced airway hyperreactivity (AHR) (Leckie et al., 2000).
Several studies have continued evaluating the relevance of anti-IL-5
biologics in asthma as a therapy. Studies in mild to moderate asthmatics
recognized mepolizumab as unsuccessful in improving end-point
clinical symptoms (Leckie et al., 2000; Flood-Page et al., 2003; Flood-
Page et al., 2007). Thus the efficacy of anti-IL-5 as a therapy in asthma
was questioned. The fact that anti-IL-5 therapy seemed to be ineffective
raised the question whether eosinophils are not the primary drivers of
asthma pathology. However, Flood-Page et al. suggested that inhibition
of IL-5 may reduce severe exacerbations and that exacerbations should
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be studied as an end-point in the clinic, indicating that selection of
patients may improve the outcome anti-IL-5 clinical trials (Flood-Page
et al., 2007).

Indeed, by selecting patients based on persistent blood and sputum
eosinophilia with a history of frequent exacerbations led to significant
decrease in exacerbation frequencies and an increased asthma control
with mepolizumab treatment (Haldar et al., 2009; Nair et al., 2009). In
addition, a steroid-spring effect was found (Nair et al., 2009). Similar
reduction in exacerbations and decrease in blood eosinophilia was
reflected in the DREAM study (Dose Ranging Efficacy and Safety with
Mepolizumab in Severe Asthma) (Pavord et al., 2012). In line with the
DREAM study, a phase III trial was conducted, which reported a
reduction in exacerbation rates by 47% to 53%, depending on dose and
administration route, together with an attenuation of blood eosinophil
count (Ortega et al., 2014). These findings have been confirmed in a
parallel phase III trial (Bel et al., 2014), however with a less pronounced
reduction of exacerbation. A trial with another anti-IL-5 antibody,
reslizumab, was in agreement with results of mepolizumab by showing
a reduction in sputum eosinophils, but in addition an improvement
in lung function parameters and asthma scores in patients with an
eosinophilic asthma phenotype (Castro et al,, 2011). In line with
observations that mepolizumab treatment was successful in patients
with blood and sputum eosinophilia, reslizumab showed greater
improvements in asthma control in subjects with high baseline eosino-
philia (2400 cells/uL) (Bjermer et al., 2014), again highlighting the need
for careful patient stratification. The fact that anti-IL-5 treatments are
effective in reducing blood and BAL fluid eosinophils are clear outcomes
from the clinical studies, whereas their effects on tissue eosinophils are
more limited. Extended analysis of studies with mepolizumab indicated
a disconnection between blood and tissue eosinophilia, with depletion
of only 55% of lung tissue eosinophils and 52% of bone marrow eosino-
phils (Flood-Page et al., 2003).

A third anti-IL-5 biologic is under development, named
benralizumab (MEDI-563). Unlike the two other anti-IL-5 biologics,
benralizumab targets the IL-5R-a and is an afucosylated antibody
which induces apoptosis by cellular toxicity mechanisms in its target
cells (Kolbeck et al., 2010). Due to the different mode of action of
benralizumab, this therapy could potentially have an increased efficacy
in reducing eosinophils in comparison to other anti-IL-5 antibodies. In
initial studies, benralizumab has proven to be safe without severe
events and depletes circulating eosinophils to below detection limit
within 24 h of dosing (Reed et al., 2008; Busse et al., 2010). Further
characterization of the effects of benralizumab in the clinic has shown
that this antibody can reduce exacerbations (Nowak et al., 2015),
improve lung function and Asthma Control Questionnaire score, and
like the other anti-IL-5 biologics, has greater efficacy in patients with
high blood eosinophil levels (>300 cells/uL) (Castro et al.,, 2014).

Lung tissue eosinophils appear to be relatively resistant to anti-IL-5
treatment and these cells may continue driving asthma symptoms
locally in the lung. Since the IL-5 receptor has been found on lung tissue
eosinophils from mild asthmatics (Reed et al., 2008; Kolbeck et al.,
2010), it has been suggested that benralizumab also could deplete tissue
eosinophils and therefore have an advantage over other anti-IL-5
therapies. In a recent study, Laviolette et al. investigated the efficacy of
benralizumab in reducing airway eosinophils in asthmatic patients
with elevated sputum eosinophil numbers (Laviolette et al., 2013).
This study confirmed the reduction of eosinophils in sputum, bone
marrow and blood. Benralizumab failed to show statistically significant
decrease in tissue eosinophil numbers when individual cohorts were
compared to placebo. This was likely due to a small sample size and
significant variability. However, a reduction in eosinophil numbers
(61% single dose, 96% multiple doses, change from baseline) in airway
tissue could be observed when a post-hoc analysis was done combining
data from the two cohorts (Laviolette et al.,, 2013).

The successes and failures of anti-IL-5 from pre-clinical models
to progression into the clinic have extensively contributed to our

knowledge of the heterogeneity of asthma pathophysiology. One thera-
peutic approach is unlikely to offer clinical benefit to all patients with
asthma and a careful assessment of the targeted pathway in patients
included in the clinical studies is needed. As mentioned earlier, several
promising biomarkers have been found in clinical studies and have
shown to be able to predict an enhanced efficacy to the therapy and
thereby improve asthma control in a subset of patients. Following the
initial disappointing clinical results, the understanding that asthmatic
patients with eosinophilic inflammation will have a benefit from an
anti-IL-5 therapy, has been of great value and rescued these drugs
from discontinuation. At present, mepolizumab (Nucala®) and
reslizumab (CINQAIR®) are the first anti-IL-5 biologics approved by
the U.S. Food and Drug Administration (FDA) for the maintenance treat-
ment of adult asthma patients. Mepolizumab (Nucala®) and reslizumab
(CINQAIR®) are approved as add-on maintenance treatments for pa-
tients with an eosinophilic phenotype who are uncontrolled despite re-
ceiving their current asthma medicines.

3.2. Anti-IL-13 and the role of patient phenotyping

IL-4 and IL-13 are implicated in many aspects of both T2 inflamma-
tion and structural changes of asthmatic airways (Barnes, 2008; Corren,
2013b). These two cytokines act through a heterodimeric receptor com-
plex consisting of IL-4Ra and either IL-13Ra1 for IL-13 or the common
gamma chain (yc) for IL-4 to deliver a biological response by activation
of the downstream Signal transducer and activator of transcription
factor 6 (STAT6) (LaPorte et al., 2008; Chiba et al., 2012). In subjects
with asthma, IL-4 and IL-13 can be found in increased levels in serum,
BAL fluid, sputum and airway mucosa (Walker et al., 1992; Wong
et al,, 2001; Berry et al., 2004; Saha et al., 2008) supporting a link
between IL-4/IL-13 and asthma. Several pharmaceutical companies are
focusing on targeting these two cytokines as a new therapy for asthma.
Pre-clinical data from several experimental models of asthma supported
progression of antibodies against the IL-4/IL-13 pathway into the clinic
(Coyle et al., 1995; Corry et al., 1996).

Antibodies targeting IL-4 (pascolizumab, altrakincept; both neutral-
izing free circulating IL-4) and IL-13 (anrukinzumab, IMA-026,
GSK679586; all neutralizing free circulating IL-13) that showed good
safety and tolerability profiles have been progressed into clinical devel-
opment, but these drugs have been discontinued (Borish et al., 1999;
Hart et al., 2002; Steinke, 2004; Oh et al.,, 2010; Gauvreau et al., 2011;
Akdis, 2012; Clinicaltrials.gov., 2012; De Boever et al., 2014).
Tralokinumab and lebrikizumab are anti-IL-13 monoclonal antibodies,
binding free IL-13, that are still in clinical development. Researchers
have shown the effect of these drugs in subjects with moderate to
severe asthma (Corren et al., 2011; Piper et al., 2013; Brightling et al.,
2015; Hanania et al., 2015).

The biologic effects of IL-13 and IL-4 in allergic asthma are to some
degree overlapping, and as they share a common receptor complex
and signaling, it may be more effective to interfere with both cytokines.
Therefore, an approach has been to target IL-4 and IL-13 as a dual
IL-4/IL-13 antagonist. The first IL-4/IL-13 drug to enter the clinic was
pitrakinra, a recombinant mutant form of human IL-4 protein that
inhibits binding of IL-4 and IL-13 to IL-4Ra (Wenzel et al., 2007). In
clinical studies, treatment with pitrakinra reduced the allergen-
induced decline in FEV; in patients with atopic asthma. It has been
proposed that the response to pitrakinra could be influenced by a muta-
tion in IL-4Rot. Although, the overall frequency of asthma exacerbations
was not significantly reduced in participants assigned to pitrakinra, a
subanalysis of patients treated with pitrakinra with a specific nucleotide
polymorphism in the IL-4Rat gene showed significantly reduced asthma
exacerbations, decreased noctural awakenings and activities limited by
asthma after withdrawal of standard of care (Slager et al., 2012).

AMG 317 and dupilumab also target the IL-4Rx but are fully human
monoclonal antibodies. AMG 317 initially demonstrated a good safety
profile and reduction of IgE levels (Corren et al., 2010). In this phase II
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study, even though decreases in number and time to exacerbations
were observed in patients with high doses of anti-IL-4 biologic, AMG
317 failed to show clinical efficacy on the primary endpoint of the
Asthma Control Questionnaire (ACQ) symptom score. However, there
was a patient population with high ACQ that appeared to benefit from
the AMG317 treatment.

Indeed, several other studies point towards a concept of patient
stratification, when it comes to anti-interleukin therapy. For example,
data from a study with pitrakinra showed reduction of exacerbations
in moderate to severe asthmatics with eosinophilic asthma and elevated
FeNO, a highly selected patient population (Otulana et al., 2011). In a
trial of anti-IL-13 using GSK679586 as therapy in severe asthma pa-
tients, no clinically meaningful improvement could be observed in asth-
ma control or lung function over placebo, even though patients with
detectable levels of serum IL-13 were analyzed separately. The authors
speculated that this could be an effect of high dose ICS usage maximally
suppressing IL-13 since only half of the patients under GSK679586
treatment had measurable levels of total serum IL-13. Another explana-
tion given by the authors is that lung function or exacerbations in this
patient population may not be driven by IL-13 (De Boever et al.,
2014). Similar to the above described trial of GSK679586, a phase 2b
study with tralokinumab treatment did not significantly reduce asthma
exacerbation rates in subjects with severe uncontrolled asthma. How-
ever, results of a post-hoc subgroup analysis indicated an effect in a spe-
cific defined population in this particular severe asthma cohort. Patients
with high baseline serum dipeptidyl peptidase-4 (DPP-4) or patients
with high periostin showed additional improvements in
prebronchodilator FEV; and asthma control. Patients with high
periostin did also show significant improvements in asthma exacerba-
tion rate. Future trials will investigate the potential of using DPP-4 and
periostin as biomarkers of an activated IL-13 pathway (Brightling
et al., 2015). In addition, lebrikizumab achieved best efficacy in reduc-
tion of exacerbations and improvements in lung function in patients
with high periostin levels in the blood (Corren et al., 2011; Hanania
et al, 2015). These studies suggest that periostin and blood eosinophils
(2240 cells/uL) may be good biomarkers for a successful anti-IL-13 ap-
proach. Patients with high periostin levels also displayed high levels of
FeNO (221 ppb), another biomarker that has been discussed previously
for asthma with a T2-high profile. As described earlier in Section 2.1.3,
Woodruff et al. phenotyped human asthma and showed that there are
two subpopulations of asthma defined by the degree of T2-
inflammation (Woodruff et al., 2009). A T2-signature may be a useful
tool to define responders to asthma therapy. In a study by Corren
et al,, 2011, patients with uncontrolled asthma were divided into high
and low periostin subgroups. This study concluded that asthmatics
with high periostin levels showed better efficacy to lebrikizumab
when measuring FEV;, FeNO and exacerbations. Interestingly, patients
with low periostin levels treated with lebrikizumab showed a trend to-
wards reduction of exacerbations compared to the placebo group, al-
though not statistically significant. Thus, Corren et al. could show a
benefit of anti-IL-13 therapy in high and low periostin groups, but
with greater improvements in the high periostin group.

In a promising study conducted by Wenzel et al., 2013, dupilumab
was given to patients with uncontrolled moderate to severe eosinophilic
asthma. In this multicenter phase Il study, treatment with dupilumab, as
compared with placebo, resulted in fewer exacerbations when LABAs
(long-acting beta-agonist) and ICS were withdrawn. In addition,
dupilumab treatment resulted in improved lung function and asthma
control as well as a significant reduction in T2 inflammatory markers,
but did not affect changes in blood eosinophil counts. In line with previ-
ously described data, a combined anti-IL-4 and -IL-13 approach suggests
a potential therapy in a specific subset of patients with poorly controlled
eosinophilic asthma. Recent data demonstrating that an IL-4/IL-13
antagonist like dupilumab works both in asthma patients with high
(2300 cells/uL) and low baseline (<300 cells/uL) eosinophil counts,
which is promising for future therapy and may add to standard of care

for treatment of asthma (orally communicated by Wenzel S at ATS
2015). The reason why dupilumab also works in patients with low
blood eosinophil counts may be that a cut-off of 300 cells/lL in baseline
blood eosinophilia may be artificially high (Katz et al., 2014; Ortega
et al,, 2014). Data from studies with mepolizumab support a cut-off of
150 cells/uL in baseline blood eosinophilia. In this severe asthma popu-
lation a cut-off of 150 cells/uL in baseline blood eosinophilia resulted in
72% reduction in asthma exacerbations whereas patients below that
cut-off showed only 30% reduction in asthma exacerbations. The efficacy
of mepolizumab was not different if the cut-off was set on absence or
presence of sputum eosinophils of 3% or greater. That the number of
blood eosinophils was a predictor of response as a treatment, whereas
sputum eosinophils were not, was also seen in the DREAM study.
Several studies highlight the value of an appropriate cut-off in baseline
for blood eosinophilia when conducting asthma clinical trials. The use
of ICS may already have reduced blood eosinophilia in severe asthma
subjects and a cut-off of 300 cells/|L in baseline blood eosinophilia
may be too high. Another explanation could be that eosinophils are
not as directly linked to IL-13 as periostin and this would suggest that
periostin is a better biomarker of an IL-13 responsive patient population.
Patients with high periostin levels respond well to anti-IL-13 therapy
independent of their blood eosinophilia. Thus, blood eosinophilia may
not be the best biomarker for defining an IL-13 responsive endotype. It
would be of interest to see periositin levels in relation to the level of
response in the dupilumab studies since this would give an idea of the
periostin level in patients with high or low eosinophils and could deter-
mine if periostin is a better predictor of clinical outcome for anti-IL4Ro
targeting therapies.

The data from anti-IL-4/IL-13 clinical trials indicate that there may
be a stratified group of patients who would benefit from this type of
therapy. Defining patients based on biomarkers and selecting patient
populations with specific molecular pathways activated will identify
patients that are likely responders to highly specific monoclonal
antibody-based drugs such as anti-IL-13 therapy. Using a molecular
phenotyping approach may identify potentially responsive patients
and would allow clinical trials to investigate efficacy in this particular
population.

4. Other T2-high targeting therapies

There are other therapies that have reached the market or are under
development to treat T2-high asthma. This reflects the historical dogma
that asthma is a T2-high driven eosinophilic disease of the lungs. This
section will review some of these therapies that have passed clinical
studies and reached the market (Section 4.1) as well as therapies still
under development (Section 4.2).

4.1. Other therapies targeting T2-high patients currently on the market

4.1.1. Anti-IgE therapy to control asthma

Many asthma patients have atopy associated with elevated levels of
allergen-specific IgE and there is a clear association between T2-high
allergic asthma and IgE levels (Burrows et al., 1989; Sunyer et al., 1995;
E, 2007). Therefore, targeting allergen-specific IgE represents an
approach for treatment of asthma that may have therapeutic benefit.
The process where IgE binds to its receptor on mast cells can be blocked
by using monoclonal antibodies. Omalizumab (Xolair®) is the only anti-
IgE biological drug currently approved for the treatment of asthma.

Omalizumab is a recombinant humanized monoclonal anti-IgE anti-
body which complexes with free IgE and disrupts the interaction
between IgE and its receptor, resulting in a reduction of circulating
serum uncomplexed IgE (Presta et al., 1993). Generally, subcutaneous
administration of omalizumab reduces free serum IgE by approximately
90-95% (Milgrom et al., 1999; Milgrom et al., 2001) and this reduction is
dose-dependent. This effect can be preserved with continued adminis-
tration (Casale et al., 1997, Adelroth et al., 2000; Casale et al., 2001;
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Milgrom et al., 2001). As a result of treatment with omalizumab, IgE
receptors on immune cells are down-regulated and these cells become
less responsive to antigen challenge (MacGlashan et al., 1997). These
early findings demonstrate that reducing circulating Ig with omalizumab
is a valuable approach for the treatment of allergic asthma and other aller-
gic diseases. Early initial studies showed that omalizumab inhibits the
early and late responses to inhaled allergens in patients with mild allergic
asthma (Boulet et al., 1997; Fahy et al., 1997). Clinical efficacy of
omalizumab has also been confirmed in long-term clinical studies
(Busse et al.,, 2001; Soler et al., 2001; Buhl et al., 2002). In a large study
with severe allergic asthmatics that were symptomatic despite
moderate-to-high doses of ICSs, omalizumab improved asthma control
and reduced the use of ICSs (Busse et al., 2001). Clinical improvement
has been confirmed in several other studies alongside with significantly
fewer asthma exacerbations (Milgrom et al., 1999; Holgate et al., 2001;
Finn et al., 2003; Lanier et al., 2003). In addition to the clinical improve-
ments, a combined analysis of results from 3 multicenter phase Il clinical
trials of omalizumab showed that hospitalization was reduced by up to
93% with an average reduction in duration of hospitalization of 63%
(Corren et al., 2003). A French study, describing the effectiveness of
omalizumab in patients treated in a real-life setting, strongly supports
observations from clinical trials with similar clinical benefits from the
reduction of free IgE (Molimard et al., 2008). These findings implicate
that omalizumab may also be of value when discussing cost of care in
patients with severe allergic asthma. Omalizumab has been developed
in the clinic, using IgE as a biomarker for patients likely to respond
to anti-IgE therapy. Allergic asthma patients with levels higher than
30 IU/mL of IgE are considered for omalizumab treatment. Recently, it
has also been shown that asthmatic patients with higher levels of FeNO,
peripheral blood eosinophils and periostin had a greater reduction of
exacerbations in response to omalizumab indicating that they may be
good biomarkers for the prediction of treatment response to omalizumab
(Hanania et al., 2013). By targeting one of the underlying mechanisms of
allergic disease, the use of omalizumab as an add-on therapy, will be of
clinical relevance in patients with very poorly controlled severe allergic
T2-high asthma.

4.1.2. Anti-leukotriene therapy to control asthma

Cysteinyl leukotrienes (cysLTs) C4, D4 and E4 are potent biological lipid
mediators generated from arachidonic acid through the 5-lipoxygenase
(5-LO) pathway, a mediator released upon mast cell activation
(Henderson, 1994; Peters-Golden & Henderson, 2007; Okunishi &
Peters-Golden, 2011). It has been known since the mid-twentieth century
that these mediators mediate contraction of airway smooth muscle, a
contractive activity distinct from that of histamine (Brocklehurst,
1960). Later it has been shown that leukotrienes play a central patho-
physiological role in asthma mediating bronchoconstriction, mucus
secretion, oedema and inflammation through activation of several
receptors (Wenzel, 2003). Two classical cysLT receptors are characterized,
cysLT; and cysLT, with different selectivity towards the cysLTs. cysLT;
binds LTD4>LTC,4 or LTE4 whereas cysLT, binds LTC4, = LTD4 > LTE4
(Lynch et al., 1999; Heise et al., 2000). There are two classes of anti-
leukotriene agents approved for clinical use: LT receptor antagonist
(LTRA) targeting the cysLT; receptor and 5-LO inhibitor zileuton
(Zyflo™). cysLT1 antagonists currently on the pharmaceutical market
are zafirlukast (Accolate™), pranlukast (Ultair™, Onon™) and
montelukast (Singulair™), where montelukast is the most commonly
used agent.

Anti-leukotriene agents have been extensively evaluated and a lot of
information about clinical efficacy is available. Numerous studies have
been conducted with the different agents, which have been shown to
reduce bronchoconstrictor responses to various challenges including
exercise, allergens, aspirin and methacholine (see reviews by Garcia-
Marcos & Schuster, 2001 and Scott & Peters-Golden, 2013). In addition,
studies have also shown that anti-leukotriene agents mediate anti-
inflammatory effects by reduction of eosinophils in different human

body fluids from asthmatics (Kane et al., 1996; Liu et al., 1996; Calhoun
et al,, 1998; Nakamura et al.,, 1998; Reiss et al., 1998; Malmstrom et al.,
1999; Pizzichini et al., 1999; Hasday et al., 2000). Other researchers
have examined the bronchodilatory effect of these agents and a small
increase in baseline FEV; could be observed for all of the above
mentioned agents (Hui & Barnes, 1991; Kemp et al.,, 1999). However,
an inter-individual variation in the response to cysLT receptor
antagonists has been described to be up to 50% (Tanaka et al., 1999;
Terashima et al., 2002; Szefler et al., 2005). There are few available
comparative studies between leukotriene synthesis inhibitors and
other receptor antagonists. One study compared zileuton to montelukast
in chronic persistent asthmatics (Kubavat et al., 2013). Zileuton
(2400 mg/day) or montelukast (10 mg/day) was given to mild to
moderate patients with stable asthma for 12 weeks. Peak expiratory
flow rate (PEFR) and asthma symptoms were assessed as the clinical
outcomes. Both anti-leukotriene therapies improved PEFR and asthma
symptoms, with better efficacy with zileuton treatment for both
assessments.

cysLTs are involved in many asthma phenotypes and high urinary
LTE, defines an endotype across phenotypes (Higashi et al., 2004;
Rabinovitch et al., 2008; Giouleka et al., 2011; Thomson et al., 2014;
Marmarinos et al., 2015). There are studies suggesting that an increase
in cysLT levels measured as LTE,4 in urine correlates well to acute
changes in asthma control. For example, an acute increase of urinary
LTE, predicts a decrease in FEV; and increased salbutamol use
(Rabinovitch et al., 2006). Urinary LTE, is also significantly increased
in atopic and non-atopic asthmatic children during exacerbation
(Marmarinos et al., 2015). cysLT levels persist in chronic asthma and
are increased with asthma severity. In addition, studies have shown
that increased levels of cysLTs are not adequately controlled by steroid
treatment in asthma (Vachier et al.,, 2003; Mondino et al., 2004).
Montelukast has been shown to be more effective in asthma subjects
with a urine LTE, level of 2200 pg/mg creatinine than in those with
less than 200 pg/mg creatinine (Cai et al., 2007). Asthmatics with one
doubling of baseline urine LTE; showed FEV; improvement in
montelukast step-up therapy while no improvement was observed for
LABA step-up therapy (Rabinovitch et al., 2014). These two studies
indicate that urine LTE4 levels are correlated with the response to
anti-leukotriene treatment and that LTE,4 in urine is a good biomarker
for selecting an anti-leukotriene therapy as treatment of asthmatics
with an activated cysLT pathway.

Taken together, response to anti-leukotriene therapy seems to be on
the level of patients” characteristics, again highlighting the importance
of asthma phenotyping. Patients with signs of increased urinary LTE,
levels, which demonstrates an activated cysLT pathway, is a phenotype
likely to respond well to anti-leukotriene therapy even on top of
steroids.

4.2. The most novel asthma therapies
in development will target T2-high patients

There are many novel therapies that are under development for
treatment of asthma and also these therapies will mainly focus on
targeting T2-high asthma. This section will review some of these
therapies.

4.2.1. CRTh2 receptor antagonists to control asthma

Another approach to control T2-high asthma has been to target the
CRTh2 receptor (chemoattractant receptor-homologous molecule
expressed on Th2 cells) also known as DP, receptor (Ly & Bacon, 2005;
Pettipher & Whittaker, 2012; Norman, 2014). CRTh2 is a G-protein
coupled receptor expressed on eosinophils, basophils as well as Th2
cells and the major ligand for CRTh2 is prostaglandin D, (PGD)
(Nagata et al., 1999b; Hirai et al., 2001). PGD, is a pro-inflammatory
mediator generated from arachidonic acid through the cyclooxygenase
pathway. PGD, and its metabolite bind to and activate the CRTh2
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receptor. Activation of the CRTh2 receptor leads to release of IL-4, IL-5
and IL-13 by Th2 cells (Nagata et al., 1999b; Tanaka et al., 2004; Xue
et al., 2005) and thereby mediates chemotaxis of Th2 lymphocytes,
eosinophils and basophils (Nagata et al., 1999a; Hirai et al., 2001;
Monneret et al., 2001; Spik et al., 2005). There is growing evidence for
a role of CRTh2 on ILC2 cells. CRTh2-positive ILC2s have been found to
be present in lung tissue and CRTh2-positive ILC2s have also been dis-
covered in nasal polyps from chronic rhinosinusitis patients (Mjosberg
et al., 2011). Activation of ILC2 cells with PGD, causes cell migration
and stimulates production of IL-4, IL-5 and IL-13 (Xue et al., 2014).
Therefore, it is not unlikely that CRTh2-positive ILC2 cells contribute to
the number of CRTh2-positive inflammatory cells and to the production
of pro-inflammatory cytokines in asthmatic airways.

PGD; is released in large amounts during an allergic reaction (Lewis
et al.,, 1982) and is accepted as a marker for mast cell activation. This
ligand is found in high levels in BAL fluid from asthmatic patients (Liu
et al., 1990; Crea et al., 1992; Balzar et al., 2011) and following acute
antigen challenge (Murray et al., 1986; Wenzel et al., 1989; Nowak
et al,, 1993), and has also been found to be released during early and
late phase asthmatic responses (O'Sullivan et al., 1998). Several CRTh2
antagonists have been progressed to clinical development with various
efficacies, with limited efficacy in asthma (Barnes et al., 2012; Horak
et al.,, 2012; Busse et al., 2013b; Singh et al., 2013; Snell et al., 2013;
Straumann et al., 2013; Diamant et al., 2014; Krug et al., 2014;
Pettipher et al., 2014; Berair et al., 2015). The mixed response to a
CRTh2 therapy in asthmatic patients is likely an effect of the patient se-
lection in these studies. Recently, when patients were selected based on
their sputum eosinophil count or allergic status, beneficial effects on
asthma symptoms like FEV,, peak flow, quality of life and sputum eosin-
ophil counts were achieved (Barnes et al., 2012; Singh et al., 2013;
Diamant et al., 2014; Berair et al., 2015). It remains to be determined
whether a CRTh2 antagonist approach is more effective in a selected pa-
tient population with high sputum eosinophilia. Future studies will give
a better understanding of the potential for this approach.

4.2.2. Targeting TSLP in allergen-induced asthma

Another therapeutic candidate that may modify the T2-mediated
pathway, but upstream of IL-4, IL-13 and IL-5 is TSLP. TSLP has recently
been targeted with beneficial results in the first study on patients with
allergen-induced asthma.

As mentioned in the introductory section 1.1., TSLP is a key mediator
for initiating T2-responses in the development of allergic asthma.
Alongside IL-33 and IL-25, which are also considered as important
early inducers of allergic inflammation, TSLP is highly expressed by
epithelial cells in barrier surfaces in the lung, gut and skin (Ziegler &
Artis, 2010). High levels of TSLP mRNA have also been found in other
human non-hematopoietic cells in the lung, such as smooth muscle
cells and lung fibroblasts (Soumelis et al., 2002). The effect of TSLP has
most widely been studied on DCs. TSLP signals through a complex of
the IL-7 receptor « chain (IL-7Rat) and the TSLP receptor chain (TSLPR)
which are most highly co-expressed on CD11c¢™ DCs (Reche et al.,
2001). Upon TSLP binding, the expression of OX40L is up-regulated on
the surface of immature CD11¢™ myeloid DCs (Arima et al., 2010). Sub-
sequently, the DCs mature and migrate to the draining lymph nodes
where they activate the differentiation of naive CD4™ T cells into Th2
cells that migrate back to the tissue (Ito et al., 2005). The TSLP-induced
0X40L binds to the 0X40 receptor on the T cells, whereby they become
inflammatory Th2 cells. There was recently an attempt to target the
OX40L in patients with mild allergic asthma, but no effect was seen on
allergen-induced early or late airway responses (Gauvreau et al., 2014a).

Ying et al. presented the first human data supporting a role of TSLP in
allergic asthma (Ying et al., 2005). Compared with normal controls,
atopic asthmatics had increased numbers of TSLP mRNA-expressing
cells in the epithelium and submucosa of bronchial biopsies (Ying
et al.,, 2005). In addition, an elevated expression of TSLP was found in
bronchial mucosa and BAL fluid in subjects with moderate/severe

asthma in comparison to controls with normal lung function (Ying
et al., 2008). Importantly, genetic data, e.g. polymorphisms in the TSLP
gene have associated TSLP with susceptibility to allergic asthma
(Harada et al,, 2011).

Subsequently, TSLP has been identified as a potential target in the
treatment of allergen-induced asthma. In 2014, Gauvreau et al. reported
the outcome of the first clinical trial for an anti-TSLP therapy (Gauvreau
et al., 2014b). The study comprised of 31 patients with mild allergic
asthma who were treated intravenously with three monthly doses of
the humanized monoclonal anti-TSLP antibody AMG 157, which pre-
vents the interaction of TSLP with TSLPR, or with placebo. Interestingly,
both early and late asthmatic responses were reduced by the anti-
TSLP treatment. Compared to placebo, the treatment with AMG 157
resulted in statistically significant reductions in allergen-induced
bronchoconstriction and numbers of eosinophils in both blood and
sputum. The numbers of adverse events were similar in the treatment
and placebo groups, with no serious adverse events reported.

The results of the anti-TSLP trial support the hypothesis that TSLP is
an important early mediator in allergic asthma and may be responsible
for persistent airway inflammation. However, it remains to be seen
whether patients with severe asthma could be treated with anti-TSLP
and more studies are needed to prove the mechanism of action of
the TSLPR blockade. Even though TSLP is considered to activate T2-
immune responses, as described in the introduction, Gauvreau et al.
could not demonstrate a statistically significant reduction in Th2/Th1
cell ratio from the anti-TSLP treatment in the first clinical trial
(Gauvreau et al., 2014b). It will be interesting to see the effects of
AMG 157/MEDI9929 from the ongoing Phase 2 study in patients with
poorly controlled severe asthma (Clinicaltrials.gov., 2016).

4.2.3. Interferons in asthma

Respiratory virus infections are a major cause of exacerbations in
asthmatics (see (Costa et al.,, 2014) and (Edwards et al., 2013) for
comprehensive reviews) and there seems to be an impaired immune
response to virus infections in some (Bufe et al., 2002; Wark et al.,
2005; Contoli et al., 2006; Gehlhar et al., 2006; Sykes et al., 2012;
Edwards et al., 2013) but not all asthmatics (DeMore et al., 2009;
Lopez-Souza et al., 2009; Bochkov et al., 2010; Patel et al., 2014;
Schwantes et al., 2014; Sykes et al., 2014). The impaired immune
response appears to manifest itself as a decreased ability of both bron-
chial epithelial cells and immune cells to produce or release interferons.
Further, it has been demonstrated that asthmatics have more severe
and long-lasting rhinovirus-induced lower respiratory tract symptoms
than healthy subjects (Corne et al., 2002), and there is a reduction in
lung function after experimentally induced human rhinovirus (HRV)
16 infection in asthmatics (Message et al., 2008). It has been suggested
that this is due to a reduced interferon production. This is supported by
the observation that administration of exogenous IFN-B reduces virus
replication in primary bronchial epithelial cells from asthmatics
ex vivo (Wark et al., 2005; Cakebread et al., 2011; Becker et al., 2013),
suggesting that IFN- treatment may be beneficial to treat or prevent
virus-induced exacerbations in asthmatic patients.

Recently, a positive phase 2 trial by Synairgen demonstrated that
inhaled IFN-(3 treatment improves control of asthma symptoms (changes
in ACQ-6 from pre-treatment baseline), as well as morning peak expira-
tory flow (PEF) in difficult-to-treat asthmatics (approximately 10-20% of
all adult asthmatics) (Djukanovic et al,, 2014). Among the IFN->-treated
patients, there was a steady improvement in morning PEF, while in the
placebo-treated group there was an initial dip during the first week
followed by an improvement. Fewer patients receiving [FN-{ required
additional treatment (e.g. corticosteroids and antibiotics; 1 of 22
patients) compared to the placebo-treated patients (5 of 25 patients).
Further, the inhaled IFN-3 was well tolerated.

Several signaling pathways have been implicated in the reduced
interferon response in asthmatics. Toll-like receptor 3 (TLR3) and mela-
noma differentiation-associated gene 5 (MDA5) signaling, although not
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expression, appear to be impaired in asthmatic epithelial cells in
response to rhinovirus infection (Parsons et al., 2013). Another study
reported lower baseline TLR3 expression as well as impaired HRV-
induced TLR3, retinoic acid-inducible gene 1 (RIG-1) and MDA5 mRNA
expression in bronchial epithelial cells from severe therapy-resistant
atopic asthmatic children compared to non-atopic, non-asthmatic
children (Edwards et al., 2013). Similarly, polyinosinic:polycytidylic
acid (poly I:C)-induced induction of several interferon-related genes
(IRF3, IFNAR1, IFNB1, IFNGR1, IL28B) are impaired in bronchial and/or
nasal epithelial cells from asthmatics compared to healthy individuals
(Wagener et al., 2014). In addition, an increased nuclear suppressor of
cytokine signaling 1 (SOCS1) level in bronchial epithelial cells in
asthmatics has been suggested to be the cause of suppressed HRV-
induced interferons in asthmatics (Gielen et al., 2015). Conversely,
another study reported that influenza A virus and respiratory syncytial
virus induce very similar interferon responses in non-asthmatics and
asthmatics (Patel et al., 2014).

There are also indications that respiratory viruses, especially rhino-
viruses, are not only associated with exacerbations but also with the
development of asthma, and that this may be T2-driven (see Rowe
and Gill, 2015 for a comprehensive review). It has been reported
that in asthma patients both IFN-vy and IL-10 baseline production by
peripheral blood CD4™ T cells are negatively correlated with virus
load and common cold symptoms (note small number of subjects).
Further, IFN-y production by BAL fluid CD4* T cells was found to be
negatively correlated with maximum fall in PEF after infection with
HRV16, whereas BAL fluid CD4™" T cell production of the T2 cytokines
IL-4, IL-5 and IL-13 were found to be associated with more severe
lower respiratory symptom scores (Message et al., 2008). Taken
together this indicates that a T1 signature correlates with less severe
cold symptoms while a T2 signature correlates with more severe cold
symptoms. This was further strengthened by the demonstration that
the release of the T1 cytokines IFN-vy, IL-12 as well as IL-10 from BAL
cells is induced by RV16 or LPS (vs control) in healthy individuals but
not in asthmatics, while the T2 cytokines IL-5 and IL-13 were found to
only be induced by phytohemmaglutinin in BAL cells from asthmatics.
Similarily, the phytohemmaglutinin-induced IL-4 release was found to
be higher in asthmatics than in healthy subjects (Message et al.,
2008). Further evidence for the involvement of a T2 high signature in
a deficient IFN-3 response to respiratory viruses is the report that the
T2 cytokines IL-4 and IL-13 impair the innate immune responses to
HRV in respiratory epithelial cells by inhibition of TLR3 expression and
IRF3 and STAT1 activation (Contoli et al., 2015). Similarly, [L-4 mRNA
expression and viral load was found to be higher in primary nasal
epithelial cells from atopic rhinitis patients compared to non-atopic
healthy subjects while TLR3 expression was lower (Contoli et al.,
2015). A deficient interferon response to HRV16 treatment of bronchial
epithelial cells ex vivo was reported in children with asthma irrespective
of their atopic status as well as in atopic children without asthma,
further suggesting that an impaired immune response to viral infections
may be T2-driven (Baraldo et al., 2012). Similarily, IFN-a secretion by
plasmacytoid DCs induced by influenza A and B ex vivo was reduced
in patients with allergic asthma and the secretion negatively correlated
with serum IgE levels as well as plasmacytoid DC FceRIa expression
(Gill et al., 2010). Gill and coworkers also demonstrated that IgE-
crosslinking reduced the influenza-induced IFN-a production by
plasmacytoid DCs, and that reciprocal inhibition of TLR7 and FceRla
expression occurs by stimulating either pathway, further supporting
counter regulatory mechanisms between T2 responses and virus
defense. This was supported by the observation that the exacerbations
often observed in asthmatic children during the autumn were reduced
during treatment with the anti-IgE drug omalizumab (Busse et al.,
2011; Teach et al., 2015), and it can be speculated that similar reduc-
tions will be obtained with other treatments targeting T2-asthma, at
least in some asthmatic subpopulations. Although recent publications
suggest that only patients with the T2-high endotype have a reduced

type 1 interferon response to virus, there are currently no evidence
suggesting that inhaled IFN-3 would not be beneficial to the resolution
of viral infections in both T1 and T2 asthmatics.

5. T2-low as the unmet need in asthma
5.1. Where are the treatments for T2-low asthma

Although asthma is often considered to be an eosinophilic disease
responsive to corticosteroids, almost half of the mild-to-moderate
asthmatics may be non-eosinophilic and unresponsive to current treat-
ments (McGrath et al., 2012). In those patients, the drivers of asthma
may not be related to eosinophils, serum periostin, FeNO and blood
eosinophils which may or may not prove to be useful biomarkers to
predict the outcome of new treatments for these patients.

Many of the T2-high-targeting therapies discussed above will come
to the markets within the next few years. This will allow us to determine
the long term effects of treating patients with these immunomodulatory
therapies. They will also require novel treatment regimens for asthma
which will probably involve biomarker-based selection of patients for
treatment with specific drugs. This will be the beginning of personalized
treatment for asthma patients. However, since all these therapies will
target the T2-high patient population, the T2-low patients will be
excluded from treatment with these drugs and there are currently few
treatments in development for these patients. This means that T2-low
patients will not benefit from novel therapies and will continue to suffer
the symptoms of poorly controlled asthma. In order to develop novel
therapies for these patients we will need to understand the key path-
ways that drive pathology and this will probably subdivide the group
into smaller patient subsets. The next section of this review will describe
what is known about the potential T2-low subgroups. However, at
present there are no clearly defined T2-low endotypes, so the following
section will examine the evidence for the existence of a number of phe-
notypes that have been suggested to fall into the T2-low patient group.

6. Proposed T2-low phenotypes and the evidence they exist
6.1. Obesity-related asthma

Recent literature suggests a link between obesity and asthma
(Beckett et al., 2001; Gunnbjornsdottir et al., 2004; Chen et al., 2005;
Beuther & Sutherland, 2007; Von Behren et al., 2009; Brumpton et al.,
2013), although there have been contradictory findings (Stanley et al.,
2005; Chinn et al., 2006; Barranco et al., 2011) leading to the possibility
of asthma overdiagnosis based on dyspnea and wheezing that are more
prevalent among obese individuals(Pakhale et al., 2010; Colak et al.,
2016).

Obesity is not only a risk factor for asthma but it is also associated
with poor asthma control, resistance to standard therapies and higher
risk of hospitalization due to asthma exacerbations compared with
lean asthmatics (Mosen et al., 2008; Taylor et al., 2008; Vortmann &
Eisner, 2008; Dixon, 2012). At least two distinct phenotypes of asthma
in obesity have been described so far that can be distinguished by age
of onset and markers of T2 inflammation (Wenzel, 2012). Obese
patients with early-onset asthma have more atopic disease, higher IgE,
and greater bronchial hyperresponsiveness (BHR). In contrast, obese
patients with late-onset asthma tend to have less atopy, less BHR and
lower levels of T2 inflammation. It has been proposed that the T2-
dependent early-onset asthma phenotype is complicated by coexisting
obesity, whereas the late-onset asthma phenotype is likely to be a
consequence of obesity-induced metabolic changes and the condition
driven by distinct mechanisms (Holguin et al., 2011; Dixon, 2012;
Sutherland et al., 2012; Fahy, 2015). The relationship between weight
gain and asthma appears more clear in women than men (Seidell
et al.,, 1986; Hancox et al., 2005), although some of the largest studies
have not shown a sex difference (Beuther & Sutherland, 2007; Egan
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et al., 2013). These results suggest that sex hormones may have a mod-
ulating effect on the expression of asthma in obesity (Sood, 2011; Ali &
Ulrik, 2013). Gender effects on asthma could also be due to differences
in perception and behavior between men and women (Zein &
Erzurum, 2015). Interestingly, Moore et al. have identified a distinct
asthma phenotype of mostly older obese women with late-onset non-
atopic asthma, moderate reductions in FEVy, and frequent use of oral
corticosteroids to manage exacerbations (Moore et al., 2010).

The mechanisms underlying the obesity-asthma association remain
largely unknown and have been discussed in detail elsewhere
(Santamaria et al.,, 2012; Rasmussen & Hancox, 2014; Sideleva & Dixon,
2014; Sutherland, 2014; Leiria et al., 2015; Sivapalan et al., 2015). A
brief overview is presented here. It is obvious that obesity significantly
alters lung mechanics. Obese patients have reduced functional residual
capacity (FRC) due to changes in the elastic properties of the chest wall
(Naimark & Cherniack, 1960; Pelosi et al., 1998; Jones & Nzekwu, 2006).
It has been proposed that the association between increasing body mass
index (BMI) and a decrease in lung function is due to the fact that adipos-
ity mainly compresses the chest and by that limits the expansion of the
lungs (Nicolacakis et al., 2008; Thyagarajan et al., 2008). Obese humans
also breathe spontaneously with lower tidal volume (Sampson &
Grassino, 1983). Breathing at a lower lung volume can lead to AHR
(Ding et al., 1987; Skloot et al.,, 1995). Recently, it was shown that late-
onset non-allergic asthma pathophysiology may be linked to excessive
collapsibility of the lung periphery (Al-Alwan et al., 2014).

To understand the effects of obesity particularly on late-onset non-
allergic asthma, it is important to understand the perturbations in
adipose tissue as well as the immune system that occur in obesity. It is
now appreciated that obesity is a state of chronic low grade systemic
inflammation affecting the expression of several inflammatory genes
in the adipose tissue of obese versus lean mice or human beings (Xu
et al., 2003; Shore, 2008; Ouchi et al., 2011). It is believed that this
inflammation spills over locally as well as to sites distant to the adipose
tissue (Shore, 2008).

Serum concentrations of C-reactive protein (CRP), TNF-« and IL-6
were significantly correlated with weight and BMI (Park et al., 2005).
Williams et al. showed that TNF-a receptor 2 (TNFR2) signaling is
required for the innate AHR that develops in obese mice. (Williams
et al., 2013). Moreover, TNFR2 appeared to promote expression of
IL-17A, endothelin, and neurotrophic tyrosine kinase, receptor, type 2
(TrkB). Recent research showed that primary alveolar macrophages
derived from overweight/obese subjects had an enhanced response to
lipopolysaccharide, particularly when they were primed ex vivo with
leptin, resulting in increased levels of pro-inflammatory cytokines
such as TNF-a (Lugogo et al.,, 2012). In addition, Periyalil et al. reported
age- and sex-specific activation of macrophages from obese subjects
(Periyalil et al., 2015). In a house dust mite model of AHR, mice that
were on high-fat diet showed lower eosinophil and higher macrophage
infiltration into the lungs and BAL fluid, which were less sensitive to
dexamethasone regulation (Diaz et al.,, 2015). Kim et al. found that
mice fed on a high-fat diet and ob/ob mice fed on a regular diet devel-
oped AHR dependent on innate immunity. They suggested that
obesity-induced asthma is facilitated by inflammation mediated by
the NLRP3-IL-1p3-macrophage axis and ILC3s (Kim et al., 2014).

Also neutrophils may contribute to the pathogenesis of asthma in
obesity. It was shown that obese asthmatics, particularly woman, had
more neutrophils in sputum and blood than non-obese patients
(Telenga et al., 2012). Th17 inflammation has been strongly linked to
neutrophilia but IL-17 was also reported to be involved in airway
remodeling and steroid insensitivity (McKinley et al., 2008; Al-Ramli
et al,, 2009; Chesne et al.,, 2014). Together, these findings highlight the
potential role of innate immunity in obesity-related asthma, although
most studies in humans have failed to demonstrate an association
between obesity and increased airway inflammation in asthma
(Hancox et al., 2007; Todd et al., 2007; Sutherland et al., 2008; van
Veen et al., 2008; Sideleva et al., 2012).

Mediators secreted by adipose tissue, collectively called adipokines,
may be important in the pathogenesis of late-onset asthma in obesity
(Ouchi et al., 2011). Sideleva et al. have shown that markers of adipose
tissue metabolic inflammation are increased, particularly in visceral fat
of obese late-onset, T2-low subjects (Sideleva et al., 2012). Aberrations
in leptin and adiponectin signaling lead to obesity and metabolic dys-
function (Ouchi et al., 2011). Although currently inconclusive, human
studies suggest that high-serum leptin and low-serum adiponectin
levels predict asthma, independent of obesity, in selected population
groups (Sood, 2010). On the other hand, increased adiponectin concen-
trations have been proposed to be associated with chronic obstructive
pulmonary disease (COPD) pathogenesis (Chan et al., 2010). The role
of adiponectin in asthma has recently been reviewed (Nigro et al.,
2015). There is strong evidence that adiponectin acts as an anti-
inflammatory mediator, however also pro-inflammatory actions have
been reported (Esmaili et al., 2014). Much work remains to be done to
understand the adiponectin biology and its contribution to many dis-
eases, including obesity-associated asthma. Clearly, the experimental
conditions chosen as well as the type and ratio of the different isoforms
of adiponectin determine the outcome (Esmaili et al., 2014). For
instance, low molecular-weight (LMW) adiponectin was associated
with disease activity of rheumatoid arthritis (RA) (Li et al., 2015). Simi-
larly, higher LMW adiponectin levels and a lower middle molecular
weight (MMW)/total ratio may be associated with current asthma in
both male and female subjects and a low total adiponectin level may
lead to airway obstruction, especially in women (Hayashikawa et al.,
2015). Interestingly, Azambuja et al. proposed that adiponectin does
not have protective effects in asthma and may in fact exacerbate the
disease (de Lima Azambuja et al., 2015).

Leptin appears to be involved in lung development in mice (Huang
et al., 2008), may have stimulatory effects on the proliferation of cells
of tracheal epithelial cells (Tsuchiya et al., 1999) and has pro-fibrotic
effects (Jain et al., 2011). Further, leptin has been shown to act as a
survival cytokine for human eosinophils (Suzukawa et al., 2011) and
activated neutrophils in terms of chemotaxis and production of reactive
oxygen species (Montecucco et al.,, 2006), enhance leukotriene
synthesis by alveolar macrophages (Mancuso et al., 2004), and inhibit
the function of regulatory T cells (De Rosa et al., 2007). These findings
suggest that leptin actions may partly explain the obesity and asthma
relationship.

A high fat diet may worsen airway inflammation and reduce bron-
chodilator responsiveness (Wood et al., 2011). A recent study suggested
that increasing anti-oxidants in the diet may improve asthma control
(Wood etal., 2012). Obesity is associated with increased oxidative stress
and obese subjects have higher levels of oxidative stress biomarkers
compared with their lean counterparts (Keaney et al., 2003; Steffes
et al., 2006). Oxidative stress is likely to modulate asthma severity and
alter response to medications rather than be a causative agent. Lifestyle
changes are one of the important factors that have an effect on the
epigenome. Interestingly, peripheral blood mononuclear cells derived
from pre-adolescent obese asthmatic children had distinct patterns of
DNA methylation compared with those observed in control group
(Rastogi et al., 2013). Differentially methylated molecules were associated
with pathways linked to T cell signaling and macrophage activation.

Further studies are necessary to identify the mechanisms underlying
the distinct asthma phenotypes present in obese populations. It is clear
that the glucocorticoid treatment does not suffice for achieving good
asthma management in obese patients (Dixon, 2012; Sutherland,
2014). Studies in bariatric surgery suggest significant improvements
in asthma control through weight loss (Dixon et al., 2011; Boulet
et al.,, 2012; van Huisstede et al., 2015) but given the expense and
risks associated with this intervention, it is unlikely to be an effective
strategy available for all patients with obesity-associated asthma. It
seems that 5-10% weight loss is required to improve asthma control
in obese asthmatics (Ma et al., 2015) but weight regain is a common
problem. Therefore, establishing well-characterized markers for each
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phenotype will facilitate the correct diagnosis and will help to develop
effective treatment of obese-related asthma.

Nevertheless, dietary intervention also represents a possible
approach that could also safely contribute to the prevention of allergic
diseases and obesity. Several classes of dietary components of parental
diet may influence asthma and allergies through effects on the neonatal
immune system and lung development (Calvani et al., 2006; Devereux,
2006; Devereux et al., 2007; Willers et al., 2007; Julia et al., 2015).

6.2. Smoking-associated asthma

It has been speculated that there is a smoking-associated neutrophil-
ic phenotype in asthma. However, the literature is not consistent and
the evidence for a well-defined smoking phenotype is sparse. It is possi-
ble that a smaller smoking-associated patient population is lost among a
more variable smoking asthmatic population.

The evidence for a neutrophilic phenotype in asthma is still debated
and the failure of neutrophil targeting approaches suggests that neutro-
phils may not be a driver of disease. Corticosteroids are widely used in
the treatment of asthma and they potentially induce neutrophilia and
possibly act as a modulator of the disease (Thomson et al., 2004;
Wenzel, 2012). Interestingly, smoking asthmatics are generally consid-
ered corticosteroid-insensitive indicating that there may be unige
drivers of disease in smoking asthmatics (Pedersen et al., 1996;
Chalmers et al., 2001; Chaudhuri et al., 2003). Tobacco smoke in itself
contains many different chemicals that may play a role in negatively af-
fecting the lung and possibly causing inflammation, as previously
reviewed (Thomson et al., 2004). In addition, smoking has further
been shown to have severe effects on the airways and can lead to the
development of several diseases such as lung cancer and COPD.

Asthmatics demonstrate almost the same level of smoking as in
healthy individuals, despite their impaired lung function (Wakefield
et al., 1995; Cerveri et al., 2012). Smoking asthmatics have a more
steep decline in FEV; than do non-smoking asthmatics, and airway
obstruction is worse and more prevalent (Lange et al., 1998; Aanerud
et al., 2015). Besides affecting the lung function, smoking has been
associated with worse asthma symptoms, more severe asthma attacks,
a higher number of near-fatal or fatal asthma attacks, and a worse
health status (Ulrik & Frederiksen, 1995; Sippel et al., 1999; Siroux
et al., 2000; Mitchell et al., 2002). However, it is unclear whether
smoking is driving a unique and stable asthma phenotype or just
modulating and exacerbating an already existing condition.

The question whether smoking has a causative role for asthma has
been addressed in several studies, some showing an association with
onset of asthma (Flodin et al., 1995; Plaschke et al., 2000; Rasmussen
et al., 2000), whereas others do not (Vesterinen et al., 1988; Troisi
et al., 1995; Siroux et al., 2000). The association seems to be stronger
in females than in males (Chen et al., 1999; Langhammer et al., 2000).
Several studies have shown a correlation between children to smoking
parents and a higher risk of developing asthma later in life (Strachan
& Cook, 1998; Skorge et al., 2005; Burke et al., 2012). However, more
studies are needed to confirm whether smoking is a cause of asthma
or solely a risk factor. It is conceivable that a form of asthma directly
caused by smoking may form a unique endotype. However, the complex
mixture of compounds in tobacco smoke means it could be modulating
normal airway physiology through multiple pathways.

The inflammation in smokers and asthmatic smokers has been
described previously, but in many cases, the data seem to be conflicting.
In most studies, the peripheral inflammation is characterized by an
increase of eosinophils in healthy smokers (Halonen et al., 1982;
Taylor et al., 1985; Jensen et al., 1998) whereas this relationship
seems to be reversed in asthmatics, where smokers have reduced eosin-
ophils in the blood compared to asthmatic non-smokers (Sunyer et al.,
2003). In the lung, smoking has been shown to cause an inflammation
that is characterized by infiltration of T cells, macrophages, mast cells
and neutrophils to different compartments of the lung (Kuschner

et al., 1996; Jeffery, 1998; Roth et al., 1998; Di Stefano et al., 2001;
Saetta et al., 2001; Broekema et al., 2009). As for induced sputum, the
eosinophils are reduced in asthmatic smokers with elevated neutro-
phils, as compared to asthmatic non-smokers (Chalmers et al., 2001)
but there are also studies showing conflicting results (Broekema et al.,
2009). It is clear that the cellular changes due to smoking and asthma
are variable and possibly not stable as discussed by Polosa and
Thomson, (2013), and there is a need for better designed studies that
can properly characterize the asthmatic smoking population in a reli-
able and controlled way.

Some studies have taken atopy into account when stratifying the
patients and most of them have studied the onset of asthma in relation
to smoking history and atopy, as well as AHR and its association to
smoking and atopy. One study found that smoking was predictive for
onset of asthma in adult atopic patients where atopy was defined as
presence of allergic rhinitis (10 year follow-up study) (Polosa et al.,
2008). In contrast to this, another longitudinal study showed a strong
association with onset of asthma in smoking non-atopics (Plaschke
et al., 2000), suggesting that there may be atopic and non-atopic
smoking related asthma.

In a recent study by Aanerud et al. (2015), the relationship between
airway obstruction and smoking was studied in a large cohort of
patients. Smokers with asthma had the greatest prevalence of airway
obstruction (defined as pre-bronchodilator FEV,/FVC (forced vital
capacity) < 0.7 and FEV; < 80% predicted), and when adjusting for
atopy, the association was strongest in smoking non-atopic asthmatics
(Aanerud et al., 2015). Sunyer et al. (1997) also found that BHR is
associated with smoking in non-atopic patients but not in atopic. In
another recent large study byPerret et al. (2013), the opposite relation-
ship of atopy and airway obstruction was found, however, the definition
of certain parameters differed to that ofAanerud et al. (2015).

There seems to be some evidence that atopy could be protective for
the adverse effects of smoking, or perhaps non-atopic asthmatics are
more sensitive to the damaging effects of cigarette smoke. It is, however,
known that atopic asthmatics have a more rapid decline in lung function
than do non-atopic subjects (Weiss, 2000). It has been speculated that
atopic asthmatics have a more severe lung inflammation than do non-
atopic asthmatics, and that the inflammation is masking the effects of
cigarette smoke on the lung which therefore appears less affected.

Smoking has been shown to increase the decline in lung function in
healthy subjects and since asthmatics already have lower lung function
than non-asthmatics, the argument for asthmatics to stop smoking is
even stronger. Several studies have assessed smoking cessation, most
of them showing positive results on lung function and lung inflamma-
tion. An early study by Fennerty et al. showed that seven days after
smoking cessation, there was a change in AHR and PEF (Fennerty
et al., 1987). More recent studies report that asthmatics who quit
smoking have a better quality of life, they use less asthma medication
(inhaled bronchodilators and corticosteroids), have a better asthma
control, and show improvement in AHR and lung function (Tonnesen
et al.,, 2005; Chaudhuri et al., 2006; Piccillo et al., 2008). This was only
true for the patients who quit smoking and not for the patients who
relapsed (Tonnesen et al., 2005). Some patients also reported a worsen-
ing of asthma symptoms after smoking cessation (Hillerdahl &
Rylander, 1984; Fennerty et al., 1987). Another study examined BAL
fluid from smokers and non-smokers 1, 3, 6, 9 and 15 months
after smoking cessation and found that the cellular composition
and levels of inflammatory cells in the BAL fluid was back to the
levels of non-smoking subjects 9 months after smoking cessation
(Skold et al., 1996).

All these studies show a benefit of smoking cessation for asthmatics,
however, the asthma still persists. The difficulty to quit smoking also
affects the success rate and many asthmatics who try to quit fail
(Eisner et al., 2000), and often they also lack the understanding of the
risk of smoking and how it can worsen their asthma (Wakefield et al.,
1995; Silverman et al., 2003).
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Smoking asthmatics are hard to treat, since they have a reduced
response to inhaled and oral corticosteroid treatment and several stud-
ies show that smoking asthmatics are steroid insensitive (Pedersen
et al., 1996; Chalmers et al., 2001; Chaudhuri et al., 2003). Mechanisms
for steroid insensitivity have been discussed and it remains unclear
exactly how to successfully treat smoking asthmatics (Thomson et al.,
2004). Therapeutics targeting neutrophils have been addressed in
asthma since cigarette smoke can trigger IL-8 production, working as a
chemotactic factor for neutrophils (Keatings et al., 1996), but both a C-
X-X chemokine receptor type 2 (CXCR2) antagonist and IL-17-related
targets have failed to show any efficacy (Nair et al., 2012; Busse et al.,
2013a). It should however be noted that smokers are often excluded
from studies and clinical trials and it is possible that with a different
patient selection the outcome of these studies would have been
different. Clearly, there is a big need for new therapies that can relieve
smoking asthmatics. However, a clear understanding of the smoking
asthma phenotype is needed in order to develop these therapies that
will have to be efficacious in patients who have ceased smoking.

6.3. Asthma and COPD overlap syndrome

In recent years, it has become clear that many asthma patients share
symptoms and features of both asthma and COPD. GINA has published
guidelines for asthma and COPD overlap syndrome (ACOS) and the
definition of it (GINA, 2015) but there are currently several other defini-
tions in use, as covered in a review by Papaiwannou et al. (2014). In the
GINA document, there are several criteria that should be fulfilled for a
diagnosis of ACOS. Two of the most important ones are that patients
should have post-bronchodilator FEV,/FVC < 0.7, which is also required
for diagnosis of COPD, and they should be highly reversible and have a
post-bronchodilator FEV; > 12% and 400 mL from baseline, which is
most probable for asthmatics (GINA, 2015). Physicians also take age,
pattern of symptoms, lung function, family history, time course and
chest x-ray results into account when making a diagnosis (GINA, 2015).

Since ACOS has characteristics of both asthma and COPD and is a
relatively newly described syndrome, there has most likely been a
certain degree of misdiagnosis in the past. Several studies including
smoking asthmatics are, according to the present guidelines, most likely
studying not only smoking asthmatics but also ACOS patients.

The cellular infiltration in the lung of a COPD patient differs from
that of an asthmatic. A COPD patient has more neutrophils, monocytes
and CD8™ T cells than does an asthmatic patient who usually has
more CD4™" T cells and eosinophils (Barnes et al., 2003; Fabbri et al.,
2003; Louie et al., 2013). An ACOS patient would lay somewhere in
between, with a mixed inflammation in the lung (Louie et al., 2013).
This has some implications for the treatment strategies applied to
these patients as they are usually more sensitive to inhaled corticoste-
roids than COPD patients, which is the first-line treatment in combina-
tion with LABA and LAMA (long-acting muscarinic antagonist) (Louie
et al., 2013; GINA, 2015). It is however clear that the current treatment
strategies are not sufficient, as ACOS patients have more frequent exac-
erbations than asthma and COPD patients, poor quality of life (according
to health questionnaires), high mortality and a steep decline in lung
function (Gibson & Simpson, 2009; Hardin et al., 2011; Kauppi et al.,
2011).

Christenson et al. (2015) recently published a paper on genetic
signatures in COPD and asthma. They found that one hundred T2-
associated genes up-regulated in asthma, among them the IL-13-
inducible genes POSTN, CLCA1, and SERPINB2, were also expressed in a
subgroup of COPD patients, identifying a T2 profile in both diseases.
This could be therapeutically important as it is known that COPD
patients respond poorly to inhaled corticosteroids, but there might be
a subpopulation of patients that would benefit from such treatments.
It also opens up for T2-related pharmacological intervention such as
the anti-IL-5Ra monoclonal antibody benralizumab that affects eosino-
phils. It has gone through phase IIb studies for asthma and phase Ila

studies for COPD, but could only meet the primary endpoint for asthma
(Brightling et al., 2014; Castro et al., 2014). A subgroup analysis of the
COPD patients with high eosinophil counts in the phase Ila study
showed that some patients seemed to benefit from the treatment
(Brightling et al., 2014). Perhaps similar findings would be made in an
ACOS patient cohort.

This is an emerging area in biology but it is still unclear if a syndrome
like ACOS really exists. Most studies agree that more research is needed
to form proper guidelines and to assess underlying mechanisms respon-
sible for ACOS (GINA, 2015).

6.4. Paucigranulocytic asthma

About 40% of asthmatic patients have normal levels of both eosino-
phils and neutrophils and can be classified as paucigranulocytic
asthmatics (Schleich et al., 2013). Paucigranulocytic asthmatics are a
group of patients that on average have low levels of serum-IgE and T2
cytokines, in contrast to the T2-high phenotype (Manise et al., 2013).

Even so, paucigranulocytic asthmatics show responsiveness to
corticosteroid treatment which is difficult to understand since the levels
of inflammatory cytokines and sputum cells are similar to healthy sub-
jects (Cowan et al., 2010). One explanation to why paucigranulocytic
asthmatics have a benefit of ICS may be that they appear as pseudo
paucigranulocytic, suggesting that ICS treatment decreases their eosin-
ophil levels and hides the true eosinophilic asthma phenotype (Cowan
et al., 2010). The possibility of paucigranulocytic asthma being a true
phenotype has been discussed and it is important to stratify these
patients to true or pseudo paucigranulocytic asthmatics, since the
stability of this phenotype has been questioned (Simpson et al., 2006;
Cowan et al., 2010; Schleich et al., 2013). This is also evident as the
variability of eosinophils and levels of cytokines is significantly larger
in the paucigranulocytic group than in healthy subject even though
the average is the same in both groups (Manise et al., 2013).

Cowan et al. investigated if withdrawal of ICS would change the
asthma phenotype in subjects with stable persistent asthma (Cowan
et al,, 2010). This study showed that after complete steroid withdrawal
for 28 days or until patients lost control of their asthma, whichever
occurred first, 63 (67%) out of 94 patients had eosinophilic asthma, 29
patients (31%) were classified as paucigranulocytic and two patients
(2%) had a mixed phenotype. The same patients were then treated
again with fluticasone daily for more than 28 days to investigate a
possible change of phenotype upon steroid treatment. After fluticasone
treatment, 32 (51%) of the original 63 eosinophilic asthma patients
remained having an eosinophilic phenotype, while 22 (35%) became
paucigranulocytic, two (3%) got a mixed and two (3%) a neutrophilic
phenotype. Of the original paucigranulocytic patients, 21 (72%) stayed
within this classification, while four (14%) showed signs of eosinophilic
asthma and three (10%) switched to a neutrophilic phenotype. As a
conclusion, this study demonstrated that 46% of all patients on ICS treat-
ment with stable persistent asthma fell into a paucigranulocytic asthma
phenotype but more than 50% of these patients had been classified as
eosinophilic when ICS was withdrawn, i.e. pseudo paucigranulocytic
asthma patients. Therefore, classifying patients as paucigranulocytic in
a population treated with ICS may lead to a high number of false
positives. Moreover, what the proportion of pseudo paucigranulocytic
asthmatics vs paucigranulocytic asthmatics will be in a severe asthmatic
group is unknown and cannot be investigated with the same method, as
withdrawal of ICS would then put the patient at risk.

In a small long-term reproducibility study by Simpson et al. (2006),
86% of non-eosinophilic asthmatics remained in the same asthma
phenotype five years after the initial examination. However, non-
eosinophilic asthma is defined using a cut-off level in blood eosinophil
count and cannot be defined as a pure paucigranulocytic phenotype,
since it also includes a neutrophilic asthma phenotype. Also, one issue
in this study is the use of ICS and its influence on asthma phenotype.
A non-eosinophilic asthma patient could in fact have eosinophilic
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asthma that has responded to ICS, and therefore falls into a pseudo non-
eosinophilic phenotype.

Paucigranulocytic asthma is still a poorly investigated phenotype of
asthma, even though it is suggested that a large proportion of
asthmatics are phenotyped as being paucigranulocytic (Simpson et al.,
2006; Cowan et al.,, 2010; Schleich et al., 2013). There is a need for
further investigations of the stability of this particular phenotype in
long-term reproducibility studies with a focus on understanding the
underlying mechanism of airway contraction. Paucigranulocytic
asthmatics have classical asthma symptoms like hyperresponsiveness
to methacoline and low FEV; which is reversible to bronchodilators.
Similar to T2-high asthmatics, the patients with a paucigranulocytic
phenotype experience on average approximately one exacerbation per
patient a year (Manise et al., 2013).

In T2-high asthmatics, airway smooth muscle (ASM) contractility
can be explained by the inflammatory milieu and T2-driven mediators
(Hakonarson et al., 1999; Tliba et al., 2003; Saha et al., 2008; Manson,
2015). In a non-inflammatory milieu, the underlying mechanism for
AHR in asthma is more difficult to understand. Either intrinsic or
extrinsic factors can cause smooth muscle cells to contract (Ma et al.,
2002; Saha et al,, 2008). An intrinsic factor could be a genetic association
that may increase AHR in these patients. It may also be speculated that
epigenetic factors could affect the proliferation and reactivity in ASM
cells, possibly through long-lasting inflammation which has been
refracted and resolved. Extrinsic factors that affect ASM may be an
excess or lack of paracrine factors. It has been revealed that insulin
increases the contractility of smooth muscle cells in vitro, which has
further been validated by a demonstrated negative association between
type one diabetes and asthma (Stene & Nafstad, 2001). Endocrine
factors can also lead to contraction indirectly through the nervous
system, for example serum leptin levels correlate with asthma severity
(Tsaroucha et al., 2013). ASM contraction can also be induced by activa-
tion of airway autonomic nerves through the action of acetylcholine
(Canning et al., 2012). Contraction caused by a spasmogen such as
acetylcholine can be resolved by non-cholinergic neurotransmitters, as
reviewed by Canning (2006). Dysregulation of any of these functions
might change the contractility response of the ASM cell and may be
involved in the pathogenesis of at least some subtypes of T2-low asthma.
Further studies are needed to address what is driving the contraction in
a paucigranulocytic environment.

7. Potential T2-low cytokines in asthma

In this review we have defined T2-high patients that have a disease
with demonstrated links to the classical Th2 cytokines IL-4, IL-5 and IL-
13. A number of non-Th2 cytokines have been implicated in asthma and
it is possible that these cytokines could drive distinct T2-low endotypes
of asthma. In the following section, we have reviewed the evidence that
IL-17, TNF-a and IL-6 may have a role in T2-low asthma.

71.1L-17

Th17 cell biology has been implicated in several autoimmune
diseases, as reviewed (Yang et al., 2014). Th17 cells are the main
producer of [L-17A and IL-17F, which have been observed at high levels
in severe asthmatics both in sputum, lung tissue and BAL fluid (Molet
et al,, 2001; Barczyk et al., 2003; Chakir et al., 2003; Al-Ramli et al.,
2009). Other cell types can produce IL-17, such as innate lymphoid
cells and NK T cells. The rational for the involvement of Th17 biology,
and more specifically IL-17 in asthma, is that many lung epithelial
cells and smooth muscle cells respond to IL-17 with the production of
pro-inflammatory cytokines like IL-6, IL-1, TNF-ot, GM-CSF and IL-8.
These cytokines will promote neutrophil maturation and recruitment
as well as induce acute-phase reactants, thereby increasing inflamma-
tion (Nembrini et al., 2009). This inflammation falls outside typical T2
inflammation and it is possible that IL-17 biology plays a disease driving

role in T2 low patients. In most studies with asthmatics, IL-17 cannot be
linked to neutrophilia in the lung (Chakir et al., 2003; Doe et al., 2010).
However, in one study, a correlation was seen between neutrophil
counts and IL-17 levels in sputum (Bullens et al., 2006). In another
recent study, a Th17 asthma phenotype was associated with a high
eosinophil count, both in blood and bronchial biopsies (Choy et al.,
2015).

Even though the evidence for IL-17 involvement in severe asthma
seems to be present, clinical trials targeting IL-17 have failed for asthma
as an indication. Brodalumab, a human anti-IL-17RA blocking monoclonal
antibody has recently undergone phase Ila clinical trials for the treatment
of moderate to severe asthma, but no treatment effect was observed,
perhaps a different patient stratification/inclusion criteria may have
been more successful (Busse et al.,, 2013a). After dividing the patients
into subgroups, there was a significant improvement in the high revers-
ibility group, but further studies are needed to confirm this finding
(Busse et al., 2013a). The effect observed might also have been due to
antagonism of IL-25 (IL-17E) which has been shown to induce T2-
related cytokines and inflammatory responses, as IL-25 shares receptor
complex with IL-17A (Gaffen, 2009). Another monoclonal antibody,
secukinumab, was also tried for asthma in a clinical trial
(Clinicaltrials.gov., 2015) but no data has been reported. Patient selection
might also be a reason for a potential lack of efficacy since patients with
high blood eosinophils (<400 eosinophils/iL) were excluded from the
secukinumab trial, which according to Choy et al. might benefit from
such treatment (Choy et al., 2015). Choy et al. suggest that an IL-17
gene signature can be seen in asthma and it is separate from the T2-
high patient group. Their data suggests the presence of three groups,
T2-high, Th17-high and T2-low/Th17-low. In order to validate this
finding, there would need to be a clinical trial of anti-IL-17 treatment in
the Th17-high group. However, at present the only way of selecting
these patients is by bronchoscopy and gene signature analysis. Blood
biomarkers of the Th17-high group would facilitate the development of
an anti-1L-17 treatment in asthma.

The presence of IL-17 is apparent in asthmatics but IL-17-targeting
therapies do not seem to be efficacious. Perhaps IL-17 is a result of,
and not a driver of inflammation in asthma. More studies are needed
to elucidate the exact role of IL-17 in asthma.

7.2. TNF-«

TNF-a is a proinflammatory cytokine that can be released by many
different cell types, including structural cells. Dysregulation of TNF-a
can lead to increased inflammation and TNF-a inhibitors have had
great progress in the treatment of autoimmune diseases such as RA
(Feldmann & Maini, 2003). Given the characteristics of TNF-o, one
could hypothesize that inhibiting it could be efficacious in asthma. It
has been shown that TNF-« is elevated in BAL fluid of symptomatic
asthma patients (Broide et al., 1992; Cembrzynska-Nowak et al., 1993),
in sputum of asthmatics and in patients with a history of childhood
asthma (Obase et al., 2001). Asthmatic patients and healthy subjects
who inhaled TNF-a experienced increased BHR and increased numbers
of inflammatory cells in sputum (Thomas et al., 1995; Thomas &
Heywood, 2002).

TNF-a inhibitors have been tried in asthma but the results have not
been promising, despite the proinflammatory profile of TNF-a
(Howarth et al., 2005; Berry et al., 2006; Erin et al., 2006; Morjaria
et al., 2008; Wenzel et al., 2009). Three TNF-a inhibitors have been
tested in clinical trials so far: infliximab, etanercept and golimumab. In
two studies of etanercept, patients showed upregulation of TNF-a in
BAL fluid, TNF- gene expression as well as TNF-a expressing immuno-
reactive cells, and showed improved post-bronchodilator FEV; and
asthma symptoms (Howarth et al., 2005; Berry et al., 2006). Another
study showed decrease in systemic inflammatory parameters like CRP
and improved asthma control (Morjaria et al., 2008). Infliximab was
tested on moderate asthmatics and a decrease in exacerbations was
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observed (Erin et al., 2006). A larger study was also performed with
golimumab on uncontrolled, severe persistent asthmatics with no
beneficial effects in the overall population. However, subgroup analysis
appeared to demonstrate a potentially significant benefit in highly
reversible patients, patients with a history of sinusitis and patients
with disease onset after 12 years of age. The trial was terminated due
to serious adverse events including infections and malignancies
(Wenzel et al., 2009).

In summary, TNF-a clinical trials have been performed and initially
demonstrated some improvement of symptoms but unfortunately the
safety issues reported make it highly unlikely that an anti-TNF will
ever be used to treat asthma.

73.1-6

The production of IL-6 is induced in response to infection, tissue
damage or exercise and functions as a warning signal that activates
host defense mechanisms. The cytokine is produced by a large number
of inflammatory cells such as macrophages, dendritic cells, mast cells,
neutrophils, B cells and some CD4 effector cells (Rincon & Irvin, 2012)
as well as endothelial cells, fibroblasts and epithelial cells (Tanaka
et al, 2014).

In classical IL-6 signaling, IL-6 binds to the membrane-bound IL-6
receptor (IL-6R), which is homodimerised with the membrane-bound
signal transducer glycoprotein gp130 (thoroughly reviewed by Hunter
and Jones (2015)). Classical IL-6 signaling occurs only in cells that
express the IL-6R subunit of the receptor complex, that are hepatocytes,
megakaryocytes and some leukocytes (Hunter & Jones, 2015). Cells that
do not express the membrane-bound IL-6R can use an alternative IL-6
signaling pathway, known as trans-signaling. Here, IL-6 associates
with a soluble form of the receptor (sIL-6R), and the IL-6/sIL-6R com-
plex then binds gp130, which is expressed on all human cells, whereby
trans-signaling can occur in any cell (Hunter & Jones, 2015). Even
though classical IL-6 signaling may be associated with chronic inflam-
matory and autoimmune diseases, the disease association has recently
grown stronger to IL-6 trans-signaling (Scheller et al., 2014). It is
hypothesized that trans-signaling could control critical situations by
serving as a quick boost of IL-6-dependent responses while under
some yet undefined conditions the IL-6 trans-signaling leads to uncon-
trollable inflammation.

IL-6 is established as a critical target in a number of inflammatory
diseases as well as some cancers. Nevertheless, this cytokine plays
different roles in different diseases and while it may be effective to
block IL-6 in many conditions, it may have to be targeted differently in
other disease states, as recently reviewed by Hunter and Jones (2015).
As aresult, a large number of therapies are under pre-clinical or clinical
development targeting IL-6, IL-6R, gp130, IL-6 trans-signaling or signal-
ing downstream of the IL-6R. The monoclonal antibody tocilizumab
(ACTEMRA® or RoActemra®) that targets both membrane-bound and
soluble IL-6R is approved for treatment of RA worldwide as well as juve-
nile idiopathic arthritis in several countries and is undergoing clinical
trials in a few other inflammatory conditions (Tanaka et al., 2014).

Several human studies have related both IL-6 and the sIL-6R to
asthma. Primary bronchial epithelial cells from asthmatics have been
shown to produce increased amounts of IL-6 compared to cells from
non-asthmatics (Marini et al.,, 1992; Kicic et al., 2006). Increased levels
of IL-6 in induced sputum have been found in mild to moderate
asthmatics (Neveu et al., 2010), severe asthmatics (Morjaria et al.,
2011) and, at the time of exacerbation, in patients with moderate to
severe asthma (Chu et al,, 2015). Interestingly, Neveu et al., 2010
found a correlation between increased IL-6 and IL-13 whereas Chu
et al. (2015) demonstrated that sputum IL-6 was associated with a
mixed eosinophilic/neutrophilic asthmatic airway inflammation. Acute
exacerbation of asthma has further been associated with an elevated
level of IL-6 in BAL fluid (Tillie-Leblond et al., 1999).

Yokoyama et al. (1997) found increased serum levels of sIL-6R in
asthmatic patients compared to control subjects. Interestingly, here
the sIL-6R levels were significantly increased during an asthma exacer-
bation. However, no correlation was found to bronchial hyperreactivity
or serum-IgE. Increased levels of sIL-6R have also been found in BAL
fluid from asthmatic patients compared to controls (Doganci et al.,
2005). The concentration was further significantly increased after
segmental allergen challenge. Recently, a study measured both IL-6
and sIL-6R in induced sputum of patients with mild to moderate asthma
(Ullah et al., 2015). Only a weak correlation was found between IL-6
and sIL-6R, but two groups with neutrophilic or mixed eosinophilic/
neutrophilic asthma were found to have both high IL-6 and high sIL-
6R in sputum.

In addition, genetic studies have shown a strong link between IL-6
signaling and asthma. A large genome-wide association study of nearly
58,000 subjects identified the IL6R gene as an asthma risk gene (Ferreira
et al,, 2011). At least two coding changes in the IL6R gene that promote
IL-6 trans-signaling have been associated with increased levels of SIL-6R
in serum and with reduced lung function in asthma (Galicia et al., 2004;
Hawkins et al.,, 2012; Revez et al., 2013). One of these gene variants was
found at higher frequency in patients with severe asthma (Hawkins
et al,, 2012) and the authors proposed it as a potential genetic marker
of asthma severity.

There is strong evidence showing an association between IL-6 and
asthma. Even though it is not a key cytokine in most subsets of asthma,
it may be important to identify the subset with the strongest link to
increased IL-6 signaling. Whether it is a subset of neutrophilic
asthmatics, a group of severe asthmatics with a specific variant of the
IL6R gene or some other subset of patients with increased IL-6 that
does not respond to other treatments, tocilizumab could be a potential
therapy to investigate.

8. Summary

It is clear that a number of novel asthma therapies are now close to
the market and these will provide new options for the treatment of
severe asthmatics. Some of these therapies have taken a significant
time to demonstrate efficacy in clinical asthma. The difficulties of
developing therapies such as anti-IL-5 and anti-IL-13 are related to the
heterogenic nature of asthma and both therapies have had to adopt a
biomarker-based strategy to indentify responder patients. Work on
these therapies has led to the understanding that asthma can be divided
into two broad populations of T2-high patients and T2-low patients.
Asthma has classically been thought of as a T2-high disease and most
therapies in development target this pathology. The T2-high patients
seem to form a relatively large population where the key pathological
drivers are well characterized. Review of the literature makes it clear
that there is a very limited understanding of T2-low pathology and
there are no treatments on the market or in development for these
patients. Therefore, once the T2-high-targeting therapies are on the
market, patients with T2-low asthma will remain poorly treated. This
review looked at some of the suggested T2-low patient populations
but with the exception of obese-associated asthma it is clear there is
limited understanding of the phenotype of these patients or the patho-
logical drivers in these T2-low patients. Without clinical characteriza-
tion of the T2-low patients it is impossible to identify potential
pathological drivers of the disease and develop novel therapies to target
this pathology. Therefore, future research should focus on identifying
T2-low patients, understanding the heterogeneity of T2-low asthma
and identifying the key pathological drivers. This will allow us to
develop targeted therapies to treat what will become the unmet clinical
need in asthma once the T2-targeting therapies are approved.

Studies have been initiated to understand which patients will be
suitable for novel T2-high asthma treatments and these studies will
also identify T2-low patients (Heaney et al., 2016). The problem then
is to determine the phenotypes and endotypes of T2-low asthma and
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this is not a trivial task. Identification of T2-high asthma was based on
knowledge that T2 immunity played an important role in asthma.
Unfortunately, T2-low asthma does not have such an obvious driver
and is probably not a single endotype. Identification of pathological
drivers in T2-low asthma will require sampling of the lung and analysis
in a similar manner to the way Woodruff et al. identified T2-high
asthma. The weakness of this approach is that it is based on epithelial
brushings and it is possible that T2-low asthma is not driven through
altered epithelial cell biology, meaning that future studies may have to
look at alternative cell types, such as airway smooth muscle cells or
macrophages.

This review considers the T2-high group as a relatively homoge-
neous group of patients defined by responsiveness to therapies that
target T2 biology and the presence of T2-associated biomarkers, such
as eosinophils, periostin or IgE. This indicates that the biological drivers
of disease are closely related to the classical Th2 cytokines IL-4, IL-5 and
IL-13. The development of multiple therapies targeting different aspects
of T2 biology will determine if there is a way to differentiate between
patients responsive to anti-IL-5, anti-IL-13, anti-IL-4Ra or anti-TSLP.
Of the patient groups discussed in this review, it is only the periostin-
defined anti-IL-13-responsive population that represents a true
pathway-defined endotype. It could be argued that IL-5 biology is so
closely linked to eosinophils that the patients with persistent eosino-
phils, despite ICS treatment, also represents an endotype. Only clinical
experience with these therapies will determine if there are multiple
T2 endotypes and how they will respond to different T2 therapies. It is
possible that there will be multiple T2 sub-endotypes requiring differ-
ent treatment regimens. T2 biology and eosinophilic inflammation is
also present in a large proportion of patients that are successfully
controlled by current standard of care therapy and these patients will
not require expensive biological drugs to control their disease. There is
a possibility that non-compliant T2-high patients will be treated with
biologics unnecessarily, and biomarkers may be required to differenti-
ate between steroid-responsive T2-high, steroid-refractory T2-high
and non-compliant patients. A recently published protocol indicated
that this may be achieved using composite T2 biomarkers linked to a
simple algorithm (Heaney et al., 2016). Through most of this review,
we have mainly discussed single biomarker-defined patient popula-
tions, but recently it has become clear that there is considerable effort
being focused on using composite biomarkers to define endotypes,
and this approach may be required to fully endotype both T2-high and
T2-low asthma (Nagasaki et al., 2014).

It is worth noting that although novel therapies will be developed to
help control asthma, none of the therapies under development will cure
asthma or completely eliminate the risk of exacerbations. Therefore,
there is still a need to develop a next generation of asthma therapies
for both T2-high and T2-low asthma. These therapies should be aimed
to provide remission and possibly drug-free remission of disease.
These treatments would truly revolutionize the treatment of asthma.
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