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SUMMARY

Although the complex disease of asthma has been defined as being heterogeneous,
the extent of its endophenotypes remain unclear. The pharmacological approach to
initiating treatment has, until recently, been based on disease control and severity.
The introduction of antibody therapies targeting the Type2 inflammation pathway for

patients with severe asthma has resulted in the recognition of an allergic and an
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eosinophilic phenotype, which are not mutually exclusive. Concomitantly, molecular
phenotyping based on a transcriptomic analysis of bronchial epithelial and sputum
cells has identified a Type-2-high inflammation cluster characterised by eosinophilia
and recurrent exacerbations, as well as Type-2-low clusters linked with IL-6 trans-
signalling, interferon pathways, inflammasome activation and mitochondrial oxidative
phosphorylation pathways. Systems biology approaches are establishing the links
between these pathways or mechanisms, and clinical and physiologic features.
Validation of these pathways contributes to defining endotypes and treatable
mechanisms. Precision medicine approaches are necessary to link treatable
mechanisms with treatable traits and biomarkers derived from clinical, physiologic
and inflammatory features of clinical phenotypes. The deep molecular phenotyping
of airway samples along with non-invasive biomarkers linked to bioinformatic and
machine learning techniques will enable the rapid detection of molecular

mechanisms that transgresses beyond the concept of treatable traits.

Key words: severe asthma, precision medicine, systems biology, eosinophilic

asthma,

Future research perspective

1. Using systems biology approach to analyse genes, proteins and
metabolonomes associated with asthma is the way forward with defining the
endotypes of asthma.

2. This approach will lead to the refinement of Type 2-high driving mechanisms
and to the definition of Type 2-low endotypes.

3. Both Type 2-high and Type 2-low mechanistic pathways may interact to drive
the expression of the endotype

4. This approach will lead to treatable mechanisms for which newer effective
treatments will ensue for specific endotypes

5. Precision medicine should define the treatable traits and bedside biomarkers
of the endotype. Even for T2-high endotypes, improved bedside biomarkers

apart from a blood eosinophil count should become available
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Major milestones discoveries

1. Blood or sputum eosinophilia in asthma denotes a patient with asthma with
more severe disease, recurrent exacerbations and responsive to
corticosteroid therapy

2. An endotype of eosinophilic severe asthma as a Type 2-high phenotype
driven by IL-5 and characterised by recurrent exacerbations and eosinophilic
inflammation has been established

3. Therapies targeting Type 2 pathway with anti-IgE, anti-IL5, anti-IL5Ra and
anti-IL-4Ra antibodies reduce severe exacerbations and the maintenance
dose of oral corticosteroids with severe asthma with high blood eosinophil

counts.

Introduction

Although asthma is still defined as an ailment recognised by symptoms such as
spasms of breathlessness since the time of Hippocrates, the notion of this complex
condition being heterogeneous has only been considered in recent years. One
important concept emerging from the last 20 years has been the definition of asthma
severity and asthma control upon which the pharmacological treatment of asthma
has been based. Asthma control has been defined as the extent to which the
manifestations of asthma including symptoms and exacerbations have been reduced
or removed by treatment, while the severity of asthma is the degree of difficulty in
controlling asthma with treatment (1). Both definitions, therefore, relate to the effect
of treatments in controlling the manifestations of asthma, which has been the major
tenet of pharmacologic therapy. Thus, asthma guidelines emphasise the measure of
the level of asthma control, as the sole measure of heterogeneity, to gauge the
required level of treatment with controllers such as inhaled corticosteroids (ICS) and
long-acting B2-agonists (LABA). A stepwise increase in asthma medication is

commensurate with the degree of asthma severity.

This approach has led to the recognition that a substantial proportion of
patients fail to achieve guideline-defined control of asthma even at the highest dose
of ICS and often in combination with oral corticosteroid (OCS) therapy (2). This,
thereby, has led to the recognition of a group of patients with severe asthma who

remained relatively resistant to ICS therapy. These patients are defined as suffering
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from “asthma which requires treatment with high dose ICS plus a second controller
(and/or systemic corticosteroids) to prevent it from becoming ‘uncontrolled’ or which

remains ‘uncontrolled’ despite this therapy” (3).

The recognition of asthma being a heterogeneous condition representing
several phenotypes has not been considered in the treatment approach to asthma
until recently. However, the recognition of the importance of phenotyping has slowly
evolved with the initial demonstration that the use of sputum eosinophil counts to
indicate corticosteroid responsiveness which in turn was used to dictate the dose of
ICS or OCS to be used in the management of patients with symptomatic asthma
achieved better asthma outcomes, particularly in terms of exacerbation rates, than
using the traditional method of symptomatic and lung function control (4). The
application of personalised medicine to asthma management has been initiated with
the introduction of monoclonal antibody therapies such as the anti-IgE antibody,
omalizumab, followed recently by anti-IL5 antibody therapies (reslizumab and
mepolizumab). Serum biomarkers including serum IgE or blood eosinophil count or
levels of nitric oxide in exhaled breath (FeNO) have been used to select patients with

severe asthma who are most likely to respond to these specific treatments.

While these biologic treatments have defined subsets of patients with allergic
asthma and with eosinophilic asthma, the definition of other phenotypes remain
unclear. The availability of various -omics platforms to define the transcriptomic,
proteomic and metabolonomic profiles of patients represent powerful tools to further
refine the heterogeneity of asthma, particularly severe asthma where there is a
greater need for this refinement and for devising more effective targeted treatments
(5). There has already been validation of the Type-2-high inflammation molecular
phenotype that has been described in mild asthma and severe asthma based on an
analysis of the transcriptome of bronchial epithelial cells (6, 7). However so far, these
approaches have hardly influenced clinical practice yet, and delivering precision
medicine for asthma has remained very limited. An understanding of the driving
mechanisms of disease cannot be gained from just an analysis of symptoms and
signs and of physiologic or even inflammatory markers. In addition, the variable
nature of the disease is often not considered which means that therapies may need
to change according to the disease drivers. With our recent understanding of the
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molecular phenotypes of asthma and the increasing numbers of potential treatable
mechanisms, our clinical practice will be transformed. Furthermore, it is important to
define not only molecular phenotypes but also the ‘endo-phenotypes’ or endotypes
which are the molecular phenotypes defined by a distinct set of pathophysiological
mechanisms. Therefore, in order for molecular phenotypes to become endotypes,
the associated pathways defined in the phenotype needs to be proven to be the

driving mechanism underlying the pathophysiological features of severe asthma.

This review will discuss (i) the latest clinical phenotypes of asthma and their
application in daily practice (ii) the approach of precision medicine to defining
endotypes which are molecular phenotypes based on mechanisms (8) (iii) how
knowledge of endotypes can lead to the discovery of treatable mechanisms and
pathways and of new targeted therapies and (iv) how the patient with asthma can

benefit from precision medicine.

Clinical phenotypes

Various clinical phenotypes have been recognised by experienced clinicians but only
recently have unbiased methods of clustering been used to dissect severe asthma.
Several phenotypes based on clinical and physiologic variables and on inflammatory
markers have been reported. In the Unbiased Biomarkers in Prediction of
Respiratory Disease Outcomes (U-BIOPRED) cohort of moderate-to severe asthma
using a classical partitioning technique of clustering (partition-around-medoids), a
well-controlled moderate-to-severe asthma phenotype with three other severe
asthma phenotypes were described, which were (i) late-onset asthma with past or
current smoking and chronic airflow obstruction with a high blood eosinophil count (ii)
non-smoking severe asthma with chronic airflow obstruction and high use of oral
corticosteroid therapy and (iii) obese female patients with frequent exacerbations but
with normal lung function (9) (Fig. 1). There were similarities with the phenotypes
described in the American Severe Asthma Research Project (SARP) cohort: (i) early-
onset atopic asthma with mild-to-moderate severity, (ii) obese late-onset nonatopic
female asthma patients with frequent exacerbations and (iii) those with severe
airflow obstruction with daily oral corticosteroid therapy (10). Cluster analysis
performed in a Korean adult cohort of asthma reported four asthma subtypes that
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were subdivided as 1) smoking asthma; 2) severe obstructive asthma; 3) early-onset

atopic asthma; and 4) late-onset mild asthma (11).

Inflammatory markers such as presence of sputum eosinophilia has been
used clustering analytics. In the cohorts from the Leicester group, sputum
eosinophilia was used as a marker of eosinophilic asthma (12), that led to the
description of a cluster of non-eosinophilic inflammation (early-onset, symptom-
predominant group in female obese patients) and a cluster of eosinophilic
inflammation with late-onset disease, associated with rhinosinusitis, aspirin
sensitivity and recurrent exacerbations. The Leicester eosinophilic phenotype was
also described in the SARP cohort with late-onset asthma and nasal polyps with
exacerbations despite high systemic corticosteroid use which contrasted with the
other eosinophilic cohort of early-onset allergic asthma with low lung function (13). It
is important to note that, in the U-BIOPRED cohort, in terms of inflammatory
characteristics measured in sputum, the eosinophilic group consisted of 50% of
patients with severe asthma, while 15% showed a neutrophilic inflammation and 12%
a mixed neutrophilic and eosinophilic inflammation. Those with mixed granulocytic
disease had the worst lung function and the highest use of regular oral
corticosteroids and the highest incidence of nasal polyps, indicating that this group
might form a distinct clinical phenotype of severe asthma (14).

In a cohort recruited in China, patients recovering from an exacerbation of
asthma were clustered depending on presence of airflow obstruction, sputum
neutrophilia or eosinophilia, and smoking status (15). Thus, clusters 1 and 3 were
characterized by female patients with sputum neutrophilia, with cluster 1 associated
with a small degree of airflow obstruction and early-onset asthma and cluster 3 with
a moderate degree of obstruction. Clusters 2 and 4 were associated with high
sputum eosinophilia and severe airflow obstruction made of female non-smoking and
male smoking subjects, respectively. Several parameters turn out to be important in
this clustering exercise including severity of disease, exacerbations, airflow

obstruction, age of onset of asthma, cigarette smoking and treatments.
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Precision Medicine needs Systems Biology

Analysis of clinical and physiologic features on their own (as used in the
clinical phenotyping described above) will not be sufficient to derive mechanism-
based clusters or to identify the dynamic units and their interactions that underlie the
clinical and physiologic features of the disease in a particular patient. Precision
medicine has been defined as ‘an approach to treat and prevent disease by taking
into consideration the individual variability in genes, environment and lifestyle for
each individual. Such an approach improves the likelihood of treating ‘the right
patient with the right drug at the right time’, using preventive measures and therapies
that are targeted for each particular individual (16). The analysis of all the genes,
proteins, lipids and metabolites is more likely to indicate potential pathogenic and
causative pathways, that would be necessary for the definition of endotypes by the
driving mechanisms (8). In addition, these various platforms may be useful in
identifying biomarkers (17). This is a more likely to be a successful strategy to
achieve effective treatments that target the mechanisms/pathways driving these
phenotypes than an analysis of clinical phenotypes. Precision medicine has been
synonymously used as personalised medicine, tailored medicine, stratified medicine
or targeted medicine, and will ultimately lead to targeted therapeutics. Future
precision medicine will include not only the individual’s genome but also his/her
exposure to the environment (exposome) and to infectious agents (microbiome) (18)
and how these together impact on changes in single cell/tissue immune and

inflammatory functions.

In order to achieve this, one needs to approach the lungs and asthma as a
complex dynamic system with many interacting units that can even be more complex
than each of the constituent units alone. Understanding and analysing/modelling of
such systems will need the application of a systems biology (19). Systems biology is
an approach for modelling complex biological systems and processes such as those
occurring in asthma through the use of multi-level multi-scale mathematical and
computing methods in order to integrate the biological networks and pathways
involved. This approach is integrative rather than being reductionist. This will allow
for the discovery of new properties or mechanisms involved in asthma that have not
been evident previously when taking the traditional reductionist approach.Thus, the
identification of disease mechanisms should be possible through the statistical
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analysis of different levels of -omics data such as transcriptomics or proteomics. This
can be followed by annotation with up-to-date ontologies to generate biomarker
signatures derived from data collected from a single omics platform ( called
fingerprint) or those biomarker signatures derived from data collected within multiple
-omics platforms (called handprints) (20). Although multi-level data integration is a
major area of research in systems biology, techniques available to do this remain
limited and only a handful of papers have been published in relation to respiratory
diseases (21) (Fig 2).

Looking for treatable mechanisms rather than treatable traits

Fig 3 illustrates the development of precision medicine to severe asthma
through the definition of clinical phenotypes, molecular phenotypes and endotypes.
From the patient point of view, clinical phenotyping will lead to the identification of
important treatable traits and molecular phenotyping to treatable mechanisms
resulting in targeted treatments determined by bedside biomarkers. Treatable traits
have been defined within a precision medicine strategy for the management of
patients with airways disease based on its description (22). This makes the
assumption that a treatable trait is driven by the same causal pathway. However,
there is no understanding of the mechanisms underlying treatable traits to be able to
direct any targeted therapies against any particular treatable trait. In addition, the
definition of a treatable trait is too imprecise to be useful to the individual patient with
chronic obstructive lung disease (23). Indeed, twenty-three treatable traits were
identified in the U-BIOPRED severe asthma cohort, including seven pulmonary, 11
extra-pulmonary and five behavioural/psychosocial treatable traits (24). Seven out of
the ten most prevalent traits in severe asthma were classed as pulmonary treatable
traits while the most prevalent extra-pulmonary traits were atopy, rhinosinusitis,
obesity, reflux and obstructive sleep apnoea. In addition, there were fewer treatable

traits in those with moderately-severe asthma.
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Treatable traits are clinical features that should be evident from the clinical
phenotyping described above such as chronic airflow obstruction and exacerbations
that characterise many of the clinical phenotypes. The qualification of treatable in
treatable traits assumes that there already exist effective treatments for that trait,
which is usually not always the case. A systems biology approach would open up the
way to approach this by identifying the mechanisms for treatable traits (25). For
example, gene set variation analysis (GSVA) identified pathways that were
differentially expressed in nasal brushings, sputum, bronchial brushings and
bronchial biopsy samples obtained from asthmatics with airflow obstruction versus
non-airflow obstruction (26). Differentially enriched gene signatures were associated
with ICS response, eosinophils, interleukin (IL)-13, interferon-a, specific CD4+ T-
cells and airway remodelling. Airflow obstruction in severe asthma is associated with
specific underlying gene networks that are associated with treatments, inflammatory
pathways and airway remodelling that point towards targets for the therapy of airflow
obstruction in severe asthma. These may be considered as being the underlying

treatable mechanisms of the treatable trait of airflow obstruction.

Molecular phenotypes

Molecular phenotyping by measuring the expression of genes upregulated by IL-13
in bronchial epithelial cells has defined a group of mild asthmatics (consisting of 50%
of patients) characterised by blood and bronchoalveolar lavage eosinophilia,
increased levels of serum IgE, increased expression of the mucin MUCS5AC,
increased expression of IL-5 and IL-13 in biopsies, increased bronchial
hyperresponsiveness and response to ICS by an increase in FEV; when compared
to those with low Th2-low expression (6). On the other hand, using GSVA to
determine the enrichment of the IL-13 T2-high signature described above, the T2-
high phenotype was only found in 37% of patients with severe asthma (7). The T2-
high patients were more symptomatic with a higher percentage of patients on oral
corticosteroid therapy and with higher levels of nitric oxide in exhaled breath and of
blood and sputum eosinophils but not of serum IgE or periostin. Therefore, the

majority of patients with severe asthma were T2-low.
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However, the prevalence of T2-high or T2-low severe asthma is dependent on
the approach taken to measure T2 expression. Using a different approach of defining
a composite measure of IL-4, IL-5 and IL-13 gene expression in induced sputum
cells, 70% of patients with severe asthma despite high dose ICS were reported to
have a T2-high phenotype (27). It is unclear whether this is because of the method
used to determine the expression of T2-high or to the separate population of asthma
particpants in this report. After treatment with intramuscular triamcinolone, most
patients studied in this cohort showed little response in terms of lung function (FEV1),
blood eosinophil count or levels of FeNO, accompanied by little change in the
expression of IL-4, IL-5 and IL-13 genes in sputum cells, indicating a degree of

corticosteroid insensitivity in this group (28).

An unbiased analysis of sputum transcriptomics data to obtaining molecular
phenotypes of asthma undertaken in U-BIOPRED using a hierarchical clustering of
differentially expressed genes between eosinophilic and non-eosinophilic
inflammatory profiles revealed three molecular phenotypes (29). The first
transcriptomic-associated cluster (TAC1) was characterized by the immune
receptors IL33R, CCR3 and TSLPR with the highest enrichment of gene signatures
for IL-13/T2-inflammation-high and for innate lymphoid cell type 2 (ILC-2) associated
with the highest sputum eosinophilia: this grouped patients with severe asthma with
oral corticosteroid dependency, frequent exacerbations and severe airflow

obstruction, which are treatable traits of the severe eosinophilic asthma (Fig 4).

The second TAC (TAC2) was characterized by inflammasome-associated
genes, interferon-a and tumour necrosis factor-a-associated genes, with sputum
neutrophilia, high serum C-reactive protein levels and a higher prevalence of eczema.
This phenotype is in agreement with the report of elevated gene expression of
NLRP3 inflammasome, caspase-1 and IL-1f3 in sputum macrophages of patients with
neutrophilic asthma (30). The third phenotype (TAC3) was characterized by
metabolic pathway genes, ubiquitination and mitochondrial function with pauci-
granulocytic inflammation and little airflow obstruction. In addition, these patients
showed the highest expression for a signature of exposure to diesel exhaust
pollution, indicating that exposure to air pollution may be a causative driver of

asthma in this cluster (unpublished data). This unbiased approach has provided an
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overall idea of the various pathways some of which have not previously been
associated with these three molecular phenotypes, with the possibility that each of

these phenotypes is underlined by several interacting pathways.

Late onset severe eosinophilic asthma: an endotype

Eosinophilic asthma characterized by concomitant high blood and sputum
eosinophilia has been associated with very poor asthma control and propensity to
asthma exacerbation (13). Unbiased cluster analyses have uncovered patients with
late-onset, eosinophilic inflammation-predominant asthma (9, 10, 12), and adult-
onset asthma patients with a high blood eosinophil count with frequent exacerbations
(31). Many patients also have persistent airflow limitation and distal airway
inflammation with air trapping, together with upper airways disease such as chronic
rhinosinusitis with nasal polyposis (32). Overall, these patients are defined as having
severe asthma, with high load eosinophilic disease, frequent exacerbations and the

need for oral corticosteroid therapy to maintain control (33).

Molecular phenotyping using the IL-13-induced genes in bronchial epithelial
cells defined a group of mild asthmatics (T2-high) characterised by eosinophilia (6).
In patients with moderate-to-severe asthma treated with ICS and LABA, those with
T2-high expression had higher levels of symptoms, and showed a greater
bronchodilator response to salbutamol (7). This group was composed of a higher
number of patients on OCS therapy, and had higher FeNO and serum and sputum
eosinophil counts than those with T2-low asthma, characterising a severe
eosinophilic phenotype. Thus, the difference between mild versus severe T2-high
patient is the presence of corticosteroid insensitivity and oral cortcisoteroid
dependence in the severe patient while in the mild patients, there is a good
therapeutic response to inhaled corctsioteroid therapy. Finally, targeted treatments
such as anti-IL5 and anti-IL5Ra antibodies that caused a reduction in the
exacerbation rate and in the blood levels of eosinophils support the concept that this

is a severe eosinophilic asthma endotype (34, 35).
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Non-T2 pathways

GSVA of signatures expressed in bronchial biopsies and airway epithelial
brushings identified two distinct asthma subtypes associated with high expression of
T-helper cell type 2 cytokines and a lack of corticosteroid response (group 1 and
group 3). Group 1 subjects had high levels of submucosal eosinophils, FeNO,
exacerbation rates, and oral corticosteroid use, whereas group 3 patients showed
the highest levels of sputum eosinophils and had a high body mass index (36). In
contrast, group 2 and group 4 patients had an 86% and 64% probability, respectively,
of having non-eosinophilic inflammation (36). CD44, a constituent of a corticosteroid
insensitivity signature, had the most extensive association and/or interaction with a
subset of T2 signature genes including CCL26, IL1R2, and CST2.

MMP-10 and MET genes were overexpressed in patients with high mucosal
eosinophilia compared to those with low mucosal eosinophilia (37). The differential
gene set characteristic of the high eosinophilia group included extracellular matrix
organization, mast cell activation, CC-chemokine receptor binding, circulating
immunoglobulin  complex, serine protease inhibitors and microtubule bundle
formation pathways. In another microarray analysis of endobronchial biopsies of
symptomatic asthma, 3 clusters identified by the presence of Th2-high, Th17-high
and Th2/Thl7-low signatures were described, with an inverse expression of the
gene signatures for Th2-high and Th17-high indicating this separation of a T2-high

versus T2-low (38).

Coexistence of T2-high and T2-low pathways has also been reported. Thus,
RNA-sequencing of airway epithelial brushings from asthmatic and healthy control
subjects identified increased expression of T2 markers with IFN-stimulated genes
(ISGs), and endoplasmic reticulum (ER) stress-related genes (39). ISGs inversely
correlated with T2 markers and defined patients with reduced FEV;. ER stress
pathways were enriched in both T2 and ISGs high subjects. In an analysis of the
transcriptomic expression of bronchial biopsies and bronchial brushings of patients
with moderate-to-severe asthma, the co-existence of T2-pathways with
corticosteroid insensitivity gene signatures was reported (36). The existence of a
significant correlation between T2 and corticosteroid insensitivity signature
expression levels identifies the clinical problem of insensitivity to corticosteroid

This article is protected by copyright. All rights reserved.



treatment in a subgroup of patients with severe asthma. Furthermore, analysis of the
genes associated in the corticosteroid insensitivity and T2 signatures in the biopsies
and brushings showed an association between CD44 and the T2-associated genes
CCL26, IL1R2 and CST2, indicating potential underlying driving mechanisms that
should be investigated (36).

Non-T2 IL-6 associated clusters

Using an IL-6 trans signalling signature (IL-6TS) that is enriched in genes associated
with airway wall remodelling, a subset of patients with IL-6TS-high asthma was
identified with an overrepresentation of frequent exacerbators, blood eosinophilia,
and submucosal infiltration of T cells and macrophages. Toll-like receptor pathway
genes were upregulated in bronchial brushings of these subjects, whereas
expression of cell junction genes was reduced. Sputum sIL-6R and IL-6 levels
correlated with sputum markers of remodelling and innate immune activation, in
particular YKL-40, matrix metalloproteinase 3, macrophage inflammatory protein 13,
IL-8, and IL-13 (40). In addition, a group of patients with high IL6R mMRNA level and
high IL-6 protein sputum levels associated with higher sputum neutrophil counts
regardless of eosinophilic inflammation status has been identified in the same cohort,
with poor lung function and higher levels of systemic IL-6 and CRP (41). These
subjects resemble the TAC2 group described earlier (29). In a subset of patients with
severe asthma with high blood IL-6 levels (42), clinical features of metabolic
dysfunction occurred more frequently in a subset of obese and of non-obese patients
associated with worse lung function and more frequent asthma exacerbations,

together with a higher prevalence of hypertension and diabetes.

Another approach to defining T2-low pathways was to perform hierarchical
clustering on the genes in epithelial brushings whose expression correlated with
FeNO. This identified nine gene clusters related to type 2 inflammation as well as to
non-T2 pathways such as neuronal function, WNT pathways and actin cytoskeleton
(43).
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New biologics: towards treatable mechanism

The biologic treatments that are either currently available or will be available
in the near future include anti-lgE antibody (Omalizumab), anti-IL5 antibodies such
as mepolizumab and reslizumab, anti-IL5R antibody (benralizumab) and anti-IL4Ra
antibody (dupilumab) (Table 1). The introduction of these treatments for severe
asthma has opened up the era of precision medicine in asthma because, for the first
time, treatments are directed towards specific groups using biomarkers. Thus, for
omalizumab, patients with severe asthma with circulating IgE levels together with an
allergic background are selected for a trial of omalizumab. Importantly, these
features are not a biomarker of response but act as a means of stratifying patients as
those more likely to respond to therapy. For the anti-IL5 and anti-IL5Ra antibodies,
the biomarkers of response to these antibodies in severe asthma includes a history
of 2 or more exacerbations and a blood eosinophil count of at least 300 per ul of
blood. Studies in U-BIOPRED have shown that using a blood eosinophil count is not
a perfect predictor of T2-high asthma (7) and this may not be the best biomarker for
selecting the responders to these biologic treatments. Better predictive biomarkers

of anti-IL-5/anti-eosinophil responders/non-responders are required.

The severe eosinophilic asthma phenotype can overlap with the severe
allergic asthma phenotype as demonstrated in the U-BIOPRED cohort where 37% of
patients with severe asthma fell into both phenotypes (unpublished observations),
indicating that these patients could be suitable for either an anti-IL5 antibody or an
anti-IgE antibody treatment. At present, it is not known which antibody treatmnent
would be preferable in such patients.

The predictive value of blood eosinophilc ocunt and FeNO has been
demonstrated in a Phase 3 study of the anti-IL4Ra antibody, dupilumab, which
blocks the effects of the T2-cytokines, IL-4 and IL-13. In those patients with asthma
with a baseline blood eosinophil count of =300/ul or with a baseline level of nitric
oxide in exhaled breath (FeNO) of between 25 and 50 ppb, treatment with dupilumab
showed a significant reduction in exacerbation rates compared to those with baseline
values of blood eosinophil count <300/ul or < 25 ppb of FeNO. The greatest
treatment benefit was observed in those with an elevation of both baseline blood
eosinophil count and FeNO (44).
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The clinical trials of these T2-biologics have shown that there is a major
reduction of severe exacerbations with a small improvement in airflow obstruction in
terms of FEV,, together with an improvement in asthma quality of life scores.
Therefore, it would be interesting to list the effect of these biologics in terms of their
treatable mechanisms and treatable traits as listed in Table 1. Thus, we see that
inhibition of IL5 and both of IL-4 and IL-13 have effects on exacerbations and airflow
obstruction, indicating that there may be overlapping mechanisms or pathways that
might regulate different treatable traits. In addition, the contribution of each

mechanism or pathway may not completely account for each treatable trait.

It is to be noted that even an average 50-60% reduction in exacerbation rate
provided by these T2-targeted biologics still leaves patients with a high disease
burden. In addition, some patients do not respond at all. This may be indicative of
the concept that there may be also non-T2 pathways interacting with T2-associated

pathways.

By contrast, non-T2 directed therapies have not proved to be successful in
severe asthma. Brodalumab, a human anti-IL-17RA monoclonal antibody, and the
anti-TNFa antibody, golimumab, together with a selective CXCR2 antagonist,
AZD5069, which blocks the effect of CXCL8, had no effect on asthma control scores,
symptom-free days and FEV; in uncontrolled moderate-to-severe asthma receiving
ICS therapy (45-47). The failure of these therapies may be due to a lack of
appropriate patient selection, reflecting a paucity of appropriate biomarkers for non-
T2 asthma. Although molecular phenotypes of non-T2 pathways have been
proposed, these have not been validated into endotypes, such that the possibility
remains that these mechanisms or pathways may not drive the disease or underlie
the treatable traits. In addition, T2-pathways may coexist within the non-T2
pathways and interact to result into a complex mechanism such that more than one

pathway may be needed to target in order to achieve a significant effect.
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Treatable mechanisms and targeted treatments

Currently, precision medicine is limited to the use of a blood eosinophil count
and FeNO in determining treatment with T2 biologics (Table 1). This has resulted in
a wide range of treatment effects seen with therapies targeting particular traits. The
definition of molecular phenotypes of both T2-high and T2-low asthma, the
development of more phenotypic and predictive biomarkers to delineate these
endotypes and the validation of specific bedside biomarkers to predict therapeutic
outcomes to specific targeted therapies of treatable mechanisms should be the next

steps in this process (Fig 2).

Selecting discriminating biomarkers measured in serum by looking at the
differences in distinctive clinical phenotypes has not been useful. In the U-BIOPRED
clinical clusters, the ability of the biomarkers such as serum periostin, blood
eosinophil count or FeNO and, serum CCL17, CCL18 and IL-13 in predicting cluster
association was very poor (48, 49). In the Wessex severe asthma cohort using 29
clinical, physiologic and cellular parameters, 8 clusters were obtained but there was
a lack of association between the pathobiologic biomarkers and clinical features (48).
Similarly, using readily-available biomarkers to differentiate clinical clusters (severity,

lung function and blood eosinophil counts) was not successful (49).

It is imperative to define our patients in terms of molecular signature(s) that is
(are) driving the disease. Thus, T2-high severe asthma could be predicted to some
extent from raised levels of FeNO, blood and sputum eosinophil counts, but serum
IgE or serum periostin were poor predictors (7). Similarly, blood eosinophil cell
counts predicted steroid-resistant T2-high asthma when body mass index was less
than 40kg/m? whereas serum IgE levels strongly predicted this type of asthma when
patients were less than 34 years old (28). Similar phenotyping needs to be
performed for patients enriched for IL-6, IL-17, inflammasome activation and other

molecular mechanisms.
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Machine learning techniques use algorithms and statistical methods to
perform specific tasks relying on models and inference but not on explicit instructions.
Thus, these tools for predictive analytics may be applied to predict asthma
phenotypes from clinical biomarkers. Molecular phenotypes originally defined by
gene signatures in bronchial biopsies and bronchial epithelial cells in the U-
BIOPRED cohort, and by histopathologic results, could be recognised by a clinically-
inferable scheme using currently-available inflammatory biomarkers such as sputum
eosinophilia and FeNO levels and the presence of oral corticosteroid dependency
(36). This approach could define patients who may benefit the most from specific
molecular agents that target T2-mediated inflammation and/or relative corticosteroid

insensitivity.

Assays involving exhaled breath appear promising in terms of finding out
useful predictive bed-side biomarkers. Real-time analysis of metabolites in exhaled
breath using a set of ‘electronic noses’ could discriminate with a high degree of
accuracy between the 3 TACs determined by hierarchical clustering of differentially-
expressed genes in sputum (36, 50). However, the basis for this good predictability

remains unclear.

Conclusion

Progress in our treatment of severe asthma of the past 10 years with the
introduction of biologic therapies has occurred independently of any systems biology
approach to severe asthma. However, the introduction of such specific therapies has
necessitated the introduction of some aspects of personalised medicine in the use of
biomarkers to define clinical phenotypes that will respond to such precisely-targeted
treatments (51). With the introduction of these biologic therapies has emerged the
definition of one of the first endotypes of severe asthma, that of the T2-driven severe
eosinophilic asthma. Parallel developments in systems biology, machine learning
and precision medicine applied to severe asthma are evolving that should help to
improve the definition of molecular phenotypes. Increasing number of molecular
phenotypes particularly in the T2-low category are being described, although most
need to be validated. The impact of these new molecular phenotypes has yet to be
felt in clinical practice. This is likely to be due to the fact that no treatments targeted
at these phenotypes have emerged. The description of a range of severe asthma
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endotypes with distinct treatable driving mechanism(s) should become the future
goal of asthma care. This has become imperative due to the lack of precision in our
current treatment approaches to the bulk of severe asthma patients who have T2-low
pathway-driven disease, particularly with reference to the use of blood biomarkers.
Discovery of bedside biomarkers needs to start from a definition of the treatable

mechanisms underlying the endotype.

Acknowledgements
We thank our U-BIOPRED colleagues for useful discussion on the issue of

endotyping of severe asthma over the past 10 years.

Legend to Figures:

Fig 1. Clinical phenotypes defined following clustering of moderate-to-severe
asthma using 8 clinico-physiological features. Clustering was performed using
partition-around-medoids algorithm with consensus clustering done by random
removal of 10% of the data with repeat clustering to achieve cluster stability. From
(9).

Fig 2. Proposed systems biology approach to asthma. Working from clusters of
clinical and molecular phenotypes through to endotypes in order to dissect the
biological pathways to understand the drivers underlying a person’s asthma. Various
approaches are proposed from analysis of multiple omics platforms to functional
genomics and validation of endotypes.

Fig 3. From systems biology to delivery of precision medicine to asthma. While
treatable mechanisms or pathways will follow from a determination of endotypes to
form the basis of targeted treatments, treatable traits and biomarkers will be derived
from clinical, physiologic and inflammatory features of clinical phenotypes. These will
form the basis of clinical trials and ultimately, clinical practice.

Fig 4. Description of 3 transcriptomic-associated clusters (TACs) from a hierarchical
clustering of sputum transcriptomics analysis that vyielded 518 differentially
expressed genes comparing sputum eosinophil-high to eosinophil-low severe
asthmatic patients. The clinical and inflammatory features of each TAC is shown with
TAC1 being Type-2-high and TAC2 and TAC3 being Type-2-low. Adapted from Kuo
et al (29)
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Table 1. Biologic therapies targeting treatable mechanisms for severe asthma: biomarker and treatable trait effects

Antibody Biologic Treatable mechanisms/ | Biomarker Effects on treatable traits &
biologic Target pathways used guality of life measures
Omalizumab | Anti-T2: Prevents binding to high | Serum IgE Reduces exacerbations
Targets IgE affinity receptor Allergies Improves AQLQ
Mepolizumab | Anti-T2: Targets IL-5 Prevents the terminal | Exacerbations 2 2; Reduces exacerbations
differentiation of | Blood eos 2150/uL Reduces airflow obstruction
eosinophil progenitors Improves AQLQ.
and reduces the output of Oral corticosteroid-sparing
eosinophils from bone
marrow
Reslizumab Anti-T2: Targets IL-5 As above Exacerbations = 1; Reduces exacerbations
Blood eos =2400/uL Reduces airflow obstruction
Improves AQLQ
Benralizumab | Anti-T2: Targets IL-5Raq, | Binds to IL-5Ro. and | Exacerbations 2 2; Reduces exacerbations
consequently, IL-5 induces eosinophil | Blood eos 2300/uL Reduces airflow obstruction
apoptosis Improves AQLQ
Oral corticosteroid-sparing
Dupilumab Anti-T2: Targets IL4Ra, | Prevents the | Exacerbations = 1 Reduces exacerbations

consequently IL-4 and IL-
13

differentiation of naive
ThO cells to Th2 cells.

Suppresses IgE
synthesis, goblet cell
hyperplasia, mucus
hypersecretion, airway

hyperresponsiveness and
fibrosis

Blood eos =2150/uL

Reduces airflow obstruction
Improves AQLQ
Oral corticosteroid-sparing

This article is protected by copyright. All rights reserved.




REFERENCES

1. Reddel HK, Taylor DR, Bateman ED, Boulet LP, Boushey HA, Busse WW, Casale TB, Chanez P,
Enright PL, Gibson PG, de Jongste JC, Kerstjens HA, Lazarus SC, Levy ML, O'Byrne PM,
Partridge MR, Pavord ID, Sears MR, Sterk PJ, Stoloff SW, Sullivan SD, Szefler SJ, Thomas MD,
Wenzel SE. An official American Thoracic Society/European Respiratory Society statement:
asthma control and exacerbations: standardizing endpoints for clinical asthma trials and
clinical practice. Am J Respir Crit Care Med 2009; 180: 59-99.

2. Bateman ED, Boushey HA, Bousquet J, Busse WW, Clark TJ, Pauwels RA, Pedersen SE. Can
guideline-defined asthma control be achieved? The Gaining Optimal Asthma Control study.
AmJ Respir Crit Care Med 2004; 170: 836-844.

3. Chung KF, Wenzel SE, Brozek JL, Bush A, Castro M, Sterk PJ, Adcock IM, Bateman ED, Bel EH,
Bleecker ER, Boulet LP, Brightling C, Chanez P, Dahlen SE, Djukanovic R, Frey U, Gaga M,
Gibson P, Hamid Q, Jajour NN, Mauad T, Sorkness RL, Teague WG. International ERS/ATS
guidelines on definition, evaluation and treatment of severe asthma. Eur Respir J 2014; 43:
343-373.

4. Green RH, Brightling CE, McKenna S, Hargadon B, Parker D, Bradding P, Wardlaw AJ, Pavord ID.
Asthma exacerbations and sputum eosinophil counts: a randomised controlled trial. Lancet
2002; 360: 1715-1721.

5. Chung KF. Asthma phenotyping: a necessity for improved therapeutic precision and new targeted
therapies. J Intern Med 2016; 279: 192-204.

6. Woodruff PG, Modrek B, Choy DF, Jia G, Abbas AR, Ellwanger A, Arron JR, Koth LL, Fahy JV. T-
helper type 2-driven inflammation defines major subphenotypes of asthma. AmJRespir Crit
Care Med 2009; 180: 388-395.

7. Pavlidis S, Takahashi K, Kwong FNK, Xie J, Hoda U, Sun K, Elyasigomari V, Agapow P, Loza M,
Baribaud F, Chanez P, Fowler SJ, Shaw DE, Fleming LJ, Howarth PH, Sousa AR, Corfield J,
Auffray C, De Meulder B, Knowles R, Sterk PJ, Guo Y, Adcock IM, Djukanovic R, Chung KF,
Brinkman P, Wagener AH, Hekking PP, Bansal AT, Maitland-van der Zee AH, Wang Y, Weda H,
Knobel HH, Vink TJ, Rattray NJ, D'Amico A, Pennazza G, Santonico M, Lefaudeux D, De
Meulder B, Auffray C, Bakke PS, Caruso M, Chanez P, Chung KF, Corfield J, Dahlen SE,
Djukanovic R, Geiser T, Horvath I, Krug N, Musial J, Sun K, Riley JH, Shaw DE, Sandstrom T,
Sousa AR, Montuschi P, Fowler SJ, Sterk PJ, Simpson AJ, Hekking PP, Shaw DE, Fleming LJ,
Roberts G, Riley JH, Bates S, Sousa AR, Bansal AT, Pandis I, Sun K, Bakke PS, Caruso M,
Dahlen B, Dahlen SE, Horvath I, Krug N, Montuschi P, Sandstrom T, Singer F, Adcock IM,
Wagers SS, Djukanovic R, Chung KF, Sterk PJ, Fowler SJ, Emma R, Bansal AT, Kolmert J,
Wheelock CE, Dahlen SE, Loza MJ, De Meulder B, Lefaudeux D, Auffray C, Dahlen B, Bakke PS,
Chanez P, Fowler SJ, Horvath I, Montuschi P, Krug N, Sanak M, Sandstrom T, Shaw DE,
Fleming LJ, Djukanovic R, Howarth PH, Singer F, Sousa AR, Sterk PJ, Corfield J, Pandis I, Chung
KF, Adcock IM, Lutter R, Fabbella L, Caruso M. "T2-high" in severe asthma related to blood
eosinophil, exhaled nitric oxide and serum periostin Eur Respir J 2018; 13: e0203874.

8. Anderson GP. Endotyping asthma: new insights into key pathogenic mechanisms in a complex,
heterogeneous disease. Lancet 2008; 372: 1107-1119.

9. Lefaudeux D, De Meulder B, Loza MJ, Peffer N, Rowe A, Baribaud F, Bansal AT, Lutter R, Sousa AR,
Corfield J, Pandis |, Bakke PS, Caruso M, Chanez P, Dahlen SE, Fleming LJ, Fowler SJ, Horvath |,
Krug N, Montuschi P, Sanak M, Sandstrom T, Shaw DE, Singer F, Sterk PJ, Roberts G, Adcock
IM, Djukanovic R, Auffray C, Chung KF. U-BIOPRED clinical adult asthma clusters linked to a
subset of sputum omics. J Allergy Clin Immunol 2016.

This article has been accepted for publication and undergone full peer review but has not
been through the copyediting, typesetting, pagination and proofreading process, which may
lead to differences between this version and the Version of Record. Please cite this article as
doi: 10.1111/all.13771

This article is protected by copyright. All rights reserved



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Moore WC, Meyers DA, Wenzel SE, Teague WG, Li H, Li X, D'Agostino R, Jr., Castro M, Curran-
Everett D, Fitzpatrick AM, Gaston B, Jarjour NN, Sorkness R, Calhoun WJ, Chung KF, Comhair
SA, Dweik RA, Israel E, Peters SP, Busse WW, Erzurum SC, Bleecker ER. Identification of
asthma phenotypes using cluster analysis in the Severe Asthma Research Program. Am J
Respir Crit Care Med 2010; 181: 315-323.

Kim TB, Jang AS, Kwon HS, Park JS, Chang YS, Cho SH, Choi BW, Park JW, Nam DH, Yoon HJ, Cho
YJ, Moon HB, Cho YS, Park CS. Identification of asthma clusters in two independent Korean
adult asthma cohorts. Eur Respir J 2013; 41: 1308-1314.

Haldar P, Pavord ID, Shaw DE, Berry MA, Thomas M, Brightling CE, Wardlaw AJ, Green RH. Cluster
analysis and clinical asthma phenotypes. AmJRespir Crit Care Med 2008; 178: 218-224.

Wu W, Bleecker E, Moore W, Busse WW, Castro M, Chung KF, Calhoun WJ, Erzurum S, Gaston B,
Israel E, Curran-Everett D, Wenzel SE. Unsupervised phenotyping of Severe Asthma Research
Program participants using expanded lung data. J Allergy Clin Immunol 2014; 133: 1280-1288.

Rossios C, Pavlidis S, Hoda U, Kuo CH, Wiegman C, Russell K, Sun K, Loza MJ, Baribaud F, Durham
AL, Ojo O, Lutter R, Rowe A, Bansal A, Auffray C, Sousa A, Corfield J, Djukanovic R, Guo Y,
Sterk PJ, Chung KF, Adcock IM. Sputum transcriptomics reveal up-regulation of IL-1 receptor
family members in severe asthma. J Allergy Clin Immunol 2017.

Qiu R, Xie J, Chung KF, Li N, Yang Z, He M, Li J, Chen R, Zhong N, Zhang Q, Zhang Q, Cox M, Liang Z,
Brinkmann F, Cardenas PA, Duff R, Bhavsar P, Cookson W, Moffatt M, Chung KF. Asthma
Phenotypes Defined From Parameters Obtained During Recovery From a Hospital-Treated
Exacerbation. The journal of allergy and clinical immunology In practice 2018; 6: 1960-1967.

Chung KF. New treatments for severe treatment-resistant asthma: targeting the right patient.
Lancet Respiratory Medicine 2013; 1: 639-652.

Wheelock CE, Goss VM, Balgoma D, Nicholas B, Brandsma J, Skipp PJ, Snowden S, Burg D,
D'Amico A, Horvath I, Chaiboonchoe A, Ahmed H, Ballereau S, Rossios C, Chung KF,
Montuschi P, Fowler SJ, Adcock IM, Postle AD, Dahlen SE, Rowe A, Sterk PJ, Auffray C,
Djukanovic R. Application of 'omics technologies to biomarker discovery in inflammatory
lung diseases. Eur Respir J 2013; 42: 802-825.

Chung KF. Airway microbial dysbiosis in asthmatic patients: A target for prevention and
treatment? J Allergy Clin Immunol 2017; 139: 1071-1081.

Thamrin C, Frey U, Kaminsky DA, Reddel HK, Seely AJ, Suki B, Sterk PJ. Systems Biology and
Clinical Practice in Respiratory Medicine. The Twain Shall Meet. Am J Respir Crit Care Med
2016; 194: 1053-1061.

De Meulder B, Lefaudeux D, Bansal AT, Mazein A, Chaiboonchoe A, Ahmed H, Balaur I, Sagi M,
Pellet J, Ballereau S, Lemonnier N, Sun K, Pandis I, Yang X, Batuwitage M, Kretsos K, van Eyll J,
Bedding A, Davison T, Dodson P, Larminie C, Postle A, Corfield J, Djukanovic R, Chung KF,
Adcock IM, Guo YK, Sterk PJ, Manta A, Rowe A, Baribaud F, Auffray C. A computational
framework for complex disease stratification from multiple large-scale datasets. BMC Syst
Biol 2018; 12: 60.

Li CX, Wheelock CE, Skold CM, Wheelock AM. Integration of multi-omics datasets enables
molecular classification of COPD. Eur Respir J 2018; 51.

Agusti A, Bel E, Thomas M, Vogelmeier C, Brusselle G, Holgate S, Humbert M, Jones P, Gibson PG,
Vestbo J, Beasley R, Pavord ID. Treatable traits: toward precision medicine of chronic airway
diseases. Eur Respir J 2016; 47: 410-419.

Pavord ID, Beasley R, Agusti A, Anderson GP, Bel E, Brusselle G, Cullinan P, Custovic A, Ducharme
FM, Fahy JV, Frey U, Gibson P, Heaney LG, Holt PG, Humbert M, Lloyd CM, Marks G,
Martinez FD, Sly PD, von Mutius E, Wenzel S, Zar HJ, Bush A, Clark VL, Gibson PG, Genn G,
Hiles SA, Pavord ID, McDonald VM. After asthma: redefining airways diseases. Lancet 2018;
391: 350-400.

This article is protected by copyright. All rights reserved.



24.

25.

26.

27.

28.

29.

30.

31.

32.

Simpson AJ, Hekking PP, Shaw DE, Fleming LJ, Roberts G, Riley JH, Bates S, Sousa AR, Bansal AT,
Pandis I, Sun K, Bakke PS, Caruso M, Dahlen B, Dahlen SE, Horvath |, Krug N, Montuschi P,
Sandstrom T, Singer F, Adcock IM, Wagers SS, Djukanovic R, Chung KF, Sterk PJ, Fowler SJ,
Burg D, Schofield JPR, Brandsma J, Staykova D, Folisi C, Bansal A, Nicholas B, Xian Y, Rowe A,
Corfield J, Wilson S, Ward J, Lutter R, Fleming L, Shaw DE, Bakke PS, Caruso M, Dahlen SE,
Fowler SJ, Hashimoto S, Horvath I, Howarth P, Krug N, Montuschi P, Sanak M, Sandstrom T,
Singer F, Sun K, Pandis I, Auffray C, Sousa AR, Adcock IM, Chung KF, Sterk PJ, Djukanovic R,
Skipp PJ, The UBSG, Hekking PP, Loza MJ, Pavlidis S, de Meulder B, Lefaudeux D, Baribaud F,
Auffray C, Wagener AH, Brinkman PI, Lutter RI, Bansal AT, Sousa AR, Bates SA, Pandis Y,
Fleming LJ, Shaw DE, Fowler SJ, Guo Y, Meiser A, Sun K, Corfield J, Howarth PH, Bel EH,
Adcock IM, Chung KF, Djukanovic R, Sterk PJ, Lefaudeux D, De Meulder B, Loza MJ, Peffer N,
Rowe A, Baribaud F, Bansal AT, Lutter R, Sousa AR, Corfield J, Pandis |, Bakke PS, Caruso M,
Chanez P, Dahlen SE, Fleming LJ, Fowler SJ, Horvath I, Krug N, Montuschi P, Sanak M,
Sandstrom T, Shaw DE, Singer F, Sterk PJ, Roberts G, Adcock IM, Djukanovic R, Auffray C,
Chung KF, Emma R, Bansal AT, Kolmert J, Wheelock CE, Dahlen SE, Loza MJ, De Meulder B,
Lefaudeux D, Auffray C, Dahlen B, Bakke PS, Chanez P, Fowler SJ, Horvath I, Montuschi P,
Krug N, Sanak M, Sandstrom T, Shaw DE, Fleming LJ, Djukanovic R, Howarth PH, Singer F,
Sousa AR, Sterk PJ, Corfield J, Pandis |, Chung KF, Adcock IM, Lutter R, Fabbella L, Caruso M.
Treatable traits in the European U-BIOPRED adult asthma cohorts. Allergy 2018; 17: 2072-
2091.

Chung KF, Adcock IM. Clinical phenotypes of asthma should link up with disease mechanisms.
Current opinion in allergy and clinical immunology 2014.

Hekking PP, Loza MJ, Pavlidis S, De Meulder B, Lefaudeux D, Baribaud F, Auffray C, Wagener AH,
Brinkman P, Lutter R, Bansal AT, Sousa AR, Bates SA, Pandis |, Fleming LJ, Shaw DE, Fowler SJ,
Guo Y, Meiser A, Sun K, Corfield J, Howarth P, Bel EH, Adcock IM, Chung KF, Djukanovic R,
Sterk PJ. Transcriptomic gene signatures associated with persistent airflow limitation in
patients with severe asthma. Eur Respir J 2017; 50.

Peters MC, Mekonnen ZK, Yuan S, Bhakta NR, Woodruff PG, Fahy JV. Measures of gene
expression in sputum cells can identify TH2-high and TH2-low subtypes of asthma. J Allergy
Clin Immunol 2014; 133: 388-394.e385.

Peters MC, Kerr S, Dunican EM, Woodruff PG, Fajt ML, Levy BD, Israel E, Phillips BR, Mauger DT,
Combhair SA, Erzurum SC, Johansson MW, Jarjour NN, Coverstone AM, Castro M, Hastie AT,
Bleecker ER, Wenzel SE, Fahy JV. Refractory airway type 2 inflammation in a large subgroup
of asthmatic patients treated with inhaled corticosteroids. J Allergy Clin Immunol 2018.

Kuo CS, Pavlidis S, Loza M, Baribaud F, Rowe A, Pandis |, Sousa A, Corfield J, Djukanovic R, Lutter
R, Sterk PJ, Auffray C, Guo Y, Adcock IM, Chung KF, Kuo CS, Pavlidis S, Loza M, Baribaud F,
Rowe A, Pandis |, Hoda U, Rossios C, Sousa A, Wilson SJ, Howarth P, Dahlen B, Dahlen SE,
Chanez P, Shaw D, Krug N, Sandstrm T, De Meulder B, Lefaudeux D, Fowler S, Fleming L,
Corfield J, Auffray C, Sterk PJ, Djukanovic R, Guo Y, Adcock IM, Chung KF. T-helper cell type 2
(Th2) and non-Th2 molecular phenotypes of asthma using sputum transcriptomics in U-
BIOPRED. Eur Respir J 2017; 49: 443-455,

Simpson JL, Phipps S, Baines KJ, Oreo KM, Gunawardhana L, Gibson PG. Elevated expression of
the NLRP3 inflammasome in neutrophilic asthma. Eur Respir J 2014; 43: 1067-1076.

Price DB, Rigazio A, Campbell JD, Bleecker ER, Corrigan CJ, Thomas M, Wenzel SE, Wilson AM,
Small MB, Gopalan G, Ashton VL, Burden A, Hillyer EV, Kerkhof M, Pavord ID. Blood
eosinophil count and prospective annual asthma disease burden: a UK cohort study. The
lancet Respiratory medicine 2015; 3: 849-858.

de Groot JC, Storm H, Amelink M, de Nijs SB, Eichhorn E, Reitsma BH, Bel EH, Ten Brinke A.
Clinical profile of patients with adult-onset eosinophilic asthma. ERJ Open Res 2016; 2.

This article is protected by copyright. All rights reserved.



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Buhl R, Humbert M, Bjermer L, Chanez P, Heaney LG, Pavord |, Quirce S, Virchow JC, Holgate S.
Severe eosinophilic asthma: a roadmap to consensus. Eur Respir J 2017; 49.

Chupp GL, Bradford ES, Albers FC, Bratton DJ, Wang-Jairaj J, Nelsen LM, Trevor JL, Magnan A, Ten
Brinke A. Efficacy of mepolizumab add-on therapy on health-related quality of life and
markers of asthma control in severe eosinophilic asthma (MUSCA): a randomised, double-
blind, placebo-controlled, parallel-group, multicentre, phase 3b trial. The lancet Respiratory
medicine 2017.

Bleecker ER, FitzGerald JM, Chanez P, Papi A, Weinstein SF, Barker P, Sproule S, Gilmartin G,
Aurivillius M, Werkstrom V, Goldman M. Efficacy and safety of benralizumab for patients
with severe asthma uncontrolled with high-dosage inhaled corticosteroids and long-acting
beta2-agonists (SIROCCO): a randomised, multicentre, placebo-controlled phase 3 trial.
Lancet 2016; 388: 2115-2127.

Kuo CS, Pavlidis S, Loza M, Baribaud F, Rowe A, Pandis |, Hoda U, Rossios C, Sousa A, Wilson SJ,
Howarth P, Dahlen B, Dahlen SE, Chanez P, Shaw D, Krug N, Sandstrm T, De Meulder B,
Lefaudeux D, Fowler S, Fleming L, Corfield J, Auffray C, Sterk PJ, Djukanovic R, Guo Y, Adcock
IM, Chung KF. A Transcriptome-driven Analysis of Epithelial Brushings and Bronchial Biopsies
to Define Asthma Phenotypes in U-BIOPRED. Am J Respir Crit Care Med 2017; 195: 443-455.

Kuo C, Pavlidis, S., Zhu, J., Loza, M., Baribaud, F., Rowe, A., Pandis, I., Gibeon, D., Hoda, U., Sousa,
A., Wilson, S.J., Guo,YK., Adcock, I.M., Chung,K.F. Contribution of airway eosinophils in
airway wall remodeling in asthma: role of MMP-10 and MET. Allergy 2019; In press.

Choy DF, Hart KM, Borthwick LA, Shikotra A, Nagarkar DR, Siddiqui S, Jia G, Ohri CM, Doran E,
Vannella KM, Butler CA, Hargadon B, Sciurba JC, Gieseck RL, Thompson RW, White S, Abbas
AR, Jackman J, Wu LC, Egen JG, Heaney LG, Ramalingam TR, Arron JR, Wynn TA, Bradding P.
TH2 and TH17 inflammatory pathways are reciprocally regulated in asthma. Science
translational medicine 2015; 7: 301ral29.

Bhakta NR, Christenson SA, Nerella S, Solberg OD, Nguyen CP, Choy DF, Jung KL, Garudadri S,
Bonser LR, Pollack JL, Zlock LT, Erle DJ, Langelier C, Derisi JL, Arron JR, Fahy JV, Woodruff PG.
IFN-stimulated Gene Expression, Type 2 Inflammation, and Endoplasmic Reticulum Stress in
Asthma. Am J Respir Crit Care Med 2018; 197: 313-324.

Jevnikar Z, Ostling J, Ax E, Calven J, Thorn K, Israelsson E, Oberg L, Singhania A, Lau LCK, Wilson SJ,
Ward JA, Chauhan A, Sousa AR, De Meulder B, Loza MJ, Baribaud F, Sterk PJ, Chung KF, Sun K,
Guo Y, Adcock IM, Payne D, Dahlen B, Chanez P, Shaw DE, Krug N, Hohlfeld JM, Sandstrom T,
Djukanovic R, James A, Hinks TSC, Howarth PH, Vaarala O, van Geest M, Olsson H, Mazein A,
Ostaszewski M, Kuperstein |, Watterson S, Le Novere N, Lefaudeux D, De Meulder B, Pellet J,
Balaur I, Sagi M, Nogueira MM, He F, Parton A, Lemonnier N, Gawron P, Gebel S, Hainaut P,
Ollert M, Dogrusoz U, Barillot E, Zinovyev A, Schneider R, Balling R, Auffray C. Epithelial IL-6
trans-signaling defines a new asthma phenotype with increased airway inflammation. J
Allergy Clin Immunol 2018; 4: 21.

Turan N, Edwards MJ, Bates S, Shaw D, Chung KF, Loza MJ, James A, Van Oosterhout A, Jevnikar Z,
Ostling J, Ax E, Calven J, Thorn K, Israelsson E, Oberg L, Singhania A, Lau LCK, Wilson SJ, Ward
JA, Chauhan A, Sousa AR, De Meulder B, Loza MJ, Baribaud F, Sterk PJ, Chung KF, Sun K, Guo
Y, Adcock IM, Payne D, Dahlen B, Chanez P, Shaw DE, Krug N, Hohlfeld JM, Sandstrom T,
Djukanovic R, James A, Hinks TSC, Howarth PH, Vaarala O, van Geest M, Olsson H. IL-6
pathway upregulation in subgroup of severe asthma is associated with neutrophilia and poor
lung function. Clin Exp Allergy 2018; 48: 475-478.

Peters MC, McGrath KW, Hawkins GA, Hastie AT, Levy BD, Israel E, Phillips BR, Mauger DT,
Combhair SA, Erzurum SC, Johansson MW, Jarjour NN, Coverstone AM, Castro M, Holguin F,
Wenzel SE, Woodruff PG, Bleecker ER, Fahy JV. Plasma interleukin-6 concentrations,
metabolic dysfunction, and asthma severity: a cross-sectional analysis of two cohorts. The
lancet Respiratory medicine 2016; 4: 574-584.

This article is protected by copyright. All rights reserved.



43.

44.

45.

46.

47.

48.

49.

50.

51.

Modena BD, Tedrow JR, Milosevic J, Bleecker ER, Meyers DA, Wu W, Bar-Joseph Z, Erzurum SC,
Gaston BM, Busse WW, Jarjour NN, Kaminski N, Wenzel SE. Gene expression in relation to
exhaled nitric oxide identifies novel asthma phenotypes with unique biomolecular pathways.
Am J Respir Crit Care Med 2014; 190: 1363-1372.

Castro M, Corren J, Pavord ID, Maspero J, Wenzel S, Rabe KF, Busse WW, Ford L, Sher L,
FitzGerald JM, Katelaris C, Tohda Y, Zhang B, Staudinger H, Pirozzi G, Amin N, Ruddy M,
Akinlade B, Khan A, Chao J, Martincova R, Graham NMH, Hamilton JD, Swanson BN, Stahl N,
Yancopoulos GD, Teper A. Dupilumab Efficacy and Safety in Moderate-to-Severe
Uncontrolled Asthma. N Engl J Med 2018; 378: 2486-2496.

Busse WW, Holgate S, Kerwin E, Chon Y, Feng J, Lin J, Lin SL. Randomized, Double-Blind, Placebo-
controlled Study of Brodalumab, a Human Anti-IL-17 Receptor Monoclonal Antibody, in
Moderate to Severe Asthma. Am J Respir Crit Care Med 2013; 188: 1294-1302.

O'Byrne PM, Metev H, Puu M, Richter K, Keen C, Uddin M, Larsson B, Cullberg M, Nair P. Efficacy
and safety of a CXCR2 antagonist, AZD5069, in patients with uncontrolled persistent asthma:
a randomised, double-blind, placebo-controlled trial. The lancet Respiratory medicine 2016;
4:797-806.

Wenzel SE, Barnes PJ, Bleecker ER, Bousquet J, Busse W, Dahlen SE, Holgate ST, Meyers DA, Rabe
KF, Antczak A, Baker J, Horvath |, Mark Z, Bernstein D, Kerwin E, Schlenker-Herceg R, Lo KH,
Watt R, Barnathan ES, Chanez P. A randomized, double-blind, placebo-controlled study of
tumor necrosis factor-alpha blockade in severe persistent asthma. AmJ Respir Crit Care Med
2009; 179: 549-558.

Hinks TS, Brown T, Lau LC, Rupani H, Barber C, Elliott S, Ward JA, Ono J, Ohta S, lzuhara K,
Djukanovic R, Kurukulaaratchy RJ, Chauhan A, Howarth PH. Multidimensional endotyping in
patients with severe asthma reveals inflammatory heterogeneity in matrix
metalloproteinases and chitinase 3-like protein 1. J Allergy Clin Immunol 2016; 138: 61-75.

Agache |, Strasser DS, Pierlot GM, Farine H, lzuhara K, Akdis CA, Agache |, Strasser DS, Klenk A,
Agache C, Farine H, Ciobanu C, Groenen PM, Akdis CA. Monitoring inflammatory
heterogeneity with multiple biomarkers for multidimensional endotyping of asthma. J
Allergy Clin Immunol 2018; 141: 442-445.

Brinkman P, Wagener AH, Hekking PP, Bansal AT, Maitland-van der Zee AH, Wang Y, Weda H,
Knobel HH, Vink TJ, Rattray NJ, D'Amico A, Pennazza G, Santonico M, Lefaudeux D, De
Meulder B, Auffray C, Bakke PS, Caruso M, Chanez P, Chung KF, Corfield J, Dahlen SE,
Djukanovic R, Geiser T, Horvath I, Krug N, Musial J, Sun K, Riley JH, Shaw DE, Sandstrom T,
Sousa AR, Montuschi P, Fowler SJ, Sterk PJ. Identification and prospective stability of eNose
derived inflammatory phenotypes in severe asthma. J Allergy Clin Immunol 2018.

Chung KF. Precision medicine in asthma: linking phenotypes to targeted treatments. Current
opinion in pulmonary medicine 2018; 24: 4-10.

This article is protected by copyright. All rights reserved.



® Pack-years of smoking
® Body Mass Index
® FEV, % predicted

@ Asthma Control Questionnaire-5
® Exacerbations in past year
@ Oral Corticosteroid daily dose

v

Partition-around-medoids clustering

® Moderate-severe
® Late onset

@ Smoker or Ex-smoker

® Severe airflow
obstruction

© High blood.
eosinophil count

J;m
® Severe ® Severe

Phenotype T4
®Severe
® Female
@ Mild-none airflow
obstruction

® Oral corticosteroid-
dependent

# Moderate-severe

alrflow obstruction ® Frequent

Systems

Biology of Asthma

Exposome

+ Life-style + Genome

AN

|

Immunaological/
Inflammatory responses

Validation/Functional Genomics/
Cellular & in-vivo models

—]

—>| Biological responses |

Cellular/

Endotypes | +———

Molecular events

| Molecular phenotypes |<—

o

7%

Omics piatforms

TR~ 1 Transcriptomics

2 Proteomics

3 Metabolonomics

I

St

= eic.
Clinical/physiological

Clinical phenotypes |

This article is protected by copyright. All rights reserved.



Systems Biology

Exposome

+ Life-style +|Genome

| Biological responsesl Precision Medicine
I Mechanisms/ freatable
Endotypes .._-———"" M:chamsmS/
athways
Targeted
Treqtments
Clinical trials/
| Molecular phenotypes | Clinical practice
4[ Biomarker
Clinicalf Treatable
| Clinical phenotypes |—> Physiologic/ trait
Inflammatory

features

Seve ma

Symptoms

I Exacerbations I
| ]
|T2-high mechanisms/pathwaysl—l T2-low/non-T2 mechanisms/pathways I
|
| I 1
IL-33R, TSLPR, CCR3 Inflammasome
IFN & TNF pathways

Oxiclative stress

Severe airflow obstruction Ageing

Highest exacerbation i i
2 Moderateairflow obstruction Moderate airflow obstruction
Nasal polyps More eczema Least bati
Oral corticosteroid High C-Reactive protein east exacerbations
dependent levels
Paucigranulocytic/
Highly Neutrophilic eosinophilic

This article is protected by copyright. All rights reserved.





