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ABSTRACT  The concept of asthma has changed substantially in recent years. Asthma is now recognised
as a heterogeneous entity that is complex to treat. The subdivision of asthma, provided by “cluster”
analyses, has revealed various groups of asthma patients who share phenotypic features. These phenotypes
underlie the need for personalised asthma therapy because, in contrast to the previous approach, treatment
must be tailored to the individual patient. Determination of the patient’s asthma phenotype is therefore
essential but sometimes challenging, particularly in elderly patients with a multitude of comorbidities and a
complex exposure history. This review first describes the various asthma phenotypes, some of which were
defined empirically and others through cluster analysis, and then discusses personalisation of the patient’s
diagnosis and therapy, addressing in particular biological therapies and patient education. This personalised
approach to curative medicine should make way in the coming years for personalised preventive and
predictive medicine, focused on subjects at risk who are not yet ill, with the aim of preventing asthma
before it occurs. The concept of personalised preventive medicine may seem a long way off, but is it really?

Introduction

Life expectancy is increasing worldwide and especially in Europe, and this is certainly good news. And yet
increased life expectancy means an ageing population, more dependence and more disability. It will also
bring increased prevalence of chronic diseases in general, and in particular of patients with respiratory
disabilities, including asthma. Faced with the prospect of rising healthcare costs due to the ageing
population, and bearing in mind the current economic crisis in Europe, this news is also rather worrying.
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Medical care could take an alternative course in the coming years, however. Given developments in
predictive techniques, instead of concentrating most of our spending on curative treatments, we could
focus on healthy subjects at risk and allocate sufficient resources to preventive medicine.

Recent years have seen an extremely rapid rise in biotechnologies. With high-throughput sequencing and
the widespread availability of molecular biology analysis at the individual-patient level, it will soon be
possible to take a drop of blood from a person’s fingertip and have their entire genome sequenced in under
an hour. These new health technologies will facilitate the development of preventive medicine and the use
of the targeted therapies now being developed for chronic diseases, as well as for cancer. Asthma is no
exception, with the advent of omalizumab a few years ago, and anti-cytokine and anti-cytokine receptor
antibodies more recently. The use of these biologics in clinical practice and in phase 3 studies has revealed
the existence of responders and nonresponders. The heterogeneity in the responses observed to these
targeted treatments reinforces the notion of asthma phenotypes and subdivides this common disease into a
multitude of rarer diseases. Detailed analysis of gene expression in responders will make it possible to
identify specific biomarkers for the targets of these advanced therapies, thereby enabling their development.

This review, prepared by specialists in severe asthma, starts by outlining how asthma is viewed today and
how its management is already marked by a certain degree of personalisation. The implications of this
view should lead us to reconsider our management of asthma, with the development of biotechnologies
and biological therapies specifically for asthma. The change will not only affect the drugs we prescribe, but
more generally, will lead to a holistic approach to our patients, involving 4P (preventive, predictive,
personalised and participative) medicine.

Asthma phenotypes

The general concept

Asthma is a heterogeneous entity comprising several diseases. The concept of subdividing asthma into different
diseases emerged in the late 1990s [1]. The idea of asthma phenotypes originated from this desire to define
subgroups of patients with shared clinical features in order to better understand asthma pathophysiology and
improve its treatment [2]. The greatest contribution came from the use of mathematical algorithms, which
replaced the subjective approach previously used by clinicians [3]. These multivariate algorithms defined
asthma phenotypes by objectively grouping patients with similar clinical features into clusters [4, 5].

HaLpaR et al. [6] applied this method to patients with mild-to-moderate asthma managed in primary care and
patients with severe asthma managed in secondary care. The variables used in the algorithm were symptoms,
atopy/allergy, eosinophilic inflammation, psychological status and airflow obstruction. Other variables
included sex, body mass index (BMI) and age of asthma onset. For mild-to-moderate asthma managed in
primary care, these authors demonstrated three asthma subtypes: early-onset atopic asthma; obese,
predominantly female asthma without eosinophilic airway inflammation; and “benign” asthma with little
evidence of active disease. The early-onset atopic asthma subgroup and the obese, predominantly female
subgroup were also identified among patients managed in secondary care. Two other subgroups were
demonstrated: patients with high symptom expression, early onset and minimal eosinophilic inflammation,
and patients with predominant eosinophilic inflammation, few symptoms, late onset and male preponderance.

Different sets of phenotypes are defined depending on the variables used. In a different study in patients
with severe asthma, 34 variables were used [7]. Five patient subgroups were defined. The results obtained
resembled those of the aforementioned study but the subgroup definitions were more detailed due to the
greater number of variables used. Subgroup 1 comprised predominantly female patients with early-onset
atopic asthma and normal lung function, requiring little medication. Subgroup 2 included subjects with
early-onset asthma and preserved lung function, and were predominantly female but used three or more
drugs. Subgroup 3 was characterised by older, obese women with late-onset asthma. Their forced expiratory
volume in 1 s (FEV1) was moderately decreased and oral corticosteroid use was common. Subgroups 4 and
5 both had airflow obstruction. Subgroup 4 patients were atopic with childhood-onset asthma; both sexes
were equally represented. Subgroup 5 patients differed from subgroup 4 patients in the late onset of their
disease, female preponderance and less atopy. These results have been confirmed in other studies [8, 9].
A patient’s phenotype appears to remain relatively stable over time [10]. The choice of variables used in
cluster analyses is crucial. Although these studies have greatly improved the understanding of asthma, their
results probably present a simplified and simplistic view of the disease. It is currently difficult to
incorporate comorbidities and other complex factors such as diet and exposure history into these studies.

Features of the various asthma phenotypes

Asthma and allergy

Early-onset asthma, where symptoms begin in childhood, seems to have an allergic mechanism [11]. Compared
with nonallergic asthma, allergic asthma also exhibits seasonal variation related to allergen exposure [11].
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Total IgE levels seem to be higher in allergic than in nonallergic asthma but this feature does not in itself define
an allergic asthma phenotype [12]. Blood or sputum eosinophilia is observed in both allergic and nonallergic
asthma [13]. Allergen exposure leads to an increase in exhaled nitric oxide fraction (FeNO) levels but does not
constitute a marker for allergic asthma. It is, however, a marker for airway eosinophilia [14]. Allergen
sensitisation must be investigated systematically, given the therapeutic implications.

Asthma and obesity

An obese asthma phenotype has been identified in adults in cluster analyses [6, 7]. It is typically described
as late-onset asthma with little allergy, frequent symptoms, noneosinophilic inflammation and high
medication use [7, 15-18]. In the paediatric population, a phenotype of early-onset asthma associated with
obesity has been identified [19]. In this group, asthma symptoms begin before 12 years of age and the sex
ratio is equal. This phenotype is atopic in nature, with elevated IgE levels. These patients also exhibit
severely decreased airway function, significant airway hyperresponsiveness and poor asthma control.

The link between obesity and asthma is probably more complex than the view offered by cluster analysis. In
these studies, noneosinophilic inflammation is typically observed in adult patients based on sputum
assessment. However, another study has shown that sputum interleukin (IL)-5 and submucosal eosinophils,
but not sputum eosinophils, are elevated in obese patients with severe asthma [20]. A multitude of factors
could explain the mechanism of asthma in obese patients. It includes changes in lung structure and
function (reduced lung volume increases airway reactivity), oxidative signalling, cytokine derangement and
neuronal signalling pathways [21]. Diet has also to be taken into account in obese patients with asthma due
to its key role in this group. Indeed, it has been demonstrated that a pro-inflammatory diet (such as a
high-fat diet) increases airway inflammation in asthma patients, particularly in those with obesity [22].
Comorbidities such as gastro-oesophageal reflux disease, obstructive sleep apnoea and depression are very
common in obese patients and can worsen asthma outcome [23]. Asthma in obese patients is a complex
entity that requires personalised management.

Fungal hypersensitivity

Two phenotypes are linked to fungi: asthma associated with fungal hypersensitivity and allergic
bronchopulmonary mycoses. The predisposing factors for these phenotypes are both genetic and
environmental. Polymorphisms in genes encoding Toll-like receptors, chitinases (24-bp duplication of the
CHIT1 gene), and major histocompatibility complex HLA-DR 2 and 5 may play a role [24, 25]. Exposure
to moulds in the home, in the workplace or outdoors (for example, thunderstorm asthma) plays a role in
asthma development and exacerbations.

Asthma associated with fungal hypersensitivity can be moderate. However, it often progresses to severe
asthma, especially when the patient is exposed to abnormally high fungal concentrations [26, 27]. Severe
asthma with fungal sensitisation (SAFS) was defined in 2006 by the combination of three features: the
presence of severe asthma; fungal sensitisation, determined by prick testing or specific IgE testing; and total
IgE of <1000 TU-mL™" [28]. SAFS sometimes progresses to allergic bronchopulmonary mycosis, the main
features of which are the same as in SAFS accompanied by total IgE levels >1000 IU-mL™".

The treatment of severe forms is based on high doses of an inhaled corticosteroid in combination with a
long-acting inhaled P,-agonist and systemic corticosteroid therapy. Omalizumab or itraconazole may
improve asthma control but there are no formal guidelines on their use [29, 30]. The possibility of
environmental risks in the home or workplace should be investigated systematically, ideally with an
intervention by an indoor environment consultant, with the aim of reducing exposure to asthma triggers.

Exercise-induced bronchospasm

Some phenotypes were recognised long before cluster analyses existed, such as exercise-induced
bronchospasm [31]. Symptoms develop after a brief period of exercise and can last for 30-90 min if
untreated [32]. Its prevalence varies from 30% to 70%, depending on the population studied [33]. A key
diagnostic criterion is a fall in FEV1 of 10% or more after exercise [34]. In clinical practice, the diagnosis is
based on the patient interview. Recommended treatments are short-acting B,-agonists taken 15 min before
exercise, leukotriene receptor antagonists or inhaled corticosteroids [35].

Asthma and aspirin intolerance
According to a recent study, different subtypes of aspirin-induced asthma exist, ranging from a form with
predominantly upper airway symptoms to severe asthma with frequent exacerbations [36].
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Asthma-chronic obstructive pulmonary disease overlap syndrome

Asthma-chronic obstructive pulmonary disease (COPD) overlap syndrome (ACOS) is an entity
characterised by airflow limitation, and shares some features from asthma and COPD [37]. The prevalence
of ACOS among adults with asthma is 20.9%, ranging from 5.2% to 35.4% [38]. ACOS is a heterogeneous
entity and several ACOS phenotypes have already been identified, such as asthma in smokers and
neutrophilic ACOS [39]. However, the description of ACOS is still ongoing and the treatment strategy will
probably change in the future with a better understanding of ACOS phenotypes. For now, in the absence
of specific studies of ACOS, its treatment is extrapolated from phenotype-directed specific treatments for
severe asthma and COPD. Some of the personalised therapies discussed below could be used in ACOS
phenotypes that are similar to asthma phenotypes.

Asthma in the elderly

The clinical features of asthma in the elderly are very complex and quite distinct from the disease in young
adults [40]. The prevalence of asthma in the elderly ranges from 4.5% to 12.7%, and includes both
longstanding early-onset asthma and adult-onset disease [41, 42]. The clinical syndrome among elderly
asthma patients is very heterogeneous, and frequently co-exists with a combination of comorbidities and
phenotypes, such as obesity, COPD, depression, atopy (less commonly) and a complex exposure history.
Moreover, poor adherence is common among elderly asthma patients [43]. For all these reasons, the
personalised approach detailed here is necessary when treating asthma in the elderly to improve outcomes.

Some limitations of the phenotypic approach
In a proportion of cases, the phenotypic approach has certain limitations. Several phenotypes may be
observed in a single patient, making phenotype-specific management very difficult. Furthermore, it has
been reported that the various phenotypes within severe asthma do not differ in asthma control-related
outcomes [44]. The phenotypic approach is, for now, unable to predict asthma control outcomes on which
the response to innovative therapies is assessed.

Phenotypic approach to asthma assessment

In order to classify patients into asthma subgroups based on cluster analyses, some clinical criteria are essential
[6, 7]. Age, sex and BMI are key criteria in the process of phenotyping asthma patients. As an example, the
“obese women” phenotype is frequently identified in studies [6, 7]. Smoking status does not in itself appear to
define asthma phenotype [45-47]. It is, however, responsible for an increased risk of exacerbation in children
and adults, and impairs lung function [48-50]. The age of asthma onset must also be determined. Early onset
will guide the diagnosis towards atopic phenotypes. The patient should also be questioned about any situations
that trigger asthma symptoms, such as exercise. Patients should be systematically asked whether aspirin is a
trigger because of the specific treatment considerations that apply to the aspirin-induced phenotype [51]. The
number of exacerbations per year is an important variable, partly to identify poor asthma control but also to
classify the patient as a frequent exacerbator requiring a step up in therapy.

Atopic asthma is the commonest asthma phenotype [7]. It is important to investigate the patients’ home
and work environments to find out whether they are exposed to any allergens, or irritant or toxic
substances, possibly through an intervention by a medical indoor environment consultant [52]. Allergy
testing is based on skin-prick tests, guided by the patient’s reported allergic history. It is difficult to list all
the allergens to be tested but the tests recommended in Europe are for the allergens from the GA’LEN
(Global Allergy and Asthma European Network) study (table 1) [53].

Spirometry is essential in the management of asthmatic patients. Airflow obstruction with an FEV1 of
<80% of the predicted value is an important feature, as it defines more severe patient phenotypes in which
a step up in therapy could be considered [7]. The persistence of bronchodilator reversibility does not
constitute a phenotype in itself but is more frequent in atopic subgroups [7]. Bronchodilator reversibility is
less common among obese patients, including children [54]. FeNO is traditionally defined as a marker of
bronchial and alveolar eosinophilia [55]. Its value in asthma is much debated and there is currently no
evidence to support its use in the differential diagnosis of asthma phenotypes [56].

Few laboratory and radiological investigations are of relevance to these assessments, in the absence of more
effective biomarkers, and are only worth considering in severe asthma. Blood and sputum eosinophil
counts can be helpful in patients with severe asthma because the eosinophilic asthma phenotype, found in
cluster analyses, tends to be severe and marked by frequent exacerbations. Total IgE is only worth
measuring if allergic bronchopulmonary mycosis is suspected or before initiating omalizumab therapy
[57]. A chest computed tomography scan should be performed to look for central bronchiectasis, which
would suggest allergic bronchopulmonary mycosis [57].
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TABLE 1 Skin-prick tests recommended by the European Academy of Allergy and Clinical
Immunology

Pollens Hazel
Alder
Birch
Plane
Cypress
Grass mix
Olive
Mugwort
Ragweed
Parietaria
Moulds Alternaria alternata
Aspergillus fumigates
Animals Cat
Dog
House dust mite Dermatophagoides pteronyssimus
Dermatophagoides farinae
Other Cockroach (Blattella germanica)

Reproduced and modified from [53] with permission.

Pharmacotherapy for severe asthma: the prospect of personalised medicine

The phenotypic approach detailed here is useful in mild-to-moderate asthma as well as in severe asthma.
As described in the following section, personalised nondrug therapies, such as education, are offered to all
asthma patients but adapted to each one individually. Innovative therapies are currently reserved for severe
asthma and based on asthma phenotype.

Allergic phenotype

Omalizumab is a humanised anti-IgE monoclonal antibody that forms complexes with circulating IgE.
It inhibits IgE-mediated responses and downregulates high-affinity IgE receptors on mast cells and
basophils.

In the INNOVATE pilot study, compared with placebo, omalizumab reduced the asthma exacerbation rate
by 26% and the rate of severe exacerbations by 50% in patients with severe allergic asthma and frequent
exacerbations (two or more per year). The Cochrane Airways Group’s 2013 meta-analysis of 25 studies
found that, compared with placebo, omalizumab significantly reduced both the number of exacerbations,
with an odds ratio of 0.55, and the number of hospitalisations, with an odds ratio of 0.16, in patients with
moderate-to-severe asthma [58].

Few adverse effects were reported. The main one was injection site pain in 9.1% of omalizumab-treated
patients versus 5.6% of patients in the placebo group.

The possibility of rare adverse effects that only emerge after prolonged omalizumab use has also been
investigated. In a North American observational study in 7857 patients (5007 receiving omalizumab and
2829 controls), the incidence of malignancy was identical in both arms (hazard ratio (HR) 1.09, 95% CI
0.87-1.38) [59].

The optimal treatment duration has not been determined. A phase 3 study in 176 patients evaluated the
benefit of continuing omalizumab beyond 5 years [60]. The group that continued the treatment had fewer
exacerbations and better asthma control, while the time to exacerbation was significantly shorter in
patients who did not continue receiving omalizumab (HR 0.49, 95% CI 0.28-0.86). However, many
patients who stopped taking the treatment had experienced no exacerbations 1 year after discontinuation, a
finding that had already been described in other studies [61].

In a recent meta-analysis that included analysis of the economic impact of omalizumab therapy, six of the
seven studies concluded that it was reasonably cost-effective [62]. Two of these studies mentioned that
omalizumab was only cost-effective in nonsmokers or responders with the severest asthma.

A North American study estimated that 32.2% of asthmatic patients do not respond to omalizumab [63].
If personalised medicine is to be achieved, it is essential to identify factors that predict treatment response.
A combination of biomarkers of airway inflammation associated with the T-helper cell (Th) type 2
pathway, such as high FeNO, blood eosinophilia and high serum periostin, appears to be associated with
omalizumab responder status [64]. Additional studies are required to confirm this result.
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Eosinophilic phenotype

Anti-IL-5 antibodies

IL-5 is a major maturation and differentiation factor for eosinophils and represents an interesting
therapeutic target in asthma, particularly in phenotypes with blood or sputum eosinophilia [65].

Mepolizumab

Mepolizumab is a humanised, high-affinity, IgG1, anti-IL-5 monoclonal antibody. The first studies
conducted in unselected patients with severe asthma were disappointing [66-69]. An observed reduction in
sputum or blood eosinophil counts prompted studies into the effects of mepolizumab specifically in
patients with eosinophilic asthma [67-69]. For example, two pilot studies showed that mepolizumab
reduced oral corticosteroid use and exacerbations in asthmatic patients with sputum eosinophilia (>3%
eosinophils in the sputum sample) [70, 71]. Other markers of efficacy that are more readily obtained than
sputum eosinophil counts, such as the blood eosinophil count, have been investigated. Recent, larger studies
have confirmed the value of mepolizumab in asthmatic patients with raised levels of eosinophils in the
blood. For example, BEL et al. [72] showed that mepolizumab reduced the dose of oral corticosteroids used
in patients with blood eosinophilia by 50%, while no change in corticosteroid use was observed in the
placebo group. Eosinophilia was defined as >300 eosinophils per microlitre of blood during the previous
12 months or >150 eosinophils per microlitre of blood during the optimisation phase. Mepolizumab also
reduced the exacerbation rate in asthmatic patients with blood eosinophilia by between 47% and 53%,
depending on the study and the dose used [73, 74]. The effect on exacerbation rate seems even more
marked in patients whose blood eosinophil levels are >500 cells per microlitre [74].

Reslizumab

Another anti-IL-5 antibody, reslizumab, is currently under development, with several phase III studies
underway. In a study conducted in 2011, this therapeutic antibody did not improve asthma control in
patients with severe asthma and sputum eosinophilia (>3% eosinophils), although a trend towards
improved scores in the Asthma Control Questionnaire was seen [75]. In a recently published phase III
study, reslizumab reduced exacerbations in asthmatic patients with blood eosinophilia (>400 eosinophils
per microlitre) who had experienced at least one exacerbation during the previous 12 months [76]. Asthma
exacerbations were reduced by 50% to 69% with reslizumab compared with placebo (in two distinct
studies analysed separately).

Benralizumab

Benralizumab is a therapeutic antibody that binds to the a-chain of the IL-5 receptor [77]. Like other
antibodies that target the IL-5 pathway, it is very effective at reducing eosinophils in the airways and
sputum [78]. In a phase IIb study, 20 mg and 100 mg benralizumab reduced the number of exacerbations
compared with placebo in asthmatic patients with blood eosinophilia (at least 300 eosinophils per
microlitre) [79]. Phase III studies are currently in progress to confirm these results.

Therapies that target IL-4 and IL-13

IL-4 is a cytokine involved in T-cell differentiation and another potential target in asthma therapy [80].
The anti-IL-4 receptor antibody dupilumab reduced exacerbations by 87% in patients with
moderate-to-severe asthma and blood eosinophil counts >300 cells per microlitre or with >3% eosinophils
in sputum [81]. This antibody, the efficacy of which has also been demonstrated in atopic dermatitis,
could be particularly useful in patients with pulmonary and cutaneous allergic disease [82]. Pitrakinra, an
IL-4 and IL-13 inhibitor, has a moderate effect on allergic asthma [83].

The anti-IL-13 antibody lebrikizumab improves lung function in patients with poorly controlled asthma
despite inhaled corticosteroids and appears particularly effective in a subgroup of patients with high blood
levels of periostin [84]. Tralokinumab, an anti-IL-13 antibody of the IgG4 subclass, demonstrated no
efficacy on asthma control scores but seems to improve lung function [85]. Phase III studies on all these
therapeutic antibodies are currently underway.

Innovative therapies such as biologics are, for now, mainly used in patients with severe asthma. For several
reasons, we could speculate that, in the future, these drugs would be administered in all forms of asthma.
Indeed, production costs may fall in the coming years, making these treatments more accessible and
attractive for mild-to-moderate asthma. Moreover, a recent study showed that administration of these
treatments can be strategically timed [86]. In this study, pre-seasonal treatment with omalizumab
prevented the autumn peak in asthma exacerbations mainly observed in young patients. The key challenge
to perfecting curative personalised medicine in asthma will be to refine the use of biologics by defining the
optimum time of administration and the subset of patients who respond to the treatment.
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Therapy in other phenotypes

In the asthma with obesity phenotype, weight loss obtained through appropriate dietary measures and
regular exercise has been shown to improve both airway inflammation and asthma control in children and
adults [87-90]. Bariatric surgery might be an interesting option for selected patients with severe obesity
[91, 92]. In asthma accompanied by sleep apnoea syndrome, continuous positive airway pressure (CPAP)
seems to have a beneficial effect on airway inflammation [93, 94]. Studies are currently underway to
determine the effect of CPAP on asthma control in patients with sleep apnoea syndrome.

The noneosinophilic asthma phenotype is a poorly defined entity for which the treatment options are less
effective. It is sometimes referred to as the “neutrophilic phenotype” due to the presence of elevated
neutrophil numbers in sputum. Macrolide antibiotics have been shown to reduce the rate of severe
exacerbations in a subgroup of noneosinophilic asthmatic patients (low FeNO and low blood eosinophil
counts), while exhibiting no efficacy in unselected asthmatic patients [95]. In patients with severe asthma
in whom neutrophils represented >40% of sputum cells, the CXCR2 receptor antagonist SCH527123
reduced the percentage of neutrophils in sputum by 36%, versus a 6% increase with placebo [96]. A
modest decrease in exacerbations was observed in this study. The anti-IL-17 antibody brodalumab appears
to have no efficacy on asthma control in patients with moderate-to-severe asthma [97]. Subgroup analyses
appeared to show better asthma control than with placebo in patients with high reversibility
(post-bronchodilator improvement in FEV1 of 20% or more).

There is a real need for new and effective therapies for noneosinophilic asthma.

The search for biomarkers in asthma has received much attention in recent decades. In addition to
diagnostic biomarkers, predictive biomarkers are needed to determine which patients are likely to respond
to expensive therapies. Th2 biomarkers have been widely studied and many of them, such as blood/
sputum eosinophilia, FeNO, serum IgE levels and serum periostin, represent serious candidates [98].
Discrimination between type 2 and non-type 2 inflammation is currently considered the most important
way to understand asthma and improve its management. However, despite intensive research, little is
known about non-type 2 inflammation and many asthma patients will not benefit from the development
of therapies mainly for use in type 2 inflammation. New strategies are needed to improve asthma
management, such as the new concept we describe in the next section.

Thermoplasty

One innovative therapeutic strategy developed in the last decade is bronchial thermoplasty [99]. This
method involves heating the bronchial tissue to 65° with a temperature-controlled radiofrequency catheter,
introduced via a flexible bronchoscope. Three divided sessions are required to treat all the bronchi >3 mm
in diameter, avoiding the middle lobe. The mechanism of action has been partially elucidated in animal
and human studies, with demonstration of a reduction in airway smooth muscle mass [100, 101].

The results of several studies are now available. In the international trial Asthma Intervention Research (AIR)
that included 112 patients treated with inhaled corticosteroids and an inhaled long-acting bronchodilator, a
significant decrease in the number of mild exacerbations, and improvement in quality of life scores and asthma
control were observed in the thermoplasty group compared with the control group [102]. The double-blind
randomised trial AIR2 in 288 patients with moderate-to-severe, uncontrolled asthma was particularly
interesting because it compared thermoplasty with a sham endoscopic procedure [103]. After 1 year of
follow-up, a significant improvement in the Asthma Quality of Life Questionnaire score and a reduction in the
rate of hospitalisations for asthma were observed in the thermoplasty group compared with the placebo group.
In this trial, as in other, smaller studies, no improvement in lung function was observed [100]. In these studies,
all the patients had a baseline FEV1 greater than or equal to 60% of the predicted value. Do the data indicate
which patients should be eligible for this therapeutic approach? CHANEZ et al. [104] have proposed that the
patients most likely to benefit from bronchial thermoplasty would be those with bronchial “lability”, as
evidenced by a good response to bronchodilators and a tendency toward exacerbations. The current approach
has been to establish a cohort of patients with a more severe profile than this, described as severe “refractory”
asthma (www.clinicaltrials.gov identifier number NCT01185275). Various biomarkers will be analysed in this
cohort with the aim of defining which subgroups of patients are more likely to respond to this invasive
treatment strategy.

Patient education

According to the World Health Organization, therapeutic patient education should enable patients to
acquire and maintain abilities that allow them to optimally manage their lives with their disease [105].
Education is integrated into the patient’s healthcare and must take the person’s individual needs into
consideration. It is patient-centred and therefore, by definition, a form of personalised medicine, as it takes
account of each patient’s individuality and specific needs as a person living with a disease.
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Personal asthma education projects are developed in a step-by-step methodology, using the patient’s
verbatim responses to formulate their problems together with their personal resources and any barriers to
tackling these problems [106]. When the problems expressed by patients in their own environment are
recontextualised, the healthcare professional necessarily has to construct a tailor-made education project
with the patient. For example, if an asthmatic patient has problems taking their asthma medications, a
personalised patient education project should first of all endeavour to understand why the patient is not
taking the treatment.

The purpose of the education project is to help change the patient’s view of and behaviour towards their
asthma and their medications. According to the model developed by Tousman et al. [107], behavioural
change is dependent on a series of variables related to three more general factors: patient characteristics,
the techniques used in the intervention and the structure of the programme. When they are taken into
account, the patient-related variables personalise the project, as do the techniques used to encourage
adherence to treatment.

Telehealthcare interventions are defined as the remote delivery of healthcare, facilitated by electronic
means, involving the exchange of information through personalised interaction between a healthcare
professional exercising skills and judgement, and a patient who receives the information. Do telehealthcare
tools improve the management of asthmatic patients? A meta-analysis found no evidence for a clinically
meaningful impact on the quality of life of asthmatic patients [108]. A more recent meta-analysis
published in 2013 examined parallel randomised trials comparing self-management interventions for
asthmatic patients delivered via a self-management application on a smartphone versus self-management
interventions delivered via traditional methods. Only two studies were analysed, and the results are
therefore difficult to interpret [109]. Despite improvements in quality of life and peak expiratory flow in
one study, the authors concluded that the current evidence base is insufficient to recommend the use of
smartphones for the delivery of self-management interventions.

Internet-based tools have also been analysed in asthma. One study, conducted in 2010, that analysed an
internet-based intervention in randomised participants found a small but significant effect on health
behaviour, but the largest effect was seen with interventions using behaviour change techniques rather
than interventions based on the theory of planned behaviour [110]. This study advocates the use of other,
additional methods of communication. A recent review of the literature examining the use of interactive
internet-based or mobile device platforms found that these technologies were well perceived, especially in
disadvantaged populations and by patients with poorly controlled asthma [111]. Patients with well
controlled asthma are less well disposed to these technologies.

In conclusion, patient education is a form of personalised medicine when it is patient-centred and not
standardised. Telehealthcare and internet media should be integrated into education projects as a tool,
rather than as a standalone intervention. It would be useful to confirm the value of this type of approach
in additional studies.

A promising new avenue: upending biomedical concepts

So far in this article, we have reviewed the various clinical phenotypes, some of which have been
recognised as such for decades and that have emerged from the analysis of large cohorts of thoroughly
annotated patients. When these cohorts are accompanied by collections of lung or peripheral biosamples,
it opens up the possibility of looking for biomarkers specific to a particular clinical phenotype. This search
for potential biomarkers can be opened still wider, through genome-wide screening using “omics”
technologies, to identify new, biologically defined phenotypes, ideally corresponding to groups of patients
that respond to targeted therapies identified through these biological signatures [112].

Basic research conducted over the past 25 years showed that asthma was characterised in most cases by Th2
cell activation, leading to chronic eosinophilic airway inflammation. However, studies on bronchial biopsies
and cluster analyses including examination of induced sputum showed that this canonical Th2 inflammation
was not present in all asthmatic patients [113]: neutrophils predominate in some forms of asthma, while
normal levels of granulocyte populations are found in forms referred to as paucigranulocytic [114]. In
addition, eosinophilic inflammation is often accompanied by a neutrophil component [115]. The value of
distinguishing between Th2 asthma and non-Th2 asthma is, firstly, that the former is more susceptible to
corticosteroid therapy and, secondly, that many targeted therapies, whether currently available (omalizumab)
or in the pipeline, are directed against key molecules of Th2 activation (IgE, IL-4, IL-5, IL-13, efc.) [116].

Th2 biomarkers
The main marker of Th2 inflammation is induced sputum eosinophilia. It is associated with a risk of
exacerbations and is a reliable marker of corticosteroid response [117]. However, this investigation is
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difficult to perform in routine practice. In nonsmoking asthmatics, expired nitric oxide is a fairly good
indicator of airway eosinophilia but insufficiently reproducible to be used in everyday practice [118]. Blood
eosinophilia correlates poorly with sputum eosinophilia and cannot be considered a reliable marker for the
Th2 phenotype at the individual-patient level. Genome-wide transcriptome analysis of bronchial cells from
unselected asthmatic patients identified a host of genes that are overexpressed in asthma patients, none of
which had been previously implicated in the pathophysiology of asthma [119]. Three of the most highly
overexpressed, corticosteroid-sensitive and IL-13-dependent genes were investigated in greater detail. The
products of these genes also tended to be overexpressed in asthma patients, but in many cases they
were not. One of these genes, periostin, seems to be an important marker for response to the anti-IL-13
antibody lebrikizumab [120]. Omics technologies thus homed in on the Th2 phenotype previously
identified through pathophysiological hypotheses derived by basic research. But this “bottom-up” approach
can also be used to identify new genes involved in asthma and to demonstrate the diverse pathophysiology
of this disease, since none of the overexpressed genes identified were found to be overexpressed in all
patients.

Non-Th2 biomarkers

While Th2 activation has been precisely and unambiguously characterised in eosinophilic asthma, no
equivalent has been demonstrated in neutrophilic or paucigranulocytic asthma and, as a result, the
inflammation in this rarer group is simply defined by what it is not, ie. non-Th2 inflammation. Other
cytokines have been identified in these non-Th2 forms of asthma, such as IL-17, produced by Thl7
lymphocytes, but the involvement of these lymphocytes is less clear than that of Th2 cells and they may act
together [121]. Recently, a trial to evaluate the efficacy of the anti-IL-17 receptor antibody brodalumab in
asthma produced completely negative results, except in a subgroup of patients who were particularly
responsive to fast-acting B,-agonists [97]. The efficacy of brodalumab in this rare subgroup of severe
asthmatics could be due to the direct action of IL-17 on airway smooth muscle [122]. Thus, in this case, from
a starting point of traditional pathophysiology, a response to a biologic enabled a new highly reversible and
IL-17-dependent asthma phenotype to be defined, the biomarker for which is the B,-agonist reversibility test.
The results of clinical trials of brodalumab underline the gap between animals and humans. Promising results
obtained in anti-IL-17 studies in mice have not been confirmed in humans [83, 123]. The genetic difference
between mice and humans is obvious but it is also difficult to reproduce human complexity in mice, including
comorbidities and exposure to a multitude of factors. This demonstrates the limitations of the traditional
approach to biomedical research. New strategies are needed to improve our knowledge about asthma.

Discovery strategies: from phenotype biomarkers to risk factor biomarkers

The strategies discussed in the previous section correspond to a traditional approach in medicine, which
starts with the patient, then describes phenotypes and develops targeted therapies based on hypotheses
constructed and verified through studies in models. This approach had led to the discovery of numerous
treatments but neglects patients who fall outside the hypothesis. This is the case for most “non-Th2”
patients. However, we stand at the threshold of a complete transformation in biology and in how we
conceptualise medicine, which could offer solutions for these patients and, more generally, a predictive
and preventive approach to asthma [124]. The widespread availability of omics technologies at lower cost
will enable the elucidation of biological phenotypes defined by multiple and sometimes complex
biomarkers (networks of interacting molecules), which in turn, after validation in cohorts and models, will
enable trials of new therapies, developed without a pathophysiological hypothesis. This upending of
traditional concepts is accompanied by the generation of huge quantities of biological data (phenotype
biomarkers), and presupposes the development of powerful and accurate mathematical tools and
algorithms capable of integrating and interpreting the data to deliver diagnostic tools capable of predicting
precise biological phenotypes related to responses to innovative drugs.

In addition to the variables traditionally considered in asthma, such as sex, weight, smoking status,
allergen sensitisation and family history, many other interesting factors could be taken into account in this
new strategy. Genetic studies have contributed to our understanding of the complex, polygenic nature of
asthma susceptibility. There are so many potentially interesting genes implicated in asthma susceptibility
that it would be impossible to describe them all here, but, for instance, the most replicated loci are the
ORMI-like 3 gene (ORMDL3) and the neighbouring gasdermin-like genes (GSDMB) [125]. Other
susceptibility loci identified include IL33 on chromosome 9p24, ILIRLI/ILI8RLI on 2ql2, WDR36/TSLP
on 5q22, HLA-DRA and HLA-DQBI on 6p21, and IL13 on 5q31 [126-129]. The growing interest in the
microbiome in asthma could represent another helpful tool in the detection of predisposition to allergic
sensitisation and asthma [130]. Similarly, in the past few years, diet has increasingly been regarded as an
important issue in asthma. Several studies have demonstrated the benefit of fruit and vegetable
consumption in asthma [131]. In contrast, it has been reported that a high-fat diet has a negative effect on
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FIGURE 1 Comparison between the a) traditional and b) new holistic approach to biomedical research. The traditional approach starts with
observation of symptoms. The symptoms are grouped into syndromes or diseases based on current knowledge of the pathophysiology of the
disease. Phenotype B is detected through cluster analysis. Due to the limited number of variables used, phenotypes A and C are not detected.
Pathophysiological knowledge leads to a focus on the most common, distinctive disease pattern. Cell and animal models are developed in order to
identify targeted therapies for phenotype B. This process excludes rarer and less well understood phenotypes. The use of targeted therapy helps
refine our understanding of the pathophysiology of phenotype B by identifying responders and nonresponders. Responder and nonresponder
biomarkers may be discovered and screened for. In this traditional process, several phenotypes, such as A, C and nonresponders of B, will not
benefit from innovative therapies. In summary, this reductionist process starts with symptoms and culminates in laboratory tests. In the holistic
process, the subject may be symptomatic or healthy and the analysis of each individual takes into account conventional variables as well as a large
body of data including, for instance, their microbiome, genetic data, sputum data, occupation, diet, etc. These data are fed into mathematical
algorithms to model the outcome of each subject, generating “n” models, “n” predicted syndromes and “n” “diseases”. The pathophysiology will be
studied in biological models and in silico models to identify therapies (or management) targeting defined groups (strata) of subjects and to propose
preventive, predictive, personalised strategies. In the holistic process, the subject may be healthy, and the “syndrome” is based on biological data.

asthma, particularly in obese patients [22, 132, 133]. These findings illustrate the complexity of the tools
required to develop predictive and preventive medicine. This holistic approach would ultimately lead to
mathematical modelling of asthma before symptoms develop, providing the opportunity to take action
before the disease manifests, through the identification of risk factor biomarkers (figure 1).

Conclusion

The contributions of both cluster analysis and biological therapies have revealed the possibility of
personalised curative medicine for asthma, based on the concept of tailoring management to the individual
patient, from diagnosis to therapy and patient education. This personalised approach to medicine, which we
could previously only imagine, is already present in our clinical practice. Will things stop there? Probably
not. The growing use of omics approaches will enable the discovery of biomarker-defined phenotypes and
increase our understanding of asthma pathology. The huge volumes of biological data being generated will
no doubt also open up the possibility of personalised preventive medicine, aimed at predicting and
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preventing rather than treating disease, thereby offering individuals the opportunity to take preventive
action before asthma develops. Is this the medicine of tomorrow?
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