Does understanding endotypes translate to better asthma management options for all?
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Summary
Despite the development of novel treatments, improvement in the design of delivery devices, and new technologies for monitoring and improving adherence, the burden of asthma is not decreasing. Predicting individual patient’s response to asthma drugs remains challenging, and the provision of personalized treatment elusive. Although biomarkers such as allergic sensitization and blood eosinophilia may be important predictors of response to inhaled corticosteroids in pre-school children, these relatively cheap and available investigations are seldom used in clinical practice to select patients for corticosteroid prescription. However, for the majority of patients, response to different treatments cannot be accurately predicted. One of the key factors which is preventing further advances is the reductionist view of asthma as a single disease, which is forcing patients with different asthma subtypes into a single group for empirical treatment. This inevitably results in treatment failures, and for some, unacceptable risk/benefit ratio. Approach to asthma today is an example of the traditional symptom (diagnosis)-based, one-size-fits-all, rather than stratified approach, and our guidelines-driven management based on a unitary diagnosis may not be the optimal way to deliver care. The only way to deliver stratified medicine and find a cure is through the understanding of asthma endotypes. We propose that the way to discover endotypes, biomarkers and personalized treatments is through the iterative process based on the interpretation of big data analytics from birth and patient cohorts, responses to treatments in RCTs, in vitro mechanistic studies using human samples and experimental animal models, with technological and methodological advances at its core. 
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Introduction: Lessons from history about the need for patient stratification
For most patients with asthma, little has changed in the management of the disease in recent decades. Inhaled corticosteroids (ICS) are usually used as a first-line preventative medication, with the addition of β2-agonists for symptom relief and/or leukotriene receptor antagonists (LRTAs) as an additional anti-inflammatory controller medication, whilst oral corticosteroids are the mainstay in the treatment of acute severe exacerbations. However, predicting individual patient’s response to any of these drugs continues to be a major challenge for health care professionals, and the provision of personalized treatment appears as elusive as ever.1 Among asthmatic children, response to ICS and LRTAs vary substantially, and a considerable proportion of patients have no or limited improvement (Figure 1).2 Nonetheless, most national and international guidelines, on which most practitioners rely for asthma management, recommend initiation of treatment with ICS and/or short-acting beta-agonists (SABA) upon establishing the diagnosis, which in clinical practice predominantly relies on a “typical” set of symptoms. 
Corticosteroids entered the landscape of asthma treatment in the mid-twentieth century, with the first reports of a beneficial response to systemic treatment dating from the early 1950s.  Concerns about adverse effects associated with systemic corticosteroid therapy stimulated the development of inhaled formulations with high topical/systemic therapeutic ratios to minimize these effects. However, the entire rationale for corticosteroid therapy in chronic asthma was questioned in 1956 by the results of a placebo-controlled trial conducted by the UK Medical Research Council which found that treatment with systemic corticosteroids among patients with chronic asthma had no significant advantage over placebo.3 These findings from today’s perspective seem both surprising and difficult to explain. Equally surprised and puzzled was Dr Harry Morrow Brown (1917-2013), a Consultant in Respiratory Medicine and Allergy in Derby, England. In his clinical practice, Dr Morrow Brown had treated numerous patients with asthma with oral corticosteroids, and often observed dramatic improvements. He therefore decided to conduct his own trial, and treated 90 patients with oral prednisolone. He observed marked symptomatic improvement in 57, partial response in 10, and no benefit in the remaining 23 patients.4 A plausible explanation was that he was treating two different diseases characterized by corticosteroid responsiveness and non-responsiveness. He focused on the presence of eosinophils in the sputum as a possible differentiating factor, to discover that 63/67 patients who had responded to prednisolone had many eosinophils, while those who did not respond to treatment had none.4  His observations were remarkable even by today’s standards: (1) prednisolone is effective in the treatment of chronic asthma, but only if the sputum contains large numbers of eosinophils; (2) if eosinophils are absent in the sputum, improvement is unlikely, and the use of corticosteroids may be contraindicated; and (3) although corticosteroids are effective in suitable cases, the treatment “never does more than suppress the asthmatic state”.4 These extraordinary findings were published in 1958, but attracted little attention and were largely overlooked by most of the medical community at the time and in subsequent decades. This was the first example in asthma of using a biomarker for patient stratification to predict treatment response, and is as relevant today as it was more than six decades ago. However, despite the fact that sputum and/or blood eosinophils are still considered the most reliable predictors of the response to corticosteroids and that the assessment of blood eosinophilia is cheap and widely available, these investigations are seldom used in clinical practice to select patients for corticosteroid prescription. 
Predicting treatment responses in pre-school children
In contrast to the treatment of asthma in school-age, routine administration of systemic or inhaled corticosteroids for severe recurrent wheezing in infancy is generally not recommended, and several randomized-controlled trials (RCTs) have failed to show benefits over placebo in this age group.5,6 Yet, these treatments are widely used in clinical practice, in part because clinical experience appears to suggest that at least some young children seem to benefit.  Whether this observation reflects a beneficial effect of ICS or is a consequence of a fundamentally different trajectory of symptoms among some infants, remains unclear. A further conundrum for practicing pediatricians is that if clinical observation suggests that some infants with severe recurrent wheezing benefit from ICS, the lack of overall benefit in RCTs leads to the logical conclusion that these effects may be offset by  adverse effects in another subgroup.5 Therefore, to adhere with the “Primum non nocere” (First, do no harm) principle, we need to stop the current “trial-and-error” approach, and identify the predictors of response to treatment to facilitate stratification.  
Data are somewhat clearer for children aged 12 months to 5 years.  A recent important study in this age group (The Individualized Therapy for Asthma in Toddlers-INFANT trial) investigated the relationship between response profiles to medications and phenotypic features and biomarkers amongst patients who were on Step 2 of asthma management.7 The results suggested that there was a subgroup who benefitted from the daily use of ICS, who were phenotypically characterized by sensitization to inhalant allergens and blood eosinophil count of 300/μL or greater (Figure 2). In the absence of a placebo group, it remains difficult to ascertain how many children did not benefit from any treatment (one could speculate but not prove that at least a proportion of those not sensitized and with eosinophils<300/μL would fall in this group), or how many did not need any treatment, as their symptoms resolved (which seems likely explanation for some of the non-differential responders); see Figure 2. The results of INFANT trial bring together allergic sensitization and blood eosinophilia as important biomarkers of response to ICS in pre-school children aged one year or over, and we would suggest that every young child who is considered for a long-term preventive treatment with ICS should have these objectively assessed before the decision is made on the commencement of treatment.  However, it is clear these two markers do not capture the full complexity of pre-school wheezing illnesses, and that for the majority of children preferential response to treatment could not have been be predicted. 
A considerable proportion of children do not present with eosinophilic airway inflammation, and the mechanisms leading to symptoms in this group are not well understood. Treatments such as azithromycin have been tested for acute episodes of asthma-like symptoms in children aged 1-3 years, and although the early results appear promising,8 the data cannot be used to justify the use of azithromycin for troublesome wheeze in this age group, and no groups of patients whom benefitted most could be identified. 
Another approach to treating wheeze is to use LTRAs. RCT of intermittent montelukast in preschool children with recurrent wheeze did not demonstrate superiority of montelukast over placebo, but stratification by arachidonate 5-lipoxygenase (ALOX5) promoter genotype, a gene that encodes the rate-limiting enzyme in cysteinyl leukotriene biosynthesis, suggested that there might be a therapeutic advantage in a specific genotype group (ALOX5/5).9 
Asthma: Diagnosis and symptoms without clearly defined mechanisms
After several decades during which we witnessed continually improving asthma outcomes (including reductions in mortality and hospitalizations), the rate of progress has stalled, with little change observed globally in the past 10-15 years10. It seems that despite the development of novel biological treatments, the improved design of delivery devices, and novel technologies for monitoring and improving adherence, the burden of asthma is not decreasing. One of the key factors preventing further advances is the reductionist view of asthma as a single disease, which is still common in clinical practice and research studies.1 
[bookmark: _Hlk3739350]World Health Organization defines asthma as “a disease characterized by recurrent attacks of breathlessness and wheezing, which vary in severity and frequency from person to person” (https://www.who.int/respiratory/asthma/definition/en/), with the emphasis on characteristic symptoms.  Most guidelines favor the additional use of objective tests in establishing diagnosis. For example, the expert group commissioned by the National Institutes of Health (NIH) recommended a multi-allergen screening to define atopy as the core biomarker for asthma.11  Supplemental biomarkers included total and allergen-specific IgE, sputum and blood eosinophils, FeNO and several other analytes.11 However, assessment of allergic sensitization is not recommended by most guidelines, and its use in asthma diagnosis varies greatly between different countries, centers and specialties. A specific pattern of sensitization (“multiple early”) has been shown to be strongly associated with the development and severity of asthma, but its identification required extensive use of statistical and machine learning methods applied on longitudinal skin prick test and specific IgE data.12 Recent technological advances allow the assessment of sensitization in much greater detail, using component-resolved diagnostics (CRD) that measures specific IgE to a large number of allergenic molecules, which may help differentiate between clinically important (“pathologic”) and “benign” sensitization. Analysis of patterns of IgE responses to 112 allergenic molecules measured using a CRD array demonstrated a strong association between asthma and sensitization to a group of 27 components of plant, animal and fungal origin.13 Further studies investigated temporal changes of component-specific IgE responses and have shown that that an early-onset trajectory of grass components and a complex longitudinal mite sensitization pattern increased the risk of asthma substantially,14 and that a cluster comprising IgE to Phl p 1 and Fel d 1 at age 5 years predicted asthma at age 16.15 A recent study which applied network analysis to CRD multiplex array data has shown that the pattern of interaction between component-specific IgEs (rather than IgE to any individual component) strongly predicted asthma, suggesting that it may be possible to develop interpretation algorithms which physicians may use at a point of care to accurately predict current and future asthma risk among sensitized children.16 
The UK National Institute of Health and Care Excellence (NICE) proposed a diagnostic algorithm for childhood asthma in patients with suggestive symptoms, which includes the sequential use of four measures of lung function and inflammation (FEV1/FVC ratio, bronchodilator reversibility, FeNO, and peak flow variability), but not allergic sensitization or eosinophils (https://www.nice.org.uk/guidance/ng80). However, using data from the population-based birth cohort, we have shown a poor agreement between the proposed algorithm and asthma, which raises concerns about its clinical utility in children.17 That poor lung function is associated with asthma is beyond doubt - a number of studies have reported the association between impaired lung function in childhood and persistent wheezing, troublesome childhood asthma, persistent asthma throughout the life course, as well as with COPD in adulthood. However, these observations do not translate directly into the usefulness of spirometry in asthma diagnosis or patient stratification, and the systematic review within the guideline highlighted the paucity of evidence, particularly in children. However, a more thorough analysis of data obtained by spirometry may help us to move beyond the standard spirometric indices (such as FEV1 % predicted and FEV1/FVC ratio), and identify obstruction phenotype patterns which may be better predictors of asthma severity and instability in children.18
In practice, most physicians take a careful clinical history about the suggestive symptoms and enquire about exacerbations and response to medication, without carrying out further tests. Some complete spirometry and measure FeNO, bronchodilator reversibility and/or airway hyperreactivity, assess blood or sputum eosinophilia, and ascertain sensitization status using skin tests or sIgE.  A decision is then made on whether a patient has asthma, although amongst those with asthma diagnosis there is a huge variability across different secondary phenotypes (or domains), with some patients having persistent symptoms and others only transient or intermittent, some having eosinophilia and others not, some having diminished and others normal lung function, some responding well to prescribed treatments and others having a genuinely severe therapy resistant disease (Figure 3). Despite this, for most of those diagnosed with “asthma”, the standard initial treatment is the same, starting usually with ICS and SABA. If these do not control the symptoms, LRTAs or LABA are added, the dose of ICS is increased, and various options tried according to guideline-defined stepwise approach. This approach is forcing patients with different asthma subtypes into a single group for empirical treatment, which will inevitably result in some treatment failures, and in some cases unacceptable risk/benefit ratio. If subtypes of asthma are different diseases with different underlying mechanisms, then the fact that no single objective test/biomarker can diagnose “asthma” is not surprising, and our guidelines-driven management based on a unitary diagnosis is not the optimal way to deliver care. In the following section, we shall paraphrase an opinion expressed in an article which called for a reform of the taxonomy of human diseases,19 and argue that asthma is an archetypical example of the “traditional”, rather that stratified approach to medicine, and that the only way to deliver stratified medicine is to understand asthma endotypes. 
Traditional vs. stratified approaches to patient treatment
In clinical practice and most research studies, asthma continues to be diagnosed as if it is a homogeneous entity, irrespective of the fact that a body of evidence clearly shows that different pathophysiological mechanisms underpin similar clinical presentation in different individuals1 (as recognized and demonstrated by Dr Marrow Brown more than 60 years ago4). The logical consequence of asthma heterogeneity is that the efficacy and safety of different asthma drugs will vary considerably between groups of patients, and that the treatment that may be effective in one group, may have no effect, or may even be harmful for other groups. However, the stepwise approach recommended by most asthma guidelines is an archetype of the traditional approach to patient treatment (Figure 4). A failure to gain symptom control usually leads to a rightward shift in asthma treatment, with the increase in dose and/or number of drugs prescribed to a patient. 
[bookmark: _Hlk4431059]Further problems arise from the fact that when interpreting the results of RCTs, we often use group mean data to summarize and compare the effects of a drug with either placebo or another treatment. A minority of study participants who do not improve, or who get worse when using an Investigational Medicinal Product, are often overlooked. However, in clinical practice, physicians never encounter a “mean patient”, but individuals with unique characteristics of their disease, and treatment responses. Results of the Best Add-on Therapy Giving Effective Responses (BADGER) trial which assessed the differential responses to three step-up therapies (ICS step-up, the long-acting beta-agonist-LABA step-up or the LTRA step-up) in children with uncontrolled asthma receiving low-dose ICS, provide a good example of the heterogeneity of the treatment responses and the potential hazards of relying on mean group responses.20 Although LABA step-up was the most likely best response at the group level, many children (approximately half of study participants) had better response to LTRA or ICS step-up, with no obvious features that could accurately and reproducibly differentiate the responders; thus, the likelihood that LABA step-up would be the best choice for any individual patient is ~50:50, i.e. as good as tossing a coin. What we urgently need are accurate predictors which would enable a prescriber to make an informed decision about which treatment to prescribe, rather than rely on trial and error until perceived success is achieved. One of the aims of stratified approach is to use biomarkers to enable targeted prescribing, thereby improving the benefit/risk ratio of treatment. At its core is the need to move away from the symptom- or diagnosis-based treatments (which is exemplified by current asthma guidelines) towards mechanism-based therapies.
Disaggregating asthma 
Can data science facilitate discovery of endotypes, mechanisms and mechanism-based therapies
There is no doubt that the introduction of ICS and implementation of guidelines have contributed to a marked improvement in all outcomes (including mortality and hospital admissions) between 1980s and the beginning of the 21st century, and that there are areas in which a lot more can be achieved. However, it is also likely that most gains that can be achieved using this model (which includes the standard ‘blockbuster’ model for drugs) have already been accomplished, and that a new approach is needed to make the next breakthrough.1 We would argue that the above-mentioned reductionist view of asthma as a single disease and the lack of understanding of mechanisms leading to different features of the syndrome is the biggest obstacle to making substantial progress towards personalized medicine and finding the cure.  
There is a growing consensus that asthma is a syndrome, an aggregated diagnosis comprising several diseases (endotypes) that are characterized by distinct mechanisms.21 It is important to be clear about the terminology. The term endotype refers to a subtype of a complex condition with defined pathophysiological mechanisms, which are distinct compared to other endotypes. When this definition of endotypes is applied to the current state of knowledge, it is apparent that in the context of asthma no “true” endotypes have been as yet described with certainty, and endotyping remains “a work in progress” which is too early to translate into clinical care.22 It is also likely that common pathways underlie different endotypes, spanning most (if not all) asthma-related diseases. Treatments such as ICS may target these common pathways, and patients with different endotypes may benefit, with a range of responses which depend on the contribution of the common mechanism(s) to individual’s endotype.23 If a drug, such as some of the novel biologics, is targeting a pathway specific for an endotype, then only those belonging to that endotype will benefit.23 However, to move forward, we will have to find a way to disaggregate asthma into its constituent parts and differentiate meaningful asthma endotypes at a population and individual level, and discover their specific mechanisms. This is a prerequisite for endotype-specific target discovery and delivery of stratified treatment.23 
The approach to identify clinically meaningful asthma subtypes using hypothesis-free data-driven techniques which discover “hidden” patterns in large datasets has been reviewed in detail recently,12 and we will provide only a brief overview. Various methods have been taken, from modelling symptoms (usually current wheeze), lung function or biomarker of allergic sensitization, to models which bring together several variables cross-sectionally or longitudinally. Data-driven methods reveal hidden structure within complex data sets, but it is unlikely that derived subgroups (classes or clusters) represents “true” endotypes. The choice of features used in algorithms, or different data transformations, or different methods, can drastically alter results. The number and the type of clusters may be an artefact of the study design, and are influenced by sample size, frequency and timing of data collection, impacting on study conclusions.24 There may be a considerable heterogeneity between individuals within classes which are supposed to be homogenous, which may explain the discrepancies between different studies. Furthermore, the same pattern of symptoms/variables does not necessarily indicate that the same underlying mechanism is responsible. Finally, different mechanisms are not mutually exclusive, and it is possible that patients in whom more than one mechanism is operating may have the most severe disease23. Given these observations, it is not surprising that a study which aimed to determine whether clusters of childhood asthma identified using data-driven techniques among severe asthmatics predicted responses to treatment in several RCTs has shown that therapeutic responses were broadly similar across the clusters.25 This suggests that either the clusters do not represent true asthma endotypes, or alternatively, that most of our treatments are not endotype-specific. In our opinion, data-driven methods are potent and very useful tools to generate hypotheses, but alone will not solve the problem of asthma heterogeneity. Further, we would caution against attempts to use these ‘hypothetical constructs’ in the clinic. 
We should capitalize on the technological advances in -omics technologies, and couple them with careful clinical phenotyping and novel approaches to data analysis to help understand mechanisms and move a step closer to clinical application. For example, exacerbation-prone asthma has been identified as an important asthma subtype, both clinically and using data-driven analyses. However, although respiratory viral infections are recognized as an important trigger of exacerbations, the relatively poor understanding of molecular mechanisms which determine if and when an infection will cause exacerbation is hampering identification of specific therapeutic targets to prevent/treat exacerbation. A recent study used data-driven longitudinal transcriptome network analyses of human nasal and blood samples to identify pathways that are differentially regulated in virus-associated and non-viral exacerbations, reported (amongst other important findings), an upregulation of epithelial-associated SMAD3 signaling as key event in exacerbation regardless of trigger.26 Such approach may help identify novel mechanism-based interventions for the treatment and prevention of exacerbations.
[bookmark: _Hlk527292833]Can focus on disease subtypes improve genetic studies and identify novel therapeutic targets
A genome-wide association study (GWAS) which used a specific subtype of early-onset asthma with recurrent, severe exacerbations as an outcome identified a novel gene, Cadherin Related Family Member 3 (CDHR3) as an associate of this specific subtype, but not of doctor-diagnosed asthma.27 This important discovery was made in a considerably smaller sample size (1,173 cases; 2,522 controls), but using a much more precise asthma subtype than was available in large international consortia which did not detect this association. For example, the largest asthma GWAS to date (Trans-National Asthma Genetic Consortium) with almost 40-fold higher sample size of 23,948 cases and 118,538 controls,28 reported no significant association between CDHR3 and “asthma”, likely due to phenotypic heterogeneity inherent in the  definition of asthma. Mechanistic studies that followed have suggested that CDHR3 may be a receptor for Rhinovirus C, identifying this as a potential therapeutic target.29 
Collectively, these findings highlight how the use of umbrella terms masks the disease heterogeneity, and suggest that the derivation of precise and internally-homogenous clusters may be useful for providing more accurate definition of the primary outcome of interest. However, it remains unclear what is the optimal methodology to derive stable and homogenous clusters for use in genetic and other types of studies.  
The way forward: “Team science” in place of “selfish science”
Pooling the data from different birth cohorts has made it possible to assess the life-course multimorbidity of asthma and allergic diseases, broaden the diversity of environmental exposures, increase the power to detect clinical or biological phenotypes, their genetic and environmental determinants and their interactions. However, there are considerable challenges in bringing together data from different studies, arising from heterogeneity between cohorts in timing of measurements, missingness (including measures missing completely from some studies), rates of dropout, and direction and magnitude of measurement bias (recall, measurement error, etc). These challenges can be addressed using novel statistical algorithms, and methods for harmonization of data from diverse cohorts have been developed.  However, we should not only focus on harmonization, but should also exploit the “useful” heterogeneity between the cohorts. For example, the UK STELAR consortium capitalizes on a large sample size in one of its cohorts (ALSPAC) to provide confidence that the latent structure(s) uncovered using data-driven methods are true, and to facilitate genetic analyses. The analyses on risk factors and mechanisms of the discovered clusters can be carried out in smaller cohorts with richer environmental, mechanistic and biomarker data. 
[bookmark: _Hlk8813963]However, although birth cohort consortia include large numbers of participants, the proportion with severe disease is inevitably low. Most cohorts are non-interventional, which limits the causal inferences that can be drawn. Neither issue is likely to be addressed by recruiting ever larger cohorts, emphasizing the importance of enhancing the resource with new approaches. Patient cohorts are collecting data which complement the information gained from birth cohorts (e.g. deeper clinical characterization at multiple time points during shorter periods, more precise assessments of therapeutic responses), and often collect biological samples which are not feasible in birth cohorts (for example bronchoscopic lower airway samples). We should also use responses to treatment in RCTs and pharmacogenomics to facilitate endotype discovery. Full clinical trial reports are increasingly made publicly available to enable independent re-analysis of drugs' benefits and risks, and methodologies has been developed to facilitate combining longitudinal data from clinical trials. Emergence of biologics can provide critically important information for endotype discovery, as identification of “responders” to treatment may point out at the pathways causing disease expression in different subgroups. There is a key role for industry to facilitate the integration of clinical trials data with birth and patient cohorts in the unified discovery platform, and test novel targets. However, we should re-think the definition of “treatment response", which is currently driven by the needs of regulatory agencies and efficacy trials, often using single domains such as lung function or exacerbations. One way to achieve a more holistic view of the response to treatment is through application of data science to identify patterns of response across multiple disease domains (e.g. symptoms, exacerbations, lung function, patient-reported outcomes etc.).  
We propose that bringing together data from different studies (birth cohorts, patient studies and RCTs) can provide invaluable insight into the disease mechanisms, biomarkers and predictors of future risk, and the response to treatment.23 This will allow the triangulation (integration of evidence from several different approaches with differing and unrelated sources of bias) to improve causal inference.30 To be genuinely useful, this must be coupled with biological interpretation,23 which can only be generated in mechanistic studies in human and animal models. We support the proposal that no intervention study (including RCTs) should be funded or approved without incorporating investigation of mechanisms to generate data for mechanistic endpoints.23 Put together, all of this points to a need for the integration of all steps of the research process. Endotypes, biomarkers and personalized treatments will be discovered only through the iterative process based on the interpretation of “big data analytics” from birth and patient cohort with careful clinical phenotyping and multiple -omics data, responses to treatments in RCTs, in vitro mechanistic studies using human samples and in vivo experimental animal models, using technological and methodological advances at its core (Figure 5). We will have to address the challenge of forming multidisciplinary teams, while at the same time recognizing aspirations of individuals, and consider how to reform the reward system of medical science, which currently favors selfish science over team science. So, to answer the question posed by this article: Does understanding endotypes translate to better asthma management options for all? – not as yet, but discovering and understanding asthma endotypes is the only way to move from diagnosis-based treatments towards mechanism-based stratified medicine.
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Legend for figures:

Figure 1. Variability of response and differential response to fluticasone and montelukast, as measured by change in FEV1. Four regions show categories of response, defining a favorable response as 7.5% or greater; from Szefler et al. Characterization of within-subject responses to fluticasone and montelukast in childhood asthma. J Allergy Clin Immunol 2005; 115(2): 233-42., with permission
[bookmark: _Hlk7519196]Figure 2. Cumulative probability of an exacerbation requiring systemic corticosteroids stratified by the combinations of aeroallergen sensitization and blood eosinophil counts in the Individualized Therapy for Asthma in Toddlers (INFANT) trial; from Fitzpatrick et al. Individualized therapy for persistent asthma in young children. J Allergy Clin Immunol 2016; 138(6): 1608-18.e12; with permission 
Figure 3: Asthma: An umbrella diagnosis comprising subgroups of patients with a considerable variability across different domains, with some patients having persistent symptoms and others only transient or intermittent, some having eosinophilia and others not, some having diminished and others normal lung function, some responding well to prescribed treatments and others having a genuinely severe therapy resistant disease; reimagined from Howard et al, 
Curr Allergy Asthma Rep. 2015 Jul;15(7):38.
[bookmark: _Hlk7519519]Figure 4. Traditional and stratified approaches: most asthma guidelines are an archetype of the traditional approach to patient treatment. Based on Lonergan M et al, Drug Discovery Today 2017; 22(1):173-9; with permission
[bookmark: _Hlk7519545][bookmark: _GoBack]Figure 5. From endotype discovery to stratified treatments in asthma: Integration of the research process to discover asthma endotypes in the iterative process based on the interpretation of big data analytics from birth and patient cohorts, responses to treatments in RCTs, in vitro mechanistic studies using human samples and experimental animal models, using technological and methodological advances at its core; based on Saglani S, Custovic A. J Respir Crit Care Med 2019; 199(4): 414-22
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