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Abstract 

 

Asthma is a common chronic inflammatory condition of the airways affecting over 300 million 

people worldwide. In 5-10% of cases it is severe, with disproportionate healthcare resource 

utilisation including costs associated with frequent exacerbations and the long-term health 

effects of systemic steroids. Characterisation of inflammatory pathways in severe asthma has 

led to development of targeted biological and small molecule therapies which aim to achieve 

disease control whilst minimising corticosteroid-associated morbidity. Herein we review 

currently licensed agents and those in development, and speculate how drug therapy for severe 

asthma might evolve and impact on clinical outcomes in the near future. 
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Introduction 

 

Asthma is a common airways disease, affecting over 300 million people worldwide [1], 

characterised by fluctuating symptoms of wheeze, dyspnoea, chest tightness and cough, 

accompanied by variable airflow obstruction [2]. 

 

Current guidelines recommend that pharmacological therapy for uncontrolled disease is 

escalated in a step wise manner, without phenotypic differentiation, until a patient is classed to 

have severe asthma [2, 3].  Severe asthma is defined in those for whom ‘guidelines suggested 

medication for Global Initiative for Asthma (GINA) steps 4-5 asthma (high dose inhaled 

corticosteroids (ICS) and long-acting beta-2-agonists (LABA) or leukotriene receptor 

antagonist (LTRA)/theophylline) or regular oral corticosteroids are required for ≥50% of the 

previous year to prevent it becoming uncontrolled or which remains uncontrolled despite this 

therapy’. Poor control exists in those who remain symptomatic, experience frequent or serious 

exacerbations or demonstrate reduction in lung physiology [4]. Non-adherence and co-

morbidities are common reasons for suboptimal treatment response, and these should be 

assessed and managed before asthma is considered refractory [4]. 

 

Severe asthma affects 5-10% of the total asthma population [4], but accounts for a 

disproportionate amount of asthma spending [5, 6], including direct costs such as scheduled 

and unscheduled care visits and pharmacotherapy, and indirect costs due to time off work and 

early mortality. Many severe asthmatics require treatment with maintenance systemic 

corticosteroids or frequent short courses which are associated with significant morbidity [7]. 

Based on the burden to the individual asthma sufferer and healthcare services, severe asthma 

remains a significant unmet clinical need.   
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As our understanding of the immunopathology of severe asthma has progressed, drugs are 

increasingly more specific; typically targeting single cytokines or their receptors. The 

underlying disease heterogeneity indicates that responses to treatment are unsurprisingly 

variable and are both phenotype and outcome specific [8]. It is therefore important to determine 

the different domains of the disease; including clinical expression, inflammation, disordered 

airway physiology and airway remodelling or damage. Some of these domains are amenable 

to current treatment strategies and have been described as ‘treatable traits’ [9, 10]. This has 

clinical utility, but importantly will change if those aforementioned features that are currently 

not easily ameliorated become successfully managed with emerging treatments. Biomarkers 

are used to identify these responder phenotypes, which themselves might represent mechanistic 

pathways underlying the pathophysiology driving the disease (i.e. endotypes) [11].  

 

In this article we present an overview of the pathophysiology of severe asthma, then use 

evidence from key clinical trials to discuss corresponding treatment options, and their impact 

upon different severe asthma phenotypes and specific clinical outcomes.      

 

Pathophysiology 

 

The pathophysiology of asthma is a consequence of complex host-environment interactions 

that occur over time and across the spatial scales of the disease, from gene to proteins through 

to tissue and organ, impacted upon by environmental exposure to allergens, pathogens (viruses, 

bacterial and fungi) and pollutants such as smoking and particulates.  The current focus of 

asthma therapies is upon airway inflammation. The inflammatory endotype type 2 (T2) 

immunity high is well-described [12-14] and has been the major focus of pharmacotherapy. 
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Beyond T2-mediated inflammation there is non-T2 inflammation [15, 16] e.g. elevated T1 and 

T17-immunity, and other important processes that can co-exist or occur independently of 

inflammation; namely airway hyperresponsiveness, airway remodelling, cough reflex 

hypersensitivity and recurrent infection. To date the features which are beyond T2-

inflammation remain inadequately addressed by current therapies. 

 

T2-mediated eosinophilic inflammation (Figure 1) is the most common inflammatory 

endotype, demonstrated in 80% of corticosteroid naïve and 50% of corticosteroroid treated 

patients [17, 18], and may be underestimated due to the suppressive effects of treatment [19]. 

In children and childhood-onset disease particularly, it is often associated with allergy [20], 

however it can exist independent of this [21]. In allergic asthma, dendritic cells stimulate T-

helper 2 (Th2) cells in the presence of coactivators such as epithelial derived thymic stromal 

lymphopoetin (TSLP), with subsequent production of the characteristic T2 cytokines 

interleukin (IL)-4, IL5 and IL13. TSLP, along with the other epithelial ‘alarmins’ IL25 and 

IL33, activates type-2 innate lymphoid cells (ILC2) promoting T2 inflammation, and 

upregulating IL-5 and 13 (but not 4) in response to epithelial insult in non-allergic disease [22]. 

IL5 is an integral cytokine involved in recruitment, maturation and survival of eosinophils. IL4 

and IL13 also facilitate eosinophil trafficking into tissue via upregulation of adhesion receptors 

on the vascular endothelium. Eosinophils are recruited to the lung mucosa under the influence 

of the chemokines acting via the CC-chemokine type 3 receptor and by activation of 

prostaglandin D2 type 2 receptor (DP2), also termed chemoattractant receptor-homologous 

molecule expressed on Th2 cells (CRTH2) [23]. Importantly, DP2 is also expressed by T2-

lymphocytes, ILC2 and mast cells [24-26]. Release of eosinophil products cause damage 

directly to the bronchial epithelium and may also cause bronchoconstriction through release of 

cysteinyl leukotrienes. IL4 promotes B cell production of immunoglobulin E (IgE) following 
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B-cell class switching. IgE then binds with high affinity to mast cells, which following cross-

linking by allergen results in degranulation with release of granule products, eicosanoids and 

cytokines which contribute to the overall inflammatory milieu and activation of the structural 

cells bronchial epithelium, mucous glands, goblet cells and airway smooth muscle. IL13 also 

increases the airway smooth muscle response and is involved in mucus hypersecretion [27]. 

Biomarkers of T2 inflammation which may be useful, alone or in combination, to predict 

response to treatments include sputum and blood eosinophils, exhaled nitric oxide (FeNO) and 

periostin [11].            

 

T2 low inflammation is less well understood but is associated with later onset, non-atopic 

disease which is poorly responsive to corticosteroids [15]. Where inflammation is present it is 

typically neutrophilic in response to increased CXCR1/2 chemokines such as CXCL8. 

Activation of T1/T17 pathways or type 3 innate lymphoid cells have been implicated in T2 low 

disease [22] but the role of these pathways in asthma is unclear [28]. Indeed, T1/17 pathways 

are upregulated following suppression of T2 immunity, suggesting that a proportion of T2 low 

disease may be iatrogenic [29]. Some patients exhibit a pauci-granulocytic inflammatory 

profile, whereby there is no increase in airway granulocytes. This subgroup is associated with 

more benign disease with fewer exacerbations [30]. 

 

Airway hyperresponsiveness (AHR) is characterised by increased airway narrowing that can 

occur in response to direct or indirect stimuli. AHR is a consequence of heightened airway 

smooth muscle contractility and can occur independent of the inflammatory profile. Primary 

airway smooth muscle cultures from asthmatics demonstrate exaggerated contractility in part 

due to increased activation of nicotinamide adenine dinucleotide phosphate-oxidase 4 (NOX4) 

[31] expression with release of reactive oxygen species. In vivo mast cells are co-located to the 
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airway smooth muscle bundle and their number are associated with the degree of AHR [32]. 

In co-culture mast cells promote airway smooth muscle survival, activation and contractility 

via mast cell-derived IL-6 and 13, and stem cell factor [33, 34].  

 

Airway remodelling reflects structural changes in the airway including ciliary dyskinesia, 

epithelial damage, goblet cell and mucous gland hyperplasia, sub-epithelial collagen 

deposition, increased myofibroblast and fibrocyte number, and airway smooth muscle 

hyperplasia and hypertrophy [32]. Increased airway smooth muscle mass is the strongest 

predictor of airflow limitation [35, 36] and is associated with computed tomography-derived 

airway narrowing [37]. Small airway obliteration is a consequence of airway wall remodelling, 

oedema secondary to increased vascularity, and mucus plugging. Importantly, airway 

remodelling can occur in childhood before evidence of airway inflammation, suggesting this is 

an important feature of asthma severity independent from rather than a consequence of chronic 

inflammation [38].  

 

Recurrent infection is observed in severe asthmatics who have increased susceptibility to viral 

exacerbations [39, 40] and S. pneumoniae [41] lower respiratory tract infections. Persistent 

colonisation with bacteria, particularly proteobacteria such as H. influenza [42, 43] and fungi 

such as A. fumigatus [44], is a feature of some severe asthmatics and whether this is partly a 

consequence of corticosteroid therapy is unclear. Co-existent bronchiectasis is present in 40% 

of severe asthmatics [45] and this airway damage contributes to persistent colonisation and 

recurrent infection observed in severe asthma.  

 

Cough reflex hypersensitivity is a feature of asthma. It is associated with airway inflammation 

and typically responds to corticosteroid therapy in the presence of T2-inflammation [46]. 



8 
 

However, it can remain refractory and the predominant feature in some severe asthmatics. 

Therapies targeting the cough reflex in patients with chronic cough rather than specifically 

for asthma are under development and will not be discussed further in this review. 

 

Treatment by pheno/endotype 

 

T2 high disease 

As above, T2 predominant disease is the most common inflammatory profile, and the focus of 

several treatments in development including biological agents and small molecules (Figure 1, 

table 1). We will consider agents licensed and in late phase trials.  

 

Currently licensed biological treatments 

Anti IgE: Omalizumab 

The first biological therapy approved for the treatment of asthma was the anti-IgE agent 

omalizumab. It is licensed for use in moderate-to-severe atopic asthma in patients aged 6 years 

and over, with proven aeroallergen sensitisation. Omalizumab reduces circulating IgE in the 

blood and interstitial space, and inhibits IgE binding to high and low affinity receptors on mast 

cells, basophils and dendritic cells, leading to receptor downregulation and reduced recruitment 

of inflammatory cells downstream. A Cochrane meta-analysis of omalizumab [47] as add-on 

therapy in moderate-to-severe asthma demonstrated a significant reduction in exacerbations in 

both stable disease and when used as a steroid sparing agent, however subgroup analysis of 

those with severe disease (including oral corticosteroid dependency) alone did not demonstrate 

a clear benefit, questioning its utility in this group. Serum IgE levels were not found to be 

predictive of a treatment response [48, 49], however, a post-hoc analysis showed that high 

levels of the T2 biomarkers FeNO, blood eosinophils and periostin, did identify those with a 
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greater benefit [50]. Clinical trials are ongoing to assess whether other biomarkers can identify 

a clear target population [51]. As yet there are no direct head-to-head comparisons between 

omalizumab and other biologic agents for use in T2 high disease.  

 

Anti-IL5: Mepolizumab and Reslizumab 

Mepolizumab is an anti-IL5 agent licenced for use as add-on therapy for severe eosinophilic 

asthma in patients aged 12 years or older. Initial studies assessing effect on airway physiology 

questioned mepolizumab’s utility [52, 53], however, as studies progressed through phase 2, the 

focus of study primary outcomes narrowed to asthma exacerbation rates [54] and potential for 

oral corticosteroid reduction [55], highlighting the critical nature of appropriate trial design and 

patient selection. The randomised, double blind, placebo controlled DREAM trial [56] 

evaluated intravenous mepolizumab versus placebo in eosinophilic asthmatics with a history 

of recurrent severe exacerbations (at least 2 in the preceding 12 months) at doses of 75mg, 

250mg and 750mg administered at 4 weekly intervals over a year. Clinically significant 

reductions in severe exacerbations were seen at all doses. Although reductions in sputum 

eosinophils were dose dependent, exacerbation reduction was similar across the treatment 

groups; the first trial to demonstrate therapeutic effect in the lower 75mg dose. Atopic status 

was not predictive of response, indicating a different treatment population compared to anti-

IgE therapy. A subsequent trial [57] compared low dose intravenous mepolizumab to an 

equivalent subcutaneous dose in 576 exacerbating asthmatics with evidence of eosinophilia 

despite corticosteroid treatment. Exacerbation rates were reduced by 47% in both treatment 

groups. The SIRIUS trial [58] examined the steroid-sparing effect of subcutaneous 

mepolizumab over 20 weeks in 135 severe, eosinophilic asthmatics. Median reduction of oral 

corticosteroid dose was 50% in the treatment group compared to 0% in those receiving placebo; 

despite which a significant reduction in exacerbations were also reported. Phase 3b data [59] 
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focusing primarily on the impact of mepolizumab treatment on asthma related quality of life 

scores demonstrated that in 551 patients over a 24 week period, use of mepolizumab 

significantly improved St George’s Respiratory Questionnaire (SGRQ) score with a treatment 

difference of -7.7 when compared to placebo (p<0.0001). Reduction in exacerbations were 

consistent with previous data. An un-blinded, observational follow up study by Haldar [60] 

demonstrated that treatment benefits are not sustained on withdrawal of treatment, with no 

significant reduction in exacerbation rates in the mepolizumab group versus placebo over the 

12 months following treatment cessation. Studies support the blood eosinophil count as a 

simple and reliable biomarker of response, although there is considerable debate over the 

threshold indicative of a positive result. 

 

Reslizumab is another anti-IL5 agent recently licensed for use as add-on maintenance therapy 

for adults with severe eosinophilic asthma. Following an initial study demonstrating good 

effect in patients with nasal polyposis [61], 2 parallel phase 3 trials were reported [62] which 

randomised 953 subjects on high dose asthma treatment with a history of exacerbations to 4-

weekly reslizumab infusions versus placebo, with the primary outcome exacerbation rate over 

52 weeks. Eosinophilia was defined as a blood eosinophil count >400 cells/µL. Exacerbations 

were defined as a new requirement for oral corticosteroids, a two-fold increase in current dose 

of oral or inhaled corticosteroid for at least 3 days, or asthma-related emergency treatment and 

were analysed as such dependent on physician assessment, 20% reduction in forced expiratory 

volume in 1 second (FEV1) or a 30% reduction in peak expiratory flow rate (PEFR) over 2 

consecutive days. Exacerbation rates were reduced by rate ratio (RR) 0.5 in study 1 and 0.41 

in study 2 (p<0.0001). Time to first exacerbation was increased in those receiving reslizumab 

and statistically significant improvements were seen in FEV1, asthma control scores and blood 

eosinophil counts. A secondary analysis by baseline treatment demonstrated the most 
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significant improvements in exacerbation rates and lung function in those at GINA step 5 [63]. 

As with the other licensed biologic agents, no direct comparisons exist but a subsequent trial 

has evaluated the effects of reslizumab in a small population of patients previously treated with 

mepolizumab for a minimum of 12 months [64]. 10 eosinophilic, oral corticosteroid dependent 

patients received 2 infusions of placebo followed by 4 infusions of reslizumab. Sputum and 

blood eosinophils were significantly reduced, associated with improvements in FEV1 

(p=0.004) and Asthma Control Questionnaire (ACQ)-5 scores (p=0.006), with a greater 

reduction in sputum eosinophil count with reslizumab compared to mepolizumab. Providing 

space for regular infusion-based treatment may limit use in some clinical services at present, 

however trials of subcutaneous reslizumab are ongoing [65]. 

 

Licensed agents: Safety and tolerability 

Limited long term safety data exists for the newer agents however clinical trials suggest they 

are overall safe and well tolerated. Anaphylaxis can occur, although has been reported in small 

numbers and post dose monitoring is suggested in clinical practice. Concerns that omalizumab 

increases risk of malignancy have not been confirmed in a five year post-marketing study [66] 

and an increased severity of disease in the treatment population may have contributed to a 

higher incidence of cardio- and cerebrovascular events reported in patients receiving 

omalizumab [67]. The most frequently reported adverse effects associated with biologic agents 

are similar and include headaches, nasopharyngitis and upper respiratory tract infections. 

 

Emerging treatments - beyond phase 2 

Anti IL5R: Benralizumab 

In contrast to the anti-IL5 agents described, benralizumab targets the α-subunit of the IL5 

receptor expressed on eosinophils and basophils and may confer additional benefit through its 
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ability to stimulate active antibody-dependent cell mediated depletion of inflammatory cells 

and progenitors, compared to passive clearance of IL5 [68]. Phase 2 trials demonstrated 

reduced exacerbation rates in moderate to severe exacerbating eosinophilic asthmatics on a 4 

to 8-weekly dosing schedule [69] which lead to the phase 3 trials CALIMA and SIROCCO 

[70, 71]. In CALIMA, 1306 patients with history of severe asthma on moderate to high dose 

treatment with history of at least 2 exacerbations in the preceding year received 30mg 

benralizumab subcutaneously 4 or 8-weekly or placebo. In patients with blood eosinophil 

counts >300 cells/µL, significant reductions in exacerbations were seen at both dosing 

regimens over the 48 week study period (Q4W RR 0.64, p=0.0018, Q8W RR 0.72, p=0.018). 

The cohort receiving treatment 8-weekly also demonstrated significant improvements in 

asthma symptom scores. SIROCCO included patients on high dose treatment with an otherwise 

similar design. Exacerbation rates were reduced (Q4W RR 0.55, p<0.0001, Q8W RR 0.49, 

p<0.0001) and significant improvements in lung function were seen. Nasopharyngitis was 

noted to be the most common adverse effect associated with treatment. Subanalyses have been 

completed using an eosinophil cut off of 150 cells/µL with statistically significant reductions 

in exacerbation rates also seen at this level [72], although higher blood eosinophils and more 

frequent exacerbations did predict greater improvements [73]. Oral glucocorticoid sparing 

effect was evaluated by Nair and colleagues [74] in 220 patients with oral glucocorticoid 

dependence and blood eosinophils >150 cells/µL. Patients were randomised to benralizumab 4 

or 8-weekly or placebo with glucocorticoid dose reduced by 75% in those on treatment 

compared to 25% with placebo, and complete cessation achieved in approximately 50% on 

treatment. Despite steroid reduction, asthma control was maintained with a significant 

reduction in exacerbations and no deterioration in FEV1. A novel study of benralizumab 

administered in the emergency department in the setting of acute asthma exacerbation [75] 

demonstrated improved rates of recovery, however further work would be required to define 
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the use of biologics in this setting. Benralizumab is likely to obtain license for use in clinical 

practice in future and the less frequent, 8-weekly dosing schedule may be attractive when 

compared to other agents to improve adherence. 

 

Anti-IL4R: Dupilumab 

Dupilumab is a monoclonal antibody directed against the α-subunit of the IL4 receptor which 

inhibits both IL4 and IL13 signalling, an attractive target in view of the potential downstream 

effects of blocking both cytokine pathways. Phase 2a data from Wenzel et al. [76] demonstrated 

an impressive 87% reduction in exacerbations in asthmatics with blood eosinophils >300 

cells/µL, however, maintenance medication in those receiving placebo was reduced over the 

trial duration, potentially enhancing the apparent effects. A phase 2b trial [77] randomised 

patients uncontrolled on medium-high dose therapy to 2 doses of subcutaneous dupilumab, 2 

or 4-weekly versus placebo for 24 weeks. Primary outcome examined FEV1 change in the 

eosinophil high group, with significant improvement seen in all groups except those on the 

lower 4-weekly dosing schedule. Overall, improvements in lung function and an approximately 

70% reduction in exacerbation rate was demonstrated irrespective of baseline eosinophil count, 

with most common adverse effects including upper respiratory tract infection and injection site 

reaction. Controller treatment was stable throughout the treatment phase. Preliminary reports 

from recent phase 3 trials [78] have demonstrated significant reduction in annual exacerbation 

rates, with effects increasing according to baseline blood eosinophil count (46% reduction 

overall, 60% in eosinophils >150 cells/µL, 67% in eosinophils >300 cells/µL, p<0.001). Pre-

bronchodilator FEV1 at 12 weeks significantly improved in all groups with a 240ml 

improvement in those with eosinophils >300 cells/µL. In severe oral corticosteroid-dependent 

asthma dupilumab significantly reduced corticosteroid use, asthma attacks and improved lung 

function. These benefits were greater in those with higher baseline blood eosinophil counts, 
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but importantly were also observed in the group as a whole with or without high eosinophil 

counts. Dupilumab has also demonstrated efficacy for treatment of atopic dermatitis and 

chronic sinusitis with nasal polyposis [79, 80]. Earlier studies of IL4 inhibition alone and more 

recently phase 3 studies of the anti-IL13 biologics lebrikizumab [81] and tralokinumab [82] 

have failed to meet their primary endpoints of exacerbation reduction, suggesting that the 

combined effect of inhibiting both IL-4 and 13 is necessary to observe sufficient clinical 

efficacy for this aspect of the disease. Interestingly in subjects with activated IL13 axis, as 

evidenced by biomarkers such as FeNO and blood periostin, there is a consistent improvement 

in lung function in subjects treated with anti-IL13 versus placebo which might be a 

consequence of direct effects of IL13 upon airway smooth muscle. Thus the benefits in lung 

function in response to dupilumab might be largely via inhibition of IL13 signalling. 

 

Anti-DP2: Fevipiprant 

DP2 represents an attractive target in asthma having been demonstrated to be involved in 

actions of multiple T2 effector cells in addition to eosinophils, including Th2 cells, ILC2s, and 

airway epithelial cells [23-26]. Elevated levels of DP2 are seen in broncho-alveolar lavage of 

asthmatics, with increased numbers of DP2 positive cells increasing in correlation with disease 

severity [83], highlighting potential as a therapeutic target.  Fevipiprant, an oral anti-DP2 

treatment, was trialled in moderate to severe asthmatics with evidence of sputum eosinophilia 

[84] in a single-centre, placebo-controlled randomised controlled trial. Significant 

improvements were seen in eosinophilic inflammation in both sputum and the bronchial 

submucosa over the 12-week study period. Fevipiprant also improved symptom control, quality 

of life and lung physiology compared to placebo. Importantly epithelial and mesenchymal cells 

express DP2, and fevipiprant also impacted on airway remodelling with improved epithelial 

integrity and, for the first time in any placebo-controlled drug trial, a reduction in airway 
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smooth muscle mass [85]. The impact on airway smooth muscle is a consequence of both a 

reduction in airway inflammation and a direct effect upon airway smooth muscle migration and 

activation. Outcomes of subsequent clinical trials are eagerly awaited.  

 

Anti-TSLP: Tezepelumab 

Thymic stromal lymphopoeitin is an epithelial-derived cytokine, released in response to 

environmental and pro-inflammatory stimuli with downstream effects on a number of cells 

including dendritic cells, T and B cells and ILC2s [86]. Levels are higher in asthmatics 

compared to healthy controls and correlate with disease severity [87, 88]. Tezepelumab is an 

IgG2 monoclonal antibody which binds to TSLP preventing interaction with the TSLP receptor 

complex, shown to inhibit early and late asthmatic responses and T2 biomarkers [89]. A phase 

2 trial [90] investigated the effect of tezepelumab in moderate to severe, exacerbating 

asthmatics at 3 dose ranges. Significantly less exacerbations were seen at all doses (0.26, 0.19, 

0.22 vs 0.67 in placebo group, p<0.001 in all) and was irrespective of eosinophil count or other 

T2 biomarkers, although substantial reductions in these measures were noted. Significant 

improvements in lung function were shown universally and persisted for the duration of the 

trial. Rates of adverse events were similar in placebo and treatment groups. 3 serious adverse 

events were deemed related to the trial agent; one case of pneumonia and stroke in the same 

patient receiving low dose treatment, and one case of Guillain-Barre syndrome in the medium 

dose group. These results confirm the significant role of epithelial cytokines in asthma 

pathogenesis and suggest that targeting upstream cytokine pathways may improve control 

across inflammatory profiles, representing a promising option for those with T2 disease but 

also possibly beyond T2-mediated inflammation.  
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Table 1: Biological agents for moderate-severe asthma: Results since 2010 of phase 3 programmes (or phase 2 trials for ongoing phase 3 

programmes) 

Drug 
Target 

Reference Population Dose/duration Primary outcomes Secondary outcomes 

Mepolizumab 
Anti-IL5 
 

Chupp LRM 2017 
MUSCA Phase 
3b[59] 

Adults and children (>12 years), n = 556 
≥2 exacerbations in last year 
Background therapy: high dose inhaled corticosteroid plus additional 
controller(s) 
Pre-bronchodilator FEV1 < 80% in adults ≥ 18 years (<90% in 12-17 
years) 
Blood eosinophils ≥300/µl in last 12 months or ≥150/µl at screening 

100mg SC 
Q4W 
24 weeks 

SGRQ: 
↓ score by 7.7 vs placebo  
 
 

↓ exacerbation rate 
42% 
↑ FEV1 120ml 
 
 

Bel NEJM 2014 
SIRIUS Phase 
3[58] 

Age range: 16-74 years, n = 135 
Background therapy (5 to 35 mg/day of prednisone or its equivalent) for 
> 6 months 
Blood eosinophil count ≥150 cells/µL at screening or ≥300 cells/µL in 
the last year 

100mg SC 
Q4W 
20 weeks 

Oral corticosteroid use: 
↓oral corticosteroid use 
(~50%) 

↓ exacerbation rate 
~32% 
↓ ACQ (~0.52) 

Ortega NEJM 
2014 
MENSA Phase 
3[57] 

Adults and children (aged ≥12 years), n = 576 
≥2 exacerbations in last year 
Background therapy (≥880 μg/day fluticasone propionate equivalent) for 
>3 months and an additional controller 
Blood eosinophil count ≥150 cells/µL at screening or ≥300 cells/µL in 
the last year 

75mg IV Q4W 
or 100mg SC 
Q4W  
32 weeks 

Exacerbation rate: 
↓ exacerbation rate ~50% 

↑ FEV1 (100 mL) 
↓ ACQ (~0.43), 
SGRQ (~7) 

Reslizumab 
Anti-IL-5 

Corren Chest 2016 
Phase 3[91] 

Adults and children (12 – 65 years), n = 492 
ACQ ≥1·5 
Background therapy (≥440 μg/day fluticasone propionate equivalent) for 
>1 month and an additional controller 
Bronchodilator response >12% 

3mg/kg IV 
Q4W 
16 weeks 

FEV1 at week 16 
↔ FEV1 

EosinophilHigh: 
↑ FEV1 (270 mL) 
↓ ACQ (0.49) 
No benefits in 
eosinophilLow group 

Bjermer Chest 
2016 
Phase 3[92] 

Adults and children (12 – 75 years), n = 315 
ACQ ≥1·5 
Background therapy (≥440 μg/day fluticasone propionate equivalent) for 
>1 month and an additional controller 
Blood eosinophil count ≥400 cells/µL 

0.3mg/kg IV 
Q4W or 
3mg/kg IV 
Q4W 
16 weeks 

FEV1 at week 16 in 
eosinophilHigh: 
↑ FEV1 (~140 mL) 

↓ ACQ (~0.3), 
↑ AQLQ (~0.3) 

Castro LRM 2015 
Phase 3[62] 

Adults and children (12 – 75 years), n = 953 (study 1 n=489, study 2 
n=464) 
≥1 exacerbation in last year 
ACQ ≥1·5 
Background therapy (≥440 μg/day fluticasone propionate equivalent) for 
>1 month and an additional controller 

3mg/kg IV 
Q4W 
52 weeks 

Exacerbation rate 
(eosinophilHigh 
only recruited >400 cells/µL): 
↓ exacerbation rate ~60-80% 

↑ FEV1 (100 mL) 
↓ ACQ (~0.25), 
↑ AQLQ (~0.23) 
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Bronchodilator response >12% 
Blood eosinophil count ≥400 cells/L 

Benralizumab 
Anti-IL-5R 
 

Nair NEJM 2017 
ZONDA Phase 
3[74] 

Adults (18 – 75 years), n = 220 
Background therapy (7.5 – 40mg/day prednisolone or its equivalent for > 
6 months) 
Blood eosinophils ≥150 cells/µL at screening 

30mg SC 
Q4W or Q8W 
28 weeks 

Oral corticosteroid use: 
↓oral corticosteroid use (75%) 

↓ exacerbation rate 
55-70% 
 

Bleecker Lancet 
2016 
SIROCCO Phase 
3[71] 

Adults and children (12 – 75 years), n = 1205 
≥2 exacerbations in last year 
ACQ ≥1.5 
Background therapy ICS plus LABA for ≥1 year before enrolment (high-
dose ICS in adults and moderate-to-high in children) and another 
controller 
Pre-bronchodilator FEV1 <80% (adults), <90% (children), 
bronchodilator response >12% 

30mg SC 
Q4W or Q8W 
48 weeks 

Exacerbation rate in 
eosinophilHigh: 
↓exacerbation rate (~50%) 

↑ FEV1 (110 mL) 
↓ ACQ (~0.25), 
↑ AQLQ (~0.25) 

Fitzgerald Lancet 
2016 
CALIMA Phase 
3[70] 

As per SIROCCO, n = 306 30mg SC 
Q4W or Q8W 
56 weeks 

Exacerbation rate in 
eosinophilHigh: 
↓exacerbation rate (~30%) 

↑ FEV1 (~120 mL) 
↓ ACQ (~0.2), 
↑ AQLQ (0.2) 

Dupilumab 
Anti-IL4Rα 
 

QUEST  
Phase 3[78] 

Adults and children (≥12 years), n = 1902 
Background therapy ≥250 mcg of fluticasone BD - 2000 mcg/day 
fluticasone and another controller 

200mg SC 
Q2W or 
300mg SC 
Q2W 
52 weeks 

Exacerbation rate:  
↓ exacerbation rate 46% 
FEV1 at week 12: 
↑ 130ml at 300mg dose 

Rate of LOAC 
events/severe 
exacerbation events  
Time to LOAC event/ 
severe exacerbation 
event 

Wenzel Lancet 
2016 
Phase 2b[77] 

Adults (≥18 years) 
≥1 exacerbation in last year 
ACQ ≥ 1.5 
Background therapy ≥500µg/day fluticasone proprionate equivalent + 
LABA for > 1 month 
Pre-bronchodilator FEV1 40-80%, bronchodilator response >12% 

200mg SC 
Q2W or Q4W 
or 300mg 
Q2W or Q4W 
24 weeks 

FEV1 at week 12 in 
eosinophilHigh: 
↑FEV1 (~210ml) 

↓ exacerbation rate  
~60-80% 
↓ ACQ (~0.5) 
↑ AQLQ (~0.6) 

Fevipiprant 
Anti-DP2 
 

Gonem LRM 2016 
Phase 2[84] 

Adults (≥18 years), n = 61 
≥1 exacerbation in last year or ACQ ≥1.5 
Background therapy (low- to high-dose ICS) 
Sputum eosinophil count ≥2% at screening 

225mg BD PO 
12 weeks 

↓ Sputum eosinophils ↑ FEV1 (160 mL) 
↓ ACQ (0.56), 
↑ AQLQ (0.59) 

Tezepelumab 
Anti-TSLP 
 

Corren NEJM 
2017 
Phase 2[90] 

Adults (18-75 years), n = 584 
≥2 exacerbations requiring OCS or ≥ 1 severe exacerbation that led to 
hospitalization in last year 
ACQ≥1.5 
Background therapy (250-500μg/day fluticasone + LABA) or high dose 
(>500μg/day fluticasone for > 6 months  
Pre-bronchodilator FEV1 40%-80%, bronchodilator response ≥12%, 
≥200ml 

70mg SC 
Q4W or 
210mg SC 
Q4W or 
280mg SC 
Q2W 
52 weeks 

Exacerbation rate: 
↓exacerbation rate  ̴60-70% 
 
  
 

↑FEV1 ( ̴100-150ml) 
↓ ACQ, ↑AQLQ at 
high dose 
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T2 low inflammation 

There are few established treatment options for T2 low disease, the burden of which is subject 

to debate, once the suppressive effects of corticosteroids on T2 high disease are accounted for. 

A number of anti-inflammatory agents directed against neutrophilic inflammation are no longer 

in development having shown inconsistent clinical benefit and concerning adverse effects, 

including anti-TNF (tissue necrosis factor) [93-97], anti-CXCR2 [98] and the anti-IL17 agent 

brodalumab [99]. A trial of anti-IL23 is ongoing and results are awaited [100]. Targeting mast 

cells with the tyrosine kinase inhibitor imatanib improved AHR [101] (as previously shown 

with anti-TNFα) supporting the view that this aspect of disease is responsive to therapy, but 

due to poor tolerability and known adverse events these therapies are not being developed 

further for asthma.    

 

Antimicrobials 

Macrolide antibiotics have demonstrated efficacy in reducing acute exacerbations of COPD 

[102] and bronchiectasis [103], although whether the benefit is entirely via its antibiotic 

properties or in concert with its anti-inflammatory effects is uncertain. A 2013 study by 

Brusselle and colleagues [104] demonstrated a reduction in exacerbations in a subgroup of non-

eosinophilic asthmatics (characterised by low blood eosinophils and FeNO without sputum 

analysis) treated with low dose azithromycin, suggesting a possible role in patients selected by 

a T2 low phenotype. A more recent trial [105] of 420 moderate to severe asthmatics, 

randomised to 500mg azithromycin thrice weekly or placebo met the primary outcome of 

overall reduction in moderate to severe exacerbations (1.07 per patient year on azithromycin 

vs 1.86 for placebo group, IRR 0.59), with benefit demonstrated in both eosinophilic and non-

eosinophilic subjects on subgroup analysis. Increased numbers of macrolide resistant 

organisms were noted on surveillance cultures across the trial period and there is a general 
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recognition that this issue represents a significant barrier to widespread uptake of long term 

antimicrobial therapy in airways disease. Current guidelines do not recommend macrolide use 

in severe asthma [4]. Fungal sensitisation is an important consideration in treatment refractory 

asthma, previously reported to be present in up to 50% of cases [106]. Anti-fungal treatment is 

recommended in allergic bronchopulmonary aspergillosis [4], however, trials in severe asthma 

with fungal sensitisation not meeting criteria for ABPA have failed to demonstrate a consistent 

benefit [107]. 

 

Discussion 

The ultimate goals of asthma therapy are prevention of disease onset, inducing total remission 

whilst continuing therapy without treatment-related adverse events, or cure. To date the new 

and emerging therapies discussed above have not been tested to address their impact on asthma 

prevention, and have neither led to cure nor total remission. Some have demonstrated benefits 

on asthma symptoms, control and health status with positive impacts on future risk of 

exacerbations, lung function impairment and reduction in adverse events from current therapy, 

in particular oral corticosteroids. These benefits have resulted in new licensed therapies for 

asthma and provided new insights on asthma pathogenesis and the relationship between the 

underlying pathobiology and clinical expression.  

 

Clinically it will be important to make choices as to which biologic to select for which patient. 

Although studies have helped to define responder groups, head-to-head trials will be required 

to further define responder characteristics. Notwithstanding the need for these data, the choice 

of biologic will also be driven pragmatically by local and national rules for access to licensed 

therapies.  
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Targeting eosinophilic inflammation has been successful with three biologics in phase 3 

reducing severe exacerbations. The magnitude of reduction in exacerbations was related to the 

degree of eosinophilic inflammation with reductions in the region of 50% in the blood 

eosinophil high groups. Improvements in lung function and symptoms were also related to 

baseline blood eosinophil counts, but the effects on these outcomes were more modest. For the 

two anti-IL5 biologics (mepolizumab and benralizumab) that explored corticosteroid sparing 

effects there were consistent reductions in oral corticosteroid dose. Interestingly, reductions in 

exacerbations were at least comparable if not greater following anti-IL4Rα, with greater 

improvements in lung function and symptoms than observed with anti-IL5. Effects of anti-IL13 

are less than anti-IL4Rα in terms of exacerbation reduction whereas both improve lung 

function, perhaps via direct effects upon airway smooth muscle. Whether the reduction in 

exacerbations attributed to anti-IL4Rα are due to an impact upon airway eosinophilic 

inflammation and whether this effect is different than anti-IL13 is unknown. Importantly, 

targeting IL4Rα and IL13 increases blood eosinophil counts, possibly due to effects upon 

eosinophil adhesion to the endothelium [108].  

 

The consistent reduction in exacerbations in all therapies that reduce eosinophilic inflammation 

suggest that other therapies that ameliorate eosinophilic inflammation in development 

including fevipiprant in phase 3 [109], the GATA-3 DNAzyme awaiting phase 2b [110] and 

dexpramipexole in phase 2a [111], are likely to reduce exacerbations and could represent 

important future pre-biologics if well-tolerated. Corticosteroid resistance or relative 

insensitivity is also a possible mechanism for inadequate response to corticosteroid therapy[4]. 

Targeting corticosteroid resistance has been of therapeutic interest for many years, but 

therapies have not moved into late phase development in part due to toxicity. Some such as 
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inhaled phosphatidylinositol 3-kinase delta (PI3K) inhibitors are in early phase 

development[112].  

 

Cytokines upstream of T2 inflammation such as TSLP and possibly IL33 might have greater 

benefits than targeting individual T2 cytokines or their receptors. Indeed the anti-TSLP phase 

2 study suggested greater benefits in terms of exacerbation reduction, symptoms and lung 

function improvements than previously observed with other biologics. Anti-TSLP also reduced 

blood eosinophil counts. Whether this can be replicated in a more severe population in later 

phase studies will be important. Anti-IL33 is currently in phase 2a studies in asthma [113] and 

whether this intervention also has broad efficacy is eagerly awaited. 

 

Recently licensed biologics for asthma have underscored the importance of precision medicine 

with the need to both identify a biologically responsive group and a tractable outcome such as 

eosinophilic inflammation in severe asthma with frequent exacerbations. This dogma becomes 

undermined if newer treatments have a broader efficacy for which precision medicine becomes 

less important. The broad spectrum efficacy observed in phase 2 for anti-TSLP with respect to 

symptoms, lung function and exacerbations, with these benefits independent of eosinophilic 

inflammation, begins to challenge our view on precision medicine. It will be important in later 

phase trials of anti-TSLP to determine the mechanisms of action and magnitude of effects 

beyond the predicted benefits in eosinophilic disease as this will determine whether this could 

become a therapy for a wider asthma population, including possibly those with T2 low disease. 

Interestingly TSLP is also important in allergic sensitisation [114], which tantalisingly might 

mean this intervention could in the future influence disease onset and possibly prevent disease. 
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Some features of airway remodelling, such as thickening of the lamina reticularis, are reduced 

by corticosteroids but other features such as epithelial damage and increased airway smooth 

muscle mass are resistant to standard therapy [115]. Fevipiprant promotes epithelial repair and 

is the only drug intervention to demonstrate a reduction in airway smooth muscle mass 

suggesting it might impact on disease progression by reversing some of the features of airway 

remodelling. Whether other therapies implicated in epithelial function such as the biologics 

targeting the alarmins TSLP and IL33 impact on airway remodelling need to be explored in 

future bronchoscopic studies. 

 

It is likely that despite the successes described above some patients will still have persistent 

poorly controlled disease. Whether this is due to co-morbidities, poor adherence or non-T2 

disease refractory to all the above strategies remains uncertain. It is possible that antibiotics or 

perhaps alternative strategies to normalise the airway microbiome might have an important role 

in the future beyond the current use of macrolide antibiotics. This would need to have minimal 

or no further impact on the increasing burden of anti-microbial resistance. Whether targeting 

non-T2 mediated inflammation such as IL17/23 pathways also remains to be determined. 

 

Current and emerging therapies are therefore moving towards partial remission of established 

disease. However, we need to raise expectations of total control as well as prevention and cure. 

In the short term this will require a reassessment of what is disease remission in terms of 

maintaining control and eliminating future risk. Recent success of therapies make this ambition 

more realistic than previously considered and will help to develop new strategies to define 

success and failure of interventions, thus helping to determine stopping and switching rules in 

the clinic and for shaping future head-to-head studies of new therapies. Prevention and cure 

remain more challenging goals, but positioning of these new therapies in earlier disease, 
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especially in children, will help us to understand their role in disease onset and early 

progression. 

  



24 
 

References 

 

1. Masoli M, Fabian D, Holt S, Beasley R, Global Initiative for Asthma P. The global 

burden of asthma: executive summary of the GINA Dissemination Committee Report. Allergy. 

2004;59(5):469-78. 

2. Global Initiative for Asthma (GINA). Global Strategy for Asthma Management and 

Prevention. 2017 2/11/2017. Report No. 

3. British Thoracic Society/Scottish Intercollegiate Guidelines Network. British 

Guideline on the Management of Asthma. 2016 SIGN 153. 

4. Chung KF, Wenzel SE, Brozek JL, Bush A, Castro M, Sterk PJ, et al. International 

ERS/ATS guidelines on definition, evaluation and treatment of severe asthma. European 

Respiratory Journal. 2014;43(2):343-73. 

5. O'Neill S, Sweeney J, Patterson CC, Menzies-Gow A, Niven R, Mansur AH, et al. The 

cost of treating severe refractory asthma in the UK: an economic analysis from the British 

Thoracic Society Difficult Asthma Registry. Thorax. 2014. 

6. Bahadori K, Doyle-Waters MM, Marra C, Lynd L, Alasaly K, Swiston J, et al. 

Economic burden of asthma: a systematic review. BMC Pulm Med. 2009;9. 

7. Sweeney J, Patterson CC, Menzies-Gow A, Niven RM, Mansur AH, Bucknall C, et al. 

Comorbidity in severe asthma requiring systemic corticosteroid therapy: cross-sectional data 

from the Optimum Patient Care Research Database and the British Thoracic Difficult Asthma 

Registry. Thorax. 2016;71(4):339-46. 

8. Wenzel SE. Asthma phenotypes: the evolution from clinical to molecular approaches. 

Nat Med. 2012;18(5):716-25. 

9. Pavord ID, Beasley R, Agusti A, Anderson GP, Bel E, Brusselle G, et al. After asthma: 

redefining airways diseases. Lancet. 2017. 



25 
 

10. Agusti A, Bel E, Thomas M, Vogelmeier C, Brusselle G, Holgate S, et al. Treatable 

traits: toward precision medicine of chronic airway diseases. European Respiratory Journal. 

2016;47(2):410-9. 

11. Pavord ID, Afzalnia S, Menzies-Gow A, Heaney LG. The current and future role of 

biomarkers in type 2 cytokine-mediated asthma management. Clin Exp Allergy. 

2017;47(2):148-60. 

12. Fahy JV. Type 2 inflammation in asthma--present in most, absent in many. Nat Rev 

Immunol. 2015;15(1):57-65. 

13. Wenzel SE, Schwartz LB, Langmack EL, Halliday JL, Trudeau JB, Gibbs RL, et al. 

Evidence that severe asthma can be divided pathologically into two inflammatory subtypes 

with distinct physiologic and clinical characteristics. Am J Respir Crit Care Med. 

1999;160(3):1001-8. 

14. Woodruff PG, Modrek B, Choy DF, Jia G, Abbas AR, Ellwanger A, et al. T-helper type 

2-driven inflammation defines major subphenotypes of asthma. Am J Respir Crit Care Med. 

2009;180(5):388-95. 

15. Green RH, Brightling CE, Woltmann G, Parker D, Wardlaw AJ, Pavord ID. Analysis 

of induced sputum in adults with asthma: identification of subgroup with isolated sputum 

neutrophilia and poor response to inhaled corticosteroids. Thorax. 2002;57(10):875-9. 

16. McGrath KW, Icitovic N, Boushey HA, Lazarus SC, Sutherland ER, Chinchilli VM, et 

al. A large subgroup of mild-to-moderate asthma is persistently noneosinophilic. Am J Respir 

Crit Care Med. 2012;185(6):612-9. 

17. Douwes J, Gibson P, Pekkanen J, Pearce N. Non-eosinophilic asthma: importance and 

possible mechanisms. Thorax. 2002;57(7):643-8. 

18. Eltboli O, Brightling CE. Eosinophils as diagnostic tools in chronic lung disease. Expert 

Rev Respir Med. 2013;7(1):33-42. 



26 
 

19. Kulkarni NS, Hollins F, Sutcliffe A, Saunders R, Shah S, Siddiqui S, et al. Eosinophil 

protein in airway macrophages: a novel biomarker of eosinophilic inflammation in patients 

with asthma. J Allergy Clin Immunol. 2010;126(1):61-9 e3. 

20. Del Giacco SR, Bakirtas A, Bel E, Custovic A, Diamant Z, Hamelmann E, et al. Allergy 

in severe asthma. Allergy. 2017;72(2):207-20. 

21. Pearce N, Pekkanen J, Beasley R. How much asthma is really attributable to atopy? 

Thorax. 1999;54(3):268-72. 

22. Russell RJ, Brightling C. Pathogenesis of asthma: implications for precision medicine. 

Clin Sci (Lond). 2017;131(14):1723-35. 

23. Stinson SE, Amrani Y, Brightling CE. D prostanoid receptor 2 (chemoattractant 

receptor-homologous molecule expressed on TH2 cells) protein expression in asthmatic 

patients and its effects on bronchial epithelial cells. J Allergy Clin Immunol. 2015;135(2):395-

406. 

24. Mutalithas K, Guillen C, Day C, Brightling CE, Pavord ID, Wardlaw AJ. CRTH2 

expression on T cells in asthma. Clin Exp Immunol. 2010;161(1):34-40. 

25. Moon TC, Campos-Alberto E, Yoshimura T, Bredo G, Rieger AM, Puttagunta L, et al. 

Expression of DP2 (CRTh2), a prostaglandin D(2) receptor, in human mast cells. PLoS One. 

2014;9(9):e108595. 

26. Mjosberg JM, Trifari S, Crellin NK, Peters CP, van Drunen CM, Piet B, et al. Human 

IL-25- and IL-33-responsive type 2 innate lymphoid cells are defined by expression of CRTH2 

and CD161. Nat Immunol. 2011;12(11):1055-62. 

27. Brightling CE, Saha S, Hollins F. Interleukin-13: prospects for new treatments. Clin 

Exp Allergy. 2010;40(1):42-9. 



27 
 

28. Doe C, Bafadhel M, Siddiqui S, Desai D, Mistry V, Rugman P, et al. Expression of the 

T helper 17-associated cytokines IL-17A and IL-17F in asthma and COPD. Chest. 

2010;138(5):1140-7. 

29. Choy DF, Hart KM, Borthwick LA, Shikotra A, Nagarkar DR, Siddiqui S, et al. TH2 

and TH17 inflammatory pathways are reciprocally regulated in asthma. Sci Transl Med. 

2015;7(301):301ra129. 

30. Moore WC, Hastie AT, Li X, Li H, Busse WW, Jarjour NN, et al. Sputum neutrophil 

counts are associated with more severe asthma phenotypes using cluster analysis. J Allergy 

Clin Immunol. 2014;133(6):1557-63 e5. 

31. Sutcliffe A, Hollins F, Gomez E, Saunders R, Doe C, Cooke M, et al. Increased 

nicotinamide adenine dinucleotide phosphate oxidase 4 expression mediates intrinsic airway 

smooth muscle hypercontractility in asthma. Am J Respir Crit Care Med. 2012;185(3):267-74. 

32. Brightling CE, Bradding P, Symon FA, Holgate ST, Wardlaw AJ, Pavord ID. Mast-cell 

infiltration of airway smooth muscle in asthma. N Engl J Med. 2002;346(22):1699-705. 

33. Hollins F, Kaur D, Yang W, Cruse G, Saunders R, Sutcliffe A, et al. Human airway 

smooth muscle promotes human lung mast cell survival, proliferation, and constitutive 

activation: cooperative roles for CADM1, stem cell factor, and IL-6. J Immunol. 

2008;181(4):2772-80. 

34. Kaur D, Gomez E, Doe C, Berair R, Woodman L, Saunders R, et al. IL-33 drives airway 

hyper-responsiveness through IL-13-mediated mast cell: airway smooth muscle crosstalk. 

Allergy. 2015;70(5):556-67. 

35. Benayoun L, Druilhe A, Dombret MC, Aubier M, Pretolani M. Airway structural 

alterations selectively associated with severe asthma. Am J Respir Crit Care Med. 

2003;167(10):1360-8. 



28 
 

36. Brightling CE, Gupta S, Gonem S, Siddiqui S. Lung damage and airway remodelling 

in severe asthma. Clin Exp Allergy. 2012;42(5):638-49. 

37. Hartley RA, Barker BL, Newby C, Pakkal M, Baldi S, Kajekar R, et al. Relationship 

between lung function and quantitative computed tomographic parameters of airway 

remodeling, air trapping, and emphysema in patients with asthma and chronic obstructive 

pulmonary disease: A single-center study. J Allergy Clin Immunol. 2016;137(5):1413-22 e12. 

38. O'Reilly R, Ullmann N, Irving S, Bossley CJ, Sonnappa S, Zhu J, et al. Increased airway 

smooth muscle in preschool wheezers who have asthma at school age. J Allergy Clin Immunol. 

2013;131(4):1024-32, 32 e1-16. 

39. Corne JM, Marshall C, Smith S, Schreiber J, Sanderson G, Holgate ST, et al. 

Frequency, severity, and duration of rhinovirus infections in asthmatic and non-asthmatic 

individuals: a longitudinal cohort study. Lancet. 2002;359(9309):831-4. 

40. Wos M, Sanak M, Soja J, Olechnowicz H, Busse WW, Szczeklik A. The presence of 

rhinovirus in lower airways of patients with bronchial asthma. Am J Respir Crit Care Med. 

2008;177(10):1082-9. 

41. Talbot TR, Hartert TV, Mitchel E, Halasa NB, Arbogast PG, Poehling KA, et al. 

Asthma as a risk factor for invasive pneumococcal disease. N Engl J Med. 2005;352(20):2082-

90. 

42. Green BJ, Wiriyachaiporn S, Grainge C, Rogers GB, Kehagia V, Lau L, et al. 

Potentially pathogenic airway bacteria and neutrophilic inflammation in treatment resistant 

severe asthma. PLoS One. 2014;9(6):e100645. 

43. Taylor SL, Leong LEX, Choo JM, Wesselingh S, Yang IA, Upham JW, et al. 

Inflammatory phenotypes in patients with severe asthma are associated with distinct airway 

microbiology. J Allergy Clin Immunol. 2017. 



29 
 

44. Denning DW, O'Driscoll BR, Hogaboam CM, Bowyer P, Niven RM. The link between 

fungi and severe asthma: a summary of the evidence. Eur Respir J. 2006;27(3):615-26. 

45. Gupta S, Siddiqui S, Haldar P, Raj JV, Entwisle JJ, Wardlaw AJ, et al. Qualitative 

analysis of high-resolution CT scans in severe asthma. Chest. 2009;136(6):1521-8. 

46. Brightling CE. Eosinophils, bronchitis and asthma: pathogenesis of cough and airflow 

obstruction. Pulm Pharmacol Ther. 2011;24(3):324-7. 

47. Normansell R, Walker S, Milan SJ, Walters EH, Nair P. Omalizumab for asthma in 

adults and children. Cochrane Database Syst Rev. 2014(1):CD003559. 

48. Bousquet J, Rabe K, Humbert M, Chung KF, Berger W, Fox H, et al. Predicting and 

evaluating response to omalizumab in patients with severe allergic asthma. Respir Med. 

2007;101(7):1483-92. 

49. Wahn U, Martin C, Freeman P, Blogg M, Jimenez P. Relationship between 

pretreatment specific IgE and the response to omalizumab therapy. Allergy. 2009;64(12):1780-

7. 

50. Hanania NA, Wenzel S, Rosen K, Hsieh HJ, Mosesova S, Choy DF, et al. Exploring 

the effects of omalizumab in allergic asthma: an analysis of biomarkers in the EXTRA study. 

Am J Respir Crit Care Med. 2013;187(8):804-11. 

51. ISRCTN registry. SoMOSA: Study of mechanisms of action of omalizumab in severe 

asthma 2017 [updated 11/04/2017 accessed on 9/11/2017]. Available from: 

http://www.isrctn.com/ISRCTN15124178. 

52. Leckie MJ, ten Brinke A, Khan J, Diamant Z, O'Connor BJ, Walls CM, et al. Effects of 

an interleukin-5 blocking monoclonal antibody on eosinophils, airway hyper-responsiveness, 

and the late asthmatic response. Lancet. 2000;356(9248):2144-8. 

http://www.isrctn.com/ISRCTN15124178


30 
 

53. Flood-Page PT, Menzies-Gow AN, Kay AB, Robinson DS. Eosinophil's role remains 

uncertain as anti-interleukin-5 only partially depletes numbers in asthmatic airway. Am J 

Respir Crit Care Med. 2003;167(2):199-204. 

54. Haldar P, Brightling CE, Hargadon B, Gupta S, Monteiro W, Sousa A, et al. 

Mepolizumab and exacerbations of refractory eosinophilic asthma. N Engl J Med. 

2009;360(10):973-84. 

55. Nair P, Pizzichini MM, Kjarsgaard M, Inman MD, Efthimiadis A, Pizzichini E, et al. 

Mepolizumab for prednisone-dependent asthma with sputum eosinophilia. N Engl J Med. 

2009;360(10):985-93. 

56. Pavord ID, Korn S, Howarth P, Bleecker ER, Buhl R, Keene ON, et al. Mepolizumab 

for severe eosinophilic asthma (DREAM): a multicentre, double-blind, placebo-controlled 

trial. Lancet. 2012;380(9842):651-9. 

57. Ortega HG, Liu MC, Pavord ID, Brusselle GG, FitzGerald JM, Chetta A, et al. 

Mepolizumab treatment in patients with severe eosinophilic asthma. N Engl J Med. 

2014;371(13):1198-207. 

58. Bel EH, Wenzel SE, Thompson PJ, Prazma CM, Keene ON, Yancey SW, et al. Oral 

glucocorticoid-sparing effect of mepolizumab in eosinophilic asthma. N Engl J Med. 

2014;371(13):1189-97. 

59. Chupp GL, Bradford ES, Albers FC, Bratton DJ, Wang-Jairaj J, Nelsen LM, et al. 

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. Lancet Respir Med. 2017;5(5):390-400. 

60. Haldar P, Brightling CE, Singapuri A, Hargadon B, Gupta S, Monteiro W, et al. 

Outcomes after cessation of mepolizumab therapy in severe eosinophilic asthma: a 12-month 

follow-up analysis. J Allergy Clin Immunol. 2014;133(3):921-3. 



31 
 

61. Castro M, Mathur S, Hargreave F, Boulet LP, Xie F, Young J, et al. Reslizumab for 

poorly controlled, eosinophilic asthma: a randomized, placebo-controlled study. Am J Respir 

Crit Care Med. 2011;184(10):1125-32. 

62. Castro M, Zangrilli J, Wechsler ME, Bateman ED, Brusselle GG, Bardin P, et al. 

Reslizumab for inadequately controlled asthma with elevated blood eosinophil counts: results 

from two multicentre, parallel, double-blind, randomised, placebo-controlled, phase 3 trials. 

Lancet Respir Med. 2015;3(5):355-66. 

63. Brusselle G, Canvin J, Weiss S, Sun SX, Buhl R. Stratification of eosinophilic asthma 

patients treated with reslizumab and GINA Step 4 or 5 therapy. ERJ Open Res. 2017;3(3). 

64. Mukherjee M, Aleman Paramo F, Kjarsgaard M, Salter B, Nair G, LaVigne N, et al. 

Weight-adjusted Intravenous Reslizumab in Severe Asthma with Inadequate Response to 

Fixed-dose Subcutaneous Mepolizumab. Am J Respir Crit Care Med. 2017. 

65. NIH: US National Library of Medicine. An Efficacy and Safety Study of Reslizumab 

Subcutaneous in Patients With Oral Corticosteroid Dependent Asthma and Elevated Blood 

Eosinophils 2017 [updated 25/10/2017 accessed on 09/11/2017]. Available from: 

https://clinicaltrials.gov/ct2/show/NCT02501629. 

66. Long A, Rahmaoui A, Rothman KJ, Guinan E, Eisner M, Bradley MS, et al. Incidence 

of malignancy in patients with moderate-to-severe asthma treated with or without omalizumab. 

J Allergy Clin Immunol. 2014;134(3):560-7 e4. 

67. Iribarren C, Rahmaoui A, Long AA, Szefler SJ, Bradley MS, Carrigan G, et al. 

Cardiovascular and cerebrovascular events among patients receiving omalizumab: Results 

from EXCELS, a prospective cohort study in moderate to severe asthma. J Allergy Clin 

Immunol. 2017;139(5):1489-95 e5. 

https://clinicaltrials.gov/ct2/show/NCT02501629


32 
 

68. Kolbeck R, Kozhich A, Koike M, Peng L, Andersson CK, Damschroder MM, et al. 

MEDI-563, a humanized anti-IL-5 receptor alpha mAb with enhanced antibody-dependent 

cell-mediated cytotoxicity function. J Allergy Clin Immunol. 2010;125(6):1344-53 e2. 

69. Castro M, Wenzel SE, Bleecker ER, Pizzichini E, Kuna P, Busse WW, et al. 

Benralizumab, an anti-interleukin 5 receptor alpha monoclonal antibody, versus placebo for 

uncontrolled eosinophilic asthma: a phase 2b randomised dose-ranging study. Lancet Respir 

Med. 2014;2(11):879-90. 

70. FitzGerald JM, Bleecker ER, Nair P, Korn S, Ohta K, Lommatzsch M, et al. 

Benralizumab, an anti-interleukin-5 receptor alpha monoclonal antibody, as add-on treatment 

for patients with severe, uncontrolled, eosinophilic asthma (CALIMA): a randomised, double-

blind, placebo-controlled phase 3 trial. Lancet. 2016;388(10056):2128-41. 

71. Bleecker ER, FitzGerald JM, Chanez P, Papi A, Weinstein SF, Barker P, et al. 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(10056):2115-27. 

72. Goldman M, Hirsch I, Zangrilli JG, Newbold P, Xu X. The association between blood 

eosinophil count and benralizumab efficacy for patients with severe, uncontrolled asthma: 

subanalyses of the Phase III SIROCCO and CALIMA studies. Curr Med Res Opin. 

2017;33(9):1605-13. 

73. FitzGerald JM, Bleecker ER, Menzies-Gow A, Zangrilli JG, Hirsch I, Metcalfe P, et al. 

Predictors of enhanced response with benralizumab for patients with severe asthma: pooled 

analysis of the SIROCCO and CALIMA studies. Lancet Respir Med. 2017. 

74. Nair P, Wenzel S, Rabe KF, Bourdin A, Lugogo NL, Kuna P, et al. Oral Glucocorticoid-

Sparing Effect of Benralizumab in Severe Asthma. N Engl J Med. 2017;376(25):2448-58. 



33 
 

75. Nowak RM, Parker JM, Silverman RA, Rowe BH, Smithline H, Khan F, et al. A 

randomized trial of benralizumab, an antiinterleukin 5 receptor alpha monoclonal antibody, 

after acute asthma. Am J Emerg Med. 2015;33(1):14-20. 

76. Wenzel S, Ford L, Pearlman D, Spector S, Sher L, Skobieranda F, et al. Dupilumab in 

persistent asthma with elevated eosinophil levels. N Engl J Med. 2013;368(26):2455-66. 

77. Wenzel S, Castro M, Corren J, Maspero J, Wang L, Zhang B, et al. Dupilumab efficacy 

and safety in adults with uncontrolled persistent asthma despite use of medium-to-high-dose 

inhaled corticosteroids plus a long-acting beta2 agonist: a randomised double-blind placebo-

controlled pivotal phase 2b dose-ranging trial. Lancet. 2016;388(10039):31-44. 

78. Regeneron. Regeneron and Sanofi Announce Positive Dupilumab Topline Results from 

Phase 3 Trial in Uncontrolled Persistent Asthma 2017 [updated 11/09/2017 accessed on 

09/11/2017]. Available from: 

http://investor.regeneron.com/releasedetail.cfm?releaseid=1039754. 

79. Bachert C, Mannent L, Naclerio RM, Mullol J, Ferguson BJ, Gevaert P, et al. Effect of 

Subcutaneous Dupilumab on Nasal Polyp Burden in Patients With Chronic Sinusitis and Nasal 

Polyposis: A Randomized Clinical Trial. JAMA. 2016;315(5):469-79. 

80. Blauvelt A, de Bruin-Weller M, Gooderham M, Cather JC, Weisman J, Pariser D, et al. 

Long-term management of moderate-to-severe atopic dermatitis with dupilumab and 

concomitant topical corticosteroids (LIBERTY AD CHRONOS): a 1-year, randomised, 

double-blinded, placebo-controlled, phase 3 trial. Lancet. 2017;389(10086):2287-303. 

81. Hanania NA, Korenblat P, Chapman KR, Bateman ED, Kopecky P, Paggiaro P, et al. 

Efficacy and safety of lebrikizumab in patients with uncontrolled asthma (LAVOLTA I and 

LAVOLTA II): replicate, phase 3, randomised, double-blind, placebo-controlled trials. Lancet 

Respir Med. 2016;4(10):781-96. 

http://investor.regeneron.com/releasedetail.cfm?releaseid=1039754


34 
 

82. AstraZeneca. AstraZeneca provides update on tralokinumab Phase III programme in 

severe, uncontrolled asthma 2017 [updated 1/11/2017 accessed on 9/11/17]. Available from: 

https://www.astrazeneca.com/media-centre/press-releases/2017/astrazeneca-provides-update-

on-tralokinumab-phase-iii-programme-in-severe-uncontrolled-asthma-01112017.html. 

83. Fajt ML, Gelhaus SL, Freeman B, Uvalle CE, Trudeau JB, Holguin F, et al. 

Prostaglandin D(2) pathway upregulation: relation to asthma severity, control, and TH2 

inflammation. J Allergy Clin Immunol. 2013;131(6):1504-12. 

84. Gonem S, Berair R, Singapuri A, Hartley R, Laurencin MFM, Bacher G, et al. 

Fevipiprant, a prostaglandin D2 receptor 2 antagonist, in patients with persistent eosinophilic 

asthma: a single-centre, randomised, double-blind, parallel-group, placebo-controlled trial. 

Lancet Respir Med. 2016;4(9):699-707. 

85. Saunders R, Kaul H, Berair R, Singapuri A, Chernyavsky I, Chachi L, et al., editors. 

Fevipiprant (QAW039) Reduces Airway Smooth Muscle Mass in Asthma Via Antagonism of 

the Prostaglandin D2 Receptor 2 (DP2). American Thoracic Society 2017 International 

Conference; 2017 22/05/2017; Washington DC: American Journal of Respiratory and Critical 

Care Medicine  

86. Ziegler SF, Roan F, Bell BD, Stoklasek TA, Kitajima M, Han H. The biology of thymic 

stromal lymphopoietin (TSLP). Adv Pharmacol. 2013;66:129-55. 

87. Ying S, O'Connor B, Ratoff J, Meng Q, Mallett K, Cousins D, et al. Thymic stromal 

lymphopoietin expression is increased in asthmatic airways and correlates with expression of 

Th2-attracting chemokines and disease severity. J Immunol. 2005;174(12):8183-90. 

88. Shikotra A, Choy DF, Ohri CM, Doran E, Butler C, Hargadon B, et al. Increased 

expression of immunoreactive thymic stromal lymphopoietin in patients with severe asthma. J 

Allergy Clin Immunol. 2012;129(1):104-11 e1-9. 

https://www.astrazeneca.com/media-centre/press-releases/2017/astrazeneca-provides-update-on-tralokinumab-phase-iii-programme-in-severe-uncontrolled-asthma-01112017.html
https://www.astrazeneca.com/media-centre/press-releases/2017/astrazeneca-provides-update-on-tralokinumab-phase-iii-programme-in-severe-uncontrolled-asthma-01112017.html


35 
 

89. Gauvreau GM, O'Byrne PM, Boulet LP, Wang Y, Cockcroft D, Bigler J, et al. Effects 

of an anti-TSLP antibody on allergen-induced asthmatic responses. N Engl J Med. 

2014;370(22):2102-10. 

90. Corren J, Parnes JR, Wang L, Mo M, Roseti SL, Griffiths JM, et al. Tezepelumab in 

Adults with Uncontrolled Asthma. N Engl J Med. 2017;377(10):936-46. 

91. Corren J, Weinstein S, Janka L, Zangrilli J, Garin M. Phase 3 Study of Reslizumab in 

Patients With Poorly Controlled Asthma: Effects Across a Broad Range of Eosinophil Counts. 

Chest. 2016;150(4):799-810. 

92. Bjermer L, Lemiere C, Maspero J, Weiss S, Zangrilli J, Germinaro M. Reslizumab for 

Inadequately Controlled Asthma With Elevated Blood Eosinophil Levels: A Randomized 

Phase 3 Study. Chest. 2016;150(4):789-98. 

93. Berry MA, Hargadon B, Shelley M, Parker D, Shaw DE, Green RH, et al. Evidence of 

a role of tumor necrosis factor alpha in refractory asthma. N Engl J Med. 2006;354(7):697-708. 

94. Erin EM, Leaker BR, Nicholson GC, Tan AJ, Green LM, Neighbour H, et al. The 

effects of a monoclonal antibody directed against tumor necrosis factor-alpha in asthma. Am J 

Respir Crit Care Med. 2006;174(7):753-62. 

95. Holgate ST, Noonan M, Chanez P, Busse W, Dupont L, Pavord I, et al. Efficacy and 

safety of etanercept in moderate-to-severe asthma: a randomised, controlled trial. Eur Respir J. 

2011;37(6):1352-9. 

96. Morjaria JB, Chauhan AJ, Babu KS, Polosa R, Davies DE, Holgate ST. The role of a 

soluble TNFalpha receptor fusion protein (etanercept) in corticosteroid refractory asthma: a 

double blind, randomised, placebo controlled trial. Thorax. 2008;63(7):584-91. 

97. Wenzel SE, Barnes PJ, Bleecker ER, Bousquet J, Busse W, Dahlen SE, et al. A 

randomized, double-blind, placebo-controlled study of tumor necrosis factor-alpha blockade in 

severe persistent asthma. Am J Respir Crit Care Med. 2009;179(7):549-58. 



36 
 

98. O'Byrne PM, Metev H, Puu M, Richter K, Keen C, Uddin M, et al. Efficacy and safety 

of a CXCR2 antagonist, AZD5069, in patients with uncontrolled persistent asthma: a 

randomised, double-blind, placebo-controlled trial. Lancet Respir Med. 2016;4(10):797-806. 

99. Busse WW, Holgate S, Kerwin E, Chon Y, Feng J, Lin J, et al. 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(11):1294-302. 

100. NIH: US National Library of Medicine. Efficacy and Safety of BI 655066/ABBV-066 

(Risankizumab) in Patients With Severe Persistent Asthma 2017 [updated 19/10/2017 accessed 

on 09/11/2017]. Available from: https://clinicaltrials.gov/ct2/show/NCT02443298. 

101. Cahill KN, Katz HR, Cui J, Lai J, Kazani S, Crosby-Thompson A, et al. KIT Inhibition 

by Imatinib in Patients with Severe Refractory Asthma. N Engl J Med. 2017;376(20):1911-20. 

102. Albert RK, Connett J, Bailey WC, Casaburi R, Cooper JA, Jr., Criner GJ, et al. 

Azithromycin for prevention of exacerbations of COPD. N Engl J Med. 2011;365(8):689-98. 

103. Wong C, Jayaram L, Karalus N, Eaton T, Tong C, Hockey H, et al. Azithromycin for 

prevention of exacerbations in non-cystic fibrosis bronchiectasis (EMBRACE): a randomised, 

double-blind, placebo-controlled trial. Lancet. 2012;380(9842):660-7. 

104. Brusselle GG, Vanderstichele C, Jordens P, Deman R, Slabbynck H, Ringoet V, et al. 

Azithromycin for prevention of exacerbations in severe asthma (AZISAST): a multicentre 

randomised double-blind placebo-controlled trial. Thorax. 2013;68(4):322-9. 

105. Gibson PG, Yang IA, Upham JW, Reynolds PN, Hodge S, James AL, et al. Effect of 

azithromycin on asthma exacerbations and quality of life in adults with persistent uncontrolled 

asthma (AMAZES): a randomised, double-blind, placebo-controlled trial. Lancet. 

2017;390(10095):659-68. 

  

https://clinicaltrials.gov/ct2/show/NCT02443298


37 
 

106. O'Driscoll BR, Powell G, Chew F, Niven RM, Miles JF, Vyas A, et al. Comparison of 

skin prick tests with specific serum immunoglobulin E in the diagnosis of fungal sensitization 

in patients with severe asthma. Clin Exp Allergy. 2009;39(11):1677-83. 

107. Agbetile J, Bourne M, Fairs A, Hargadon B, Desai D, Broad C, et al. Effectiveness of 

voriconazole in the treatment of Aspergillus fumigatus-associated asthma (EVITA3 study). J 

Allergy Clin Immunol. 2014;134(1):33-9. 

108. Fukuda T, Fukushima Y, Numao T, Ando N, Arima M, Nakajima H, et al. Role of 

interleukin-4 and vascular cell adhesion molecule-1 in selective eosinophil migration into the 

airways in allergic asthma. Am J Respir Cell Mol Biol. 1996;14(1):84-94. 

109. NIH: US National Library of Medicine. Study of Efficacy and Safety of QAW039 in 

Patients With Severe Asthma Inadequately Controlled With Standard of Care Asthma 

Treatment. 2017 [updated 23/2/2017 accessed on 13/11/2017]. Available from: 

https://clinicaltrials.gov/ct2/show/NCT02555683. 

110. Krug N, Hohlfeld JM, Kirsten AM, Kornmann O, Beeh KM, Kappeler D, et al. 

Allergen-induced asthmatic responses modified by a GATA3-specific DNAzyme. N Engl J 

Med. 2015;372(21):1987-95. 

111. Knopp Biosciences. Knopp Biosciences Receives Key Patent Directed to Treatment for 

Hypereosinophilic Syndromes, Asthma, and Other Eosinophilic Diseases 2017 [updated 

04/01/2017 accessed on 13/11/2017]. Available from: http://knoppbio.com/news-

events/show.php?33. 

112. NIH: US National Library of Medicine. A Phase 2a, Efficacy and Safety Study of 

Duvelisib in Mild Asthmatic Subjects 2017 [updated 01/08/2017 accessed on 20/12/2017]. 

Available from: 

https://clinicaltrials.gov/ct2/show/NCT01653756?term=PI3K&cond=Asthma&draw=2&rank

=1. 

https://clinicaltrials.gov/ct2/show/NCT02555683
http://knoppbio.com/news-events/show.php?33
http://knoppbio.com/news-events/show.php?33
https://clinicaltrials.gov/ct2/show/NCT01653756?term=PI3K&cond=Asthma&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT01653756?term=PI3K&cond=Asthma&draw=2&rank=1


38 
 

113. AnaptysBio. Pipeline, Overview 2017 [accessed on 13/11/2017]. Available from: 

https://www.anaptysbio.com/pipeline/. 

114. Hui CC, Rusta-Sallehy S, Asher I, Heroux D, Denburg JA. The effects of thymic 

stromal lymphopoietin and IL-3 on human eosinophil-basophil lineage commitment: 

Relevance to atopic sensitization. Immun Inflamm Dis. 2014;2(1):44-55. 

115. Berair R, Brightling CE. Asthma therapy and its effect on airway remodelling. Drugs. 

2014;74(12):1345-69. 

  

https://www.anaptysbio.com/pipeline/


39 
 

Figure Legend 

 

Figure 1. Biologics and emerging small molecule therapies for severe asthma licensed or in 

phase 3; their targets in the immunopathology of the disease and clinical impact. ↑ improve, ↓ 

attenuate, ↔ no effect, ? awaiting data, or not studied and ↑↓ variable reports. *Dupilumab 

studies included non-atopic subjects in phase 2 and 3. Effects in non-atopic were not reported 

in phase 2 but phase 3 full report is awaited. IL, interleukin; IgE, immunoglobulin E; TSLP, 

thymic stromal lymphopoeitin; DP2/PGD2, prostaglandin D2; R, receptor; RBM, reticular 

basement membrane.  

 


