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Abstract (300/300 words)

Background: Current biologic therapies target allergic, eosinophilic or type 2 inflammation 

phenotypic asthma. However, frequency/degree of overlap among these subtypes is unclear.

Objective: To characterize overlap among allergic, eosinophilic and type 2 asthma phenotypes.

Methods: Post hoc analyses of baseline data were performed in two adult populations: (a) not 

selected for any asthma subtype (N = 935); (b) selected for allergic asthma (N = 1049). Degree of 

overlap was examined using commonly accepted phenotypic definitions to guide treatment for 

allergic asthma (skin prick−positive/positive serum-specific immunoglobulin E > 0.35 kU/L) and 

eosinophilic asthma (blood eosinophil high count ≥ 300 cells/µL; low cutoff ≥ 150 cells/µL). 

Consistent with previous studies, fractional exhaled nitric oxide high level of ≥ 35 ppb and low 

cutoff of ≥ 25 ppb were selected as local markers of type 2 inflammation and to prevent overlap 

with the systemic eosinophilic asthma definition.

Results: In the non-subtype−selected population, 78.0% had allergic asthma; of these, 39.5% had 

eosinophilic asthma and 29.5% had type 2 asthma. Within patients with eosinophilic asthma 

(40.6% of total), 75.8% had allergic asthma and 41.3% had type 2 asthma. Within patients with 

type 2 asthma (28.3% of total), 81.1% had allergic asthma and 59.2% had eosinophilic asthma. In 

the allergic asthma−selected population, 38.3% had eosinophilic asthma and 29.2% had type 2 

asthma. Within patients with eosinophilic asthma, 46.3% had type 2 asthma. Within patients 

with type 2 asthma, 60.8% had eosinophilic asthma. Overlaps among subtypes increased at low 

cutoff values. 

Conclusions and clinical relevance: In this post hoc analysis in adults with moderate to severe 

asthma, allergic asthma was the most prevalent phenotype, followed by eosinophilic and type 2 

asthma. Despite observed overlaps, a considerable proportion of patients had only a 

predominantly allergic subtype. Understanding degree of overlap across phenotypes will help 

patient management/guide treatment options.

Clinical trial registration: ClinicalTrials.gov identifiers NCT00314574 [EXTRA], NCT01922037 

[PROSPERO], NCT01545440 [LUTE], NCT01545453 [VERSE], NCT01867125 [LAVOLTA I], 

NCT01868061 [LAVOLTA II]
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1 | INTRODUCTION 

Asthma is a complex, chronic disease with marked heterogeneity in clinical symptoms, severity 

and treatment response.1,2 Several phenotypes of asthma have been defined based on various 

underlying clinical, inflammatory or molecular mechanisms, which may be used to classify 

asthma and personalize approaches to treatment.3-7 

Allergic asthma affects approximately two-thirds of all patients with asthma and > 50% of 

patients with severe asthma.8,9 The allergic subtype is characterized by eosinophilic airway 

inflammation in response to allergens, bronchial hyper-responsiveness and elevated 

immunoglobulin E (IgE) levels.10,11 Eosinophilic asthma is a frequent, severe subtype of adult-

onset asthma and is associated with tissue and sputum eosinophilia, thickening of the basement 

membrane zone and corticosteroid refractoriness. While positive allergy testing and blood 

eosinophil levels are often used as indicators of systemic atopic and type 2 inflammation, a high 

fractional exhaled nitric oxide (FeNO) level has been shown to be a reliable local marker for type 

2 airway inflammation.12-14 Further, decreased levels of FeNO have been demonstrated to 

correlate with asthma control.12,13,15 

Current guidelines recommend high-dose inhaled corticosteroids (ICS) and long-acting β2-

agonists in patients with poorly controlled asthma.16 However, a significant proportion of 

patients fail to achieve adequate asthma control despite high-dose ICS therapy.17 Until recently, 

therapeutic options for asthma, including oral corticosteroids, ICS or long-acting β2-agonists, 

have been broadly employed in patients irrespective of phenotype. More recently, the 

emergence of biologic agents directed towards specific subtypes of allergic asthma,14 

eosinophilic asthma18 or type 2 asthma19 has allowed clinicians to provide more targeted therapy 

for patients based on differing asthma phenotypes. Biomarker cutoff levels may be used to guide 

patient and treatment selection for targeted therapy.20,21 However, these subtypes are not 

mutually exclusive, and understanding the degree of overlap among these subtypes would be 

useful in guiding asthma phenotype interpretation, treatment decisions, treatment optimization 

and overall care. Our study aimed to characterize the degree of overlap among allergic asthma, 

eosinophilic asthma and type 2 asthma, defined on the basis of high FeNO levels, to better 

understand the relationship among these asthma subtypes in two adult populations with 

moderate to severe asthma: those not selected for any of these subtypes (non-subtype–selected A
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population) and, as a means of confirmation, those selected for perennial allergic asthma 

(allergic asthma–selected population).
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2 | METHODS

Post hoc analyses were conducted with baseline data from adult patients with moderate to 

severe asthma aged 18-75 years from multi-centre studies in populations not selected for any 

subtype and those selected for allergic asthma. The non-subtype–selected population was from 

lebrikizumab phase 2b studies (LUTE [NCT01545440]22 and VERSE [NCT01545453]),22 and phase 3 

studies (LAVOLTA I [NCT01867125]23 and LAVOLTA II [NCT01868061]).23 The allergic asthma–

selected population was from an omalizumab phase 3b study (EXTRA [NCT00314574])24 and real-

world study with limited inclusion criteria (PROSPERO [NCT01922037]).25 Patients with non-

missing data necessary to define allergic, eosinophilic and type 2 asthma were included in the 

analyses. Data for the non-subtype– and allergic asthma–selected populations were pooled 

separately. 

Full details of the studies have been published previously.22-25 Briefly, LUTE, VERSE and 

LAVOLTA I and II were randomized, double-blind studies conducted in patients aged 18-75 years 

with uncontrolled asthma despite treatment with medium- to-high-dose ICS (500-2000 µg of 

fluticasone or equivalent daily) and one or more second controller medications.22,23 Further, for 

inclusion in all studies, patients were required to have uncontrolled moderate to severe asthma 

for ≥ 1 year and a pre-bronchodilator forced expiratory volume in 1 second (FEV1) between 40% 

and 80% of predicted.

EXTRA was a prospective, multi-centre, randomized, parallel-group, double-blind, 

placebo-controlled study in patients aged 12-75 years with a ≥ 1-year history of severe persistent 

allergic asthma.24 PROSPERO was a US-based, multi-centre, single-arm, prospective, 48-week, 

observational study.25 Patients aged ≥ 12 years with allergic asthma initiating omalizumab based 

on physician-assessed need, and as per the drug label, were eligible for the study. Only patients 

aged ≥ 18 years from EXTRA and PROSPERO were included in our analysis because biomarker 

levels and subtypes may be different in the adolescent population. 

All studies were approved by institutional review boards and were conducted in 

accordance with the Declaration of Helsinki and Good Clinical Practice guidelines. Written 

informed consent was obtained from each participant.
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2.1 | Subtype definitions

Allergic asthma was defined by allergic skin prick test positivity and/or allergen-specific IgE 

positivity (> 0.35kU/L). Serum allergen-specific IgE levels were measured to the following 

perennial allergens: dog dander, American cockroach allergens (LAVOLTA I/II), Alternaria tenuis, 

Aspergillus fumigatus (EXTRA/PROSPERO/LUTE/VERSE), cat dander, Dermatophagoides farinae 

and Dermatophagoides pteronyssinus (all studies). 

Blood eosinophil count is used as a marker of systemic inflammation; counts of ≥ 300 

cells/µL and ≥ 150 cells/µL are common cutoff levels used to guide treatment with currently 

approved biologic agents for eosinophilic asthma. We therefore used both of these definitions 

for eosinophilic asthma and defined them as high or low, respectively. Blood eosinophils were 

quantified as part of complete blood counts, which were measured at central laboratories for all 

studies except PROSPERO, where this was undertaken in local laboratories. In all trials except 

PROSPERO, baseline eosinophil values were collected using similar criteria for inclusion as 

approved biologic agents for eosinophilic asthma; patients were required to be receiving a stable 

regimen of background medicines (eg ICS + long-acting β2-agonist ± other asthma controller 

medicines) and not have had an asthma exacerbation (requiring treatment with systemic 

corticosteroids or increase in systemic corticosteroid dose) within 30 days before screening.

Type 2 asthma was defined using FeNO, a marker of local type 2 inflammation.12-14 FeNO 

was measured using a NIOX® hand-held device (Aerocrine, Solna, Sweden) in all studies. A FeNO 

cutoff level of ≥ 35 ppb was selected based on a 2016 Cochrane review of commonly used FeNO 

cutoff levels in the clinical treatment of asthma in adult patients and referred to as the high 

level.13 A secondary, low FeNO cutoff level of ≥ 25 ppb was also selected based on the same 

Cochrane review.13 This cutoff level was used to define intermediate/high FeNO levels according 

to American Thoracic Society recommendations.14 

2.2 | Statistical analysis 

Descriptive statistics were used to summarize baseline characteristics for the non-subtype– and 

allergic asthma–selected populations. Baseline characteristics were presented by subtype group 

for both high and low cutoff values. Means (SD) or medians (interquartile range) were calculated A
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for continuous variables, and frequency counts and percentages were calculated for categorical 

variables. 

The percentage of patients with allergic, eosinophilic and type 2 asthma and the 

percentage of overlap/non-overlap was determined using the above-mentioned definitions. Due 

to the descriptive nature of the analysis, formal statistical comparisons were not made. 
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3 | RESULTS

3.1 | Baseline patient characteristics

A total of 935 patients were included in the non-subtype–selected population and 1003 patients 

were included in the allergic asthma–selected population. Baseline patient demographics and 

clinical characteristics were generally similar among patients with allergic, eosinophilic and type 

2 asthma within the non-subtype–selected or allergic asthma–selected populations (Tables 1 and 

2). However, a higher proportion of patients in the allergic asthma–selected population with type 

2 asthma identified by FeNO levels ≥ 35 ppb had three or more exacerbations in the past year 

(51.0%) compared with allergic asthma (39.8%), eosinophilic asthma (eosinophils ≥ 150 cells/µL 

[39.6%]; eosinophils ≥ 300 cells/µL [40.9%]) and type 2 asthma defined by FeNO levels ≥ 35 ppb 

(45.8%). Furthermore, percent predicted FEV1 (range: 60.7-62.2% vs 69.0-71.4%) and the 

percentage of patients experiencing three or more exacerbations (range: 10.2-15.1% vs 39.6-

51.0%) were consistently lower in the non-subtype–selected population than in the allergic 

asthma–selected population. Total IgE was similar among all asthma subpopulations and 

subtypes (Figure 1). In both the non-subtype– and allergic asthma–selected populations, blood 

eosinophil counts were highest in those with eosinophilic asthma defined by the high cutoff of ≥ 

300 cells/µL. Similarly, FeNO levels were predictably higher in patients with type 2 asthma who 

had been identified as a result of their high FeNO levels (Figure 1). 

3.2 | Degree of overlap among allergic, eosinophilic and type 2 asthma subtypes

3.2.1 | Non-subtype–selected population

Applying commonly used subtype definitions to the 935 patients in the non-subtype–selected 

population, 78.0% (n = 729) had allergic asthma, 40.6% (n = 380) had eosinophilic asthma and 

28.3% (n = 265) had type 2 asthma (Figure 2). Of the 729 patients in the allergic asthma 

population, 39.5% (n = 288) had eosinophilic asthma and 29.5% (n = 215) had type 2 asthma 

(Figure 2). Of the 380 patients in the eosinophilic asthma population, 75.8% (n = 288) had allergic 

asthma and 41.3% (n = 157) had type 2 asthma (Figure 2). Of the 265 patients in the type 2 

asthma population, 81.1% (n = 215) had allergic asthma and 59.2% (n = 157) had eosinophilic 

asthma (Figure 2).A
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Applying the low cutoff values for eosinophils (≥ 150 cells/µL) or FeNO (≥ 25 ppb) to the 

935 patients in the non-subtype–selected population, 79.1% (n = 740) had eosinophilic asthma 

and 45.3% (n = 424) had type 2 asthma (Table 3). Within the allergic asthma population, the 

proportion of patients who also had eosinophilic asthma or type 2 asthma increased to 80.5% (n 

= 587) and 46.5% (n = 339) of patients, respectively. Of the 740 patients in the eosinophilic 

asthma population, 79.3% (n = 587) had allergic asthma and 49.9% (n = 369) had type 2 asthma. 

Of the 424 patients in the type 2 asthma population, 80.0% (n = 339) had allergic asthma and 

87.0% (n = 369) had eosinophilic asthma.

In the non-subtype–selected population, a small proportion of patients did not classify as 

having allergic, eosinophilic or type 2 asthma using high or low cutoff values. For the high 

eosinophil and FeNO cutoffs, this percentage was 11.0% (n = 103/935); for the low cutoffs, only 

4.2% (n = 39/935) did not have evidence of any of the three subtypes.

3.2.2 | Allergic asthma–selected population

Applying commonly used subtype definitions to the 1003 patients in the allergic asthma–selected 

population, predictably, 100.0% (n = 1003) had allergic asthma, 38.3% (n = 384) had eosinophilic 

asthma and 28.9% (n = 290) had type 2 asthma (Figure 3). Of the 384 patients in the eosinophilic 

asthma population, 45.3% (n = 174) had type 2 asthma (Figure 3). Of the 290 patients in the type 

2 asthma population, 60.0% (n = 174) had eosinophilic asthma (Figure 3).

3.2.3 | Lower cutoff values

As with the non-subtype–selected population, the proportion of patients with eosinophilic and 

type 2 asthma and the overlap among all subtypes increased when low cutoff values were used. 

Applying the low cutoff values for eosinophils (≥ 150 cells/µL) or FeNO (≥ 25 ppb) to the 1003 

patients in the allergic asthma–selected population, 72.0% (n = 722) had eosinophilic asthma and 

41.8% (n = 419) had type 2 asthma (Table 3). Of the 722 patients in the eosinophilic asthma 

population, 48.3% (n = 363) had concomitant type 2 asthma. Of the 419 patients in the type 2 

asthma population, 81.6% (n = 363) had concomitant eosinophilic asthma. 
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4 | DISCUSSION

In this large post hoc analysis conducted in both a non-subtype–selected population and an 

allergic asthma–selected population, most patients had allergic asthma, followed by eosinophilic 

asthma and type 2 asthma, based on high subtype definitions used (eosinophils ≥ 300 cells/µL; 

FeNO ≥ 35 ppb).26-28 Based on these definitions, a minority of patients with allergic asthma had 

concomitant eosinophilic or type 2 asthma, suggesting there is a substantial proportion of 

patients with allergic asthma as the only dominant subtype. Most patients with eosinophilic or 

type 2 asthma had concurrent allergic asthma, suggesting overlap with allergic asthma is 

common. A minority of eosinophilic patients did not have allergic asthma and a little less than 

half did not have T2 inflammation. A small proportion of T2 patients did not have allergic asthma, 

but did have eosinophilic inflammation. Only a small proportion of the non-subtype–selected 

population had no evidence of allergic, eosinophilic or type 2 asthma. 

Two cutoff values for both eosinophilic and high-FeNO asthma were chosen in our 

analyses based on common levels used to guide treatment options. Use of the lower cutoff 

values for eosinophilic asthma (eosinophils ≥ 150 cells/µL) or type 2 asthma (FeNO ≥ 25 ppb) 

increased the proportion of patients classified as having eosinophilic or type 2 asthma and the 

overlap among subtypes. Thus, the degree of overlap among subtypes was dependent on the 

cutoff level definitions used.

Our findings are consistent with the results of a previous analysis investigating the 

overlap among atopic, eosinophilic and type 2 asthma, although the definition of type 2 asthma 

was different (total IgE ≥ 100 IU/mL; blood eosinophils ≥ 140 cells/µL).15 In that study, Tran et al 

also observed that different eosinophil cutoff levels affected the degree of overlap among 

asthma subtypes. 

In the current study, clinical baseline characteristics, including asthma symptoms and 

percent predicted FEV1, were generally similar in the different subpopulations, with a few 

exceptions. In the allergic asthma–selected population, a higher proportion of patients with the 

type 2 subtype had three or more exacerbations in the previous year. Although not observed in 

the non-subtype–selected population, this difference may indicate a greater need for close 

patient management for this group. Indeed, several investigators have noted the benefits of A
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tailoring asthma interventions based on FeNO levels, augmented or reduced pharmacotherapy 

and reduced asthma exacerbations.29,30

Interestingly, when comparing patients who have no evidence of any of the subtypes 

(based on the high cutoff definitions used) with patients who have evidence of all 3 subtypes, or 

all other patients, patients with no evidence of any subtype seem to be more frequently female, 

black and have a later age of asthma onset. The data when comparing no subtype (based on high 

cutoffs), all 3 subtypes, and all other patients was as follows: female, 77.7% vs. 61.0% vs. 58.7%; 

black, 26.2% vs. 18.6% vs. 19.6%; age of diagnosis, mean [SD] 28.6 [18.6] vs. 17.7 [17.9] and 17.6 

[17.1] years, respectively. Similar tends were observed for the low cutoff groups (data not 

shown). This patient population may benefit from additional assessment of underlying airway 

inflammation and corresponding revision of treatment plans.

There is an increasing awareness of the importance of asthma phenotypes during 

diagnosis and also in personalizing approaches to treatment.5-7,28 This has progressed to the 

extent that a single biomarker is often used to identify patients likely to respond to biologic 

therapies targeting IgE, interleukin 5, interleukin 5R and interleukin 4RA.24,28 For example, blood 

eosinophil levels and/or FeNO are used as markers of eosinophilic or type 2 inflammation, while 

a skin prick test and specific IgE are used to diagnose patients with atopic or allergic asthma.5,9,31 

However, it should be noted that total IgE levels do not correspond to asthma subtypes or 

number of allergic sensitizations32 and do not correlate well with eosinophil or FeNO levels.33 

Total IgE, therefore, is not as useful for identification of asthma subtype or to guide selection of 

treatment modality. Total IgE was used in this study only for determining omalizumab dosing as 

described in the omalizumab prescribing information.34

As we and others have shown,15 it is important to recognize that substantial overlap may 

exist among subtypes, and that these subtypes are not mutually exclusive. In addition, the 

biologic treatments currently approved for asthma target different aspects of similar 

pathways.18,19,28 Therefore, when selecting the right treatment from those currently available, 

testing for one biomarker may be insufficient to establish which asthma subtype(s) are involved. 

Further, as the development of treatments for asthma that target similar and distinct molecular 

pathways continues, it will become increasingly important for asthma phenotypes to be A
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thoroughly investigated using both biological and clinical variables to ensure optimal patient 

management. 

Limitations of this analysis include those inherent to post hoc analyses, including the 

integration of data from studies that may possess important differences in patient populations. 

For instance, the allergens used to define the allergic phenotype differed between the studies. 

Further, because type 2 asthma is not well defined, an arbitrary definition was used, according to 

FeNO levels. Additional biomarkers, such as blood eosinophils,35 were not used to define type 2 

asthma because this would have overlapped with the definition used for eosinophilic asthma. In 

addition, levels of all biomarkers may be influenced by several factors leading to patients being 

included in a subtype at this snapshot in time, but could be classified differently at a different 

point in time. Because this was a post hoc analysis, methodological details regarding skin prick 

testing and allergen-specific IgE positivity were unavailable since patients were often enrolled 

into studies based on a historical positive finding. Each of the studies had missing data for 

markers used in the diagnosis of asthma subtypes in this study, which may have introduced bias. 

Because this study included only adults with moderate to severe asthma, these data may not be 

extrapolated to those with milder disease or to children and adolescents. Nevertheless, a large 

number of patients across the subgroups was studied. The consistency of findings across 

populations analyzed provides robustness to the observations reported.

In conclusion, in this large post hoc analysis, there was overlap among allergic, 

eosinophilic and type 2 asthma subtypes. In a substantial proportion of patients, allergic asthma 

was the only dominant subtype. In contrast, for patients with eosinophilic asthma or type 2 

asthma, a majority had concurrent allergic asthma, suggesting overlap with allergic asthma is 

common. A very small proportion of patients had no evidence of any of the three subtypes. The 

degree of overlap among subtypes was dependent on the definitions used and increased with 

less-stringent subtype definitions. The consistency of findings across populations analyzed 

provided robustness to the overlaps identified. 

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

ACKNOWLEDGEMENTS

Third-party writing assistance was provided by Jordana Campbell, BSc, CMPP, and Mark Snape, 

MBBS, CMPP, of Envision Pharma Inc., and funded by Genentech, Inc., a member of the Roche 

Group, and Novartis Pharmaceuticals Corporation. 

CONFLICT OF INTEREST

M. Chen has received fellowship grant support from Genentech, Inc., and is an employee of 

Southwest Asthma and Allergy Associates. K. Shepard has no conflicts of interest to disclose. M. 

Yang, P. Raut, H. Pazwash and C.T.J. Holweg are employees of Genentech, Inc., and stockholders 

in Roche. E. Choo has acted as a paid consultant to GlaxoSmithKline and a speaker to 

AstraZeneca and Teva Pharmaceutical Industries Ltd. 

AUTHOR CONTRIBUTIONS 

Study concept and design: C. T. J. Holweg, M. Chen and M. Yang. Data analysis: M. Yang and P. 

Raut. Critical review of data, manuscript drafts, and final approvals on submitted manuscript: All 

authors.  

FUNDING

This research did not receive any specific grant from funding agencies in the public, commercial 

or not-for-profit sectors. Included studies (ClinicalTrials.gov identifiers NCT00314574 [EXTRA], 

NCT01922037 [PROSPERO], NCT01545440 [LUTE], NCT01545453 [VERSE], NCT01867125 

[LAVOLTA I], NCT01868061 [LAVOLTA II]) and this analysis were funded by Genentech, Inc., a 

member of the Roche Group, and Novartis Pharma AG.

DATA AVAILABILITY STATEMENT

Qualified researchers may request access to individual patient level data through the clinical 

study data request platform (https://vivli.org/). Further details on Roche's criteria for eligible 

studies are available here (https://vivli.org/members/ourmembers/). For further details on 

Roche's Global Policy on the Sharing of Clinical Information and how to request access to related 

clinical study documents, see here A
cc

ep
te

d 
A

rt
ic

le

https://vivli.org/
https://vivli.org/members/ourmembers/


This article is protected by copyright. All rights reserved

(https://www.roche.com/research_and_development/who_we_are_how_we_work/clinical_trial

s/our_commitment_to_data_sharing.htm). 

A
cc

ep
te

d 
A

rt
ic

le

https://www.roche.com/research_and_development/who_we_are_how_we_work/clinical_trials/our_commitment_to_data_sharing.htm
https://www.roche.com/research_and_development/who_we_are_how_we_work/clinical_trials/our_commitment_to_data_sharing.htm


This article is protected by copyright. All rights reserved

REFERENCES

1. Moore WC, Bleecker ER. Asthma heterogeneity and severity—why is comprehensive 

phenotyping important? Lancet Respir Med. 2014;2(1):10-11.

2. Vijverberg SJH, Farzan N, Slob EMA, Neerincx AH, Maitland-van der Zee AH. Treatment 

response heterogeneity in asthma: the role of genetic variation. Expert Rev Respir Med. 

2018;12(1):55-65.

3. Pelaia G, Vatrella A, Busceti MT, et al. Cellular mechanisms underlying eosinophilic and 

neutrophilic airway inflammation in asthma. Mediators Inflamm. 2015;2015:879783.

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

possible mechanisms. Thorax. 2002;57(7):643-648.

5. Skloot GS. Asthma phenotypes and endotypes: a personalized approach to treatment. 

Curr Opin Pulm Med. 2016;22(1):3-9.

6. Braido F, Tiotiu A, Kowal K, Mihaicuta S, Novakova P, Oguzulgen IK. 

Phenotypes/endotypes-driven treatment in asthma. Curr Opin Allergy Clin Immunol. 

2018;18(3):184-189.

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

Med. 2012;18(5):716-725.

8. Backman H, Räisänen P, Hedman L, et al. Increased prevalence of allergic asthma from 

1996 to 2006 and further to 2016—results from three population surveys. Clin Exp 

Allergy. 2017;47(11):1426-1435.

9. Moore WC, Bleecker ER, Curran-Everett D, et al; National Heart, Lung, Blood Institute's 

Severe Asthma Research Program. Characterization of the severe asthma phenotype by 

the National Heart, Lung, and Blood Institute's Severe Asthma Research Program. J 

Allergy Clin Immunol. 2007;119(2):405-413.

10. Possa SS, Leick EA, Prado CM, Martins MA, Tibério IFLC. Eosinophilic inflammation in 

allergic asthma. Front Pharmacol. 2013;4:46.

11. Froidure A, Mouthuy J, Durham SR, Chanez P, Sibille Y, Pilette C. Asthma phenotypes and 

IgE responses. Eur Respir J. 2016;47(1):304-319.

12. Donohue JF, Jain N. Exhaled nitric oxide to predict corticosteroid responsiveness and 

reduce asthma exacerbation rates. Respir Med. 2013;107(7):943-952.A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

13. Petsky HL, Kew KM, Turner C, Chang AB. Exhaled nitric oxide levels to guide treatment for 

adults with asthma. Cochrane Database Syst Rev. 2016;9:CD011440.

14. de Abreu FC, da Silva Júnior JLR, Rabahi MF. The fraction exhaled nitric oxide as a 

biomarker of asthma control. Biomark Insights. 2019;14:1177271919826550.

15. Tran TN, Zeiger RS, Peters SP, et al. Overlap of atopic, eosinophilic, and TH2-high asthma 

phenotypes in a general population with current asthma. Ann Allergy Asthma Immunol. 

2016;116(1):37-42.

16. Global Initiative for Asthma. Global strategy for asthma management and prevention 

(2018 update). www.ginasthma.org. Accessed 27 May 2020.

17. Peters SP, Ferguson G, Deniz Y, Reisner C. Uncontrolled asthma: a review of the 

prevalence, disease burden and options for treatment. Respir Med. 2006;100(7):1139-

1151.

18. Sahota J, Robinson DS. Update on new biologics for intractable eosinophilic asthma: 

impact of reslizumab. Drug Des Develop Ther. 2018;12:1173-1181.

19. Godar M, Blanchetot C, de Haard H, Lambrecht BN, Brusselle G. Personalized medicine 

with biologics for severe type 2 asthma: current status and future prospects. mAbs. 

2017;10(1):34-45.

20. Casale TB, Chipps BE, Rosén K, et al. Response to omalizumab using patient enrichment 

criteria from trials of novel biologics in asthma. Allergy. 2018;73(2):490-497.

21. Casale TB, Luskin AT, Busse W, et al. Omalizumab effectiveness by biomarker status in 

patients with asthma: evidence from PROSPERO, a prospective real-world study. J Allergy 

Clin Immunol Pract. 2019;7(1):156-164.e1.

22. Hanania NA, Noonan M, Corren J, et al. Lebrikizumab in moderate-to-severe asthma: 

pooled data from two randomised placebo-controlled studies. Thorax. 2015;70(8):748-

756.

23. Hanania NA, Korenblat P, Chapman KR, 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-

796.A
cc

ep
te

d 
A

rt
ic

le

file:///C:/Users/tomn/Documents/Projects/Xolair/Xolair%202020%20Projects/Manuscripts/Asthma%20overlap/Manuscript/Resubmission%20to%20Clin%20Exp%20Allergy%20May%202020/Versions/To%20E&C%20for%20formatting/www.ginasthma.org


This article is protected by copyright. All rights reserved

24. Hanania NA, Alpan O, Hamilos DL, et al. Omalizumab in severe allergic asthma 

inadequately controlled with standard therapy: a randomized trial. Ann Intern Med. 

2011;154(9):573-582.

25. Chipps BE, Zeiger RS, Luskin AT, et al. Baseline asthma burden, comorbidities, and 

biomarkers in omalizumab-treated patients in PROSPERO. Ann Allergy Asthma Immunol. 

2017;119(6):524-532.e2.

26. Pavord ID, Korn S, Howarth P, et al. Mepolizumab for severe eosinophilic asthma 

(DREAM): a multicentre, double-blind, placebo-controlled trial. Lancet. 

2012;380(9842):651-659.

27. Bleecker ER, FitzGerald JM, Chanez P, et al; SIROCCO study investigators. Efficacy and 

safety of benralizumab for patients with severe asthma uncontrolled with high-dosage 

inhaled corticosteroids and long-acting β2-agonists (SIROCCO): a randomised, multicentre, 

placebo-controlled phase 3 trial. Lancet. 2016;388(10056):2115-2127.

28. Oishi K, Matsunaga K. Three-step algorithm for biological therapy targeted IgE and IL-5 in 

severe asthma. Immun Inflamm Dis. 2018;6(3):374-376.

29. Hanania NA, Massanari M, Jain N. Measurement of fractional exhaled nitric oxide in real-

world clinical practice alters asthma treatment decisions. Ann Allergy Asthma Immunol. 

2018;120(4):414-418.e1.

30. LaForce C, Brooks E, Herje N, Dorinsky P, Rickard K. Impact of exhaled nitric oxide 

measurements on treatment decisions in an asthma specialty clinic. Ann Allergy Asthma 

Immunol. 2014;113(6):619-623.

31. Soma T, Iemura H, Naito E, et al. Implication of fraction of exhaled nitric oxide and blood 

eosinophil count in severe asthma. Allergol Int. 2018;67S:S3-S11.

32. Just J, Saint-Pierre P, Gouvis-Echraghi R, et al. Childhood allergic asthma is not a single 

phenotype. J Pediatr. 2014;164(4):815-820.

33. Chipps BE, Busse WW, Luskin AT, et al. Baseline IgE levels as a marker of type 2 asthma 

among patients enrolled in the Prospective Observational Study to Evaluate Predictors of 

Clinical Effectiveness in Response to Omalizumab (PROSPERO). Am J Crit Care Med. 

2020;193:A6473.

34. Xolair [prescribing information]. South San Francisco, CA: Genentech, Inc.; 2019.A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

35. Woodruff PG, Modrek B, Choy DF, et al. T-helper type 2–driven inflammation defines 

major subphenotypes of asthma. Am J Respir Crit Care Med. 2009;180(5):388-395.

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

TABLE 1  Baseline demographic and clinical characteristics of the non-subtype–selected population (N = 935)

Characteristic

Allergic asthma

(n = 729)

EOS ≥ 150 cells/µL

(n = 740)

EOS ≥ 300 cells/µL

(n = 380)

FeNO ≥ 25 ppb

(n = 424)

FeNO ≥35 ppb

(n = 265)

Age (y), mean (SD) 47.0 (13.2) 47.7 (13.4) 46.3 (13.9) 47.4 (14.0) 45.4 (14.5)

Age at diagnosis (y), mean (SD) 16.2 (16.3) 18.1 (17.6) 18.7 (17.6) 19.5 (18.0) 19.1 (18.0)

Female, n (%) 422 (57.9) 449 (60.7) 233 (61.3) 255 (60.1) 154 (58.1)

Race, n (%)

White 544 (74.6) 558 (75.4) 290 (76.3) 298 (70.3) 183 (69.1)

Black 145 (19.9) 136 (18.4) 59 (15.5) 95 (22.4) 58 (21.9)

Other 40 (5.5) 46 (6.2) 31 (8.2) 31 (7.3) 24 (9.1)

Current smoker, n (%) 3 (0.4) 3 (0.4) 1 (0.3) 2 (0.5) 2 (0.8)

BMI ≥ 30 kg/m2, median (IQR) 30.3 (8.2) 29.9 (8.3) 29.6 (8.1) 29.4 (7.6) 28.9 (7.3)

Baseline OCS use, n (%) NA NA NA NA NA

Asthma exacerbations in past year, 

n (%)

0 400 (55.0) 389 (52.7) 194 (51.3) 221 (52.2) 126 (47.7)

1-2 253 (34.8) 263 (35.6) 127 (33.6) 149 (35.2) 101 (38.3)

≥ 3 74 (10.2) 86 (11.7) 57 (15.1) 53 (12.5) 37 (14.0)

ACQ5 score, mean (SD) 3.0 (0.8) 3.0 (0.9) 3.1 (0.9) 3.0 (0.9) 3.0 (0.9)

ppFEV1, mean (SD) 62.2 (10.5) 61.8 (10.4) 60.7 (10.1) 61.6 (10.7) 61.2 (10.8)
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ACQ5, Asthma Control Questionnaire 5; BMI, body mass index; EOS, eosinophils; FeNO, fractional exhaled nitric oxide; IQR, interquartile range; NA, 

not available; OCS, oral corticosteroids; ppFEV1, percent predicted forced expiratory volume in 1 second.

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

TABLE 2  Baseline demographic and clinical characteristics of the allergic asthma–selected population (N = 1003)

Characteristic

Allergic asthma

(n = 1003)

EOS ≥ 150 cells/µL

(n = 722)

EOS ≥ 300 cells/µL

(n = 384)

FeNO ≥ 25 ppb

(n = 419)

FeNO ≥ 35 ppb

(n = 290)

Age (y), mean (SD) 48.6 (14.3) 47.9 (14.3) 48.0 (13.9) 48.1 (14.4) 47.5 (14.5)

Age at asthma diagnosis (y), mean 

(SD)
24.8 (19.9) 24.4 (20.0) 25.6 (20.6) 26.5 (19.9) 27.0 (19.7)

Female, n (%) 667 (66.5) 473 (65.5) 257 (66.9) 259 (61.8) 179 (61.7)

Race, n (%)

White 736 (73.4) 523 (72.4) 276 (71.9) 291 (69.5) 194 (66.9)

Black 157 (15.7) 113 (15.7) 61 (15.9) 76 (18.1) 54 (18.6)

Other 110 (11.0) 86 (11.9) 47 (12.2) 52 (12.5) 42 (14.5)

Current smoker, n (%) 46 (4.6) 35 (4.8) 12 (3.1) 8 (1.9) 5 (1.7)

BMI ≥ 30 kg/m2, median (IQR) 30.6 (9.8) 30.7 (9.3) 30.7 (9.8) 29.7 (8.2) 29.3 (8.0)

Baseline OCS use, n (%) 0 (0)  0 (0)  0 (0)  0 (0)  0 (0)

Asthma exacerbations in past year, 

n (%)

0 163 (16.3) 109 (15.1) 59 (15.4) 58 (13.8) 33 (11.4)

1-2 441 (44.0) 327 (45.3) 168 (43.8) 169 (40.3) 109 (37.6)

≥ 3 399 (39.8) 286 (39.6) 157 (40.9) 192 (45.8) 148 (51.0)

ppFEV1, mean (SD) 71.4 (18.9) 70.4 (18.1) 69.0 (17.6) 70.0 (18.3) 69.9 (18.3)
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BMI, body mass index; EOS, eosinophils; FeNO, fractional exhaled nitric oxide; ppFEV1, percent predicted forced expiratory volume in 1 second; IQR, 

interquartile range; OCS, oral corticosteroids.
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TABLE 3  Overlap among allergic, eosinophilic and type 2 asthma subtypes in the non-subtype– and allergic asthma–selected populations using low 

cutoff values (eosinophil count ≥ 150 cells/µL)

Non-subtype–selected population (N = 935) Allergic asthma–selected population (N = 1003)

Allergic 

asthma

(n = 729; 78.0%a)

Eosinophilic asthma

(n = 740; 79.1%a)

Type 2 

asthma

(n = 424; 45.3%a)

Allergic 

asthma

(n = 1003; 100%a)

Eosinophilic asthma

(n = 722; 72.0%a)

Type 2 

asthma

(n = 419; 41.8%a)

Overlap within allergic 

asthma, % (n)b
– 79.3 (587) 80.0 (339) – 100 (722) 100 (419)

Overlap within eosinophilic 

asthma, % (n)b
80.5 (587) – 87.0 (369) 72.0 (722) – 82.6 (346)

Overlap within type 2 

asthma, % (n)b
46.5 (339) 49.9 (369) – 41.8 (419) 47.9 (346) –

aBased on the total sample size for the non-subtype–selected (N = 935) and allergic asthma–selected (N = 1003) populations, respectively.
bBased on the column total for each asthma subtype, respectively. 
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FIGURE LEGENDS

FIGURE 1  (A-C) Baseline total IgE, EOS counts and FeNO levels in the non-subtype– and (D-F) 

allergic asthma–selected populations. For each box plot, the top and bottom box edges 

correspond to the third and first quartiles. The line inside the box represents the median. The top 

and bottom whisker lines represent maximum and minimum values that are within the 1.5× the 

interquartile range distance from the third and first quartiles, respectively. Outliers are not 

shown for visualization purposes. EOS, eosinophils; FeNO, fractional exhaled nitric oxide; T2, type 

2. 

FIGURE 2  Overlap among (A) allergic, (B) eosinophilic and (C) T2 asthma subtypes in the non-

subtype–selected population. Definitions: eosinophilic asthma, eosinophil count ≥ 300 cells/µL; 

T2 asthma, FeNO level ≥ 35 ppb. FeNO, fractional exhaled nitric oxide; T2, type 2.

FIGURE 3  Overlap among allergic, eosinophilic and T2 asthma subtypes in the allergic asthma–

selected population. Definitions: eosinophilic asthma, eosinophil count ≥ 300 cells/µL; T2 

asthma, FeNO level ≥ 35 ppb. FeNO, fractional exhaled nitric oxide; T2, type 2. 
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