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Background: Combining a fraction of exhaled nitric oxide (FeNO) and blood eosinophil count (B-EOS) may be a useful strategy for administration of biologics such as anti-IgE or anti-IL-5 to patients with type 2 inflammatory-predominant severe asthma and is important to be elucidated considering the increasing use of biologics.
Methods: This cross-sectional study analyzed the clinical data from 114 adult patients with severe asthma, who were treated at Saitama Medical University Hospital. The eligible patients were stratified into four subgroups defined by thresholds of FeNO and blood eosinophil (B-EOS) counts to detect sputum eosinophilia, using the receiver operating characteristic curve analysis. A total of 75 patients with optimal samples were stratified into four subtypes defined by thresholds of sputum eosinophilia and neutrophilia. Clinical characteristics, pattern of biologics, and distribution of sputum subtypes were analyzed in the stratified subclasses according to the FeNO and B-EOS thresholds. The asthma exacerbation (AE)-free time of the FeNO/B-EOS subgroups and any biologics treatment including anti-IgE or anti-IL-5 use were examined using the Kaplan–Meier method. The hazard ratios (HRs) for AE-free time were examined using the Cox proportional hazard model.
Results: The optimal cutoff values for prediction of sputum eosinophilia were defined as ≥2.7% wherein for FeNO as ≥27 ppb and B-EOS as ≥265/µL were considered. The high-FeNO subgroups showed significant high total IgE, compared with the low FeNO. The high-FeNO/high-B-EOS and the high-FeNO/low-B-EOS subgroups showed the largest prevalence of mepolizumab and benralizumab use among the other FeNO/B-EOS, respectively. The high-FeNO/low-B-EOS showed the largest frequency of AEs, high HR, and the shortest AE-free time, among the other FeNO/B-EOS. The sputum eosinophil-predominant subtype was the great majority in the high FeNO/high B-EOS. A diverse distribution of sputum leukocyte-predominant subtype was observed in the other FeNO/B-EOS. The subsequent AE-free time and its HR were comparable among the biologics use groups.
Conclusion: The strategy of classifying severe asthma based on the combination of FeNO and B-EOS proposes particular refractory type 2 severe asthma and underlying airway inflammation as a feasible trait for optimal biologics use.
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INTRODUCTION
Several recent reports have demonstrated that patients with severe asthma characterized by a type 2 inflammatory-predominant endotype are a treatable population (Agache et al., 2020; Holguin, et al., 2020; Hammad and Lambrecht, 2021; Buhl, et al., 2021). Randomized clinical trials and further meta-analyses of several approved biologics, including anti-IgE, anti-IL-5, and anti-IL-5α receptor, and more recently anti-IL-4α receptor antibodies have demonstrated that they are clinically beneficial to patients with the type 2 inflammatory-predominant endotype (Farne, et al., 2017; Agache et al., 2020; Ramonell and Iftikhar, 2020; Bousquet, et al., 2021). The use of anti-type-2-inflammation biologics resulted in reduced rates of asthma exacerbation (AE) and improved pulmonary function and disease control. Several studies have surveyed predictors of responders or super responders to biologics, including blood eosinophil counts (B-EOS), fractional exhaled nitric oxide (FeNO), and history of previous asthma exacerbation (Hanania, et al., 2013; Ortega, et al., 2016; Casale et al., 2019; Harvey, et al., 2020; Kavanagh, et al., 2020; Bleecker, et al., 2020; Kroes et al., 2020; Jackson et al., 2021; Kavanagh, et al., 2021; Eger, et al., 2021). Although the use of biologics to treat patients with type 2 inflammatory-predominant severe asthma is becoming more popular, it does not necessarily help to attain a well-controlled condition (Nagase et al., 2020; Jackson et al., 2021). The candidate biomarkers that would facilitate the prediction of a satisfactory response have been explored, but they are generally varied and are to be fully elucidated yet.
B-EOS and FeNO are recognized as representative biomarkers of type 2 inflammation in asthma. Notably, the Global Initiative for Asthma (GINA) report of 2019 recommends both as biomarkers that are indicative of type 2 inflammatory-predominant severe asthma (Global Strategy for Asthma Management and Prevention, 2021). B-EOS can potentially cause eosinophilic airway inflammation (Salter and Sehmi, 2017), while FeNO is an inflammatory product delivered from the bronchial epithelium and is mediated mainly by IL-13 (Chibana, et al., 2008; Matsunaga et al., 2021). Both type 2 inflammatory biomarkers can predict eosinophilia in the airway and are recognized as risk factors for AEs (Dweik, et al., 2010; Malinovschi, et al., 2013; Schleich et al., 2014; Korevaar, et al., 2015; Price, et al., 2015; Denlinger, et al., 2017; McDowell, et al., 2021; Busse, et al., 2021; Matsunaga et al., 2021; Soma, et al., 2018). Furthermore, using them in combination has been shown to enhance the risk ratio of AEs (Malinovschi, et al., 2013; Soma, et al., 2018; Kraft, et al., 2021; Busse, et al., 2021). The two-dimensional classifications defined by these biomarkers demonstrated clinically distinctive features in four subgroups and exhibited differences in sensitized allergen numbers and prevalence of comorbid sinusitis, magnitude of response to oral corticosteroid (OCS), trends of incremental odds ratios of AEs, and progress of severe airflow limitation and airway hyperresponsiveness (Malinovschi, et al., 2016; Oishi et al., 2017; Soma, et al., 2018). Given these reports, the FeNO- and B-EOS-based classification is expected to stratify the selection of use of biologics. However, there is no evidence yet correlating the use of biologics to the B-EOS/FeNO classification of patients with severe asthma.
Comprehensive analysis, including genomics of bronchial epithelial cells and inflammatory cells in sputum and leukocytes, cytokines, and chemokines in sputum have advanced our understanding of the endotypes of severe asthma (Moore, et al., 2014; Hinks et al., 2016; Takaku et al., 2016; Fricker et al., 2019; Peters, et al., 2019). Clusters of the predominant-granulocytic type in sputum identified particular appearances, showing tolerance against OCS, upper airway comorbidities, fixed airflow restriction, poor symptoms, and an increase of FeNO (Hinks et al., 2016). However, more information is required to help this distribution profile leverage of the B-EOS- and FeNO-based four subgroup classifications for the maximal therapeutic advantage.
This study aimed to determine whether the stratification of patients with severe asthma according to type 2 biomarkers (B-EOS and FeNO) profiled trends of biologics use, and whether these trends for patients with type 2 inflammatory-predominant severe asthma and their clinical efficiency differed from real-world practice. Distribution of subclasses of airway inflammation based on eosinophil and neutrophil counts in sputum was also determined under those type 2 biomarker subclasses. We finally determined whether any particular aspect was associated with the efficiency of biologics.
MATERIALS AND METHODS
Study Design and Participant Selection
This retrospective cohort study was conducted to determine the characteristics and specific use of biologics in patients with severe asthma who were classified based on a combination of FeNO and B-EOS counts and their efficiency of responses to biologics. The enrolled patients and their clinical data from the previous or ongoing registries of observational studies at our institution (approval numbers: 13-083, 14-009, 19-132, 788, and 789) were included in this study. The Institutional Review Board of Saitama Medical University Hospital approved this study (approval number: 2021-096). Written informed consent was obtained from all participants.
The participants were more than 20 years old and attended the Allergy Center and the Department of Respiratory Medicine of Saitama Medical University Hospital from 2012 to 2021. The participants were enrolled from 1 December 2013 to 30 November 2020. Asthma diagnosis was performed according to the Japanese Society of Allergology guidelines (Nakamura et al., 2020). The positively identified patients had typical symptoms of asthma or episodes of exacerbations and ≥12% reversibility of the predicted value of FEV1 and/or airway hyperresponsiveness (PC20 methacholine <8 mg/ml). Severe asthma was diagnosed according to the American Thoracic Society/European Respiratory Society (ATS/ERS) guidelines (Chung, et al. 2014). High-dose inhaled corticosteroids and a long-acting β-agonist (LABA), leukotriene modifier (LTRA) or slow-sustained theophylline of the previous year, or oral corticosteroids for more than 50% of the past year were required to control asthma. Diagnoses of upper airway diseases and allergic dermatitis were basically carried out by an otolaryngologist or a dermatologist or based on their clinical history. The patients with the following indices were excluded: the presence of comorbidities, which might modify the results in this study, including allergic bronchopulmonary aspergillosis, eosinophilic pneumonia, eosinophilic granulomatosis with polyangiitis, and hypereosinophilic syndrome; respiratory infection for 4 weeks prior to the day of examinations; pregnancy; and the presence or history of malignant tumors, severe renal failure, or severe heart failure.
All the participants had undergone a blood examination, pulmonary function, and FeNO assessments, and some of them had induced sputum in some of our other studies. Medical information was also obtained from those studies. Spirometry was performed using an AS307 spirometer (Minato Medical Science, Osaka, Japan) (Miller et al., 2005). FeNO was measured using a compact device (NIOX VERO, Circassia AB, Oxford, United Kingdom) prior to spirometry, according to the recommendations of the ATS/ERS (American Thoracic Society and European Respiratory Society, 2005).
The incidents of AE over 12 months since the first date of entry were summed up. The first day for the patients treated with biologics was defined as the day of biologics initiation. According to the ATS/ERS guidelines, the need for hospitalization or two or more courses of OCS is referred to as a severe asthma exacerbation (SAE) (Reddel, et al., 2009). Recurrent bronchodilator use for rescue for two or more days because of worsening of symptoms and/or lung function or any SAE appearance is defined as AE.
We determined the optimal values of eosinophil and neutrophil ratios in the sputum of patients with asthma for the classification of airway eosinophilia and neutrophilic dominance. Subsequently, we determined the optimal predictive values of FeNO and B-EOS counts for sputum eosinophilia defined as the derived value of the sputum eosinophil (Sp-EOS) ratio.
Induction of Sputum and Processing
The induction of sputum was performed, as described previously (Fahy, et al., 2001; Paggiaro, et al., 2002). Briefly, the participants inhaled sterile hypertonic saline (4.5%) using an ultrasonic nebulizer (MU-32, Azwell, Osaka, Japan) after inhalation of salbutamol using a metered-dose inhaler. After they rinsed their mouths, they unforcedly expected sputum to some extent at 5-min intervals for up to 20 min.
The sputum samples collected in 50 ml polypropylene tubes were kept at 4°C and processed within 2 h as follows: first, 1 ml of Hank’s balanced salt solution containing 1% dithiothreitol (Sigma, St. Louis, MO., United States) was added to the sputum samples. Next, the admixture was vortexed and gently aspirated at an ambient temperature to homogenize the sputum samples. Finally, HBSS was added up to 5 ml and the samples were then centrifuged at 400 × g for 10 min. The supernatants were stored at −80°C until further examination. Cell pellets were resuspended in phosphate-buffered saline. Cytospin slides (Cytospin 3: Shandon, Pittsburgh, Pennsylvania) of the resuspended cells were prepared and stained with May–Grunwald–Giemsa stain. An independent investigator counted more than 500 cells per slide. Squamous cells <61% in the samples was considered appropriate for the analysis (Uchida et al., 2019).
Determination of Clinical Characteristics and Particular Uses of Biologics in Type 2 Inflammatory Subclasses Classified Based on FeNO and B-EOS Counts
We determined the optimal predictive values of FeNO and B-EOS counts for sputum eosinophilia defined as the derived value of Sp-EOS ratio. We evaluated the sensitivity and specificity of FeNO and B-EOS counts for their diagnostic accuracy. Based on the optimal cutoff values of FeNO and B-EOS counts patients with asthma were classified into four type 2 inflammatory subclasses herein referred to as low FeNO (FeNOlo)/low B-EOS (B-EOSlo) subclass, high FeNO (FeNOhi)/B-EOSlo subclass, FeNOlo/high B-EOS (B-EOShi) subclass, and FeNOhi/B-EOShi subclass.
We evaluated the characteristics of these patients in terms of demographics, AEs, pulmonary function, B-EOS counts, blood neutrophil counts, serum total IgE, FeNO, Sp-EOS and neutrophil (Sp-NEU) ratios, and distribution of the four airway-inflammatory subtypes. We also determined specificity of biologics use according to the subclass. We determined if there were differences in number of annual occurrences and time to subsequent AE and SAE prior to and post-use of biologics.
Deviation of Airway-Inflammatory Subtypes Based on Deviation of Sputum Granulocytes
Thresholds of sputum eosinophilia in patients with asthma were inferred from Sp-EOS ratios of healthy volunteers. The optimal thresholds of sputum eosinophilia were considered as the mean +1.5 standard deviation (SD) of those cell ratios in case of normal distribution, or a 90 percentile otherwise (Belda, et al., 2000; Takaku et al., 2016; Rossios, et al., 2018; Uchida et al., 2019; Hastie, et al., 2021). Thresholds of neutrophilic predominancy in sputum were considered based on the mean + 1.5SD or a 90 percentile of Sp-NEU ratios in healthy volunteers and adopted values from the previous studies (Moore, et al., 2014; Hinks et al., 2016; Takaku et al., 2016; Fricker et al., 2019; Peters, et al., 2019). Patients with severe asthma were classified into four airway-inflammatory subtypes as the following: the paucigranulocyte subtype defined by low Sp-EOS and low Sp-NEU ratio, the eosinophil-predominant subtype defined by high Sp-EOS and low Sp-NEU ratio, the neutrophil-predominant subtype defined by low Sp-EOS and high Sp-NEU ratio, and the mixed-granulocyte subtype defined by high Sp-EOS and high Sp-NEU ratio. We determined the distribution of these subtypes in the type 2 inflammatory subclasses.
Data Analysis
The normality of the continuous variables was analyzed using the Kolmogorov–Smirnov test. Continuous variables, which were normally distributed, were analyzed using the Student t-tests and analysis of variance (ANOVA), while the others were analyzed using the Mann–Whitney U-test and Kruskal–Wallis tests. Categorical variables were analyzed using χ2 or Fisher’s exact tests as appropriate. Values are described as mean ± SD or as median with interquartile ranges (IQR), if not normally distributed.
The diagnostic accuracy of the FeNO and B-EOS counts to detect the optimal cutoff value for Sp-EOSs ≥2.7% was evaluated using the receiver operating characteristic curve (ROC) analysis for each variable. An ROC area under the curve of 0.5 was designated as an inability of the biomarker to predict a patient’s correct classification. According to the derived cutoff values, the sensitivity and specificity were calculated.
The time for the first AE after the entry for 12 months and its hazard ratio (HR) were examined for the respective type 2 inflammatory subclasses and the associated use of three biologics, omalizumab and the anti-IL-5 biologics (combination of mepolizumab and benralizumab), using the Kaplan–Meier method and the Cox proportional hazard model. The data for the patients who experienced AEs or were lost to follow-up were censored for the analysis at the times when they occurred. The generalized Wilcoxon signed-rank test and log-rank test were used to assess the differences between the FeNO/B-EOS subgroups and the subgroups with or without biologics in the time to the first AE after the entry. Differences in the unadjusted HRs for the type 2 inflammatory subclasses and the associated biologics used were examined using the Cox proportional hazard model. Before the unadjusted HRs were adjusted, potential explanatory variables were identified using ANOVA, Kruskal–Wallis test, Fisher’s exact test or univariable, Cox proportional hazard model among the type 2 inflammatory subclasses, and the three biologics. Variables with a p value < 0.1 at a univariate analysis were entered in the multivariate Cox proportional hazard model as covariates. The data were analyzed using the SPSS version 26.0 (IBM, Armonk, New York, United States).
RESULTS
A total of 25 healthy volunteers were enrolled but eight of them were excluded; one had severe allergic rhinitis, one had a history of smoking, one exhibited a high FeNO and airway hyperresponsiveness, and five had inadequate sputum samples. Of the 150 patients with severe asthma enrolled, 38 were excluded, because 12 were diagnosed with chronic obstructive pulmonary disease, two were receiving biologics mainly as treatment for eosinophilic rhinosinusitis, and 24 had inadequate sputum samples. In all, 112 patients with severe asthma and 17 volunteers were eligible for the analysis.
The characteristics of the healthy volunteers and the eligible patients with severe asthma at the entry are shown in Table 1. The age and proportion of females were significantly higher among the patients with severe asthma than the healthy volunteers. A total of 69 (61.6%) patients had allergic comorbidities (allergic rhinitis, chronic sinusitis, atopic dermatitis, and urticaria). Most patients took high-dose inhaled corticosteroids (ICS) and a combination with LABA, LTRA, or slow-sustained theophylline, while one third of those received OCS and long-acting muscarinic antagonist (LAMA). Approximately 10% of those previously took biologics. The proportions of eosinophils in sputum and B-EOS counts were significantly higher in patients with severe asthma, while those with neutrophils in sputum were not, compared with those were healthy. The total IgE, FeNO, and some pulmonary function indices were significantly different in the patients with severe asthma compared to those in healthy volunteers.
TABLE 1 | Demographic and clinical characteristics of the patients at entry.
[image: Table 1]A total of 75 induced sputum samples (66.7%) were successfully obtained from the patients with severe asthma. The median squamous cell ratios in the sputum samples from healthy volunteers and asthmatics were 6.5% (1.2%–15.2%) and 20.1% (6.6%–40.9%), respectively. As the 90th percentile of the Sp-EOSs for the healthy volunteers, 2.7% was considered as the appropriate cutoff value to distinguish the patients with severe asthma having sputum eosinophilia from those who were not (Supplementary Figure S1). Based on this, we adopted 2.7% as the cutoff value for detecting the patients with sputum eosinophilia. Those who had more than or equal to this value accounted for 48.0% of asthmatics in this study. Similarly, we used 50.0% as the cutoff value to detect the patients with predominant neutrophils in their sputum. This cutoff value for the detection of the predominant Sp-NEUs was considered appropriate in this study since we did not aim to detect the neutrophilic airway diseases, such as chronic bronchitis, and the SARP-II and III study had adopted this cutoff value (Moore, et al., 2014; Peters, et al., 2019). This range has accounted for 34.7% of the patients.
The Appropriate Cutoff Values of B-EOS Counts and FeNO Levels to Predict Patients With Sputum Eosinophilia
The ROC curve analysis determined that the B-EOS of ≥265 cells/µL and FeNO levels ≥27 ppb optimally distinguished the patients with severe asthma having sputum eosinophilia (>2.7%) from those who were not. The diagnostic accuracies of the cutoff values of B-EOS and FeNO levels were 73.4% [p < 0.0001, 95% confidence interval (CI): 61.9–84.9] and 74.8% (p < 0.0001, 95% CI: 63.3–86.3), respectively (Supplementary Figure S2). Sensitivity and specificity of the B-EOS cutoff values were 70.3% and 62.5%, respectively, and those of the FeNO were 70.3% and 70.0%, respectively. We adopted these cutoff values for all the patients because these parameters resulted in plausible diagnostic performance.
Clinical Characteristics of the Four Subgroups Classified by FeNO and B-EOS Cutoff Values
All the patients with severe asthma were allocated into the following four subgroups by the B-EOS and the FeNO cutoff value: 29 in the FeNOlo/B-EOSlo subgroup, 24 in the FeNOhi/B-EOSlo subgroup, 28 in the FeNOlo/B-EOShi subgroup, and 31 in the FeNOhi/B-EOShi subgroup at the entry (Table 2). The prevalence of four FeNO/B-EOS subgroups was comparable as it ranged from 21.4% to 27.8%. The following indices were not different among the four subgroups: age, sex, body mass index, smoking history, duration of asthma, and prevalence of allergic comorbidities. The proportion of OCS use at the entry was significantly the largest (approximately 50%) in the FeNOlo/B-EOSlo subgroup, the second highest (approximately 40%) in the FeNOhi/B-EOSlo subgroup, and approximately 20% in the FeNOhi/B-EOShi and FeNOlo/B-EOShi subgroups. The doses of OCS and ICS at the entry did not differ among the four FeNO/B-EOS subgroups (Table 2). The proportions of LABA, LAMA, LTRA, and theophylline use at the entry were also comparable among the four FeNO/B-EOS groups. The prevalence of use of any biologics before the entry was high in the FeNOhi/B-EOSlo (about 20%) compared with the other FeNO/B-EOS subgroups. Serum total IgE was the highest in the FeNOhi/B-EOSlo subgroup and was significantly different compared with the FeNOlo/B-EOSlo subgroup, while the second highest in the FeNOhi/B-EOShi subgroup with significance, compared with that in the B-EOSlo subgroups. The ratio of Sp-EOS was significantly the highest in the FeNOhi/B-EOShi subgroup and the lowest in the FeNOlo/B-EOSlo subgroup. The ratios of Sp-NEU were comparable (around 40%) among the subgroups. Most of the pulmonary function parameters were more than 80%, but the FEV1/FVC ratios were less than 70% in all the subgroups except FeNOlo/B-EOSlo. Previous annual AEs were significantly the highest in the FeNOhi/B-EOSlo subgroup.
TABLE 2 | Demographics and clinical characteristics of patients with asthma in the subgroups classified by type 2 biomarker at entry.
[image: Table 2]Characteristics of patients who were not treated with any biologics before the entry are shown in Supplementary Table S1. Serum total IgE was significantly higher in the FeNOhi/B-EOSlo subgroup than in the B-EOShi subgroup. The ratio of Sp-EOS gradually increased in the order of FeNOlo/B-EOSlo, then FeNOhi/B-EOSlo, then FeNOlo/B-EOSlo, and then FeNOhi/B-EOShi, indicating that the Sp-EOS ratio was significantly lower in the FeNOlo/B-EOSlo subgroup than in the other FeNO/B-EOS subgroups.
Therapeutic Peculiarity of the Four Subgroups for FeNO and B-EOS Cutoff Values
The prevalence of any biologic use after the entry was approximately 50% as follows: 16 (55.1%) in the FeNOlo/B-EOSlo subgroup, 15 (62.5%) in the FeNOhi/B-EOSlo subgroup, 11 (39.2%) in the FeNOlo/B-EOShi subgroup, and 12 (38.7%) in the FeNOhi/B-EOShi subgroup. Distribution of the proportion of biologics use after the entry were significantly different among the FeNO/B-EOS subgroups (p = 0.019). The proportion of benralizumab use was significantly higher in the FeNOhi/B-EOSlo subgroup, while mepolizumab use was significantly higher in the FeNOhi/B-EOShi subgroup (Figure 1). The proportion of omalizumab was significantly lower in the FeNOhi/B-EOShi subgroup, while it was almost equal in the other subgroups. The proportion of dupilumab and no biologic use was comparable between the FeNO/B-EOS subgroups.
[image: Figure 1]FIGURE 1 | Distribution of the prevalence of biologics use in the type 2 biomarker-classified subgroups. In the low-FeNO/low-B-EOS subgroup, omalizumab, mepolizumab, benralizumab, and dupilumab were as follows: 20.7, 13.8, 13.8, and 3.4%, respectively. In the high-FeNO/low-B-EOS subgroup: 20.8, 8.3, 29.2, and 4.2%, respectively. In the low-FeNO/high-B-EOS subgroup: 7.1, 10.7, 17.9, and 3.6%, respectively. In the high-FeNO/high-B-EOS subgroup: 0.0, 32.3, 6.5, and 0.0%, respectively. Values were analyzed using Fisher’s exact test. *, significantly high or low, compared with the other FeNO/B-EOS subgroups.
Comparison of Risk of Future AEs Among the Four Subgroups Classified Based on FeNO and the B-EOS Cutoff Values
The numbers of the annual AEs after the entry were significantly different among the FeNO/B-EOS subgroups (Figure 2A), which was highest in the FeNOhi/B-EOSlo [median 3 (0–5)] among the FeNO/B-EOS groups. Subsequent annual AE numbers were lowest in the FeNOlo/B-EOShi [median 0 (0–1)] and those in the FeNOhi/B-EOShi [median 1 (1–3)] were mostly equal in the FeNOlo/B-EOSlo groups [median 1 (0–2)].
[image: Figure 2]FIGURE 2 | Comparison of the future risk of asthma exacerbations after the entry between the type 2 biomarker-classified subgroups. (A) Differences in the number of annual subsequent asthma exacerbation after the entry among the subgroups classified by FeNO and B-EOS cutoff values for detection of sputum eosinophilia. Horizontal bars represent median. *vs. Low FeNO, High-b-EOS, p = 0.006; **vs. Low FeNO, Low-b-EOS, p = 0.01; ***vs. High FeNO, High-b-EOS, p = 0.04. (B) Kaplan–Meier analysis for asthma exacerbation-free time after the entry among the predominant type 2 inflammation subgroups. Generalized Wilcoxon, p = 0.048, Log Rank, p = 0.07. B-EOS, blood eosinophils; AE, asthma exacerbation.
The subsequent AE-free time for 12 months after the entry was significantly different among the FeNO/B-EOS subgroups, which was assessed using the Kaplan–Meier-Meier method (Generalized Wilcoxon, p = 0.048, Log Rank, p = 0.07) (Figure 2B). The median AE-free times were 230 days (139, 95%CI) in the FeNOlo/B-EOSlo subgroup, 93 days (56, 95%CI) in the FeNOhi/B-EOSlo, 365 days (364, 95%CI) in the FeNOlo/B-EOShi, and 240 days (75, 95%CI) in the FeNOhi/B-EOShi. The unadjusted HR for the subsequent AE-free time after the entry was significantly higher in the FeNOhi/B-EOSlo subgroup, compared with the FeNOlo/B-EOShi, based on the univariable Cox proportional hazard model (Table 3). The unadjusted HRs for the subsequent AE-free time of age, the number of previous AEs over 12 months, and the use of omalizumab were also significant. Aging was associated with the longer subsequent AE-free time after the entry. An increasing number of previous AEs for 12 months and omalizumab use was associated with the shorter subsequent AE-free time after the entry. Three patients who received dupilumab were excluded from the former analysis. There were no significances in the following unadjusted HRs of potent risk factors for the annual subsequent AEs: sex, chronic sinusitis, use of OCS, use of biologics, %FEV1, and FEV/FVC (Table 3). The HR of the patients in the FeNOhi/B-EOSlo subgroup did not persist significantly after adjustment with the confounding variables using the multivariable Cox proportional hazard model (Table 3). The adjusted HR for age and the previous annual AE numbers that persisted independently were significant.
TABLE 3 | Univariable and multivariable Cox proportional hazard models to determine the hazard ratio for the subsequent asthma exacerbation-free time in the FeNO/B-EOS subgroups.
[image: Table 3]We examined this HR for the FeNOhi/B-EOSlo subgroup with adjusted biologics therapies including omalizumab, anti-IL-5 biologics (mepolizumab + benralizumab), and non-biologics. The HR of the patients in the FeNOhi/B-EOSlo subgroup persisted significantly higher than the FeNOlo/B-EOShi subgroup (p = 0.008) (Table 4).
TABLE 4 | Adjusted hazard ratio for the subsequent asthma exacerbation-free time in the FeNO/B-EOS subgroups with biologics use as the confounding variable.
[image: Table 4]Distribution of Sputum Granulocytic Subtypes in the FeNO/B-EOS Subgroups
The FeNO/B-EOS subgroups exhibited heterogeneous distribution of the four subtypes with predominant granulocytes in the sputum (Figure 3). The FeNOhi/B-EOShi subclass exhibited the largest significant population of the sputum eosinophil-predominant subtype (68.2%), the smallest significant population of the sputum paucigranulocyte subtype (9.1%), and marginal populations of the sputum mixed-granulocytic subtype (4.5%) and the sputum neutrophil-predominant subtype (18.2%), compared with the other FeNO/B-EOS subgroups. The FeNOlo/B-EOSlo subgroup exhibited the smallest significant population of the eosinophil-predominant subtype (5.9%), the largest significant population of the neutrophil-predominant subtype (52.9%), the largest population of the paucigranulocyte subtype (41.2%), and the smallest population of the mixed-granulocyte subtype (0.0%). The FeNOhi/B-EOSlo subgroup exhibited the second largest population of the eosinophil-predominant subtype (46.7%), the second largest population of the neutrophil-dominant subtype (26.7%), and moderate populations of the mixed-granulocyte (13.3%) and paucigranulocyte subtypes (13.3%). The FeNOlo/B-EOShi subgroup exhibited the third largest population of the eosinophil-predominant subtype (33.3%), the second largest significant population of the paucigranulocyte subtype (38.1%), the smallest significant population of the neutrophil-dominant subtype (14.3%), and moderate population of the mixed-granulocytic subtype (14.3%).
[image: Figure 3]FIGURE 3 | Distribution of sputum granulocyte-predominant subtypes in the type 2 biomarker-classified subgroups. Of successful sputum induction, 75 adequate sputum samples were examined. Patients were divided into four subtypes according to the cutoff values of sputum eosinophilia (≥2.7%) and predominant neutrophil (≥50.0%). Values were analyzed using Fisher’s exact test. In the FeNOlo/B-EOSlo subgroup, the eosinophil-predominant, mixed-granulocyte, neutrophil-predominant, and paucigranulocyte subtypes were as follows: 5.9, 0.0, 52.9, and 41.2%, respectively. In the FeNOhi/B-EOSlo subgroup: 46.7, 13.3, 26.7, and 13.3%, respectively. In the FeNOlo/B-EOShi subgroup: 33.3, 14.3, 14.3, and 38.1%, respectively. In the FeNOhi/B-EOShi subgroup: 68.2, 4.5, 18.2, and 9.1%, respectively. FeNOlo, low FeNO; FeNOhi, high FeNO; B-EOSlo, low B-EOS; B-EOShi, high B-EOS. *, significantly high or low, compared with the other FeNO/B-EOS subgroups.
The classification into four subtypes by predominant sputum granulocytes did not show an effect on HR for subsequent AEs-free time and reduction of that with anti-IL-5 biologics use as shown by the multivariable Cox proportional hazard model (data not shown).
Comparison of Improvement Efficacy for Future AEs Between the Patients Treated With Omalizumab and Anti-IL-5 Biologics
Since the use of biologics depended on the FeNO/B-EOS subgroups, we examined the effect of biologics on the occurrence of the first AE for a year after the entry day (as the day of any biologics beginning). Patients treated with dupilumab were excluded from this analysis because there were only a few of them in this study. The characteristics of the patients are shown in Table 5. OCS use was significantly higher in the biologics group, especially in the omalizumab group, compared with the nonbiologics group. The total IgE was significantly higher in the anti-IL-5 biologics and nonbiologics groups, compared with the omalizumab group. B-EOS was significantly higher in the anti-IL-5 biologics and nonbiologics groups, compared with the omalizumab group. The previous annual AEs were significantly higher in the omalizumab group. There were no differences in the other indices.
TABLE 5 | Demographics and clinical characteristics of patients with asthma in groups of biologic drugs.
[image: Table 5]The subsequent annual AEs and SAEs after the entry was significantly higher in the omalizumab group than those in the anti-IL-5 biologics and nonbiologics groups (Figures 4A,B). We also examined whether the effect of omalizumab and anti-IL-5 biologics on subsequent annual AEs and SAEs after the entry differed among the FeNO/B-EOS subgroups. All patients receiving omalizumab or anti-IL-5 biologics in the FeNOhi/B-EOSlo subgroup frequently experienced AEs and SAEs without significance, compared with the other FeNO/B-EOS subgroups (Supplementary Figure S3A). The patients initiated newly on these biologics significantly experienced frequent AEs and SAEs (Supplementary Figure S3B). The Kaplan–Meier method did not show any differences in the AE-free time after the entry among the three treatment groups (Figure 4C).
[image: Figure 4]FIGURE 4 | Comparison of the future risk of asthma exacerbations after the entry between the groups of biologics use annual subsequent (A) all asthma exacerbations and (B) severe asthma exacerbations was examined using the Kruskal–Wallis test and Bonferroni correction for post hoc pairwise analyses. (C) All asthma exacerbations-free time from the entry are examined using Kaplan–Meier analysis. (A)*vs. no biologics, p = 0.001; **vs. mepolizumab and benralizumab, p = 0.01. (B)†vs. no biologics, p = 0.0007; ††vs. mepolizumab and benralizumab, p = 0.01.
DISCUSSION
This study determined that the classification of patients with severe asthma into four subgroups according to FeNO and B-EOS contributed to show differences in frequency of future annual AEs, the heterogeneous prevalence of subclasses stratified by Sp-EOS and Sp-NEU rates, and particular patterns of clinical response to two classes of biologics, namely anti-IgE and anti-IL-5. The use of FeNO and B-EOS as biomarkers provides benefits for the treatment of severe eosinophilic asthma with approved biologics since they are expected to predict the people who respond to biologics (Hanania, et al., 2013; Casale et al., 2019; Ortega, et al., 2016; Harvey, et al., 2020; Kavanagh, et al., 2020; Bleecker, et al., 2020; Kroes et al., 2020; Kavanagh, et al., 2021; Eger, et al., 2021). In this study, the FeNOhi/B-EOSlo subgroups but not the FeNOhi/B-EOShi subgroups experienced a high recurrence of future annual AEs and restricted improvement in annual AEs following biologics use, suggesting that a sole increase of FeNO may serve as an independent biomarker for biologics use in difficult-to-treat asthma. Furthermore, in this study, variable proportions of the four subtypes based on the predominant Sp-EOS and Sp-NEU rate indicates the complexity of airway inflammation that underlies the FeNO/B-EOS subgroups. This finding may help in identifying precision medicine strategies. Likewise, specific use of biologics in the subgroups classified by type 2 biomarkers in this study proved that the combination of FeNO and B-EOS may be a feasible strategy for the use of type 2 biomarkers for choice of biologics. Taken together, the characterization of type 2 inflammation-predominant severe asthma based on the classification by two dimensional-type 2 biomarkers in this study might be more convincing.
The patients with severe asthma in the FeNOhi/B-EOShi subgroup exhibited both the highest total IgE and Sp-EOS ratios in this study. Most of those patients also belonged to the eosinophil-predominant subtype in this study. These results suggest that both the Th2 system and cascades to especially induce eosinophilic airway inflammation, including ILC2, might be enhanced in most of the FeNOhi/B-EOShi subgroup. Genomics analysis studies have shown median gene upregulation of IL-4, IL-5, and IL-13 mRNA in patients with severe asthma and who expressed the features of type 2 inflammatory asthma (Peters, et al., 2019). Our findings are in line with this study.
The highest prevalence of patients with severe asthma in the FeNOhi/B-EOShi subgroup received mepolizumab. This result is reasonable because the eosinophil-predominant subtype is prominent in this study. Several studies demonstrated that B-EOS may serve as a predictor of response to mepolizumab (Ortega, et al., 2016; Harvey, et al., 2020; Kavanagh, et al., 2020). A longitudinal study addressed that the responders defined that reduction of ACT scores to mepolizumub included an increase of B-EOS at the baseline (Kavanagh, et al., 2020). In fact, the present study demonstrated that the frequency of the future annual AEs in the FeNOhi/B-EOShi subgroups was not the highest, although the risk of annual AEs was the highest in the previous study (Malinovschi, et al., 2013; Soma, et al., 2018; Busse, et al., 2021). This discrepancy in the present study may partially be due to mepolizumub administration because anti-IL-5 biologics decrease HR for the time to subsequent AE of patients with FeNOhi/B-EOShi. Therefore, mepolizumub seems appropriate in this subgroup.
This study demonstrated that the FeNOhi/B-EOSlo subgroup had the highest total IgE among the FeNO/B-EOS subgroups. We have previously reported that severe asthma with FeNOhi/B-EOSlo exhibited the highest number of sensitized allergens (Soma, et al., 2018). FeNO is generated by the bronchial epithelial cells mainly through an IL-13-driven pathway (Chibana, et al., 2008; Matsunaga et al., 2021). Our results suggest that the type 2 immunologic response, especially related to IL-4/IL-13, is accelerated in them. Additionally, a low level of E-BOS may predict a lower Sp-EOS ratio than high E-BOS in this subgroup (Table 2). Thus, the immunologic pathway might skew to IL-4/IL-13-oriented system and mild local eosinophilic inflammation in this subgroup. In contrast, the prevalence of those with the sputum neutrophil-predominant was relatively high in the FeNOhi/B-EOSlo group, compared with the B-EOShi, suggesting that type 2-low airway inflammation coexisted in this subgroup. This complicated underlying immune pathway may be involved in AEs resistant to biologics. Indeed, our findings showed that resident future AEs and HR for the AE-free time were insufficiently modified by biologics, including anti-IgE or anti-IL-5 biologics.
The highest HR of subsequent AE-free time was observed in the FeNOhi/B-EOSlo subgroup among the FeNO/B-EOS subgroups, especially compared within the FeNOlo/B-EOShi subgroup in this study. In addition, the previous annual AEs were the most frequent in this subgroup. Though the HR improved after adjustment with biologics use, the adjusted HR in the FeNOhi/B-EOSlo persisted the highest, which was significant compared with the FeNOlo/B-EOShi. Improvement in the frequency of the subsequent annual AEs and SAEs after the entry with the biologics in the FeNOhi/B-EOSlo subgroup was not superior to that in the other FeNO/B-EOS subgroups. These results suggest that the FeNOhi/B-EOSlo subgroup exhibited markedly uncontrolled condition and were resistant to biologics. On the contrary, the unadjusted HR for the subsequent AE-free time after the entry day was lower in the B-EOShi subgroups than in the FeNOhi/B-EOSlo. The discrepancy between the previous studies (Malinovschi, et al., 2013; Soma, et al., 2018; Busse, et al., 2021) and the present study may be due to the specific biologics used in the B-EOShi subgroups.
A high proportion of patients with severe asthma in the FeNOhi/B-EOSlo subgroup received benralizumub. A longitudinal study showed that the high FeNO at the baseline was a predictor of the super responders to benralizumub (Kavanagh, et al., 2021). A study reported that FeNO ≥40ppb predicted the responders of benralizumub (Watanabe, et al., 2021). Considering the available evidence, FeNO levels may help decide the possible administration of benralizumub. However, the effect of biologics on the AEs was limited in this subgroup. It may be partly due to the complex nature of airway leukocytic inflammation (Figure 3). Taken together, anti-IL-5 biologics may be preferable for the patients with extensively high FeNO in the FeNOhi/B-EOShi.
Notably, anti-IL-5 biologics had been administrated to 16.6% of the patients in the FeNOhi/B-EOSlo subgroup before the entry. They had abrogated B-EOS counts, possibly resulting in modification of the prevalence of the FeNO/B-EOS subgroups. Alternative biomarkers for B-EOS are needed because prior administration of biologics could change the population of the FeNO/B-EOS subgroup following biologics therapy. A prospective observation study showed that in severe eosinophilic asthma treated with mepolizumab, high FeNO could be used to distinguish residual eosinophilic exacerbations from the noneosinophilic exacerbations (McDowell, et al., 2021). It suggests that FeNO can be a useful predictive marker for the eosinophilic exacerbations following anti-IL-5 antibody therapy.
The FeNOlo/B-EOShi subgroup showed the lowest prevalence of patients with increased sputum granulocytes and half of the patients with predominant eosinophils in sputum (the sputum eosinophil-predominant + the mixed-granulocyte subtype). Anti-IL-5 biologics were mostly administrated in this subgroup, resulting in the lowest future risk of the AEs among the FeNO/B-EOS subgroups. Considering the main target cells of anti-IL-5 biologics, it is understandable how the lower future risk of AEs was possible. Therefore, anti-IL-5 biologics may be preferable for patients with FeNOlo/B-EOShi.
In the FeNOlo/B-EOSlo subgroup, future annual AEs remained high unless more than half of the patients received any biologics and OCS. The neutrophil-predominant and paucigranulocyte subtypes were the primary subtypes in this subclass, suggesting that the eosinophilic airway inflammation underlying the FeNOlo/B-EOSlo was not involved in mitigation of the risk of future AEs. The patients treated with omalizumab experienced significantly more frequent subsequent annual AEs and SAEs in this subgroup (Supplementary Figure S3), suggesting omalizumab might be not suitable in this subgroup. Further studies are required to explore precision therapy needed for this subgroup.
Endotype classification based on predominant inflammatory cells in sputum revealed that the FeNO/B-EOS-classified subgroups comprised of various proportions of granulocytes in the sputum. The complexity of granulocyte-classified subclasses seemed to influence severe asthma control after the initiation of biologics use. Indeed, compared within the FeNOhi/B-EOSlo, the numbers of the future annual AEs were low in the FeNOhi/B-EOShi where the primary subtype was the eosinophil-predominant one (Figure 2A) and only anti-IL5 biologics were added on. In contrast, the numbers of the future annual AEs were remarkably high in the FeNOhi/B-EOSlo subgroup, where the neutrophil-predominant subtype was also predominant, which was at similar levels to the eosinophil-predominant subtype (40%). In addition, Sp-EOS rates were smaller in the FeNOhi/B-EOSlo subgroup than in the B-EOShi subgroups (Table 2). This might lead to an attenuating contribution of biologics to the numbers of future annual AEs. In the FeNOlo/B-EOShi group, the numbers of the future annual AEs were the smallest among the type 2 biomarker subgroups partly because the eosinophil-predominant subtype accounted for almost of patients in this subgroup and granulocytes were low as compared with the others.
We found that asthmatics treated with anti-IL-5 biologics and omalizumab maintained a similar HR of subsequent AE-free time to a magnitude that those who were not treated with them experienced. In this study, the patients treated with biologics seemed more severe than those who were not treated with them since patients who were treated with biologics frequently experienced annual AEs in the previous year and had a high proportion of the OCS use, compared with those who were not treated with biologics. Considering this result, the comparable HRs between the add-on and not-add-on biologics seemed to verify the benefit of biologics for AEs.
Patients with severe asthma treated with omalizumab and anti-IL-5 biologics frequently experienced subsequent annual AEs and SAEs after the entry in the FeNOhi/B-EOSlo subgroup, compared with the other FeNO/B-EOS subgroups (Supplementary Figure S3), suggesting that these biologics were partially effective in the FeNOhi/B-EOSlo subgroups. This may be a factor in the more frequent annual AEs and SAEs in the FeNOhi/B-EOSlo subgroup.
There are several limitations in this study. The analysis of distribution of leukocytes in sputum was only performed in a small number of patients. Induction of sputum is difficult to obtain sufficient volumes and adequate samples in real practice. Our success rate of sputum induction was similar to that of the previous study (Tanaka et al., 2021). This study was of value in clarifying distinctive locations of the subtype based on the rates of sputum leukocytes using scale of sputum samples almost equal to those in the previous studies. Tendency of biologics administration and their effectiveness on AEs were restrictively evaluated. However, the present study is significant regarding that it shows the superior efficacy of anti-IL-5 biologics in preserving AE-free time to omalizumab. A few indirect treatment studies and a Cochrane analysis reviewed controversial results of the effectiveness of mepolizumub, benralizumab, and reslizumab on reduction of the annual rate of SAEs compared with placebo (Farne, et al., 2017; Ramonell and Iftikhar, 2020; Agache et al., 2020; Bousquet, et al., 2021). This study was a retrospective observational study of small scale, and further prospective and large-scale studies are needed.
In conclusion, the present study addresses that the classification according to two representative type 2 biomarkers demonstrating four specific clusters in severe asthma that present distinct patterns of four airway-inflammatory subtypes and a pattern of biologics use in real-world practice. This clustering by type 2 biomarkers seems to be consistently convenient for making decisions on biologics use, and likewise, to include complexity in airway inflammation that might be involved in the resident AE and tolerance to these therapeutic agents. For biologics therapy, this classification suggests that patients with severe asthma who have solely high FeNO may most likely have refractory type 2 severe asthma. The convenient type 2 of the biomarker classification likely offers useful information that would facilitate the decisions on initial biologics use in patients with severe asthma and help decide with a step afterward.
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Cox proportional hazard model was used for this analysis.
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The bold values means staticticaly significant.
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Multivariate analysis
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Factor Adjusted HR (95%Cl) p value

Biologics after the entry 1.00 (reference) -
Omalizumab 0.53 (0.26-1.15) NS.
Anti-IL-5 antibody 0.64 (031-1.31) NS.
No biologics

FeNO/B-EOS subgroups 1.00 (reference) -
FeNO"/B-EOS® 0.35 (0.16-0.76) 0.008
FeNO*/B-EOS" 0.66 (0.34-1.29) NS.
FeNO*/B-EOS” 0.68 (0.33-1.40) NS.

FeNO"/B-EOS"

Cox proportional hazard model was used for this analysis.
FeNO®, low FeNO; FeNO", high FeNO; B-EOS", low B-EOS; B-EOS”, high B-EOS.
The bold values means statisticaly significant.
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