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Abstract
Eosinophilic airway inflammation is one of the cardinal features of allergic airway diseases such as 

atopic asthma and allergic rhinitis. These childhood-onset conditions are mediated by allergen and 

allergen-specific IgE and often accompanied by other allergic diseases including food allergy and 

eczema. They can develop consecutively in the same patient, which is referred to as an allergic 

march. In contrast, some phenotypes of asthma, nonsteroidal anti-inflammatory 

drugs-exacerbated airway disease (N-ERD), chronic rhinosinusitis with nasal polyps 

(CRSwNP)/eosinophilic CRS, and allergic bronchopulmonary aspergillosis/mycosis 

(ABPA/ABPM) are adult-onset airway diseases, which are characterised by prominent peripheral 

blood eosinophilia. Most of these conditions, except for ABPA/ABPM, are non-atopic, and the 

coexistence of multiple diseases, including an adult-onset eosinophilic systemic disease, 

eosinophilic granulomatosis with polyangiitis (EGPA), is common. In this review, we focus on 

eosinophil biology, genetics, and clinical characteristics and the pathophysiology of adult-onset 

eosinophilic asthma, N-ERD, CRSwNP/eosinophilic CRS, ABPA/ABPM, and EGPA, while 

exploring the common genetic, immunological, and pathological conditions among these 

adult-onset eosinophilic diseases.

Key words
Asthma; Eosinophils; Extracellular trap cell death; Thymic stromal lymphopoietin
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1 1. Introduction
2 Allergic diseases in the upper and the lower airways such as allergic rhinitis and atopic asthma are 

3 usually accompanied by local eosinophilia and sometimes by peripheral blood eosinophilia. 

4 Chronic rhinosinusitis with nasal polyps (CRSwNP) and non-atopic asthma are also characterized 

5 by local and systemic eosinophilia, however, there are substantial differences in the age of onset 

6 and the presence of atopy. Atopic asthma and allergic rhinitis develop during childhood in most 

7 cases, and mediated by type 1 hypersensitivity reactions to allergen(s), as are other 

8 childhood-onset allergic diseases such as food allergies and eczema. Patients often develop 

9 these diseases consecutively as an allergic march (Figure 1), suggesting the presence of common 

10 genetic backgrounds and pathophysiology.

11 In contrast to childhood-onset disease, adult-onset asthma frequently presents as a non-atopic 

12 and eosinophilic condition,1-6 although it shares similar clinical and physiological features. This 

13 phenotype of asthma is closely associated with other adult-onset eosinophilic airway diseases 

14 such as nonsteroidal anti-inflammatory drug (NSAID)-exacerbated airway disease (N-ERD) and 

15 CRSwNP/eosinophilic CRS, as well as an eosinophilic systemic disease, eosinophilic 

16 granulomatosis with polyangiitis (EGPA) (Figure 1). Allergic bronchopulmonary 

17 aspergillosis/mycosis (ABPA/ABPM) is another adult-onset eosinophilic airway disease, although 

18 it also has an allergic component with sensitization to fungal allergens. It is highly likely that there 

19 exist some common genetic, immunological, and pathological conditions among these adult-onset 

20 eosinophilic diseases.

21 For Japan, a society ageing at a globally unprecedented pace, a comprehensive and 

22 cross-sectional study of adult-onset allergic and immunological diseases is quite indispensable. 

23 Therefore, the Strategic Outlook toward 2030: Japan's Research for Allergy and Immunology, 

24 established by a multi-disciplinary committee comprising the Ministry of Health, Labour and 

25 Welfare of Japan, clinical and basic researchers, patients, and public groups, has proposed that 

26 the promotion of research and development for adult-onset eosinophilic airway diseases is as 

27 important as that of childhood-onset allergic diseases.7 In this review, we will discuss the 

28 pathophysiology, genetics, and clinical features of late-onset eosinophilic asthma, N-ERD, 

29 ABPA/ABPM, EGPA, and CRSwNP/eosinophilic CRS.

30

31 2. Perspective from eosinophil biology

32 Eosinophils are short-lived, bone-marrow-derived granulocytes. Eosinophil differentiation is 

33 largely dependent on IL-5, which is produced by Th2 cells and group 2 innate lymphoid cells A
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34 (ILC2s). Although type 1, 2, and 3 inflammation may overlap and balancing real-life (reviewed in 

35 ref. 8), type 2 inflammation is closely associated with eosinophilic inflammation. In response to 

36 type 2 cytokines, terminally differentiated eosinophils are mobilised from a niche in the bone 

37 marrow into the blood circulation. In a normal homeostatic condition, the half-life of blood 

38 eosinophils is approximately 25 h, and the majority of senescent (or apoptotic) eosinophils are 

39 cleared in the liver and spleen, where they are taken up by macrophages of the reticuloendothelial 

40 system.9 Apoptotic eosinophil clearance by phagocytotic cells (efferocytosis) mediates the 

41 resolution of inflammation and is shown to be dependent on the receptor tyrosine kinase Mer.10 

42 Although the life span of eosinophils within the tissue is unknown, it is estimated to be less than 1 

43 week in homeostatic conditions.11 Tissue presence of eosinophils is determined based on 

44 recruitment, retention, and clearance (Figure 2). Eosinophil express various surface receptors and 

45 stored presynthesised specific granule proteins and mediators in their crystalloid granules, 

46 indicating that they can regulate immune system immediately within minutes of stimulus-induced 

47 cell activation (reviewed in ref. 11-13). 

48 Tissue eosinophil migration through the epithelium into the lumen such as bronchi and sinuses, is 

49 a hallmark of pathological conditions. In inflamed tissue and lumen, eosinophils may undergo an 

50 active non-apoptotic cell death termed eosinophil ETosis (EETosis) 14. EETosis is associated with 

51 plasma membrane rupture and release of free granules along with histone-retained chromatin 

52 structure, i.e. eosinophil extracellular traps (EETs) 9,15,16. EETs are considered an innate immune 

53 system to prevent dissemination of pathogens, but their excess formation could be pathogenic. 

54 EETs form stable aggregates that contribute to the viscosity of secretions observed in eosinophilic 
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55 CRS,15 eosinophilic otitis media,17 and ABPA.18 In a mouse model, EETs stimulated the production 

56 of epithelial cytokines including thymic stromal lymphopoietin (TSLP) and IL-33.19 

57 Localised autoimmune phenomenon was associated with disease severity or sub-optimal control 

58 in asthma and EGPA.20-22 Interestingly, sputum autoantibodies against eosinophil peroxidase, 

59 identified often in severe asthmatics, can directly induce EETosis in vitro.20 EETosis is also 

60 associated with the crystallisation of galectin-10 to form Charcot-Leyden crystals (CLCs), a 

61 classical hallmark of eosinophilic inflammation. 23-25 CLCs are recognised by the NLRP3 

62 inflammasome, which may sustain inflammation that follows eosinophilic inflammatory 

63 processes.26 Persson et al. advocated a novel concept of “CLC crystallopathy” by showing that 

64 antibodies directed against key epitopes of the CLC crystallisation interface dissolved CLCs and 

65 reversed crystal-driven inflammation, IgE synthesis, and bronchial hyperreactivity in a humanised 

66 mouse model of asthma.23 

67 The presence of eosinophils with different properties is an attractive view in explaining the 

68 diversity of eosinophilic diseases. The functional plasticity of recruited eosinophils is influenced by 

69 the dynamic tissue microenvironment changes between homeostatic and disease states.27 

70 Lipidomic analysis for searching human eosinophils has shown that eosinophils from severe 

71 asthma and CRSwNP represented a dysregulated fatty acid metabolic profile with decreased 

72 pro-resolving protectin D1 and increased LTD4 synthesis.28,29 In a mouse model, lung 

73 tissue-resident eosinophils and eosinophils recruited upon type 2 inflammation are phenotypically 

74 distinct populations.30

75 Many eosinophil-derived cytokines are found as preformed mediators packaged within eosinophil 

76 granules, suggesting that the cytokines may regulate the immune system immediately in their 

77 microenvironment. Eosinophils can be a rich source of type 2 cytokines; two recent reports using 

78 mice in different disease settings have demonstrated the pathological importance of 

79 eosinophil-derived IL-4. 31,32 Chronic tissue eosinophilia initiate tissue remodeling through their 

80 secretory products, including VEGF, TGFβ, and profibrotic osteopontin.11,33,34 In a cohort of 

81 moderate persistent asthmatics, blood eosinophil count and local granule protein concentration 

82 were closely accompanied with an increased airway sensory innervation, a key mechanism for 

83 increased airway responsiveness.35 Recent evidence indicates that excessive eosinophil 

84 transepithelial migration leads to airway obstruction. The presence of luminal eosinophils in 

85 severe asthmatics has been linked to mucus obstruction,36 and eosinophil granule protein 

86 generated oxidants may mediate mucus plug formation.37

87
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89 3. Genetic background of adult-onset eosinophilic airway diseases 
90 Recent genome-wide association studies (GWASs) of adult-onset asthma, EGPA, CRSwNP, have 

91 convincingly identified a number of susceptibility loci (Supplemental Table 1).38-42 The reported or 

92 mapped genes, which were associated with these asthma-related phenotypes in at least 2 

93 GWASs, are listed in Table 1. 

94

95 (a) GWAS of age of asthma onset
96 Recent large-scale GWASs of age of asthma onset revealed that adult-onset asthma is associated 

97 with fewer genes and their effect sizes at the loci are smaller than childhood-onset asthma.38,41,42 

98 Pividori et al. found the first adult-onset asthma-specific association at 2q22.3 and identified a 

99 potential candidate gene, a long intergenic non-coding RNA.41 Enrichment studies showed genes 

100 at the adult-onset-specific loci were most highly expressed in the lung, blood, small intestine, and 

101 spleen.41 The findings suggest that adult-onset asthma is more lung-centred and is influenced by 

102 various environmental factors.41,43 Another GWAS identified a substantial positive correlation 

103 between body mass index and later-onset asthma, and Mendelian randomisation suggested that 

104 the body mass index causally increases the risk of asthma.42 

105

106 (b) GWAS of EGPA
107 A recent GWAS of EGPA reported a clinically and genetically distinct EGPA subset.40 

108 Myeloperoxydase-antineutrophil cytoplasmic antibody (ANCA)-positive EGPA, which revealed a 

109 genome-wide significant association at HLA-DQ, is an eosinophilic autoimmune disease, and 

110 ANCA-negative EGPA may have a mucosal/barrier dysfunction. Most susceptibility variants of 

111 EGPA are also associated with the eosinophil count in normal individuals, and Mendelian 

112 randomisation suggests that a primary tendency to eosinophilia contributes to the risk of EGPA. 

113 Several drug targets, IL5, TSLP, BCL2, and CDK6, were implicated by the GWAS, and further 

114 studies considering the two subtypes are necessary.

115

116 (c) GWAS of nasal polyps and CRS
117 A recent GWAS on nasal polyps (NP) and CRS found a total of 10 loci (ALOX15, HLA, 

118 IL18R1-IL1RL1, IL33, FOXP1, CYP2S1, SLC22A4, MYRF, TSLP, and 10p14) associated with NP 

119 at a genome-wide significance.39 Two loci (ALOX15, HLA) corresponding to signals identified in 

120 the NP GWAS were also associated with CRS. A missense variant in ALOX15 (p.Thr560Met), 

121 resulting in near total loss of 15-lipoxygenase activity, showed the largest protective effects 

122 against the risk of both NP and CRS. A recent study using single-cell RNA sequencing has shown 

123 that ALOX15 was predominantly expressed by apical epithelial cells, and significantly increased in A
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124 NPs of N-ERD patients compared to NPs of CRSwNP patients.44 The expression levels 

125 significantly correlated with sinus disease severity and were associated with the presence of 

126 asthma. 44 A downstream product of 15-lipoxygenase (15-oxo-ETE) was elevated in NP compared 

127 with that in healthy sinonasal tissue, and these findings suggest the involvement and interactions 

128 of epithelial and mast cells in the transmetabolic process. 44 IL-13 further contributes to tissue 

129 eosinophilia through eotaxin-3 production from fibroblasts and epithelial cells,45 reportedly in a 

130 15-lipoxygenase-1-dependent manner.46

131

132 (d) TSLP/IL33: possible common genetic factor for adult-onset eosinophilic airway 
133 diseases

134 TSLP is an essential epithelial cell-derived cytokine induced by allergens, pollutants, bacteria, and 

135 viruses.47 A recent study showed that double-stranded RNA-stimulated lung endothelial cells 

136 produce both IL-33 and TSLP higher than those of bronchial epithelial cells.48 In the GWAS on NP 

137 and CRS, the top signal at the TSLP locus was rs1837253,39 which is also associated with 

138 ANCA-negative EGPA at genome-wide significant levels.40 Rs1837253 (T/C) is located 

139 immediately upstream of TSLP, and the frequencies of rs1837253 greatly differ across various 

140 ethnic populations (https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/). GWASs, 

141 including meta-analyses have also identified associations of rs1837253 (risk allele C) and asthma 

142 in various ethnic groups, asthma-related phenotypes, and eosinophilia.49-52 A recent study 

143 reported a significant association of the rs1837253 genotype with CRSwNP and N-ERD, and 

144 demonstrated a positive correlation between the risk allele and the number of eosinophils in 

145 mucosal tissues of patients with CRSwNP in the Japanese population.53 

146 Recent GWASs have convincingly identified associations of the genetic variants at the IL33 with 

147 adult-onset asthma and nasal polyps.38,39,41,42 Genetic signals at the IL33 predominantly 

148 associated with blood eosinophil levels in the general population and with an eosinophilic asthma 

149 phenotype and also influenced IL33 levels in the airway epithelium, with the risk allele associating A
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150 with increased IL33 in vivo.54 An epigenetic analysis of human naïve ILC2s activated with IL-25 

151 and IL-33 in vitro revealed that a number of asthma-associated genetic variants localised to 

152 ILC2-specific regulatory elements.55

153

154 4. Clinical characteristics and pathophysiology of adult-onset eosinophilic airway diseases
155 (a) Adult-onset, eosinophil-predominant phenotype of severe asthma
156 The adult-onset eosinophil-predominant severe asthma phenotype was first demonstrated in a UK 

157 study as the “late-onset inflammation predominant” phenotype with a high proportion of 

158 eosinophils in the sputum.1 A severe asthma research program in the United States identified a 

159 late-onset, non-atopic phenotype in obese women,56 and the following studies demonstrated that 

160 CRSwNP and impaired pulmonary functions are major comorbidities in this phenotype.5,6 A similar 

161 late-onset phenotype with peripheral blood eosinophilia, CRSwNP, and poor pulmonary functions 

162 was identified in the European (U-BIOPRED), Chinese, and Japanese cohorts.2-4 There is some 

163 inconsistency with gender dominance; a Japanese report suggests that there are two 

164 sub-phenotypes: a male-dominant sub-phenotype with cigarette smoking and an obese 

165 female-dominant sub-phenotype.2

166 This late-onset eosinophilic phenotype accounts for 20-40% of severe asthma cases (Table 2).1-6 

167 Peripheral blood eosinophilia >300/µL is observed more commonly (40-50%); however, 

168 eosinophilia is associated with poor asthma control and frequent exacerbation only in adult-onset 

169 severe asthmatics, but not in patients with mild to moderate disease57 or in children.58 

170 Interestingly, peripheral blood eosinophil counts were associated with type 2 gene expression in 

171 sputum cells only in the non-obese patients age 35 years or older.59 A Japanese study also 

172 confirmed that sputum IL-5 concentrations were increased only in adult-onset phenotypes but not 

173 in childhood-onset eosinophilic asthma.2

174 Omics approaches have been uncovering the pathophysiology of adult-onset 

175 eosinophil-predominant asthma. A gene expression cluster analysis using sputum cells revealed 

176 that a population with enhanced expression of the IL-33 receptor gene (IL1RL1) and TSLP 

177 receptor gene (CRLF) exhibited a phenotype consistent with adult-onset eosinophil-predominant 

178 asthma.60 Other researchers confirmed an increased expression of IL1RL161 or CRLF62 in the 

179 patients with this phenotype. Transcriptome analysis of bronchial epithelial cells collected by 

180 bronchoscopy has demonstrated that the IL-13 signature is associated with a phenotype with 

181 peripheral blood eosinophilia as expected,63,64 but the IL-6 signature, which impairs epithelial A
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182 barrier function and induces IL-33 expression, is also correlated with peripheral blood eosinophilia 

183 and frequent asthma exacerbation.65 

184 Peripheral blood eosinophilia is the most important biomarker for predicting the efficacy of 

185 anti-IL-5 antibodies (mepolizumab and reslizumab) and an anti-IL-5 receptor-α antibody 

186 (benralizumab).66-68 Later age of asthma onset, CRSwNP, and low pulmonary functions, the 

187 features compatible with adult-onset eosinophilic asthma phenotype, correlate well with better 

188 responses to benralizumab treatment.59 However, the fraction of exhaled nitric oxide (FeNO), 

189 another type 2 biomarker, does not correlate with the effect of mepolizumab; FeNO-high, 

190 eosinophil-low patients did not respond to mepolizumab treatment.67 Peripheral blood eosinophilia 

191 is also a biomarker of efficacy for an anti-IL-4 receptor-α antibody (dupilumab).69,70 Regarding an 

192 anti-IgE antibody (omalizumab), a recent study showed no relationship between peripheral blood 

193 eosinophil counts and its clinical usefulness.71

194

195 (b) NSAID-exacerbated respiratory disease 
196 N-ERD is an NSAID hypersensitivity that causes rapid airway obstruction.72 The natural history of 

197 N-ERD begins at the mean age of 35 years, with NPs (especially hyposmia) and bronchial 

198 symptoms, followed by NSAIDs hypersensitivity within a few years. Serum total IgE levels are 

199 increased, but atopic constitution is usually absent (Table 2). 

200 Cysteinyl leukotriene (cysLT) and prostaglandin (PG) D2 overproduction, especially in NPs, is 

201 associated with the pathological condition.73 Chronic reduction of PGE2 synthesis due to 

202 cyclooxygenase (COX)-2 and EP2 receptor dysfunction leads to the overproduction of cysLT,74,75 

203 reduction of anti-inflammatory mediators such as lipoxin,76 and activation of mast cells and 

204 ILC2s.74,77,78 Pre-inhalation of PGE2
79 or cigarette smoking80 suppresses N-ERD, supporting that 

205 COX-2 hypofunction and PGE2 loss are essential pathogenesis of N-ERD. Enhanced production 

206 of IL-33, TSLP, and IL-25 further activates mast cells and ILC2s.81-83

207 Peripheral blood eosinophilia is commonly observed in patients with N-ERD.84 During aspirin 

208 provocation, the number of blood eosinophils decreases,85 and activated eosinophils accumulate 

209 in the respiratory tract,86 although the biomarkers of eosinophil activation such as 3-bromotyrosine 

210 and eosinophil-derived neurotoxin in urine do not increase.87 Another unique inflammatory 

211 condition in N-ERD is the presence of eosinophils or other granulocytes in peripheral blood and 

212 airway tissues adhered to platelets,88,89 which provide LTA4 to granulocytes and participate in 

213 CysLT overproduction.74 A clinical trial with an antiplatelet drug, P2Y12 receptor antagonist, failed 

214 to demonstrate significant clinical improvement90; however, future trials are expected for other 

215 drugs targeting P-selectin, whose expression is particularly enhanced in platelets of N-ERD 

216 patients.89A
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217 The most characteristic pathological condition of N-ERD is prominent mast cell inflammation. Mast 

218 cell activation biomarkers are increased during aspirin challenge, significantly correlating with 

219 decreased lung function and increased urinary cysLT concentration.73,91,92 Airway reactivity to 

220 adenosine monophosphate, a specific mast cell stimulus, is increased,93 whereas cromolyn, a 

221 mast cell stabiliser, shows specific bronchodilation.94 

222 The role of mast cells is further confirmed by a randomised controlled trial, which has 

223 demonstrated that omalizumab reduces mast cell activation, aspirin sensitivity, and cysLT 

224 overproduction.95 Mepolizumab shows improvement in nasal symptoms and asthma control in 

225 patients with N-ERD.96 Dupilumab has been reported to be effective for upper respiratory 

226 symptoms of N-ERD.97 Future progress is also expected for TSLP and IL-33 antagonists.94

227

228

229 (c) Allergic bronchopulmonary aspergillosis/mycosis 
230 ABPA/ABPM develops via type I and III hypersensitivity reactions to filamentous fungi.98 Fungal 

231 colonisation in the intrabronchial mucus is essential for the development of type III 

232 hypersensitivity. A. fumigatus with its small conidia size and thermotolerance is the dominant 

233 causal fungi, although fungi with similar microbiological features such as Penicillium spp. and 

234 Shizophyllum commune can also cause ABPM.99,100 Asthma-related ABPM rarely occurs during 

235 childhood (Table 2), although a substantial proportion of children with asthma are sensitised to A. 

236 fumigatus and other fungi.101 Actually, two-thirds of patients with ABPM in a Japanese nation-wide 

237 survey developed the disease at the age of 50 years or older.102 Adult asthmatics exposed to 

238 higher dose of inhaled corticosteroids are susceptible to bronchial colonisation of A. fumigatus,103 

239 and de novo sensitisation to A. fumigatus can occur in adults with established asthma, especially 

240 in those with severe disease treated with high-dose inhaled corticosteroids and poor pulmonary 

241 functions.104 

242 Robust type I hypersensitivity reaction and high IgE levels in serum are characteristics of ABPA, 

243 but not necessarily of non-Aspergillus ABPM.105 A universal and cardinal histological feature of 

244 ABPA/ABPM is the presence of allergic mucin enriched with eosinophils harbouring fungal hyphae 

245 in the central bronchi.106,107 Allergic mucin in ABPM is associated with EETosis as discussed 

246 previously in section 2,18 and this highly viscous mucin stretches the inflamed airway wall and 

247 spreads fungal components transluminally, causing peripheral lung lesions. Allergic mucin 

248 containing fungal hyphae, which presents with “peanut butter-like” viscosity and high attenuation 

249 on CT, is also observed in paranasal sinus of the patients with allergic fungal rhinosinusitis, 

250 suggesting a similar pathophysiology between these two conditions.108A
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251 Systemic corticosteroids and/or anti-fungal drugs are the standard treatment for ABPM; however, 

252 flares and recurrences of the disease are quite common, and alternative treatments are warranted 

253 to avoid adverse effects and emergence of drug-resistant fungi. Omalizumab has been 

254 demonstrated to suppress exacerbation rate and reduce the dose of systemic corticosteroids, but 

255 radiographic improvement is limited.109-112 In contrast, mepolizumab or benralizumab effectively 

256 control symptoms and clear the mucus plugs in the bronchi.113,114 These observations support the 

257 hypothesis that the major pathophysiology of ABPM is the formation of eosinophilic mucus plugs 

258 in the airways. There are a few case reports showing that dupilumab improves residual asthmatic 

259 symptoms after mepolizumab treatment.115

260

261  (d) Eosinophilic chronic rhinosinusitis
262 The inflammatory pattern of CRSwNP is diverse geographically and ethnically.116 While the 

263 pathological features of CRSwNP show type 2 inflammation and eosinophil infiltration in Western 

264 countries, Japanese CRSwNP has shown type 1 and type 3 inflammation and neutrophil 

265 infiltration as recently as 25 years ago. Since the late 1990s, the incidence of CRSwNP with strong 

266 eosinophil infiltration has increased in Japan.117 Strong eosinophil-infiltrated NP recurs soon after 

267 surgery and is difficult to treat. This intractable/recalcitrant CRSwNP has been termed eosinophilic 

268 CRS, and therefore, eosinophilic CRS without NP has not been included in this category.117 

269 The Japanese Epidemiological Survey of Refractory Eosinophilic Chronic Rhinosinusitis 

270 (JESREC) study established diagnosis criteria and severity classifications for eosinophilic CRS 

271 (Figure E1).118 A definite diagnosis of eosinophilic CRS can be made by tissue eosinophilia 

272 (eosinophil count ≥70/HPF). Blood eosinophils, ethmoid disease, asthma, and N-ERD were all 

273 associated with severity of ECRS. Both mild and moderate eosinophilic CRS are similar to the 

274 moderate type 2 group of CRSwNP, whereas severe eosinophilic CRS seems to be the severe 

275 type 2 group of CRSwNP in Western countries. The clinical features of eosinophilic CRS include 

276 bilateral NPs, loss of smell, nasal obstruction, viscous rhinorrhea, and high comorbidities of 

277 asthma (24-67%) and N-ERD (7-16%) (Table 2). 118,119 

278 The pathological feature of NPs is a fibrin deposition accompanied by the dysregulation of 

279 coagulation and fibrinolysis cascade.120,121 Eosinophils in NPs release tissue factor (TF), which is 

280 an initiator of extrinsic coagulation cascade.122,123 The levels of thrombin and factor XIIIA are 

281 elevated in NPs and act in the final step of the formation of fibrin mesh.124,125 Tissue plasminogen 

282 activator (tPA) is downregulated in NPs121 by the hypermethylation of the proximal tPA gene 

283 promoter in NPs.126 Thrombin-activatable fibrinolysis inhibitor (TAFI) inhibits the fibrinolysis 

284 cascade. The levels of TAFI are elevated in CRSwNP, especially CRSwNP with asthma.125 These 

285 results suggest that targeting for fibrin is a promising strategy for treating NPs.127A
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286 To find biomarkers and new pathological mechanisms of eosinophilic CRS, RNA sequencing 

287 was performed to identify differentially expressed genes between NP and inferior turbinate.128 The 

288 expression of POSTN, CST-1, CCL18, CXCL17, and ALOX15 was significantly increased in NP. 

289 CST-1, a cystatin protease inhibitor, is produced by nasal epithelial cells (Figure 2). CST-1 

290 showed greater expression in eosinophilic CRS than non-eosinophilic CRS. The expression of 

291 CST-1 mRNA in NPs displayed a significant positive correlation with the eosinophil count in NP 

292 and with expression level of mRNAs for TSLP, IL-33, and eotaxin-1. CST-1 enhanced production 

293 of TSLP and eotaxin-1 by nasal comportment cells, suggesting that CST-1 is involved in the 

294 promotion of eosinophilic infiltration in patients with eosinophilic CRS.129 

295 In general, oral corticosteroids are the only effective conservative therapy. Type 2 targeting 

296 biologics are emerging treatment options for severely uncontrolled patients with eosinophilic 

297 CRS.130,131 Dupilumab,130,132 mepolizumab,9,133 benralizumab,134 and omalizumab135 are effective 

298 treatments for eosinophilic CRS. Dupilumab reduced NP, sinus opacification, and symptom 

299 severity in a phase III clinical study. Similar effects of dupilumab were observed in Japanese 

300 patients with CRSwNP, indicating no differences by ethnicity/race in efficacy of biologics. 

301 Benralizumab completely suppresses blood eosinophil counts in all cases, but nasal polyp scores 

302 in 50% of eosinophilic CRS were not reduced. This result suggested that eosinophils are not the 

303 only pathogenesis for NP of eosinophilic CRS.

304

305 (e) Eosinophilic granulomatosis with polyangiitis 
306 EGPA is a rare disease characterised by severe eosinophilia, asthma, and systemic vasculitis and 

307 most often occurs between the ages of 30 and 70 years (mean 50 years) (Table 2). Severe 

308 eosinophilic airway inflammation precedes developing vasculitis by several years.136-139 The 

309 characteristics of the respiratory symptoms are basically non-atopic eosinophilic asthma, which is 

310 associated with eosinophilic CRS and partly with eosinophilic pneumonia/bronchiolitis.136,140 When 

311 vasculitis develops, severe eosinophilic inflammation and ischaemic damage coexist in systemic 

312 organs. The positive rate of ANCA is only 30-35%. Glomerulonephritis is more likely to occur in the 

313 ANCA-positive group, and cardiac dysfunction is more common in the negative group,40,141 but 

314 there is no clear difference in respiratory symptoms and eosinophilia between them.136,140

315 　In EGPA patients, serum total IgE is often high, but allergen sensitisation is low. 136,140 Asthma is 

316 intractable and is associated with shortness of breath and cough but may not include wheezing. 

317 Unlike usual asthma, the airway pathophysiology of EGPA may involve more peripherally 

318 predominant inflammation and persistent airflow limitation. 136,140

319 In EGPA, three different pathological conditions, eosinophilic inflammation, vasculitis, and 

320 granuloma formation, exist simultaneously. GM-CSF; IL-3, -4, -5, -13, -25, and -33; and TSLP are A
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321 the cytokines that induce type 2 inflammation of EGPA,137-139,142,143 and an enhanced release of 

322 B-cell activation factor BAFF causes IgE and IgG4 production (Figure 2).137,139,143,144 In addition to 

323 type 2 inflammation, enhanced production of IL-17 and INF-γ from Th17 and Th1 cells decreases 

324 in regulatory T cells and increases in ILC2s coexists, complicating the airway inflammation of 

325 EGPA.142,145

326  IL-5 and eotaxin-3 levels are significantly increased in bronchoalveolar lavage fluid (BALF) in 

327 patients with acute phase EGPA, and IL-5, IL-4, and IL-10 gene expression were enhanced in 

328 BALF cells.146 Furthermore, a large amount of IL-5 is produced by cultured peripheral blood 

329 mononuclear cells of stable EGPA patients.147 ANCA activates neutrophils, which attack the 

330 vascular wall via degranulation and the formation of NETs.137 However, the role of ANCA and 

331 interaction between ANCA and type 2 inflammation remain unclear. Biomarkers for EGPA include 

332 sIL2R, eotaxin-3, GM-CSF, IgG4, 12-HETE, and urinary LTE4 (Table 2).138,139,143,145,148-150

333 The standard treatment for EGPA is a combination of systemic corticosteroids and 

334 immunosuppressants,138 but nevertheless, there are many cases of persistent vascular and 

335 respiratory symptoms. Mepolizumab suppresses not only eosinophilic inflammation but also 

336 relapse of vascular symptoms.151 The MIRRA study reported that administration of mepolizumab 

337 for 1 year could suppress relapse of vasculitis and reduce corticosteroid dosage to 40%.151 A 

338 similar international clinical trial for benralizumab has started. Omalizumab is effective in the 

339 respiratory symptoms of EGPA, but its effect on vascular inflammation is unclear.152 A high 

340 response rate for EGPA in ANCA-positive cases with rituximab was reported in an observational 

341 study,40 and an international clinical trial is underway. 

342

343 5. Conclusion
344 We propose a concept of “adult-onset eosinophilic airway diseases” including asthma, N-ERD, 

345 ABPA/ABPM, CRSwNP/eosinophilic CRS, and EGPA. Common pathophysiology such as 

346 EETosis/mucus plug formation and common genetic backgrounds including TSLP/IL-33 pathway 

347 genes seem to underlie these diseases 153,154. In addition, each disease exhibits a specific 

348 pathophysiology such as mast cell and platelet activation in N-ERD, fungal sensitisation in 

349 ABPA/ABPM, abnormality in coagulation/fibrinolysis pathway in CRSwNP/eosinophilic CRS, and 

350 autoimmunity in EGPA. The clinical efficacy of anti-IL-5 treatments was also variable among the 

351 diseases; high for eosinophilic asthma, ABPA/ABPM, and EGPA, whereas low for N-ERD and 

352 CRSwNP/eosinophilic CRS (Table 1).

353 We still do not know how these diseases develop only in adulthood, and further studies such as 

354 deep phenotyping and integration of multi-omics data of this unique disease complex are 

355 warranted in the era of precision medicine.A
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Table 1. Genetic Loci associated with adult asthma-related phenotypes from at least two 
GWASs among five GWASs

　 　 Ref.38 Ref.41 Ref.42 Ref.40 Ref.39

Locus Reported or mapped genes Adult-onset asthma EGPA NP CRS

1q24.2† CD247, POU2F1 　 　 　

GPA33 　

1q31.3 PTPRC 　 　

2q12.1 IL1RL1, IL1RL2, IL18R1, SLC9A4, 

SLC9A2

　 　 　 　

2q13 ACOXL, BCL2L11 　 　

2q22.3 TEX41, PABPC1P2, ACVR2A, RPL6P5 　 　 　

2q37.3 D2HGDH, ING5, GAL3ST2 　 　 　

3p22.3 GLB1 　 　

3q26.32 TBL1XR1 　 　

5q22.1 SLC25A46, TSLP, WDR36 　 　 　 　 　

5q31.1† C5orf56, SLC22A5, IRF1 　 　 　 　

SLC22A4 　

5q31.3 NDFIP1 　 　

6p21.3‡ HLA-DQA1, HLA-DQB, HLA-B, HLA-C 

MICA

　 　 　 　 　 　

6q15 BACH2, MAP3K7 　 　 　 　

8q21.13 TPD52, MIR5708, ZBTB10 　 　 　

9q24.1 RANBP6, IL33, GTF3AP1 　 　 　 　

10p14 GATA3, SFTA1P, CELF2 　 　 　 　 　

10p15.1 IL2RA 　 　

11p15.5 MUC2, MUC5B, MUC6, MUC5AC 　 　

11q12.2 MYRF, FADS2, FADS1, FADS3 　 　 　 　

11q13.5 WNT11, LRRC32, EMSY 　 　 　

11q23.1 LAYN, SIK2 　 　

12q13.11 HDAC7, SLC48A1, VDR 　 　

12q13.2 RPS26, ERBB3, RAB5B, CDK2, SUOX 　 　 　

12q13.3 STAT6, NAB2, LRP1 　 　 　

13q14.11 COG6 　 　

15q22.2 RORA 　 　

15q22.33 SMAD3, SMAD6, AAGAB 　 　 　

16p12.1 IL4R 　 　

16p13.13 CLEC16A,CIITA, RMI2 　 　 　

17q21.33 ZNF652, PHB 　 　

19q13.11 SLC7A10, CEBPA, LRP3, CEBPA 　 　 　

21q22.12 RUNX1, SETD4 　 　 　 　 　 　

†These reported genes are located within 500 kb.
‡Representative genes are shown at the HLA locus.

The reported or mapped genes of GWASs of adult-onset asthma were obtained from GWAS Catalog 

(https://www.ebi.ac.uk/gwas/).A
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Table 2. Clinical characteristics and treatment responses to biologics of adult-onset 
eosinophilic airway diseases

Adult-onset 
eosinophilic 

severe 
asthma

N-ERD ABPA
eosinophilic 

CRS
EGPA

Prevalence in adult asthma 21-48% 5-10% 2.5% 3-10% 0.6%

Male:Female 2:3 1:2 1:1 2:1 1:2

Age of onset, years 30 - 46 35 - 36 25 - 55 30 - 50 56

at ≤12 years N/A rare rare rare rare

at ≥ 60 years not rare rare not rare rare not rare

Comorbidities

Asthma (100%) 100％ 67-100% 24-67％ 90-100％

ECRS 10-85% 90-100％ rare 100% 70-80％

Atopy 52-80% 34-73% 90-100% 30-40% 38%

Disease-specific clinical 

characteristics

Rapid decline 

of pulmonary 

functions

NSAIDs 

intolerance

Mucus plugs Nasal polyps

Viscous

colloidal 

Systemic 

vasculitis

Granulomatos

is

Mucus plugs in the airway lumen + ± ++ ++ ±

Biomarkers

Peripheral blood 

eosinophils
↑↑ ↑ ↑↑↑ ↑ ↑↑↑

Serum total IgE, IU/mL 100-300 1,000-10,000 200-300 100-300

FeNO ↑ ↑ ↑ ↑, 

nasal NO ↓

↑

Serum periostin ↑ ↑ ↑↑ ↑ ↑　→

Urinary LTE4 ↑↑↑ ↑ ↑↑

EETs/EETosis + 

(lumen/tissue)

++ 

(lumen)

++ 

(lumen/tissue)

± 

(tissue)

Charcot-Leyden crystals + 

(lumen/tissue)

- ++ 

(lumen)

++ 

(lumen/tissue)

± 

(tissue)
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Other biomarkers Mast cell/ 

platelet 

activation 

markers

CST-1

eotaxin-3

IgG4

ANCA

eotaxin-3

soluble IL-2R

Responses to biologics

anti-IgE Ab + ++ + + +

anti-IL-5 Ab/anti-IL-5Rα Ab ++ ++ + ++

anti-IL-4Rα Ab ++ + ++

anti-TSLP Ab ++

Abbreviations: ABPA, allergic bronchopulmonary aspergillosis; CRS, chronic rhinosinusitis; EETs/EETosis, eosinophil 

extracellular traps/eosinophil ETosis; EGPA, eosinophilic granulomatosis with polyangiitis; IgE, Immunoglobulin E; 

LTE4, leukotriene E4; N/A, not applicable; NSAID, nonsteroidal anti-inflammatory drug; N-ERD, NSAID-exacerbated 

respiratory disease.
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Figure legends

Figure 1. Childhood-onset IgE-mediated diseases and adult-onset eosinophilic airway 
diseases
Childhood-onset allergic diseases such as food allergy, eczema, allergic asthma and rhinitis are 

mediated by allergen-specific IgE. These diseases often develop consecutively in a single patient 

(allergic march). In contrast, adult-onset allergic airway diseases including asthma, eosinophilic 

CRS, nonsteroidal anti-inflammatory drug-exacerbated respiratory disease (N-ERD), allergic 

bronchopulmonary aspergillosis/mycosis (ABPA/ABPM), and eosinophilic granulomatosis with 

polyangiitis (EGPA) are not mediated by IgE, but often accompanied by prominent peripheral 

blood eosinophilia, and develops simultaneously or consecutively. 

Figure 2. Eosinophil-mediated chronic airway inflammation.
In addition to allergen-induced Th2 cell activation, epithelial alarmin cytokines IL-25, IL-33, and 

TSLP act to induce the local production of IL-5, which serves as the key molecule for eosinophil 

proliferation. IL-4 and IL-13 play a role in eosinophil-selective extravasation through the induction 

of adhesion molecule expression on the endothelium. IL-4 and IL-13 further contribute to tissue 

eosinophilia through production of eotaxins (CCL11/eotaxin-1, CCL24/eotaxin-2, 

CCL26/eotaxin-3) from fibroblasts and epithelial cells. IL-5 and various local mediators activate 

eosinophils to release toxic granule proteins through secretion mechanism and cytolytic EETosis. 

Transepithelial eosinophil migration followed by EETosis, and Charcot-Leyden crystal (CLC) 

formation, cause fixed airway obstruction in several airway diseases such as ABPM characterised 

by highly viscous allergic (eosinophilic) mucin harbouring fungal hyphae in the central bronchi. In 

nasal polyps, CST-1 elicits type 2 immunity and eosinophil-derived tissue factor (TF) activates 

coagulation cascade together with diminished fibrinolysis system induced excessive fibrin 

deposition. The complex formation of eosinophils and platelets lead to overproduction of cysLT in 

N-ERD. Eosinophils also serve as a major source of cytokines and mediators involved in tissue 

remodelling. 
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Table E1. Recent GWASs of inflammatory airway diseases relating to adult-onset 

eosinophilic airway diseases 

Study phenotype and population       

Ref. 38) Age of asthma onset: UK biobank cohort, European   

  Sub-phenotype Cases Controls   
1st GWAS Childhood-onset asthma (COA) (onset: 0-19 y) 13,962 300,671   

  Adult-onset asthma (AOA) (onset: 20-60 y) 26,582 300,671   

Validation Childhood-onset asthma (COA) (onset: 0-19 y) 31,759 214,890   
  Adult-onset asthma (AOA) (onset: 20-60 y) 16,297 217,711   

  Childhood-onset asthma (n=31,002) vs Adult-onset asthma (n=16,297)     

Methods GWAS、expression quantitative trait loci (eQTL) and non-synonymous SNPs to predict target genes 

Main results The variance in disease liability explained by common variants: COA (h2
g=25.6%) > AOA (h2

g=10.6%)  
 

The genetic correlation between COA and AOA: rg=0.67 
  

 
GWAS loci:  123 independent associations for COA and 56 for AOA (37 overlapped) 

 

 
:of these, 98 and 34, respectively, were replicated in an independent study 

  

 
The GWAS found 28 novel associations, 5 COA-specific risk variants, and 3 variants that are stronger risk factors for AOA 

 
Variants associated with obesity and smoking had a stronger effect to the risk of AOA than to the risk of COA  

  The study identified 109 likely target genes on the basis of correlated eQTL     

Ref. 41) Age of asthma onset: UK biobank cohort, British white individuals  

  Sub-phenotype Cases Controls   

  Childhood-onset asthma (onset: 0-12 y) (1) 9,433 318,237   

  Adult-onset asthma (onset: 26-65 y) (2) 21,564 318,237   

  Adolescent or young adult onset (onset: 12-25 y) (3) 6,849     

  Age of onset as a quantitative trait (1)+(2)+(3) 37,846     

Methods GWAS, Enrichment studies to determine the tissues in which genes at GWAS loci were most highly expressed 

 
Transcriptome-wide gene-based test (PrediXcan) to identify candidate risk genes 

 

Main results The study identified 61 independent asthma loci: 23 childhood-onset specific loci, 1 adult-onset specific loci, and 37 shared loci. 

 
19 loci were associated with age of asthma onset 

   

 
Most highly expressed tissues of genes at the loci Childhood onset-specific loci: Skin, blood, and small intestine 

  
Adult onset-specific loci: Lung, blood, small intestine, and spleen  

 
113 unique candidate genes at 22 of the 61 GWAS loci were identified by PrediXcan 

 

  SNP-based heritability estimates: childhood-onset asthma (0.327) > adult-onset asthma (0.098)   

Ref. 42) Obesity-related traits and asthma: UK biobank cohort, European  

  Sub-phenotype Cases Controls   

  Later-onset asthma (onset: ≥16 y) 34,286 402,763   

  Early onset asthma (onset: <16 y) 13,764 402,763   

  Non-atopic asthma  29,605 319.321   

  Atopic asthma 24,600 432,368   

Methods GWAS, Obese versus lean mouse RNA sequencing and RT-PCR experiments 
 

 
Mendelian randomization analysis 

   

Main results Positive genetic correlation between BMI and later-onset asthma (onset: ≥16 y) (Rg = 0.25) 
 

 
Mendelian randomisation suggested BMI causally increasing asthma risk 

  

 
Cross-trait GWAS identified 34 shared loci among 3 obesity-related traits and 2 asthma subtypes 

 



  RNA sequencing data from lungs of obese 

versus control mice found that ACOXL and MYL6 were differentially expressed 
Ref. 40) Eosinophilic granulomatosis with polyangiitis (EGPA): European cohorts  

  Sub-phenotype Cases Controls   

Primary cohort Total 534 6,688   

  ANCA negative 352     

  MPO positive 159     

Secondary 

cohort 

Total 142 125   

  MPO positive 43     

Methods GWAS, conditional false discovery rate (cFDR) analysis, Mendelian randomisation analysis 
 

Main results The study identified 4 loci through conventional GWAS and 4 associations through cFDR approach 

 
Mendelian randomisation suggested a primary tendency to eosinophilia contributes to EGPA susceptibility 

 
EGPA comprises 2 genetically clinically distinct syndromes, MPO+ ANCA EGPA and ANCA-negative EGPA 

  Four candidate genes (IL5, TSLP, BCL2, CDK6) are targets of therapies in development, supporting their exploration in EGPA 

Ref. 39) Nasal polyps (NP) and CRS: UK biobank cohort and Iceland cohort, European 

  Sub-phenotype Cases Controls   

  NP Iceland  1,175 309,305   

  NP UK biobank 3,191 405,379   

  CRS Iceland  3,188 353,939   

  CRS UK biobank 2,420 406,147   

Methods GWAS 
   

Main results NP meta-analysis identified 10 loci (ALOX15, HLA,IL18R1-IL1RL1, IL33, FOXP1, CYP2S1, SLC22A4, MYRF, TSLP, 10p14) 

 
CRS meta-analysis identified 2 loci (ALOX15, HLA) 

   

 
ALOX15 (p.Thr560Met) was reported to cause near total loss of 15-LO enzymatic activity  

 

  ALOX15 (p.Thr560Met) confers large genome-wide significant protection against NP (OR=0.32) and CRS (OR=0.64) 

Abbreviation: EGPA, eosinophilic granulomatosis with polyangiitis. 

  



Figure E1. Diagnostic algorithm for eosinophilic CRS severity  

Patients with CRS with nasal polyp would be classified into four groups by JESREC 

score: blood eosinophilia, ethmoid-dominant shadow in CT, and comorbidity (asthma and 

nonsteroidal anti-inflammatory drug-exacerbated respiratory disease [N-ERD]).  
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