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ABSTRACT: 22 

The epithelial cell-derived cytokines IL-25, IL-33 and TSLP initiate type 2 inflammation in 23 

allergic diseases including asthma. However, the signaling pathway regulating these cytokines 24 

expression remains elusive. Since microRNAs are pivotal regulators of gene expression, we 25 

profiled microRNA expression in bronchial epithelial brushings from type 2-low and type 2-high 26 

asthma patients. MiR-206 was the most highly expressed epithelial microRNA in type 2-high 27 

asthma relative to type 2-low asthma but was downregulated in both subsets compared with 28 

healthy controls. CD39, an ectonucleotidase degrading ATP, was a target of miR-206 and 29 

upregulated in asthma. Allergen-induced acute extracellular ATP accumulation led to miR-206 30 

downregulation and CD39 upregulation in human bronchial epithelial cells, forming a feedback 31 

loop to eliminate excessive ATP. Airway ATP levels were markedly elevated and strongly 32 

correlated with IL-25 and TSLP expression in asthma patients. Intriguingly, airway miR-206 33 

antagonism increased Cd39 expression, reduced ATP accumulation, suppressed Il-25, Il-33, Tslp 34 

expression and group 2 innate lymphoid cell expansion, and alleviated type 2 inflammation in a 35 

mouse model of allergic airway inflammation. In contrast, airway miR-206 overexpression had 36 

opposite effects. Overall, epithelial miR-206 upregulates airway IL-25, TSLP expression by 37 

targeting CD39-extracellular ATP axis, which represents a novel therapeutic target in type 2-high 38 

asthma. 39 

 40 
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INTRODUCTION 44 

Asthma is a heterogeneous disease with different phenotypes, endotypes, and variable responses 45 

to management approaches (1, 2). A prominent endotype of asthma is the presence of type 2 46 

inflammation (3, 4). Airway epithelial cells play pivotal roles in the initiation of type 2 47 

inflammation by expressing interleukin (IL)-25, IL-33 and thymic stromal lymphopoietin (TSLP) 48 

(5-7). These epithelial cell-derived cytokines act on innate immune cells including dendritic cells, 49 

group 2 innate lymphoid cells (ILC2s) and mast cells (8-15). Recent identification of memory Th2 50 

cells with high expression of receptors for IL-25, IL-33 and TSLP supports a role of these 51 

cytokines in adaptive immune responses in allergy (16, 17). IL-25 (18, 19), IL-33 (20), and TSLP 52 

(11) have each been reported to be indispensable and sufficient for type 2 cytokine production, 53 

eosinophilic airway inflammation and AHR in certain mouse models. In human asthma, various 54 

expression patterns of these cytokines have been reported (21-25). Although IL-25, IL-33 and 55 

TSLP are critical in type 2 airway inflammation, the upstream signaling pathway regulating their 56 

expression remains elusive. 57 

When exposed to environmental stimuli, airway epithelial cells rapidly express danger signals 58 

such as adenosine triphosphate (ATP) and uric acid to alert the immune system (26, 27). Allergen 59 

exposure enhanced airway ATP concentrations in human asthma and sensitized mice. Neutralizing 60 

airway ATP or blocking purine signaling suppressed airway inflammation in allergen-sensitized 61 

and challenged mice (28). The extracellular ATP concentration is tightly controlled by 62 

ecto-nucleoside triphosphate diphosphohydrolases (ENTPDs) (29). CD39 (encoded by ENTPD1) 63 

catalyzes the degradation of extracellular ATP and ADP and is expressed in airway epithelial cells 64 

(30). Inhibition of Cd39 activity increased the BALF ATP concentration and intensified 65 
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ovalbumin-induced bronchospasm in mice (31). Cd39-deficient mice exhibited worsened airway 66 

inflammation and mucus overproduction after allergen sensitization and challenge (32), whereas 67 

paradoxically alleviated airway inflammation was also reported in Cd39-deficient mice (33). 68 

Recently, it was reported that ATP serves as a sensor for an airborne allergen to trigger IL-33 69 

release in airway epithelial cells (34). Together, these studies suggest that the CD39-extracellular 70 

ATP axis may regulate IL-25, IL-33 and TSLP in asthma. 71 

MicroRNAs (miRNAs) regulate gene expression by promoting the catabolism of the target 72 

transcripts as well as attenuating their translation. A growing body of evidence indicates that 73 

miRNAs play important roles in epithelial cell, ILC2 and Th2 cell differentiation and function in 74 

asthma (35-38). MiR-19a promotes IL-5 and IL-13 expression in ILC2s and Th2 cells (37, 38). 75 

Let-7 miRNA regulates IL-13 expression and allergic airway inflammation (39, 40). Global 76 

miRNA expression in airway epithelial cells is altered in asthma (36, 41). However, the difference 77 

in epithelial miRNA expression between type 2-low and type 2-high asthma remains unknown. We 78 

hypothesized that the differentially expressed epithelial miRNAs between the two asthma subsets 79 

may contribute to IL-25, IL-33 and TSLP expression in asthma. 80 

In this study, we profiled the epithelial miRNA expression in type 2-low and type 2-high asthma 81 

patients. We found that miR-206, the most highly expressed miRNA in type 2-high asthma relative 82 

to type 2-low asthma, targets the CD39-extracelluar ATP axis to regulate IL-25 and TSLP 83 

expression in cultured bronchial epithelial cells. Airway ATP levels were increased and strongly 84 

correlated with elevated IL-25 and TSLP expression in type 2-high asthma patients. In a mouse 85 

model of asthma, manipulation of airway miR-206 expression altered Il-25, Il-33, and Tslp 86 

expression, ILC2 expansion, and type 2 airway inflammation. 87 

88 
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RESULTS 89 

Differentially expressed epithelial miRNAs, including miR-206, between type 2-low and type 90 

2–high asthma. 91 

We profiled miRNA expression in bronchial epithelial brushings from type 2-low asthmatics (n 92 

= 4) and type 2-high asthmatics (n = 4) using a miRNA microarray. The type 2 status of asthma 93 

was defined by the expression of the type 2 signature genes (CLCA1, POSTN, and SERPINB10) in 94 

the epithelial brushings as previously reported (3, 42). We found that 20 miRNAs were 95 

significantly differentially expressed between the two subsets of asthma (Figure 1A). The data are 96 

available at GEO (http://www.ncbi.nlm.nih.gov/geo/, accession number GSE142237). Of note, 97 

miR-206 was the most highly expressed miRNA in type 2-high asthma relative to type 2-low 98 

asthma. Several other differentially expressed miRNAs including miR-31-5p, miR-146a-5p, 99 

miR-146b-5p, and miR-221-3p have been implicated in asthma pathogenesis (43-45). Epithelial 100 

miR-221-3p expression was shown to be associated with airway eosinophilia and the expression 101 

of type 2 signature genes in asthma patients in our previous study (46). 102 

We next examined the expression of miR-206 in a cohort including type 2-low asthmatics (n = 103 

20), type 2-high asthmatics (n = 37), and healthy controls (n = 26) using quantitative PCR. 104 

Compared with type 2-low asthmatics, type 2-high asthmatics had lower methacholine PD20, 105 

higher eosinophil counts in induced sputum and blood, and higher fractional exhaled nitric oxide 106 

(FeNO) and serum IgE levels (Table 1). Consistent with the microarray data, epithelial miR-206 107 

expression was higher in type 2-high asthma than in type 2-low asthma. However, compared to 108 

healthy controls, epithelial miR-206 transcript levels were decreased in both type 2-low and type 109 

2-high asthma (Figure 1B). Our data suggest that epithelial miR-206 expression is downregulated 110 
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in asthma and associates with airway type 2 inflammation. 111 

The expression of CD39, a target of miR-206, is upregulated in airway epithelial cells in 112 

asthma 113 

We predicted candidate target genes of miR-206 by using online algorithms (DIANA-microT, 114 

miRanda, miRWalk, PicTar and TargetScan). CD39 (encoded by ENTPD1), the ectoenzyme 115 

catalyzing the degradation of extracellular ATP and ADP, was one of the candidate targets. The 116 

3’-untranslated region (UTR) of CD39 contains nucleotides matching the seed sequence of 117 

hsa-miR-206 (Figure 1C). Transfection with the miR-206 mimic decreased the luciferase activity 118 

when co-transfected with the vector harboring the wild-type CD39 3’-UTR, but had no effect on 119 

the luciferase activity when co-transfected with the vector containing the mutant 3’-UTR or empty 120 

vector (Figure 1D). This indicates that miR-206 may directly act on the 3’-UTR of CD39 mRNA. 121 

Furthermore, inhibition of miR-206 expression enhanced CD39 mRNA and protein expression, 122 

whereas overexpression of miR-206 suppressed CD39 expression (Figure 1E-G). These data 123 

indicate that CD39 is a target of miR-206. 124 

In human asthma, we found that CD39 transcript levels were significantly increased in 125 

bronchial brushings from type 2-low and -high asthma patients compared to controls. Moreover, 126 

epithelial CD39 expression was lower in type 2-high asthma than in type 2-low asthma (Figure 127 

1H). In support of CD39 as a target of miR-206, epithelial CD39 transcript levels negatively 128 

correlated with epithelial miR-206 expression in asthma patients (Figure 1I). 129 

Extracellular ATP accumulation induces miR-206 downregulation and CD39 upregulation in 130 

human bronchial epithelial cells 131 

It was reported that BALF ATP concentration was increased in asthma patients after allergen 132 
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provocation (28). In BALF from our symptomatic and treatment-naïve asthma patients, we 133 

measured ATP using luciferase bioluminescence. BALF ATP levels were markedly increased in 134 

both type 2-low and type 2–high asthma patients compared to controls (Figure 2A). Moreover, 135 

BALF ATP levels were higher in type 2-high asthma than in type 2-low asthma. This suggests that 136 

extracellular ATP accumulates in the airways of symptomatic asthma patients. 137 

Extracellular ATP accumulation upregulates CD39 expression in airway epithelial cells, which 138 

catalyzes degradation of excessive extracellular ATP to maintain the homeostasis in the 139 

microenvironment (47). To determine whether the miR-206-CD39 axis responds to extracellular 140 

ATP accumulation, we performed air-liquid interface culture of human bronchial epithelial (HBE) 141 

cells from healthy donors. House dust mite (HDM), the most clinically relevant allergen, rapidly 142 

increased ATP concentrations in culture medium within 2 min. The ATP concentration peaked at 143 

1-2 h, and declined to baseline by 6 h (Figure 2B). HDM exposure decreased miR-206 expression 144 

from 2 h to 12 h, with maximum inhibition at 6 h (Figure 2C), and increased the CD39 mRNA 145 

level from 2 h to 12 h, peaking at 6 h (Figure 2D). Furthermore, elimination of extracellular ATP 146 

by pretreatment with apyrase suppressed HDM-induced miR-206 downregulation and CD39 147 

upregulation at 6 h in HBE cells (Figure 2E and G). The exogenous ATP analog ATPγS directly 148 

decreased miR-206 expression, increased CD39 expression and intensified HDM-induced 149 

miR-206 downregulation and CD39 upregulation (Figure 2F and H). Similarly, we found that 150 

Alternaria-induced extracellular ATP accumulation was also required for miR-206 downregulation 151 

and CD39 upregulation in BEAS-2B cells (Supplementary Figure 1). Together, our data suggest 152 

that allergen-induced acute accumulation of extracellular ATP downregulates miR-206 and 153 

upregulates CD39 expression in airway epithelial cells. This may represent a protective 154 
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mechanism to eliminate excessive extracellular ATP. 155 

Higher ATP levels are associated with elevated IL-25 and TSLP expression in type 2-high 156 

asthma 157 

Allergens stimulate the release of ATP as an alarmin from airway epithelial cells to induce the 158 

expression of IL-33 (34). We next examined airway IL-25, IL-33 and TSLP expression in 159 

bronchial epithelial brushings and BALF using quantitative PCR and ELISA, respectively. 160 

Epithelial IL25 transcript levels and BALF IL-25 protein levels were significantly higher in type 161 

2-high asthma patients than in type 2-low asthma patients and controls (Figure 3A, 3D). There 162 

were multiple splice variants of the IL33 transcript, and the protein encoded by the IL33 transcript 163 

without exons 3 and 4 was secreted as an active cytokine (48). We examined the expression of 164 

IL33 transcripts without exons 3 and 4 in bronchial epithelial brushings using RNase H-dependent 165 

quantitative PCR as previously reported (48). However, there were no significant differences in 166 

this IL33 transcript between the two asthma subsets and controls. Additionally, we did not detect a 167 

significant difference in IL-33 protein levels in BALF (Figure 3B, 3E). TSLP has short and long 168 

isoforms, and the long isoform is induced during inflammation (49). We found that the long TSLP 169 

transcripts and BALF TSLP protein levels were higher in type 2-high asthma patients than in type 170 

2-low asthma patients and control subjects (Figure 3C, 3F). Our data suggest that airway 171 

expression of IL-25 and TSLP, but not IL-33, is elevated in type 2-high asthma.  172 

Importantly, BALF ATP levels were strongly correlated with BALF IL-25 and TSLP protein 173 

levels (Figure 3G-H). This indicates that the more prominent accumulation of airway ATP may be 174 

responsible for the elevated IL-25 and TSLP expression in type 2-high asthma. 175 

Extracellular ATP is essential for allergen-induced IL-25 and TSLP expression in human 176 



9 
 

bronchial epithelial cells. 177 

We next examined the role of extracellular ATP in HDM-induced IL-25, IL-33 and TSLP 178 

expression in HBE cells cultured on an air-liquid interface. We found that HDM stimulation 179 

increased IL25 mRNA expression in HBE cells and IL-25 protein levels in basal-lateral medium, 180 

peaking at 2 h and 6 h, respectively (Figure 4A and D). HDM also increased TSLP (the long 181 

transcript variant) mRNA and protein expression, which peaked at 1 h and 6 h, respectively 182 

(Figure 4C and F). However, HDM stimulation did not alter the expression of IL33 (the transcript 183 

without exons 3 and 4) mRNA or protein (Figure 4B and E). Elimination of extracellular ATP 184 

through CD39 overexpression or by using apyrase suppressed HDM-induced IL-25 and TSLP 185 

protein expression at 6 h (Figure 4G-J). In contrast, enhancing extracellular ATP by CD39 186 

knockdown or by adding ATPγS further increased HDM-induced IL-25 and TSLP protein 187 

expression (Figure 4K-N). Similarly, Alternaria-induced extracellular ATP accumulation promoted 188 

IL-25 and TSLP expression in BEAS-2B cells (Supplementary Figure 2). These data suggest that 189 

allergen-induced acute extracellular ATP accumulation is required for IL-25 and TSLP 190 

upregulation in airway epithelial cells. 191 

MiR-206 regulates allergen-induced IL-25 and TSLP expression in bronchial epithelial cells 192 

via targeting the CD39-extracellular ATP axis 193 

We next examined whether miR-206 regulates IL-25 and TSLP expression via targeting the 194 

CD39-extracellular ATP axis in HDM-stimulated HBE cells. Inhibition of miR-206 expression by 195 

transfection with miR-206 inhibitor increased baseline and HDM-induced CD39 expression. 196 

Importantly, inhibition of miR-206 expression decreased the ATP concentration and suppressed 197 

HDM-induced IL-25 and TSLP protein expression in the medium (Supplementary Figure 3A-D). 198 
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In contrast, miR-206 overexpression by transfection with miR-206 mimic suppressed baseline and 199 

HDM-induced CD39 expression, enhanced extracellular ATP, and further enhanced HDM-induced 200 

IL-25 and TSLP protein expression (Supplementary Figure 1E-H). Our data indicate that miR-206 201 

regulates epithelial IL-25 and TSLP expression by targeting the CD39-extracellular ATP axis. 202 

Airway epithelial miR-206 regulates CD39 expression and BALF ATP concentration in a 203 

murine model of allergic airway disease 204 

We investigated the role of epithelial miR-206 in a murine model of allergic airway 205 

inflammation. C57BL/6 mice were sensitized and challenged with HDM (Figure 5A). The 3’-UTR 206 

of the mouse Cd39 gene has binding sites for the seed region of mmu-miR-206-3p which is 207 

identical to hsa-miR-206 (Figure 5B). Using quantitative PCR, in situ hybridization, 208 

immunohistochemistry and luciferase bioluminescence, we found that HDM challenge decreased 209 

epithelial miR-206 expression, increased Cd39 expression, and markedly enhanced BALF ATP 210 

levels compared to control mice. Inhibition of airway miR-206 expression by intranasal 211 

administration of miR-206 antagomir further enhanced HDM-induced Cd39 expression but 212 

suppressed HDM-induced BALF ATP accumulation (Figure 5C-E). In contrast, airway 213 

overexpression of miR-206 induced by intranasal administration of miR-206 agomir significantly 214 

suppressed HDM-induced Cd39 expression and further enhanced the HDM-induced increase in 215 

ATP concentrations (Figure 5F-J). These data suggest that epithelial miR-206 targets the 216 

Cd39-extracellular ATP axis in the airway of a murine model of allergic airway disease. 217 

Airway miR-206 antagonism suppresses HDM-induced AHR, airway eosinophilia, mucus 218 

overproduction and type 2 cytokines expression in mice 219 

In the murine model of allergic airway disease, HDM sensitization and challenge increased 220 
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airway resistance to methacholine, induced infiltration of inflammatory cells around airways, and 221 

increased airway mucus-producing cells, Muc5ac expression, and plasma IgE levels. Inhibition of 222 

airway miR-206 expression by transfection with miR-206 antagomir significantly suppressed 223 

HDM-induced AHR, airway eosinophilic inflammation and mucus overproduction (Figure 6A-G). 224 

In contrast, airway miR-206 overexpression induced by transfection with miR-206 agomir further 225 

enhanced HDM-induced AHR, airway eosinophilia and mucus overproduction (Supplementary 226 

Figure 4A-G). Moreover, airway miR-206 antagonism suppressed HDM-induced expression of 227 

type 2 cytokines including Il-4, Il-5 and Il-13, and decreased plasma IgE levels (Figure 6H-K), 228 

whereas miR-206 overexpression further enhanced HDM-induced expression of type 2 cytokines 229 

in mouse lungs and plasma IgE levels (Supplementary Figure 4H-K). Our data indicate that 230 

epithelial miR-206 plays an essential role in allergic airway disease by regulating the type 2 231 

immune response. 232 

Airway miR-206 antagonism suppresses Il-25, Il-33, and Tslp expression and ILC2 233 

expansion in mice 234 

Since ILC2s play a pivotal role in the type 2 response upon activation by IL-25, IL-33 and 235 

TSLP, we further examined the effect of airway miR-206 manipulation on Il-25, Il-33, and Tslp 236 

expression and ILC2 expansion in mice. HDM sensitization and challenge increased Il-25, Il-33 237 

and Tslp protein levels in BALF (Figure 7A-F). Meanwhile, flow cytometric analysis revealed that 238 

HDM sensitization and challenge significantly increased the number of ILC2s 239 

(Lin-CD25+CD127+ST2+Sca-1+ cells, gating strategy in Figure 7G) in single-cell suspensions of 240 

lungs (Figure 7H-K). Airway miR-206 antagonism suppressed HDM-induced Il-25, Il-33, and 241 

Tslp expression (Figure 7A-C) and ILC2 expansion (Figure 7H and J), whereas miR-206 242 



12 
 

overexpression further enhanced HDM-induced Il-25, Il-33 and Tslp expression (Figure 7D-F) and 243 

ILC2 expansion in mouse lungs (Figure 7I and K). This suggests that epithelial miR-206 regulates 244 

HDM-induced Il-25, Il-33 and Tslp expression and ILC2 expansion in mouse models. 245 

246 
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DISCUSSION 247 

In the present study, we reported that epithelial miR-206 was differentially expressed between 248 

type 2-low and -high asthma patients who were symptomatic and treatment-naïve. Type 2-high 249 

asthma patients had higher miR-206 expression, lower epithelial CD39 expression, elevated 250 

BALF ATP levels, and higher epithelial IL-25 and TSLP expression than type 2-low asthma 251 

patients. Of note, BALF ATP levels were strongly correlated with airway IL-25 and TSLP 252 

expression in asthma patients. The associations between these measurements were functionally 253 

validated in primary cultured of HBE cells and in a murine model of allergic airway inflammation. 254 

MiRNAs play essential roles in the pathogenesis of asthma (39, 40, 50, 51). To date, the 255 

differentially expressed epithelial miRNAs between type 2-low and type 2-high asthma remain 256 

unknown. We identified miR-206 as the most highly expressed miRNA in type 2-high asthma 257 

relative to type 2-low asthma. However, compared to control subjects, miR-206 expression was 258 

downregulated in both asthma subsets. MiR-206 expression was also decreased in cultured HBE 259 

cells exposed to HDM and in the airways of mice sensitized and challenged with HDM. Our 260 

findings are consistent with a study reporting that miR-206 expression was decreased in the 261 

airway wall of a mouse model of childhood allergic asthma (52). Recent studies have showed that 262 

miR-206 expression is also decreased in mouse models of occupational asthma (53, 54). In 263 

humans, it was reported that circulating miR-206 was useful to predict childhood asthma 264 

exacerbation (55), and plasma miR-206 expression differed between asthmatics with higher and 265 

lower blood eosinophil counts (56). However, the mechanism underlying the less reduction in 266 

epithelial miR-206 in type 2-high asthma than in type 2-low asthma requires further investigation. 267 

It was reported that production of reactive oxygen species (ROS) upregulated miR-206 expression 268 
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(57, 58). Interestingly, IL-13, a type 2 cytokine, promotes ROS production in airway epithelial 269 

cells (59). Thus, one possibility for higher miR-206 expression in type 2-high asthma is that type 2 270 

cytokine-induced ROS production upregulated miR-206 expression. 271 

To explore the role of miR-206 in asthma, we verified that CD39, an ecto-nucleotidase that 272 

degrades ATP, was a target of miR-206. To date, there are no studies addressing the regulation of 273 

airway CD39 in human asthma. Previous reports regarding the role of Cd39 in animal asthma 274 

models are conflicting (32, 33). We demonstrated that CD39 expression was increased in the 275 

airway epithelium in human asthma and in mice sensitized and challenged with HDM. Consistent 276 

with the higher expression of miR-206 in type 2-high asthma, CD39 expression was lower in type 277 

2-high asthma than in type 2-low asthma. 278 

Extracellular ATP serves as a danger signal to alert the immune system of damaged tissue. In 279 

our cohort of symptomatic and treatment-naïve asthma patients, BALF ATP concentrations were 280 

significantly increased, especially in type 2-high asthma patients. This is consistent with a 281 

previous report that allergen provocation enhanced airway BALF ATP accumulation in asthma 282 

patients (28). The elevated airway ATP levels in our asthma patients might be due to exposure to 283 

environmental aeroallergens, including HDM and/or airway virus infections, the main triggers of 284 

asthma exacerbation (12, 60). Rhinovirus infection has been reported to stimulate bronchial 285 

smooth muscle cells to release ATP (61), and influenza A virus infection was found to increase 286 

BALF ATP levels in mice (62). 287 

In our in vitro system, we demonstrated that allergen-induced acute extracellular ATP 288 

accumulation was responsible for miR-206 downregulation and CD39 upregulation in HBE cells 289 

at an air-liquid interface. Since CD39 catalyzes ATP degradation, the CD39 upregulation in 290 
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asthma patients and in allergen-exposed epithelial cells may represent an inhibitory feedback 291 

response to excessive ATP, by which striving to maintain airway homeostasis. 292 

In human asthma, we previously reported that epithelial IL25 mRNA expression was 293 

upregulated in a subset of asthma patients featured by type 2 inflammation (63). Here, in a 294 

different cohort of asthmatic patients, using ELISA and qPCR, we found that airway expression of 295 

IL-25 and TSLP, but not IL-33, was elevated in type 2-high asthma patients. The TaqMan qPCR 296 

primers and probes for the IL33 isoform without exons 3 and 4, and the long isoform of TSLP 297 

were previously reported, and these isoforms were associated with type 2 inflammation (48, 49). 298 

To date, there have been few head-to-head studies of IL-25, IL-33 and TSLP expression in human 299 

asthma. Various expression patterns of these cytokines have been reported in different populations. 300 

In Korea, plasma IL-25, but not IL-33 or TSLP, was increased in patients with aspirin-exacerbated 301 

respiratory disease characterized by asthma, nasal polyps and chronic eosinophilic sinusitis (21). 302 

Elevated IL-25, but not IL-33 or TSLP mRNA, was reported in sputum cells from uncontrolled 303 

asthmatics in Belgium (22). In contrast, increased expression of IL-33 and TSLP, but not IL-25, 304 

was reported in asthma patients in London (23), Poland (24), and New York (25). This suggests 305 

that ethnicity and region should be considered in studies on these cytokines. Recently, a new 306 

concept “regiotype”, was introduced for allergic diseases, referring to regional differences 307 

between endotypes due to different allergens and other environmental influences (2). In chronic 308 

rhinosinusitis with nasal polyps (CRSwNP), a disease related to asthma, various expression 309 

patterns of IL-25, IL-33 and TSLP in different populations and regions have been described. 310 

Reports of IL-25 upregulation in CRSwNP have come from Asian countries including Korea (64), 311 

Japan (65) and China (66), whereas negative results for IL-25 were reported from the USA (67), 312 
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Australia (68) and Turkey (69). Our data on airway IL-25, IL-33 and TSLP expression in asthma 313 

patients provide evidence for the novel therapies targeting these cytokines in China. 314 

The upstream signaling pathway regulating the expression of epithelial IL-25 and TSLP remains 315 

largely unknown. Extracellular ATP-activated purinergic receptors mediate aeroallergen-induced 316 

IL-33 release from epithelial cells (34). Here we reported that BALF ATP concentrations were 317 

strongly correlated with airway IL-25 and TSLP expression. In vitro, allergen-induced acute 318 

accumulation of extracellular ATP was required and sufficient for IL-25 and TSLP expression. 319 

Furthermore, epithelial miR-206 regulated IL-25 and TSLP expression by targeting the 320 

CD39-extracellular ATP axis both in vitro and in vivo. HDM sensitization and challenge decreased 321 

airway miR-206 expression while increasing Cd39 expression; BALF ATP concentration; Il-25, 322 

Il-33 and Tslp expression; and ILC2 expansion in mice. Airway miR-206 antagonism before HDM 323 

challenge suppressed Il-25, Il-33, and Tslp expression; ILC2 expansion; type 2 cytokine 324 

expression; and the cardinal features of asthma in mice. On the other hand, miR-206 325 

overexpression had the opposite effects. The explanation of the effect of miR-206 agomir 326 

transfection should be cautious because non-specific effect of miRNA overexpression was 327 

reported (70). In addition, intranasal administration of miR-206 agomir or antagomir may also 328 

affect Cd39 expression in other cell types including macrophages in mice lungs. 329 

As summarized in Figure 8, our findings suggest that epithelial miR-206 is downregulated in 330 

both asthma subsets. Compared with type 2-low asthma, higher miR-206 expression resulted in 331 

lower CD39 expression and impaired capacity to eliminate extracellular ATP in type 2-high 332 

asthma. Consequently, more extracellular ATP was accumulated, leading to higher expression of 333 

IL-25 and TSLP and more prominent type 2 inflammation in type 2-high asthma. The mechanism 334 
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underlying the impaired ability to downregulate miR-206 in response to excessive ATP in type 335 

2-high asthma requires further study. 336 

In conclusion, epithelial miR-206 regulates airway IL-25 and TSLP expression and type 2 337 

inflammation in asthma by targeting the CD39-extracellular ATP axis. This pathway contributes, 338 

at least in part, to the development of human type 2-high asthma and represents a novel 339 

therapeutic target for this endotype. 340 

341 
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METHODS 342 

Human subjects 343 

We recruited 26 healthy control subjects and 57 asthma patients who were symptomatic, newly 344 

diagnosed and treatment-naïve. All subjects were Chinese and were recruited from Tongji Hospital. 345 

Subjects with asthma were diagnosed by a physician; had symptoms of episodic cough, wheeze 346 

and/or dyspnea; and had an accumulated dosage of methacholine provoking a 20% fall (PD20) in 347 

forced expiratory volume in the first second (FEV1) < 2.505 mg and/or ≥12% increase in FEV1 348 

following inhalation of 200 μg salbutamol. We recruited subjects who had never smoked or 349 

received inhaled or oral corticosteroids or leukotriene antagonists. Healthy control subjects had no 350 

respiratory symptoms, normal spirometric values and a methacholine PD20 ≥ 2.505 mg. 351 

We recorded demographic information, performed spirometry, measured fractional exhaled 352 

nitric oxide (FeNO), and collected induced sputum. We performed bronchoscopy with 353 

bronchoalveolar lavage (BAL) and bronchial brushing. After inspection of the bronchial tree, 40 354 

mL of prewarmed 0.9% saline was instilled into the right middle lobe and then gently aspirated. 355 

We brushed 10 sites within the subsegmental bronchi of the right middle and lower lobes (10 356 

gentle upward and downward strokes per site). The dissociated cells were recovered in ice-cold 357 

DMEM. 358 

MicroRNA microarray 359 

Total RNA from bronchial epithelial brushing samples from four type 2-low and four type 360 

2-high asthma patients was extracted using TRIzol (Invitrogen). After RNA quantity measurement 361 

using a NanoDrop 1000 spectrophotometer, the samples were labeled using a miRCURY Hy3/Hy5 362 

power labeling kit (Exiqon) and hybridized on a miRCURY LNA microRNA array (7th generation, 363 
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miRBase v18; Exiqon). The slides were scanned using an Axon GenePix 4000B microarray 364 

scanner (Axon Instruments). Scanned images were then imported into GenePix Pro 6.0 software 365 

(Axon Instruments) for grid alignment and data extraction. We used the median normalization 366 

method to obtain “normalized data”. Normalized data = (foreground - background) / median. In 367 

comparison, genes with greater than 2-fold change and that showed a statistically significant 368 

difference between the two groups were considered to be differentially expressed. The data are 369 

deposited at GEO (http://www.ncbi.nlm.nih.gov/geo/, accession number GSE142237). 370 

Cell culture and treatment 371 

Human bronchial epithelial (HBE) cells collected from heathy donors (n = 8) using the 372 

bronchial brushing technique were cultured on an air-liquid interface as previously described (71, 373 

72). Briefly, ten sites of the subsegmental bronchi of the right middle and lower lobes were 374 

brushed. The dissociated cells were recovered by vortexing the brush in ice-cold DMEM. The 375 

cells were centrifuged, resuspended, seeded into six-well plates coated with collagen I from rat 376 

tails (Corning) and grown in bronchial epithelial cell medium (BEpiCM; ScienCell) with 377 

supplements. The medium was changed every 48 h until the cells were 90% confluent. Cells were 378 

then seeded on 1.1 cm2 Transwell inserts (Corning) with 0.4 μm pores. Cells were submerged for 379 

the first 7 days in BEpiCM (ScienCell) with supplements, and then the apical medium was 380 

removed to establish an air-liquid interface that was maintained for the next 14 days. The 381 

basolateral medium was changed to differentiation medium containing a 1:1 mixture of DMEM 382 

(HyClone) and bronchial epithelial cell growth medium (BEGM; Lonza) with supplements and 50 383 

nM all-trans retinoic acid (Sigma-Aldrich). Cells were stimulated with HDM (50 μg/ml; Greer 384 

Laboratories) and transfected with control or miR-206 mimic, control or miR-206 inhibitor 385 
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(RiboBio), scrambled or CD39 siRNA, and an empty or CD39 cDNA expression vector. Cells 386 

were also stimulated with HDM with or without apyrase or ATPγS (Sigma-Aldrich). BEAS-2B 387 

cell lines were purchased from ATCC (Manassas, VA). Cells were cultured in DMEM medium 388 

with 10% FBS and stimulated with Alternaria (50 μg/ml; Greer Laboratories) with or without 389 

apyrase. 390 

Mouse model of allergic airway inflammation 391 

Female C57BL/6 mice were obtained from the Experimental Animal Center of Hubei Province 392 

(Wuhan, China). The model was established by HDM sensitization and challenge. Briefly, female 393 

C57BL/6 mice received an intraperitoneal injection of 100 μl of a solution of lyophilized HDM 394 

extract (0.1 mg/ml; Greer Laboratories) and Al(OH)3 as an adjuvant on days 0, 7 and 14, and 395 

received 40 μl of HDM solution (3 mg/ml) or saline intranasally on days 21, 22, and 23. miR-206 396 

agomir (5 nmol in 40 μl saline; RiboBio), or control agomir, miR-206 antagomir (20 nmol in 40 μl 397 

saline) or control antagomir was administered intranasally on days 20 and 22. Twenty-four hours 398 

after the last HDM challenge, respiratory resistance in response to a range of concentrations of 399 

intravenous acetylcholine was measured using the forced oscillation technique with the FlexiVent 400 

system (SCIREQ) as previously described (73). 401 

Assessment of mouse airway inflammation 402 

Cell counts for macrophages, eosinophils, lymphocytes, and neutrophils in bronchoalveolar 403 

lavage fluid were performed as previously described (73). Paraffin-embedded 5-μm lung sections 404 

were stained with hematoxylin and eosin. The severity of peribronchial inflammation was scored 405 

by a blinded observer using the following features: 0, normal; 1, few cells; 2, a ring of 406 

inflammatory cells 1 cell layer deep; 3, a ring of inflammatory cells 2–4 cells deep; 4, a ring of 407 
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inflammatory cells >4 cells deep. 408 

Immunohistochemistry 409 

Sections of mouse lungs were stained with rabbit polyclonal CD39 (ENTPD1) antibody 410 

(Proteintech). Antibodies were detected using the Real EnVision detection system (Dako 411 

Diagnostics) according to the instructions. 412 

PAS staining 413 

Mouse lung sections were stained with periodic acid-Schiff (PAS) (Goodbio Technology) for 414 

detection of mucus. The number of PAS-positive cells was counted in four random fields for each 415 

lung section at ×200 magnification. 416 

Quantitative polymerase chain reaction (PCR) 417 

For quantification of hsa-miR-206 in epithelial brushings and HBE cells, mmu-miR-206 418 

expression in mouse lungs; CD39, IL-25, IL-33 (transcript without exons 3 and 4), TSLP (long 419 

isoform), CLCA1, POSTN and SERPINB2 mRNA expression in epithelial brushings; and Cd39 420 

mRNA expression in mouse lungs, total RNA was isolated and reverse transcribed. Quantitative 421 

PCR was performed using an ABI Prism 7500 HT Fast Real-time PCR System (Applied 422 

Biosystems). The cycle threshold (Ct) of each gene transcript was normalized to the Ct of U6 or 423 

U48 for miRNA and to β-actin or GAPDH for mRNA. Relative gene expression was calculated 424 

using the 2(-Delta Delta Ct) method (74). The transcript levels of each gene are expressed as 425 

relative to the median level in healthy control subjects or the mean of the control group and log2 426 

transformed. Primers for quantitative PCR are listed in the Supplementary Table. The stem-loop 427 

RT primer (ssD809230234), forward primer (ssD809230926) and reverse primer (ssD089261711) 428 

for hsa-/mmu-miR-206 were from RiboBio. TaqMan primer and probe sets for IL25 429 
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(Hs00224471_m1), TSLP (long isoform; Hs01572933_m1), and ACTB (Hs99999903_m1) were 430 

obtained from Applied Biosystems. The transcripts for IL33 without exons 3 and 4 were 431 

determined by RNase H-dependent quantitative RT-PCR as reported by Gordon et al (48). 432 

In situ hybridization 433 

We performed in situ hybridization of mmu-miR-206 on paraffin-embedded sections using 434 

mmu-miR-206 miRCURY LNA miRNA detection probe (Qiagen). The sequence of the probes for 435 

mmu-miR-206 was 5’- CCACACACTTCCTTACATTCCA -3’.  436 

Luciferase activity assay 437 

BEAS-2B cells were co-transfected with vector harboring the wild-type, mutant CD39 3’-UTR 438 

or no 3’-UTR (control) and with miR-206 mimic or nontargeting control. Luciferase activity was 439 

detected with a dual luciferase reporter assay system (Promega). Normalized relative light units 440 

represent firefly luciferase activity/Renilla luciferase activity. 441 

Western blotting 442 

CD39 protein expression in cells was detected with monoclonal mouse-anti-human CD39 443 

antibody (clone OTI2B10, OriGene Technologies) using Western blotting as previously described 444 

(73). 445 

ELISA 446 

Human IL-25 (RayBiotech), IL-33, and TSLP (R&D Systems) in supernatant from BALF and 447 

cell culture medium, and mouse Il-4, Il-5, Il-13 (R&D Systems), Il-25, Il-33 (Thermo Fisher 448 

Scientific), and Tslp (R&D Systems) in BALF supernatant were measured via ELISA according to 449 

the manufacturer's instructions. Mouse plasma IgE levels were determined via ELISA (Dakewe 450 

Biotech. All samples and standards were measured in duplicate. 451 
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ATP measurements 452 

To measure ATP levels in human BALF, ice-cold BALF samples were centrifuged at 4℃ 453 

immediately after collection and the supernatants were stored at –80℃. Supernatants of fresh 454 

mouse BALF and cell culture medium were analyzed immediately. ATP levels were measured 455 

using an ATP assay kit (Beyotime Biotechnology) according to the instructions. 456 

Flow cytometry 457 

To analyze lung ILC2s, single-cell suspensions of mouse lung tissue were incubated with 458 

cocktail of biotin-conjugated monoclonal antibodies to detect lineage markers [CD5, CD11b, 459 

CD45R (B220), Anti-Gr-1 (Ly-6G/C), 7-4, and Ter-119] and then mixed with Anti-Biotin 460 

MicroBeads (Miltenyi Biotec). Lineage-negative lung cells were isolated with a column placed in 461 

the magnetic field of a MACS Separator (Miltenyi Biotec). Lineage-negative cells were stained 462 

with BV421-conjugated Live/Dead Fixable Dead Cell Stain (Invitrogen), PerCP/Cy5.5-conjugated 463 

CD25 (clone PC61; Biolegend), PE-conjugated CD127 (clone A7R34; Biolegend), 464 

FITC-conjugated T1/ST2 (clone DJ8; MD bioscience), and APC-conjugated Sca-1 (clone D7; 465 

Biolegend) antibodies. The samples were analyzed using an EPICS-XL MCL flow cytometer 466 

(Beckman Coulter). Live lineage-negative CD25+CD127+T1/ST2+Sca-1+ lymphocytes were 467 

identified as ILC2s. Data were analyzed with FlowJo software (TreeStar). 468 

Statistics 469 

We analyzed data using Prism version 5 (GraphPad Software) and SPSS version 19 (SPSS Inc.). 470 

For normally distributed data, we calculated the means ± standard deviation (SD) and used 471 

parametric tests (unpaired Student’s t test or one-way ANOVA with Bonferroni's post hoc test). 472 

For nonnormally distributed data, we calculated the medians (with interquartile ranges) and used 473 
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nonparametric tests (Mann-Whitney test or one-way ANOVA with Bonferroni's post hoc test). We 474 

analyzed correlations using Spearman's rank order correlation. Values of P < 0.05 were considered 475 

statistically significant. 476 

Study approvals 477 

Human and mouse studies were approved by the ethics committee of Tongji Hospital, Tongji 478 

Medical College, Huazhong University of Science and Technology. Participants gave informed 479 

consent. 480 

481 
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Figure 1. An epithelial miRNA differentially expressed between type 2-low and type 2-high 683 

asthma, miR-206, targets CD39. (A) Twenty differentially expressed epithelial miRNAs between 684 

subjects with type 2-low asthma (n = 4) and type 2-high asthma (n = 4) were identified using 685 

microarrays. Each column represents data from one subject. Colors represent fold change relative 686 

to the mean value of type 2-low asthma. (B) miR-206 transcript levels in bronchial brushings from 687 

healthy controls (n = 26), type 2-low (n = 20) and type 2-high asthma patients (n = 37) were 688 

determined by quantitative PCR. The transcript levels are relative to the median of healthy 689 

controls and log2 transformed. Data represent medians with interquartile ranges (one-way 690 

ANOVA with Bonferroni's post hoc test). (C) The 3’-UTR of CD39 contains a region that matches 691 

the seed sequence of hsa-miR-206. (D) 3'-UTR luciferase reporter assay with vector harboring 692 

wild-type (WT), mutant CD39 3'-UTR or no 3'-UTR (control) co-transfected with miR-206 mimic 693 

or nontargeting control. Luciferase activity was measured with a dual-luciferase reporter assay 694 

system. The firefly luciferase activity was normalized to Renilla luciferase activity. n = 3 per 695 

group. (E, F) CD39 transcript levels in BEAS-2B cells after transfection with miR-206 mimic (E) 696 

or inhibitor (F) were determined by quantitative PCR. The transcript levels are relative to the 697 

mean value of control group (two-tailed Student’s t test). n = 3 per group. The data are mean ± SD. 698 

(G) CD39 protein expression in BEAS-2B cells after transfection with miR-206 mimic and 699 

inhibitor was determined by Western blotting. (H) CD39 transcript levels in bronchial brushings 700 

from healthy controls (n = 26), type 2-low asthma (n = 20) and type 2-high asthma patients (n=37) 701 

were determined by quantitative PCR. Data are expressed and compared as in Figure 1B. (I) 702 

Spearman's rank order correlation assay between epithelial CD39 and miR-206 transcript levels in 703 

all asthma patients (n = 57). 704 

705 
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Figure 2. Acute extracellular ATP accumulation is responsible for allergen-induced miR-206 709 

downregulation and CD39 upregulation in bronchial epithelial cells. (A) ATP levels in BALF 710 

from healthy controls (n = 26), type 2-low (n = 20) and type 2-high asthma patients (n = 37) were 711 

determined by luciferase bioluminescence. Data are expressed as median values with interquartile 712 

ranges. The lines within the boxes represent medians, and the bounds of the boxes represent 713 

interquartile ranges. The whiskers are plotted using Tukey method. One-way ANOVA with 714 

Bonferroni's post hoc test was performed. (B) ATP concentration in culture medium collected at 715 

indicated time points after HDM stimulation was measured using luciferase bioluminescence. (C, 716 

D) Transcript levels of miR-206 (C) and CD39 (D) in HBE cells harvested at the indicated time 717 

points after HDM stimulation were determined by quantitative PCR. n = 4 wells per time point 718 

combined from 2 experiments using HBE cells from 2 healthy donors. The data are mean ± SD. 719 

*P < 0.05; **P < 0.01; ***P < 0.001 (one-way ANOVA with Bonferroni's post hoc test). (E-F) 720 

miR-206 transcript levels in HBE cells pretreated with apyrase or saline for 2 h before addition of 721 

HDM and stimulation for 6 h (E), and treated with ATPγS or saline with or without HDM for 6 h 722 

(F). (G, H) CD39 transcript levels in HBE cells pretreated with apyrase or saline for 2 h before 723 

addition HDM and stimulation for 6 h (G), and treated with ATPγS or saline with or without HDM 724 

for 6h (H). The transcript levels are relative to the mean value of control group and log2 725 

transformed. n = 4 wells per group combined from 2 experiments using HBE cells from 2 healthy 726 

donors. The data are mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001 (one-way ANOVA with 727 

Bonferroni's post hoc test). 728 
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Figure 3 731 
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Figure 3. Airway IL-25 and TSLP expression is elevated in type 2-high asthma and 734 

correlated with BALF ATP levels. (A-C) The transcripts of IL25 (A), IL33 without exons 3 and 735 

4 (B), and the long isoform of TSLP (C) in bronchial epithelial brushings from healthy controls (n 736 

= 26), type 2-low (n = 20) and type 2-high asthma patients (n = 37) were determined using 737 

quantitative PCR with TaqMan primers and probes. For detection of IL33 transcripts without 738 

exons 3 and 4, RNase H-dependent quantitative PCR was performed. The transcript levels are 739 

relative to the median value of healthy controls and log2 transformed. (D-F) IL-25 (D), IL-33 (E) 740 

and TSLP (F) protein levels in BALF from healthy controls (n = 26), type 2-low (n = 20) and type 741 

2-high asthma (n = 37) were determined using ELISA. Data are expressed as median values with 742 

interquartile ranges. The lines within the boxes represent medians, and the bounds of the boxes 743 

represent interquartile ranges. The whiskers are plotted using Tukey method. One-way ANOVA 744 

with Bonferroni's post hoc test was performed. (G-H) Spearman's rank order correlation assays 745 

between BALF ATP levels and BALF IL-25 protein levels (G) and TSLP protein levels (H). 746 
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Figure 4 749 
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Figure 4. Extracellular ATP is required and sufficient for IL-25 and TSLP expression in 752 

bronchial epithelial cells. (A-C) The transcripts of IL25 (A), IL33 without exons 3 and 4 (B), and 753 

the long isoform of TSLP (C) in HBE cells harvested at the indicated time points after HDM 754 

stimulation were determined by quantitative PCR. (D-F) IL-25 (D), IL-33 (E) and TSLP (F) 755 

protein levels in culture medium collected at the indicated time points after HDM stimulation were 756 

determined using ELISAs. n = 4 wells per time points combined from 2 experiments using HBE 757 

cells from 2 healthy donors. Data are mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001 (one-way 758 

ANOVA with Bonferroni's post hoc test). (G, H) IL-25 (G) and TSLP (H) protein levels in culture 759 

medium after transfection with empty or CD39 expression vector and stimulation with or without 760 

HDM for 6 h were determined using ELISAs. (I, J) IL-25 (I) and TSLP (J) protein levels in 761 

culture medium after pretreatment with apyrase or saline and stimulation with or without HDM for 762 

6 h were determined using ELISAs. (K, L) IL-25 (K) and TSLP (L) protein levels in culture 763 

medium after transfection with scrambled or CD39 siRNA and stimulation with or without HDM 764 

for 6 h were determined using ELISAs. (M, N) IL-25 (M) and TSLP (N) protein levels in culture 765 

medium after treatment with ATPγS or saline and with or without HDM for 6 h were determined 766 

using ELISAs. n = 4 wells per group combined from 2 experiments using HBE cells from 2 767 

healthy donors. Data are mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001 (one-way ANOVA with 768 

Bonferroni's post hoc test). 769 
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Figure 5 772 
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Figure 5. Epithelial miR-206 targets the CD39-extracellular ATP axis in a murine model of 775 

allergic airway inflammation. (A) Experimental schedule. (B) The seed region of 776 

mmu-miR-206-3p, and the seed recognizing sites in the 3’-UTR of mouse Cd39 variant 1 (position 777 

2864-2869) are shown. (C-E) miR-206 (C) and Cd39 (D) transcript levels in the lungs, and ATP 778 

levels in BALF (E) were determined by quantitative PCR and luciferase bioluminescence, 779 

respectively, in mice intranasally administered control or miR-206 antagomir and challenged with 780 

HDM or saline. (F-H) miR-206 (F) and Cd39 (G) transcript levels in the lungs, and ATP levels in 781 

BALF (H) were determined by quantitative PCR and luciferase bioluminescence, respectively, in 782 

mice intranasally administered control or miR-206 agomir and challenged with HDM or saline. 783 

The transcript levels are relative to the mean value of the control group and log2 transformed. n = 784 

6 - 10 mice per group combined from 2 independent experiments. The data are mean ± SD. *P < 785 

0.05; **P < 0.01; ***P < 0.001 (one-way ANOVA with Bonferroni's post hoc test). (I, J) 786 

Representative images of in situ hybridization of miR-206 (I), and immunohistochemistry of 787 

CD39 (J) in lung sections from mice intranasally administered control or miR-206 agomir and 788 

challenged with HDM or saline. Scale bar = 50 μm. 789 
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Figure 6 792 
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Figure 6. Airway miR-206 antagonism suppresses HDM-induced AHR, airway inflammation, 795 

mucus overproduction and the type 2 response in mice. (A) Respiratory resistance in response 796 

to different concentrations of intravenous acetylcholine at 24 h after the last HDM or saline 797 

challenge in mice intranasally administered with control or miR-206 antagomir. (B) Inflammatory 798 

scores of lung sections from mice intranasally administered with control or miR-206 antagomir 799 

and challenged with HDM or saline were calculated as described in the Methods. (C) Counts of 800 

macrophages, eosinophils, lymphocytes and neutrophils in BALF. (D) H&E staining of 801 

representative lung sections. (E) PAS staining for mucus in representative lung sections. (F) The 802 

number of PAS-positive cells was counted in four random fields for each lung section at ×200 803 

magnification. (G) Muc5ac transcript levels in mice lung were determined by quantitative PCR. 804 

The transcript levels are relative to the mean value of the control group and log2 transformed. (H-J) 805 

The protein levels of IL-4 (H), IL-5 (I), and IL-13 (J) in BALF were determined using ELISAs. (K) 806 

Plasma IgE levels in peripheral blood were determined using ELISAs. n = 6-10 mice per group 807 

combined from 2 independent experiments. The data are mean ± SD. *P < 0.05; **P < 0.01; ***P 808 

< 0.001 (one-way ANOVA with Bonferroni's post hoc test). Scale bar = 50μm. 809 
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Figure 7 812 
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Figure 7. Perturbation of airway miR-206 expression alters HDM-induced Il-25, Il-33, Tslp 815 

expression and ILC2 expansion in mouse lung. (A-C) Il-25 (A), Il-33 (B) and Tslp (C) protein 816 

levels in BALF were determined using ELISAs in mice intranasally administered with control or 817 

miR-206 antagomir and challenged with HDM or saline. (D-F) Il-25 (D), Il-33 (E) and Tslp 818 

protein levels (F) in BALF were determined using ELISAs in mice intranasally administered 819 

control or miR-206 agomir and challenged with HDM or saline. n = 6-10 mice per group 820 

combined from 2 independent experiments. (G) Single cell suspensions of mouse lung tissue were 821 

incubated with a cocktail of biotin-conjugated antibodies for detection of lineage markers and 822 

mixed with anti-Biotin microbeads to isolate lineage-negative lung cells. ILC2s in mouse lungs 823 

were enumerated via flow cytometry analysis with lineage-negative lung cells using the following 824 

gating strategy: live, single, CD25+CD127+ST2+Sca-1+ cells. (H, J) Representative flow 825 

cytometric plots (H) and numbers of ILC2s (J) in the lungs of mice intranasally administered 826 

control or miR-206 antagomir and challenged with HDM or saline. (I, K) Representative flow 827 

cytometric plots (I) and numbers of ILC2s (K) in the lungs of mice intranasally administered 828 

control or miR-206 agomir and challenged with HDM or saline. n = 6 – 9 per group, combined 829 

from 2 experiments. The data are mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001 (one-way 830 

ANOVA with Bonferroni's post hoc test). 831 
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Figure 8 834 
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Figure 8. Scheme illustrating for the signaling pathway regulating IL-25 and TSLP 837 

expression in airway epithelial cells in type 2-low and type 2-high asthma. Allergens stimulate 838 

rapid release of ATP from epithelial cells. Extracellular ATP serves as an alarmin to induce 839 

expression of the innate cytokines IL-25 and TSLP. Meanwhile, acute accumulation of 840 

extracellular ATP decreases epithelial miR-206 expression, which upregulates CD39 expression to 841 

eliminate excessive ATP. Epithelial miR-206 is decreased in both type 2-low and type 2-high 842 

asthma. Compared with type 2-low asthma, less reduction in epithelial miR-206 results in higher 843 

miR-206 level, lower CD39 expression and impaired capacity to eliminate extracellular ATP in 844 

type 2-high asthma. Consequently, more extracellular ATP accumulates which leads to higher 845 

expression of IL-25 and TSLP and more prominent type 2 inflammation in type 2-high asthma.       846 



30 
 

Table 1. Subjects Characteristics* 674 

 Healthy control 

subjects 

Type 2-low 

asthma patients 

Type 2-high 

asthma patients 

p value, type 2 

low vs. high 

Sample size, n 26 20 37 — 

Age, yr 35.0 (28.8-42.3) 40.0 (32.3-49.5) 42.0 (31.5-50.0) 0.90 

Sex, M:F (%F) 9:17 (65.3) 6:14 (70.0) 15:22 (59.5) 0.57 

Body mass index 22.7 (20.6-23.8) 23.5 (21.4-25.3) 22.1 (20.6-24.0) 0.15 

FEV1, % predicted 99.0 (96.0-105.7) 82.4 (68.8-90.2) 81.6 (71.4-88.2) 0.82 

Methacholine PD20, mg 2.5 (2.5-2.5) 0.16 (0.04-0.25) 0.01 (0.01-0.05) 0.0009 

Sputum eosinophil, % 0.3 (0-1.0) 1.8 (1.0-11.3) 16.0 (8.4-22.2) 0.0004 

Blood eosinophil, ×109/L 0.06 (0.04-0.12) 0.12 (0.07-0.23) 0.33 (0.19-0.57) 0.0003 

FeNO, ppb 14.0 (11.0-17.0) 32.8 (20.3-43.7) 94.7(65.0-134.6) < 0.0001 

Serum IgE, IU/ml 27.3 (16.9-41.3) 95.0 (11.9-187.0) 150.1(72.1-335.5) 0.03 

Atopic, n (%) 3 (11.5) 18 (90.0) 37 (100.0) 0.12 

* Data are median (interquartile range) unless otherwise specified. p values comparing type 2-low with 675 

type 2-high asthma were calculated by Fisher's exact test, or Mann-Whitney U test, as appropriate. 676 

Definition of abbreviation: PD20 = provocative dosage required to cause a 20% decline in FEV1. The 677 

minimal and maximal provocative dosages were 0.01 and 2.505 mg, respectively. 678 

679 
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