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Abstract   33 

Background. Phenotypes and endotypes predicting optimal response to bronchial 34 

thermoplasty (BT) in severe asthmatics remain elusive.  35 

Objective. To compare clinical characteristics and hallmarks of airway inflammation and 36 

remodelling before and after BT in responders and partial responders severe asthmatics 37 

refractory to oral steroids and to omalizumab. 38 

Methods. Twenty-three severe refractory asthmatics were divided into BT-responders 39 

(n=15) and BT-partial responders (n=8), according to the decrease in asthma exacerbations 40 

at 12 months after BT. Clinical parameters were compared at baseline and 12 months after 41 

BT and hallmarks of airway inflammation and remodelling were analysed by 42 

immunohistochemistry in bronchial biopsies before and 3 months after BT. 43 

Results. At baseline, BT-responders were around 8 years younger (P=0.02), had greater 44 

incidence of atopy, higher numbers of blood eosinophils (both P=0.03) and IgE levels, higher 45 

epithelial interferon (IFN)-α expression, higher mucosal eosinophils and IL-33-positive cells 46 

(P≤0.05) than BT-partial responders. A reduction in blood eosinophils, serum IgE, type 2 (T2) 47 

airway inflammation, mucosal IL-33-positive cells and mast cells, associated with an 48 

augmented epithelial MUC5AC and IFN-α/β immunostaining were noted after BT in 49 

responders, whereas mucosal IL-33-positive cells were augmented in BT-partial responders. 50 

Most of these changes correlated with clinical parameters. Sub-epithelial membrane 51 

thickening and airway smooth muscle area were similar in the two patient groups at baseline 52 

and after BT. 53 

Conclusion. By reducing allergic T2 inflammation and increasing epithelial MUC5AC and 54 

anti-viral IFN-α/β expression, BT may enhance host immune responses and thus attenuate 55 

exacerbations and symptoms in responders. Instead, targeting IL-33 may provide a clinical 56 

benefit in partial responders.  57 

Key words : Bronchial epithelium, T2-type inflammation, MUC5AC, IL-33, mast cells, IFN-58 

α/β, exacerbations, asthma control, bronchial thermoplasty  59 
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KEY MESSAGES 60 

• Bronchial thermoplasty (BT) may provide various degrees of clinical benefit for severe 61 

refractory asthmatics, depending on their phenotype and endotype. At baseline, BT-62 

responsive severe asthmatics were younger, had higher incidence of atopy, circulating 63 

eosinophils, and IgE levels, and greater expression of mucosal T2 markers and IL-33 than 64 

partial responders. 65 

• Treatment with BT reduced systemic and mucosal allergic/T2 inflammation, while 66 

augmented epithelial MUC5AC and IFN-α/β expression in BT-responders, but not in -partial 67 

responders. In contrast, BT-partial responders had greater numbers of mucosal IL-33-68 

expressing cells after BT than BT-responders. Most of these changes correlated with main 69 

clinical parameters of asthma control and symptoms.  70 

CAPSULE SUMMARY 71 

Atopic severe asthmatics with T2-type inflammation are more susceptible to benefit from BT 72 

treatment, which results in decreased systemic and mucosal inflammation and increased 73 

epithelial MUC5AC and anti-viral interferons’ expression. 74 

ABBREVIATIONS  75 

ACT, asthma control test; AQLQ, asthma quality of life questionnaire; ASM, airway smooth 76 

muscle; BT, bronchial thermoplasty; ICS, inhaled corticosteroids; IFN, interferon; IL, 77 

interleukin; IL-13Rα2, IL-13 receptor α2; FEV1, forced expiratory volume in one second; FVC, 78 

forced vital capacity, IQR, interquartile range; OCS, oral corticosteroids; T2, Type 2; SBM, 79 

sub-epithelial basement membrane.  80 Jo
urn

al 
Pre-

pro
of



 4

Introduction  81 

Bronchial thermoplasty (BT) is a non-pharmacological treatment option for patients with 82 

severe asthma who remain symptomatic despite maximal medication. The initial purpose of 83 

this treatment was to reduce airway smooth muscle (ASM) mass in proximal airways, 84 

through the delivery of thermal energy via a dedicated catheter.1,2 Previous investigations by 85 

our and other groups have shown that BT markedly decreased ASM mass, but also other 86 

structural abnormalities involved in airway narrowing and bronchial (hyper)reactivity, such as 87 

the number of neuroendocrine epithelial cells and nerve endings.7-9 These effects correlated 88 

with a reduction in the number of severe exacerbations, hospitalisations for asthma and of 89 

emergency department visits, and with improved quality of life.1-7  
90 

Other studies showed that BT decreased the epithelial expression of MUC5AC and of its 91 

driver, interleukin (IL)-13,10,11 reduced tissue fibrosis, i.e. sub-epithelial basement membrane 92 

(SBM) thickening, collagen type I deposition,7,9,12 and alveolar levels of transforming-growth 93 

factor-β,13 and downregulated the production of heat-shock protein 60 by the bronchial 94 

epithelium, which promotes fibroblast-mediated remodelling.14 BT may also target airway 95 

inflammation, as shown by a decrease in the proportion of alveolar eosinophils and of the 96 

levels of the leukocyte-chemotactic chemokine, CCL5.13  97 

In the above-mentioned studies, however, correlations between histopathological/biological 98 

alterations and clinical parameters were not investigated.  99 

Importantly, severe asthmatics do not respond homogeneously to BT and some of them 100 

show partial or no clinical improvement.7,9,15 Therefore, the major current challenge in the 101 

clinical practice is to define eligibility criteria for BT, which implies the identification of specific 102 

biomarkers for responders.9,15  103 

To answer these questions, we compared demographic and clinical parameters to the nature 104 

of airway inflammation and remodelling in 23 severe refractory asthmatics. These patients 105 

have been defined as “BT-responders” or “BT-partial responders”, according to changes in 106 

the rate of exacerbations 12 months after the procedure, as primary efficacy endpoint. 107 

We compared the epithelial expression of MUC5AC and MUC5B and their ratio, which has 108 

been associated with an epithelial Type 2 (T2)-high signature and airway eosinophilia.16-18 109 
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We also determined the epithelial levels of the IL-13Rα2 receptor, which binds the T2 110 

cytokine, IL-13,19 of the alarmin, IL-33, which propagates T2 signals through the activation of 111 

innate immune cells,20,21 and of type I (α/β) interferons (IFN).22 Moreover, we investigated 112 

hallmarks of airway inflammation including mucosal eosinophils, neutrophils, IL-13- and IL-113 

17A-positive cells,10,23,24 and mucosal and intra-muscular mast cells.23,25 Finally, we 114 

quantified ASM area and SBM thickening, as validated targets of BT.7,8,12  115 
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Methods  116 

Patients and BT procedure 117 

Twenty-three adults with severe uncontrolled asthma were recruited in the Respiratory 118 

Diseases department of the Bichat Hospital (Paris, France) (Table E1 in the Online 119 

Repository at http://www.jacionline.org).7,8
 Spirometry, number of exacerbations, and scores 120 

on asthma control test (ACT) were taken before, 3 and 12 months after BT.7,8 BT was 121 

performed using the ALAIR® System (Boston Scientific, Marlborough, MA, USA) for a total of 122 

3 sessions, separated by one-month intervals.7,8 123 

A bronchoscopy was performed 2 weeks before the first BT session and 3 months after the 124 

last one7,8 to collect 4 bronchial biopsies from the lower right lung lobe for immuno-125 

histochemical studies. Control biopsies were obtained from surgically resected bronchial 126 

specimens of 10 non-smoker donors of lung transplantation.26 127 

The 23 severe asthmatics were classified into BT-responders (n=15) and BT-partial 128 

responders (n=8), using a cut-off of <3 exacerbations for responders and ≥3 exacerbations 129 

for partial responders during the 12 months following BT. Indeed, this cut-off value was one 130 

of the eligibility criteria for including severe refractory asthmatics in this study and, therefore, 131 

all patients had at least 3 severe exacerbations requiring oral corticosteroid (OCS) bursts the 132 

year prior to inclusion. The 15 responders had sub-optimal controlled asthma (mean ACT 133 

score of 16.6), whereas the 8 partial responders remained uncontrolled (mean ACT score of 134 

8.6) (Table 1).27,28 135 

This protocol was approved by the CPP Ile-de-France I Ethics Committee (n° 2012-sept-136 

13003) and all subjects gave their written informed consent (ClinicalTrials.gov 137 

NCT01777360). 138 

Histopathological studies 139 

Epithelial immuno-localisation of MUC5AC, MUC5B, IL-13Rα2, IL-33, IFN-α/β and the 140 

number of mucosal cells positive for major basic protein (eosinophils), IL-13, IL-17A, elastase 141 

(neutrophils), tryptase (mast cells), and IL-33 were determined on sections from four paraffin-142 

embedded bronchial biopsies per patient (details in the online repository, Table E2). We also 143 

quantified intra-muscular mast cells, ASM area and SBM thickening, as described 144 
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previously.7,8  145 

Statistical analysis 146 

Qualitative clinical variables are reported as numbers and percentages and compared using t 147 

test, χ2-test, or Fisher exact test (2-tailed). Non-normal variables are reported as median and 148 

25-75 interquartile range (IQR) and compared using Kruskal-Wallis analysis, followed by 149 

Mann-Whitney U-test, or by Wilcoxon matched-pairs rank test. 150 

Associations between histopathological and clinical variables were assessed using the non-151 

parametric Spearman’s rank correlation coefficient (rho) and the Benjamini and Hochberg 152 

correction with a family-wise error rate of 0.05 for multiple comparisons. Statistical analyses 153 

were performed using Prism (GraphPad Software, San Diego, CA) and R 2.15.2 software (R 154 

Foundation for Statistical Computing, Vienna, Austria).   155 
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Results 156 

Clinical characteristics of the overall recruited severe asthmatics  157 

The 23 recruited severe asthmatics had uncontrolled asthma at baseline, despite optimal 158 

management and maximal medications (Table E1). They also showed airflow obstruction 159 

and ≥3 annualised exacerbations requiring OCS bursts.7,8 Of the 23 asthmatics, 22 were 160 

treated regularly with OCS, with a mean dose of oral prednisone of 29.4 mg per day (Table 161 

E1). 162 

In agreement with our previous study,7 treatment with BT significantly improved scores on 163 

ACT and on asthma quality of life questionnaire (AQLQ) and decreased the annualised rate 164 

of severe exacerbations and of hospitalisations for asthma at 3 and 12 months (Table E1). In 165 

addition, the proportion of severe asthmatics requiring OCS was significantly lower 3 and 12 166 

months after BT, with a reduction in the mean daily dose of oral prednisone at both time 167 

points (Table E1).  168 

Clinical characteristics of BT-responders and -partial responders  169 

At baseline, the 15 BT-responders were approximately 8 years younger (P=0.02) and had a 170 

higher incidence of atopy (P=0.03), higher numbers of peripheral blood eosinophils (P=0.04), 171 

and higher levels of total serum IgE (P=0.04) than BT-partial responders (Table 1).  172 

Baseline exacerbation rates, ACT and AQLQ scores were not statistically different between 173 

BT-responders and -partial responders (Table 1). The proportion of patients treated with 174 

long-lasting β2-agonists, leukotriene modifiers, OCS and long acting muscarinic antagonists, 175 

and the daily doses of ICS and of oral prednisone were comparable between the two groups 176 

(Table 1).  177 

Twelve months after BT treatment, responders had reduced numbers of peripheral blood 178 

eosinophils (P=0.02) and lower levels of total IgE (P=0.04), whereas no changes were 179 

observed in partial responders (Table 1). The number of neutrophils was not statistically 180 

different across groups (P=0.65). As expected, BT also decreased the number of 181 

exacerbations by 99% and increased the ACT score by more than 2.5-fold in responders 182 

(P<0.0001, for both comparisons) (Table 1). The annual exacerbation rate was also reduced 183 
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after BT in partial responders (66%, P=0.02), but the score on ACT failed to augment 184 

significantly (1.4-fold increase, as compared to pre-BT, P=0.19). However, the reduction in 185 

exacerbations was more marked in BT-responders compared to -partial responders 186 

(P<0.0001). A similar difference was found for annualised hospitalisations for asthma, for 187 

which rates were reduced by BT in both patient groups, although less markedly in partial 188 

responders than in responders (72 and 94% respectively, P=0.02) (Table 1).  189 

The score on AQLQ was higher 12 months after BT than before BT in responders 190 

(P=0.0002), but not in partial responders (P=0.35). This difference was statistically significant 191 

(P=0.005) (Table 1). 192 

The proportion of BT-responders necessitating long-term OCS and the daily dose of oral 193 

prednisone were reduced at 12 months (P=0.01 and P=0.007, respectively) (Table 1). In 194 

contrast, BT-partial responders required similar doses of OCS to those taken before BT 195 

(P=0.35) (Table 1). The use of leukotriene modifiers, or of long-acting muscarinic antagonists 196 

and the daily doses of ICS were similar in BT-responders and -partial responders (Table 1). 197 

The overall baseline parameters of respiratory function did not differ between BT-responders 198 

and -partial responders, although a non-significant trend towards lower values of pre- and 199 

post-bronchodilator FEV1 (P=0.37 and P=0.17, respectively) and a worse reversibility to β2-200 

agonists (P=0.37) was observed in BT-partial responders (Table 1).   201 

Histopathology of the overall recruited severe asthmatics  202 

Before BT, the overall group of 23 severe asthmatics showed higher epithelial expression of 203 

MUC5AC (but not MUC5B), of IL-13Rα2 and IFN-α/β, and a greater MUC5AC to MUC5B 204 

ratio, as compared to controls (Table E3). These patients also had elevated numbers of 205 

mucosal eosinophils, IL-13-, IL-17A- and IL-33-positive cells, and of intra-muscular (but not 206 

mucosal) mast cells (Table E3). The epithelial expression of IL-33 and the number of 207 

mucosal neutrophils were not statistically different across the study groups, although a trend 208 

towards an increase in epithelial IL-33 expression was noted in severe asthmatics before and 209 

after BT, as compared to controls (Table E3). SBM thickening and ASM area were also 210 

higher in severe asthmatics before BT than in controls (Table E3). 7,23  211 
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Treatment with BT was followed by a significant increase in the epithelial expression of 212 

MUC5AC and MUC5B (P=0.05 and P=0.009, respectively) and of IFN-α (P=0.04), as 213 

compared to values measured before BT (Table E3). The number of mucosal IL-13-positive 214 

cells and of mucosal and intra-muscular mast cells was reduced after BT (P=0.008, and 215 

P=0.04, respectively), whereas mucosal IL-17A+ cells were not significantly modified (Table 216 

E3). ASM area and SBM thickening were significantly lower 3 months after BT than before 217 

BT (P<0.0001, for both comparisons) (Table E3).7,8 218 

Histopathology in BT-responders and -partial responders  219 

At baseline, BT-responders showed higher epithelial expression of IFN-α1 (P=0.01, Fig. 220 

1C,D) and elevated numbers of mucosal eosinophils (P=0.02, Fig. 2C,D) and IL-33-positive 221 

cells (P=0.04, Fig. 2A,B) than BT-partial responders (Figs. 1 and 2). No other hallmarks of 222 

airway inflammation or remodelling differentiated BT-responders from -partial responders at 223 

baseline (Table 2). 224 

BT increased the epithelial expression of MUC5AC, but not of MUC5B, in responders (Fig. 225 

1A,B and Table 2) and reduced MUC5AC to MUC5B ratio by 58% (P=0.06, Table 2). In 226 

these patients, BT also downregulated the extent of epithelium area positive for IL-13Rα2 227 

(P=0.03, Table 2), the number of mucosal eosinophils (P=0.02, Fig. 2C,D), and of IL-13- 228 

(P=0.04, Table 2) and IL-33-positive cells (P=0.004, Fig. 2A,B), as well as mucosal and intra-229 

muscular mast cells (P<0.001 and P=0.04, respectively) (Fig. 2E,F and Table 2). This was 230 

concomitant with a higher epithelial expression of IFN-α/β after BT than before BT in this 231 

patients’ group (P=0.04 and P=0.007, respectively, Fig. 1C-F). In contrast, these 232 

histopathological parameters were not modified in partial responders (Table 2 and Figs. 1 233 

and 2). 234 

Other histopathological differences between the two patients’ groups included a number of 235 

mucosal and intra-muscular mast cells (P=0.05, Fig. 2E,F and Table 2) and an epithelial 236 

expression of IFN-α/β that persisted low (P=0.04) after BT in partial responders (Fig. 1C-F). 237 

Overall, there were no changes in the epithelial expression of IL-33 across the study groups 238 

(Table 2). 239 
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Finally, SBM thickening and ASM area were reduced to a similar extent following BT in both 240 

responders and partial responders (P≤0.003 for all comparisons) (Table 2). 241 

Correlation analyses in BT-responders and -partial responders  242 

We next examined potential correlations between clinical parameters at 12 months and 243 

hallmarks of airway inflammation and remodelling at 3 months in BT-responders and -partial 244 

responders (Tables 3 and E4). 245 

In BT-responders, the number of exacerbations negatively correlated with epithelial 246 

MUC5AC and IFN-α, whereas a positive association was found with mucosal eosinophils, IL-247 

13-positive cells, mucosal and intra-muscular mast cells, SBM thickening, and ASM area 248 

(Table 3). Scores on ACT and AQLQ positively correlated with epithelial MUC5AC 249 

expression and were negatively associated with the number of mucosal mast cells and with 250 

parameters of airway remodelling (Table 3). 251 

In contrast, the only correlation found in BT-partial responders was a positive association of 252 

the number of exacerbations with SBM thickening and ASM area (Table E4). 253 

Finally, BT-responders showed positive correlations between epithelial IFN-α and MUC5AC 254 

and MUC5B expression (rho=0.53, P=0.006 and rho=0.49, P=0.01, respectively), between 255 

MUC5AC and mucosal IL-17A-positive cells (rho=0.43, P=0.03) and neutrophils (rho=0.50, 256 

P=0.005). In addition, IL-13-positive cells were associated with mucosal mast cells (rho=0.43, 257 

P=0.02), and eosinophils correlated with epithelial IL-33 expression (rho=0.45, P=0.03). 258 

These correlations were not observed in BT-partial responders (data not shown).  259 

No significant correlations were found between any of the histopathological parameters and 260 

the daily doses of OCS (Table 3), respiratory function, or the number of heat activations in 261 

these patients overall (Tables 3 and E4 and data not shown).   262 
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Discussion  263 

This study aimed at characterising phenotypes and endotypes of patients with severe 264 

refractory asthma associated with optimal response to BT. Indeed, severe asthmatics do not 265 

respond homogeneously to BT and the major current challenge in the clinical practice is to 266 

define eligibility criteria for BT. To this end, we studied hallmarks of epithelial and mucosal 267 

inflammation which have never been explored before, including epithelial and mucosal IL-33, 268 

epithelial expression of IL-13Rα2 and of type I (α/β) IFN, and the number of mucosal and 269 

intra-muscular mast cells. Our study provides new insights on the characteristics of patients 270 

who are more likely to benefit from BT and adds novel findings on BT effects on mucosal 271 

inflammation and epithelial inflammatory and anti-viral responses in relation with clinical 272 

parameters.  273 

We showed that, at baseline, severe asthmatics who had an optimal response to BT (BT-274 

responders) were younger, had higher incidence of atopy, numbers of peripheral blood 275 

eosinophils and total serum IgE than BT-partial responders. 276 

Twelve months after BT, blood eosinophils and IgE levels were reduced exclusively in 277 

responders, despite a decrease in OCS use, and this was associated with a significant 278 

improvement in asthma control and quality of life. These findings support the hypothesis that 279 

the clinical benefit of BT in responders involved a downregulation of allergic/T2-type 280 

responses. Notably, 14 out of these 15 BT-responders failed to improve with omalizumab, 281 

suggesting that BT may provide an additional beneficial effect for atopic severe asthmatics 282 

who are refractory to this biologic. 283 

The bronchial epithelium is a major driver of airway inflammation and remodelling in asthma 284 

and recent studies have shown that BT causes alterations in its morphology and functions. 285 

10,14,29 The degree of patients’ response to BT in our study was mirrored by differences in 286 

epithelial characteristics at baseline, with BT-responders showing higher numbers of 287 

mucosal eosinophils and of IL-33-expressing cells and greater epithelial expression of the 288 

anti-viral cytokine IFN-α.  289 
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Both BT-responders and -partial responders had elevated numbers of mucosal IL-17A-290 

positive cells before BT, as compared to controls, suggesting that these patients exhibited a 291 

dual T2/T17 endotype.  292 

After BT, T2 markers such as eosinophils, IL-13- and IL-33-positive cells, and epithelial IL-293 

13Rα2 expression, as well as the number of mucosal and intra-muscular mast cells, were 294 

reduced in responders, but not in partial responders. Although these changes cannot prove 295 

cause and effect, they support the hypothesis that an attenuation of T2 responses in the 296 

airways and of mast cell accumulation and attraction within the ASM may participate in the 297 

clinical benefit of BT in responders. In agreement with this, lower mucosal T2 markers and 298 

mast cell numbers correlated with fewer exacerbations in this group and reduced mucosal 299 

mast cells were also significantly associated with improved ACT and AQLQ scores. These 300 

data suggest that BT may dampen the production of mast cell chemotactic factors from 301 

different cell types present in the airways, including the ASM itself, leading to a reduction of 302 

the overall inflammatory response.  303 

Conversely, the persistence of intra-muscular mast cells after BT in partial responders could 304 

explain the non-significant decrease in pre- and post-bronchodilator FEV1 values and a 305 

worse reversibility to β2-agonists observed in these patients. Indeed, mast cell-derived 306 

mediators play an important role in ASM contraction,30 which may lead to airway narrowing 307 

and lower FEV1. This hypothesis, however, should be tested in a larger number of patients.  308 

Epithelial MUC5AC expression increased after BT in responders, but not in partial 309 

responders, and its levels negatively correlated with exacerbations. Our findings seem to 310 

contradict the general notion that MUC5AC overexpression contributes to airway obstruction, 311 

but not to poor asthma control,31 but agrees with data in mice showing that upregulated 312 

Muc5ac expression in the lung epithelium is associated to protection against influenza virus-313 

mediated infection.32 Also, of note, MUC5AC is upregulated in response to allergic 314 

inflammatory challenge or viral infections.33,34 
315 

This increase in MUC5AC after BT contradicts a recent report showing epithelial MUC5AC 316 

reduction in severe asthmatics following BT.10 This discrepancy may originate from 317 

differences in the clinical characteristics of the patients included in these two trials, in their 318 
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medication, and in the time-point selected after BT to study epithelium alterations. 319 

Furthermore, no correlations between decrease in MUC5AC and clinical outcomes were 320 

investigated in the latter study. Of interest, however, a recent proteomic analysis showed that 321 

treatment of 8 severe asthmatics with BT was followed by an increase in the alveolar levels 322 

of MUC5AC.14 These and our current observations indicate that BT may differentially 323 

regulate the signals involved in the expression of this mucin. Although IL-13 is considered a 324 

major driver of MUC5AC production, 10,11 IL-17A may also stimulate MUC5AC production in 325 

human airway epithelial cells via IL-17RA, IL-17RC and act1/MAPK pathway.35 This is 326 

supported by our findings showing that MUC5AC epithelial expression positively correlated 327 

with the number of mucosal IL-17A-positive cells in BT-responders, but not in partial 328 

responders, despite a lack of modulatory effects of BT on the overall T17-type response.  329 

Previous studies have shown that impaired clearance of viruses in patients with uncontrolled 330 

asthma was associated with a deficient induction of IFN-α/β, with worsening of airway 331 

symptoms, and with higher frequency of exacerbations.22,36 Furthermore, a recent study 332 

demonstrated elevated expression of IFNs and T2 cytokines analysed from bronchosorption 333 

and nasosorption in asthma patients infected with rhinovirus.37 Although we have no direct 334 

clinical evidence that respiratory viruses precipitated the exacerbations in our patients, these 335 

observations suggest that epithelial IFN-α/β overexpression in BT-responders may act as a 336 

protective factor against virus-induced exacerbations. Further studies should be conducted to 337 

address this specific point.  338 

Interestingly, treatment with BT led to a rise in the number of mucosal IL-33-positive cells in 339 

partial responders. Different cell types may express this cytokine, including mast cells and 340 

monocytes/macrophages.20 Given the persistence of mucosal and intra-muscular mast cells 341 

observed after BT in this patients’ group, it can be hypothesised that these cells sustain 342 

airway inflammation and ASM activation through IL-33 expression.38 343 

Previous studies have demonstrated that the release of this alarmin is triggered by 344 

mechanisms commonly associated with asthma pathology, particularly viral infections,39 and 345 

evidence has supported the ability of IL-33 to dampen IFN-driven anti-viral immunity.40,41 
346 

Together, these and our current observations suggest that repeated viral infections promote 347 

sustained IL-33 overexpression by mucosal cells which, in turn, participates in the 348 

persistence of severe exacerbations and symptoms in BT-partial responders.   349 

Jo
urn

al 
Pre-

pro
of



 15 

We also found that in BT-responders, the proportion of patients requiring OCS after BT and 350 

the doses of oral prednisone taken were lower than those observed for partial responders. 351 

Since corticosteroids have been shown to downregulate MUC5AC in bronchial epithelial 352 

cells42 as well as IFN-α1 in monocytes,43 there is the possibility that a reduction in OCS use in 353 

BT-responders contributed to the increased expression of these molecules. However, this 354 

hypothesis is not supported by our data showing a lack of correlation between daily use of 355 

OCS and levels of epithelial MUC5AC, IFN-α, and with inflammatory cells. In contrast, IL-33 356 

is considered as a relatively steroid-insensitive target44 and this mechanism involves the IL-357 

33-dependent inhibition of glucocorticosteroid receptor nuclear translocation via its 358 

phosphorylation.45 This and the lack of correlation between mucosal IL-33-positive cells and 359 

OCS use reported here suggest that a direct effect of steroid therapy on the elevation in IL-360 

33-positive cells in BT-partial responders is unlikely. 361 

Most of the patients in this study would fall into the classification of steroid-resistant asthma, 362 

which is characterised by persistent airway inflammation despite treatment with high doses of 363 

corticosteroids. Although steroid-resistant asthmatics showed increased numbers of 364 

circulating and mucosal neutrophils,46 we found no difference in airway and peripheral 365 

neutrophils between BT-responders and -partial responders. These data suggest that 366 

mechanisms other than steroid resistance may be involved in the different response to BT in 367 

these patients. 368 

We acknowledge that our current study has certain limitations. The relative low number of 369 

severe asthmatics included in the study may have reduced the power of some statistical 370 

analyses. In addition, immuno-histochemical studies at later time points after BT would allow 371 

to determine the persistence of the observed tissue alterations. Also, the detection of 372 

MUC5AC was performed only as stainable mucin stored in the goblet cells of the bronchial 373 

epithelium and not as a secreted form, since our protocol did not include the collection of 374 

sputum or bronchoalveolar lavage samples. A quantification of secreted mucins would 375 

strengthen the link between MUC5AC and the formation of airway mucus gels during asthma 376 

exacerbations.17 The association between increased mucins and clinical indicators of sputum 377 

and cough could also be investigated by adding a validated cough and sputum questionnaire 378 
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(e.g. CASA-Q score).47 Finally, the determination of viral load in the airways would be useful 379 

to investigate potential correlations between epithelial IFN-α/β expression and 380 

exacerbations.34 381 

In conclusion, the current study demonstrated that BT improved clinical outcomes in atopic 382 

eosinophilic severe steroid-dependent asthmatics, in association with a reduction in T2-type 383 

inflammation. On the other hand, mucosal IL-33 overexpression in BT-partial responders 384 

may dampen anti-viral responses and sustain eosinophilic- and mast cell-type inflammation. 385 

Thus, the use of anti-IL-33 blocking antibodies may represent a novel therapeutic option for 386 

these patients.  387 
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Figure legends 532 

FIG. 1 533 

Epithelial alterations and mucosal inflammation bef ore and after BT in responders and 534 

in partial responders severe asthmatics.   535 

Exemplary photographs showing the epithelial immunolocalisation of (A), MUC5AC, (C) IFN-536 

α and (E) IFN-β before and 3 months after BT in responders and in partial responders severe 537 

asthmatics. After BT, the epithelial immunolocalisation of these markers was higher in 538 

responders, than in partially-responders severe asthmatics. Original magnifications x 200.  539 

(B,D,F) Immuno-staining of each marker was quantified by image analysis and data are 540 

expressed as medians (25-75% IQR) of n=15 BT-responders and of n=8 BT-partial 541 

responders. P=0.0003, for panel B; P=0.02, for panel D and P=0.01, for panel F (Kruskal-542 

Wallis test). Significances were calculated using Mann-Whitney U-test, between controls and 543 

severe asthmatics before BT or after BT, and by Wilcoxon matched-pairs rank test, between 544 

severe asthmatics before and after BT. 545 

FIG. 2 546 

Mucosal inflammation before and after BT in respond ers and in partial responders 547 

severe asthmatics.   548 

Exemplary photographs showing the distribution of mucosal cells expressing IL-33, major 549 

basic protein (eosinophils) and tryptase (mast cells) (red deposit) before and 3 months after 550 

BT in responders and partial responders severe asthmatics. After BT, the density of mucosal 551 

of IL-33-positive cells, of eosinophils and of mast cells was lower (arrows) in responders, 552 

than in partially-responders severe asthmatics. The frequency of mucosal cells expressing 553 

IL-33 was higher after BT in partial responders than in responders. Original magnifications x 554 

200 and x 400, for IL-33 immunostaining. (B,D,F) Immunostaining of each marker was 555 

quantified by image analysis and data are expressed as medians (25-75% IQR) of n=15 BT-556 

responders and of n=8 BT-partial responders. P=0.009, for panel B; P=0.02003, for panel D 557 

and P=0.03, for panel F (Kruskal-Wallis test). Significances were calculated using Mann-558 

Whitney U-test, between controls and severe asthmatics before BT or after BT, and by 559 

Wilcoxon matched-pairs rank test, between severe asthmatics before and after BT. 560 
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Table 1: Characteristics of BT-responder and -partial responder severe asthmatics before and 12 months after BT  

Parameter  
BT-responder severe asthmatics BT-partial responder severe asthmatics 

   P value a 
Pre-BT Post-BT Pre-BT Post-BT 

Number of subjects 15 8    - 

Women – no. (%) 7 (47) - 6 (75) - 0.38 

Caucasian – no. (%) 13 (87) - 6 (75) - 0.59 

Age – years 46.7 ± 7.9 - 54.9 ± 6.2 - 0.02 

Body mass index - kg per m2 31.5 ± 9.4 - 26.0 ± 4.1 - 0.13 

Smoking history – no. of never smokers/former smokers (%) 9/6 (60/40) - 5/3 (63/37) - 1.00 

Age of asthma onset – years 20.3 ± 17.7 - 18.8 ± 18.3 - 0.84 

Asthma duration – years 26.3 ± 18.2 - 30.4 ±17.1 - 0.60 

With history of atopy – no. (%) 11 (73) - 2 (25) - 0.03 

Blood eosinophils per mm3 270 (153-415) 108 (63-243) *  145 (88-192) † 135 (72-315)    0.03 

Blood neutrophils per mm3 10700 (5670-15900) 5940 (4710-8410) 8585 (8108-9062) 8240 (7535-9775)    0.65 

Total serum IgE (IU per millilitres) 330 (144-497) 129 (62-168) *  180 (133-317) † 177 (58-203)    0.04 

Respiratory function 

Pre-bronchodilator FEV1 – Liters 2.11 ± 0.81 2.20 ± 0.74 1.92 ± 0.60 1.56 ± 0.64    0.23 

Post-bronchodilator FEV1 – Liters 2.23 ± 0.76 2.60 ± 1.14 2.27 ± 0.70 1.76 ± 0.76    0.23 

Pre-bronchodilator FEV1 – % of predicted 65.1 ± 18.5 68.5 ± 16.1 66.3 ± 20.0 53.9 ± 23.7    0.37 

Post-bronchodilator FEV1 –  % of predicted 73.7 ± 20.3 76.6 ± 16.5 74.1 ± 18.3 57.8 ± 22.0    0.17 

Pre-bronchodilator FEV1/FVC – % of predicted 60.9 ± 13.3 64.2 ± 10.4 60.2 ± 10.8 52.3 ± 14.8    0.25 

Post-bronchodilator FEV1/FVC – % of predicted 63.0 ± 13.0 63.5 ± 10.1 62.2 ± 11.2 56.6 ± 19.8    0.77 

Reversibility to β2-agonists – milliliters 228 ± 226 245 ± 174 373 ± 121 176 ± 108    0.37 

Treatments 

On long-acting β2-agonists – number (%) 15 (100) 15 (100) 8 (100) 8 (100)   1.00 

Daily dose of ICS  – µg of beclomethasone equivalents 2553 ± 256 2000 ± 0 2000 ± 0 2000 ± 0   1.00  

On maintenance use of OCS – no. (%) 14 (93) 7 (47) *  8 (100) 8 (100) ‡   0.001 

Daily dose of oral prednisone – mg  28.6 ± 13.9 14.7 ± 12.7 *  30.9 ± 23.2 20.3 ± 20.6   0.04 

On anti-leukotrienes – no. (%) 6 (43) 7 (47) 3 (38) 3 (38)   0.96 

On long-acting muscarinic antagonists – no. (%) 4 (27) 3 (20) 2 (25) 5 (63)   0.18 
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Table 1 (continued) 
 

Asthma control 

With uncontrolled asthma – no. (%) 15 (100) 4 (27) *  8 (100) 7 (88) ‡ < 0.0001 

Score on ACT 6.4 ± 2.0 16.6 ± 5.0 *  6.1 ± 1.6 8.6 ± 3.2 ‡ < 0.0001 

Score on AQLQ 1.9 ± 9.7 4.4 ± 1.6 *  1.7 ± 0.8 2.3 ± 1.4 ‡ < 0.0001 

Annual number of severe exacerbations 10.7 ± 1.5 0.9 ± 0.2 *  10.0 ± 2.3 3.4 ± 0.3 * ‡ < 0.0001 

Annual rate of hospitalisations for asthma  1.8 ± 0.7 0.1 ± 0.1 *  2.9 ± 1.4 0.8 ± 0.4 * ‡    0.003 

Abbreviations: BT, bronchial thermoplasty; FEV1, Forced Expiratory Volume in One second; ICS, inhaled corticosteroids; OCS, oral corticosteroids; ACT, asthma control test; AQLQ, 
asthma quality of life questionnaire. 
Data are n (%), or means ± SD, or median (25-75 IQR). Results on annual rates of severe exacerbations and hospitalisations for asthma are expressed as means ± SE 
a One-way ANOVA, or χ-squared test, or Kruskal-Wallis test 
 *  P<0.05, as compared to values obtained before BT in each group; † P<0.05, between BT-responder and -partial responder severe asthmatics before BT; ‡ P<0.05, between BT-
responder and -partial responder severe asthmatics after BT (Wilcoxon matched-pairs test, Student’s t test, Fisher exact test, two-tailed, or Poisson test).   
Bold denotes statistical significance 
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     Table 2: Histopathological parameters in controls and in BT-responder and BT-partial responder severe asthmatics  
  

Abbreviations: BT, bronchial thermoplasty; MUC, mucin; IL, interleukin; IL-13Rα2, IL-13 receptor α2; IFN, interferon; SBM, sub-epithelial basement membrane; ASM, airway 
smooth muscle. 

Data are medians (25-75 IQR) 
a Kruskal-Wallis test  
*  P<0.05, as compared to controls; † P<0.05, between pre- and post-BT in each group; ‡ P<0.05, between BT-responsive and -partial responsive severe asthmatics pre-BT; § 
P<0.05, between BT-responsive and -partial responsive severe asthmatics post BT (Mann-Whitney U-test, or Wilcoxon matched-pairs test).   

Bold denotes statistical significance 

Parameter Controls 
BT-responder severe asthmatics  BT-partial responder severe asthmatics 

  P value a 

Pre-BT Post-BT Pre-BT Post-BT 

Number of patients 10 15 8  

Epithelium activation and remodelling 

MUC5B-positive area - % 3.0 (1.6-5.4) 4.1 (2.6-5.4)  5.8 (4.6-12.2) 2.2 (1.0-6.0) 3.2 (2.3-8.7)     0.10 

MUC5AC to MUC5B ratio 1.5 (0.7-1.7) 5.5 (2.8-7.1) *  2.3 (1.3-7.1)  6.1 (4.3-17.2) *  4.7 (2.0-8.4) *      0.003 

IL-13Rα2-positive area  - % 1.5 (0.5-1.9) 19.6 (16.4-29.1) *  9.5 (8.1-13.7) *† 17.8 (5.6-23.3) *  17.6 (5.0-28.9) *      0.008 

IL-33-positive cells per mm2 225.4 (0.0-410.8) 716.0 (266.7-964.8)  759.0 (475.3-1206.3)  658.1 (423.9-1302.6)  679.3 (176.6-986.6)      0.18 

Mucosal inflammation 

Neutrophils per mm2 26.6 (18.9-40.1) 30.6 (22.7-38.6) 30.8 (18.5-51.5) 40.0 (16.4-109) 23.3 (15.9-37.1)     0.44 

IL-13-positive cells per mm2 2.8 (1.0-4.4) 8.9 (5.4-11.0) *  3.9 (2.9-6.5) † 9.1 (3.7-14.5) *  8.8 (3.6-12.7)      0.01 

IL-17A-positive cells per mm2 20.5 (13.5-37.6) 66.3 (59.8-115.4) *  63.4 (44.5-124.0) *  87.4 (74.2-111.1) *  77.7 (58.2-107.4) *      0.03 

Intra-muscular mast cells per mm2  0.0 (0.0-0.0) 47.1 (25.8-74.8) *  25.2 (6.3-50.2) *† 51.3 (32.2-88.4) *  48.4 (30.4-52.2) *§     0.0002 

Airway remodelling 

SBM thickening - µm 2.9 (2.4-3.0) 5.4 (3.7-6.8) *  3.1 (2.4-4.0) † 5.6 (5.2-6.5) *  3.6 (2.5-4.4) † < 0.0001 

ASM area - % of total biopsy area 6.6 (4.6-7.0)  18.0 (16.0-19.0) *  6.1 (4.2-8.0) † 20.3 (17.9-22.8) *  6.6 (5.2-9.5) †    0.0002 
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    Table 3: Correlation analyses between clinical and histopathological parameters at 12 months in BT-responder severe asthmatics a 
 

Parameter 
  Exacerbations   Score on ACT   Score on AQLQ   Daily dose of OCS  

  rho   P value    rho   P value    rho    P value    rho   P value  

Epithelium MUC5AC-positive area - 0.47    0.009   0.54   0.002   0.43    0.02 - 0.17   0.45 

Epithelium MUC5B-positive area - 0.27    0.15   0.28   0.13   0.21    0.27 - 0.22   0.34 

Epithelium IL-13Rα2-positive area - %   0.21    0.27 - 0.22   0.25 - 0.29    0.12   0.24   0.29 

Epithelium IL-33-positive area - %   0.00    0.99   0.12   0.56   0.02    0.93   0.08   0.75 

Epithelium IFN-α-positive area - % - 0.39    0.03   0.13   0.53   0.13    0.52 - 0.27   0.28 

Epithelium IFN-β-positive area - % - 0.31    0.07   0.27   0.21   0.15    0.48 - 0.31   0.24 

Mucosal eosinophils per mm2   0.36    0.03 - 0.16   0.44 - 0.29    0.15   0.09   0.73 

Mucosal neutrophils per mm2 - 0.14    0.48   0.14   0.45 - 0.03    0.88   0.06   0.80 

Mucosal IL-13-positive cells per mm2   0.35    0.04 - 0.14   0.45 - 0.09    0.65   0.09   0.70 

Mucosal IL-17A-positive cells per mm2 - 0.03     0.86   0.09   0.62 - 0.20    0.28   0.16   0.56 

Mucosal mast cells per mm2   0.47    0.008 - 0.38   0.02 - 0.39    0.04   0.07   0.77 

Intra-muscular mast cells per mm2 ASM   0.37    0.03 - 0.12   0.52 - 0.16    0.41 - 0.15   0.52 

Mucosal IL-33-positive cells per mm2    0.16     0.39 - 0.19   0.32  - 0.21    0.27 - 0.18   0.44 

SBM thickening - µm   0.43    0.02 - 0.57   0.001 - 0.56    0.001   0.32   0.12 

ASM area - % of total biopsy area   0.82 < 0.0001 - 0.76 < 0.0001 - 0.70 < 0.0001   0.15   0.53 

Abbreviations: BT, bronchial thermoplasty; ACT, asthma control test; AQLQ, asthma quality of life questionnaire; OCS, oral corticosteroids; MUC, mucin; IL, interleukin; IL-13Rα2, IL-13 receptor α2; 
IFN, interferon, SBM, sub-epithelial basement membrane; ASM, airway smooth muscle. 
a
 Spearman’s rank-order method and the Benjamini and Hochberg correction (n = 15 BT-responder severe asthmatics, before and 12 months after BT) 

Bold denotes statistical significance 
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   Table E1: Characteristics of the severe asthmatics before, 3 and 12 months after BT 

Parameter  Pre-BT 3 months  
post-BT 

12 months 
post-BT    P value a 

Number of subjects 23 23 23  

Women – no. (%) 12 (52) ___ ___ ___ 

Age – years 47.8 ± 8.9 ___ ___ ___ 

Caucasian origin 18 (78) ___ ___ ___ 

Body mass index - kg per m2 30.0 ± 8.3 ___ ___ ___ 

No. of never smokers/former smokers (%) 14/9 (61/39) ___ ___ ___ 

With history of atopy – no. (%) 13 (56) ___ ___ ___ 

Age of asthma onset – years 19.8 ± 17.5 ___ ___ ___ 

Asthma duration – years 27.7 ± 17.5 ___ ___ ___ 

Blood eosinophils per mm3  240 (125-440) 160 (68-320) 125 (63-248)    0.20 

Blood neutrophils per mm3 8205 (5298-13320) 7830 (6850-10310) 7630 (5325-8975)    0.79 

Total serum IgE (IU/milliliters) 244 (143-497) 192 (98-345) 134 (56-320)    0.40 

Respiratory function 

Pre-bronchodilator FEV1 – Liters 2.04 ± 0.74 2.01 ± 0.71 1.98 ± 0.76    0.96 

Post-bronchodilator FEV1 – Liters 2.24 ± 0.72 2.18 ± 0.68 2.28 ± 1.08    0.93 

Pre-bronchodilator FEV1 – % of predicted 65.5 ± 18.6 64.5 ± 18.0 63.4 ± 19.9    0.93 

Post-bronchodilator FEV1 –  % of predicted 71.6 ± 19.5 70.4 ± 18.5 69.9 ± 20.5    0.96 

Pre-bronchodilator FEV1/FVC – % of predicted 61.3 ± 11.1 62.3 ± 14.0 60.0 ± 13.1    0.82 

Post-bronchodilator FEV1/FVC – % of predicted 61.3 ± 11.9 63.8 ± 13.5 60.5 ± 13.9    0.71 

Reversibility to β2-agonists – milliliters 265 ± 254 191 ± 164 258 ± 273    0.67 

Treatments 

On long-acting β2-agonists – number (%) 23 (100) 21 (91) 23 (100)    0.13 
Daily dose of ICS  – µg of beclomethasone 
equivalents 2261 ± 915 2043 ± 878 1774 ± 338    0.11 

On maintenance use of OCS – no. (%) 22 (96) 14 (61) 15 (64)    0.02 

Daily dose of oral prednisone – mg  29.4 ± 17.3 18.6 ± 12.8 *  18.1 ± 19.7 *     0.03 

On anti-leukotrienes – no. (%) 9 (39) 11 (48) 10 (43)    0.35 

On long-acting muscarinic antagonists – no. (%) 7 (30) 6 (26) 8 (35)    0.14 

Asthma control 

With uncontrolled asthma – no. (%) 23 (100) 10 (43) *  11 (48) *  < 0.0001 

Score on ACT 6.3 ± 1.8 14.1 ± 5.3 *  13.8 ± 5.8 *  < 0.0001 

Score on AQLQ 1.8 ± 0.7 3.3 ± 1.4 *  3.7 ± 1.8 *  < 0.0001 
Annual rate of severe exacerbations requiring OCS 
bursts  10.5 ± 1.2 0.9 ± 0.3 *  1.7 ± 0.3 *† < 0.0001 

Annual rate of hospitalisations for asthma  2.5 ± 0.7 0.1 ± 0.1 *  0.3 ± 0.1*  < 0.0001 

Abbreviations: BT, bronchial thermoplasty; BMI, body mass index; IU, international units; FEV1, Forced Expiratory Volume in 
One second; FVC, Forced Vital Capacity; ICS, inhaled corticosteroids; OCS, oral corticosteroids; ACT, asthma control test; 
AQLQ, asthma quality of life questionnaire. 
Data are n (%), or means ± SD, or medians (interquartile range). Results on annual rates of severe exacerbations and 
hospitalisations for asthma are expressed as means ± SE 
a
 ANOVA or Kruskal-Wallis test of χ2 test 

*  P<0.05, as compared to pre-BT, † P<0.05 as compared to 3 months post-BT (Student’s t test for paired value, or Wilcoxon 
matched-pairs rank test, or Fisher test- 2-tailed, or Poisson test)  

Bold denotes statistical significance 
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             Table E2.  Primary antibodies used for immunohistochemistry  
 

Primary antibody Isotype Clone Dilution Manufacturer 

Anti-MUC5AC  Mouse IgG1κ 45M1 1:500 Invitrogen 

Anti-MUC5B Rabbit IgG H-300 1:200 Santa Cruz Biotechnology 

Anti-eosinophil major basic protein Rabbit IgG Polyclonal 1:50 Abcam 

Anti-neutrophil elastase Mouse IgG1κ NP57 1:100 Dako 

Anti-mast cell tryptase Mouse IgG1κ AA1 1:50 Dako 

Anti-IL-17A Goat IgG Polyclonal 1:100 R&D Systems 

Anti-IL-13 Rabbit IgG Polyclonal 1:200 Abcam 

Anti-IL-13Rα2 Goat IgG Polyclonal 1:20 R&D Systems 

Anti-IL-33 Goat IgG Polyclonal 1:100 R&D Systems 

Anti-IFN-α Mouse IgG2bκ F-7 1:10 Santa Cruz Biotechnology 

Anti-IFN-β Rabbit IgG Polyclonal 1:2000 Life Technologies 

Anti-smooth muscle α-actin Mouse IgG2a 1A4 1:200 Sigma Aldrich 

 
                  Abbreviations: MUC, mucin; IL, interleukin; IL-13Rα2, IL-13 receptor α2; IFN, interferon. 
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      Table E3: Airway inflammation and remodelling in controls and severe asthmatics before and 3 months after BT  

Parameter  Controls 
Severe asthmatics 

   P value a 
Pre-BT 3 months post-BT 

Number of subjects 10 23 23    - 

Epithelium alterations 

MUC5AC-positive area - % 7.2 (2.3-12.2) 18.6 (13.0-27.5) * 24.4 (18.2-33.2) *†    0.001 

MUC5B-positive area - % 3.0 (1.6-5.4) 3.4 (2.2-5.5) 7.6 (3.5-12.0) †    0.02 

MUC5AC to MUC5B ratio 1.5 (0.7-1.7) 5.0 (1.9-12.4) *  3.0 (1.3-11.2)     0.01 

IL-13Rα2-positive area - % 1.5 (0.5-1.9) 19.3 (5.4-33.6) *  10.5 (6.5-25.0) *     0.001 

IL-33-positive cells per mm2  225.4 (0.0-810.8) 682.7 (273.7-1103.7) 743.5 (300.2-1227.3)    0.07 

IFN-α-positive area - % 0.2 (0.2-1.6) 6.4 (0.5-13.8) *  10.2 (2.7-25.1) *†    0.01 

IFN-β-positive area - % 1.6 (0.9-2.5) 9.3 (5.7-24.9) *  20.2 (8.5-35.7) *     0.004 

Airway inflammation 

Eosinophils per mm2 0.5 (0.0-2.7) 11.6 (4.1-30.2) *  7.9 (0.0-16.6) *     0.01 

Neutrophils per mm2 26.6 (18.9-40.1) 30.6 (20.4-83.2) 27.9 (18.5-57.1)    0.47 

IL-13-positive cells per mm2 2.8 (1.0-4.4) 7.1 (5.3-10.4) *  4.9 (2.9-5.8) †    0.002 

IL-17A-positive cells per mm2 20.5 (13.5-37.6) 82.1 (64.1-115.4) *  74.9 (44.5-111.0) *    0.006 

Mast cells per mm2 47.7 (37.7-84.6) 43.8 (27.9-58.7) 21.0 (11.5-45.3) †    0.004 

Intra-muscular mast cells per mm2  0.0 (0.0-0.0) 51.3 (25.9-77.1) *  33.2 (12.6-55.8) †    0.004 

IL-33-positive cells per mm2 0.0 (0.0-0.3)  21.0 (7.5-51.5) *  14.0 (1.9-44.4) *     0.01 

Airway remodelling 

SBM thickening - µm 2.9 (2.4-3.0) 5.5 (4.4-6.8) *  3.3 (2.4-4.1) † < 0.0001 

ASM area - % of total biopsy area 6.6 (4.6-7.0) 18.3 (16.0-23.0) *  5.6 (4.4-8.0) † < 0.0001 

Abbreviations: BT, bronchial thermoplasty; IL, interleukin; IL-13Rα2, IL-13 receptor α2; IFN, interferon; SBM, sub-epithelial basement 
membrane; ASM, airway smooth muscle. 

Data are medians (25-75 % interquartile range).  
a
 Kruskal-Wallis test  

*  P < 0.05, as compared to controls (Mann-Whitney U-test); † P < 0.05, as compared to severe asthmatics pre-BT (Wilcoxon matched-
pairs rank test) 

Bold denotes statistical significance 
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   Table E4: Correlation analyses between clinical and histopathological parameters before at 12 months in BT-partial responder severe asthmatics a 
 

  Parameter 
  Exacerbations   Score on ACT   Score on AQLQ   Daily dose of OCS  

  rho    P value    rho    P value    rho    P value    rho    P value  

Epithelium MUC5AC-positive area - 0.36   0.17   0.34   0.19   0.24    0.29 - 0.31    0.24 

Epithelium MUC5B-positive area - 0.06   0.83   0.11   0.67 - 0.01    0.98   0.07    0.80 

Epithelium IL-13Rα2-positive area - % - 0.18   0.50   0.23   0.39   0.20    0.47   0.29    0.28 

Epithelium IL-33-positive area - % - 0.06   0.83   0.20   0.50   0.41    0.15 - 0.05    0.88 

Epithelium IFN-α-positive area - % - 0.12   0.68 - 0.19   0.51 - 0.23    0.43   0.34    0.24 

Epithelium IFN-β-positive area - %   0.15   0.65   0.00   0.99 - 0.08    0.80   0.26    0.41 

Mucosal eosinophils per mm2   0.34   0.23 - 0.19   0.51 - 0.26    0.37   0.17    0.55 

Mucosal neutrophils per mm2   0.22   0.42 - 0.17   0.53 - 0.11    0.69   0.18    0.51 

Mucosal IL-13-positive cells per mm2   0.14   0.60   0.16   0.53   0.25    0.29 - 0.20    0.45 

Mucosal IL-17A-positive cells per mm2   0.13   0.63 - 0.05   0.85 - 0.14    0.60   0.10    0.72 

Mucosal mast cells per mm2   0.19   0.51   0.03   0.93 - 0.17    0.56   0.16    0.58 

Intra-muscular mast cells per mm2 ASM   0.20   0.54 - 0.28   0.38 - 0.39    0.21   0.07    0.83 

Mucosal IL-33-positive cells per mm2  - 0.24   0.38   0.12   0.65   0.09    0.74 - 0.04    0.89 

SBM thickening - µm   0.78   0.0003 - 0.40   0.12 - 0.31    0.24   0.16    0.58 

ASM area - % of total biopsy area   0.75   0.0009 - 0.30   0.26 - 0.15    0.59   0.22    0.41 

Abbreviations: BT, bronchial thermoplasty; ACT, asthma control test; AQLQ, asthma quality of life questionnaire; OCS, oral corticosteroids; MUC, mucin; IL, interleukin; IL-13Rα2, IL-13 receptor α2; 
IFN, interferon, SBM, sub-epithelial basement membrane; ASM, airway smooth muscle. 
a
 Spearman’s rank-order method and the Benjamini and Hochberg correction (n = 8 BT-partially responder severe asthmatics, before and 12 months after BT) 

Bold denotes statistical significance 
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Fig. 1
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Fig. 2
IL

-3
3

A
BT-partial respondersBT-responders

Pre-BT Post-BT Pre-BT Post-BT

0

50

100

150

200

M
uc

os
al

 IL
-3

3-
po

si
tiv

e 
ce

lls
 p

er
 m

m
2  

P=0.05

P=0.01 P=0.004

P=0.04

P=0.02

RespondersContro
ls Post-BTPre-BTPre-BT Post-BT

Partial 
responders

B

Eo
si

no
ph

ils

C BT-partial respondersBT-responders

Pre-BT Post-BT Pre-BT Post-BT

0

20

40

60

80

100

M
uc

os
al

 e
os

in
op

hi
ls

 p
er

 m
m

2

Responders Partial 
respondersContro

ls Post-BTPre-BTPre-BT Post-BT

P<0.0001 P=0.02
P=0.02P=0.008

D
P=0.004

P=0.002

P<0.0001

E

M
as

tc
el

ls

BT-partial respondersBT-responders

Pre-BT Post-BT Pre-BT Post-BT

0

40

80

120

M
uc

os
al

 m
as

t c
el

ls
 p

er
 m

m
2

Responders Partial 
respondersContro

ls Post-BTPre-BTPre-BT Post-BT

F
P=0.03

P<0.0001
P=0.05

Jo
urn

al 
Pre-

pro
of


