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ABSTRACT 52 

Background: Patients with severe asthma show an increase in both exacerbation frequency and 53 

bronchial smooth muscle (BSM) mass. Rhinovirus (RV) infection of the bronchial epithelium (BE) 54 

is the main trigger of asthma exacerbations. Histological analysis of biopsies shows that a close 55 

connection between BE and hypertrophic BSM is a criterion for severity of asthma. 56 

Objective: We hypothesized that RV infection of BE specifically increases asthmatic BSM cell 57 

migration. 58 

Methods: Serum samples, biopsies or BSM cells were obtained from 86 patients with severe 59 

asthma and 31 non-asthmatic subjects. BE cells from non-asthmatic subjects were cultured in an 60 

air-liquid interface and exposed to RV-16. Migration of BSM cells was assessed in response to BE 61 

supernatant using chemotaxis assays. Chemokine concentrations were analyzed by transcriptomics 62 

and ELISAs. Immunocytochemistry, western blotting and flow cytometry were used to quantify 63 

CXCR3 isoform distribution. CXCR3 downstream signaling pathways were assessed by calcium 64 

imaging and western blots. 65 

Results: BSM cells from severe asthmatic patients specifically migrated toward RV-infected BE, 66 

whereas those from non-asthmatic subjects did not. This specific migration is driven by BE 67 

CXCL10, which was increased in vitro in response to RV infection as well as in vivo in serum 68 

from exacerbating patients with severe asthma. The mechanism is related to both decreased 69 

expression and activation of the CXCR3-B-specific isoform in severe asthmatic BSM cells. 70 

Jo
urn

al 
Pre-

pro
of



5 

 

Conclusion: We have demonstrated a novel mechanism of BSM remodeling in severe asthmatic 71 

patients following RV exacerbation. This study highlights the CXCL10/CXCR3-A axis as a 72 

potential therapeutic target in severe asthma. 73 

 74 

Key message:  75 

 CXCL10 induces specific migration of severe asthmatic BSM cells only.  76 

 Such a specific migration is related to a decreased expression and activation of the CXCR3-77 

B-specific isoform in severe asthmatic BSM cells  78 

Capsule summary: This study demonstrates that CXCL10/CXCR3-A axis is specifically 79 

involved in bronchial smooth muscle remodeling in patients with severe asthma following RV 80 

infection and could be a new therapeutic target, particularly in patients with frequent 81 

exacerbations. 82 

 83 

Key-words: Asthma, Bronchial smooth muscle, Exacerbation, Rhinovirus 84 

 85 

Abbreviations:  86 

BSM: Bronchial smooth muscle  87 

BE: Bronchial epithelium 88 

RV: Rhinovirus 89 

PDGF: Platelet-derived growth factor 90 
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GINA: Global Initiative for Asthma 91 

MOI: Multiplicity of infection 92 

DMEM: Dulbecco modified Eagle's minimal essential medium 93 

FBS: Fetal bovine serum 94 

PBMC: Peripheral blood mononuclear cells  95 

MFI: median fluorescence intensity  96 

BMI: Body mass index 97 

FEV1: Forced expiratory volume in 1 second 98 

FVC: forced vital capacity 99 

PKA: Protein kinase A 100 

PKC : Protein kinase C  101 
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INTRODUCTION 102 

Asthma is a frequent although heterogeneous airway disease that results in a major economic 103 

burden 1. Asthma pathophysiology involves chronic inflammation of both large and small airways, 104 

as well as bronchial remodeling. The latter is characterized by various structural changes in the 105 

bronchial wall, including epithelial alteration, increased subepithelial membrane thickness, 106 

mucous gland hypertrophy, neoangiogenesis and increased bronchial smooth muscle (BSM) mass 107 

2. The most crucial feature of bronchial remodeling appears to be BSM remodeling, since increased 108 

BSM mass is associated with both impaired lung function 3, 4 and a higher exacerbation rate 5. 109 

These features have poor prognostic value in asthma and characterize most severe asthmatic 110 

patients 1. The link between asthma exacerbations and BSM remodeling has been clinically 111 

demonstrated by the effects of bronchial thermoplasty, which reduces both BSM mass 6 and 112 

exacerbation rate after 3 months for up to 5 years of follow-up in severe asthmatic patients 7, 8. 113 

Moreover, we previously showed that the calcium channel inhibitor gallopamil administered for 114 

12 months in severe asthmatic patients reduced both BSM thickness and, subsequently, the 115 

exacerbation rate compared to placebo in a proof-of-concept clinical trial 9. However, the 116 

mechanism underlying the relationship between asthma exacerbations and BSM remodeling 117 

remains unknown. 118 

 119 

The pathophysiology of asthmatic BSM remodeling is complex and is associated with various 120 

cellular dysfunctions including increased BSM cell proliferation and migration 2. Whereas 121 

increased asthmatic BSM cell proliferation has been, reproducibly, demonstrated in vitro 10, 11, its 122 

contribution in vivo remains a matter of debate 4, 12. Moreover, non-organized contractile elements 123 

have been identified outside BSM bundles 4, particularly in severe asthma, suggesting either the 124 

Jo
urn

al 
Pre-

pro
of



8 

 

recruitment of circulating hematopoietic progenitor cells (e.g., fibrocytes) 13, 14 and/or an increased 125 

migration of asthmatic BSM cells. Such BSM cell migration has been demonstrated in vitro in 126 

response to leukotrienes 15, CCL19 16, YKL-40 17, CXCL2 and CXCL3 18. The migration of BSM 127 

cells induced by YKL-40 17, CXCL2 or CXCL3 18 was more pronounced when BSM cells 128 

originated from asthmatic patients. However, data regarding asthmatic BSM cell migration remain 129 

scarce, although they would be helpful for identifying new therapeutic strategies. 130 

 131 

Viral infection of the bronchial epithelium (BE) has been implicated in 80% of asthma 132 

exacerbations in children and adolescents and in 60% of those in adults 19. Human rhinovirus (RV) 133 

is the dominant viral pathogen, and RV causes 60% of all virus-induced asthma exacerbations 19. 134 

At the cellular level, RV-infected basal undifferentiated BE cells produce more CCL5, CXCL8, 135 

and CXCL10, and induce the migration of non-asthmatic BSM cells 20. However, whether or not 136 

these chemokines represent innovative targets to treat severe asthma remodeling remains 137 

unknown. 138 

 139 

The aims of the present study were thus: (i) to analyze the effect of RV infection of a differentiated 140 

BE, reconstituted in vitro, on the migration of BSM cells obtained from fully characterized severe 141 

asthmatic patients and non-asthmatic subjects; and (ii) to decipher the mechanisms of such in vitro 142 

migration. Finally, to evaluate the potential therapeutic relevance of the above mentioned in vitro 143 

findings, we analyzed biological samples of asthmatic patients according to their clinical status. 144 

  145 
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METHODS 146 

See “Online Repository materials” for extensive methods 147 

 148 

Study population 149 

Non-asthmatic subjects and patients with severe asthma were prospectively recruited at the 150 

university hospital of Bordeaux, from the “COBRA” cohort, according to ATS/ERS criteria and 151 

GINA recommendations 1, 21. All patients gave their written informed consent to participate to the 152 

study.  153 

 154 

Immunohistochistry 155 

Assessable BSM was identified by a pathologist in a blinded fashion by using both morphologic 156 

characteristics and α-smooth muscle actin (α-SMA) staining, as previously described 4, 12. We 157 

analyzed the distance (in µm) between the BE basement membrane and the inner limit of the BSM 158 

at regular intervals of 50 µm, as previously described 22, 23. 159 

 160 

Cell culture 161 

BSM and BE cell cultures were performed as previously described 24. Differentiated BE was 162 

obtained in an air liquid interface on cell culture inserts (Corning, New York, NY) after 21 days 163 

of culture (see Figure S1 in the Online Repository). We used human rhinovirus RV-16, obtained 164 

from ATCC (LGC Standards, Molsheim, France), at a multiplicity of infection (MOI) of 0.1. 165 

Infection of BE by RV was performed during 1 hour in DMEM supplemented with 2% FBS at the 166 

apical side of the epithelium. The viral solution was then remove from the apical side and BE cells 167 

were cultured for 24h prior to the collection of the basal medium. 168 
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 169 

BSM cell migration 170 

Real-time cell migration of BSM cells was measured using a µ-slide chemotaxis system from Ibidi 171 

(Martinsried, Germany), according to the manufacturer’s instructions. For all experiments, BSM 172 

cells were allowed to attach to the chamber 6h prior to the migration assay. BSM attachment was 173 

assessed by immunocytochemistery using -smooth muscle actin antibody (see Figure S2 in the 174 

Online Repository).  In some experiments, BSM cells were exposed to CXCR3 blocking antibody 175 

(R&D Systems, Minneapolis, MN) prior to the migration assay. Phase contrast images were 176 

recorded for 24 h with a time lapse of 30 min (see Video 1 in the Online Repository). 177 

 178 

Multiplex Gene Expression Analysis 179 

mRNA from non-infected and infected BE cells was extracted (AllPrep® DNA/RNA/Protein Mini 180 

Kit, Qiagen, Hilden, Germany) and the expression level was assessed with nCounter® FLEX using 181 

the inflammation panel (nanoString, Seattle, WA), according to the manufacturer’s instructions.  182 

 183 

ELISA 184 

Human CXCL10 and CXCL9 concentration were quantified using ELISA following 185 

manufacturer’s recommendations (R&D Systems). 186 

 187 

Western blot 188 

BSM cell total protein lysis was performed using RIPA lysis buffer (Sigma-Aldrich, Saint-Louis, 189 

MO). Total cellular extracts were loaded onto a 4-20% SDS-PAGE gel (Bio-Rad, Hercules, CA), 190 

transferred onto nitrocellulose membranes and visualized with antibodies directed against pan-191 
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CXCR3, CXCR3-B, PKC (T514) and PKA (all from R&D Systems). In additional experiments, 192 

total protein lysate was extracted from microscopically dissected BSM tissues obtained from 193 

bronchial biopsies or bronchial surgical specimens (Sigma-Aldrich).  194 

 195 

CD3+ T cell purification 196 

Peripheral blood mononuclear cells (PBMCs) were separated from the whole blood by Ficoll-197 

Hypaque (Eurobio Scientific, Les Ulis, France) density gradient centrifugation.  CD3+ T cells were 198 

purified by positive selection using CD3 microbeads associated with LS columns (Miltenyi 199 

Biotech, Paris, France). 200 

 201 

Flow cytometry 202 

Membrane expression of both pan-CXCR3 and CXCR3-B (both from R&D Systems) was assessed 203 

in BSM and CD3+ T cells by flow cytometry (BD FACSCanto II, BD Biosciences, Franklin Lakes, 204 

NJ). The results are presented as a ratio of the median fluorescence intensity (MFI) normalized to 205 

the MFI of the IgG isotype control (R&D systems). 206 

 207 

Immunocytochemistry of BSM cells 208 

BSM cells were stained with antibodies against smooth muscle actin, calponin (both from 209 

Sigma-Aldrich), pan-CXCR3 and CXCR3-B (both from R&D Systems). Nuclei were stained with 210 

DAPI. Slides were imaged with confocal microscopy (Zeiss, Oberkochen, Germany). 211 

 212 

Real-time Ca2+ fluorescence confocal imaging 213 
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BSM cells were incubated with the [Ca2+] probe fluo-4/AM (Invitrogen, Cergy Pontoise, France). 214 

Fluorescence was observed under a Nikon D-Eclipse C1 confocal scanning microscope. A calcium 215 

response was considered positive when Δ(F/F0) was > 0.1. 216 

 217 

Statistical analyses 218 

Statistical analyses were performed with Prism 6 software (GraphPad, San Diego, CA). Statistical 219 

significance, defined as P < 0.05, was analyzed by the dedicated tests mentioned in the figure 220 

legends.  221 

222 
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RESULTS 223 

Study populations 224 

For in vitro experiments, we recruited a total of 20 non-asthmatic subjects and 13 severe asthmatic 225 

patients, whose characteristics are presented in Table 1. Both populations were similar in terms of 226 

age, sex and BMI. Not surprisingly, the severe asthmatic patients had significantly lower FEV1 227 

values and FEV1/FVC ratio than the non-asthmatic subjects. Likewise, the severe asthmatic 228 

patients were also significantly different from the non-asthmatic subjects in terms of therapeutic 229 

pressure (Table 1).  230 

For ex vivo experiments, we recruited two independent sets of patients with either biopsies or 231 

serum. We analyzed 11 non-asthmatic and 22 asthmatic patients for histological measurements 232 

and 51 severe asthmatic patients for serum concentration analyses. Both patients’ characteristics 233 

are presented in the Online Repository tables S1 and S2, respectively.   234 

For these 3 types of analyses, we paid a special attention to recruit asthmatic patients with similar 235 

clinical and functional characteristics. Indeed, there was no significant difference in either age, 236 

BMI, FEV1 or FEV1/FVC ratio in the 3 groups of patients using one-way ANOVA (Data not 237 

shown) 238 

 239 

BSM is closer to BE in the severe asthmatic patients 240 

We first measured the distance between BSM and BE basement membrane in bronchial biopsies 241 

obtained from 11 non-asthmatic subjects and 22 severe asthmatic patients, in a blinded fashion 242 

regarding the clinical status of the biopsies (see Table S1 in the Online Repository). We found that 243 

the distance between BSM and BE basement membrane was significantly lower in the severe 244 

asthmatic patients than in the non-asthmatic subjects (Figure 1A, B and C). 245 
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 246 

RV-infected BE induces chemotaxis of severe asthmatic BSM cells only 247 

For all in vitro experiments, we used BE cells and BSM cells derived from 20 non-asthmatic 248 

subjects and 13 severe asthmatic patients (Table 1). We did not observe any specific orientation of 249 

the migration of the non-asthmatic BSM cells (Figure 1D), whereas the severe asthmatic BSM 250 

cells migrated significantly toward RV-infected BE supernatant (Figure 1E). The forward 251 

migration index was significantly higher in the severe asthmatic BSM cells than in the non-252 

asthmatic BSM cells (0.27 ± 0.10 vs 0.03 ± 0.01, respectively, p=0.008) toward RV-infected BE 253 

supernatant (Figure 1F). By contrast, both PDGF, an established activator of BSM cell migration, 254 

and non-infected BE supernatant induced similar migration of the non-asthmatic and severe 255 

asthmatic BSM cells (see Figure S3A-C and Figure S4 in the Online Repository).  256 

 257 

RV-infected BE produces high levels of CXCL10  258 

Using an unbiased transcriptomic approach, we identified 10 cytokines with a log2-fold increase 259 

higher than 5 (see Table S3 in the Online Repository) in relation to the important inflammatory 260 

response of BE following RV infection. Notably, CXCL10 and CXCL9 mRNA expression had 261 

the highest significant fold change in response to RV infection (log2 fold change: 13 and 11.2 262 

respectively) (Figure 2A). Using ELISAs, we demonstrated that RV infection of BE significantly 263 

increased both the CXCL10 and CXCL9 protein concentrations in the supernatant (Figure 2B). To 264 

correlate these findings to the in vivo situation, we analyzed the CXCL10 and CXCL9 protein 265 

concentration in the serum of 51 severe asthmatic patients either in a stable state or during an acute 266 

exacerbation occurring within the RV circulation peak (patient’s characteristics during stable state 267 

are available in Table S2 in the Online Repository). The concentration of CXCL9 was unchanged 268 
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whereas that of CXCL10 was significantly increased in the serum of these 51 severe asthmatic 269 

patients during exacerbation compared to the stable state (Figure 2C). Furthermore, we also 270 

compared the level of CXCL10 both in stable state or during an acute exacerbation according to 271 

the asthma phenotype or the level of various inflammatory markers, assessed at stable state. We 272 

did not find any significant difference in the level of serum CXCL10 between allergic and non-273 

allergic patients, Type 2 and non-Type 2 patients, eosinophilic and non-eosinophilic patients (Data 274 

not shown). Similarly, there was also no difference in the level of serum CXCL10 between patients 275 

with total IgE higher and lower than 75 or 150 kUI/L, blood eosinophils higher and lower than 150 276 

cell/µl, FeNO higher and lower than 20 or 50 ppb (Data not shown). These negative results 277 

suggested that the increase in serum CXCL10 during an acute asthma exacerbation occurring 278 

within the RV circulation peak was independent of the severe asthma phenotypes.  279 

Moreover, using ELISA and BE cells derived from severe asthmatic patients, we demonstrated 280 

that RV infection significantly increased the CXCL10 protein concentrations in the supernatant to 281 

a similar level of that induced by the RV in BE cells derived from non-asthmatic subjects (see 282 

Figure S5A in the Online Repository).  283 

As BSM cells are also able to produce CXCL1025, we assessed the level of CXCL10 in the 284 

supernatant of BE co-cultured with either severe asthmatic or non-asthmatic BSM cells (see Figure 285 

S5B in the Online Repository). Interestingly, whereas low level of CXCL10 is detectable in both 286 

co-culture conditions suggesting that BSM cells are secreting basal level of CXCL10, RV infection 287 

of the BE induced an important secretion of CXCL10. However, the levels of CXCL10 were 288 

similar to those measured without BSM cells. Altogether, these results suggest that RV infection 289 

is the important trigger of CXCL10 production independently of either the origin of the BE or the 290 

co-culture with BSM cells.  291 
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 292 

Migration of severe asthmatic BSM cells toward RV-infected BE is CXCR3-dependent 293 

Whereas recombinant CXCL10 was unable to induce any oriented migration of non-asthmatic 294 

BSM cells, CXCL10 significantly induced migration of severe asthmatic BSM cells (see Figure 295 

S3D-F in the Online Repository). Moreover, a specific blocking antibody against the CXCL10-296 

specific receptor (e.g., CXCR3) abrogated the migration of severe asthmatic BSM cells toward 297 

both the CXCL10 gradient (see Figure S3F in the Online Repository) and RV-infected BE 298 

supernatant (Fig 2D-F). Not surprisingly, the CXCR3 blocking antibody did not alter the migration 299 

of non-asthmatic BSM cells (see Figure S3G-I in the Online Repository). 300 

 301 

Expression of CXCR3-B is decreased in severe asthmatic BSM cells 302 

We did not find any difference in the total BSM protein expression of pan-CXCR3 between non-303 

asthmatic subjects and severe asthmatic patients using western blots (Figure 3A). In contrast, the 304 

total expression of the specific isoform CXCR3-B was significantly decreased in BSM cells from 305 

severe asthmatic patients compared to those from non-asthmatic subjects (Figure 3B). Similarly, 306 

the cell surface expression of pan-CXCR3 was not different between the populations assessed by 307 

flow cytometry (Figure 3C), whereas that of the specific isoform CXCR3-B was significantly 308 

decreased in severe asthmatic BSM cells compared to non-asthmatic BSM cells (Figure 3D). To 309 

assess whether such a difference in CXCR3-B expression was specific to BSM, we analyzed the 310 

membrane expression of both pan-CXCR3 and CXCR3-B in CD3+ T cells from the severe 311 

asthmatic patients and non-asthmatic subjects. Interestingly, we did not find any difference in 312 

either pan-CXCR3 or CXCR3-B membrane expression in CD3+ T cells from the severe asthmatic 313 

patients or non-asthmatic subjects (see Figure S6 in the Online Repository). 314 
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Using immunocytochemistry, we morphologically confirmed the decreased expression of the 315 

CXCR3-B isoform in severe asthmatic BSM cells, whereas pan-CXCR3 staining was similar in 316 

severe asthmatic and non-asthmatic BSM cells (Figure 3E). Finally, using total proteins extracted 317 

from BSM tissue dissected ex vivo, we also observed significantly decreased expression of the 318 

CXCR3-B isoform in severe asthmatic BSM compared to non-asthmatic BSM (Figure 3F). Using 319 

RT-PCR, we did not demonstrate any difference in mRNA levels of both CXCR3-A and CXCR3-320 

B between severe asthmatic and non-asthmatic BSM (data not shown). 321 

 322 

Signaling pathways of CXCR3-A and CXCR3-B are altered in asthmatic BSM cells 323 

We then investigated the downstream pathways associated with CXCR3-A or CXCR3-B 324 

activation by CXCL10 in both severe asthmatic and non-asthmatic BSM cells. We first analyzed 325 

the CXCL10-induced calcium response, which is known to be CXCR3-A-dependent in other cell 326 

types such as pneumocytes 26. Both the percentage of responding cells and the maximal calcium 327 

response to CXCL10 were increased in the severe asthmatic BSM cells compared to the non-328 

asthmatic BSM cells (Figure 4A-C). We then examined PKA and PKC, which are known to be 329 

related to CXCR3-B activation in endothelial or vascular smooth muscle celld 27-30 .We clearly 330 

demonstrated that CXCL10 induced lower PKA expression (Fig 4D) and lower PKC (Figure 4E) 331 

activation in the severe asthmatic BSM cells than in the non-asthmatic BSM cells. 332 

  333 
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DISCUSSION 334 

Taken together, these results demonstrate that BSM cells from severe asthmatic patients migrate 335 

toward the RV-infected epithelium. Such a specific migratory response is related to an increase in 336 

CXCL10 production by RV-infected epithelium both in vitro and in vivo, as well as to a decrease 337 

in CXCR3-B isoform protein expression and activation in severe asthmatic BSM cells. 338 

 339 

In this study, we focused on the mechanisms of BSM cell migration related to BSM remodeling in 340 

severe asthma. Indeed, smooth muscle remodeling is a key event in diseases such as vascular 341 

diseases (e.g., atherosclerosis or pulmonary hypertension) 31, 32, where smooth muscle cell 342 

migration has been extensively studied and shown to be a major mechanism 33, 34. In asthma, by 343 

contrast, very few studies have examined the role of cell migration in BSM remodeling 35, 36. For 344 

instance, Saunders et al. showed, in a proof of concept trial, that a DP2 receptor antagonist (e.g., 345 

fevipiprant) reduced both BSM mass in vivo and BSM cell migration in vitro in asthmatic patients 346 

37, identifying migration as a key mechanism of BSM remodeling. Since the rate of exacerbations 347 

is an important feature of severe asthma, we assessed the effect of RV infection of BE on severe 348 

asthmatic BSM cell migration toward infected epithelium. Here, we clearly demonstrate that RV-349 

infected BE induced the migration of BSM cells from severe asthmatic patients but not that of 350 

BSM cells from non-asthmatic subjects. Shariff et al. previously demonstrated that RV-infected 351 

basal BE cells induced the migration of non-asthmatic BSM cells 20. However, in this study they 352 

used a MOI of 1 compare to 0.1 in the present study to better mimic an in vivo infection and we 353 

used fully differentiated BE cultured at the air-liquid interface, which is more relevant to asthma 354 

pathophysiology 38. Moreover, we used a more relevant cell migration assay that assessed the 355 

competitive migration of BSM cells between non-infected and RV-infected BE culture medium. 356 
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Finally, such a setup, compared to the classic Boyden chamber assay, generates a stable gradient 357 

and recording of random migration, which can be distinguished from primed and directed 358 

migration 39. Moreover, when assessing specific migration of BE supernatant only, without 359 

competition with infected BE supernatant (Figure S4 in the Online Repository), we were able to 360 

confirm Sharif et al findings that BE supernatant induced non-asthmatic BSM cell migration. Since 361 

we did not challenge BE with RV at various MOI (e.g. from 0.1 to 1), it is impossible to 362 

demonstrate a MOI-dose-dependent behavior, which should be further assessed in the migration 363 

of both severe asthmatic and non-asthmatic BSM cells.  364 

In a different study performed by Kuo et al, direct RV infection of BSM cells from asthmatic 365 

patients induced an increased migration compare to non-asthmatic BSM cells, through an increase 366 

of extracellular matrix deposition (i.e, Fibronectin and perlican) 36. Whereas in this study the effect 367 

of RV infection was assessed directly on BSM cells and not through epithelial infection as in the 368 

present study, the increase of asthmatic BSM cell migration compare to non-asthmatic BSM cell 369 

migration was also demonstrated in this context 36. 370 

We demonstrated that CXCL10 induced the migration of BSM cells from severe asthmatic patients 371 

only. However, CXCL10 has been shown to be involved in both bronchial inflammation and 372 

hyperresponsiveness in a mouse model of asthma 40. CXCL10 is a major chemokine produced by 373 

BE in response to several pathogens, such as RV, respiratory syncytial viruses 41, 42 and house dust 374 

mite allergens 43. We confirmed the production of CXCL10 in the present model of fully 375 

differentiated BE in response to RV infection. We used a low MOI (e.g., 0.1) for both physiological 376 

and technical reasons. On the one hand, such a low MOI emulated an in vivo infection of BE 44, 377 

and on the other hand, an MOI of 0.1 did not allow any leakage of RV particles in the co-culture 378 

medium used to stimulate BSM cell migration. Indeed, we did not find any RV RNA particles in 379 
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the co-culture medium using digital PCR (data not shown). Previous studies have already shown 380 

an increase in CXCL10 expression in bronchoalveolar lavage fluid, lung tissue and serum from 381 

asthmatic patients compared to non-asthmatic subjects 43, 45. However, we report here, for the first 382 

time, that CXCL10 was significantly increased in the serum of severe asthmatic patients during an 383 

exacerbation compared to the same patients in a stable state. Moreover, when comparing the level 384 

of CXCL10 according to asthma phenotypes 1  and various inflammatory markers (Total IgE, 385 

blood eosinophils, FeNO levels), we did not find any differences at both basal state and during an 386 

exacerbation. These important negative results highlight that the increased CXCL10 during an 387 

exacerbation is not restricted to one phenotype of severe asthma.  388 

CXCL10 specifically binds to the chemokine receptor CXCR3 46. This receptor, is expressed by 389 

various cell types, such as lymphocytes, mast cells, eosinophils or neutrophils47-50 and has also 390 

been identified in BSM cells51. We confirmed this result using both western blotting and flow 391 

cytometry. Moreover, we demonstrate, for the first time, the role of CXCR3 in asthmatic BSM cell 392 

migration toward RV-infected BE using a blocking antibody against CXCR3. Splicing of CXCR3 393 

mRNA leads to two isoforms, CXCR3-A and CXCR3-B 46. In the present study, we show that the 394 

protein expression of the CXCR3-B isoform was decreased in BSM cells from severe asthmatic 395 

patients compared to those from non-asthmatic subjects, whereas that in T cells remained 396 

unchanged. To the best of our knowledge, this specific decreased expression of CXCR3-B in 397 

severe asthmatic BSM cells has never been reported. Interestingly, CXCR3-A is known to act as 398 

an activator of cell migration, whereas CXCR3-B is an inhibitor of this migration 46, 52. We 399 

demonstrate that CXCL10 predominantly activates the CXCR3-A pathway in severe asthmatic 400 

BSM cells, unlike in non-asthmatic BSM cells. Indeed, the intracellular calcium response, which 401 

has been related to CXCR3-A activation in other cell types such as prostate cancer cells or vascular 402 
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pericytes 53, 54, was increased in BSM cells from severe asthmatic patients. In contrast, CXCL10 403 

predominantly activates CXCR3-B in non-asthmatic BSM cells compared to severe asthmatic 404 

BSM cells, resulting in PKC and PKA activation, as previously identified for example in 405 

endothelial cells 27, 30. 406 

 407 

Finally, we note some limitations of this study. First, since we only collected bronchial biopsies, 408 

we were not able to analyze BSM remodeling of the entire bronchial wall, as previously performed 409 

by Pascoe et al 55.  However, this complete histological analysis requires lung specimens, which 410 

were not available for our severe asthmatic patients. In the present study, we analyzed the basal 411 

membrane to BSM distance at regular intervals of 50 µm using validated method 22. As previously 412 

described 22, we identified a clear and significant difference between severe asthmatic patients and 413 

non-asthmatic subjects, with a low heterogeneity between patients. By contrast, Pascoe et al, 414 

identified very high heterogeneity in bronchial remodeling 55. Thus, basal membrane to BSM 415 

distance measurements would require confirmation using whole airway histology in the future. 416 

Second, we decided to use BE cells from non-asthmatic subjects only. Indeed, we focused our 417 

attention on asthmatic BSM remodeling. In this regard, we previously demonstrated that the 418 

increased proliferative response of asthmatic BSM cells induced by house dust mite-stimulated 419 

BE cells was not related to the asthmatic origin of BE cells 24. Third, when examining the CXCL10 420 

concentration in the serum of exacerbating patients, we did not concomitantly assess the presence 421 

of RV in the sputum. However, we focused on collecting serum samples of severe asthmatic 422 

patients undergoing exacerbation during the RV circulation epidemic period (i.e., from October to 423 

February in Europe) 56 in the absence of bacterial infection and serum samples of stable patients 424 

outside the RV circulation period (i.e., from April to August). Further studies are needed to confirm 425 
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that documented RV exacerbations significantly increase CXCL10 concentrations in serum from 426 

severe asthmatic patients. Moreover, such an increase of CXCL10 level may not be restricted to 427 

BSM cell migration but could participate to the recruitment of various inflammatory cells during 428 

asthma exacerbations 40. Fourth, as we specifically assessed the migration of BSM cells derived 429 

from severe asthmatic patients compare to non-asthmatic patients, the levels of asthma medication 430 

such as corticosteroids and long acting bronchodilators were different between both populations 431 

and may have modulated CXCR3 expression, as previously described with acute treatment in mice 432 

57. However, the BSM cells used in this study were first cultured from patients’ biopsies during at 433 

least two months. This long duration would allow, in theory, the inactivation of all 434 

pharmacological compounds. Fifth, we did not analyze the CXCR3-A isoform by western blots or 435 

flow cytometry, since there is no available dedicated antibody because the unique difference 436 

between CXCR3-A and CXCR3-B isoforms is the presence of 52 additional amino acids in the N-437 

terminus of the CXCR3-B isoform 46. However, to avoid this technical issue, we also assessed 438 

downstream signaling pathways of both isoforms in response to CXCL10 stimulation. Finally, we 439 

only focused our study on severe asthmatic patients and did not analyze BSM cells from mild 440 

asthmatic patients. Whereas BSM remodeling is an important feature of severe asthma, some mild 441 

asthmatic patients also exhibit a significant BSM remodeling5. The role of the CXCL10/CXCR3 442 

axis has never been assessed in these mild asthmatic patients. Thus, further analyses will be needed 443 

to assess the specificity of this migration mechanism in the severe asthmatic population.  444 

 445 

To conclude, the present findings describe a potential novel mechanism of BSM remodeling in 446 

severe asthmatic patients. This study demonstrates that severe asthmatic BSM cells are 447 

intrinsically different from non-asthmatic BSM cells with an imbalance in CXCR3-A/CXCR3-B. 448 
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Indeed, CXCR3-A signaling was increased and both CXCR3-B expression and signaling were 449 

decreased in asthmatic BSM cells. Thus, we suggest that the CXCL10/CXCR3-A axis could be a 450 

new specific therapeutic target for BSM remodeling in severe asthma. 451 

 452 
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Table 1: Clinical and functional characteristics of subjects 619 

Data are presented as mean ± SEM for continuous normal variables. Comparisons of continuous 620 

variables were made with either Mann-Whitney or t-tests. Categorical variables were analysed 621 

with Fisher’s exact tests. BMI= body mass index; ICS= inhaled corticosteroids; LABA= long-622 

Characteristics 
Non-asthmatic 

subjects 

Asthmatic 

patients 

P value 

No. of patients 20 13  

M/F sex ratio 14/6 5/8 0.1 

Age, yr 61.81 ± 2.10 53.06 ± 4.53 0.3 

Range, yr 42-73 31-72  

Body mass index, kg/m² 26.75 ± 0.97 26.32 ± 1.38 0.9 

Treatments    

LABA, no. of patients 0 13 < 0.001 

ICS, no. of patients 0 13 < 0.001 

OCS, no. of patients 0 4 0.02 

FEV1    

Liters 2.73 ± 0.14 1.88 ± 0.17 0.002 

Percentage of predicted value 93.05 ± 4.21 75.88 ± 6.35 0.04 

FVC    

Liters 3.76 ± 0.20 2.73 ± 0.18 0.02 

FEV1/FVC Ratio 0.73 ± 0.02 0.68 ± 0.03 0.4 
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acting beta2-agonist; OCS: continuous oral corticosteroids; FEV1= forced expiratory volume in 623 

one second, FVC= forced volume capacity.  624 

 625 

 626 

 627 

FIGURES LEGENDS 628 

Figure 1: (A-B) Representative microscopic images of immunohistochemistry stained with anti-629 

alpha-smooth muscle actin antibody in bronchial sections obtained from a non-asthmatic subject 630 

(A) and severe asthmatic patient (B). Scale bar is 100µm. (C) Measure of the distance between 631 

epithelial basal membrane and smooth muscle in non-asthmatic subjects (n=11) and severe 632 

asthmatic patients (n=24). (D-E) Representative BSM cell migration tracks over 24h obtained from 633 

a non-asthmatic subject (D) and severe asthmatic patient (E) in response to RV-infected 634 

epithelium. (F) Forward migration index (FMI) of BSM cells obtained from non-asthmatic 635 

subjects (n=5) and severe asthmatic patients (n=5) in response to RV-infected epithelium. Data are 636 

presented as individual dots with their median (horizontal line). Comparisons were performed 637 

using Mann-Whitney tests. *, P < 0.05. 638 

 639 

Figure 2: (A) Volcano plots of chemokine and cytokine genes differentially expressed in epithelial 640 

cells in response to rhinovirus infection using NanoString technology. Results presented are 641 

obtained from 4 different epithelial cells. Y axis line at y= 1.3 represent a p=0.05 of the fold change 642 
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in RV-infected epitheliums. X axis lines at x= 2.32 and x=-2.32 represent a fold change of 5 times 643 

in RV-infected epitheliums. Red dots represent CXCL9 and CXCL10. (B) CXCL9 and CXCL10 644 

concentration measured by ELISA in basal supernatant of epithelium with and without RV 645 

infection (n=5 and 6 respectively). (C) CXCL10 concentration measured by ELISA in serum of 646 

severe asthmatic patients (n=51) in stable state (S) and during an exacerbation (Exa). (D-F) Effect 647 

of CXCL10 gradient on BSM cell migration. (D-E) Representative BSM cell migration tracks over 648 

24h obtained from a non-asthmatic subject (D) and a severe asthmatic patient (E) in response to 649 

CXCL10 gradient. (F) Forward migration index (FMI) of BSM cells obtained from severe 650 

asthmatic patients (n=4) in response to CXCL10 gradient after incubation with either irrelevant or 651 

CXCR3 blocking antibody. Data are presented as individual dots with their median (horizontal 652 

line). Comparisons were performed using Mann-Whitney or Wilcoxon matched paired tests. *, P 653 

< 0.05. 654 

 655 

Figure 3: (A-B) Pan-CXCR3 (A) and CXCR3-B (B) protein expression assessed by western blot 656 

in BSM cells obtained from non-asthmatic subjects (n=4) and severe asthmatic patients  (n=4). 657 

Total protein represents a portion of the “stain-free” images used for normalization. (C-D) Pan-658 

CXCR3 (C) and CXCR3-B (D) membrane expression assessed by flow cytometry in BSM cells 659 

obtained from non-asthmatic subjects (n=5) and severe asthmatic patients (n=5). (E) 660 

Representative images of immunocytochemistry with CXCR3-pan and CXCR3-B antibodies on 661 

BSM cells from non-asthmatic subjects and severe asthmatic patient. (F) CXCR3-B expression 662 

assessed by western blot in BSM tissue obtained from biopsies of non-asthmatic subjects (n=5) 663 

and severe asthmatic patients (n=5). Data are presented as individual dots with their median 664 

(horizontal line). Comparisons were performed using Mann-Whitney tests. *, P < 0.05. 665 
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 666 

Figure 4: (A) Representative calcium response of either a single BSM cell from non-asthmatic 667 

subject (black hashed line) or severe asthmatic patient (black line). Variations of relative cytosolic 668 

Ca2+ (F/F0) concentration were monitored by fluorescence video microscopy in fluo4-loaded 669 

CXCL10 (100 ng/ml) was added at 16 s (as indicated by the arrow). (B) Percentages of responding 670 

cells and (C) amplitude of the calcium rises in response to CXCL10 (White dots, n=x cells from 5 671 

different patients; Black dots, n=y cells from 4 different patients). (D) Fold change expression of 672 

PKA catalytic subunit after 1h stimulation with 100ng/mL CXCL10 in BSM cells from non-673 

asthmatic subjects (White dots, n=5) and severe asthmatic patients (Black dots, n=5). (E) Fold 674 

change expression of phosphorylated PKC (Thr 514) after 1h stimulation with 100 ng/mL 675 

CXCL10 in BSM cells from non-asthmatic subjects (White dots, n=6) and severe asthmatic 676 

patients (Black dots, n=7). Data are presented as individual dots with their median (horizontal line) 677 

or as bars. Comparisons were performed using Mann-Whitney or Chi² tests. *, P < 0.05. 678 

 679 
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