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ABSTRACT
Background Severe asthma is a chronic lung 
disease characterised by inflammation, airway 
hyperresponsiveness (AHR) and airway remodelling. The 
molecular mechanisms underlying uncontrolled airway 
smooth muscle cell (aSMC) proliferation involved in 
pulmonary remodelling are still largely unknown. Small 
G proteins of the Rho family (RhoA, Rac1 and Cdc42) 
are key regulators of smooth muscle functions and we 
recently demonstrated that Rac1 is activated in aSMC 
from allergic mice. The objective of this study was to 
assess the role of Rac1 in severe asthma- associated 
airway remodelling.
Methods and results Immunofluorescence analysis 
in human bronchial biopsies revealed an increased Rac1 
activity in aSMC from patients with severe asthma compared 
with control subjects. Inhibition of Rac1 by EHT1864 showed 
that Rac1 signalling controlled human aSMC proliferation 
induced by mitogenic stimuli through the signal transducer 
and activator of transcription 3 (STAT3) signalling pathway. 
In vivo, specific deletion of Rac1 in SMC or pharmacological 
inhibition of Rac1 by nebulisation of NSC23766 prevented 
AHR and aSMC hyperplasia in a mouse model of severe 
asthma. Moreover, the Rac1 inhibitor prevented goblet 
cell hyperplasia and epithelial cell hypertrophy whereas 
treatment with corticosteroids had less effect. Nebulisation 
of NSC23766 also decreased eosinophil accumulation in the 
bronchoalveolar lavage of asthmatic mice.
Conclusion This study demonstrates that Rac1 is 
overactive in the airways of patients with severe asthma 
and is essential for aSMC proliferation. It also provides 
evidence that Rac1 is causally involved in AHR and 
airway remodelling. Rac1 may represent as an interesting 
target for treating both AHR and airway remodelling of 
patients with severe asthma.

INTRODUCTION
Asthma is a heterogenous and complex disease that 
affects more than 300 million people worldwide.1 2 
The disease expression includes wheezy dyspnoea, 
expiration blocking, cough and thoracic oppression 
in a context of chronic bronchial inflammation.3 
Current treatments are based on anti- inflammatory 
therapies (inhaled and oral corticosteroids) and 
inhaled bronchodilators. Severe asthma is defined 
as asthma that is not improved by standard treat-
ment and that requires a combination of high doses 
of inhaled corticosteroids with an add- on therapy to 

be controlled, or that remains uncontrolled or even 
worsens despite these treatments.4 Severe asthma 
leads to a poor quality of life and important health-
care expenses due to direct (care visits and treat-
ments) and indirect (day off work) costs.5 6 Thus, 
improving the therapeutic management of these 
patients represents a major public health challenge.

In addition to chronic inflammation, severe asthma 
is characterised by airway hyperresponsiveness (AHR) 
and structural changes of the airway wall. This 
airway remodelling includes goblet cell hyperplasia, 
thickening of the basal membrane, angiogenesis and 
airway smooth muscle cells (aSMCs) hypertrophy 
and hyperplasia.7–9 The extent of this remodelling 
correlates with the severity of asthma and the degree 
of airflow obstruction.10 Currently, the only avail-
able treatment targeting airway remodelling is bron-
chial thermoplasty, a bronchoscopy procedure that 
consists in reducing the aSMC mass through the local 
deliver of controlled radiofrequency energy. Although 
bronchial thermoplasty has been shown to be effec-
tive in controlling asthma in severe asthmatics,11–13 
its long- term effects are not known and the selec-
tion of patients who could benefit from this invasive 
procedure remains challenging. Nevertheless, the 
use of this procedure demonstrated the therapeutic 
value of targeting aSMCs in severe asthma and the 
need of developing new pharmacologic strategies for 
limiting aSMC proliferation and airway remodelling 
in severely affected patients.

It has been widely demonstrated in vitro that 
the small G protein Rac1 activity controls aSMC 

key message

What is the key question?
 ► The objective of this study was to assess the 
role of Rac1 in severe asthma- associated 
airway remodelling.

What is the bottom line?
 ► The current study unveils an overactivation of 
smooth muscle Rac1 in bronchi from severe 
asthmatics, and highlights a leading role of 
Rac1 in airway remodeling.

Why read on?
 ► Rac1 appears as a new attractive therapeutic 
target in severe asthma.
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proliferation.14 15 We thus hypothesised that Rac1 may be impli-
cated in the proliferation of aSMC and consequently in the dele-
terious airway remodelling associated with severe asthma. By using 
human bronchial biopsies, human aSMC cultures and a mice model 
of severe allergic asthma sensitised to house dust mite (HDM) that 
closely mimics human pathology, we demonstrated that activation 
of Rac1 is causally involved in aSMCs proliferation and airway 
remodelling associated with severe asthma. We also show that in 
vivo pharmacological inhibition of Rac1 prevents asthma- associated 
airway remodelling thus confirming Rac1 as an alternative potential 
target for the treatment of severe asthma.

METHODS
Human bronchial biopsies
Bronchial biopsies were obtained by bronchial endoscopy from 
severe asthmatics as previously described.16 All enrolled patients 
gave written approval. Control samples were obtained from 
donor lung transplants under NaRacAS (expression and activity 
of Rac1 in bronchial smooth muscle cells from from asthmatic 
patients) protocol (NCT03325088). Clinical protocols were 
previously approved by relevant ethic committees.

Analysis of Rac1 activity
Human pulmonary biopsies paraffin- embedded sections were 
deparaffinised and permeabilised (phosphate buffered saline 
(PBS)+0.1% Triton- X100) before incubation with anti- Rac–GTP 
antibody (26903, NewEast Biosciences, King of Prussia, Pennsyl-
vania) (1/1000) overnight at room temperature (RT). After three 
washes in PBS, sections were incubated for 1 hour at RT with the 
secondary Alexa568- labelled anti- rabbit antibody (1/1000). Anti- 
SM22α antibody (Abcam) (1/500 O/N at RT) with Alexa488- 
labelled anti- mouse antibody (1/1000 1 hour at RT) were used to 
localise smooth muscle. To quantify Rac–GTP levels within the 
smooth muscle, Rac–GTP fluorescence intensities were measured 
inside a mask delimited by SM22a- positive cells and normalised to 
the control condition.

aSMCs proliferation
Primary aSMCs were isolated from human bronchial biopsies. Addi-
tional detail on the method is provided in an online data supple-
ment. Human aSMCs were seeded into 24- well plates (10 000 
aSMCs/well) and allowed to adhere during 6 hour before serum 
starvation during 24 hours. When indicated, human aSMCs were 
treated with the Rac inhibitor, EHT1864 (10−5 M; Tocris Biosci-
ence), P21- activated kinases (Pak) inhibitor IPA3 (10−5 M; Tocris 
Bioscience), Akt inhibitor VIII (10−5 M; Calbiochem), MEK inhib-
itor PD98059 (10−5 M; ThermoFisher), JAK inhibitor ruxolitinib 
(10−5 M; InvivoGen) added 30 min before stimulation with bFGF 
(25 ng/mL; Miltenyi Biotech), PDGF- bb (25 ng/mL; Miltenyi 
Biotech), interleukins (IL)-13 (10 ng/mL; Miltenyi Biotech), IL-33 
(10 ng/mL; Miltenyi Biotech), IL-17 (20 ng/mL; Miltenyi Biotech), 
IL-9 (10 ng/mL; Miltenyi Biotech) or TSLP (10 ng/mL; Miltenyi 
Biotech) for 48 hours. Cells were stained with EdU for 12 hours at 
10−5 M according to the manufacturer’s indications (EdU Staining 
Proliferation Kit iFluor 488, ID: ab219801, Abcam). Proliferation 
was quantified by the ratio of EdU- positive cells over the total 
number of cells. Proliferative signalling pathways were analysed by 
immunoblotting detailed in an online data supplement.

Allergic asthma models
C57Bl/6 Rac1lox/lox and SMMHC- Rac1lox/lox mice were obtained 
as previously described.17 Rac1 deletion in smooth muscle cells 
(SMCs) was induced in 8- week- old SMMHC- Rac1lox/lox males 

by intraperitoneal injection of tamoxifen (1 mg/day in sunflower 
oil) for five consecutive days during 2 weeks. Tamoxifen- treated 
Rac1lox/lox mice were used as control. Allergic asthma was induced 
in mice using a total HDM extract (Dermatophagoides farinae, 
from Stallergenes Greer, Antony, France), as described previously.18 
Additional details on the method for experimental models and the 
analyses of bronchoalveolar lavage fluid and airways reactivity are 
provided in an online data supplement.

Histology
To assess smooth muscle hypertrophy/hyperplasia, lung sections 
were stained by immunochemistry with SM22a antibody (Abcam). 
Hyperplasia was expressed as the ratio of SM22a- positive area to 
the total bronchial area and normalised to the control condition. 
Additional detail on the method for making pulmonary sections is 
provided in an online data supplement.

Statistics
Mann- Whitney test was performed for two- group comparisons. For 
multiple comparisons, the non- parametric Kruskal- Wallis test was 
used followed by Dunns’ post- test to specifically compare indicated 
groups. The two- way ANOVA test was used for multiple compari-
sons of bronchial contractility studies. Data analysis was performed 
using the GraphPad Prism software. The threshold for statistical 
significance was set at p<0.05.

RESULTS
Rac1 activity is increased in aSMC from patients with severe 
asthma
To validate the potential role of Rac1 in airway remodelling associ-
ated with severe asthma, we determined the level of Rac1 activity 
in bronchial biopsies from healthy subjects and from patients 
with severe asthma (table 1). Asthmatic donors of bronchial biop-
sies were mainly 50- year- old female patients with adult asthma 
onset. They suffered from hypereosinophilic exacerbation- prone 
asthma for a mean duration of 24.7 years, with pulmonary func-
tion tests moderately altered but predominantly characterised by 
fixed airflow obstruction. These patients were uncontrolled (mean 
values of asthma control test=8.5) and they showed poor quality 
of life (mean values of Asthma Quality- of- Life Questionnaire=2.3) 
(table 1), despite an optimal treatment with high doses of inhaled 
corticosteroids associated with another controller, sometimes 
in combination with oral corticosteroids. Immunofluorescence 
measurements of Rac1 activity, using an antibody that specifically 
recognises the active GTP- bound form of Rac1, revealed a greater 
intensity in bronchial biopsies from asthmatic patients than from 
controls (figure 1A,B). Labelling of aSMC by anti- SM22a antibody 
showed that the aSMC area was larger in bronchial biopsies of severe 
asthmatics than in control subjects (figure 1A,B). Furthermore, the 
high level of Rac1- GTP detected in biopsies of patients with severe 
asthma is mainly localised in SM22a- positive area indicating that 
it results from an increase in Rac1 activity in aSMC (figure 1A,B). 
The activation of Rac1 observed within the aSMC is thus consistent 
with our hypothesis of a potential role of Rac1 signalling in airway 
remodelling and in aSMC hyperplasia in severe asthmatics.

aSMCs proliferation depends on Rac1 activity
Several growth factors, cytokines and chemokines have been 
proposed to participate in airway remodelling in severe asthma 
by promoting aSMC proliferation.19–24 We therefore assessed the 
role of Rac1 in primary human aSMC proliferation in response to 
different mitogenic stimuli. Among the mitogen factors used, only 
bFGF and PDGFbb induced a significant proliferation of control 
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human aSMC (online supplemental figure E1). Interestingly, both 
in basal condition and on exposure to bFGF, the proliferation rate 
of aSMC from severe asthma patients was significantly higher than 
that of aSMC from control subjects (figure 2A,B). These differ-
ences are abolished by the Rac inhibitor, EHT1864, that prevented 
both spontaneous and bFGF- and PDGFbb- induced proliferation 
of aSMC from control and severe asthmatics (figure 2A,C). These 
results suggest that Rac1 activity is involved in the mitogenic effect 
of bFGF and PDGFbb on human aSMC and participates to the 
high proliferation rate of aSMC of asthmatic patients. To validate 
this hypothesis, we assessed the activation of the Rac1 signalling 
pathway, by measuring the phosphorylation of Pak, one of the main 
downstream targets of Rac1, by western blot (figure 3A). Stimula-
tion of control aSMC with bFGF and PDGFbb indeed increased 
Pak phosphorylation and this response was prevented by EHT1864, 
thereby confirming the activation of Rac1 (figure 3A).

Rac1/Pak1/STAT3 signaling pathway is involved in growth 
factor-induced aSMCs proliferation
Transduction pathways activated by mitogens involved in asth-
matic airway remodelling have been shown to converge to a rela-
tively limited number of intracellular signalling modules, mainly 
P44/42 mitogen- activated protein kinases (MAPK), phosphoinos-
itide 3- kinase (PI3K)/Akt and JAK/STAT.24–28 Indeed, we confirm 

that bFGF and PDGFbb rapidly increased the phosphorylation 
levels of P44/42, Akt, and signal transducer and activator of tran-
scription 3 (STAT3) in control human aSMCs (figure 3A and 
online supplemental figure E2). Inhibition of these signalling path-
ways by PD98059, Akt VIII inhibitor and ruxolitinib, respectively, 
reduced the proliferation of control human aSMCs at baseline and 
after bFGF and PDGFbb stimulation, attesting the role of these 
signalling pathways in this process (figure 3B). Phosphorylation of 
STAT3 induced by bFGF and PDGFbb was prevented by the Rac1 
inhibitor EHT1864 (figure 3A), which had no effect on P44/42 
activation in response to the two mitogenic factors (online supple-
mental figure E2). EHT1864 also downregulated Akt phosphory-
lation in bFGF- treated human aSMC, but not in aSMC stimulated 
by PDGFbb (online supplemental figure E2). These results demon-
strated the essential role of Rac1 in the activation of the STAT3 
pathway by mitogenic stimuli in human aSMC.

SM Rac1 deletion prevents airway remodeling in a mouse 
model of severe asthma
To establish the role of Rac1 in airway remodelling in vivo, we 
developed a murine model of severe allergic asthma induced by 
a percutaneous sensitisation and repeated intranasal challenges 
with HDM. This model allows the observation of major changes 
of the airway wall including aSMCs hyperplasia (figure 4A,B), 
AHR of bronchial rings to methacholine (figure 4C), and mixed 
inflammation with eosinophil and neutrophil accumulation in 
bronchoalveolar lavage (BAL) fluid (figure 4D). Nebulisation of 
the reference corticosteroid, beclomethasone at 150 µg/kg 29 had 
no significant effect on airway inflammation in this severe asthma 
model, whereas it prevented BAL eosinophilia and neutrophilia in 
an acute allergic asthma model (online supplemental figure E3). 
These results show that this severe allergic asthma model closely 
mimics the main features of severe asthma in humans, including 
the corticosteroid resistance.

We next submitted tamoxifen- inducible SM- Rac1- KO mice14 
to the severe allergic asthma protocol. ASM area and AHR were 
significantly reduced in SM- Rac1- KO mice compared with SM- Ra-
c1lox/lox (figure 4B,C), whereas the histological grade, inflammatory 
cells accumulation in BAL and mucus production (figure 4A,D) 
remained unchanged. These results suggest a causal role of Rac1 in 
SMC hyperplasia and the resulting airway remodelling associated 
with severe allergic asthma.

Inhalation of a Rac1 inhibitor prevents aSMC hyperplasia, 
AHR, and pulmonary inflammation in a murine allergic severe 
asthma model
As a proof of concept to demonstrate the therapeutic value of phar-
macological inhibition of Rac1 to limit airway remodelling associated 
with severe asthma, the Rac1 inhibitor NSC23766 was admin-
istrated by repeated nebulisations before each HDM challenge. 
NSC23766 abrogated SMC hyperplasia and AHR of bronchial rings 
in response to methacholine (figure 5A- C), but also peri- bronchial/
vascular infiltrates of inflammatory cells (figure 5A,B). This effect 
of NSC23766 on inflammatory cell infiltration was confirmed by 
the significant decrease of the number of macrophages and eosin-
ophils in BAL fluid of NSC23766- treated mice, as compared with 
vehicle- treated mice (figure 5D). The efficiency of NSC23766 on 
airway remodelling and pulmonary inflammation was shown to be 
higher than that of current reference treatments such as repeated 
high doses of beclomethasone inhalations (1500 µg/kg), or the long- 
lasting β2- agonist, formoterol (figure 5A,B,D). Despite a significant 
reduction of inflammatory cell infiltrate, beclomethasone failed to 

Table 1 Clinical and paraclinical data of asthmatic and control 
donors.

  
Asthma control p value
(n=11) (n=4)

Age (years) 50.4±12.4 50.8±11.4 NS

Gender (F/H) 7/4 3/1 NS

BMI (kg.m−2) 29.2±9.4 24.0±5 0.34

Atopy (Y/N) 8/3 0/4 0.025

Total IgE (IU/mL) 333±274

Asthma duration (years) 24.7±20.3

Eosinophils (mm−3) 294±177

Pulmonary function test

  FEV1 (% predicted) 59±16

  FEV1/FVC 0.58±0.12

  Reversibility (Y/N) 2/

Treatment

  Daily OCS (Y/N) 6/5

  OCS posology (mg/day) 23±20

  ICS (µg/day) 2091±831

  LABA (Y/N) 10/1

  Daily nebulisation (Y/N) 7/4

  Exacerbation annual rate 9.3±7.1

  Hospitalisation annual rate 2.2±4

Control and quality of life score

  ACT Score 8.5±3

  <20 (Y/N) 11/0

  AQLQ Score 2.3±0.7

ACT, asthma control test; AQLQ, Asthma Quality- of- Life Questionnaire; BMI, body 
mass index; FEV1, Forced Expiratory Volume in one second; FVC, forced vital 
capacity; ICS, inhaled cortico steroids; IgE, immunoglobulin E; LABA, long acting 
beta2 agonists; OCS, oral cortico steroids.SEM). Fisher statistical test was used to 
compare Control and Asthmatic patients.
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prevent aSMC hyperplasia, and formoterol had no effect on lung 
inflammation and remodelling.

DISCUSSION
Our current study revealed a leading role of Rac1 in airway remod-
elling and in aSMC hyperplasia associated with severe asthma, by 
promoting STAT3- dependent aSMC proliferation. This involve-
ment of Rac1 in the pathological remodelling in the human disease 
is consistent with its overactivation observed in bronchi from severe 
asthmatics.

The increase of aSMC mass is one of the main features of airway 
remodelling associated with asthma and is considered as a marker 
of disease severity.12 19 It relies on a high proliferation rate of aSMC 
in patients with severe asthma compared with mild and moderate 
asthma, or control subjects.30 A number of mediators can operate 
in concert to stimulate aSMC proliferation, including growth 
factors (PDGFbb and bFGF), cytokines and chemokines, which are 
produced by inflammatory and airway structural cells, and by prod-
ucts of mast cells infiltrating the aSMC bundles, such as histamine, 
tryptase, and leukotrienes.22 23 Although initially described as the 
main intracellular signalling pathway mediating cytokine responses, 
the JAK/STAT signalling pathway has been shown to be activated by 
many different ligands and receptors, including growth factor/tyro-
sine kinase receptors and G protein coupled receptors.31 Consistent 
with our results, Rac1 has been shown to be required for growth 

factor receptor- mediated and G protein coupled- receptor- mediated 
activation of the JAK/STAT pathway, thus defining Rac1 as a hub in 
signalling networks that control human aSMC proliferation.24 32 33 
This role of Rac1 is in agreement with the strong activity of Rac1 
systematically observed in the remodelled airway wall of patients 
with severe asthma compared with control subjects, even though 
the number of samples analysed was limited. Recently, P- Rex1, a 
Rac1 exchange factor, has been shown to be aberrantly upregulated 
in lung tissue from patients with asthma and to potentiate growth 
factor- induced human aSMC proliferation.34 Therefore, it can be 
hypothesised that the activation of aSMC Rac1 observed in severe 
asthma patients could be related, at least in part, to this aberrant 
upregulation of P- Rex1 expression, and would be responsible for 
the increased aSMC proliferation in asthma.

The increase in aSMC mass in asthma patients was associated 
with airflow obstruction.9 10 Indeed, aSMC are not only respon-
sible for AHR through their contractile activity, but also contribute 
to the inflammatory process by modifying the extracellular matrix 
and producing mediators that act on inflammatory cells. Pharmaco-
logical targeting of aSMC thus appears as an attractive strategy for 
novel asthma therapies. Current therapeutic strategies remain based 
on the chronic use of high dose inhaled or oral corticosteroids, 
resulting in various and harmful long- term side effects.35 36 New 
therapeutic strategies such as monoclonal antibodies anti- IgE (omal-
izumab), anti- IL-5 (mepolizumab, reslizumab), anti- IL-5 receptor 

Figure 1 Rac activity is increased in airway smooth muscle contained in bronchial biopsies from asthmatics. (A) Representative images of Rac–GTP 
immunofluorescence (red) in biopsies sections from control (n=4) and patients with severe asthma (n=11). Nuclei were detected by 4′,6- diamidino-2- 
phenylindole staining (blue) and smooth muscle by SM22a immunofluorescence (green). Scale bar, 100 µm. (B) Quantification of smooth muscle area, 
mean fluorescence intensity of the Rac1- GTP signal within the biopsy and within the smooth muscle layer. Data are presented as mean±SEM. Mann- 
Whitney statistical test was used to compare control and asthmatic groups. *P<0.05, ***p<0.001.
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Figure 2 Rac1 inhibition reduces bFGF- induced and PDGFbb- induced aSMCs proliferation. (A) Representative images of airway smooth muscle 
cell (aSMC) proliferation from control and severe asthmatics induced by bFGF and PDGFbb, in the absence and in the presence of the Rac1 inhibitor, 
EHT1864. Nuclei are detected by 4′,6- diamidino-2- phenylindole staining (blue) and aSMC proliferation by EdU staining (green). Scale bar, 25 µm. 
(B,C) Quantification of aSMC proliferation by EdU staining in the absence (B) and in the presence (C) of EHT1864. The results are expressed as the 
percentage of cell proliferation (EdU- positive cells) (mean±SEM of n=3 independent experiments). Kruskal- Wallis test followed by Dunns’ post- 
test were used. *P<0.05, **p<0.01 versus untreated cells from control subjects; $P<0.05 versus untreated cells from patients with severe asthma; 
#p<0.05 versus cells from control subjects.
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Figure 3 Role of Rac1/P21- activated kinases (Pak1) in bFGF- induced activation of Akt- dependent signalling pathway. (A) Immunoblot analysis 
and corresponding quantification of Pak and STAT3 expression and phosphorylation in control airway smooth muscle cell (aSMCs) stimulated 
with bFGF or PDGFbb at different time points, in the absence, or in the presence of EHT1864 (n=4–5 independent experiments). (B) Control aSMC 
proliferation induced by bFGF and PDGFbb, in the absence and in the presence of inhibitors of PAK (IPA3), Akt (Akt Inhib VIII), P44/42 (PD98059) or 
JaAK2 (ruxolitinib). Nuclei are detected by 4′,6- diamidino-2- phenylindole staining (blue) and haSMC proliferation by EdU staining (green). Scale bar, 
25 µm. Quantification of aSMC proliferation by EdU staining. The results are expressed as the percentage of EdU- positive cells. (n=3–4 independent 
experiments). Data are presented as mean±SEM. Kruskal- Wallis test followed by Dunns’ post- test were used. *P<0.05, **p<0.01, ***p<0.001 versus 
untreated cells; $$p<0.01, $$$p<0.001 versus bFGF treated cells; ##p<0.01, ###p<0.001 versus PDGFbb treated cells.
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(benralizumab) and anti- IL-4/IL-13 receptor (dupilumab) signifi-
cantly improve exacerbations rate and asthma control, and lower 
oral corticosteroid use in patients with severe asthma.37–41 However, 
these strategies focus on specific inflammatory endotypes,39 42–44 and 
the potential impacts of these new strategies on airway remodelling 
are still missing. In this context, our demonstration that Rac1 is a 
node in signalling pathways that plays a major role in the contrac-
tion and proliferation of aSMC makes this protein a pharmacolog-
ical target of choice for severe asthma. The efficiency of SMC Rac1 
deletion and repeated inhalations of the Rac1 inhibitor NSC23766 
to prevent AHR and aSMC hyperplasia validate this hypothesis in 
a severe allergic asthma model in mice that recapitulate the human 
disease. Moreover, in addition to these expected effects, Rac1 
inhibition also reduced eosinophilic inflammation, thus demon-
strating that the anti- inflammatory action of Rac1 inhibitor already 
described in an acute murine model of allergic asthma,14 is also 
effective in severe chronic asthma. To our knowledge, this is the first 
demonstration of a drug able to combine all the desired effects for 
the treatment of severe asthma, that is, limiting aSMC contraction 
and proliferation and reducing inflammation. Since Rac1 is known 
to have ubiquitous expression and multiple functions,45 an open and 
important question that remains to be addressed is the possible side 
effects of Rac1 inhibitor. However, in asthma, the opportunity of 
administrating the treatment locally might be an effective way to 
limit potential adverse effects. Indeed, repeated administration of 

NSC23766 by nebulisation failed to alter blood pressure, whereas 
SMC Rac1 deletion has been shown to elicit this effect.46

In conclusion, we suggest that Rac1 may represent a relevant 
target to develop new drugs of clinical interest for the treatment 
of severe asthma. Our data support the concept that inhibition 
of Rac1- dependent signalling pathway may simultaneously limit 
aSMC hyperplasia, AHR and inflammation, thereby providing a 
novel approach to reverse airway remodelling and restore airway 
function in patients with severe asthma. The development of Rac1 
inhibitors may thus offer a new therapeutic option for patients 
who are refractory to current treatments.
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DP and HH mice treated with NaCl or NSC23766 (n=4–5). (D) Infiltrating cells in bronchoalveolar lavage fluid from DP and HH mice treated with NaCl, 
NSC23766, beclomethasone (150 or 1500 µg/kg), or formoterol (n=9–14 mice). Data are represented as mean±SEM. Kruskal- Wallis test followed 
by Dunns’ post- test were used for (B) and (D). Two- way analysis of variance test was used for (c). *P<0.05, ***p<0.001 versus DP NaCl; $p<0.05, 
$$p<0.01 and $$$p<0.001 versus HH NaCl.
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Supplemental Methods 4 

 5 

Cell culture. Primary aSMCs were isolated from human bronchial biopsies. Tissues were 6 

cleaned manually and the muscular layer was further digested for 1 hour with collagenase II 7 

(1 mg/mL, Worthington Biochemical, Lakewood, NJ) at 37°C under agitation. Cells grew up in 8 

Dulbecco modified Eagle medium (Gibco; Invitrogen ThermoFisher Scientific, Waltham, Mass) 9 

containing 10% FBS, 100 units/mL penicillin, and 100 mg/mL streptomycin at 37°C and 5% CO2. 10 

The culture medium was changed every 72 hours. All experiments were performed between 11 

passages 1 and 6. 12 

Allergic asthma models. For acute allergic asthma model, mice were sensitized on days D0, 13 

D7, D14, and D21 by skin application of 500 µg Der f in 20 µL of dimethyl sulfoxide (Sigma) 14 

onto the ears. Control mice were sensitized with dimethyl sulfoxide. Intranasal challenges 15 

were performed with 250 µg of Der f in 40 µL of sterile PBS on D27 and D34. For severe allergic 16 

asthma model, mice were submitted to the same protocol but were intranasally challenged 17 

on days D26, D27, D28 and D33, D34, D35. When indicated, allergic asthma mice were treated 18 

by repeated inhalations of NSC23766 (40 µg/kg in 400 µL PBS), formoterol (125 µg/kg in 400 19 

µL PBS) or beclomethasone (150 or 1500 µg/kg in 400 µL PBS) before each challenge. All mice 20 

were sacrificed 24 hours after last intranasal challenge for analysis.  21 

Bronchoalveolar lavage (BAL) fluid analysis. Mice were tracheotomized and 1 mL of sterile 22 

PBS was administrated intratracheally through a catheter. Cells and supernatants from 23 

recovered fluid were separated by centrifugation. Total cell number was counted on Kova 24 

slides by optical microscopy. Identification of immune cell subpopulations was performed by 25 
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flow cytometry analysis20. Acquisition was performed on LSR II (BD Bioscience) and analyzed 26 

with FlowJo software.  27 

Airways reactivity ex vivo. Murine primary bronchi were cleaned, cut in rings, and mounted 28 

on a multichannel isometric myograph in Krebs-Henseleit physiological solution (118.4 mM 29 

NaCl, 4.7 mM KCl, 2 mM CaCl2, 1.2 mM MgSO4, 1.2 mM KH2PO4, 25 mM NaHCO3, and 11 mM 30 

glucose) at 37°C and gassed with a mixture of 95%O2/5%CO2. A pretension of 0.5 mN was 31 

applied. We constructed dose-response curves to methacholine (Sigma-Aldrich, Paris, France). 32 

The wire myograph was connected to a digital data recorder (MacLab/4e, AD Instruments, 33 

Paris, France) and recordings were analyzed using LabChart v7 software (AD Instruments). 34 

Histology. Paraformaldehyde (4% in PBS, 1 mL) was administered intratracheally in the lungs 35 

through a flexible catheter, trachea was ligatured, and lungs were excised. Lungs were fixed 36 

in 4% paraformaldehyde for 48 h and embedded into paraffin. Sections measuring 6 mm in 37 

size were stained with periodic acid-Schiff or hematoxylin/eosin for morphological studies. 38 

Histological grade (over 12 points) was determined to assess inflammation (0-8) and 39 

pulmonary remodeling (0-4) as previously described20. 40 

Immunoblotting. Primary aSMCs were incubated on ice with lysis buffer supplemented with 41 

protease and phosphatase inhibitor cocktails (Sigma Aldrich, Saint Quentin Fallavier, France) 42 

and sodium orthovanadate. Lysates were subjected to SDS-PAGE, transferred to nitrocellulose 43 

membranes, and incubated with specific antibodies: p-Akt (9271), Akt (9272), p-P44/42 44 

(9101), P44/42 (4695), p-Pak (2605), Pak1 (2602), p-STAT3 (9131) and STAT3 (4904) antibodies 45 

were from Cell Signaling Technology (Leiden, The Netherlands). Equal loading was checked by 46 

reprobing of the membrane with an anti-tubulin antibody (Beckman Coulter; Villepinte, 47 

France). Immune complexes were detected with appropriate secondary antibodies and 48 
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enhanced chemiluminescence reagent (Clarity ECL BioRad, Marnes la Coquette, France). 49 

Protein band intensities were quantified using ImageJ Software (NIH software, Bethesda, Md). 50 

 51 

Supplemental legends 52 

 53 

Figure E1. aSMC proliferation is induced by bFGF and PDGFbb. (A) Representative images of 54 

aSMC proliferation by indicated factors. Nuclei are detected by DAPI staining (blue) and aSMC 55 

proliferation by EdU staining (green). Scale bar, 25 µm. (B) Proliferation of haSMC induced by 56 

bFGF, PDGFbb, IL-13, IL-33, IL-17, IL-9 and TSLP. Detection and quantification of haSMC 57 

proliferation by EdU staining. Results are expressed as the percentage of EdU positive cells 58 

(n=10). Data are presented as mean ± SEM. Kruskal-Wallis test followed by Dunns’ posttest 59 

were used. **
P<0.01, ***

P<0.001 vs control cells. 60 

 61 

Figure E2. Activation of Akt and P44/42 in response to bFGF and PDGFbb. (A) Immunoblot 62 

analysis of Akt and P44/42 expression and phosphorylation in haSMCs stimulated with bFGF 63 

or PDGFbb at different time points. When indicated, EHT1864 was preincubated 30 min before 64 

stimulation. (B) Quantification of phosphorylation and expression of Akt and P44/42 (n=4-5). 65 

Data are expressed as mean ± SEM. Kruskal-Wallis test followed by Dunns’ posttest were used. 66 

*
P<0.05, **

P<0.01, ***
P<0.001.  67 

 68 

Figure E3. Effect of beclomethasone on pulmonary inflammatory cells infiltrate in an acute 69 

allergic asthma murine model. Infiltrating cells in BAL fluid from DP and HH mice from the 70 

acute allergic asthma protocol treated with beclomethasone (150 or 1500 µg/kg) or NaCl (n = 71 

10 mice). Data are expressed as mean ± SEM. Kruskal-Wallis test followed by Dunns’ posttest 72 

were used. ***
P<0.001 vs DP NaCl; $P<0.05 vs HH NaCl. 73 

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) Thorax

 doi: 10.1136/thoraxjnl-2020-216271–10.:10 2021;Thorax, et al. Dilasser F



BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) Thorax

 doi: 10.1136/thoraxjnl-2020-216271–10.:10 2021;Thorax, et al. Dilasser F



BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) Thorax

 doi: 10.1136/thoraxjnl-2020-216271–10.:10 2021;Thorax, et al. Dilasser F



 
7
7

 

0

5000

10000

15000

DP

HH

HH beclo 150

HH beclo 1500

***

***

***
$

$

$

Lymphocytes Macrophages Eosinophils Neutrophils

Figure E3

B
A

L
 C

e
ll

s
 (

n
b

/m
L

)

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) Thorax

 doi: 10.1136/thoraxjnl-2020-216271–10.:10 2021;Thorax, et al. Dilasser F


	Essential role of smooth muscle Rac1 in severe asthma-associated airway remodelling
	Abstract
	Introduction
	Methods
	Human bronchial biopsies
	Analysis of Rac1 activity
	aSMCs proliferation
	Allergic asthma models
	Histology
	Statistics

	Results
	Rac1 activity is increased in aSMC from patients with severe asthma
	aSMCs proliferation depends on Rac1 activity
	Rac1/Pak1/STAT3 signaling pathway is involved in growth factor-induced aSMCs proliferation
	SM Rac1 deletion prevents airway remodeling in a mouse model of severe asthma
	Inhalation of a Rac1 inhibitor prevents aSMC hyperplasia, AHR, and pulmonary inflammation in a murine allergic severe asthma model

	Discussion
	References


