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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 treatment 

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 hyperresponsive-
ness (AHR) and structural changes of the airway wall. 
This airway remodelling includes goblet cell hyper-
plasia, thickening of the basal membrane, angio-
genesis 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 available treatment targeting airway 
remodelling is bronchial thermoplasty, a bron-
choscopy procedure that consists in reducing the 
aSMC mass through the local deliver of controlled 
radiofrequency energy. Although bronchial thermo-
plasty has been shown to be effective in controlling 
asthma in severe asthmatics,11–13 its long-term 
effects are not known and the selection 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 

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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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 proliferation.14 15 We thus 
hypothesised that Rac1 may be implicated in the proliferation of 
aSMC and consequently in the deleterious airway remodelling 
associated with severe asthma. By using human bronchial biop-
sies, 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 remodel-
ling 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, 
Pennsylvania) (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 intensi-
ties 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. 
Additional detail on the method is provided in an online data 
supplement. 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 Bioscience), P21-activated kinases (Pak) inhibitor IPA3 
(10−5 M; Tocris Bioscience), Akt inhibitor VIII (10−5 M; Calbio-
chem), MEK inhibitor 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 manu-
facturer’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 anal-
yses 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 compari-
sons. 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 comparisons 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 
associated 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 biopsies 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 function tests moderately altered but predomi-
nantly 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 associ-
ated 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). Further-
more, 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 hyper-
plasia in severe asthmatics.
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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 prolif-
eration in response to different mitogenic stimuli. Among 
the mitogen factors used, only bFGF and PDGFbb induced 
a significant proliferation of control human aSMC (online 
supplemental figure E1). Interestingly, both in basal condi-
tion 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 
differences are abolished by the Rac inhibitor, EHT1864, 
that prevented both spontaneous and bFGF- and PDGFbb-
induced proliferation of aSMC from control and severe asth-
matics (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). 
Stimulation 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 
relatively limited number of intracellular signalling modules, 
mainly P44/42 mitogen-activated protein kinases (MAPK), phos-
phoinositide 3-kinase (PI3K)/Akt and JAK/STAT.24–28 Indeed, we 
confirm that bFGF and PDGFbb rapidly increased the phosphor-
ylation levels of P44/42, Akt, and signal transducer and activator 
of transcription 3 (STAT3) in control human aSMCs (figure 3A 
and online supplemental figure E2). Inhibition of these signal-
ling pathways 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 mito-
genic factors (online supplemental figure E2). EHT1864 also 
downregulated Akt phosphorylation in bFGF-treated human 
aSMC, but not in aSMC stimulated by PDGFbb (online supple-
mental figure E2). These results demonstrated 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-Rac1lox/lox (figure  4B,C), whereas the histological grade, 
inflammatory cells accumulation in BAL and mucus produc-
tion (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 
pharmacological inhibition of Rac1 to limit airway remodelling 
associated with severe asthma, the Rac1 inhibitor NSC23766 
was administrated by repeated nebulisations before each HDM 
challenge. NSC23766 abrogated SMC hyperplasia and AHR 
of bronchial rings in response to methacholine (figure  5A-C), 

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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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 eosinophils in BAL fluid of 
NSC23766-treated mice, as compared with vehicle-treated mice 
(figure 5D). The efficiency of NSC23766 on airway remodel-
ling 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 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 
remodelling and in aSMC hyperplasia associated with severe 
asthma, by promoting STAT3-dependent aSMC proliferation. 
This involvement 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 medi-
ators 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 products 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 signal-
ling pathway has been shown to be activated by many different 
ligands and receptors, including growth factor/tyrosine 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 remod-
elled 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 

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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P-Rex1 expression, and would be responsible for the increased 
aSMC proliferation in asthma.

The increase in aSMC mass in asthma patients was associ-
ated with airflow obstruction.9 10 Indeed, aSMC are not only 
responsible for AHR through their contractile activity, but also 
contribute to the inflammatory process by modifying the extra-
cellular matrix and producing mediators that act on inflamma-
tory cells. Pharmacological targeting of aSMC thus appears as 
an attractive strategy for novel asthma therapies. Current ther-
apeutic 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 (omalizumab), anti-IL-5 (mepo-
lizumab, reslizumab), anti-IL-5 receptor (benralizumab) and 
anti-IL-4/IL-13 receptor (dupilumab) significantly improve exac-
erbations rate and asthma control, and lower oral corticosteroid 
use in patients with severe asthma.37–41 However, these strate-
gies 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 
contraction and proliferation of aSMC makes this protein a phar-
macological 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 demonstrating 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 prolifer-
ation 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 opportu-
nity of administrating the treatment locally might be an effective 
way to limit potential adverse effects. Indeed, repeated adminis-
tration of NSC23766 by nebulisation failed to alter blood pres-
sure, whereas SMC Rac1 deletion has been shown to elicit this 
effect.46

In conclusion, we suggest that Rac1 may represent a rele-
vant 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 simul-
taneously limit aSMC hyperplasia, AHR and inflammation, 
thereby providing a novel approach to reverse airway remodel-
ling and restore airway function in patients with severe asthma. 

Figure 4  SM-Rac1 deletion prevents smooth muscle hyperplasia associated in an experimental model of severe allergic asthma. (A) Hematoxylin/
Eosin (HE staining, SM22a immunohistochemistry and Periodic acid–Schiff (PAS) staining of lung sections from naïve (DP) or house dust mite-
sensitised (HH) mice of the indicated genotypes. Images are representative of 9–10 mice in each experimental condition. Scale bars, 100 µm. (B) 
Histological grade and smooth muscle hyperplasia quantification on lung sections from DP and HH mice of the indicated genotypes (n=9–10 mice). 
(C) Contractile responses to increasing concentration of methacholine of bronchial rings from DP and HH mice of the indicated genotypes (n=3–4). 
(D) Infiltrating cells in bronchoalveolar lavage fluid from DP and HH mice of the indicated genotypes (n=8–14). Data are expressed 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). NS, not significant. 
*P<0.05, ***p<0.001 versus SM-Rac1lox/lox DP mice; $p<0.05, $$$p<0.001 versus SM-Rac1lox/lox HH mice.
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Figure 5  NSC23766 inhalations reduce pulmonary remodelling and smooth muscle hyperplasia associated with severe allergic asthma. (A) 
Hematoxylin/Eosin (HE) staining and SM22a immunohistochemistry of lung sections from naïve (DP) or house dust mite-sensitised (HH) mice treated 
with NaCl, NSC23766, beclomethasone (1500 µg/kg) or formoterol. Images are representative of 9–15 mice in each experimental condition. Scale 
bars, 100 µm. (B) Histological grade and smooth muscle hyperplasia measured on lung sections from DP and HH mice treated with NaCl, NSC23766, 
beclomethasone or formoterol (n=9–15 mice). (C) Contractile responses to increasing concentrations of KCl and methacholine of bronchi rings from 
DP and HH mice treated with NaCl or NSC23766 (n=4–5). (D) Infiltrating cells in bronchoalveolar lavage fluid from DP and HH mice treated with NaCl, 
NSC23766, beclomethasone (150 or 1500 µg/kg), or formoterol (n=9–14 mice). Data are represented as mean±SEM. Kruskal-Wallis test followed 
by Dunns’ post-test were used for (B) and (D). Two-way analysis of variance test was used for (c). *P<0.05, ***p<0.001 versus DP NaCl; $p<0.05, 
$$p<0.01 and $$$p<0.001 versus HH NaCl.
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The development of Rac1 inhibitors may thus offer a new 
therapeutic option for patients who are refractory to current 
treatments.
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