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ABSTRACT

Background: The molecular mechanisms responsible for airwayaim muscle cells
(@aSMC) contraction and proliferation in airway hgesponsiveness (AHR) associated with
asthma are still largely unknown. The small GTPasethe Rho family (RhoA, Racl and
Cdc42) play a central role in SMC functions inchgli migration, proliferation and
contraction.

Objective: The objective of this study is to identify theeaf Racl in aSMC contraction and
to investigate its involvement in AHR associatethveallergic asthma.

Methods: To define the role of Racl in aSM@x- and in vitro analyses of bronchial
reactivity were performed on bronchi from smoothseia (SM)-specific Racl knockout mice
(SM-Racl1-KO) and human individuals. In additionjsttmurine model was exposed to
allergens (ovalbumin or house dust mite extractyecipherin vivo the implication of Racl in
AHR.

Results: The specific SMC deletion or pharmacological intidri of Racl in mice prevented
the bronchoconstrictor response to methacholineuiman bronchi a similar role of Racl was
observed during bronchoconstriction. We further destrated that Racl activation is
responsible for bronchoconstrictor-induced increimséntracellular C& concentration and
contraction both in murine and human bronchial aSMi@ough its association with
phospholipase @2 and the stimulation of inositol 1,4,5-trisphosighproduction.n vivo,
Racl deletion in SMC or pharmacological Racl irttohi by nebulization of NSC23766
prevented AHR in murine models of allergic asthidareover, nebulization of NSC23766
decreased eosinophil and neutrophil populationsramchoalveolar lavages from asthmatic
mice.

Conclusion: Our data reveal an unexpected and essential foRaol in the regulation of

intracellular C&" and contraction of aSMC, and the development oRARac1 thus appears
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as an attractive therapeutic target in asthma, waitbombined beneficial action on both

bronchoconstriction and pulmonary inflammation.

“Capsule summary”

In this study, we unveiled an essential role of ghatein Racl to initiate human and murine
contraction of airway smooth muscle cells, and tldevelopment of airway
hyperresponsiveness (AHR).

“Clinical Implications statements”

The nebulisation of Rac inhibitor prevents AHR ionme models of allergic asthma, with the
additional advantage to also decrease pulmonalgmmhation. Racl thus appears as a new

attractive therapeutic target in asthma.

Key words: Racl, airway smooth muscle, asthma, airway hyppomsiveness, calcium,

PLC, pulmonary inflammation.

Abbreviations/Acronyms

AHR: airway hyperresponsiveness

aSMC: airway smooth muscle cells

CCh : carbachol

Der f : house dust mite extralber matophagoides farinae
IP3: inositol 1,4,5-trisphosphate

OVA: ovalbumine
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Pakl : p21-activated kinase 1

PLCR2: phospholipase [(2

SM-Rac1-KO : smooth muscle cell-specific Racl kmatkmice
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INTRODUCTION

Allergic asthma is a major public health problenaretterized by inflammation and chronic
bronchial obstruction associated with airflow atesn (1, 2). The major cause of morbidity
and mortality from the disease is airway obstruttibhat depends on both tissue remodeling
(3, 4) and airways hyperresponsiveness (AHR) (Bu® to excessive contraction of airway
smooth muscle cell (aSMC) of the bronchial wall amthmmation (8). Indeed, AHR results
from a complex crosstalk between immune and brahek@ll cells, driven by a network of
cytokines, growth factors and bronchoconstrictdise degree of AHR correlates with asthma
severity and the need for therapy. Current treatsneonsist in inhaled combination of long
acting beta-adrenergic receptor agonist for broditaion and anti-inflammatory
corticosteroids. However, 5-10% of patients wittvese asthma are refractory to these
available medications and remain at high risk ofosis morbidity and life-threatening asthma
attacks (9).

As intracellular signalling molecules activated dgtracellular stimuli, small GTPases of the
Rho family (RhoA, Racl and Cdc42) act as molecshitches that regulate signalling
cascades controlling SMC functions (10). Increastvglence implicates the Rho protein
Racl in the regulation of vascular SMC contractibh, 12), and genetic deletion of Racl
regulator (13) or effector (14) has been shown tmuate AHR in experimental allergic
models. Furthermore, Racl has been identified y&str as a potential link between
pulmonary inflammation and bronchoconstriction (15)

Thus, we hypothesized that SM Racl could play aeregsl role in bronchoconstriction and
during AHR associated with allergic asthma. To elate Racl functions in aSMC, we used a
mouse model of SMC specific Racl deletion at astalge (11). Notably, we observed that
bronchi from these mice failed to develop cont@attWe further demonstrate, in human and

murine aSMC, that Racl is activated by bronchocmtst and plays a major role in the rise
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in intracellular C&" concentration through the control of PLC activitp. addition, we
observed that inhibition of Racl activity preveitbsiR-induced allergic asthma in mice,

suggesting that Racl inhibition is a new therapesitategy against asthma.
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METHODS

Mice. All experimental procedures and animal care wendopmed in accordance with the
Regional Ethical Committee for Animal Experiments tbe Pays de la Loire. C57BI/6
Rac1™/°* and SMMHC-Rac1®/°* mice were obtained as previously described (1Hc1R

deletion in smooth muscle cells was induced in &kaald SMMHC-Rac1'®

males by
intraperitoneal injection of tamoxifen (1 mg/day san-flower oil) for 5 consecutive days
during two weeks. Tamoxifen-treat&hcl®'* mice were used as control. Analyses were

performed 1 month after tamoxifen treatment.

To validate Racl deletion in airways smooth muselés, DNARacl status was analysed in
trachea and liver by amplification of the wild tyglexed and deleted Rac1l alleles using three
primers simultaneously: Reverse: 5-TCCAATCTGTGCTEHATC-3'; Forwardl: 5'-
CAGAGCTCGAATCCAGAAACTAGTA-3, and Forward?2 5'-
GATGCTTCTAGGGGTGAGCC-3'. All three primers were lmded in a single PCR and
yielded PCR products of 115 bp (wild type), 140 (Bacl deleted), and 242 bRécl
floxed). Detection of Racl mRNA was performed actreal and bronchial sectionsibysitu

hybridization as described previously(11), usin@lbf SM22a to detect SMC.

Human airways. Human bronchi were obtained from donor tissuessueés were collected in
physiologic saline solution and used for primanyvaly SMC culture or airways reactiviex

ViVO.

Cdl culture. Primary airway SMC (aSMC) were isolated from pamn bronchi of the

indicated mouse strain or from human biopsies. uBsswere cleaned manually and the
muscular layer was further digested 1h with colfege 11 (1 mg/mL, Worthington) at 37°C
under agitation. Cells grew up in DMEM (Gibco; Itreigen) containing 10% foetal bovine
serum, 100 units/mL penicillin and 1Q@/mL streptomycin at 37 °C and 5% CO2. The

culture medium was changed every 72 hours. All erpts were performed between
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passages 1 and 2. Primary vascular smooth mudide\¢®@MC) were isolated and cultured as

described previously (16).

Immunoblotting. Tissues or primary SMC in culture were incubatedaenwith lysis buffer
supplemented with proteases and phosphatases tarkibicocktails (Sigma) and
sodium orthovanadate. Lysates were subjected to-FRSE, transferred to nitrocellulose
membranes and incubated with specifics antibodResl antibody (610651) was from BD
biosciences. PLE2 (129889) was from Abcam. MYPT1 (2634), p-MLC2 73§ MLC2
(3672), p-Pak (2605), Pakl (2602) antibodies wemm fCell Signaling Technology. p-MYPT
(sc17556) antibody was from Santa Cruz Biotechnpokgd tubulin from Beckman Coulter.
Immune complexes were detected with appropriaterskry antibodies and enhanced
chemiluminescence reagent (Clarity ECL BioRad).tétnoband intensities were quantified
using ImageJ Software (NIH software). Co-immunojmiéation of PL(B2 with Racl was
carried out using anti-Racl or anti-PRZ antibodies (1pg) incubated with Protein A
magnetic beads 1h at 4°C according to the supgligpecifications (uMacs Protein A/G

Microbeads MultiMACS Protein A/G Kit, Miltenyi Bietc).

Analysis of Racl activity. In human or murine aSMC lysates, Racl activity exauated by
active Rac immunoprecipitation using anti-Rac-GTRdy (26903, NewEast Biosciences).
The precipitated active Rac was subjected to SD&PANnd detected by immunoblot with
anti-Racl antibody (BD biosciences). In pulmonagyaffin-embedded sections, Rac-GTP
levels were detected by immunofluorescence. Sexti@re deparaffinized and permeabilized
(PBS+0,1% Triton-X100) before incubation with aR&c-GTP antibody (1/500) overnight at
4°C. After three washes in PBS, sections were ia@d 1h at room temperature with the

secondary Alexa568-labeled anti-mouse antibodyO(d)L

Intracellular calcium measurements. Murine and human aSMC were seeded at “2.10

cells/well in 8-chamber borosilicate coverglassbidTak). Rac1®/* cells were treated or not
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with 4-hydroxy-tamoxifen (1uM, 48 h) to induce Racl deletion in SM-Cre positoadls
(SMC-Racl1-KO). FluoForte probes were loaded usingforte calcium assay kit (Enzo Life
Science) according to the supplier's specificatioM@hen indicated, Racl inhibitor
NSC23766 (10 uM), IP3 receptor antagonist 2-ABP {M) and PLC inhibitor U73122 (10
uM) were added 1 h before loading probes. Afterabflsorescence recording, cells were
stimulated with carbachol (3@M). The fluorescence was recorded using Metamorph

software and quantified with ImageJ Software (Ntftware).

IP3 assay. Murine and human aSMC were used to measure IPBmbmfter indicated
treatments according to manufacturer’s protocotHHinter® IP3 Fluorescence Polarization

Assay, DiscoverX).

Airways reactivity ex vivo. Murine and human primary bronchi or murine trachesre
cleaned, cut in rings and mounted on a multicharsoehetric myograph in Krebs-Henseleit
physiological solution (118.4 mM NaCl, 4.7 mM K@ImM CaC}, 1.2 mM MgSQ, 1.2 mM
KH,PO,, 25 mM NaHCQand 11 mM glucose) at 37°C under oxygen. A praitenof 0.5
mN was applied. We constructed dose-response cuovasethacholine (Sigma). When
indicated, rings were pre-incubated 1h before eamtibn with PLC inhibitor U73122
(Tocris), IP3R inhibitor 2-ABP (Tocris) or PAK inthitor IPA3 (Tocris) at 1@M. To inhibit
Rac activity ex vivo, we observed that NSC23766 should be incubatedwi®hbronchial
rings. In contrast, the Rac inhibitor EHT1864 (Sigrinduced an efficient activity at o1
after 1h of incubation (Supplementary Fig. 2A). $hto limit incubation time, EHT1864
(Sigma) was selected to analyze airways reactaxtyvo. The wire myograph was connected
to a digital data recorder (MacLab/4e, AD Instrutsgrand recordings were analyzed using

LabChart v7 software (AD Instruments).

Airways responsiveness measurement in vivo. Airway responsiveness was assessed in

conscious, unrestrained mice using a barometrioplevbody plethysmography (EMKA

10
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Technologies) by recording respiratory pressureesiin response to inhaled methacholine
(Sigma) at concentrations of 0—40 mg/ml for 1 ndiimway responsiveness was expressed in
enhanced pause (Penh) units. The Penh values redasfter stimulation were averaged and
expressed as the fold-increase over baseline valliesnatively, dynamic airway resistance
was measured using an invasive FlexiVergpparatus (SCIREQ). In these analyses, mice
were anesthetized (ketamine/xylazine), paralyzedufionium bromide), tracheotomised and
mechanically ventilated (150 breaths/min). Incregstoncentrations of methacholine were
administered via a nebulizer aerosol system (Adrpheerogen). When required, the Rac
inhibitor NSC23766 (Tocris) and salbutamol wereulsied (300 pl at 5 mM) 10 min before

methacholine challenge.

Respiratory parameters. Mice were placed in physiocages (Bioseb) to meagas exchanges
during 24h after a two-day acclimatizing periodeTiecording room was maintained with a

12-hour-light/12-hour-dark cycle.

Allergic asthma models. Allergic asthma was induced in mice using a totailde dust mite
extract (Dermatophagoides Farinae, Der f, from|&@nes) as described previously(15).
Briefly, mice were sensitized on days DO, D7, Dl 21 by skin application of 50@g
Der f in 20 uL of dimethylsulfoxyde (DMSO, Sigma) onto the ea@ontrol mice were
sensitized with DMSO. Intranasal challenges werdop@ed with 250ug of Der f in 40uL

of sterile PBS on D27 and D34. When indicated, rgiee asthma was induced using
ovalbumin (OVA) model. 1Qug OVA (A5503, Sigma) was administrated by intrajmereal
injections in alum vehicle (77161, Thermo scienjifon days DO, D14 and D21. Mice were
then challenged through intranasal route with asized OVA (50ug in PBS) on D27, D28
and D29. Control mice were sensitized with PBS/alWwhen indicated, allergic asthma mice

were treated by repeated inhalations of NSC2376&&lkmutamol (5 mM in PBS) before each

11
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challenge and methacholine nebulization. All mierevsacrificed on 24h after last intranasal

challenge for analysis.

Bronchoalveolar lavage fluid analysis. Mice were tracheotomised and 1 ml of sterile PBS
was administrated intratracheally through a cath&lells and supernatants from recovered
fluid were separated by centrifugation. Total celntber was count on Kova slides by optical
microscopy. Identification of immune cells subpaiigdns were performed by flow
cytometry analysis (15). Acquisition was perforngdLSR 1l (BD Bioscience) and analyzed

with FlowJo software.

Histology. Paraformaldehyde (4% in PBS, 1 mL) was adminigtengratracheally in the

lungs through a flexible catheter, trachea wagigal and lungs excised. Lungs were fixed
in 4% paraformaldehyde for 48h and embedded intaffpa. 6 pm sections were stained with
periodic acid-Schiff or hematoxylin/eosin for mogbbgical studies. Histological grade was

determined to assess inflammation and pulmonarpdeiting (15).

Statistics. All data are expressed as the mean + SEM of samsigke n. For multiple
comparisons, the non-parametric Kruskal-Wallis ves$ used followed by Dunns’ post-test.
For individual comparisons, statistical analysissweerformed using non-paramettitest
(Mann-Whitney). Data analysis was performed using GraphPad Prism software. The

threshold for statistical significance was seP«at0.05.

12
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RESULTS

Inhibition of Racl expression or activity preventsbronchoconstriction in human and
mice airways.

To elucidate the specific functions of Racl in SM¢& generated tamoxifen-inducible and
SMC-specific Racl knockout mice (SM-Racl-KO) (1b).situ hybridization and western-
blot analysis confirmed the loss of Racl mRNA anotgin expression in aSMC, which did
not affect normal respiratory function under basaidition (Supplementary Fig.1). We first
studied the functional impact of Racl deletion®MEC by measuring the contractile response
of bronchial rings from control Rac1™/®) and SMC-Rac1-KO mice. The maximal
contraction induced by the muscarinic receptor &janethacholine was reduced by ~50% in
bronchial rings from SM-Racl-KO mice compared Racl®* mice (Fig.1A). This
inhibitory effect of SMC Racl deletion on methadhelinduced bronchoconstriction was
mimicked by the pharmacological Rac inhibitors (EB%4 and NSC23766) in bronchial
rings from control mice and humans (Fig. 1A and @ementary Fig. 2A). Similarly, the
bronchoconstriction induced by serotonin was reduag ~70% in murine bronchial rings
incubated with EHT1864 (Supplementary Fig. 2B).

To confirmin vivo the role of Racl in bronchoconstriction, we nexasured the pulmonary
resistance in control and SMC-Rac1-KO mice. Althotige baseline resistance was similar
in the two groups, aerosolized methacholine-inducedease in pulmonary resistance was
significantly smaller in SMC-Rac1-KO mice than iantrol mice (Fig.1B). Consistent with
this result, inhalation of the Rac inhibitor NSCB87n control mice decreased methacholine-
induced bronchoconstriction with an efficacy simildo salbutamol, a reference

bronchodilator used by asthmatic patients (Fig.1B)contrast, inhalation of NSC23766 in

13
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SMC-Rac1-KO mice had no effect on methacholine-tedubronchoconstriction (data not
shown), demonstrating the specific inhibition of G&3766 on Rac activity. These results

suggest that Racl plays a major role in aSMC coiidrain vivo.

Bronchoconstrictors stimulate Rac1/PLCR2 associatio to modulate intracellular Ca**
concentration in aSMC. We next sought to identify the mechanism by whiRhcl
controlled aSMC contraction by first analysing #wtivity of Racl and its main effector, p21-
activated kinase 1 (Pakl). Stimulation of muringl duman aSMC with the muscarinic
cholinergic receptor agonist carbachol (CCh) insegaRacl and Pakl activity (Fig. 1C).
NSC23766 treatment prevented Pakl activation, atitig that muscarinic receptor
stimulation turns on Racl and its downstream affeeakl in aSMC. The Pak inhibitor IPA3
had no significant effect on muscarinic receptamslation-induced contraction of mouse
bronchial rings and only a weak inhibitory effeat wacheal rings (Fig.1D), as previously
described (14). However, both bronchial and tracbeatractions were similarly reduced by
pharmacological Racl inhibition (Fig. 1D), suggegtithat the effect of Racl in
bronchoconstriction is independent of Pak1.

We next examined the status of two essential diggalpathways involved in SMC
contraction: C&-sensitization and Gasignalling pathways (10). Stimulation of murinedan
human aSMC by CCh, in the absence or in the pres@&fcRacl inhibitor, did not
significantly affect the level of phosphorylated @sin phosphatase target subunit (MYPT),
suggesting that the activity of the myosin lighaithphosphatase was not modified and the
Cd*-sensitization pathway not activated (Fig. 1C).clntrast, the CCh-induced rise in
intracellular C&" in control murine and human aSMC was abolishedRhg1 deletion or
inhibition (Fig. 2A), suggesting that Racl regutateronchial contraction by controlling

intracellular C4" signalling.

14
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Activation of phospholipase C (PL@) production of inositol 1,4,5-trisphosphate gjiRnd
opening of IR receptor-C& release channels of the sarcoplasmic reticulumttaemain
mechanisms activated by G-protein-coupled recepmonists to induce cytosolic €a
increase in SMC (17). To understand how Racl régmlmtracellular Cd, we thus used
inhibitors of PLC (U73122) and iReceptor (2-ABP). Both U73122 and 2-ABP prevented
muscarinic receptor activation-induced intraceluGe* rise in aSMC and constriction of
bronchial rings from control mice, but had no effecaSMC and bronchial rings from SMC-
Racl-KO mice (Fig. 2B and Supplementary Fig. 2B)n€istent with this observation, we
found that CCh promoted production o lif murine and human aSMC that was abolished
by the PLC inhibition (U73122), and in a similartexd, by the Rac inhibitor NSC23766
(Fig. 2C). Interestingly, we observed that S5HT-degent bronchoconstriction is also
sensitive to inhibitors of PLC (U73122) and IP3agtor (2-ABP) (Supp. Fig. 2CT.hese
results unveil a key role of Racl activity on thdCAP; signalling coupling
bronchoconstrictor receptor to cytosolic?Case in aSMC and contraction.

In recombinant systems amvitro assays, active Racl, 2 and 3 have been showtetadh
with PLCB2 isoform (18-20). While PLE2 expression was weak in murine vascular SMC,
aSMC highly expressed the PBRZ isoform and CCh stimulation increased its assiocia
with Racl (Fig. 2D, E). This effect was blocked M$C23766 suggesting that Rac1-B2C
association requiredRacl activation (Fig. 2E). To confirm these resulie transiently
expressed wild type Racl (R&C), a constitutively active (Rat¥) or a negative (Ratt’)
Racl mutant in 3T3 cells and assessed their interawith PLQ32 (Figure 2F). The amount
of Ract'" immunoprecipitated with PLE2 was increased by CCh stimulation. The R&cl
mutant was constitutively associated with BRGind CCh did not increase this association.
By contrast, there was no interaction between fZL&nd Rac!’ both in the absence or

presence of CCh. These results demonstrate fdiirdte¢ime the association of endogenous

15
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PLCB2 with active Racl and its critical role in indugitP; production, cytosolic G4 rise
and aSMC contraction in response to bronchoconitric

Inhibition of Racl expression or activity protectsfrom airway hyper-responsiveness.

We thus hypothesized that Racl could be causallglved in the excessive pathological
bronchoconstriction associated with asthma. To sas#leis hypothesis, we first measured
airway Racl activity in a mouse model of humanrgiteasthma, induced by percutaneous
sensitization and intranasal challenge with housst nhite extracermatophagoides farinae
(Der f) (15). Exposure to Der f resulted in an @ase in Racl activity in bronchi and
peribronchial inflammatory cells that was inhibitey repeated NSC23766 nebulizations (Fig.
3A). Der f sensitization induced AHR that was praeel by acute NSC23766 nebulization
(Fig. 3B) and SMC Racl deletion (Fig. 3C), suggest role of Racl activation in AHEX
vivo measurements of tension response to methacholimeordgrated the increased
contraction of bronchial rings from Der f sensitiz@ice compared to naive animals, and the
inhibitory action of the Rac inhibitor EHT1864 confed that allergic asthma-associated

excessive bronchoconstriction and AHR is dependerRacl activity (Fig. 3D).

Rac inhibitor inhalation prevents pulmonary inflammation in murine allergic asthma
models.

Histological analysis of lung sections showed that f-induced AHR was associated with
massive mucus production and strong cellular nafilbn of the airways that were similar in
control and SMC-Racl-KO mice (Fig. 4). These resutidicate that aSMC Racl is not
involved in lung inflammation associated to allergisthma. However, we observed that
repeated NSC23766 inhalations not only prevente® Abut also reduced inflammatory cell
infiltration and airway remodelling in Der f-senzéd mice (Fig. 5). Rac inhibition in Der f-

sensitized mice decreased eosinophil and neutrapfulx in bronchoalveolar lavage (Fig.
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5C). We observed the similar combined bronchodiland anti-inflammatory effect of
repeated NSC23766 treatment in ovalbumine (OVAkoedl asthmatic mice (Sup Fig. 3).
The beneficial effect of NSC23766 on OVA-induced Rias similar to that obtained with
the reference bronchodilator salbutamol (Suppleargnig. 3A) which had no action on

inflammation (Supplementary Fig. 3D).
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DISCUSSION

Taken together, our results greatly extend our tgtdeding on the role of Racl in the control
of murine and human aSMC contraction and have diranslational implications in asthma
treatment. Our data establish that Racl, actingutiir PLJ2, links bronchoconstrictor G-
protein coupled receptors to intracellular’Csignaling and contraction. By a screen of 17
members of the Rho protein family in recombinargtems in COS-7 cells, only the active
forms of Rac (Racl, Rac2, and Rac3) have beenifi@ento be able to bind PL§2 and
stimulate PL@ activity, thus defining PLE2 as a Racl effector (19). This direct interaction
between active GTP-bound Racl and BR2Mas been confirmed by the description of the
crystal structure of the complex, demonstrating RRacl engages the pleckstrin-homology
(PH) domain of PLB2 to optimize its orientation for substrate memlesa(20). However,
until now, the existence of such interaction ofiveproteins in endogenous systems and its
role in the regulation of biological/physiologiqadthophysiological processes have never
been described. Here, we demonstrate that stimolaif murine and human muscarinic
cholinergic receptor in aSMC increased Racl agtiaihd promoted its association with
PLCB2. Activation of Racl leads to its translocatioonfrthe cytosol to the plasma membrane
(21). Interestingly, a direct interaction betweensearinic receptor and PLCR leading to a
close spatial proximity to both its substrate, RIR2d its activator, &), has been recently
described in CHO cells (22). This observation trauggests that muscarinic receptor
stimulation induces Racl activation and its tracefion at the plasma membrane promoting
Racl/PL@2 interaction. Our results further show that thist@in interaction is necessary to
potentiate IR production, and consequently intracellulaO@se and contraction in murine

and human aSMC smooth muscle cell.
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Studies focused on the role of Racl in SMC contraddy the use of pharmacological tools
and genetic mouse models have produced conflictitg, reporting relaxing and contracting
effects of Racl activity. Rahman et al. observeat ttharmacological inhibition of Racl

reduced or potentiated the contraction in differ@steral SM tissues (urinary bladder and
ileum) and arteries, depending on the contractiggnest used (23). For example, Rac
inhibition by NSC23766 in mouse saphenous arterd m@ effect on KClI-induced

contraction, decreased the contractile responsephenylephrine and potentiated the
contraction induced by thromboxan A2 receptor skation (23). However, the specific

depletion of Racl expression in vascular SMC detnaies that the activation of Racl
promotes vasorelaxation by positively regulatinglicyGMP-dependent signalling (11, 12).
Inconsistent observations have also been repontednivay SMC since relaxing properties
have been ascribed to Racl activity in guinea f@ightea (24), while activation of Pakl, the
main effector of Racl, has been associated witlraction of murine tracheal segments and
human bronchial rings (14). These results sugdest the regulation of Racl activity by
contracting agonists, its downstream target effectand consequently its functions in the
regulation of SMC contraction, could be differemcarding to SMC type and/or species.
Different pattern of expression of intracellulagrsalling molecules in different SMC might

support, at least in part, the inconsistent rol&katl in the regulation of SMC contraction.

The essential role of PLB 2 unveiled by our study fits with this hypothesMle

demonstrated that the connection between RaclhenllltCB 2/C&* signaling is responsible

for the role of Racl in human and murine bronchmboth muscle contraction. Accordingly,
this new signaling pathway is expected to be ewdeparticularly in SMC that strongly

express the PL@B 2 isoform, as in human aSMC.

In addition to its role in aSMC contraction, we derstrate that Racl is activated in airways

from murine model of asthma. Deletion of the Raeheayin SM or pharmacological Racl
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inhibition prevented AHR, highlighting the potenta targeting Racl in asthma in humans.
We observe that Rac inhibitors decreased basal gndmng function (Fig. 1B) and airway
contractility (Fig. 3D) but do not affect airwaysistance (Fig. 3B). This apparent discrepancy
is probably due to the experimental procedure. dddehe analysis of respiratory function
was performed in conscious mice, while mice werestretized, paralyzed, tracheotomied
and mechanically ventilated to evaluate airwaystasice. All these procedures could alter
airway reactivity and mask NSC23766 and EHT186dat¢f

Long-acting muscarinic antagonists (LAMAs) have rboeshown to produce beneficial
effects on airway tone, smooth muscle contractroogcus secretion, and vasodilation (25,
26), and on patients with symptomatic asthma (27-28 we found that muscarinic receptor
stimulation induced Racl activation, these posidggons of LAMAs could result at, least in
part, from a reduced Racl activation and Racl-nedliffects. However, despite the
availability of therapies combining inhaled corsteroids to reduce inflammation and long-
acting po-receptor agonist or LAMAs to limit AHR, asthma ¢ao remains suboptimal for
many patients that are resistant to these treatm@t). Interestingly, inhalation of Rac
inhibitors not only prevented AHR by inhibiting SMRacl, but also decreased pulmonary
inflammation, probably by blocking Rac activity immune/inflammatory cells. In fact,
activation of Rac in leukocytes has been describdik involved in respiratory inflammation
(13, 15, 31), and it is well-established that gllerasthma-associated airway inflammation is
involved in AHR (15, 32).

Rac has also been reported to control epitheliaidrafunction and, although specific
deletion of Racl in the epithelial cells did ndieat the integrity of the airway epithelium
vivo in basal condition, it exacerbated inflammatiod angmented Th2 cytokines in asthma
models induced by house dust mite extract or ovalbias allergens (33). This effect has

been ascribed to defective clearance of apoptetls by Racl-deficient epithelial cells. One
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would thus expect that Rac inhibitors, which inhRac1l in all cell types, including bronchial
epithelial cells, would also produce an aggravabbmllergic inflammation. In fact, we did

not observe such increase in allergic airway inffaation after treatment of allergic mice
with pharmacological Racl inhibitors, which by aast, reduced lung inflammation.

However, our result is in agreement with a protectble of Rac inhibitors already described
in pulmonary inflammation and asthma (13, 34).

In summary, our results in mice and human tissaesal a new and fundamental role
of Racl to promote aSMC contraction and AHR. Rawiibition simultaneously prevents
both AHR and pulmonary inflammationffering the opportunity to aggregate in a single
molecule the desired anti-inflammatory and brondataty actions of anti-asthma therapy.
The development of Rac inhibitors could thus penaupew avenue for the treatment of

pulmonary pathologies characterized by AHR andamfhation.
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FIGURE LEGENDS

Figure 1: Racl controls human and murine aSMC contraction(A) Contractile responses
to methacholine in bronchi from controRdc1'®¥'®), SMC-Rac1-KO mice (n=5-7) and
humans (n=5). When indicated, human and murine dmiah rings were pre-treated with
Racl inhibitor (EHT1864) before methacholine stiatiain (n=5-7).(B) Analysis of airways

lloxllox and

reactivity to methacholine by a non-invasive plstnpgraphy approach iRac
SMC-Rac1-KO mice (n=12) (left panel). Control migere treated or not with NSC23766 or
salbutamol (n=10) (right panel). A.U, arbitrary tsni(C) Immunoblot analysis and
quantification of Rac-GTP, Pak and MYPT expressaod phosphorylation at different time
of carbachol (CCh) stimulation in murine aSMC (uppanel) and after 5 min of CCh
stimulation in human aSMC pre-incubated or not Wit8C23766 for 1 h (lower panel).
Corresponding quantifications are displayed onriglt of the blots (n=3)(D) Contractile
responses to methacholine in bronchi (upper pamel)trachea (lower panel) froRac1'®'*
mice (n=6-8). When indicated, rings were pre-tréatgh the Pakl inhibitor IPA3 or the Rac
inhibitor EHT1864. Data are expressed as mean + SEMO0.05 and *P<0.01 versus

control,*P<0.05 vs CCh.

Figure 2: Racl interacts with PLOB2 to modulate IP; production and intracellular Ca®*
concentrationin aSMC. Representative images and quantification of imftatar C&"* level
in aSMC- Rac1®/® aSMC-Rac1-KO and human aSMC loaded with the waicprobe
FluoForte (scale bar: 50m). Cells were pre-incubated for 1 h with NSC237Ap U73122
or 2-ABP (B). For each condition, pick of calcium was quandifeg least in 25 cells (n=3-5
independent experimentg)C) Measurement of CCh-inducedslproduction in murine (left
panel) and human (right panel) aSMC pre-treatedodrwith Rac or PLC inhibitors (n=6).

(D) Western blot analysis of PI32 expression in human aSMC (HaSMC), vascular (vSMC)
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and aSMC from control or SMC-Rac1-KO mi¢E) Co-immunoprecipitation of endogenous
PLCB2 with Racl in mouse aSMC under resting conditiorstonulated with CCh in the
absence or presence of NSC23766 (né3).Co-immunoprecipitation of endogenous H2C
with the indicated Racl mutants expressed in 3T8 sémulated or not with CCh (n=3).
TCL, total cell lysate. IP, immunoprecipitate. Dait@ expressed as mean = SEN<6.05,

** P<0.01 and **<0.001 versus controlP<0.05 and*P<0.01 versus CCh-treated cells.

Figure 3: Airway hyperresponsiveness is dependent &acl activity in murine allergic
asthma model. (A) Representative images of Racl-GTP immunofluoresen lung
sections from naive (DP) and Der f-sensitized ([@nice treated with NSC23766 or vehicle
(NaCl) nebulization (n = 5-7). Nuclei were deteckgdDAPI staining. Scale bar, 100 u(B)
Analysis of airway reactivity to methacholine clealgjes by invasive methods (FlexiVENT)
in naive (DP) and Der f-challenged mice (Der flate®l with NSC23766 or vehicle (NaCl)
nebulization (n=5-8). Data are expressed as medEM. *P<0.05 versus DP NaCiP<0.05
versus Der f NaCI(C) Analysis of airway reactivity to methacholine deabes by invasive
methods (FlexiVENT) in control Ra@f'™ and SMC-Rac1-KO mice challenged with Der f
(n=5-8). Data are expressed as mean * SENKO0*05 versus control(D) Contractile
responses to methacholine in bronchi rings fromen@dDP) and Der f-sensitized mice (Der f)
(n=6) pre-incubated with the Racl inhibitor EHT186%ta are expressed as mean + SEM.

*P<0.05 versus DP NaCl mic&<0.05 versus Der f NaCl.

Figure 4. SM-Racl deletion has no effecbn pulmonary remodelling associated to
allergic asthma.(A) Hematoxylin/eosin (HE) and periodic acid-SchifA@) staining of lung

sections from naive (DP) and Der f-sensitized (enice of the indicated genotypes. Scale
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bars, 100um. Sections are representative of 4—6 mice of emctotype.(B) Histological
grade evaluated on lung sections from naive and fB3ensitized mice of the indicated
genotypes(C) Infiltrating cell concentration in BAL fluid fronRac1®/** and SMC-Rac1-
KO sensitized to Der f (n=6). Data are expressethean + SEM. *P<0.01 versus R&¥'™

DP NaCl mice.

Figure 5: NSC23766 inhalationsreduces pulmonary remodelling associated to allergi
asthma. (A) Hematoxylin/eosin (HE) and periodic acid-Schiff A®) staining of lung
sections from Der f-sensitized control mice treateith repeated NSC23766 or vehicle
(NaCl) nebulizations. Scale bars, 106. Sections are representative of 5-7 lungs foheac
experimental condition(B) Histological grades evaluated on lung sectionsfrmive and
Der f-sensitized control mice treated with NSC2368NaCl (n=6).(C) Infiltrating cells in
BAL fluid of naive (DP) and Der f-sensitized mideef f) submitted to repeated NSC23766,
salbultamol or NaCl treatments (n=5 in each expenital group). Data are expressed as mean
+ SEM. **P<0.01 and **<0.001 versus DP NaCl mic&<0.05 and®*P<0.01 versus Der f

NacCl.
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Targeting of Racl prevents bronchoconstriction and airway hyperresponsiveness

by

Gwennan André-Grégoité’, Florian Dilassér®’, Julie Chesn&, Faouzi Braza?, Antoine

Magnart®3 Gervaise Loirant?>*and Vincent Sauze&é

SUPPLEMENTARY INFORMATIONS

LEGENDSTO SUPPLEMENTARY FIGURES

Supplementary Figure 1: Validation of Racl deletion in airway SMC and assessment of
airway function in SM-Racl-KO mice. (A) Genomic DNA status detected by PCR @&yl
immunoblot analysis of Racl protein expressionratheas from the indicated mice after
tamoxifen treatment (n=4). Data are expressed asmeSEM. ***P<0.001 versus SMC-
Rac1/* mjice.(C) Hematoxylin/eosin (HE) staining, immunohistocheahidetection (IHC)
of SM22a (SMC labelling) andn situ hybridization (ISH) analysis oRacl mRNA

expression in trachea (left panels) and broncgh{rpanels) sections. Scale bars HE- 400um,
IHC/ISH- 40 um. (D) Respiratory function assessed by gas exchangesunee@ent in

1on/lox

metabolic cages ifRac and SMC-Racl-KO mice (n=6JE) Immunoblot analysis of
indicated contractile protein expression and phosgétion inRac1'”® and SMC-Rac1-KO

bronchis (n=4).

Supplementary Figure 2: Racl/PLCB2/IP3 signalling pathway is involved in
bronchoconstriction. (A) Contactile responses to methacholine in broncktipcubated

with Rac inhibitors, NSC23766 (12h) or EHT1864 (1(B) Contractile responses to
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methacholine in bronchi frofRac1®/°* (left panel) and SMC-Rac1-KO (right panel) mice
pre-treated or not with the PLC inhibitor U73122we IR receptor inhibitor 2-ABP (n=4-6).

Data are expressed as mean + SEM(.05 versufRacl' ™/,

Supplementary Figure 3: Inhibition of Racl activity prevents airway hyper-
responsiveness and pulmonary inflammation in OVA-sensitized mice. (A) Analysis of
airway reactivity to methacholine challenges by-morasive plethysmography in mice (n=9-
10) challenged with ovalbumine (OVA) (o/o) or alwmehicle (ap/ap). When indicated, mice
were treated with either salbutamol, the Rac inbibNSC23766, or the vehicle NaGB)
Airway reactivity to methacholine measured by FEINT in naive and OVA-challenged
mice pre-treated with NSC23766 or vehicle (NaCB5i6). (C) Histological sections and
grades of lungs from naive (ap/ap) and OVA-sermitiZo/o) mice treated by repeated
inhalations of NSC2366 or vehicle (NaCl). Sectians representative of 5—6 lungs in each
experimental group. Upper panels, hematoxylin/e@idi) staining. Lower panels, periodic
acid-Schiff (PAS) staining. Scale bars, 10®. (D) Infiltrating cells in BAL fluid of naive
(ap/ap) and OVA-sensitized mice (o/0) submitted N8C23766, salbultamol or NaCL
(vehicle) treatments (n=5-6 in each experimentalig). Data are expressed as mean £ SEM.

*P<0.05 and *P<0.01 versus ap/ap Nac&P<0.05 versus o/o NaCl.
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