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ABSTRACT

Rationale: Mesenchymal stem cells (MSCs) are increaseddraitways after allergen
challenge. RhoA/ROCK signaling is critical in deteming the lineage fate of MSCs in tissue
repair/remodeling.

Objectives: To investigate the role of RhoA/ROCK signalindimeage commitment of MSCs
during allergen-induced airway remodeling and aie the underlying mechanisms.

Methods: Active RhoA expression in asthmatic lung tissuas iés role in cockroach allergen-
induced airway inflammation and remodeling wereestigated. The RhoA/ROCK signaling-
mediated MSC lineage commitment was assessedastama mouse model using MSC lineage
tracing mice festin-Cre; ROSA26-EYFP). The role of RhoA/ROCK in MSC lineage
commitment was also examined by MSCs expressingtitotively active RhoA (RhoA-L63) or
dominant negative RhoA (RhoA-N19). Downstream Rhegulated genes were identified using
the stem cell signaling array.

Results: Lung tissues from asthmatic mice showed increagpression of active RhoA when
compared with those from controls. Inhibition ofdMMROCK signaling with fasudil, a
RhoA/ROCK inhibitor, reversed established cockroalbdrgen-induced airway inflammation
and remodeling as assessed by more collagen depdiidrosis. Furthermore, fasudil inhibited
MSC differentiation into fibroblasts/myofibroblastsut promoted MSC differentiation into
epithelial cells in asthmatiwestin-Cre; ROSA26-EYFP mice. Consistently, expression of RhoA-
L63 facilitated the differentiation of MSCs to fddlasts/myofibroblasts, whereas expression of
RhoA-19 switched the differentiation toward epithktells. Gene Array identified the Wnt
signaling effector Lefl as the most up-regulatetege RhoA-L63-transfected MSCs.

Knockdown of Lefl induced MSC differentiation awfagm fibroblasts/myofibroblasts but
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towards epithelial cells.
Conclusions: These findings uncover a previously unrecogninéel of RhoA/ROCK signaling

in MSC-involved airway repair/remodeling in asthma.

Keywords: Asthma, Cockroach allergen, RhoA/ROCK, Mesenchysteh cell, Lefl

Capsulesummary

MSCs are critical in airway repair/remodeling ithesa. RhoA/ROCK signaling functions as a
molecular switch for the lineage fate of MSCs dgramrway repair/remodeling. Targeting

RhoA/ROCK signaling might be an effective therapestrategy for asthma.

Key M essages
* RhoA signaling is critical in airway inflammatiomé remodeling.
* RhoA signaling controls lineage commitment of MS&asthma.

» Wnt signaling effector Lefl plays a role in Rhogrsaling-mediated MSC differentiation.
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ABBREVIATIONS

CRE

BALF

CRE-ECM

MSC

RhoA

ROCK

Lefl

EMT

o-SMA

WT

EV

Cockroach extract

Bronchoalveolar lavage fluid

Cockroach allergen-epithelial conditidmeedium
Mesenchymal stem cell

Ras homolog family member A
Rho-associated protein kinase 1

Lymphoid enhancer-binding factor 1
Epithelial-mesenchymal cell transition
Alpha-smooth muscle actin

Wild-type

Empty vector
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INTRODUCTION
Alterations within the structural cells of the aayy together with abnormal immune responses,
lead to the full manifestation of asthtifaAirway epithelial damage and repair occur almost
immediately after epithelial injufy’, whereas airway remodeling, characterized by gaai:
hyperplasia, angiogenesis, smooth muscle hypergrophd sub-epithelial fibroisoccurs after
repeated allergen exposure, inflammation and dafifagiaerefore, therapies that can
prevent/inhibit fibrotic remodeling but acceleraievay epithelium repair are needed.
Stem/progenitor cells are known to participatesaue repair and remodeliig™
Mesenchymal stem cells (MSCs) are adult connetisgeie progenitor cells with the ability of
self-renewal and differentiation into multiple calpes? MSCs from bone-marrow/circulating
blood can migrate to the sites of tissue dartfageEspecially, we and others have shown that
MSCs were significantly increased in the lungsradtiergen challend&? Nestin, originally
detected in neuronal stem cells, has recently bheed as a marker for bone marrow-derived
MSCs?% %1 Nestin positive MSCs were recruited to the injlidéseased arteries, contributing to
pathological arterial remodeliffig®®. This population of cells was also recruited tivep
injured/diseased sites such as the reactive stresudting in overgrowth of prostate tisstfes
subchondral bone of joints promoting osteoarthritt§ and lung tissues leading to the
suppression of airway inflammation and remodéfirfg®® It has been revealed that MSCs have
the ability to differentiate into a number of matwell types in the lungs such as epithelial &ells
30-36 and fibroblasts/myofibroblasfs?® 3"? However, these studies were performed either in
cultured MSCs or injected exogenous MSCs in mousaets of lung injury. Furthermore, the
primary endogenous factors that control MSC diffiéegion at sites of airway damage as yet

remain unclear. We have recently demonstratedli@&p1-activated RhoA/ROCK signaling in
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MSCs is a determinant for the lineage commitmemM8C$°. RhoA is an intracellular signal
transducer of the Rho family of small GTP44eShe RhoA-ROCK pathway is a central
coordinator of tissue injury response. RhoA andid&nstream effectors, ROCK1 and ROCK2,
regulate a number of cellular processes, includitg cytoskeleton organization, cell adhesion,
migration, proliferation, survival, and permealtit**. RhoA/ROCK signaling is also essential
for multiple aspects of VEGF-mediated angiogerfasisnportantly, RhoA/ROCK signaling has
been linked with pathophysiological processes tifraa, including repeated allergen challenge-
induced airway smooth muscle contraction, formatibasthmatic airway hyper-responsiveness,
and chemotactic aggregation of eosinophils to itveag, and allergic inflammation and airway
remodeling®>2 These findings raise the possibility that RhoAGOsignaling may play a role

in modulating MSC differentiation and subsequeattyay repair/remodeling in allergic
asthma.

Here, we tested the hypothesis that RhoA/ROCK sigmalays a role in allergen-
induced airway repair/remodeling by controllingdage commitment of MSCs. We provide
evidence that RhoA is activated in asthmatic lusgues, and inhibition of RhoA/ROCK
signaling protects against cockroach allergen-iedwrway inflammation and remodeling. By
using MSC lineage tracing mouse model, we demaestinat inhibition of RhoA/ROCK
signaling suppresses MSC fibroblast/myofibroblaieentiation, but promotes MSC
differentiation into airway epithelial cells. Imgantly, we identified Wnt signaling effector Lefl
as the most up-regulated gene in MSCs by RhoA/R®i@Kaling and a key factor for MSC

lineage commitment.
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METHODS

Animals

All animal experimentations were carried out ussing to eight-week-old mice. C57BL/6 wild-
type (WT), B6.Cg-Tg (Nes-cre) 1KIn/J mice (Stock:N03771) and B6.129X1-
Gt(ROSA)26SdPM"EFPIC mice (Stock No: 006148) were purchased fromstatkab. All
animals were maintained in the animal facility leé ttTohns Hopkins University School of
Medicine. The experimental protocol was reviewed approved by the Institutional Animal

Care and Use Committee of the Johns Hopkins UntyeBaltimore, MD.

Allergen-induced asthma mouse model

A chronic cockroach allergen-induced mouse modealstiima was generated. Mice were
sensitized once a day with 20 ug cockroach ex{@RE, Greer Laboratory) in 50ul of PBS
under light anesthesia on day 0, 7, and 14. Foligwensitization, mice were treated three times
a week with CRE for 6 continuous weeks (Fig 2,@9ntrol mice received PBS during the
sensitization and challenge phases. In some aassswere treated with fasudil (LC
Laboratories; Woburn, Massachusetts, USA) at a dose of 30 mg/kg dissolved in buffered saline

by intra-peritoneal administration 30 min beforeEC&hallenge for prevention or once a day for
two consecutive weeks after the last challengéréatment of the established mouse model.
Vehicle-treated mice received water. Bronchoalvelalgage (BAL) fluids were obtained with 2
flushes of 0.8 ml of PBS and BAL cells were coléttor total and differential counts by flow
cytometric analysi§ >* Cell free BAL fluids were used for cytokine messuents. Lung

tissues were dissected for histological analysesdd were also taken to determine serum

antibodies against CRE.
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Analysis of lung inflammation

Lung inflammation was assessed as previously desffi>> Masson’s Trichrome Staining was
carried out using the kit from Sigma Aldrich acdagito the manufacture and the procedure is

provided in the Online Repository.
ELISA

Concentrations dfl_-4, IL-5, IL-13, IL-17, TSLP, IL-33, andTGFp1 in cell-free BAL fluids were
measured by ELISA using the Ready-Set-Go! ELISA §EhermoFishery™>> Cockroach

allergen-specific IgE and 1gG1 serum levels werayared by ELISA as previously describ&d
I mmunostaining

Immunostaining was performed as previously desdrib& The following primary antibodies
were used: anti-active RhoA-GTPase (New East Baosas), anti-E-cadherin (Cell Signaling),
anti-aSMA (Sigma, clone SP171), anti-EYFP (Novus), antRgntin (ThermoFisher, clone

V9), and anti-Lefl (Cell Signaling). The detaileddarmation is provided in the Online
Repository (Table E2). To determine the fluoreseesignal in tissue sections, fluorescent
positive cells in four different high-power fielfl®m each lung section were quantified using
ImageJ v1.50e (NIH) and presented as mean fluanesdatensity per square micrometer. Four

to six lung sections from each sample were usedrfalysis.
Western blotting

Western blotting was assessed as previously deskts. Primary antibodies include anti-
active RhoA-GTPase, aniSMA, anti-COl, anti-E-cadherin, and anti-phosphadrse42-Lefl

(Sigma, cat# SAB4504256), anti-Lefl, ghdctin (BioLegend, clone 2F1-1). Blots were washed



162  and probed with IRDye 800CW or IRDye 680RD-conjegledecondary antibodies (LI-COR).
163  Detection was performed using a LI-COR Odyssey hxging system and fluorescent

164  intensities were quantified with Image Studio Lgsion 5.2.5 (LI-COR).

165 M SC lineage tracing mouse model

166  To trace the lineage of MSQsestin-Cre: ROSA26-EYFP mice, where nestincells and their

167  progenitors express EYFP, were used. Fasudil wes @0 min prior to every single CRE

168  challenge in some mice at a dose of 30 mg/kg disslah water by intra-peritoneal

169  administration. Mice were sacrificed 4 days after last CRE-challenge.

170 MSC differentiation in vitro assay

171 Mouse MSCs were cultured from bone marrow of C5BBlthice as previously descrijéd’

172 and characterized as described in the Online RepgsMSCs were transfected with a

173 plasmid expressing a constitutively active RhoAZR&I0A) or a dominant negative RhoA
174 (N19RhoA) or empty vector (EV). Lefl knockdown wazomplished by using MISSIGN

175  shRNA Plasmid (Sigma, TRCN0000225788). The metliodsansfection and determination of
176  transfection efficiency are provided in the OnlRepository. For MSC differentiation into

177  fibroblasts/myofibroblasts, these transfected M&€ge cultured in CRE-ECM or control

178  medium for 7 days. Cells were fixed with 4% parafaldehyde and immuno-stained tor

179  SMA. For MSC differentiation into epithelial cell8ISCs were cultured in Small Airway

180  Epithelial Cell Growth Medium (Lonza, CC-3119 an@-@124), or control medium for 14 days.
181  Cells were then fixed with 4% paraformaldehyde mmchune stained for E-cadherin.

182  Geneprofiling of mesenchymal stem cells

183 For gene profiling, 5.0xPOMSCs were seeded on tissue culture plate 24 h forivansfection

184  with a plasmid expressing a constitutively activeoR (RhoA-L63) or empty vector (EV)
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control using Lipofectamine 2000 (Thermo Fishegtal RNA was isolated from the MSCs
using Ribospin Il RNA purification kit (GeneAll) drcDNA was synthesized using High
Capacity cDNA Reverse Transcriptase Kit (Thermd&is The cDNA was used on the real-
time RT Profiler PCR Array (QIAGEN) specifically designéat Mouse Stem Cell Signaling
(PAMM-047Z) in combination with RTSYBR® Green qPCR Mastermix (QIAGEN). PCR
Array data was analyzed using QIAGEN GeneGlobe Batlysis Center and calculated fold
change was done using the 2(-Delta Delta C(T)) otktts described by Livak and Schmitttfen
RT-PCR

Quantitative RT-PCR was performed as previouslpriep>® >* *® Primer sequences are listed
in Table E1 in the Online Repository.

Statistical analysis

All data were analyzed with Graph Pad Prism stasissoftware program (GraphPad Inc., La
Jolla, CA) and are expressed as mean + SEM. Tingisance of differences among groups was
determined by one-way ANOVA (nonparametric test)j between two groups was analyzed by

an unpaired, 2-tailed Student’s t-testPA0.05 was considered statistical significance.

10



200 RESULTS

201  Expression of active RhoA isincreased in asthmatic lung tissues

202  Totest if RhoA is involved in the pathogenesiasthma, we detected the expression of active
203  RhoA in the lung tissues of asthmatic mouse mogérmunofluorescence analysis. Increased
204  expression of active RhoA (RhoA-GTP) was deteatetthé lung tissues of cockroach allergen-
205 challenged mouse model relative to the PBS-tremied as determined by immunostaining (Fig
206 1, A and B). The active RhoA was predominantly esped in the airway epithelium as assessed
207 by co-staining for both RhoA-GTP and Epi-CaM. Thereased expression of RhoA was further
208  supported by RT-PCR (Fig 1, C) and western blotysesa of lung tissues from these mice (Fig
209 1,DandE).

210

211 Inhibition of RhoA signaling rever sesthe established lung inflammation

212 We determined whether inhibiting RhoA signaling caverse the established inflammatory

213 phenotypes in a chronic mouse model of asthmaZF*® >* 7 We found that cockroach

214  allergen-challenged mice showed significantly iasesd lung inflammatory cell infiltration with
215  goblet cell hyperplasia as assessed by H&E and$@8ing (Fig 2, B). In contrast, lungs from
216  PBS control mice showed normal or undetectableainnflammation. To determine whether
217  inhibition of RhoA signaling reverses the estatdishung inflammation, fasudil, a selective

218  RhoA/ROCK inhibitor®, was used after the asthmatic mouse model walslissied. We found
219 that treatment with fasudil significantly reverdbe established lung inflammation with goblet
220 cell hyperplasia. Moreover, these fasudil treatet@en-challenged mice showed reduced

221 numbers of total inflammatory cells and specifiga@bsinophils in the BAL fluidgFig 2, C).

222 Furthermore, fasudil-treated mice showed lowerlkewéserum cockroach specific IgE (sIgE)
223 (Fig 2, D) and reduced levels l&f-4, IL-5, IL-13, TSLP, IL-33, andTGFf1 (Fig 2, E) in the

11



224  BAL fluids. Next, we investigated whether inhibiifRhoA signaling can prevent cockroach
225 allergen-induced inflammatory phenotypes by usasyélil before cockroach allergen challenge
226  (Fig E1, A). Similarly, we found that treatment witasudil before the allergen challenge also
227  suppressed lung inflammation, including the reaneit of inflammatory cells to the lungs with
228 goblet cell hyperplasia on histological examinat{big E1, B), numbers of total inflammatory
229  cells and specifically eosinophils in the BAL flsi(Fig E1, C), levels of serum cockroach

230 specific IgE and IgG1 (Fig E1, D), and leveldbf4, IL-5, IL-13, andTGFf1 in the BAL fluids
231 (Fig E1, E). The results suggest that RhoA sigggtiarticipates in allergen-induced lung

232 inflammation.

233

234 Inhibition of RhoA signaling rever sesthe established airway remodeling

235  Next, we asked whether RhoA signaling can revdrsesstablished airway remodeling caused
236 by chronic exposure to cockroach allergen. Comptr&BS-challenged mice, cockroach

237 allergen-challenged mice showed increased airwiaigghing and more collagen

238 deposition/fibrosis as assessed by Masson’s tmolrstaining (Fig 2, F). Similarly, treatment
239  with fasudil after the establishment of asthmatause model reversed the established airway
240 thickening (Fig 2, G) and collagen deposition/fibiso(Fig 2, H). The reversed airway

241 remodeling was further confirmed by western blag (& I) with the reduced expressionoof

242 SMA (Fig 2, J) and Collagen 1(Coll) (Fig 2, K) mstidil-treated vs. vehicle-treated asthmatic
243  mice. The same pattern was also observed for thenasmouse model treated with fasudil

244  before allergen challenge (Fig E2). The resultscate that RhoA signaling may be critical in

245  allergen-induced airway remodeling.

12
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Cockroach aller gen-challenged epithelium conditioned medium (CRE-ECM) activates
RhoA/ROCK signaling through TGFg1

To investigate the underlying mechanisms by whitdiva RhoA signaling exacerbates airway
remodeling, we first determined whether cockrodidrgen-challenged epithelium conditioned
medium (CRE-ECM) induces the activation of RhoA/ROgignaling in MSCs. Mouse bone-
marrow-derived MSCs were cultured and charactetizeplositive expression of CD29, Scal,
nestin, and LepR, and negative expression of CDCI84, CD31, and TER-119 (Fig 3, R)*"
MSCs were treated with CRE-ECM, and expressiorctiv@ RhoA in MSCs was analyzed after
24 h. Expression of active RhoA in MSCs was mankadigmented upon exposure to CRE-
ECM as detected by immunostaining with antibodyirzgjaactive RhoA (Fig 3, B). We further
determined whether the CRE-ECM-induced activatibRImA is through TGPL1, because we
previously demonstrated that CRE-ECM contains acliéfB1 and activates TGHR signaling

in MSCs®. Interestingly, the augmented RhoA expressionsigsificantly inhibited when
TGH31 was removed from CRE-ECM by T@Fneutralizing antibody (Fig 3, B). Similar results

were also obtained by western blot (Fig 3, C).

I nactivation of RhoA/ROCK signaling promotes M SC differentiation into epithelial cells

To determine the role of RhoA/ROCK signaling in timeage commitment of MSCs in asthma,
we took advantage of thmestin-Cre; ROSA26-EYFP mice, where nestirncells and their progeny
permanently express EYFP. Compared to PBS-chakemiyee, CRE-challenged mice showed
increased double YFR-SMA" (Fig 4, A,upper) and YFP/vimentin® cells (Fig 4, Amiddle) in
the sub-epithelial layer, but not double YARcadherifi in the airway epithelial layer,

indicating that these migrated YFP-labeltetls differentiate into fibroblasts/myofibroblasts

13



269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

Intriguingly, YFP/a-SMA™ or YFP /vimentin cells were nearly undetectable in the sub-
epithelial layer, whereas double E-C48P" cells were remarkably increased in the airway
epithelial layer of mice with fasudil treatmentdF, A,lower), indicating that these YFP-
labelledcells are differentiated away from fibroblasts/migadblasts but toward airway
epithelial cells after treatment with fasudil. Eggsion otx-SMA, vimentin, and E-cadherin in
lung tissues from these mice were also analyzdd B CR. Consistently, compared to these
PBS treated mice, CRE-treated mice showed increaga@ssion ofi-SMA and vimentin, but
was significantly inhibited by fasudil (Fig 4, Bh contrast, E-cadherin showed no change

between PBS and CRE-treated group, but increaskeduwlil-treated CRE-challenged mice.

The role of RhoA/ROCK signaling in controlling MSi@eage commitment was further
confirmed within vitro experiments. MSCs were cultured with CRE-ECM inghesence or
absence of fasudil. We found that CRE-ECM promat&MA expression in MSCs, but was
significantly inhibited by fasudil (Fig 4, C and D contrast, E-cadherin was not expressed in
the CRE-ECM-treated MSCs, but expressed in CRE-E@sked MSCs with fasudil (Fig 4, C
and E). Similar pattern was observed for SAGM ($@alvay growth media). We found that
SAGM induced E-cadherin expression, which was iiéibby CRE-ECM, but partially
recovered by fasudil. As expectedSMA expression was not observed in SAGM-treated’8IS
(Fig 4, C and D). To further validate these findinge used MSCs expressing either a
constitutively active RhoA (RhoA-L63) or dominarggative (RhoA-N19). Compared to the
cells transfected with control empty vector, MS@pressing RhoA-L63 showed increased
expression ofi-SMA (Fig 4, F), but MSC expressing RhoA-N19 dentoated decreased

expression ofi-SMA. Next, we tested whether inhibition of RhoAiaation promotes MSCs

14



292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

differentiation toward epithelial cells in MSCs tuked with SAGM. MSCs expressing RhoA-
N19 showed increased expression of E-cadherin wbeipared with those transfected with
empty vector (Fig 4, G), whereas MSCs expressingAR63 had no such effect. Collectively,
inactivation of RhoA/ROCK signaling not only inhi®iMSC fibroblasts/myofibroblast

differentiation, but also triggers the switch of ©Sto differentiation into airway epithelial cells.

Identification of genesinvolved in RhoA-mediated M SC differentiation

To identify the molecules that mediate RhoA-indub&8C differentiation, we investigated the
genes differentially expressed in mouse MSCs teameadl with or without RhoA-L63 using the
Stem Cell Signaling Array (PAMM-047Z, QIAGEN). Thasray profiles the expression of 84
key genes involved in signal transduction pathwaysortant for embryonic stem cell (ESC) and
induced pluripotent stem cell (iPSC) maintenanaddifferentiation (Fig 5, A). A total of 16
genes were differentially expressed in RhoA-L68gfacted MSCs compared to control cells
with ranges from 2 to 56.61-fold change (Fig 5, iB¢Juding 8 genes up-regulated and 8 down-
regulated (Fig 5, C). Of these, Lef-1 is the mgstegulated gene (56.61-fold), and the
pluripotency maintenance pathway factor Lifr (lent@ inhibitory factor receptor) was the most
down-regulated (13.55-fold). Especially, genes imithGFS/BMP pathway and Wnt signaling
factor showed the most up or down-regulation (FiBp Several selected up or down-regulated

genes were further validated by gqRT-PCR, includiaeff, Smad7, TGB3, and Lifr (Fig 5, E).

RhoA signaling regulates L ef1 activation
We then narrowed our focus down to Lefl and inges$#id its regulation by RhoA signaling.

Compared to PBS-treated mice, cockroach allergefiestged mice showed significantly up-

15
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regulated expression of Lefl in lung tissues (Fi§)6 The expression of Lefl was attenuated if
mice were treated with fasudil before challengeesehfindings were further supported by RT-
PCR analysis in lung tissues from these mice (Fig)6interestingly, although no difference
was found for total Lefl, increased expression masd for phospho-Lefl (p-Lefl) in MSCs
after exposure to CRE-ECM (Fig 6, C and D). Theaased expression of p-Lefl was blocked

when fasudil was added to CRE-ECM.

Lefl regulates M SC differentiation

We tested whether the RhoA activated Lefl playd@in MSC differentiation by knocking
down Lefl with targeted small interfering RNA. Wst confirmed the transfection efficacy of
Lefl shRNA using flow cytometry analysis (Fig 7,.AJoreover, a dose-dependent deletion of
Lefl was detected by RT-PCR (Fig 7, B) and wedbéoh(Fig 7, C). A time-dependent deletion
of Lefl was also performed (Fig E3). While no diéflece was observed in these cells with or
without Lefl knockdown after treatment with contnaédium (Fig 7, D to G), significant
changes on MSC differentiation were observed its @eiltured with either CRE-ECM or
SAGM. Patrticularly, MSCs with Lefl knockdown displan inhibition of MSC differentiation
into fibroblasts compared to siRNA control-treaM8Cs fora-SMA (Fig 7, D). The inhibition
was further supported by western blotting (Fig )/,By contrast, these MSCs with Lefl
knockdown showed an increased differentiation egithelial cells with higher expression of E-
cadherin compared to shRNA control-treated MSCg TiF) and western blot (Fig 7, G).
Collectively, our findings suggest that knockdowrn_efl can suppress MSC differentiation into

fibroblasts, but promote differentiation of MSCsoirepithelial cells.

16



337 DISCUSSION

338 In this study, we made a novel finding that B&Fctivated RhoA/ROCK signaling functions as
339 a molecular switch for the lineage fate of the wded MSCs in asthma: activation of the

340 RhoA/ROCK signaling drives MSC differentiation tawdibroblasts/myofibroblasts and

341 enhances airway remodeling, whereas inactivatidhisfsignaling pathway diverts MSC

342  differentiation away from fibroblasts/myofibroblagb epithelial cells for airway repair. Our
343  study also revealed that the RhoA/ROCK signalingtisted MSC lineage commitment

344  [differentiation is, at least partially, throughflLeThe results suggest that Lefl is a novel key
345 downstream target of RhoA signaling. Our findingsvide evidence for the potential

346 development of RhoA/ROCK inhibitor as a therapetarget for asthma.

347 Studies have suggested that active FGfeleased from the injured tissues is essential
348  for the recruitment of MSCs to the damaged tissunestissue repair/remodelfiig™® *° °° Our

349  recent finding that TGFL-activated RhoA/ROCK signaling functions as a roolar switch

350 regarding the fate of MSCs in arterial repair/reelody after injury®, which led us to

351  hypothesize that TGH-activated RhoA/ROCK signaling may control theelige commitment
352 of MSCs in airway repair/remodeling in asthma. kdlenumerous studies have suggested that
353  RhoA is required for B célt and Th2 cell differentiatioh, and is associated with

354 pathophysiological processes of asthtia Data presented in this study adds new

355 understanding on the involvement of MSCs in théa@génesis of asthma and reveals a novel
356 role of RhoA in airway remodeling.

357 Our studies offered several lines of evidence fipstt the biological role of

358 RhoA/ROCK signaling in asthma. First of all, we foluan activated RhoA signaling in the lung

359 tissues of cockroach allergen-induced mouse mddedtbma. Next, we showed that

17



360 RhoA/ROCK signaling is an important player in adfierinflammation, and specifically,

361 inhibition of RhoA/ROCK signaling can not only rese the established cockroach allergen-
362 induced inflammation, but also prevent the develepnof allergen-induced inflammation.

363 However, we noted that inhibition of RhoA/ROCK sidgjing did not “completely” block the

364 cockroach allergen-induced lung inflammation. Aligb the reason is unclear, we believe that
365 RhOA signaling is not sole signaling activated bglaoach allergen that contributes to the
366  cockroach allergen-induced lung inflammation. Irtisalar, we have recently demonstrated that
367 mannose receptor modulates macrophage polarizatidm@llergic inflammation through miR-
368 511-3p“ and miR-155 modulates cockroach allergen andatixiel stress-induced

369  cyclooxygenase-2 in asthiaPAR2 signaling has also been shown to play arddeyin

370 cockroach allergen-induced airway hyper-respongsemnd airway inflammation/remodeling
371 in a chronic mouse modél Furthermore, we showed that inhibition of RhoA®Osignaling
372 reversed the established cockroach allergen-indoakaben deposition and airway wall

373  thickening, an index of airway remodeling. Thesaliings are consistent with several recent
374  reports that inhibition of RhoA/ROCK signaling attetes hyperoxia-induced pulmonary

375 fibrosis in neonatal rat§ prevents and reverses intestinal fibrfsiand contributes to the

376  development of experimental pulmonary fibr83i€ollectively, our studies provide further
377  evidence that inhibition of RhoA/ROCK signaling tdbprevent or recover the cockroach

378  allergen-induce chronic inflammation and remodelimgsthma.

379 One of the most important mechanisms elucidated ftos study is that RhoA/ROCK
380  signaling controls lineage commitment of the reediMSCs during asthma. MSCs can

381 differentiate into a number of mature cell typestsas epithelial celf83°and

382 fibroblasts/myofibroblasté *° Particularly, we hypothesized that the migrate8Q4 at early
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stages may suppress inflammation and repair thagadnairway through cell differentiation
and paracrine effects (growth factors and cytokatesites of tissue injuryy 2% 3> °¢%8put when
there are repetitive allergen exposures and sestaglease of local growth factors, MSCs may
contribute to progressive fibrosis and pathologieahodeling due to their differentiation into
myofibroblasté®. Indeed, this hypothesis was well-supported hyfiadings with the use of the
nestin-Cre; ROSA26-EYFP mice, which directly trace MSC migration and diéfietiation. We
found increased double YRR-SMA" or YFF /lvimentin® cells in the sub-epithelial layer after
being repeatedly exposed to cockroach allergenreasdahese cell populations were reduced
when these mice were pre-treated with fasudil ommast, YFP cells were increased in the
epithelial layer which were also positive for aignepithelial marker E-cadherin. These findings
were further supported by vitro experiments with MSCs expressing a constitutivetyva

RhoA or dominant negative RhoA. Thus, this studyptes a proof of concept that MSCs can
differentiate into airway epithelial cells, and ati@ation of RhoA/ROCK signaling not only
inhibits MSC fibroblast/myofibroblast differentiath and airway remodeling but also triggers the
switch of MSCs to participate in epithelium repaiter airwvay damage.

The airway epithelium is the lung’s first line c#fénse against inhaled allergens and
pollutants. Once injury occurs, airway epitheliuraghretain a robust capacity for self-repair.
Airway basal progenitor cells are one of the mogidrtant factors involved with rep&ir’® A
recent study has suggested that multipotent stérpagulation in airway submucosal glands
can proliferate, migrate, and transdifferentiatedpair surface epithelium following injufy
Furthermore, alveolar type 2 (AT2) cells also fumetas alveolar stem cells, and single-cell Wnt
signaling niches maintain stemness of ATZhese studies mainly focused on the local residen

progenitor cells, but migrated stem cells like bamearow-derived MSCs are not considered.
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Thus, our studies filled the gap and illustrateat t1ISCs can migrate from bone marrow into
airway and differentiate into airway epitheliallsefter airway injury. However, future studies
are needed to track the lineage commitment/difteaBon of MSCs in asthma mouse model
over time using an inducible MSC lineage tracingiseomodel. Particularly, it would be of
interest to determine the differentiation of MS@widifferent subtypes of airway epithelial cells
in these mouse models. While we focused on MS&sntiay serve as progenitor cells for the
epithelium, local epithelial cells (e.g., basalsetlub cells and AT-Iff "are also critical as
stem/progenitor cells for the epithelial repair. Wsume that airway repair/remodeling in early
stages may be due to local airway basal progeodits or local MSCs with ultimate loss of their

proliferative and differentiation capacity (“progem exhaustion”}

, but in late stages is due to
migrated bone-marrow-derived MSCs following repdatkallenges. Our studies here further
recognized the downstream event of RhoA/ROCK siggah MSC lineage commitment and
demonstrated that genes within TGIBMP pathway and Wnt signaling are the most up or
down-regulation in RhoA over-expressed MSCs. Padrty, we identified Lefl as a Wnt
signaling factor to be the most up-regulated. Llafh transcription factor belongs to a family of
proteins that share homology with the high mobiijtpup protein-1(HMGZI¥. Interestingly,
Lefl can directly induce epithelial-mesenchymal ahsition (EMT)® and is also required for
the transition from mesenchymal to epithelial cellthe mouse embryonic mammary gl&hd
and lineage commitment of myoepithelial cells (steths for regenerating tracheal
epitheliumy’. Our studies provide novel evidence for the regmint of Lef1 in lineage
commitment/MSCs to either myofibroblasts/fibrobsast epithelial cells. While no difference

was observed between untreated MSCs with or withefit knockdown, it is likely that the

trigger (s) or the activation of RhoA signalingessential in Lefl-mediated MSC differentiation.
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These findings suggest that Lefl is critical inulaging MSC differentiation, and blocking Lefl
can be an alternative approach to interfere wighlt@ B1-RhoA signaling pathway for airway
repair or suppression of airway remodeling in asthHowever, the underlying mechanism
regarding Lefl-mediated MSC differentiation remaingnown.-catenin, a coactivator for
transcription factors of the TCF/LEF famifyplays a role in proliferation, self-renewal, and
differentiation of hematopoietic stem céft<> ’° raising the possibility thd-catenin may
mediate the RhoA-Lefl interaction during MSC difietiation. In addition, TGFtranscriptional
coactivator Smad3, co-localized with Lefl at cagahWWnt-responsive elements, directly
interacts with Lefi®. Furthermore, Lefl has been demonstrated to bieghtomoter regions of
E-Cadherifi or VEGF? and regulate cell differentiatiGh®® Lastly, downstream genes are
required for the Lefl-regulated MSC differentiati@ng., vimentifi*, Oct4 and nandg) (Fig 8).

In summary, our observation in a chronic asthmasaeounodel yield important findings:
RhoA/ROCK signaling plays a critical role in allerginduced airway inflammation and
remodeling, and activation of the RhoA/ROCK signgldrives MSC differentiation toward
fibroblast/myofibroblasts and enhances airway resting. Inactivation of the RhoA/ROCK
signaling promotes MSC differentiation into epithktells for airway repair through the Wnt
signaling factor Lefl. These findings provide newderstanding of the signaling pathways that
control MSC lineage commitment in airway repair/ogtaling in asthma and recognize a novel

therapeutic target for patients with asthma.
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FIGURE LEGENDS

FIG 1. Expression of active RhoA (RhoA-GTP) in asthmatitg tissuesA, Expression of
active RhoA (green) in the airway epithelium (radyl lung tissue samples from CRE and PBS
treated miceB. Quantification of RhoA expression in lung secfarsing ImageJ v1.50e (NIH).
C, Expression of RhoA was detected by RT-PORRepresentative Immunoblots for RhoA-
GTP in lung tissues of CRE and PBS-treated niic®ensitometric analysis for RhoA

expression. Data represent mean + SEM, n=6/groupx0.01.

FIG 2. Inhibition of RhoA signaling reverses the estaldsitung inflammationA, Protocol for
cockroach allergen-induced mouse model of asth@RE: cockroach extract, i.t., intra-tracheal,
i.p., intra-peritonealB, Paraffin tissue sections of lung were staineth Wi&E (upper panel) and
periodic acid-Schiff (PAS, lower panef}, Bronchoalveolar lavage (BAL) total and eosinophil
cell counts as assessed by flow cytomdddE, ELISA analyses for serum levels of cockroach
allergen specific IgE and IgGD) and BAL levels of cytokines). F, Representative images of
the Masson’s trichrome staining of collagen on IsegtionsG, Analyses of the epithelial layer
thicknessH, airway collagen/fibrosis (blue) presented as fifldnge (blue/total area in each
group normalized to PBS group).Representative immunoblots i$SMA and collagen 1 (Col
1) in lung sectiong?-actin was used as a control. n=3/grodgK, Densitometric analysis for-
SMA (J) and Col 1K). C-H, n=6-8/group. Data represent mean = SERk0.05, **P<0.01.

FIG 3. Characteristics of mesenchymal stem cells and-ERHM-induced RhoA activatiorA,
MSCs were characterized by positive expression@2%; Scal, nestin, and LepR, and negative
expression of CD11b, CD34, CD31, and TER-1B9Representative images of

immunofluorescence staining for GTP-RhoA (red) iBG4.C, Representative immunoblots for
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RhoA-GTP in MSCsg-actin was used as a control. Data represent mean *+ SEMex
independent experiments.P%0.01.

FIG 4. RhoA signaling regulates the lineage commitmémMi8Cs in asthma mouse model and
in vitro. A, Representative image of double immunofluorescstaiaing with the primary
antibodies against YFR;SMA (top), vimentin (meddle), and E-cadherin (bat). n=6/group
Nuclei were counterstained with DAPI. AL: airwayren, BV: bronchial vein. ASM: airway
smooth muscleB, Expression ofi-SMA, vimentin, and E-cadherin in lung tissues were
analyzed by RT-PCR, n=6/group, Representative immunoblots ioSMA and E-cadherin in
MSCs.f-actin was used as a contr@:-E, Densitometric analysis fo-SMA (D) and E-
cadherin E). F, Immunofluorescence staining of CRE-ECM-treateddd®xpressing empty
vector (EV), RhoA-L63, and RhoA-N19 with the prigantibody againsi-SMA. G,
Immunofluorescence staining of SAGM-treated MSQsressing EV, RhoA-L63, and RhoA-
N19 with the primary antibody against E-cadheriatdrepresent mean + SEMs of three
independent experiment€2£0.05, **P<0.01.

FIG 5. Identification of RhoA downstream genes by usstgm Cell Signaling ArraA,
Differentially expressed genes in MSCs transfeet#ld empty vector (EV) or RhoA-L63,
n=4/group B, Heatmap of gene expression analysis (Fold char®)@sP<0.01).C, Relative
fold change of top up (red) or down (blue)-regudagenesD, Most differentially expressed
genes in TGB/BMP and WNT pathway$, gRT-PCR analysis for Lefl, Smad7, Tgfbr3, and
Lifr MRNA expression in MSCs expressing empty ve¢EV) and RhoA-L63. Data represent
mean + SEMs of three independent experimems0*05, **P<0.01.

FIG 6. RhoA signaling induces Lefl activation in MS®@s.Representative image of

immunofluorescence staining for lefl in lung sectfo=5/group)B, RT-PCR analysis of Lefl
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expression in lung tissues (n=5/group).Representative immunoblots for total Lefl and
phosphote-Lefl (p-Lefl) in MSCg-actin was used as a control. n£3, Densitometric analysis
for Lefl. Data represent mean + SEMB<9.05, **P<0.01.

Figure7. Lefl regulates MSC differentiatioA, Transfection efficacy of Lefl shRNA was
confirmed using flow cytometry analysB-C, A dose-dependent deletion of Lefl was detected
by RT-PCR B) and western blo(). D, Immunofluorescence staining of MSCs transfected w
control shRNA and Lefl shRNA with the primary aoiily against-SMA. E, Representative
immunoblots fora-SMA in MSCs transfected with control ShRNA and LehRNA.F,
Immunofluorescence staining of MSCs transfectetl wintrol shRNA and Lefl shRNA with
the primary antibody against E-cadhefd).Representative immunoblots for E-Cadherin in
MSCs transfected with control ShRNA and Lefl shRIBAta represent mean + SEMs of three
independent experiment€2£0.05, **P<0.01.

Figure 8. Schematic showing the role of TEFRhoA signaling in MSC recruitment, lineage

commitment/differentiation, and its underlying maléar mechanism.
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METHODS

Masson'’s Trichrome staining

The Masson Trichrome staining procedure stains the collagen-rictiibrotic regions in blue, it is
suited to assess and visualize the extefibodsis in lung tissues. Masson's Trichrome was
conducted according to the guideline of the agéritdm Sigma (HT15, St. Louis, MO, USA).
Briefly, frozen slides were fixed in Bouin's solutiovernight at room temperature. After
incubation in Weigert's Iron Hematoxylin Solutidhe slides was stained with Biebrich Scarlet-
Acid Fuchsin and Aniline Blue and dehydrated inaeihl and xylene. Extensive washes were
done between each staining. Images where takeg adWikon ETi microscope. The collagen
fibers were stained blue, the nuclei were stainadkiand lung tissues were stained red.
Quantification of collagen fiber from Masson Triohte stained lung sections (n=4-6/group)
were carried out using ImageJ v1.50e (NIH) withafied plugins, deconvolution of the color
images, and image calculator. Airway thickness vatse measured using ImageJ based on

given length-to-pixel ratio.

Epithelial cell-derived conditioned medium

Cockroach allergen-induced epithelial conditione@dom (CRE-ECM) was prepared by
treating TC-1, a mouse lung epithelial cell-lineth\CRE (50ug/ml) for 72 h in serum free
DMEM. Cell free CRE-ECM was collected, filtered digh a 0.22um filter (Millipore) and
stored at -8%C until used.

Bone marrow-derived mesenchymal stem cell and chacterization.

MSCs were cultured from bone marrow of C57BL/6Jem&s previously described (E1, E2).
MSCs were cultured irni-MEM containing 20% FBS (Gibco). MSCs (passage 6a&re

characterized by flow cytometry using the followintarkers: CD11b (Thermo Fisher, clone



M1/70), CD34 (Thermo Fisher, clone RAM34), CD31 ¢fino Fisher, clone 390), TER-119
(Thermo Fisher), CD29 (Thermo Fisher, clone eBioHM)), Sca-1 (Thermo Fisher, clone D7),
Nestin (ThermoFisher, clone 1A4), and LepR (Thefigher) These samples were analyzed on
a FACSCalibur flow cytometer (BD Biosciences) asviwusly described (E2).

MSC transfection

Approximately 1.0x1® MSCs were seeded onto a 6-well tissue cultureepBt h prior
transfection with a plasmid expressing a constialyi active RhoA (L63RhoA) or a dominant
negative RhoA (N19RhoA) or empty vector (EV) cohtusing FUGENE 6 (Promega) as
instructed by the manufacturer. Transfection edficly was assessed by GFP expression using
flow cytometry.

Lefl knockdown

Lefl knockdown was accomplished by transfecting08xMSCs with 0.5ug of MISSION®
shRNA Plasmid (Sigma, TRCN0000225788) expressirfg pecific ShRNA using FUGENE 6
(Promega). pLKO.1-puro non-target shRNA (Sigma, BHE) was used as a control. Lefl
knockdown was confirmed by RT-PCR and Western blot.

RT-PCR

Total RNA was extracted from CK14 ceramic beadsy(@an Chemical) homogenized tissues
and reverse-transcribed to cDNA using High CapaddiNA Reverse Transcriptase kit (Thermo
Fisher). Quantification PCR assay was performedriplicate using 7300 Real Time PCR
System (Applied Biosciences) with PowerUp™ SYBR™e@&r Master Mix (Thermo Fisher)
with the appropriate primers (Table E1). Relatieag expression was calculated by using the 2
AACT methods as described by Livak and Schmittgen (E33. mRNAs were normalized to the

internal control geng-actin. A ‘no template’ sample was used as a negative@on
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FIG EL. Inhibition of RhoA signaling reverses cockroacleajen-induced lung inflammation.
A, Protocol for cockroach allergen-induced mouseehotlasthma. CRE: cockroach extract,
i.t., intra-trachealB, Paraffin tissue sections of lung were staineth WMi&E (upper panel) and
periodic acid-Schiff (PAS, lower panel). Scale hasresent 150 un€, Bronchoalveolar
lavage (BAL) total and eosinophil cell counts asegsed by flow cytometrip-E, ELISA
analyses for serum levels of cockroach allergenipégE and IgG1 D) and BAL levels of
cytokines E). C-E, 10 to 12 mice were pooled from two independepeexents. Data
represent mean £+ SEMP%0.05, **P<0.01.

FIG E2. Inhibition of RhoA signaling reverses cockroacler@en-induced airway remodeling.
A, Representative images of the Masson trichromeistaof collagen on lung sectiorn,
Analyses of the epithelial layer thickne€s.airway collagen/fibrosis (blue) presented as fold
change (blue/total area in each group normalizé®B8 group)D, Representative immunoblots
for a-SMA and collagen 1 (Col 1) in lung sectiofisactin was used as a controk3. E-F,
Densitometric analysis fa-SMA (E) and Col 1 ). A-C, n=4-6/group. Quantification data
represent mean + SEMP%0.05, **P<0.01.

FIG E3. Lefl knockdown in MSCs at different times was aseddy RT-PCR. *P<0.01.



Gene GenBank Primer Sequence Amplicon  PrimerBank
Accession Size | D*
Actaz NM_00739.: Fwd: 5GTCCCAGACATCAGGGAGTA/ 10z 6671507a
Rev: 5TCGGATACTTCAGCGTCAGGA
Actb NM_00739: Fwd: 5 GGCTGTATTCCCCTCCATC: 154 6671509a
Rev: 5 CCAGTTGGTAACAATGCCATGT
Cdh1 NM_00986: Fwd: 5CAGGTCTCCTCATGGCTTTG! 17t 6753374a
Rev: 5CTTCAAGAAGGCTGTCC
Lefl NM_01070: Fwd: 5TGTTTATCCCATCACGGGTG( 67 27735019a
Rev: 5CATGGAAGTGTCGCCTGACAG
Lifr NM_01358: Fwd: 5TACGTCGGCAGACTCGATAT" 11z 4379217a
Rev: 5TGGGCGTATCTCTCTCTCCTT
Rhot NM_01680: Fwd: 5AGCTTGTGGTAAGACATGCTTC 13¢ 31542143a
Rev: 5GTGTCCCATAAAGCCAACTCTAC
Smad” NM_00104266 Fwd: 5’5GGCCGGATCTCAGGCATT! 12t 6678778a
Rev: 5TTGGGTATCTGGAGTAAGGAGG
Tgfpr3 NM_01157¢ Fwd:5’GGTGTGAACTGTCACCGATC/ 12t 33469109a
Rev: 5GTTTAGGATGTGAACCTCCCTTG
Vimentir NM_01170: Fwd: 5CGGCTGCGAGAGAAATTG( 124 31982755a

Rev: 5CCACTTTCCGTTCAAGGTCAAG

TABLE E1: Primersused for RT-PCR assays

*Primer identification number given by PrimerBark,PCR primer database for quantitative

gene expression analysis (https://pga.mgh.handuthemerbank/).



TABLE E2. Antibodies used for flow cytometry and immunohistochemical studies

Antibody Clone Species Application Sour ce
5 .
CD11k M1/7C Ral FC (0.25 ug/10cells) BioLegen(
5 .
CD2¢ HMpB1-1 Hamste g (0.25 pg/10cells) BioLegenc
5 .
CD31 39C Ra FC (0.25 pg/10cells) BioLegen
5 .
CD34 HM34 Hamste FC (0.25 pg/10cells) BioLegen
Collagen : NB60C-40¢  Rabbi WB (1:1000 Novus Biological
E-cadheril 24E1( Rabbi IHC (1:200 Cell Signaling Technolog
ICC (1:200)
WB (1:1000)
Epi-CAM G8.¢ Ral IHC (1:100 ThermoFishe
EYFF GF28F Mouse IHC (1:100 ThermoFishe
NB600-303 Rabhit IHC (1:100) Novus Biologicals
Lefl C12At Rabbi IHC (1:200 Cell Signaling Technolog
LepR BAF497 Goa FC (1:50 R&D System
Nestir 1D11HZ Mouse FC (1:100 Proteintec
pLefl SAB450425 Rabbi WB (1:1000 Sigme-Aldrich
RhoA- 2690: Mouse IHC (1:100 New East Bioscienc
GTPase ICC (1:50)
WB (1:500)
. 5 H
Sca! D7 Rai FC (0.25 pg/10cells) BioLegenc
TER-11€ BAM1125 Ra FC (1:50 R&D System
Vimetin V9 Mouse IHC (1:50 ThermoFishe
a-SMA SP17. Rabbi IHC (1:100 Sigme-Aldrich
ICC (1:100)
WB (1:1000)

IHC, Immunohistochemistry; ICC, ImmunocytochemisteyWB, Western blottingFC, Flow cytrometry



