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Abstract

Fibrosisafter salid organ transplantatiesconsidered an irreversible processl remains the
major cause”of“graft dysfunoti and deathwith limited therapies This remodelingis
charactered byaberrant accumulationf contractile myofibroblasts thateposit excessive
extracelular matrix (ECM) and increadessue stiffnessHowever,studies demonstrateata
stiff ECM,nitself, promotes fibroblaste-myofibroblast differenation, stimulating further
ECM production. Thiscreates a positive feedback lodpat perpetuates fibrosisVe
hypothesized thadimultaneouslytargeting myofibroblast contractilitwith relaxin and E™
stiffness with_lysyl oxidase inhibitorscould break the feedbacloop, thereby,reversing
establishedfibrosis.

To test this, we usethe athotopic tracheal transplad(OTT) mouse modelwhichdevelops
robust fibroticairway remodeling Mice with established fibrosisvere treatedwvith saline,
mono-,or._combination therapie$Vhile monotherapiebad no effectcombining these agents
decreased collagen deposition aptbmoted reepithelialization of remodeled airways
Relaxin™ inhibited myofibrodast differentiation and contraction, in a matsiffness
dependent mannehrough prostaglandin HPGE,). Furthermore, the effect afombination
therapy wasostin PGE receptor knockout andGE, inhibited OTT mice. This studseveals
the important sgergistic roles otellular contractility and tissustiffnessin the maintenance

of fibrotic tissueandsuggests aew therapeutic principle fdibrosis
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Introduction

After tissue injury the reparative response is characterized bsaasientappearancef
myofibroblastghatproduce provisionakollagenous scamshich protect againsiurther damage
and ruptureln a_normal response, the provisional scars are eventually replaced by normal tissue
In fibrosis,hewever there ispersistent accumulation amldtivationof myofibroblasts, resulting
in overproduction of stiff ECM that replaces the normal tissudecausethere are few
therapeutic options for reversing fibrosikis process may cause organ dysfunction and death
Previousstudieshave demonstratdtiattheincreased ECMtiffnessthat occurs in fibrosis not
only a consequence of myofibroblast activatiout also a causativefactor that independently
perpetuates fibrosi€l, 2). The mechanicatesistance of the ECM stimulates myofibroblasts to
express a-Smooth muscle acti(u-SMA) which enables cell contractioithis cellular conversion
thentriggers the secretion and activation of cytokines guivth factors leading to additional
ECM productioncreatinga positive feedback loop (3).

Recent antfibrotic strategies targeting myofibroblastffdrentiation and contraction
have showngpromising resul). Among these approaches is the useet#Exin Relaxin appears
to inhibit fibrosis byattenuating cellular contractid®, 6). Despite a lack ofull understanding
of its meehanismsf action relaxin wastested for the treatment of systemic sclerosis. An early
placebecontrolled trial showedhat low-dose relaxin significantly reduced skin thickening and
stabilized lung function(7). However, subsequent phase Il and Il trials found no significant
benefit (8).

Other-antifibrotic strategies have attempted to decreissue stiffnesdy targeting
collagen cresdinking, the principal determinardf ECM stiffness Lysyl oxidase (LOX) is an
enzymethat catalyzesthe covalent crosslinkingpf myofibroblastsecreted collagennits into
insoluble fiberqd9). LOX is upregulated in filmsis and is associated wigneatertissue stiffness
in patients(10)..Animal studies have shown that inhibition of LOX and LOke 2 (LOXL2)
suppresses. fibrosis wrarious organgll, 12) however, clinical triad of LOXL2 inhibition were
terminated.due to lack of efficacy.

Targetingmyofibroblast contractilityor ECM stiffnessndividually has yet to be shown
to be effective for the treatment lmfimanfibrotic diseasgossiblybecauseboth componentare
linked througha positive feedback loopnd likely require individualized drutgrgeting. To
address thigpossibility, we utilized the orthotopic tracheal transplaf©OTT) mouse model
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Rejection of OTT allograftss characterized byhe destruction of the airway microvasculature
and epithelial cell layerfollowed by an accumulation of myofibroblasts that deposit
progressively crosbnked subepithelial collageranalogous to large airwajhanges seen lung
transplantation (13)OTTs do not develop bronchiolitis obliterafisaluating changes in OTTs
permits a detailed physiologic and architectural assessment from which careful inferences can be
drawn concerninghe processof generalized fibrosis and fibrosis attenuation in large airways
Unlike the*fibrosis inthe bleomycinlung injury modelwhich is spontaneou reversible, the
fibrosis iIN"OTTSis persistent and unresponsivealb immunomodulating agents tested to date
(14) andmay model certaimntractable features afhronic lung allograft dysfunction (CLAD)
Herg we seught to determine if targeting both componenteatbiophysical microenvironment
namely myefibroblast contractility with relaximnd ECM stiffness withLOX inhibition could
facilitate selfrepair and reduce fibrosis after ‘irreversibléssue remodeling was well

established.

Materials and*Methods

Animals and ‘experimental procedure

Mice weresacquired from the Jacksbaboratory Bar Harbor, ME USA.). Animal procedures
were approved by the VRalo Alto Institutional Animal Care and Utilization Committ€el Ts
were performed as previously describéthb). In short, tracheal segments froBALB/cJ
(allograft) ‘'or C57BL/6J (syngraftdonormice were transplantethto C57BL/6J recipient mice
(wild type orB6.126PtgerZ™*J) on day 0. Twentpne days post transplantation, mice were
treated withi="1) saline; 2)ecombinant human (rhyelaxin2 at 0.5mg/kg Novartis
Pharmaceutical, Basel, Switzerlarty continuous infusion with an AlZémini-osmotic pump
(Alzet, Cupertino, CA, USA); 3).2% B-Aminopropionitrile (BAPN (SigmaAldrich, St. Louis,
MO, USA).in.drinking water; and 4) combination of mlaxin2 at 0.5mg/kg and 0.2®APN or

5) combination./of rirelaxin-2 at 0.5mg/kg with arLOXL2 antibody at 0.5 mg/kg (Santa Cruz
Biotechnolegy, Dallas, TX, USA) injected daily intraperitoneally on-831E prostanoid2
(EP2) seleetive antagonisPF04418948 (Cayman Chemical, Ann Arbor, MI, USAyas
injected intraperitoneally dailyat 10mg/kg starting 21 days postansplant,with or without
relaxin and BAPNTracheas were harvested afterdb4s of treatment.

Cell culture
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Fibroblasts from normgline CCL-151) (ATCC, Manassas, VA, USpand fibrotic(line CCL-
134) (ATCC; Manassas, VA, USAhuman lungs were cultured BDulbecco’s Modifiel Eagle
Medium (DMEM/F-12) (Lonza, Basel, Switzerlanddupplemented witil0% fetal bovine
serum 100U/ml_penicillin, and 100 ug/ml streptomycin. Fibroblagtpassage-3, cultured to
<80 % confluencywere seeded (4647cells/é@non collagen 4coated polyacrylamide gels
(Matrigen Brea, CA, USA with elastic moduli ranging from 0.5 kPa to 25 kPa. Cells were
treated 'withl:2"mg/ml rhrelaxin2 with or without PF04418948 at 10uNh DMEM/F-12 for

20 hoursafter4*hours of serunstarvation

Immunofluorescent, Picrosirius Red, and Masson’s trichrome staining

Cells were fixed with 4% paraformaldehyde, permeabilized with 0.1% TritetDOX in
phosphatdsuffered saline (PBS) supplemented with 1B®vine serum albumjn and
immunostainedhafter blocking. Mouse tracheal tissues were fixed with 10%ifgrerabedded
in paraffin, then cut crossectionally with a microtomglLeica Microsystems, Wetzlar,
Germary. Eightyumtracheal crossectionswerestained by immunofluoresat, Picrosirius Red,
or Masson'srtrichrome staining. The following primanytibodies were used: phospimyosin
light chain(pMLC) mAb (Cell SignalingTechnology, Danvers, MA, USA), piaollagen type |
mADb, cyleoxygenase€ (COX-2) mAb, leucinerich repeatcontaining G proteinrcoupled
receptor. Z«(LGR7/ RXFP1) pAirom Abcam Cambridge, MA, USA), and conjugatédy®3)
a-SMA mADb (SigmaAldrich, St. Louis, MO, USA) at a 1:200 dilutioRorin vitro experiments,
collagen productionrwas assessed bgxpression of procollagen (PraColl), a precursor of
collagen; fibroblast to myofibroblast differentiatiomas assessebly a-SMA expression The
contractionsef“myofibroblasts was evaluated and measured by immunofludretaing of
pMLC and traction force microscopiexpressions of relaxin receptor on myofibroblasts were
evaluated, by immunofluorescent staining of RXFREbrrected total cell fluorescence was
measured_ bynhageJ, and was defined as CTCF = Integrated Density of Selected @ata of
Selected Cell X Mean Fluorescence of Back Ground Readigs)rabbit AlexaFluor® 488m,
antirabbit Gy*3, and antrat Cy*3 were usedor secondary antibodiggnvitrogen Carkbad,
CA, USA).

Hydroxyproline assay

Mice tracheas were weighed, homogenized, and hydrolyzed in hydrochloric acid (12N).
Hydroxyproline concentrations were measured according to the manufactumsructions
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(BioVision, Milpitas, CA, USA)

Immunosorbent assays and immunoblot analysis

For immunosorbent assays, supernatants were collected andcB@GEentrations were detected
by enzymelinked immunosorbent assay (ELISA) according to the manufacturestsictions
(CaymanChemical, Ann Arbor, MI, USA). Fammunoblot analysis, cells were rinsed with PBS
and lysed ‘with<radiemmunoprecipiation assay buffesupplemented with H&ltprotease and
phosphatase inhibitor cocktail, stabilized in dimethylsulfoxide (Theiffigher Scientific
Waltham,"MA"USA. Cell lysates were loaded onto SipSlyacrylamide gels followed by
electropharesiand immunoblot analysis using chemiluminescent immunodetection.

Traction FercesMicroscopy

Traction generated by individual celivas measureds described previousliL6). Cells were
platedat 2 cellsmn? on collagencoated polyacrylamidgels, embedded witlluorescent beads
(0.5 um).Twenty-four hours later, @hase contrast image and an image of the fluorescent beads
immediately underneath the cell were takEme cells were detached from the gatsl asecond
image of tl@rsame fluorescent beads was takPrsplacement mapand traction field were
obtained by cressorrelating these images

Statisticalanalysis

SharpireWilk test was performed to test if the datgere normally distributedStatistical
significance (P<0.05) was assessed usinthe unpaired {test assuming unequal variances
between the_treatment aisdlinecontrol groupsfor hydroxyproline analysis (PrisrBoftware
Irvine, CAgUSA). In Figure 5, where multiple group comparisons are made;\&aynANOVA
testwas usedFor histologic analysis, at least 168gliie sections from each animai2(B animals
per group)were examinedand analyzed with the ManWhitney test Analysis of collagen
density in. trichrome stained sections was measured by the ratio of tharblu¢o the area
between thesubepitheliumand cartilage with Image &or in vitro studies, results are from at
least 3 independent experimerdanad the statistical significan¢B<0.05)was assessed usitige

MannWhitney test.

Results
Combined treatment with relaxin and LOX inhibition attenuates establishedairway

fibrosis. Previous studies showed thmbnotherapy withrelaxin orLOX inhibition is effective
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in preventing fibrosisn animal modelg7, 8) We asked whether these drugs could revidree
airway fibrosisin OTT recipients Non-immunosuppressedlograft OTT mice were treatedat

21 days post transplantation, a time point at which fibrosis isegtdblishedFigure S). These
mice were treated with relaxiBAPN, LOXL2, relaxin with BAPN, relaxin with LOXL2, or
saline for 14.days (Fige 1A). Relaxin monotherapy minimally decreasetbepitheliacollagen
deposition,while BAPNmonotherapy had no effeddowever, combined relaxin and BAPN
treatment’significantly diminished collagen deposiiiothe subepithelial layer as demonstrated
by histologyand hydroxyproline concentratiofFigure 1B-D. Moreover, combined treatment
with relaxin and BAPN promotedracheal reepithelialization with taller cuboidabnd
pseudostratifiedepithelium, compared to animals in other groups, whethibited flattened
epithelium*(Figire 1B, B. Substitution of BAPN witHess toxicLOXL2 antibody in combined
therapy modestlydecreased subepithelial collagefhere was a trend toward decreased

hydroxyprolineconcentration, but this did noteet statistical significand&igure S2P=0.0542).

Decreasengeellular contractility with relaxin is dependent on the type of fibroblast and
matrix stiffness. The in vivo dataindicated that relaxinin combination with LOX inhibition
significantly, decreased collagen depositiamich suggests the effectiveness of relaxin rbay
ECM-stiffnessdependent Prior studieshave isolatedhe role of matrix stiffnessn cellular
functions by plating cells on inert creisked polyacrylamide hydrogel6l7). The effect of
LOX inhibition in our study was modelad vitro by varying the stiffnesses of these matrices.
This was used,as a surrogate for BAPN because thefysalyacrylamide gels allow one to
isolate the“eentribution of matrix stiffnesghereas a collagen matrix is limited by the fact that
plated cells can migrate into the matrix, changing the stiffness. Also, it should Hehaitnce
BAPN inhibits collayen crosslinking, it has no action on a polyacrylamide gel.

One measuref stiffness is Young’s elastimodulus, which is defined as the force per
unit area (Pascal (Pa)) required deform a givenmaterial. Shkumatovet al. measured the
stiffness _ofdntrapulmonary airways in the mouse lung by atomic force microsocopfoand
that the elastic moduli range from43 kPa, with median of 18.6 kR&8). In anotherstudy,
Boothet al. found thatthe mean Young’s modulusf normal human lungwas?2 kPa whilethat

of tissuefrom idiopathic pulmonary fibric lungswas16 kPa(19). Therefore, we used.5 kPa
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and4 kPamatrices to mimic lowung tissuestiffness andl2 kPa and 25 kPaatrices tamimic
intermediate to high lung tissgéffness

On soft matrices (0.kbPa, 4kPa), there was no detectable expression of ProColl, a-SMA,
or pMLC in normal lundibroblasts(Figure S3,Figure 2A) On stiff matrices (12 kPa, 25 kPa),
the expressianof ProCol (Figure S3) a-SMA and pMLC (Figure 2A) were all significantly
increased Relaxininhibited expression of these markersnormal lung fibroblastplated on
intermediate stiffness (12 kPa) but not in cellsted on the higkststiffnessmatrices(25 kPa)
(Figure 2A)

Lung fibroblasts fronistiff’ conditions (i.e. fibrotic lung) have been shown to be more
contractilethamythose from normal lund20). Therefore, we questioned ether relaxinwould
regulatethecontractionof fibrotic lung fibroblastsand normal lung fibroblasts differentlyve
foundfibrotic lung fibroblastsvere more contractileven on a relatively low matrix stiffness of
4 kPa (Figire 2B). At 4 kPa, relaxirwas able talecreas the expression of pMLC (Rige 2B.
However, ‘on_matrices with intermediate and hgiiffnesses, relaxin failed to redupdMLC
expressiopsimmunoblos showedthat in normal lung fibroblasts, treatment with relaxin
significantly decreased pMLC expression at 12 kPafedq2Q, but in fibrotic lung fibroblasts,
relaxin decreased pMLEXxpression only at 4 kPa (Figure 2D

Todurther examine relaxin’s effects on cell contraction,quantified the contractility of
fibrotic and normalung fibroblasts by traction forceicroscopy (16)We found both normal
and fibrotic_lung fibroblasts éwbited increasa contractionswith increasing substratiffness
as measuredby root mean square trac{iBMST) (Figure 3). Treatment with relaxin decreased
the contraction of normal lung fibroblasts plated Ith kPamatrices but had no significant
effecs on/cells plated on matrices withgher stiffnesgFigure 3A,C). Treatment with relaxin
decreased the contraction of fibrotic lung fibroldggated ordkPamatrices but had no effects

on cells plated.on matrices with elastic modlil2 KPa and higher (Figure 3B).

Expressionsof relaxin receptor 1 (RXFP1) onfibroblasts is modulated in response to
increases intmatrix stiffnessTanet al. found that RXFP1 is significalgtdecreased ithelungs
of idiopathic pulmonary fibrosis (IPF) patients, and suggetitatiprogression of IPFnay be
associated with sequential decreases of RXFP1 exprgdihrin our study, lecause relaxis’
positive effects werelampenedoy a stiff microenvironmenin vitro, we speculated thdhe
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expression of RXFP1 is modulated hyprogressive increasmm ECM stiffness.We found
expression levels of RXFP1 wesggnificantly higher on fibroblasts plated on soft matrices (0.5
kPa and 4kPa) than those on fibroblastbured onintermediate and stiff matrices (12 kPa and
25 kPa) (Figure 4A,C). Interestinglgells that exprssed higher levels of a-SMA had lower
RXFP1 expressions (Figure 4A) thaxpressinglower or nondetectable levels of a-SMA.
Fibrotic lung fibroblasts had much lower expressions of RXFP1 than normal lung filtsoblas
Expression-levels of RXFP1 weesignificant decreased on fibrotic lung fibroblagtated on

matrices withelastic moduli of 4 kPa and higher (Figure 4 B, D).

Combinedsrelaxin and LOX inhibition efficacy isCOX-2/PGE;-dependent.Next, to address
how relaxin®may augment LOX inhibition, we evaluated a key eicosanoid implicatedgin lun
fibrosis regulation, PGE,. PGE, is generated wherCOX-2 catalyzes the oxidation of
arachidonic acidandis the predominant prostaglandin in the (88, 23, 24) PGE hasbeen
shown to decrease cell contractiligndlevels of COX2/PGE, are significantly decreased in
lung fibroblastg22, 25).This led us to investigateghether the effectivene®f combined relaxin
and BAPN therapy was mediated through the CZIXGE, pathway.

Mouse,, tracheal allografts of saline control, relaxin monotherapy, and BAPN
monotherapy._groups had negligible levelsGdX-2 expressionFigure BA). By distinction
tracheasfrom mice treated with both relaxin and BAPN demonstrdmels of COX-2
expressiomin.the epithelium and subepithelium similar to that of tissuesfnognafts Next, we
assessed/the expression of CG@Xn normal lung fibroblasts osubstrates with elastic moduli
ranging from”0.5 kP25 kPa.Cells plated on stiff matrices had less CQXexpression than
those platecon soft matrices, verifying previous observatida$. Relaxin increased CO2
content jinecellsifrom 0.5 and 4 kPa matrices but not from the 22 kfPa matrices (Figre B).
Supernatants=of fibroblasts plated on matrices of physiologic stiffness ((abd12 kPa) had
higher coneentrations of PGHEhan those of cells plated on stiffer matrices (4,at@l 25 kPa).
Relaxinincreased PGHevels on albut the stiffest matrices (25 kP@)igure 5C).

PGE, can ligatefour distinct G proteircoupled receptors, termed EEceptors 4.
Numerous reports have implicated E&s the major receptor mediatimghibitory effects on
indices of fibroblast activatiof26, 27). To confirm that relaxin mediates a decrease in cell

contraction by upregulating COX/PGE, production and signaling via the EPReceptor,we

This article is protected by copyright. All rights reserved



inhibited the actins of PGE, by treating normal lundibroblasts with PF04418948, a potent
and selective EPantagonistThis EP, antagonist prevented the relaxmediated reduction of
pMLC and a-SMA in cellscultured on the 12 kPa matrices (g 6A).

To test whether the beneficial effects of the combined treatofiertaxin and BAPNn
vivo could besabrogated by inhibition of the CQ®RGEJ/EP, pathway, OTT mice, 21 days post
transplantation'were treated with salinePF~04418948 or combinedrelaxin and BAPN
treatmentwith or without PF04418948. Furthermor&®TT EP, receptor knoclout (EP, KO)
mice (B6.126Ptgerd™®®YJ) were treated with or withottie combination of relaxin and BAPN.
Suppression of PGEsignaling with theEP, receptorantagonist in the combined treatment group
abrogated'they, protective effect abmbined treatment with specimens exhibitingdense
deposition of subepithelial collagen and restoration otuboidalepithelum (Figure 6B,C).
Similarly, treatmentwith relaxin and BAPNost its beneficiakffectsin EP, KO mice.Tracheas
from PF04418948 treatedhice and ER KO mice had higher amounts afollagen than those
from saline.treated controinice as shown in hydroxyproline concentration measurement
Combined'teatment of relaxin and BAPRiiled to decreas collagen amount in tracheas from
PF04418948 treatedild type and ER KO mice (Figure 6C, D) providing further support that
relaxin and*BAPN act through the CAPGE/EP; pathway.

Discussion

Preclinical'studies have used a large number of therapies that have demonstrated the reversal of
fibrosis in@nimal models. However, very few of these have been found to bevefiadiuman
fibrotic diseases. The discrepancy between theclomeal and clinical finlings may, in part, be
due to the use of models of fibrosis that are not roliLmmpared to other fibrotic models, such
as the bleomychmnjuredlung modelwhich is spontaneously reversible, the tissue remodeling in
the OTT medel is particularlyobustand progressive, driven by inflammatigalloimmunity)

not present=imon-transplanmodels of fibrosisTreatmentof the OTT model with numerous
immunaosuppressant and afiirotic agents, includinghigh dose steroids, affiD40L, anti
Lymphocyte functiorassociated antigen 1 (ahtA-1), combined amtCD40L / anti-LFA-1
(14), and Pirfenidonéhave not been able to reverderdsis (additional data not shownn this
study, we demonstrated that combined therapy with relaxin and LOX inhibiteersed

established airway fibrosis by targeting both intracellular and extracdiolainysicé properties
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of the graft-cellular contractility and ECM stiffnessand in thismanner, appeared to promote
the conversion towards a normal, m@modeled, epithelialized airway

As described above, myofibroblast activation and contraction contributeCid
stiffening and further fibrotic progression. Myofibroblast contractility is regulated by MLC
phosphorylatn, which enables myosin to interact with actin filaments to generate fbee
found that,. pMLC and root mean square tractminlung fibroblasts cultured on soft and
intermediatestifimatriceswere downregulated by relaxinRelaxin also decreased a-SMA and
Procol expression in normal lunfijbroblasts on matrices aoft/intermediate stiffness but lost
its effects on very stiff matricel the mouse OTT model, monotherapy with relaxin had only a
minimal effectsin reversindibrosis. Giventhe in vitro findings, we suspect that relaxin alone
was not effective in reversing fibrosis OTT model (and possible fibrosis in humdigcause
the ECM of thetracheagasalready very stiff.

Relaxin_was first named for its ability to reldlke female reproductive tract during
pregnancy.(28).tlis produced in both genders and has been shown to act intracellularly to
induce cellular relaxation andmelioratefibrosis (29). Relaxin and its &protein coupled
receptos arefound in rodent and humdangs predominantlywithin bronchial epithial cells,
fibroblastssand aivay smoothmusclecells (6, 30).Intriguingly, relaxindeficient mice develop
ageassaociated fibrosis in the lung and skBi, 32). However, as stated abovahase 2 and 3
trials of relaxin did not demonstrate any efficanythe treatment of fibrosis in systemic sclerosis
(8). It hasbeen shown that RXFP1 levsldecreased in lungs of IPF pate(21). We found that
fibroblaststhatiwere plated on stiff matrices had significant |IGY&fP Lexpressions than those
plated on“seft matricesThis may suggest that expression of RXFP1l is associated with
progressre increase of ECM stiffness in fibrosiBherefore, v speculatéhat he lack of an
effect in established dermal fibrosis may have been due to the reldtigkliissue stiffness.

Tissue,stiffening mainly results frorie crosslinking of ECM proteins(33). LOX
convertscollagen from soluble monomers to insoluble fibers by oxidipegtidyl lysine to form
covalentcresslinkages, therebyncreasng ECM stiffness(9). Inhibition of LOX with BAPN
decreased 0=SMA expression and fibrotic tissue stiffnéasa carbon tetrachlorid@duced liver
fibrosis model. (11). In a bleomycin lung modelinhibition of LOXL2 with a monoclonal
antibody decreased collagen depositid8). Nevertheless, clinical phase 2 trial was terminated
due to lack of efficacy. Intriguingly, current studyodelspersistent alloimmune injury, LOX
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inhibitor monotherapy failed to reverse established fibrdasls.modeled the effect of LOX
inhibition andisolated the role of substrate stiffndssplatingcells on inert polyacrylamide gel
with stiffnesses rangg from normal tofibrotic tissues. We found that soft (0.5, 4 kPa) but not
intermediate or stiff substratefl2, 25 kPa), prevented expression BfoColl and the
differentiation,,and contraction dfibroblasts. These findings suggest that the stiffness of
chronicallyrejectedtracheais stiffer than normal airway&ange from 245 kPain previous
study) 'and'exceeded thehreshold below which the profibrotic feedback loop could be
interrupted by"LOX inhibition alone

Fibrotic [lungs express less CE@APGE, than healthy lungg34). We found that
allogeneicstransplanted trachdamveless COX2 ard more a-SMA expression thasyngeneic
transplantsi Allografts from micgeated withcombined relaxin/LOX inhibition express more
COX-2 than these from monotherap In vitro, relaxin upregulated COX2 expressiorand
PGE, secretionn fibroblasts cultured oroft matrices but not on stifhatrices Relaxin boosted
the secretion.otndogenous PGHrom cells onlow to intermediatestiffness matrices, but failed
to increase PGElevels in cellscultured on pathological stiff matrice2 kPa). These results
suggest that “relaxin’s ability to upregulate COX/PGE is dampened bya stiff
microenvironmentThis was also observed in previous studies that demonstrate that a stiff ECM
suppresses. the secretion of CQIRGE. Previous investigationshowed PGE, signaling
through the ERreceptor inhibits lung myofibrobladifferentiation,contraction, and secretion of
collagen(26;-35). We found thatreatment with an EPreceptorantagonist abrogated the effects
of relaxin(on cells cultured in the intermediate gttrices as well as the beneficial effects of
combined _treatment on fibroti@irways These results cumulatively indicate that the
effectiveness _of combined relaxin and BAPN treatmerdlrogating subepithelial fibrosis
mediated-through COX-2 expressi®iGE, biosynthesisand ER signaling.

In addition to decreasing myofibroblast caatility directly, PGE has also been shown
to inhibit LOX" (36), which may contribute to furtherdecreamg collagen cros$inking and
softeningof the ECM. Moreoverl.iu et al. demonstrated that a stiff ECM suppresses the COX
2/PGE pathway () Thus, decreasing collagen créis&ing with LOX inhibition, itself, may
lead to increased COX/PGE, which in turn, can decrease myofibroblast contractilityese

mechanisms may further support the reversal of fibrosisi(ERE).
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Combined treatment not only decreased subepithelial fibrosis, but also proamoted
epithelium expressing high level oCOX-2. Konoedaet al. showed that fibrosis in the
chronicallyrejectedairwaysis associated with an aberrant flattened epitheliamdthe damage
to epithelial cells appearsefore the subepithelial fibros87). In contrast tothe flattened
epithelium_observeih other treatment groups, mice treated with combined thdragytaller
more cubeidal, andoccasionally pseudostratified, epithelial layerBecausethe airway
epithelitmrisTa'major source of P&GE38), its damage could lead to decreased |e9ERGE, in
the airway and an inability to inhibit fibroblast proliferation and activatibareby promoting
subepithelial fibrosis. However, the mechanism by which combined theviépyrelaxin and
LOX inhibitiomycontributed to the development of tleslumnar epitheliunrequires further
investigation.Prior studies showed PGEHleficiency in lung fibrosis leads to increased airway
epithelial cell apoptosis and PGEhas been shown toromote epithelial cell proliferation and
migration (39;-40). We speculate that the collageoh subepithelium is unable to support a
pseudostratified columnar epithain perhaps, in part, due to a deficiencyC@X-2/PGE..

One limitation of this study is that we were unable to confirm that LOX inhibition
decreased tracheal stiffness, in vivo. We attempted to measure the elastic moduli of the tracheas
with AFM,"but_found that there was wide variability within each sample wdimt to point
differenees p to 10kPas (data not shown). Previous studiese show that theYoung's elastic
moduli of non-cartilaginouslung airways range from-25 kPa(18). We suspect that the
variability Jdn.cartilaginous airways will be even higher. Anothertation of this study ighat
although BAPN.is a potent irreversible inhibitor of LOX, wider clinical use is limited tsides
effects such™as osteolethyrism, a dider that canlead to skeletal deformationg41). We
replaced BAPN withnontoxic LOXL2 antibodyand found the combinetleatment 6 relaxin
and LOXL2 hada less significant effean reduction of collagen. BAPN was used in this study
as a proof=oefseconcepfor clinical use otherless toxicand more potentOX or LOX-like
inhibitorsinseonjunction with relaxircould betested

In,summary, we demonstrated reversatrahsplantediirway fibrosis by targeting both
intracellularand extracellular biophysical properties thie allograft. We show that relaxin
increases the expression of CQ¥GE, thus decreasingellular contraction whileLOX
inhibition presumptively decreases tissue stiffness and together mayhehdirway tward a

physiologic state (Figre 6E). The reversal of established fibrosis achieved in wuosk may
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represent a novel therapeutic stggtefor the treatment of chronic rejection in sobdgan
transplantation as well asherfibrotic diseases
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Figure Legends

Figure 1. Combined treatment with relaxin and LOX inhibition attenuates established fibrosis in
the OTT modelTracheal segments from donoice were transplanted orthotopically into major
histocompatibility complex (MHGjnatched (syngraft) or mismatched (allograft) recipient mice
on day 0.(A).Non-immunosuppressed OTT mice were subjedtetteatment at day 21, when
fibrosis is(weltestablished, for 14 days. Mice were treated with recombinant hrefaasn-2 or

saline, with or_ without the LOX inhibitor, 0.2% B-Aminopropionitrile (BAPN). (B)
Representative images of Masson trichrome stgiof tracheal cross-sections, in which collagen
was stained_in blue. Scale bar = 50 um. (C) Hydroxyproline concentration in trachea
hydrolysatesrelative to controdasmeasured to assess the amount of collagean + SD. (D)
Analysis ofeollagen densy in trichrome stained sections measured by the ratio of the blue area
to the area between the subepitheliamd cartilagewith Image J;Mean + E&M. (E)
Measurement of epithelial thickness in tracheal esestions from different group$lean +

SEM. *P<0.05. For B, D, En=3-10 per groupvith at least 10 tissue sections per animal
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Figure 2. Decrease in cellular contractility with relaxin is dependent on the type of fibroblast
and matrix stiffnessimmunofluorescent staining and immunoblot analysis of normal and
fibrotic lung fibroblasts. All results are from at least 3 independent exp@asmeéA, B)
Immunofluorescent staining of normal (A) and fibrotic (B) lung fibroblasts cultured on matrices
with Young’'s €lastic moduliof 0.525 kilopascal (kPa)with and without relaxin. The
contraction“of cells was evaluated lypressionof phosphemyosin light chain (pMLC).
Fibroblast to"myofibroblast differentiation was assessed by a-smooth muscle actin (a-SMA)
expression; Scale bar =424 pm. (C, D) Immunoblolyaisaof normal (C) and fibrotic (D) lung
fibroblasts,cultured on matrices with different elastic moduli. Cells were treated wi€@rau) (

or with relaxinsRIxn). The graph represents quantification of the immunoblots by densitometry.
Mean + &M. *P<0.05.

Figure 3. Root mean square tractions (RMST) of cells measured by traction force microscopy.
(A, B) Representative traction fields Pascals (Papf normal (A) and fibrotic (B) lung
fibroblasts‘plated on matrices with Young’s elastic mo@ui25 kPa (C, D) Analysis ofRMST

of normal(€) and fibrotic (D) lung fibroblasts plated on matrices with different elastic moduli.
Mean £ SEM. n=8L5 per group, scale bars=20 uriR<9.05.

Figure 4. Expression of relaxin receptor 1 (RXFP1) on fibroblasts. (A,m@nunofluorescent
staining of*"RXEP1 on normal (A) and fibrotic (B) lung fibroblasts cultured on matrices with
Young's elastic moduli of 0-25 kilopascal (kPa). Fibroblast to myofibroblast differentiation
was assessed by a-smooth muscle actin (a-SMA) expresion; scale bar =424 um; inserts are 4X
magnification of selected area. (C, D) Corrected total cell fluorescence of normal (C) and fibrotic
(D) lung fibroblasts cultured on matrices with different elastic moduli (measured by Image J).
Mean + SEM. n=40 per group, £<0.05.

Figure 5% Relaxin induces COX/PGE in a stiffnessdependent manner. (A)
Immunofluorescent stainingf tracheal crossections; scale bar 212 um; n=3-10 per group
with at least 10 tissue sections per aniniB) Immunoblots of normalung fibroblast lysates.

Cells were plated on matrices with different elastic moduli and were treated without (Cntrl) and
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with relaxin RIxn); results were from at least 3 independent experiments. The graph represents
quantification of the immunoblot byedsitometry; Mean £ SEM(C) Normal human lung
fibroblasts were cultured on matrices with Young’s elastic moduli of 0.5, 1, 2, 4, 12, 25 kPa, and
treated with or without relaxin. Supernatants of cells were collected and &§BEentrations

were detectetdy PGE, enzyme-inked immunosorbent assay; Mean + SEMB-10 per group.
*P<0.05.

Figure 6. PGE inhibition abrogates the beneficial effects of relaxin and BAPN combined
treatment. (A) Immunofluorescent staining of lung fibroblasts cultured on matrice¥outiy’s
elastic moduli“of 12 kPa. Csliwere treated with DMEM only, relaxin, R#4418948 (EPR
antagonist), oPF04418948 with relaxin. Results are from at least @pethdent experiments;
scale bar = 848 m. (B) Representative images of Masson trichrome staining of tracheal cross
sections; seale.bar50 um n=3-10 per groupvith at least 10 tissue sections per aninf@l D)
Hydroxypreline. concentration in tracheal hydrolysates relative to contvatsmeaswed to
assess the amount of collagen. Mean + BE=PF04418948. P<0.05 Tukey’s test was used

as post hoc tes{E) At the end of acute rejection, there is infiltration of myofibroblasts that
deposit collagen. Crosslinking dbose collagen is catalyzdny LOX to form densly packed
fibers that“increaseeCM stiffness. Fibrotic ECM stiffness may then activeddis to be more
contractileleading to further collagen depositiorhis positive feedback loop leads to persistent
fibrosis and.creates a pathalogcondition. Relaxin upregulates CEAPGE,, decreasing
cellular cantraction, which in turn, promotes ECM softening. LOX inhibition dogulates
collagen crosdinking, thereby, decreasing ECM stiffness which in turn, decreases myofibroblast
contractility. This breaks the positive feedback loop and returnstiiseeto a physiologic
condition.sFurthermoreCOX-2/PGE, may contribute to further decrease collagen clogig

and ECMmsseftening through inhibiting LOX. A soft ECM may also increase QEOXE,,
which in turny=€an decrease myofibroblast contractility. These mechanismsurttegr support

the reversal of fibrosis.
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Figure S1. Airway fibrosis is established at day 21 post transplantation. (A, B) Representative
images of picrosirius red staining of tracheal cismstions at day 21 and day 35 post
transplantation. Under bright field microscopy, collagen is stained red. Under golagiat,
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large and dense collagen bundles are visualized in orange and yellow. (C) In trachmad secti
from relaxin and BAPN treated mice, under polarized light, thin and loose collages difge

visualized in green. Scale bar = 50 pm.

Figure S2._.Coembinedtreatment with relaxin and LOXL2 inhibition attenuates established
fibrosis in"OTT tracheas. (ARepresentative images bfassontrichrome staining of tracheal
crosssections;in which collagenwas stainedin blue. Scalebar = 50 um; n=310 per group
with at least20tissue sections per aniriBl) Analysis ofcollagen density in trichrome stained
sections measured by the ratio of the blue area to the area between the subemimlium
cartilage Mean,+ SEM;*P<0.05. (C) Hydroxyproline concentration in tracheal hydrolysates

relative to eontrols was measured to assess the amount of collagen. MeaP=080h4.

Figure S3. Immunofluorescent staining of human normal lung fibroblasts edtwrith and
without relaxin_on matrices witlyoung’s elastic moduli of 0.5, 4, 12, and 25 kPa. Collagen
productionswas assessed by expression of procollagieroCol I); fibroblast to myofibroblast
differentiationwas assessed by a-SMA expression. Resultare from at least 3 independent

experiments; scale bar = 8a&.
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