ABSTRACT
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Nanotinde®&ealc er b Altli eotngni@ids e a s e . (Under the direct
Bonner) .

Inhaled environmental pollutants are increasingly recognized as key contributbes to
developmentand worseningf allergic lung diseases such as asthma. Among these pollutants,
engineered nanomaterials (ENMs), such as mndtled carbon nanotubes (MWCNTS), pose a
unigue toxicological challenge due to their ability to penetrate deep into lung tisspersistin
the pulmonary environment. @xposure to MWCNTs and common allergens, such as house dust
mite (HDM) extract, can significantly worsen key ti@a@s of allergic lung diseasa mice
including eosinophilic inflammation, mucus production, and airway fibrosis. However, the
molecular mechanisms behind thes@acerbate@ffects argoorly understood. This dissertation
examines the role othe proteaseactivated recepte?2 (PAR2), a Gproteincoupled receptor
expressed in various lung cell types, in mediating allergic lung responses to MSVB0IH
endogenous and exogenous proteases activate PAR2 and have been linked to several lung diseases,
such asallergic asthma andulmonaryfibrosis. However, its exact function warious lung
diseassremains controversial due to conflicting results in animal studies. To fill this knowledge
gap, a series of studies was performed using complementary gandtipharmacological
methods. First, a PAR&wutant mouse model with a truncated, nonfunctional receptor was used to
compare the functionality of emouse model with @artial gene deletion (PARRMutant)to a
complete PAR2 knockout (KO) mouse modmslexposé to MWCNTs and HDMextract
Compared to wildype (WT) mice, PARZnutant mice exhibited significantly less airway fibrosis,
despite similar levels of eosinophilic inflammation, suggesting that PAR2 plays a specific role in
pulmonaryfibrosis in this contet. These results extend previous work done with complete PAR2

KO mice and highlight how receptor structure and signaling bias influence disease outnanes.



subsequent stud?PAR2was pharmacologically blocked using the monoclonal antibody SAM
immediately beforeeo-exposure to HDMextractand MWCNTS. Inhibition of canonical PAR2
signaling resulted inreduced airway fibrosisgemonstratingthat canonicalPAR2 signaling
contributes to fibrotic remodeling in allergic lung disease. Importantly, SAMlIso significantly
reduceceosinophilic inflammation and airway mudugpeproduction, indicating role forPAR2

in the broader allergiresponse. To understand the cellular mechanisms behind-Béghdent
fibrosis, experiments used bathvitro andin vivo models to examine macrophage polarization
and fibroblast activation. Bone marraderived macrophages (BMDMs) amdurine ex vivo
alveolar macrophageméxAMs) from WT and PARZXO mice were exposed to 4 andIL-13

for 24 hoursto mimic a Th2dominant environmentollowed by aMWCNT exposure Intact
PAR2signalingfunctionallypromoted M2 macrophage polarization and enhanced the expression
of profibrotic markers, including arginade (Arg-1). Conditioned media fromtreated
macrophages triggered fibroblast activatit@ading tocollagen gene expression, suggesting that
PAR?2 plays a role in macrophadeven fibrosis.In vivo studies using myeloidpecific PAR2

KO micerevealed that PAR2 signaling innate immune cellss a central driver of allergic lung
pathology Namely, PAR2deletion significantly reduced MWCNT and HDMducel airway
collagen deposition and mucus hypersecretion, thereby establishing macrophage PAR2 as a critical
link between environmental exposures and structural remodeling of the lung.

Overall, these studiadentify PAR2as a central regulator aflergic lung diseasduring
exacerbation by environmental allergens and inhaled nanoparfitlesimpact ofPAR2 on
eosinophilic inflammation and muciliypersecretion was highly modaépendent, witlyenetic
disruption producing limited effects, while antibethediated blockade of canonical signaling

markedly reduced these featur&x vivoandin vivo experiments further revealed that PAR2



dependent polarization of infiltrating macrophages serves as a key mechanistic link between
nanomaterial exposure, fibroblast activation, and collagen deposition. These findings underscore
the complexity of PAR2 biology, as different modes of activatiomloibition can bias signaling
toward distinct downstream pathways with pathagem protective outcomegoollectively, this

work clarifies inconsistencies in the PAR2 literature, defines its role in macrophaga
remodeling, and supports PAR2 as arpising therapeutic target for mitigating allergic lung

disease in individuals exposed to airborne pollutants.
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CHAPTER 1
| ntroducti on

Al | eAsgtihcma

Al l ergic ast hma I S a chronic respiratory di
environmental exposure to allergens, affecti ng
Network., 2018). Over the pastuddcadejntheapes
public headbodiutcencearmsai c di sease (Hartert et
begins in childhood and is stromghyi aasmsoei aes

whi ch ar e vaarsiod usseregniadi lIneondi ti ons such as ator
rhinitis (Hammad et al ., 2021).

Environment al siegmpidfaicectarst arne tehe onset and j

asthmali Earégycounters with allergens such as
or ani mal dander are key triggers that can s
devel opmenctaselsn sheme all ergen exposures encou
asthma symptoms (Hammad et al ., 2021) . The i1
pathol ogi cal features suchI|rasmonuelidn ghy iem s elcir
infil tradtli coof which contribute to recurrent sy
al ., 2021) . I n addition to envirokegotal i hac

deter miheeuagepandi progress iiman &pPpi demi ol ogi cal
children of asthmatic parents have a signifi
recurrence rates of approximately 25% for <chi
children wedhpawentafdlellt m2a0&5) . This famili al

heritable genomic factors contribute to diseas:



system function, airway mucosal bi oladlgggen | ung
associated with increased asthma suseapimiebil i
wi de association studies have suggested that
partially associated with airway ep2ifh@davée, b:

over 100 genes have been |Iinked to ast hma; h

mply a direcitp cwaiutshald irseel aastei odnesvhe;] opumlelnar rf iMoé

2022 Overall, the devel opment asnfdr opnr ocag r ceasmsp | 0¢
i nteraction bet ween environment al exposures
necessary for di sease onset, wi t h environmen

susceptible individual sayulnif mnmnamelay i bwhaidanhdg r &
arceharacteristic of asthma.

Despite advances in asthma management , cur
acute symptoms s 8chofatse nb rtohib2zehgogsimpiasstmb all e ke al |

corticolheseereoitd®at ments can provide batdbeodt ve

address the underlying chronic infl ammnhat imon,

di sease progression in allergic asthma. The | &
ofal |l ergi c dmuder sdciosreeass et he cri ti cal need for I
mol ecul ar drivers of all er giecx paosstunrneas .i n t he ¢

The Eto®ll loagAysgti hcma

Asthma is a complex disease with diffsereentf ipxhe
di fferences in age of onset, ri sk factors, S
Hammad et al ., 2021) . Howeveyp-biadHl eagt bmasah



associated with Th2 <cell responses and the ty
(Thio et al., 2023). Whe-spaektli érgec®d4arédhRecedyl
2 cytoki nes-4i, n5l,d91)Lleartkd .nl WyHtdoskei ces dri ve key fe
ast hma, including airway eosinophili a, mu c u

i mmunogl obulin E (I gE) by B cells (Hammad et

all ergic ast hma, ¢hi duit @esi nfol ammanvtaiyvonr eanmrd e | i
hyperplasia and coll agen deposition, further
al ., 2021). The process of allergic sensitiza:

expoesu Damagedepoirt Iteetlolesd ssed | vat edelmaas epldagasg
associated mol eculsarc hgraast velinencsy b(phAaMsEs i) chall @any n g
fact o-€CSFEFIGM3 and serum amyloid A1, sernmwuinneg as
system (Hammad et al ., 2021; Lambrecht et al

receptors (PRR&e seclkepasr soi(dfdiRsg , o Iniugcd mert ii dee
(NOD) ke receptor s -acNtLiRwsat, e (dBPXde scper,pottlosgassie ng t o t
of mmune maodulo&ktimreys anhdamdéwanp ketneasl ., 2002). Ci
this phas83jnthydtecl &t r omal ' y-2nphowhhi el i wo ( R ¢
chemokines such mases mpmoobeiyhe CNMERMS ] cdetmoXiime,s
t ®mrchestrate the recruitmemnstucanadsacdteindatiitan
macr opthagiempr ove t§gbeml2r aarmunet yal . , 2019; Ji
dendri hetpcéhbksl itatebywbaperugen,gsmrhdsed gxiarsg otnh
smal | peptides, and selectivel vyhmpruese CtDi4ntg Tt Kt
via histocompatibil iitny tchoempd rexi n({NHgE) | ednhpahsl s.n ol d

Fol |l odweinndgr i t i catciedn opfr edsreteitgacelnnapgen CD4T+ cTlel ¢ s



di fferedfbRaté feoAtgoarc hceelelt al . , 2021; Lambr echt

i mmune response is reinforced by innate type
ma st cell s, and alveol ar macrophages, whi ch
medi atheatscontribute to airway inflammation an:
bet weeesnilduenmgt cel |l signaling, PRR activation, al

respams ee aasltlpemmdgh cgfeingn es 1

Medi atAlriseAsd ihana

Fol |l awiffgerentiati on-damadnexgahyimpm inwowdlegsng Th?2
by promoting B cell -dédirfetiemd.iTalt as® mpar iocceelslsa n tsi |
Th2 cytekiamd8 ,IILiwhi ch sstwiimuclhatree ccolmébsisnati on i n
| gEgQE plays a centr al role in the senasfiftiinziattyi a
FcRInN mast cel I(sGoaund bheas oapl hi,|l s200 8; Hammad et
all ergen exposure,becuvumds| gkitmgggérsethpseoer c.
release mediaatety, ofuch as hi SAtlgpum ondy ddi py plt as
medi ators (e.g., prost agdsanddinat ead dc W teakiornt e 9 ,e |
to thphasael gll ergic response characterized b
muscle contracti on, and celduétraBbhecraodDiimght T
cytokine during ai9l gregqiea ag endsQOfrtiigznantil @& ny c iedelcloolg n
factor in promoting T -Teddegrimewdnd thiepp arftliurec
The for mat-poacdfngmwoibd et cel |l s i n tWe (a&Gorhvady
et al ., 2024) . | mportantly, an increase i n mt

i ncrease astldoat sipinpd vise $s ema uti tanelnlt 1 nt o t he



as tshueivri val, pr ol istehrgaié¢rs paon s iavnedn eesrsh atnoc eal | er
Lambrecht, 2021) . Upon encountering an allerg
rel ease dfhahi sdfgaomiureeat e el | hyperplasia and muc
of allergic asthma that( Hoomman d u& elsa mhor ead hrtw,a y2

I n parall el with mast cel | activation, eo
i mportant feature of all ergi c¢h,asa hkmeay Tthd sc ytrao
promotes eosinophil di ffer eibt iiast idnpotsanmtvi g8i
eosinophil production in the bone marrow and
( Gohal e tl nala.s,t hama2 4 )i .n e5r eparsoentdo tlee vtehles aocfc ulmu | at |

in the airway wal adaisr way icoflt amma®roe ( Gohhée Lkt

activated eosinophils release cytotoxic granu
eosinophil peroxi das e r(od mX)l,a mantaotnogr ywictyht ooktihneers
These mediators contribute to persistent infl
ti me, the persistent presencpe tchfeleae @adi mcoedHisl sar

mai ntandi pgoimet icyg!| e odntdsnsfueanrmeamadoenl i ng ( Can:
Eosinophil s, wundber ctahne ailnsfol uceonncter iobfutleL t o0 mucu
the airways (GAdhdait ieanadll.y,, f@a4 nfloapaitti al rss sseuccrhe

transfor mi ngbegtraovbf) WEBH alct ori gger subsequent r

including thickening of smooth muscle, gobl et
(Kanda egt. al ., 2020

Airway remodel ing, particularly the deposi
represesttets mmefdegt of chronic inflammat,ion in

suclhas®ment membrane thickemninng i dnud estlomac od a



and decreased | umgtdi@ nmdiimne 6tFe do bl eadsltishang e s
througpgh odbeti on Reseaxmdh aban. demonstrated tha
proportional to disease seVvVEr bt gataendiasdtuirvaa ti eoc
asthmatic lungs by cytali mgs t @nidhitdof emyonf ti fba toibo
This processsigndlaicmdgsiumncdit efwsp I0g@sFelretved gr owt h
(PDGF) ,-1andwhiich are produced by Th2 <cell s, |
macrophages (Hough et al ., 20e8pbsighavievet sabf
and |11 coll agen, | eardd sitgh & foe siumg porft ehdedl le taidm gf wie

per manent ai rWayglbset ) Bdéynpnad20f2i0Obr obl ast acti

depors,its moot h cnourstcrlieb ucteel Itso ai rway remodel i ng.
primary structur al cells present in the bron:q
smooth muscle cells undergo continuous prolif

etl .a 2024) .

Exacerbating Factors of Ast hma

Ast hma i s peaunriogt eyaaerbations bf gymptoms (National Heart, Lung, and Blood

Institute,2 009t hma exacerbation is described as a
symptomadeaodéase in | ung f ulbixadadernbtRiodrhse dc war
spectrum of tdhocle@ieviskewalrs twi,th i nadequate syr

di sease are particul armltye rparecenrepatto(odiemisne eftr eag u e r
Kraft etlmpgar,t aéabtZd)er bat i as s madh e t e ddoamawtdrrii doutt ye,
to progressive | onsesgactéifvibebcwg ¢fhan edi qualadly off

al ., .D2a0i1a7 )f Nami 6 hel Heart, Lung, and Bl ood 1In



Proggshaowed that {ihdipidpat si awntodfthree or mor ¢

5% in take hmhB&#l i n Beéehmaddr 84 % asnt thrhaghbeghbkt en

tdh | i nk exatcwedmdi veadse severityThHeMomo®t et o marma
triggers of all ergic ast hma, epxaarcteircbualtai rolny atrheo
human r lepwmhoivcihr usynergi ze with allergic inflam

(Nicholson et al .0,1BEYD3;,d Manmteicn o @etmp B ackt e &2

potent exacerbating factors. Both natur al S 0|
sources, such as diesel exhaust and industri a
| unglses e eampboixfigdsat i,@ei tsh eleisav a s cny lua,ry , tl heaarida lg e
compouaidrimay hypers$3elsptoavstidveaint e m@adeosp | e wi t h as
are at i noclrxeaacseerdb laréinsoke s pao@e , t @i tr dogdino dii be,i d
particul(éPtMgndchavaecopatiircdbmalné Samahbr detasatli.l,| 020
et al Wi thOIr7e)gards to air pollution PM, epi de
(¢C0O.mMn) i s most significaBal JaacisQalicahlad, w2 0 bah
PMextracts can acutely exacerbate dalelpemgient]
mannerheviTa B/ NERP3 ,paithwaytrating how poll ut
dysregubDaiti enh lan . par2dhi2d0e hlilrevagycc oanval oaamewnt
consisting ofitThzcoyeskifruest,her i nf Hanndeudc e ldy

cytokine release, whi ch ovomrstefnisea thimesds u& L amhumre
2021; Thio & Chang, 2023) . Thus, asthma exace
i mmune dysregulation with external i nsul ts.

exposmargensi fy the wunderlying allergic airway f

infections and conventionalt taier i poklhowtwantad oat



engineer ed i abdsom&iNMs) on. aGitvemn telxaicreribad¢n @as
occupational and environment al settings, 1t i

exacerbating factors in allergic asthma.

Engineered Nanoparticles

Engineered nanomaterial <| (@BNMsa)lr ari@aganes ecert b atn
all ergic airway inflammation in experimental
ast fEmMaMs ar e intentionally designed advanced m

or equal Atud f BMO exTrhag] .d,i v220rs9 ty of ENMex iidrec | ud:

=)

anoparticlesZnONPsAWIINSWI i ca NPs, and carbon
carbon namodfcbdbebsns ((ENOISsSUbD (e) ENMs, m@avP2bnt er ac
bi ol ogi cal systems tioxiucniitgyu es iwacyes tthoe iprr ocdhuecnei
di ffer substantially from bNellk enma)t&dlrbisaelgsd 606ft |ty
t hese di ver se physicochemical characteristi
pathophysiologicahdasepectangfdiaséasgenProduci
show either exacerbat t oird ueuendgs ugripg esss ssaeagn baef daile
vari ety of experi ment al factor s, i ncémnugemg d
exposure, and rodent spFeci e socawap tbalvwksnejnsstt i ze d
mi ce expio@ddbwed decreased asthma endpoints st
mucus pr odauicrtwaoyn ,hyapnedr ABEBR[RBRoBaSi vehesd®WheNROISDO

delivered by i ntr anaasdaulc ed n satlillelragtiico nmiicre O WA

infl ammati on, aka eanuchls. ,sexO2t i on (



Among ENM#dl Imed carbon nanotupest ( MWCNITs § o
t wi despread industri al us e, uni que physicoch
expos¢Crned et. aMWCNT2S00a8r)e chemduaéedvhpor deposi
concentric cylingeisadblygrapmudE®®@ idfmaom 1991; D
2018Bhese characteristics makiencMWGQNThsg ucsaetfaully sit
el ectroni csaa dditttiewvaxest, o amal ymees atHowe@@dp83 1
occupetxiporsallre studi eschacenmepdil@dd Aaiur b mgn e
seconmbanruyf act ureissnugc hp raosc epsasc k a g i nbga cakngdr obuangdg i I negv, €
manufact urrdefiggoml &n 023k or 2c4a MAtheex tWor | d Heal th
recomme 2dlso dnhearntage oRMentrati ons mhdpuLlede neott aelx.
2010; Dahm.Deute alpn.a,b o220 lahjde rcceme yo me MWCINds N e,
are readily inhaled, with the |l ungs serving e
(RynrRaans mussen &ty m&RRa.s,muzszGEN) .and coll eagues wer
inhal ation of MWCNTmertinhahcadr wagy tpbabepset wi
derived grPh@®RAfaxpoessgi on in the OVA mouse
Rasmussen et alteseatmed&)o.usSiempd el etnhiodleorgoincsa Ir astteuc

positiveslkotrwednmt eapodas@pbanmnd cax doafr batiroowus

respidiassasye crleusdpiinrgat ory i nfections, ast hma, 8
di sease (COPD) (Jacquemin eForal examl@d®lle,, iDrotim
instillation of MWCNTs enhanced eosinophilic |

duringn@duiAked all edgiocnel g adiih s the st udy al
MWCNTs increased thepedawiofli tevdasnggeosfi ODYAt hat

influence adaptive i mmune r espons e(sl ndouurei negt eax



2009)The more clinically relevant HDM extract

investigate ENM exacerbation of asthma. Mi c e
t hat |l gG1, influx odfanchacnrughagpds | seopirmadpficitli s
productionl3|la&awvelesotodxilh, were dose RBRepradent

et al).S, md 0 betxlpyo,s ucroe t o MWCNTs and HDM extract
infl ammation, airway fiiabr @asids s emuhenoildey Ejte ledM elines
Ther eMVBCNeTIsei ng rveddah arveed tyecroingpeods iandnal 'y conce

suitabl e model ENM -medi a mackerth gtaitd m go fp aaltli erl ¢ei

Prot-Aasevat ed2 Renc elputnogr Pat hol ogy

The praoctteiavsaet ed r e c e pptrooric ®du p(l RPADR 2r) e citesplt aor & i (NP CtR
the f amRRsydtelf@&kNMPs dueanpgnymume response to all
highly expressvderenithel aneganKieryg radaned respc
extracellular proteolytic environment (Janewa’
in the lungs express PAR2, i ncluding monocyte
Mii ke et PaAIR2, azhkh#)laveone effects depetnlde ng o
protpareg@ant he tissue microenand ony®iodicrakas pge
as tryptase, trypsin, neutrred mhaislede ldasti age | uam
and aPARRateiatingi daawhsatkgeabbrorty et al ., 2013
2008; Mol in8Bimtl at |l-dderiip&@degers foundcilmudHDbM
Der p1, Der, p8anapdobDeol piSual ley adt i v a2t0®d 1PAR
al ., HobGGa2)i.mmune cells can also peadioP& prot e:

medi ated IintracehntaslaeckEugnamenngof i nfl ammat ol



of fibroblasts (VergnolMexc hBh9IStiErlhygi empir oetka
PAREZxtracdlelrure apciepitéeddher edhl@itndantor eoeaptead v e
domaomsPAR2igmpgomf or mati onapr ctha@anmleisn@an@dH&uUber g
201R9tivati omsobudi $si not tGatesi dowmditmgaaalpart
t hroudwghi creased GGgAMPENhamkibrdasRhaa cl i viat2yismedi e
recr ui b-menés mbred r st iamd pBRKIP/HhDr yl ati on, ul tin
PAR2 internalizatRiecameand& B ghmemtd adi0O@&Em gludreb )2

Notabl vy, PAR2 contains mul sipelce fctedvagle ngi tp
enabling the same receptor to mediate distin
protemdcdel ocati on ofHeumdreaesre PAIRRad mgigihéad |9 dn.g

resul-psotai Gbargreasltimgpat hway siggoalangd i ssvafl
and transactivation of a varietyt hafo urgdocreepxtt aras
intracelluUGiaeselresAgtadk|l alt2ohd)i ve, PAR2 can
by a-camomical 6 mechanism involving cleavage a
l igand motif (Gieseler etamabnic2l018¢theémepadrtkia
t heempd or to drive dit bwwalps tadldi @ ved hsei gcroanpie mg | d
i's evidenceot lRAMRsadnt ang PAIRA mMatbe st udy using hum
artery endohkelpiralt ecei e effect of PAR1 agon
function and sur vifvoarlmaitn omi coef rdeAR@ G beedo dtiehtree ra |
1994) . Additionally, istdtudatsedonhantel anpbomal ateil d
thrombin requiactsi naotti a@ins gy PARLIsiI mAIRRan( &dhus ed
al ., (FA0gOurBee yJond PAR26s transactivationcampaci

meditataensacti-GRCRenvoh Byhracell ul ar rel ease o



mechamilosmggnal i nsg predcewaypr (Gr ekl eki lredd eaeld.,, y
PAR2 activation has been shown to deliver intr
pat hways. Specifically, PAR2I iapcad p oslayt g leo)® haamrd d
synergistically enhance inflammatory signalir
2008) .

PAR2 has emer ged arsesapinreati arhy I didd esagsgahsnra g |

pul monary €COBPPWygireckan&Rayaeles, e2t@badl;.f,i r2s0t2 0 v.i ¢

suggesting a role for PAR2 in asthma came fr
PARMBedi ated airway epithelial Oelrlecacteivv ateinecre
when wusing PAR2 i kptekedktasmidce osi nophilic air

airway hyperresponsi venaedasns e( S dhlemsiedPlARats dea lhnegean

established as a Kéapy meéegulogthoiingah menAhe kolfiegt ui
all ergic ,ilmulgudiimgeasesi nophilia, aiGaaghi abebD:
al ., MBEDR2; etLian .et 2&I10.1,; 2015pr He xFAaR2l edte fa lc.i,e n:
at t e nbulaetoensyncd unc e d pul sno nwahlriyl -afcitFhANREg ii nmr opmoottee a s
fibrobl ast mi gration and( Leaxmt reatc elhllawma@ 0 In&Y) r ¢
inhibitiande@drs&PhfR®ay hyper(rhetsBppodn siinvfelnaBrigmsat i on

chal Imeinqgggesladuz zamanAletthadgh RARXSD)i.s | argely in
airway responses, evidence also suggests it c:
i nstancestuody showed that PAR2 activation pri
al | emegdeinat ed bronchoconstriction, eosinophil i

Thdual role of a®AR2tonthaerwampl exittlysvdidt e r



hi ghPARBt asentdeptendent regul ator of airway i m

promoter and modul ator of inflammation and re
Macrophages in Allergic Ast hma

Macrophages play a cruci al role in the devel o
infl ammation, tissue r emoadmrafi ntghien aflaidmesin dr oasli Is

tygteo encounter inhalpad mombaernygehages eapteéess eB
PAMPs and DAMPs (EbhlemgnatyamacrapBaye popul ati
macrophages ( AMs) , residing in the airways, a
the lung parenchymal Susdssee OByenendtcalted €
embryonic yol k sac erytlhofogmnsesdl dwmidn ¢ ( dxeglelhanaar s
et al., 2014). This subsatiaf pol mmaanyamachngyj
and i mmune toleran€bkherfBgtnédahero@M3e a¥t20 IpgF i mar
monodayytrea veod igdlinlas i ng from bone neamwrd osw bhsetnean toif
contribute to wound responses in thestludngeges
showi ndgje Itentaiton -der moedcynecophthgdsto the | un:
fibrosis (Mis.lPudimmatryaph a gnedd b@gspa ogr bgsi on
integrating signals flr@maealt htei sisnuneu haas cswyasét hevmar a
produwgyitmkKi nes, growt hYdwamcetorht mn2l0d@jot ea2es4
al . ,; 2KDiln® e) Fat . g xadiorpdpey, t hep aiar r elni emsa clreogVhialgye
derived mol ecul es . ol | biwiwmeg ,AMsSB @ morteepaeé pi t he
proliferation by(lBumnguet hgk Wnathpl@andscr o@devir

| urge n e maitmeegso ugsrt ahlag mactrophage transcriptiona



influencing their Tphandthppadpigagdunate onat ego
maj or polari zation stat.€saddiacdaldley eaonti ineatdéd ec(
exhibit pr oi anhiicmnadstt agtrMyirteawnglh s elb,M&NFjloi®, odnd L
i nt er Mé&ramnrso. pphoalgaer i zati on is typically driven
cytokinesFgsuwlhi aftst raacnt s cvrait petnicd nN &kBnagt IoR B, aARl
STAT1 (Arora et al ln ZO0OhH& ;e aRatth aeetl ya |l as€¢, Mi2Yy0alt4de)d.
are indut,edi3by aln, Itthrough the activation of
STAT6, | RF4(Armamda PPARal ., 201 &;ddRuti tcoknemteoas i gn 2
macr ophage imetvaibgohbtulgimed t o Pp ol areixzaanpil en gt att
essenti al for M2 polarizationj ndbpeepdeniMl( dnlaa
2015) . Similarly, fatty acid uptake and met a
oxidative phosphoryl ati on ar e required for I
macr oprhealgye spr i mar i(IMurormygh @dd’lysli isc ahadstumectiy
all mwsesrophagesai rowagmpih({¥Mpmpmatmodre t asaiurewayepali
remodel i(nRlat(hM2et al ., 2 0 1Hlog w eWyamrinmoenta rayl .mac2 @
phenotypéedegonedndspkee M1/ MM2 pammadiopimages can
subdivi dead siubmtset M2 shaped by mi croenvironmert
macrophages reciprocal l(yushape edsh e@al .ruenspuddt®y i.mi
macrophage phenotypes can coexist in the |l ung
Growing evidencpeatlhmodgerns aco rreosl etihoef a MR e mgicc o
di sease andofi dxeamhpkBe, demopeaducad epul monary f il
treat edM2wimahc rtohpechage i nhidritiddesecueaMammhpe dt |

al ., 2010; Mi glIni aad diea gdtc als.t ,hmaQ08h2. macr ophag



airways and contribute to pathol ogy-l1by-Aggcr et
(Krane, 2008 ;Ar-Mforirsi sa, c¢2r0ulc7 )a.l component of ar
catalyzing the hydrolysis of argininoel It®@gemn
synt f&Ksiasne Byroaes8,et lanl . VArvBo016) .hi ghly express
macrophages and is regul a4 ean-th3yl| (THhe2s scey teotk i anle.:
| mpor tAadgt Icyompet es with the enzymxpmidsgMied oxi
macr opdadtgheesr eéd nvasmarsker for the M2 pkEhleenvoattyepde
Ar- has been r epiomdwedeodnmpruyll d o my oisms ( Ki towska
al veol ar macrophages of patients with idiopat
its activity to both experi melnt aMM2caopgdhabesni sat
cyt okinmesgr owt h at a,c apnt esmotthean d i r mu vV et @ r athieon o
fibrobliamec BD&GRadi at ed (pPaatrita adgas a et Nalt.a,bl 2,01
environment al exposures can directly skew mac
Fo exemmlienneered nanomateavel sespcodmawe MVEOIT s b
M2macr o plhd pea i( Batyill @s et al ., 20bh5agDber ety 0 al
experiments using MWCNTs si,egnhfncle@bliBynad@t i va
signaling praetshuwatye,d whni cihncr eased coll agen depo
fibrosis ( Walnogg eetth earl,. ,t h2e®k1l3 )f.i ndi ngs establish
of airway inflammation and fibrotic remodel i ngq
profibrotic signaling pathways positieountsi cmac:t

strategies aimed at mitigating the progressio



Gener al Conclusi ons

Al l ergic asthma is highly compl ex, influenced
by multipleComéchaeds mesearch is needed to fu
dr i ing allergic asthima.t Aidicomntseyptaraofi cahdaird gn
may exacerbate disease severity. Il nhal ed engi
an emerging <cl ass of air toxicants capabl e
pat hol ogi cal md.eaAmoregl poo kaesttuhl ar medi ator s, P
promising targgitvdmritsanveslteégianioagul ating in
processes in the lung. By increasing our wunde
mechani sms, this research wil/| hel p i dekhtify
mitigation. The work described in this disse
influences allergic lung disease, of der i ene wt
insights into how environmental toxicants int
Gener al Research Hypothesis

Elucidating the mechanisms underlying the exse
pathol ogi cal features of allergic lung diseas
t hi , I empl ogrpmosaur murnmondeel cocombi ning allerg
engineered nanoparticles, suchraenMWCHNEasewliucd
Using this model, |l investigated how PAR2 inf
eosinophilic infl ammati on, mucus hypersecret
responsesnut anPAR2 KOX ¢ @ped en I further examin
phar macol ogi cal i nhibition of -1IPIARt20 udsd tnegr mihree r



targeted blockade could attenuate disease sev
affects macrophage polarizatiodepandanal macgogf

activation -snaegwedd iivlemulrhe2 r esponsmasd alnidn gp.r oTreokt

together, these studauens fgnamgdeswisgmred ht gquaddr
signaling contribute to the i mmune -anducdd uc
exacerbation of all ergic 2asstihgmaad i hg hy p o telsesse
amplification of allergic lung di steiaseocaut e
part, throu-gbdimatced ppbageda@toimahmanonfiunaea Taoponse
profibrotic tissue remodeling.
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ABSTRACT

BackgrBuhmoexaposur evatld emdu Ictair bon nanotubes (MW
prionf | ammat-br prandcpresponses in mougecmanddlys
reported that MWCNTs exacerbatedndwmpadnaeinlt esr @i
di sease, including eosinophiliand ndil amayat if o i
Pr ot-eeatsievated receptor 2 (PAR2) plays a sign
respiratory diseases, including asthma and pu
function of PAR2 iwe agdrleedwded | wanrgi ahb Isee arsees thlat s
of PAR2 i n pul,momeriyn wedsthiod aotgeyd t h e -i enfdfueccetds ¢
all ergic lunguudiasneasme cien PAR2

Met hadse: PARI2ant mice used wer e pr evkibo urselgyi ogne noe
the PAR2 coding sequence with a neomycin resis
Wi td/rpe ( WT) mal e CSH57-Buf @&dt mmalke amda ChARBe i @Ixe
solution, MWCNTSs, HDM extract, or both via or
Bronchoal veolar | avage fluid (BALF) was <coll e
tot al protein, and | acpabeedphpddog&NAs-&ve( EDH
infl ammatory and prof i Bfrioxteidc |nuendgi asteoa tsi, o nasn dwe
hi stopathol ogy.

ResulnsWT amdtRAR2-ex xesurce® to MWCNTs and HDM e
increased eosinophilic lung inflammati on, mu c
BALF tot al protein, and LDH | evel s.belthweeseen r e
genotypes. Additionall y-exidWCENT® andgnHDMcaxt il g

fibrosis | muWTanandnmiRAR2 characterized by incre



Col MRINA expression. Quantitative morphometry
fibrosi-mutanPARRce compared to WTomih&k®&®A ascom
detected by PCR. De sfpiibreo tt iha sme cidaltgd ripaaor,tgetinmesa
MRNA | evels were signi-hucamt | mi ac@regul ated in
Concl uGsuirons:tudy demonstrates that PAR2 medi at €
eosinophilic lung infl ammat i onexoprosnuuceo utso chMwd
and HDM all ergen.

Key walde®rgens, nanoparticles, allergic lung



INTRODUCTI ON

Al l ergic asthma is a respiratory disease caé&
exposure toafaffdecetrgemser th@@ million peopl e gl
prevalence has risen, hei ght &Rmd snega rccohn chear sn si nacbr
focused on the exacerbation of ast hma, as en
features of allergic lung disease and worsen
For exampl e, acutespvirmalor gnd nbacteonal are kn
ast Alddi tionally, inhali atiladinfg ailnbarfneaep pratr|
natural or anthropogenic sources% Stadi éeadsitr

murine models with houseDedrunsatt onp htaeg o i Hibelk) epetxet rro

shown that inhaled particles worsen allergic |
mucous cel |l met apl a8iTher eafnadr eai riwmtyal feidb r pasri tsi
environmental factor contributing to increase

Engineered nanomaterials (ENMs) are a sign

due to theiirlOsOmard)l asnidzeab(illO ty to infiltrate d

Mulwal | ed carbon nanotubes (MWCNTs), a type o
properties, such as high tensile strength and
mater i al for di verse appl i catweongsht icnocmpuodsiintge

el ectéfoei cooxicity of MWCNTsI iike it rpiaatturdes ewhio

deep penehbeatgi amdofsubpl eural tissues foll owin
of innate immune cell s such °ah8d dmatciroonpahlalgye s ,i nlh
MWCNTs al one induces systemic i mmunosuppressi

of mice, potentially meldipartoeddRabtejieoutp retgwd iag s oen



experi ment al ani mal model s of all ergic ast hn
MWCNTSs , i n combination with HDM allergens, e X
the produictfilomammdt @ry cytokines,i sbfadMeixlaeer be
MWCNT i nhal ation alters and exacerbates the
mechani sms by which thesedpaedi tueag enbarrce
under stood.

The praoctteiavsaet ed receptor 2prPLBAP| ¢6d @me ced

(GPCR) &expressed by wvarious | ung cell types,
resident alveol ar macrophages, aind $ebsiobd ad
extracellul ar prtétEtnadloygteinco usn vsierramneenand cyst e
tryptase, trypsin, factor VII a, factor Xa, ar
cleave PAR2, leadingdownstercepmh’ o piclk & ivmg ri eo,n R
can be proteolytically activated by the prote

p9? T%hese proteases cleave the-teemeptusr wkpbs

pepttiedeher ed l i gand domai n t hat bi nds t o con
receptbhis interaction triggers conformational
intracellular G proteins, medi ati ng dtoainmss r e a
mul t i-tpdremiNnal c¢cl eavage sites with prefpercerdtiical
cellular responsé&3Thwei prtelveal same readepnudrt.i f ac e
l ung microenvironment iIimplicate it in the pat

chronic obstructive pul monary di s?Tahsee ¢ ocCnQoPlDe) X,
nature of PAR2 has made it challenging to el ui

infl ammat amye andeiamms .



Studi es on PAR2 i n mi c e have produced vVva
pat hogenesis of allergic lung diseases. Our g
exacerbatiiommduacafedHBM!| ergic | ung di seag«&Oby MW
mice, a complete ge‘we flelbreédxphasnfifecohe® MWNCANTSLOE
extract synergistically increased eosinophil
no significant ditfyfpeer ehWepr dmidi v€AR2 wKB®destini
exposed to MWCNTs or HDM extract alone showe
deposition. However, g uantpiotsai ttii wee nhmoi rspt hoopnaet thro
sections rexpakedet hat MWENTacandi gpMf ecant |l y |
deposition around airways and pul monary bl ood
more airway fi br o%Tihsi st hdaant aP AsRi2g KeOs tns ctehat PAR?2
pul monary filemnodsibsut dedvoeelso pmo t medi at adu ded e X
eosinophilic lung inflammation by MWCNTSs. I n
PAR2 may regul ate cellular motility and airwa\
PAR2 dgome ti des has been reportedstt onulreaetdad
neutrophil i a i n mur i ne-i nafilrawnanyast,o r ¥ u gngeecsht ai nnigs m
However, it has al so been -brleopcokritnegd ptehpatti dad nbier
exposure inhidbietspoamisi waynelsywpamd infl ammati on,
medi ates the i mmune rPesddintsieonianl |ayl,| etrhgei cr oal set |
fibrosis has been debated. For instance, PAR2

i n Rahrgz2ne, which reduces the 8 kb genmedumeda 5

l ung

2% fho ciomntrast, mice with complete gene



reduced -bhdomgdi pul MéTnhaersye fdiibfrfeesriesnnces i n t he

bl eomycin may be attributed to incomplete ver
The effects of PAR2 on airway inflammati on
remain uncl ear. Conflicting evidence suggests

against the development of ay |lfeirlgn s il a.ngWea i prec
di screpancies can be attributed to vari-ations
deficient model s. As ment i onesdp epcriefviico ucsellyl, u |PaArl
depending on tchlee as\fatgte . bhspabseabeen shown tha
can persist in incdbmhplehe koockotutsmodg] swe e\
of HDMduced allergic lung disease bymuMWQNTSs

mouse model. We hypomubheaesitzendcehan the sPAR2dY

pat hol ogi c atlh er eesxpaocnesrebsannidnoce db falHDawwr gi ¢ | ung di
compared to our previous work withARPERN K&r mi
to our previous findings with PAR2 KO mice, o0l
exacer baitreddludHedDdM eosi nophilic | ung-munfalna mmd tcieor
the same extneunttantyemi cRAREx hiebdiutceedd stpraisdihfrii ocreeen
coll agen surrounding aColwhh& BN A acomepal edst o eWT ct
cexposure to MWCNTs and HDM extract. However
PAR2 KO mice, the redwecePdhR&iamwayni ce@l lwage na cicro
increased mRNA and pr elt ey ge Xl pnr ecsosmpad ne t ,ef PaArRQRI
previously showed that-l bwéerhe asirguaiyf®tchdn afgemd &
both the curr ennmutsatnutd ymiucsei nagn dPARLZr previ ous v

support a role for PAR2 in mediating airway f



the differenti-lali exiAtR2ns T onm cef i Ard hi s study ¢
mice in our previous work dembdénsieat esnossme me

could shed |ight on -celndttedctp @igmdéin aardy nrgesss e n P,



MATERI AL SMANHWDOD S

House dust mite (HDM) extract

HDM extrDenrmdtropnhagoi dweass pagweromhaysed nfursom Gr eer
(Lenoir, NC) . Lyophilized HDM ext-bafcfte r wad dls
(DPBS) to achieve a stock total HDM extract p
of 4.57 mg, as measured by Bradford assay. The
contained 1610 endotoxioaelimdytse (IEW at emetaesautr,e
manufacturer. Stock sml DPBSntwaschuevédet hdi in

concentrations for dosing.

Mul-wal |l ed carbon nanotubes ( MWCNTSs)

MWCNTs (NC7000) were purchased from Nanocyl ,

thoroughly char3aNMWENTgzedempe esuospshged in DPBS
MO) to achieve a stock concentration of 3.3 m
was sonicated in a cup horn sonicator (Q500,

The stockssdiuuted wath DPBS to achieve a wo
mg/ mL . Mi ce were dosed with oMWQNIFRA)vV iian otrhoep hpar

absence of HDM extract .

Mi c e
WT mal e C57BL/ 6-inumboe amallz PuRelks ) 8wer e Stised f
The PWR2ant mice were originally generated at

l nstitut e, Spring House, PA. Dr. Amudmaind Kk me g te:



from Dr. Nigel Mackman (University ofmuNtoanth Ca

mi ce were bred as cousin |ines to remdwtcaentunne
mice. A schematic il lustrati otnhe fAifh2Zentt amigee i
showhkRign WAich results in a higher mobility s

gene del eti ckniHi B&Side frleygi can 1t.WBat <covers part o
del eted and replradsd awmiclethegseenremioangs ch amve previ ol
to have reduced |l ung inflammation induced by
injury, and reduced renal fibrd%%s foésewpngyv
studi es, the mice-dafécieffemiced PANR2 axefRARZ 0 t
APARZ2t anto in the current study since they po:
them from PAR2 KO mice thattGepomnetsepisng afomapl letr
this studpvuppl emewhnarm FKiolndg r lanautt atndw tmh eche PA K2 e
an incompletEBEigeaenédBddlreattieen,t he targeting vect
mi ce (FR&tie&d@Msl b/ J) from the Jackson Laborato

invesfTheas e dPAR2 KO mice have a total del etio

genot ¥pgng 1@

Ani mal Car e

Mi ce were housed in an AAALAC (Association fo
Ani mal Care) accredited ani mal facility. Al
University Institutional Ani mal sCeadr ei nanfdi vGo npnei

according to their respectvebi ¢lreatmentolgr 6 W



controimuf( BARY , MWCNTs ( Wmut aMWENTHDRARZXtTr act

extracmut AR2 , MWCNTs + HDM ( WT-mut MWENTs + HDI

ExXposure of mice to MWCNTs and HDM extract

Exposure procedures consisted of three sessio
chall enge phase (days 15, 1, olf9)t.h eMifcoel |wewien ge
vehicle solution control, MWCNTs, HDM extract
solution consisting of DPBS and were vortexe
i soflurane anesmheasndem@TeapdskPAR2o0 ngemocse coc
HDM extract (0. 02simgnd kwi)t lpeay dwisti MyCiseSs2( 6. 5 1
Tot al doses of O0.12 mg/ kg HDM extract and 3 r

sensitization period.

Necropsy and tissue collection.
Necropsy was performed on day 22 for sampl e
intraperitoneal i njection of pentobarbital. E

from each mouse by cannul ating tlse witacled anb

chilled DPBS two times. BALF was wutilized to
cytokines/ chemokines. For histopathology, the
( VWR, Radnor , PA) foed2d80hd@d@0fs et hheol tfansfae
embedded in paraffin. A right superior l ung

Wal t ham,-8®AYfY oat mMRNA analysis. The right- medi a

frozen in |liquid8®i forogenoardnsbormégsat.



Analyses of BALF

Tot al BALF cell counts were performed using a
m. of BALF was centrifuged onto glass slides
Wal t ham, MA) . Slides were th@uwui kf i xteadi nangdetst/(
Kal amazoo, MI ) . Cel | di fferential s deemnusi gganm
Ol ympus Il i ght mi croscope BX41 (Center Val | e
macrophages, neutrophils, eosinophils, and |y

Cytokminmaéysis in BALF

To measure cytokinesl iimk 8dALIFMmmMBDruosSSertb emtz yanes ay
Systems, Minneapolis, MN) were used according
|l evel s ofX-Cymmtkii fn esh e&mo(kC X @L 1)i gamdd CC mot i f <ch
(CCL11) from BALF. BALF cytokine absorbances
mi cropl ate spectrophotometer (Ther moFi sher, W

used to calcul at euciyn @ kGmapvie®asd omrt irlsdmh,iorfd a Jo

Cytotoxicity and total protein in BALF

LDH activity in BALF was measured as an indic
LDH Cytotoxicity Assay Kit (Ther moFi sher, Wa |
instructions. The Pierce BCA Prodtee mmiAres atyh &«
protein concentration in BALF.



gRPCR

Applied Bi osaypdaceimsy hdi@MA reverse transcriptic
Wal t ham, MA) was used to generate c¢cDNA from th
QUuUi-RMAM Mi ni Prep (Zy mo Research, l rvine, CA)
instructions. The FastStart Universal Probe M,
run Tagman qPCR on the AppliTedeBPERY Stysmse mQU ¢
Cyalgi Bl ock (ABI, Foster City, tOX5) tfool de tcehramig
expression of Cebtealfi Ar goRNA Muw¢ Svealcl,i n@adlr gl obul
B2Ms the endogeRGRsprciomeéer ®l weg®&Tpurchased fro
(Col 1#&aMm0 080 1 6AG @#AMMO 04 75 9NWBc Slkim0 127 6 7AcR 1m1l;

#MmOO04412B328M IMm00437762_ml).

| mmunobl otting

Whole | ungrlepsaated-fwaoszamnsnaght | ung | obes. Fro
using lysis bHCKFerl3@O0OmMMNaCli s 1 mM EDTA, 1
100, 13v@M MNaXxXMPHattase I nhibitor Cocktail, in
using a Mini Bead Mil I Homogeni zer (VWR I nte
supernatant was determined using the Pierce E

Wal t hamSamAl)es were |-PRAQEEHANNIO®GY a®&PBISEI gel (Bic

Radaboratories I nc., Hercul es, CA) , separated
membr anes. Membranes were blocked and incubat e
Cel | Signaling Technol ogy (phosphor#3 39 ®&sl; ST
Argi-has#936168ESt i mnd#4967L) . Foll owing primary



were incubated witiohpugataedi {HRPabGeichadar iy
(Cel |l Signaling Technolbogwyi | Damwnwessenkld) ( EEhLD
Bl otting Detection Reagent (Cytiva, -i Mdutbdr o
chemiluminescence according to the manufactur
using Amer sham | maigieen c6e8s0, (Mag | biofr@uagiht i tMaAL) I, Vv

densitometry was performed using | mageQuant s

Hi stopathol ogy

The | eft I ung was cut into three cromiscrsercti o
hi stologic sections were mounted on charged ¢
trichrome for coll agen depwshiii dMBOPAR) cf an

producti on.

Quantitative morphometry of airway fibrosis a
Based on Mas ssamdsn etdr isclhirdoense, airway fibrosis
coll agen | ayer's thickness surrounding the a

described Ppprvovwumayely 10 a@sBiecwapysspeer| mogse

sections per mouse, resulting in a total o f
(circular airways that fit in the figeildgoé&nvi
Ol ympus BX41 lightlmycrBA)XopEo (LCeetnegremi Walt he a

to ehabed airwaysmu(Hiew) 50ér d i5Mabged at 1001 .
Phot oshop CS5 was uspeodsitto vseu rcrod ul nadg etnr iacrhoruonnde t

outer dartea,swmmround the basement me mbr ane, gi



(peri meter). The difference between the outer

which gave the areal/peri meter rati o. Al l me a
Mucous cell metaplasia and airwaygmwmdus ap m ovdly
approxi matemy(BDW) i 808ahahnaB/ BA&Gpl e and quan
positive staining in ImagedJ (National l nstitu

Statistica6wmaayn aAINyGsVIAs wi t h Tukey' s-tepesdt wasc utseg
evaluate differences between treatment groups
way ANOVA with Tukey's post hoc testmemats aund | i

sex groups. All Jd&SEM oépfesentot hevmeani mal r



RESULTS

Pul moneerxyposaure to MWCNTs and HDM extract i nc
results in eosinophilic infiltration

Using the sensitization akidg.chzmal engGBb 7Bk b6 dcy
PARMRut ant mice were exposed by OPA 6 tinnes ove
of DPBS solution agsgthfe MWGNTYd e( Gg.o5 fmghflDkMy )&,X 1 05.
(0.02 mg/ kg), or a combination of MWCNTs and
Materials and Methods sect i eenx.pofsnuarley sofs MWC NBIA
HDM extract significantly icdr wasedimhé arobeal
PARMRut ant Fimgoge 2@ Accordingly, MBVE PO s tarned sHiDgWh i d ¢
increased total protein and LDH in BALF- with 1
mut antFingi.c@2B. a@Gytospins slides of mouse BALF
and HDM eexxtpoascur ecoi ni tiated a substanti al i nc
MWCNT or HDM exitgr)actBialfoereen(ti al cel | counting
mi ceexcpoosed with MWCNTs and HDM extract were t
significant incr eafFsieg.)i.n2@m stimeo phtihemumbred,s NW
exposure significantly decr easmud Bmddriaph a2gFe n
primarily due to increased infiltrating eosi
di fferences in the numbers of neutroplFiilgs i n
2 H . These dat a exmomrsutrreatwid ht hMWCNcTo and HDM e
increases eosinophil infiltration within the

Additionally, no differences wert bDheemutedt be



PAR2 did not significantly contribute to infl

HDM extract exposure.

PAR2 contributes to the exacer-baposunreftai MW@\
and HDM extract

Pul monary fibrosis in the lungs of exposed mi
Massonos -sttraii mhrmmgmeai r way -peflriagéerusiahgot met hrc
the Materials and Methods seeteoseeWhbkeéeweenol
from groups exposed to either-mtiDd¥Mnexmraetdiosp
significant i nmpcorseiatsiev ei nc otl rl iacghernomaer ound ai r way
compared to the algMh)c.I3eA dcdointienogmiasd dryeupgco( MWCNT
HDM extract furthposinicveaseldl &ge menutoambto thi cWT
compared to either HDMFe xgt)r.80Qu aonrt i MWE N Vs anoa
triciproeme i ve airway collagen revealed a signi
cexposed to both MWCNTs and HDW teaxn tiFangit)c.e8 e n
ABPAS staining was performed on |l ung tissues |
mice. Phogoamp-RASbai ABd | ung sections shAdASved si
staining indicative of -ewpossesdced!|l MWENEP | asd a
(Fig) .4Mowever, quantitative morphometry revea
bet ween WT-mandntPRiR@tredHBoget her these results
required for increased airway fibrosis but n

MWCNTS and HDM extract induced pathology.



Ceexposure to MWCNTs and HDM extract upregul
i mmune response
Next, we assessed the effects of MWCNTs and |

responses in the-mudrmagmg anfi cWT baPhQGRLAR ARRYNngn B AGRT f

treated mice revealed that the neuwturl agtheidl i amh aA
mi ce exposed to HDM extract alone or in combi
contFrigl.. (5TA)e observed response in WT mice was

mut antFing).eSAdditionally,anthend fweracres s$ingtif
genotypes for t he eosiFngphi 5 @RMemobbhygti e C€E
significanGdlylmnRIMATrleaveldx pofstuere ¢@ MWCNT and |
groups for both genotypes, yet there were no
groupsFiad p n@ AMuRt2a n t mi ce hadCosli Dh@&NAi camphy eto:
WT miFdag )(. 6 Ahe mMRNA Aaxgpri@ stmbbecofe and mar ker
activated macsroo pshiaggneisf,i cvaanst layl i ncreased-1in th
exposure gr oupmutnanNT maincde PARMp ar &d gt..o GBhtea lvleyh,i
Ar-gexpression was si gni-mutcamtt | werisnuicsr eV erdi d en
MWCNT-exqposulge . 6Bhe mMRNA CeXipmeWTE imrp®o®becea to HD
extract and MWCNTs increased significantly <co
There were no st@QdlimMmRAINIAcaeakpdesseonanceaesthieg.ot her

6. The mMRNA Muxprmeascs smoin Sifgnificantly differe

genothipge). C



PAR2 regw?2atepgeai Mmune response

Whole |l ung |ysates were evaluated by Western
mechanisms that contribute to the exacerbatic
induced by HDM extexpotsuard M@WGCNEIrmalbd odwa lf u a tm
showhi gn TDAcropped West eSrum pd learnesn t aan€p pdéhisduve ne 2it no
MWCNTs with HDM ex-Lrpcbobtennonreapedsnutganti nmiWTe ,
although expression wasgnumamniceddy(y .@& BAdadpittei do nian
MWCNT and HDMexxdgwmrcdeg icrocreased the phosphory
four WT mice and tnmurteeentourti cef, fwihvd ePARZ al ST
constant among treatments anld wa&miodtyipers, dHomw
analysis revealed no significant differences

expreBisgpn7B



DI SCUSSI ON

Understanding the meohahedmesanhbpauvgh-cwésca

induced lung disease in experimental ani mal m
influence the pat hhogenesi s of asthma 1in h um:
MWCNTSs , i n the @xtersentc,e X a ddrMratde r elslpeorngseers b

serum I gE levels, airway fibr d&Riex,enandvoirrkd boi

group using mice with complete PAR2 gene del ¢

PAR2 waevobved in eosinophilic lung inf®ammat:i
However, the |iterature presents conflicting
and fibrogenesi s, with studies using compl et ¢
outcémeés .the current study, we ai med -nuot antar i f
mice with a partial gene del etioni nobucead easltli gr

l ung di sease.

Il n t himutPANRR2Z mouse model, we found that M\
allergic responses induced by HDM, mar ked by
protein | ewdlgs. i2No tBaAlkdFyp(© stuhree ceof f ect occurred
MWCNT and HDM extract doses that individually

finding contrasts with a previous study by Sc

mi c e, wWwhE3es er eaducti on in eosikenoeophi If ol hbwl hga toi
sensi PHoativem, we previously reported that <co
eosinophil ¢ 6é%inmisl arol YT inmi ctethe present study,

not significantly dif-flnetramt rdie¢c eveeAddIMTt iacnrda |A/

upregul ation of phosmthtoarytl amiede SAddmpeax mad PER2 W



to MWCNTs and HFHDW. extSTaACTte (pl ays a <cruci al r
infl ammati on. For exampl e, our group's prior

inflammation induced by MWCNTs anmdcefhHRMeé@tt mic

This finding aligns with our prior results, u
recruitment to the | ungs. Whil e this suggest s
infl ammati on, It may inflplaceh @rayt lhavtaiyesn ,i niviod |
complex role for PAR2 in allergic responses.
|l ncreased mucus production in the lungs 1is
asthma and i s recogni zed as a <critical i ndi

met a p°P &pibd.et <cells within the respiratory ep
secreted into the airway I“imenhfeolcluowiemqg ex pal:
mut ant H#RASestABning revealed a synergistic 1inc
cexposure to MWCNTs ansi HDIM iecxanrtacdi, f fwe rtehn crecs

PARMBut ant genotypes as confirmed by quantitati

previous results using PAR2 KO mice, where muc
cexposur e, agaginmf wc agbthabsuegde nwa ryipaet i on. Mor eover
shown that stimulating human bronchial epithel
mini mally elevated mucus s e?€Trheitsi oenv,i deevheane astu gh
PAR2 is |limited in regulating mucus hypersecrtr

receptor manipul ation.
The precise function of PAR2 in inflammato
reportedahbdt-ilanfplraommat ory roles depending on |

activation offi PARRPeaapt dol 4 (TLR4)xr lynwdalLPAR2



endothel i al Bl & 360 embadcicetdi NiF, sug-getEt ammabosy
ef f4éCotn.ver sedgti vhei em of PAR2 and TLR4 in per
anitmf | ammat ory r es pionndsuec, daftpteeomnuaatt o rnyg-acLyl8Sh ki ne s
| 1 24%Si mi | arly, PAR2 KO mice show reducedd | RF ¢

<

These divergent results may be due to variat.

proteases invol m&dAdI nhPARER wet divdt i neot obseryv
infiltratmudmnitn mPAR2 BALF cytokine analysis r
chemokine CXCL1. Ani mal studies have implicat

neutrophian,exwhciecrhbad e tissue ii‘“°pysyegwlaattiian
CXCL1 is also associated with i“TtThenesfdr es,eve
downregul ation -mbt &XCLbhi c@ M®WMAR2suggeshiahpote
PAR2 influences |l ung inflammati on, of fering r
allergic lung disease.

Al t hough PAR2 may not directly mediate eosi
study suggest t hat PAR2 plays a significant
demonstrated that tot al del et i onl aogfe nP AdRe2p ossii @
stimul ateextpbolsywreoto MWCNTS Siamidl aHDIMy , e xitmm, atche p
mor phometric analysis of | ung #mudsamd 3sne ctei @XP
to MWCNTs and HDM extract had markedly 1incre
control smutyant PARRe had significeaxnpdsyurle scsompa
to WT mice.CAdmh&®RNApnal mgr ker of type | col |l ag:
in WT ambltRAR2 mi expowosder conditions and was

PARMRut ant mice compared way Wolmi agen T-nes apdede



mi ¢cem the present study and PAR2 KO mice in ou:
extrextposaure reinforces the conclusion that F
of pul monary fibrosis. 't is noPARButdiyt t miade
used in the present study have been shown to
ureteric?3vohstrhwattheaawdtyhors demonstrated that
through a mechani sm viantviodnv ionfg tPMAR 2E @ e@rmesq@dcmtr o r
Whet her PAR2 mediates lung fibrosis through a
Whil e the attenuation of airway caenultaghén d.
and PAR2 KO, the prebsenst$ maulgdlf yumuicatndta ¢ reidcreg
compared to WT mice. This contrastdiwiht I howre dj
t haAt-mRNA and protein were significantly decr
compared tbhaMTefmice, the complete gene del et
work versus the mutation of MAR2d eitne rtmilen apt e ©
regulation. A significant contributor to the
metabolic reprogramming and dysregulation of .
and myofibrobl avsetlsy, pwhimoh ec all6N d catgietni csayl n t phreesd |
coll aagpeal i he, i s sayrngti hnei sniez ebdy ftrhoem eth z y-Bhag s ¢ a
highly expressed in alveolar macrophaded® fron
Suppting this not-lohasibhbebi shownotoArgduce
i mprove outcomesducmedblpewlmyoccnanry fi brosi s by
acti vaPhos;l Arsg often considered &1kiey hmearpk ers e
study, we obxpovsedethat MWENTs and HDM eXtract

protein expressmwthantn mMTc @a,nda PARRasured by Wes



the incr-2apreoi@i Argevel s was paAutarctul|l@ardeg. piorn
Ar-gmRNA expression was signi f-mwtaanrttl ymied ee vfad leldo
exposure to HDM andmuMWCNTsmi ove tdhi PAIRRY i-Ing si g

expression than their WT counterpartkatiTrhgese

—

i brotic pathways, mai Al exphrecsglni asndi nfhleu ars
reprogramming that drives collagen synthesis.
I n the current and prior studies, differen:

cexposure are ev-mdeaht beewsans PARDhet ®oBARDI k

(¢

xpl anation for the differencemsutiamtt hmed cees iUd
compl ete knockout models where PAR2 signaling
may all ow for truncated ohowndiviiiaedegoprii®Pa sigo |
been well document ed t hatti omoadiiftiye di nG PaCgRosn i psots s
activation, and interaction with cogfat?e>®>3G p
Considering PAR2 contains numerous activation
may change t he affinity of a gi ven l i gand

signa’l 1hgé.r ef ore, a mut ated PAR2 r elc epprtoodru cnha yo

through different signaling pathways compared
cuenmtly no information -mot AR2mpusteemondeh, tHa
|l ack of reliable PAR2 antibodies for Western &

reported thamuttdaret smimee PARRd iortr @urodawrer emty gt
PamRNAtihkei dney or small i ntestine as deter min
that these mice woul®Hopweovdkuge trhe PARZSRridtieaiyn

CDNA used in the Noemherim bdlhoattt ipnagp eex pdeird not



mut aPtaemdR NA. Theref orRRamRKNARA ordemMARZ yprochuéant i n
mi ce remains to be established if indeed t hey
genetic compensation mechani sms, i n which thi
mol ecul e t reiggug eartsi otnheofuparl ternative genes or
defi ¢ir & sy mi |l ar scenari o-Imauy rexgiud ta,t i-dowmtaa nntn ¢ ht
mice, a response adahaPARDelsnomokowtccmodelns tlohdc al
mechani sms are .l ost or not activated

OQur findings emphasize the complex role of
Whi | e betuht amAR2and PAR2 KO models demonstrate
fibrosis, significant differencswsch mes gtehe nr &

Ar- production. Notably, tlhe nsmiAfRRlatntmiade ,upaseg

to its downregulation in complete PAR2 knocko
may influence alary naaitgwval iomg cpantplewmayys. These
genetic models share commonalities but also
pat hway engagement , |l eading to variations i n

recuc despitel eilrenPBARRZAt AmMgce, mirroring the ef
i n whilch sArdgownregul ated. This indlcadtetsrihbhate
fibrogenic outcomes. Understandrpgethegeedpbf
and the broader-tappgkitedtitdherapi PAR2or all ergi
fibrosis. Our research has the potential to i
Future studitelse imovmapdn gatto myg -Mmetcehmtn i s enss u N kPl

model s may shed | ight on the full spectrum of



CONCLUSI ON

This study aimed to elucidate the role anc
all ergic lung diseaseexamas uri & rtoog eMVEGN Tss faonl d oHD
a PARI2Z ant mouse model . OQur i nvedtiggeatei odre | ced mc
PAR2 does not significantly mediate eosinophi
devel opment of airway fibrosis. -Motabtydiwela
increased airwayexpot@agMWCNDd |lcondd NnlYDM oe xt r act .
mut ant mice showed significarCtoll yimRINeAs s yaeitr waye a
Ar-gpmRNA and protein expression than Wiutmamrte. T
mice is similar to our previous obsfHowatviean o
increat%eg@gr At gi-mutiaantPARI2ce i n the present stud
wor k with PAR2 KO mice, -Whegpresspapygadtertda
MWCNTs HDMd e x84 ma stu.mmar vy, 0 U r-musttaundty nuiscien gp rPAAWRI2d
evidence for PAR2 as a mediator of airway fi
di fferential -lexipnr @eRMR20n ofer Aug PAR2 KO mice |

i mpodi adferences in a key metaholic enzyme inv



ABBREATI ONS

PAR2 pr oteaeatsievat e2d receptor

MWCNT mu lwtail | ed carbon nanotubes

HDM house dust mite

LPS | i popol ysaccharide

BALF bronchoal veol ar | avage fluid

LDH | actate dehydrogenase

ENM engineered nanomateri al

CXCL1 C-X-C motif chemokine |igand 1

CCL11 CC motif chemokine |ligand 11 (eotaxi
ARdA argi-hase

OPA oropharyngeal aspiration

STAA signal transducer and activator of t
TLRA4 tollilke receptor 4
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ABSTRACT

Backgr®uwmd previous work showed | eldatcaekpaos urae
( MWCNTs) exacerbates allergic lung disease in
Further more, mi ce genet tacdlilvyatcdaf irceiceenpti diend 2t N
reduced airwasyxfpiobBuoei ¢ oa IMWEMNHTes o mnjde cHtDIMEe o f

wasdeéeoer mine whet her 1 nhibition of PAR21signal
attenuates t he e xnadcuecrebda nagl o de regéiacH® Mty MWCNTs .

Met h.oCbsr BL/ 6J mi ce were exposed to MWCNTs in t
oropharyngeal adpy rptovpddolver SEMR2YIpe contr ol
admini stered prior to exposur e. Bronchoal veo
analyzed for markers of allergic inflammati on
ResuBA#8M 1 treat ment significantly reduced ai |
infl ammati on, mucous'Tcell | méuapg!| asnif®exposdtdiir @b 3
to MWCNT and -HDMEr e &tAmlent al so reduced | ung n
i nvol ved i n alQoelrIggiilcArtu o3I, d iNsyecddse wWel | as STAT
1 protein in lung tissue.

Concl wsnihombi ti on of canonicdll BARZ2nsaBgeal mudgtt
of MWE€NThanced allergic |l ung di s edaesfe cwietnit hbmod:
These findings highlight PAR2 as @& vainalb laes tthhres
suggesting -btatsetd &n toickkemddye i s a promising stre
par tiindlueced di sease.

Key Wonrudhstail | ed carbon nanotubes, asthma-exacer

activated receptor, monoclonal antibody.



| NTRODUCTI ON

The praocttei avsaet e d receptprot2eiu@PARI2)r eicepborG ( GF

expressed in the |l ungs, playing a critical r
proteolytic environment [ 1, 2] .2,Varnicouwsdimngl lal
macrophages, fibroblasts, and pul monary epith
during injury and tissue repair, such as neutr
PARZct i haatsi odnn vedesperedifregten t he cell type and
within the tissue microenvironment. Endogeno
neut red pahsidlramtbaes t c el | tduptageluesbeas¢edry, cl ea

receptor activation and downstr enaend i saiffgosalviem @ | |
respiratory diseases, including asthma, pul mo
di sease [7, 8]. During the deombbesmenheoéstab
of a type 2 Helmperant oamlclr o(leThhvZ)r onment charact
4, 5I,L ath8. |l This Th2 milieu drives hallmar k fe
airway fimurcosiiss mp@mpla@pi aFurther mor e, PAR2 ac
incrpasédbrotic mediators am®d 1lc¢ oullngegresnc osryi nntgh ea
role gendsibs o

Our | aboratory has recently repombedet madel
of ast hma exacerelxgtoisaohno eicsacuosderds tt i WDl nmu F t |
wall ed carbon nanotubes ( MWCNTs) [ 13, 14] . M
concern for human pul-smoalae yk0hte @nlii)icOohd fea ctid ia art
penetration within the lungs wupon inhalation

of il nnate I mmune cell s,anldysg emajcwdimimoassesppmne



l ungs of mi dne gnlibmall 7mo dled8]s. of ast hma, exposu
with EHMDMcel bapgé€&bammadiibanosi s Wel 9d,i s2d0dhvad2-1dh R 2
deficient mice d&xlbiralidtieesx poomMW@N asnHivNEY 1 3, 14 .
However, PAR2 dd emfoit ciremdeoyg e adtllreergias gdantgs di seas
cel l met aplasia or eosinophilic inflammati on.
Expl oring pharmacol ogi cabf fiaanhsablitteironna toifv eP Atl
abl ation. PAR2 <c¢l eavage and activation trigge
affinity for intracellular G pr otRAR2Zs,c ornetsauilnt
mul t i-tpdremiNnal <c¢cl eavagpesites Windi pgop@easeer enc
specific responses through the same receptor |
binding affindtgownstmaelamesibgraaslei ng [ 22, 2 3]
signaling with monocl onal antibodies all ows f
the broader genetic alterations associated wi
mo e accurate reflection of therapeuddpcen deretr v
roles of PAR2 signaling during lung pathogene:
The QS9AManti body has been usétlletgiastang Bi#
mi cFeo.r exampha mi IAMtration duringockrafhtcéar exh:
(CENhduced eosi nopahnid ieai riwafyl ahmnymadriroensponsi vene
sSsugaQpaetghttaar gRARMagy have therapeutic vallu®B84for t
No studi es Iae éphheaxranmmai cnoehdo g bift B IPAR@E & chtes ex acer bat
ofal | ergi c Hyungnwiirscenameen ti sl reaed entamn,t wloi chhe mo s
asthmaer efiomwee ddiwileg tbhleorc ki ng PAWR2t adSIAMvatui dnr edu

the exacHEDMatmidar eadf al |l ebygi MWCNTg di sease



MATERI ALS AND METHODS
Ani mal car e
Mal e C57B(LARJ)J wmie&s) were purchased from The J

an Associati on for Assessment and Accr-edit at

accredited animal facili6ymi Erpeekmeptafogr anjy
that included 3 mice per group to establish f
were approved by the North Carolina State U

Committee (I ACUC)

Mulwal | ed car bon naamdowbsees d(UMWENIDsME ) ext r act

MWCNTs (NC7000) were purammiased suspmn@edmawnl| DP
to achieve a sttwmgk nftheen gerytsri actoicchre na fc a | charact
| i stAeddd iitn onBthe FMWEN&Gwks pensi on was sonicated i
(Q500, Qsonica) f oand dihaurthBt®eBssi ato t6a0e hannepese s s ar
wor king cdmage dbbBithigddom r mat ophagoi dweas pglemromyse
from Greer LabdirsasoDWw&a&il ilmgecdo.mML HDME .Tphreo t D M

[item #XPB91D3A2.5; 6b0 #830009OA]ncomittas nBU)N.

Exposure of mice Eoo MWCNSGA Mwin dthrHDavt me n t

Exposure procedures consisted of three sessio
sessions in the chal |l endpe apnhi ansael s dpaew s egdr poouspd) d ,
oropharyngeal aspiration (OPA) to 50 OL of ve

of MWCNTs aRdi IDMEO this experiment, a pil ot



ani mals per group to estbBbdthsHDMEadobel wag O0d
(0.02 mg/kg), and each MWCNT dose was 12.5 Og/
doses of 0.12 mg/ kg HDME and 3 mg/ kgt dWENDnal /
in this experiment to demonstrate the asymerggi
model of nanoparticl e ex.acSel gtli0o mgo fpeal laarmg inc
mouse in 25 OL PBS) wealsy abdenfionriest @& a & b-U p mme 8
independentvasx p e nmesatrafl curamheed ntoonspeci fic ant it
groups included vehicle (DPBS), l gG2a (10 ng
and Il gG2a before HDME+MWCNT treatment. Al ot
identical to eho3bedéegGlabedoappe contr-ol dat .

11 {18H6O®4) and387g8G2awe(r#escpur chased from Santa (

Necropsy and tissue collection

Necropsy was performed on day 22 for sampl e
intraperitoneal I njection of pentobarbital. E
from each mouse by cannul ating tle witdacled anb
chilled DPBS two titmesqulBmigFd yheaisnt,at e | dedgdr o
(LDH amdicyt ® b nadlesmo Whmoé £. bl ood for serum | gE |
from the jugul ar veins dprtioorc otacguB AltFe d al ISea tuin
then centrifuged to obtain-8efram.f PuuikFéri adals)
hi stopathol ogy, thelDé@&ftwutbkahgbldboerr e2d4ds fhborurrast,i
transferred toonwve@8k béehanel bé ong nadmlpea ddcess sierd f

Thei ght superialrstdarnegd |iorb eRNvAalsa})eaet8 0C( Afiosthemr e Sc



MRNA andhley sriisght medi al andol htedteadr-&iCdatg | ob

wholl eng protein analysis.

Anal yses of BALF

The Pierce BCA Protein Assay Kit (ThermoFishe
in mouse BALF. As an indicator of pul monary ¢\
with the Pierce LDH Cytot)oxiTotay BAsL &y clki t C
performed using a hemocyt omealt eaxf. BAUF dwdrferean
onto gl.&4s deki adves e then fi x@uWi kangdt asitm i netd Wk
di fferentials wer e cgeulalnst i fdreds |biyd ec owsnitngrgam 0@
BX41 to deter mi ne ctedTosrneel aastui rvee cnyutnobkeirnse so fi n BA
l i nked i mmunosor bent assaywegred |l 6ad katsor(di&n
manufacturer's protocol to -@amotiy phemeknnée
(CXCGL)and CC moti f ch-emokAnmolsgahdE (ECLYA Ki

was used to measure serum I gE | evel s.

q R-PCR

cDNwas geheomt mBNA i sol at ed .TThreo nF ashteStrargth tUn iuwm
Master (RoOX) (Roche) was used to run Tagman (¢
Redli me PCR System Thdrmal c@yanlgienge xPlreslsi on o

(Col 1al, Argl, -bMu-8 Bwbe, mebrt rmd 162z ey Ctroo BR Mbul i n (



| mmunobl otting

Whol e | swegrpd gpat ed-f foamns napShmpl es gewlehoidxfiefseyrs
with protease andSpmhmpbpbhbawase homolgiemorzed usi
HomogeB8Bampres wamne oinaadPdOTIEAN -IT6X% &BESE gel
(BiRad Labor agdmd itersandsifcer)r,ed onto PVDF membr an
and i ncubated i n mouse pri mary antibodies [
phosphor-gmrTatT@dat pYyr 640, #5A6UBasBETATB-E3S#5a8
actin, S#49 @meld .membr aursd sn gweArmee risrhaagred mager 680

and -geantitative densitomagey wasspenf ar hed u:

Quantitative morphometry of airway fibrosis a

Airway fibrosis was as-stasepddosl Mhssobypys mor pl

using the image processing program developed
version 2.0 [25, 26] . This prodgweo, whaes wdad
technique to qguanti fy tot al coll agen content
guantification is the proportion of pasl tive

i mages wemd 0& xq uniargeod f iaxpagtradoenl v am1l 6 B)R W1ledgiOo n

using an Ol ympus BX41 | ight microscope. Mucou
were assessed by i mafPASgaalhnledasamapye.i Theaahr
manual ly t rPASerd,sigmdal ABvas qaugaendt i @d leau ru s encgo nt vt
plugin, which separates {HAStobbgrcuabctpes| g8

density was then normalized to the total airw



airway size between speci mens. Foll owing col o

threshol ded, converted into grayscale, and an
Quantitative scoring of airway infl ammati on
Mi croscope slides with |l ung tissue sections
evaluated for inflammation using a 4x objecti
wal l s) . I nf Il ammat i wsi nsgc otrhees  fwodlnlear vaiansgi bsaocaagl et:i s

seen in the vehmchemabobnitnhidhg gctlicadpd,erZatde change
STmar lkcdhhaSgeo.r i ng was performed in a blinded f a:
mi ni mize subjectrodutybahdtenplUBe ddp 21]. The
closer to 2 due to scores given to underinfl.

uncertainty and variability among scorers rat

=]

Qu a

titative analysis of T and B cell popul at

Following immunohisto€b8miac@bD2ad@tanni bgdiwed h m

slides were evaluat e'dT fcoerl |tso*tBanld,enQD®®ereshtys fv e C

i maging all airways at 100x magmmi f(iHxaM)i orne gd ro
around tbheiagraay®l ympus BX41 | ight microscop
using the I maged program Col our Deconvolution

t hr e s hmahuhlly adfusted to select for CD8& CDXD*cells.The i mage was t hen

into grayscale for final analyses through the

presented as‘oei tCtDer0 |t mtuarib eG »3.



Statistical anal ysi s
Onway ANOVA with Tukeyds -tpeosstt whaosc utseesdt toor eSvtaul
bet ween treatment groups (@eagp AROVAPwISIM, Tvlke

hoc t est was us ed t o evaluatédldttddameoees Alble

represent°sSEtMhfe6 Smeiacne per group from i nddpendet
and 1 gG2a antibody treatments were perfor med
identical exposure and analysis conditions.



RESULTS

l nhibition of PARA@grediucesmati engnodd#HOM&E by M
Using the pr dtigcmoilcAg ewerce eax p @anreld HODMEMBOECHNTe v er
a tweek poerided crMeteldo dlsmmehdd at ely prior to eac
gi vem 5 t he PARZ2L lant4iOb0o dhyg / SMAN ; contrdéah mice
additional eXx pfdeéeefi meat afddrgG2azetxmeoasterde nto dMMNVCHY
and HDMEwrposure to MW eNTeyv aanedd HDMAa la ngr atodiar

numbiem st heofBAEKe. , PBDEal one laeditgni fi cant i ngc
cel l EobgnptaBdmini st-t hefemebf cBAMI enge mar ked|
protei,n,antdDH ot al ceillhdwmauenb eby MWENFRAIgFEF®)NIAB HDM
Di fferenti al cel | cexpbosurde mbas MWEN@gn iafhida aH@ &
increased eosi maoéphitlhiemil aFaifgs! tdifaBE@ Bomaer gi nal |y

increasedcg(Fngut.rlddprheiat me-h1 svi g hi fSIAdMant |l y r educe

numbers inducaddb¥@DMWNwWel | as neutropleil nunmn
Fig. )$66MHL did not reduce the overall numbers
the rel atafvemacarntbpehrasges per 500 cells counted

eosin@plg)l §d FhgaG2 ano effect on protei AddLDHpnat

Fi2e

SAM1 attenuates |l ung fibrosis and muEus met ap
Quantitative histopat-bBbhbgedal ungssesmennsofde
exposure to MWENalssneadn da el®dMe i n pul (Fongay .y2 Al nf |

Notably, mi c e - theaadt erdd dwmnogehdi sfAIMa mmat i on f ol | o



MWCNTs al one or i n Eomoiweateirgn tviitsh reR@Mct i on
mi ce recei viking) AN Trelag(Glraedl yn,o ef fect dfmi d.ung i
20 To assess pulmonary fibrosis, guantitative
stained with Massonés trichrome. N oi rmdri of uf pesr e n ¢
exposed to eitheE MMONRsSxIpgors aBM t o MWENTs ar
significantrly¢gipobme a tveed |lalitarlgveeany warsmeao nbfy mor phor
(Fi @gD)E SAMeduxierdway | agei@emnduced bynVMWEBOBE
exposareol |l agen | evel s(Fisgk.n Ilmadaonnot reflf eacnti noad
coll agen that was incr(iagghed by MWCNT and HDME
ABPAS staining was <conduct ed tCoe xapsosseusrse atiol
MWCNTs ank eHDeW ated airwani mhcwsaspr edifciegdomy

2G,)H IhgaGkk ano effect on aFirgyay mucus producti ol

SAM1 at tteheexptr esfs i koeny MMONeTs ex a@aeé il ratged | ung di
Tagman gRIPCR showed that eexposure to MWCNTs and HDME increased mRNA levels of

fibrotic mediators, includingCollal, Tgib 1 and Arg-1 (Fig. 3A-C). SAM-11 significantly

reduced the profibrotic mMRNA expression caused bgxqmosure to MWCNTs and HDMEiQ.

3A-C). SAM-11 also blocked an increase Muc5bandl-33 mRNA that was induced by €o

exposure to MWCNTs and HDMEE(g. 3E,F). Notably,StatmRNA levels remained unchanged

across all treatment groups, including those treated with -AMFig. 3D). IgG2a did not

influence mMRNA levels in mice exposed to MWCNTs and HDMEI(d i t i o3).a | File



SAM1 differential |l yprroesgeuil navtoelsv ekde yi ns iaglnlaelrignigc |
Western bl ovholelngdysateshowed thdto-e x posure to MWENTs a
i ncr egdhvesd hor ylbatagnddg SpPpADt ei n neciocnmep aeepaesigot | €0
MWCNTSs , or HPM& Ba)C®emem and BALF wer & oandlgyEz e (
and the eosinophil chemdkli bn & o @eCIL ISEjr luenee s meEc t i
significarmtyNMWCNT camrdcERRBMo,suyreet | gE was not aff
11Li kewigERijad not af.f eMdWCN EBearaut nboaieg & o mb it hekEH D M
increasecn GG&hWpared thbhut hwewve hmat ealf fCXalheld by

BALWamar gienladviayt ed i n mikEel cameggosedut-bd HBDWM SAM

SAMIY edulcecsel | s bun mode B uongdsuceefd nmbiyc eMWCNT and

Immunohi stochemi s®r yanfdo(@D2C) shbweld that MWGNDs3or HDME

increased the number of CDJ cells and CD20B cells, which were primarily localized around

blood vessels and airways within the alveolar region of the lufigs 8AB). Cee x posur e t o

MWCNTs and HDME caused the most significant i
(Fi 8C)D SQAM signriddutchaed Inyu mbéT o0&l ICD3in mice e

MWCNTsi noormb i nwa tHibdFi 3C) Howe &AM Ui dr edtulce number

oCD2B8 cehtdescMWCNMynd HOMEXx po Fuipe . (



DI SCUSSI ON

This studtyhee viahlewraatpeeatmenpoltemal -Adn oif oPRAIRRh ([ 8§ A M
activatitdore cecwxraicreg batnidaurnc eat wH @ MHE igs etarseca tiend nwicte
MWCNTBhi s experimental model f eat ureeoss iknaoyp haislpie
airway fibrosi s, and mWeoaksacept evmedaApR3a si ap c
deficient mice exhishi tyrere ddwt e d n a ionmmuegoosu sn loapehls li
metaplasia [13,14]. I n thdlpieahemti tsbaundy,f WAI
significantly attenuated the pathological fea
airway fi urcosuiss,cednd mavitWCINITa sainad- cldibuM D d gt e .
eosinopaitway fibrosi s, ).anNo nneueodflustchceesleve met s e
| gG2a t Mehaetr @@ MM .dcoudar ve as an effective trea
di sease, underscoring the critical rol e of PAF
in the lung.

Our findings highlight significant differe
PAR2 with a monocl onal anti bodlyl arnedd uPcAeRR2 egcesnien
lung i nflammation inducedpbyg uMRAELCWNiKo=gpsuuy & ME
parti al or compRerdzed geott dedetc é o@oloufnogbsyp Imi lc en u |
[ 13, 14]. Additionkil@gLIEmai prediRdreht edédrmoarl
WT mice, suggesting thaupsPtArRambd hed moki e epr ond
I nterest-Lhgalyon8AMmtuBAd FCLCiLcldd € o giem feaat s itrhoep h i
wasot a result of suppreessdnPhbmdesul nsteanm, PA
medi ated dysregulation of downstream signalin

recr uiFtome nax amplpd,at pd-kl haesi t(dll 3K) is a key



eosinophi dnlircad fd efkiigigganwe 1 &@adPdS8K eadiO¥WAphi | s
chal ]l ecngepi te havingd ianncd eCaXSIEMWDd rlpe2vdddRrad, if 0 hdt e S
cel l proliferation, migration, and invasion b
32] .-kiRm@se i s another effector pr ot eimdiassaomin:
of Rhoase reduces eosinophiclhhandmmhgress imn cBALRB
| mportantly, caoononieabdsPARB2taet iepmtaigemansi gha
cascades, aie/mehliwcdi ng G elgiun asea & otri WRahtoi oln1 [ 36,
dependent reduct iconlledand PtAR 2a drepomedianses e dh sG g n a
necessarki nfaosre Rrthwoncti on and subsequeivVe absodonoj
obser veAMthdecr edasedl CDBumber s eixm otsheed Itun gvsWCoN
and HDMErior studies-dedveiemdwmi tclea te xRIAuRRdZetd IT m)
cel l di fferentiation ad@, redggest gyl ectkohuadted P A R
i mpair T cdhilsuggtisaatitdhre. therap-tdlbtiaci e¢f écom
di sruption of intracell ul ar signaling downstr
upstream eosinophil chemoattractant productio
Il n addition toar &ddicnihn goietoesdi naa prhw agyx pfoisberdo s i
to MWCNTs EaWep ridDIMouseportpdrthat aeelt &telnaph2e o fe
attenuated ainr wtalyi sf i dx pe[iisdne Ol 8B mmmed el gati ng
phar macol ogi cal fionmlmidimi t aonrefulPAR2 For exampl
P2pla8S rdefTdale and dbt eowmsacdunced pul mdPpar yTrhei br
effiacfac$AIM in reducing airwsymfiflbbroars itshei nadmiaa
ant i-mediyat ed i nhi briotlieocrnulwvee rPAAIR®Z g malilbi t-bt s or

speci biotdd | yeishn deesxtr-aeeml ohhr dbdlmali tnheafe bRAR:



prevaetghgegener ati on of act a4 atainnsga cttd tvhadri eodh loif g aPn
PAR receédpsponsisel msnsaihen the proteolytically reve
receptor activates an adjacent PAR, such as w
t hat express 4 dplojtAhd dn ¢ ¢ e pPadRI2s s[icgonnapl lienxgy atnsd c on
dependent, with multiple protease activation
downstream pat hpwaoysaium Imead vars b g n 64 RF osri genxad mmige ,
the PAR2 antagonist GB88 inhibit g/hiPKO ascieglnladliar
|l eadi ngnfbaamatory activity [37]. Homwehviecrh, GB
in turn increases pERK1/ 2, RhoA activity, and
PARR2o wame dii recge | Iraspomaseshrough norcanonical signalingould explain the
greater efficacy 06AM-11in reducing fibrosicompared to genetic modelPAR2deletion

Mucgps oduicn i bhe airways is a key pathol ogi

obstriucndioni dasatd FMnpavi ttm t he present -1sit uwdeyd uwee df

muaus cel |l i memieegxépaossoead t o MWENTEh iasn df iHHDAOM ng c o
our previ ouPsa rd@ofrikc iuesnitn gmi c e, wh e rinemueus cef i gni f i
metaplasiavas observed [13,14hese conf |l icting results sugges

mucus production t kramwgshgecrmal iumdSapevnh waawxp |l an a
couadcdcoumeddmnueed s cel | c mes$ &@\IMal.i aFi rlsld e p éSPAdVE n t

PAR2 inkobdidsowmmedil gtted activation of ma s t C
reducing the réehaadaseromomedmaBiossrhryHreMieicy et
couilmdt erfere with downstream signaling necess
systemic I gE | evels and B cel Weobnsfeirlvterda tmaoi nn tien

of high serum | gE loaiwselce | desngigtaghteatsd tahedr end o c



mucus i s not due to supptedasanptaerefd lkedmercdlori n

within the |l ung microenvironrlnendi.d |Imota grredune
infiltration in the lungs, reinforcing the r
responses rather than systemic i mmunity.

We propose that oheSIlAMree apreiumarci leyf fewd st o |
canonical PAR2 sliugnhgasPARZy iws t hi ghlty ¢ eixcmerlelsss,ed
including epithelial cell s2, 30vbeéeémonsmacabedtal
SAMIntradeasalry rteos utlbtieendl Limhg st o cel bssglgesit nggt
that | ocal PAR2 bltohceedde i brrgspohb 4 Hokcebbky,
PAR2 expressedni nstheraguways pfgdPndinviddai si ¢
endogenous serine proteases such as mast cell
during lung injury,i nehwithiosiDhKMEmptraolt eaoll lyarigceandd vy
PARZ2 6[0,%5152. Ther et mi gihnntSiAlMi t t he proteol ytic
HDMprot.eases

Oufr i n dhighnlighsthe crucial role of PAR2 iaxacerbatin@ | | er gi ¢ dmnudg di
demondthreatteher apeutidlpatemt isatlr adfe g$AaMioat ebd o «

signaling pathwaysWhiin ealilnehrigbiict ilounn go fd iPsAeR&®2s es.h o

all ergic | uinmgp odtti tceeratslenowlt edge t hat PAR2 al so
homeostatic functions within the airways. PAR:
transport, enhancement of 4dmwmdé¢ b s mimadaiodiyt yne da rad

TNFUSRBSBDi sruption of these protective functio

pose risks, potentially exacerbating airway d:



not observe any adver-B¥Imedutatethe®ARDRI I olwi bgt Saé

therapeutic -pY oimn stehe fc &m”AtMe xt of al l er gi ¢ | unc

Taken together, our findings kix@altleirdgpat i dbhe
allergic lung-ekipossase. modiarmgl o, DMBEC NITesp | i cat ed
of severastdalmaercdiuadi ng enhanced eof$i bpphinkli c
mucoaesl | met Aapéaabill ttyo odt tSeArMuat e mul ti pl e f ea
as a promising therapeulidse c ainrdh idlaittei. o Nod fa bR AF
the | imitations as snooclieactuelde whrtdhe peeaartliti degr o ns msa s
studies are needepeéctdbi detoneritbeticend of PAR:
phases of allergi-tedmseaftet y aasldls s fatnide aetl yurcg fd a:
PAR2 bliorfklalences airway homeostasis over ti

essential fo#t aadearedi sgrRBARYIi es toward clinic
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Fiug®Ef fect slloft rSeAaMt ment on mRNA expression of

i nfl ammation and fibrosis in the |l ungs of mic

MRNA e x pr (eAQsoil dlfeBIogil, ( CAr-( D9t a(tE)}B 3 dmMuc5b

P<O0.PSO0. PK0.TPELD. 0001 comp’aredp 60 .7@eiDi. 0I0el;,

#¥H¥< 0. 0001 compaf'Pdot 6P MWCOTS 1
aap< 0. 0001

c o mp%¥pr<edd Otlg HD

bet weenlftoint ea@dtl sd amidc €& Ad/le ANOMANn &vd t h-

Tukeyéhsocpotsetst . Dat a QS EM;preascen tdeadt aa sp omenatn i s
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indi vidualBPansmabmeISTTAT6 0fnopmal i zed ag@) nst

Densitomefir moo fmaka gteiph<tDo 0'PpIlc,0. 0001 compared t
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FigueEéfBctsllbftrSeAat ment on T and B cel |l l ung
of AQDS3T cel(IBOD&Z®Md cel Il s infiltrating the |l ungs
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ABSTRACT

BackgrOumdprevi ous wockxipemarmnssatlatesdd Icttahrabton n a
( MWCNTs) exacerbates allergic lung disease i nf
mice defici-aati vat eod ot ecaset or 2 (RFPARIA)cws mgw |
exposur e. I'n this study,menwdel adgaiamg mlealg @ hpo Ir arl ie
the presencenderIMMERTsondi ti ons and the subse
activat mindo lol agenideposobtion

Met h Bdosn:e méeriowed macrophagex 9YiBW®Msar maci o
( mex AMs) , and mouse lung fibrotbhypstSEWIMLES]) W
knockout (KO) mice. Macr-4p-hBgbef weeeeppoesueat:t
and polarization mar kfelrosw weyrteowreestaéyy maentddl ¢ bhr @amnm
Conditioned media f roam pglrieecad etdo nMLcH so pthoa gaesss ews s
Il n wviWDh ands preyceil foiiadd PARZ2-ek® otreoecdd WW/N T £ ecxotdr adDtM

over 21 days, foll owed by analysis of bronchoc
mar ker su® é!l mumatnalpt @ebpaosi s

ResuMWENTSs exacd/{Hddtneddu cleld M2 pol ar i 4 atainodn, [
phosphoryl ated STAT6 | evels in both BMDMs and
PARRef i cient macrophages .-podoanrdiizteid nWTd meecdri cap hfa
significantly IpirphHerbrexprce @eeintemloli ha2 odiMiLd s

comparceodndi ti oned®PARBdK® fimadmo pvhangpedp.ecdf i c PAR
del etion significantly deaeaare ansuecdu sl uhnygp ec¢ mlglca @

MWCNT andxHRMexXtpoOo.sur e
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Concl UBNCNANT: exposur e -exiacem bMd2 emadmh@phag-e pol a
dependent ma ni nnecrr, ¢ albeeaddbilnags tt cact depbs otMyamadi do
PAR2 is a critical driver of fibrotic remodel

therapeutic target for mitigating fibrosis in
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| NTRODUCTI ON

The prevalence of chronic respiratory disease

di sease (COPD), and pul monary fibrosis has si
(Darrow et al ., 2014) . Epi demieolpagitdeall est uadi
environment al factor t hat worsens the severi
Kanchongkittiphon et al ., 2015). Of pamitni cul al
di ameter (i .e., npaennoeptiaer at pi échl eetsb) u, N gnsh i acrhd ciamt er a «
i mmune cells (Duke et al., 2018). Among these

as nwaltlied carbon nanotubes (MWCNTs) present a

physicochemi dal ngrepasti nhiges namstrial use (Cha
MWCNT=sIl icit puloharsdry i mmune responses, |
i nfl ammatcusn , hypearnsdenccrreetaiscend,egos$il aigem wh-en i nh

administered with all er gekms mMuStsweend ceta adt. ,al2.0,(
has s hawnx ptohsautr e tacnhMWEBN Td(uksDMd)mti ¢ eat eabbéegi c

l ung diasspdsdogbEinmgophi |l ic i nfl ammatoildm,gemu Ly ors!
(Lee et al ., 2023 puTicamesetardall.y, dat2 SNMIVCtNAhse p e |
in lung tissue anpd otfhisbirgontaibci hphpatbgwagbevpt ed:
cytokiuedadsas transformi ngblggmawtpdl at @ttedr gb etwa h1l
( PDGF) (DukeDespiatte , t 2&®dS8)f i ndi ngs, the cel |
mechani sms by which they worsen allergic lung
t hpeoteaseactivated receptor 2 (PAR2), a G protaiaupled receptaxpressedn multiple lung

cell types, including epithelial cells, fibroblasts, and innate immune setls asmacrophages

PARZ2hasemergedss animportantmediator & pulmonary inflammation and fibrosis (Janeway et
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al., 2002; Cocks et al., 2001; Rayees et al., 2020). PAR2 is activated by endogenous proteases
(e.g., tryptase, trypsin, elastase)waell asexogenous allergeproteasesuch aghose found in
HDM extract(e.g., Der p1, Der p3Bun et al., 2001; Asokananthan et al., 20BPviousstudies

show that PAR2-deficient mice are protected from bleomyanduced pulmonary fibrosis,
whereas PAR2 activation promotiisroblast migration and extracellular matrix production (Lin

et al.,, 2015). Ougroup has demonsated that ceexposure to HDMextractand MWCNTs
exacerbateallergic lung diseasia wild-type (WT) mice compared to PARfficient mice, with

WT micedisplayingsignificantly more collagedepositionaround the airways (Lee et al., 2023;
Tisch et al., 2025). Howeveit remains unclear how PAR2 contributes to the cellular and
molecular mechanisms underlying inflammation and fibrosis during allergic lung disease,
particularly in the context of MWCNT exposure, where the key responding cell types areynot full
defined.

Macrophages are of particular interest for mediating these effects because they are among
the first immune cells to encounter inhaled particles, and PAR2 signaling within these
macrophages may regulate the balance between inflammatory and fibrotic responsgponse
to environmental cues, macrophages can polarize into a classically activated M1 proinflammatory
phenotype or an alternatively activated M2 antiammatory and tissuezemodeling phenotype
(Rath et al., 2014; Wynn et al., 201®While T cellderived cytokines such as-h.and 1-13 drive
polarization during immune activation, macrophages can also polarize independently of T cells in
response to signals from the surrounding tissue microenviror(@eda et al., 2020Y.his ability
to respond directly to environmental and inflammatory stimuli enables macrophages to modulate
the balance between Th1l and Th2 immune responses, thereby influencing disease outcomes in the

lungs.Recent studies haveghlighted thecrucial roke of macrophages at albsgfes of lung injury
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and repairincluding their ability to both promote and resolve pulmonary fibrisiset al., 2019;
Lambrecht et al., 2015; Ma et al., 2012 macrophages, in particular, drive fibrotic remodeling
via expression of profibrotic mediators and enzymes such as ardi@sg-1) (Krane, 2008).
Arg-1is a hallmark of M2 polarization and plays a central role in nitrogen metabolism and collagen
biosynthesis by converting-arginine into L-ornithine, a precursor of proline and hydroxyproline,
both essential amo acids for collagen production (Krane, 2008; Morris, 2007). In fibrotic lungs,
Arg-1 expression supports tissue remodeling and scar formation by promoting extracellular matrix
deposition and fibroblast proliferation, particularly through downstream toeslisuch a3 GF
b1l and(ERiRGFal., 2008; Sheppard, 2008punting evidence indicates that MWCNTSs
can directly modulate macrophage activation and polarization. Macrophageghagocytose
MWCNTSs, and their phenotypic responses depend on the qoiayx@mical properties of the
particle and the surrounding immune environm@&uy{es et al., 2015; Dong et al., 2018hese
interactions may skew macrophages toward a profibrotic M2 phenotype, thereby sustaining
inflammation and matrix deposition. Thus, MWChNiIduced M2 polarization may be a critical
mechanism by which these nanomaterials exacerbate allergic lungediseas

In this study, wenvestigatedhe role of PAR2 in modulating macrophage responses to
MWCNTs under allergic (Thlke) conditions and thdownstream consequences fitroblast
activation and lung fibrosis. Using vitro modek, we treated bone marregerived macrophages
(BMDMSs) and murine ex vivoalveolar macrophagesngéxAMs) isolatedfrom WT and PAR2
knockout (KO) mice with IE4 and IL-:13 to simulate a Th2 microenvironment, followed by
exposure to MWCNTdMacrophage polarizatiomas assessed by using a combination of Western
blot analysis and flow cytometryokvaluatdunctionaloutcomesprimary mouse lung fibroblasts

(MLFs) were exposedo macrophageonditioned media andnalyzed forthe expression of
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profibrotic genesArg-1, Collal, andColla2 To extend these findinga vivo, we uilized a
myeloid-specific PAR2KO mouse model taleterminethe role of PARzZexpressing innate
immune cells,primarily macrophages, in allergerand MWCNTinduced lung thease We
hypothesized that PARZomots MWCNTinduced M2 macrophage polarization and fibroblast

activationin a Th2 microenvironmenthereby driving the exacerbation of allergic lung disease.
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MATERI ALS AND METHODS

Mulwal | ed car bon naamduhbesd( MD/V@KiTsrEa c t

MWCNTs (NC7000) wer e purchased from. Nahecyl .
physicochemical charactAeddisttii @arslaHoef FINIGECOI O0s uasrpee
was sonicated in a cup horn sonicator (Q500,
with DPBS to reacbobhbentregquiAoedhmmend oogmigmigp.n of
was seliectedpemirment s basedespopsel sthudaeyg (@ds
t hat demonstrated significant cldD Meuxl tafra orme s p 0

Der matophagoi deas pperohgssedntisom Greer Labora

DPBS. ThextHDaM em #XPB91D3A2. 5; l ot #390991] c
(EU) .
Bone mder owed macrophage (BMDM) isolation

WT C57BL/6J mice and PAR2 KO C57BL/6J mice we

Mi ce wer e s addildweieckesd obfetangeee,en and hind | egs wel
i sol ation. Bone marrow was flushed femomet he f
strainer. The resul ti ng5 cteil 4 s um »sduuplmpte uerwee $ift | eads kin

BMDMIi fferemedi at ( ®DMEM, 10% fetal bovine serum,

ng/ mMCSM Pep)y.oTech

Al vemd amroghhmeegx A | at i on

Mex AMs were obtained from WT and PAR2 KO C578B

cultured as previously described (Kendall et
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wi t h 1 mL of col AMss tvweearid eg eDPeBrSat eMde xby cul t ul
macrophag®est-dnlstiier e fl asks in complete cultur
bovine ser um, 1% penicill im/iGsbtr epOomgemh) ®Sep
#0-D1) , Mmu-Cs5he( &M ng/ #BLLG 3P e p raontde crhaold,i gR @ g raetoeneh

#1,227,342) .

Mouse | ung MLiFbsroad baltai sotn

Mouse | ung fibroblasts (MLFs) were isolated f
from The JacK®ddn weeaelkstuatisraywe) e | avaged ,with L
wi tnhj or airways, vessalrefuddbuagptmovesloaswas s i
transferred to digesti[@00méding5s (ndg /mgl/ ntLr ycposlil na
DNas e, DMEM) . Digestion wasunperlf otrimesdu et wfor aogr
adequately d&f $seocidatgedt i onl, t eruendg tfhrraogumgehntas 2n8
filter, foll owed by a 25mm syringé& ftiilstsare. cTuH
fl asks wi t h compl et e medi a ( DMEM suppl ement

penicillin/streptomycin).

Cell treatment protocol

BMDMs and mexAMs were exposed for24tho 10 € g/ mL To $imultV&meT s .
allergic lung microenvironment, cells were pretreated with 20 ng/mddid IL-13 for 24 hprior

to MWCNT exposure Cytokinecontaining media were replaced with fresh cytoliee media

before MWCNT exposure to ensure that observed effects were attributable to the nanoparticles.
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To evaluate the effects of MWCNfeated macrophages on fibroblast activation, Bllfere

incubated in macrophagmnditioned media collected afBMDM and mexAM exposures.

FI ow Cytometry

Macrophage palsareiszaetdi cdory wdsovwtcetao ment ., MABfMDaw

mex AMs were coll ect-epedcinficcol Fc DPBSe ptNoorn ant i b
bl ocked by incubating macrophages in TruStain
Cell s were then washed and st ai necdonwiutgha tae dmiAXp
ZombNleR (423105 Bi oLegend) , CD11b (clone M1/

Bi oLegend), CD206 (cl onel CO®I8cCRe Ml eoxyeqy;eDnddh)& r r
wer él eotmedD LSR Il flow cytometer with BD FAC(

performed with FlowJo version 10. 0.

q R-PCR

RNA was extracted from tr eat eldh ec eHalsst,Staanrdt cUNN.
Master ( Rox) (Roche) was used t o perform Te
Quant Studi m8 RE&®|I System TherbBwxaplr eGoslalGoh gb &I o c k

anAlr-pwas quant i foR-rmidc med IBRMvlaisn bhe endogenous ¢

| mmunobl otting
Cel | | ysates wehhaenldyslelde cdtne db uafffteer c2o4nt ai ni ng
i nhi bPirtoadresi.ns we Me fPsReQpTaErAaNt ¢TdG X6 ndPB &S E s(gkRiRa d

Laboratories) and transferred onto PVDF membr
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wi t h mouse pri mary antibodies purchased froc
phosphoryl ated STAT6 at Tyr 64Q #9688B6HMBEHGt iSTTATEH6
#496Fdnds were vidmelrshadhm usaggr ab80 (GE Life

guantitative densitometry was performed using

My e |-oop eddPIATRK Omi c e

WT mal e C57BLlny6el-sopmedc ef ko dPKRAR2 mMKOr beltadveen 8
weeks of age wemMée cesee@drienrttlcies vedudy.om Dr. An
North Carolina at Chapel HWil d e dva rcrey aveely| ed |l geesneac
(Patr'Zi'target e&2dPPredUe’YMaheer:e generated using CG&
EUCOMM as described (-SpacnkdebtPABRR2nt @mDdd) wecC
by crossPap'afi'e maRmeed |2di'ce expressing Cre -recomb
speci ferc. Mdamp@ne was del eted in the myeloid | in
promdtadZ LicCy . Li tPtadri'actee wer e used as control s
C57BL/ 6J bMickgr wand. housed in an AAALAC (Ass
Accreditation of Laboratory Ani mal Care) accr

approved by the NC State University Instituti

Exposure of mice to MWCNTs and HDM extract

Exposure procedures consisted of three sessio
sessions in the challenge phase (days 15, 17,
(OPA) to 50 OL of vehiexltg a@PB&8) COMWCNAS$ ] oHDM

HDMe xt.r aEdachexHRDIMse was 0.5 Og/ mouse (0.02 mg/ |
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was 12.5 Og/ mouse (0.5 mg/kg), resuéxtiammdt n t
3 mg/ kg MWCNTs. Aekbwaedbesedfi WDMhi s experi me

synergistic effect of MWCNTs with allergen ex|

Necropsy and tissue coll ection
Necropsy was performed on day 22. Mi ce were ¢
pentobarbital. Bronchoal veol ar | avage fluid

cannul ating the trachea and conduedi DPBBav avge
ti mes. BALFt ovagulawma 6 ¢teaidnt,at e delhD/H r eavgae n aosues (

cytoknadRemoki nes.

BAL&nal yses

The Pierce BCA Protein Assay Kit (ThernmoFishe
in mouse BALF. As an indicator of pul monary ¢\
with the Pierce LDH Cytot)oxiTotay BaAdL &y clkit C
performed using@ af aeentcywdbme ekclht DioWédd kfesldo mi n

cytospCelsl differentials were quantified by co

mi croscope BX41 t o nibeetrasrervilfree t he rel ative nu

Quantitative morphometry of airway fibrosis a
Airway fibrosis was as-stasprddosl Mhssobps mor pl
using the image processing program developed

ver si(oBhai2Zddo et al ., 20BBs Ruetileocobkbtwabs.adadptae
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coll eagues, who used this technique to quanti
(Baidoo efToonal ,c@ObRR&8yen quantification is the
values surrounding the airways. All i mages we!
a 1500m10HEHO®W) region using an Ol ympus BX41 1|ig

and airway mucus production were &@ASdsaseckdby

sample. The airway pedj mPASErABRBagn@manwak!| utamna
| maged Col our Deconvolution 2 plugin, -PRAlSi ch s
color vectors (Lee et al ., 2023; l hrie et al
nor malthedtoboal airway area within each fiel
bet ween speci mens. Foll owing color deconvol ut
converted into grayscale, and analyzed for me
Statistical analysis

Onway ANOVA with Tukeyods-tpesdt wasc utsedt tor aStsiec
bet ween treatment groups (WawpARQYA Pwiitsim, T wkeery
hoc test was edpfbgedntesebatkudg e p.uYsSl &amndatP&A R 2

presemeadcd &NsIBEMPpdfi cat es.
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RESLUTS
MWCNTs exMeas dbactieat ed-lpandebENATArgi a PAR2 sign
Using the cell I sBl gt iViITn amrdo tPARR| KeOx BMWE Mg a raen d
pretreaté4dawti3h(C2Q ng/ mL each) for 24 hours
mi croenvironment. Af ter cytolkiphacednaaii it dv® nciyrn ¢
mediaathecel | s weretbohaemWCe8lXgbgEd¥W for an additio
Western bwas peanfgsmed eowm | anaptitee $Ayrista haenedf S TAT 6,
t wpr otee mtsr al to M2abpbérngi asiecuogAsdnedipte t ed,
pretr eadtomenrneakleedx Argssi on i n both WiiexaAMls PAR?2
(Fig. )2ADEnsi t ome tveeda tt hebnta IMytsgics i on was signi fic
KO macrophages compapgefigdogDwdt congttbads PAR2 c
1 regulRurntomer more, exposure tol MWMCNiITesildilgav &l
4/-LBretreated WFimaRRdBpbDegdeNMWENTskater blat e Ar
i nduaonhden MTHi2c acdbmredi ti ons. -dniigmeaonrtweaass ¢b,l utnitiesd |
PAR2 KO macrophagéeyvewberemArgéd-LBompat akhée mt
al qmieg. ) 2 BT Dbe s e dritedsaitlet BAR 2 amepdli iaftiecsaltt ibam r cefs sArog
i n -M&l ari zed macrophages .foll owing MWCNT expo:c
Consi st enlt ewiptrhe sAsrigon, t he signal transduc
(STABG6)k,ey dr-Lveéer aapcroiwgetdi can par-4l-LBI ppatt eahme
significantly increased STATBEMRMS inemd Msing(.i n b
3A)C Densitometric analysis found no signif.i
ma c r o pfhoalgleoswdi/AllgB IpLr et r e &ti e n)t3 BaHGAweds £ o Wi/ A g

1Tonditi IWICING efxuprotshuerreeased STAT6 phosphoryl a
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macrophages but not I Fi PAR)BCAHAQ emd dat nneedsheal gt ess
demonsthmat MWCNTAr-tp nehxapnrceep ST AiMre aan-dRRApRR2n d ent manr

undlenr2 akbedgitcons.

PAR2 regul ates macrophage pol-hrexmteo®ni amr oug
FI ow cyt ometdriys twiansg wissend macr opha-teegpbsesssoand
si ngdlel BM®OWMs|l wer e i detCtDilftieeld se sa@ib lnvie r e i dent i
CDl1TIb11xel | s, whil e dead cZeolnibsileRver eNTe xBcMDuMkse d
MWCNT exposure increashdictall whermradd tphiop oaftfia
in PAR2 KOGriBgMDMsAin(der Th2 conditions, MWCNT exX
percentAa-@feBM®OMs compadketiBtal drie, butl amedry si s
fluorescence intensity (MFI) r evealge)d. 4a8 hsiisg n

indicates that MWCATIs exfhradaseiaditneo fpehrdgi-gt he n

I"cel |l s. Il n contrast, PAR2 KO BIMDWFsI srheolweetdi vsei ¢
across treatment s, confirming-1tkeaprRPAaRRomBd (ul
CD206 MFI , another M2 marker, was ad/slobi ncr ea

| 4/-LB with MWCNTs, while PAR2 KO BMIOMs) .e4xr es

I n mexAMs, dependence on PAR2 was even mor e
mex AMs di splayed a mar ked rettoaelFlisgnamA-lBogh t |
MFIFi g.) B mpar emelx AMs WA ccroonsdsi talolns . Il n WT mexA
significant {lyc eihnianbea selh NWIF IgA rfgo 41/ dvBi npgr eltlr e at me
whereas these responses were diminished 1in f

significantly higher i-h/-MT anek AMEWNT=x,at whdi Iwe f
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mex AMs showedFI gt eThesanglat@ i1 ndicate that |
regul atli negx pAreggssi on in infiltrating BMDMs ver

reliance on PAR2 observed in the mexAMs.

PAR2-expressing infiltrating macrophages induce profibrotic gene expressioMinFs

To determine whether MWCN#@&xposed macrophages promote fibroblast activation, Midte

treatedwith conditioned media froBMDMs or mexAMs previously exposed to MWCNTSs and

IL-4/IL-13. We then examined the expression of genes associated with a profibrotic fibroblast
phenotype. gqRIPCRanalysis revealed that conditioned media from WT BMDMs exposed to IL

4/1L-13 and MWCNTSs induced significant upregulatiorttod expression oArg-1, Collal, and

Colla2in MLFs compared tanedia from untreated BMDM$ig. 6A-C). In contrast, conditioned

media from PAR2 KO BMDMdailed to inducesignificant increases idrg-1, Collal and

Colla2 demonstratinghat PAR2 expression in macrophagereguired for fibroblast activation
(Fig.6A-C).Conver setlryeatMedmrsdi t honemde xwsh awé d olm t t | e
chandgegCol La&od axdression acr oFsigP-F)r,e ahti ngehnlti gghrtc
a | imited role for alveol aNNotmaébclbyophbhhges respiol
was al so iPAIRRiencasd kg MLFs derived from PAR2
gene expression compiag)ed Bavg @ thh eWwT, Mghfessset( ftihnadt
infiltrating macrophages, OutveodPpARRdedenti bBi:

activation and profibrotic.signaling followin
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Al Il ergen aindd MWLCNTI ung remodeling requires PAF
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DI SCUSSI ON

This study aimed to evaluate the mechanisms by which MWCNTSs influence macrophage
polarization during allergic lung disease and to determine whether these macrophages contribute
to a profibrotic lung environment. Additionally, we investigated the role oRPAn these
processes using bo#x vivoPAR2deficient macrophages and myelksipecific PAR2 knockout
micein vivo. Given that allergic lung disease is characterized by elevated {2 pcytokines

such as Ik4 and 11-:13, weusedpretreated macrophagegth IL-4/IL-13 to simulate a Th&8kewed
microenvironment. In thig vitro system, we found that exposure to MWCNTSs exacerbated M2
like macrophage polarization and enhanced expression of profibrotic markers in a PAR2
dependent manner. These findings suggest that macrophages respond synergiSi¢aNiDs

in a Th2environmenin ways that may promote downstream tissue remodeling.

To extend these findings vivo, we used a myeloidpecific PAR2 knockout mouse model
exposed to HDMextract a clinically relevant allergen, and MWCNTs to mimic-exposure
scenarios observed in environmental and occupational settings. Our group has previously shown
that combined exposure to HD&ktractand MWCNTSs exacerbates hallmark features of allergic
lung disease, including eosinophilic inflammati@irway fibrosis, and mucous cell metaplasia
(Lee et al., 2023; Tisch et al., 2025). In the current study, we demonstrate that deletion of PAR2
in myeloid cells significantly red@s airway fibrosis and mucouslcmetaplasiasupporting a
central role for PARzZxpressing macrophages in mediataigvay remodeling during allergic
lung diseaseThese results are consistent wstiudiesshowing that PAR2 signaling amplifies
airway inflammation and remodeling in response to allergens and environmental triggers

(Davidson et al., 2013; Asaduzzaman et al., 2015; Steven et al., 2013)
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Our in vitro findings demonstrate that MWCNTSs significantly enhance -Ild&
polarization in both BMDMs anthexAMs under Th2 conditions, as evidenced by amplified Arg
1 expression and STAT6 phosphorylation. These effects were attenuated in RAR2
macrophages, indicating a key r@EPAR2 in promoting or sustaining alternatinecrophage
activation.Importantly, M2 macrophages have been implicated in driving chronic lung diseases,
including pulmonary fibrosis, due to their profibrotic and immunomodulatamgtions (Bahram
et al., 2025; Kishore et al., 2021). Supporting,thi recent studyas shown that reducing M2
macrophage infiltratiomto the lungs of micean protect against bleomyeimducedpulmonary
fibrosis (Pan et al., 2025). While MWCNTSs have previously yielded mixed results with respect to
macrophage polarization, such variability likely reflects differences inpaatioleproperties and
the immunologic context of exposure (Dong et al., 2018; Lim et al.,; ZA_B@ri et al., 201%. In
our moeel, MWCNTsenhancedL-4/IL-13-driven M2 macrophage polarizatipsuggesting that
MWCNTs may exacerbatthe severity ofallergic lung disease by amplifying THa3sociated
macrophage activation. One possible mechanism involves crosstalk between PAR2-¢ikd Toll
receptor 4 (TLR4)Prior studies have shown that PAR2 interactions with TLR4 can inhibit or
enhance downstream signaling depending on the experimental conditions (Widera et al., 2019;
Nhu et al., 2012). For example, the conjoint activation of PARRTELR4 signaling resulted in
M2 macrophage polarization and the inhibition
IL-6 (Nhu et al., 2012). Our findings are consistent with this model, sugg®sAR@ sustains
STATG6 signaling and Arg. expression in Makewed macrophages, whereas in the absence of
PAR2, unopposed TLR4 activation may favor incomplete or proinflammatory macrophage

activation.Beyond TLR4, PAR?2 is also known to cooperate with PAR1 in fibroblast signaling
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(Borensztajn & Spek, 2025), and to modulate -kB-dependent inflammatory pathways
(Shpacovitcket al., 2007), further underscoring its role as a regulator of macrophage plasticity
Given that M2 macrophages secrete mediatorsrétailatetissue remodeling, we next
investigated whether PARZdependent macrophage polarization contributes filtwoblast
activation Using macrophageonditioned media, we found that PARZpressing BMDMs, but
not mexAMs, significantly induced expression of profibrotic genes in MLFs, includligef,
Collal, and Colla2 These results support the prior research demonstrating that infiltrating
monocytederived macrophages are the principal contributors toblast activation during lung
injury, whereas resident alveolar macrophages play a more homeostatic role (Byrne et al., 2016;
Misharin et al., 2013). For example, the specific depletion of mona®greed macrophages
following lung injury has been shown teduce the severity of pulmonary fibrosis (Misharin et
al., 2017), highlighting the importance of this macrophage subset in fibrotic lung diseases.
addition to the role of PAR2 in macrophages, we also observed that PAR2 deficiency in lung
fibroblastsmarkedly attenuated their response to profibrotic cues. MLFs derived from PAR2 KO
mice exhibited significantly lower expressionArD-1, Collal, andColla2following stimulation
with BMDM-conditioned media, suggesting that PAR2 in fibroblasts may also regulate key
signaling pathways involved ifibroblast activation and collagen depositidtrior studies have
demonstratethat PAR2 can activate intracellular pathwapsluding p38 MAPK, JAK-STAT,
and PI3KAKkt, all of which are known to mediate fibroblasttivation and extracellular matrix
remodeling (Lie et al., 2019)Together, these findings highlight a critical role of PAR2 in
mediating macrophaggriven fibroblast activation, showing that PAR2 not only regulates
polarization of macrophages but also directly influences fibroblast responsiveness to maerophage

derivedsignals and collagen synthesis.
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CONCLUSI ON
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ABBREVIATIONS

PAR?Z2 pr oteaeatsievat ed receptor

MWC NsT mu lwtail | ed carbon nanotubes

HDM house dust mite

GPCR Gproteiumpl ed receptor

BALF bronchoal veol ar | avage fluid
LDH | actate dehydrogenase

| g E | mmunogl obul in E

PR3 neutrophi-3 proteinase

CCL11 CC motif chemelbitmpaxilni gand 11 (
CXCL1 CX-C motif chemokine |igand 1
Ar 4 argi-hase

OPA oropharyngeal aspiration

STAG signal traatidwuateor amfd transcription ¢
TLRA4 tollilke receptor 4

Th?2 type 2 helper T cell

WT wild type

OVA oval bumin
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BMDM¢ BDensi tometric -§juAmh@ ifarcmaliiomedft @ tot al
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Fi g u Efeectsdof MWCNTSs on Argl and CD206 expression in BMDMs from WT and PAR2
KO mice. Cells were treated with media alone (contMWCNTSs, IL-4/IL-13, or IL-4/IL-13
followed by MWCNTSs for 24 h ( ARepresentative flow cytometry scatter plots showing the
percentage of Ard BMDMs i n e ac f BMeandlunitesoance tintergsity gMFID
of Arg-1 expression in BMDMs, frorthree independent experimentsCNIFI of CD206
expression in BMDMs, from three independent experiméfs< 0 .2 kK 001 Ob et ween
genot'yp<edk.;OPLK0. 0001 compdF<ed. G®k0o0000dbI compar
MWCNTP<OcOmpampedttr@at meintDevti@trhmi newdy b ANOWA

and Tukédypyecs tepsgt Data a@SEM.presented as
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FigueEéfBcts of MWCANNTd OM2 A6 mex A AMses$irom WT and
KO mice. Cel | smemkeiree alrcemd e(dc ovd {t4h8@ | )-4 F-MBVCNT s ,

foll owed by MMAOREprkesen2athve flow cytometry
percent alge noefx AAMsg i n e a.(BhMd a re aft Imemrte sgaeonucpe i nt
of -Argxpression in mexAMs, fr(@mFtithmodée CDR2d&p e
expression in mexAMs, fro®m<OPAED.iOMde hert dveretr
genot'WPEéds";lPl<x0. 001 compdR<e0d "@®s0,tBrOr 601 compar
t MWCNTP<OcOmMmMpampeadttreatl meintDlevtiztrhmi nwdyby t wo

ANOVA and ThbkeybdbsesposData aFEM.presented
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FiguGené. expression in mouse | ung faiflRrdabhlrast s

treatwmehtconditioned medium fromMsor rmsyAMdi n

pnreeated with IL,ad/ 1 L4BL LMIVCHMTEr-INACo®!| 1al
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FigumMbae7eff ectsspeoccfi frnyce IPAAIRR def i ciency on all

exposed to MWCNTs, (HADMl estrati pnoofpBhl.
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expo
I magstsaiofe dMalswsrog 0sed taii @b ogneo
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positive for PAS+ mucins stained in pu)pl e (L

Quanti ficat tpomsidfi vter iad(hEQame ciol ABRILBO®Nnaiof way

mucin. Bl amk®PbareFx,01ld&dtlwe e n ;§Pe<n0o.tBYSpPe.sO 1 ,

""P<O0IOxomparedPkd. 6dntomparéRi<Ot.ac0dMyY@N®d t o

pretreat meantDieviigtrhmi newdy b ANOWA and-hdokegbds. pba
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CHAPTER 5

Conclusions and Future Directions
GENERAL DI SCUSSI ON
Understanding how inhal ed-indoopdr t uamrgweas i & mas e
uncovehmaghani smspathltadgediriicvaelfleeartguircesb mifgr di s e
enhiamgur under st andrealgatod d ah €Tahlp tsh Iduitssskest t at i on
rol pr ofaeatsiev at e2dP ArRebcne pnteodri at i ng al | rau lgwaid | lewn g
carbon nMWONTJssesng( three compll é?#AKRMBUBaygt ampceac
foundpatrigaetaét i ¢ odfi sRAIR2t iroenduced airway fibrosi
eosinophilia and Inmutcaursetsh gRsreRiPsyd camaded o@x hi bit ec
unexpected aelge-in@s-ex pressi on, suggesting res
compensatoryi nmetcheanrems!|l at.i ohn ot orthriassal n zpyhmae
inhibition of C arhotnh & aino R I2o8wallyln it £ ntghart eeed
maj or feadtergs cof ung di sease, loulethdit ap | @ac $ an

anai rwayl agen deposith&AR®®friec ied.fteldmosedlgygge st

canoni cal PAR2 ves gsglmpn @ ms o fwhaelrleeacsginmmon caal
signaodtmngihaumecss tt ot LEv irdeegmutl abtyi otonhe r emov-al of |
canonical signaling, failing to reduce eosino

selective i nAhlilbiitsi omo rwei tehf fSSAM My e |-Dfa@ani giean ePAR
knockout mioesfuaRARYZ tdiagmal ing within innate
for disease exacerbationcelas Idiedacatg@eabsna iof waPA RR
deposition and mucuexpypstMWedd cleawWoen dHDE N omii they

ext rCoantp.l e mewmvbat ydi ebso nues inmbgr rriowve d mBMDMmmadges (
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mur ierxe wilwe ol ar maecxrAMise mge st fated that-22MWCNTSs
driven M2 pol ardiezpetnidemti maanBPAR2 Whngh fibr ol
activatobhaged Thogrd hitelrée o e sftia®dARBdhas a centr al

of al |l edigi emandleupgovi de mechani st MWCN Tessnipd htf yi n

al |l er dgii s elasreg

Thei fferenti al outcomes observed across PA]
mul tifaceted role of PAR2 in regulating the |
Among the pathological features examined, air

reduced-dieh i RAR®S mp ant e¥Tctooh oSritnsi | ar t o owsi mpg i or
PARRNoOcCkkoQumi ofjg@ t h compl et,e RAeRn2ea rdtevi meihd eprar t i al

del e¢xposed t o HDM extract and MWCNTs showe
depositiimphicating PAR2 ald akjey rdeguwlsattdronofan
(Lee et al ., 2023; Ti sclomptARR. KQ2 aFPABREZ2. a nHto we \
mi ce exhibited increased ex-pressggesbinghehart
PAR2 may retain partial signal i n(gi .ceap acprtef, e re
activation ofoveer todatoe ripgartperag at ory si gmalsi ng

i's consistent with evipgreencer veh ad eblmemodtiiifinvigee daagGdenC
alternative pathways, or @ootienme idepemdcthigom
alteration and subSebhbeepbenyr ucRduwiarlr e hehto gael .(.
LeRi vera etCanside2li2n2g) . PAR2 contains numer OuSs
modi fication of the recegptveern rhay anlda rogree rt haen od
biased or a(lHeukrar gergnat i alg. , 210nlden® dMiafr iy@aatoif d n

t BAR2 have belkahgawd abdbfinity and promote Dbi
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activation iasdgpae@Mdeganoff Gamnalkad . e tl2®I0.lo;n t2r0a0s8t
antibody bl odkapgeodutkdSAMDbTr,oasduepp rpeasogiercdg invoet e
coll agen, depbsat soneosi nowhyperil ndlchiea traaddfni ccra c g n
SAM1 in tbesmeihmgdg ogincaayglt efne afrwingddent ages of an
medi at ed oivrghei nbea tt d ermced & lox. For -elxasnpé¢ &l, d ¢3c/eM | y
resi3dam@s the eNtermnmiehduPARMa({ Nyeofedt et al .,
t he genetrhaet i ocanoonfi cabandcthleereby i igmadnaedha ntd exrgt C
pat hwaysags1anlih: a2 @i at ed cal charnrnametdii bt 2dt ERK 1/
act i yvaantdi ednmGd-c ecprtebsag Rhandr abal;anMearty aan o f)fB 2e0t2 1la |
contnastrophil el ast as®ancolnd acvad s sH ARRs reets r in g 1g
independent pBERKWAY phodgithamygleatTihhds, @O6A&MNdI n
the site of receptor cl eavage, PAR2 <can prod
bl ocking canonical si gnadn orgi ovd It hfeluli ¢ tadbyon mosrhé |
effectively reduce ai remayt oc BReRRAggtdied depos i mo o e
both signaling arms are disrupted.

A key distinction between genetic PARI2ficiency and antibodynediated inhibition with
SAM-11 lies in their divergent effects on eosinophilic infiltratiand mucushypersecretion
SAM-11 treatment markedlyeduced eosinophibccumulation andnucouscell metaplasia,
whereagartial or complete gene deletionér2 had little effect on these endpoirfiee et al.,
2023; Tisch et al., 2025These differences likely stem from the selecbieckade of canonical
PAR2 signaling by SAML1 versus the complete loss of receptor activity in knockout models.
Canonical PAR2 activation through tethetegnd formation couples tBa1 2 -Rh-Ki nase and

Gg/+Pl 3K pat hways, which are critical for eosin
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Tang et al ., 2019; Rohani et alll, i2mplali)r.s Beyo sdi
trafficking even i nb tahned pC@Llslein,c ec oorfs ied teevmatt ewdi tl
that phar macol oii omaisehiamidteiPdsd KofpdR@ha €s i nf | amn
hi gh chemdKiamg ledav alls , 2Dalki; dti mle.t, a2Q0Q7 ;2 0H
Il n comMARPaustta,n maimi@es d® ot h c anmamrnna alal a®@BIR2i ty, all
compensat osrtys updtah wa ye o se xaipawhy iemofslirueamah inlni a

knockout and mutant mice (ALesd netl aal .p,at202; wlhai

airway mucus {drnodaudctinamt edAvMucous cel | met ap]l
PAR2 signaling contributes todempenderstecaeti oa
epithelial and mast cell circuits. Notabl vy, t

i ndi cati nlgl tpratmaSAMYyYy i nterfcedésrwistpplhhnlsesal aé¢fh
humor al I mmunPayd2 fGon veenrts emiyc,e s howed | ittle
|l i kely because genednaeanidedletarmd Ko me wPptt &t ino nPA
epithelial i on transpor(tKuareck | rmagwnl atti ad .qf 2mMW
2010bdss of these regulatory mechani-sensr eraoyr yo
signaling, resulting i nTpeeatshert,entth ersua ifgit mdyipn
SAM1 exerts broader effects by selectively bl
nomanoni cal and hofegus)tatGemef unoctdiedres i on, by
signaling ar ms, not only removes pathogenic
ul ti matedgduddnmmiamasignophi lia and mucus product.i
the i mportance of dissecting PAR2 signaling i1

myeloid cells that shape the inflammatory | un
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Qure xvvo macr ophage stueipexi Aand hAR2 oKD mod
mechani stic insight into how MWCNTs shape i m
l'inking PAR2 signalin@gndowmsyterl oamd tciodBspuad t me m
BMDMs , whi ch model -derfiiMdad amiacg opnloangpes/t e and
represermdsitdesnstueal veol ar macr olphlgepol ®@xihz &t it
exposed to MWCNTs -AhLlBheThreseprspamflie blya Ar gh e
induct pobosphdr WITAT6pntwd critidcalvehed2urped aof
(Strizova et al ., 2023) . |l mport EOmMmad gr ogthaeges ,
demonstratimhagcitlhinttlateEsRiznesr nat i vnmnaac ophrageba
cont ext of nandmatheamiialt i eapodywdd ARRe macr oph
counterbal-édmicveny MMLRgD.| akdrz exampl e, activatio
agoni st pepti dendacppr dsrsfelsgpmims$ecsr yand redirect
toward anl ywadttiewanlaee@ ¥ gAegsing phenotype (Nhu e
antagonistic rol e, PAR2 has also been shown
protease -aasnsdocd angalr cues to reinforce tissue
pr ograms (Ral lO8bh&ageestleraltal e 2a01210e2r0g)ir.ré¢ clhunagq e
Th2 cytokines, this crosstalk appears t 0 bias
posiimRgAR2 as a key regul atbBbuntdfonmacrddi difaegengl
infiltrating and resifdenthevachii@iblaigddusletdusreed s
experiments. Condi-ekpnedsmedi BMDMemePHgRER$ S can
ofpr of i brscCtoil daanddeon i an2 ML Fs , mewhiear mars8Ms had mini
effectoshseThadsi gos with prior riers feialrmcohraddi gngen s t

derived mactrroophpdemamay e of f L whiorlteesci adlesnenodat i |
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macr ophagetsi saumpbat asrgseahdance (Misharin et
2016 Mi sharin. eltn adur, <pePtéeermd,enPARRZ pol ari zati
macr opdrmagregddhdea domi nant mechanism | inking MW
activation and Sup@lploadgeéemgdd mo wixtpiem T Imengy ed-rowidt h
specificmiPAR2r KWgai edcantairedyc ticoosf el PPAMRE. i Lno
myel oi gli grilfliscantoélyl adeémeindmap @ sihdu croaudsu cceed | met &
foll owixnpgoscuor e to MWCNTs and HDM extract, con
i nnat e dmpaurntensecnrtesqui vedf eatdres of Tdlelseerign ocs |
are consistent with sttiuaddi ers plaromad olad g-inga lt hta
specific pathways can mitigatreetnbirmtotcher mopul
models (Migilaccio et al., 200f&keMurtrogyeteteral
suggest tTlkatamgW&disyocTiha2t ed r es pdeapersd artr opuglha rPi
of umgcrophages, which in turn activate fibrob!
remod@El go)gTdhhes e results may help explain the b
11, where selective blockade of canoni cal PA
compared to genetic delet-dependGevtenmauroghage
prmotes fibrobl ast col | agemayse ppoasrittiicounl,ar 1y o fsie
canoni cal PARBGughghhi sngequires further invesi
Whennt egr attelde aRARPZEBIAM 1 and -snyediofiidc knoc
modgl broader mechanlishalcegpi tduo parcemperlpes rad ech
deepodhe hodgs wi bloadetsi dent and infil tUmddarmng i
all ergictaboesndt driamisil,maicyr o plod cae ii na tai -dRAPRR2N d e n't

ma n nderri,vi ng downstream features of all®Bhgic |1
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di vergent outcomes observed across PAR2 mode
canonimadanmomdi cal signaling are di-§4flupebkdct Ame
preventgs gtamtdhearcti vation of canonical pat hway s
mucus hryemh e rasheicl e pr es e-cavnibnoga | ¢ earntda i mo nmeconst at i ¢
contrast, genetic deletion el i miyiadledi mptd mpa
phenoOymacrogragered vYiocei agsmephani stic brid
observations, d e marepternateinit g atl i atr n &PtAiRR e acti
macrophages promotes fibroblast activation an:¢
exposure to takenonetogembbdeljnghe3e studies not
PAR2 |l iterature but al seceipoal loear gPIAR2 1| wrsg ad

promising therapeutic target for | imiting air:

FUTURE DI RECTI ONS

The studies presented in this dissertation h
exacerbation of allergic lung disease by MWCN
genetic disr upneiddarmt & ndTioayhettbheesré yw iti ndi ngs poi n-
i mportant avenues for future research.

Thei stoiunctomes obsparvteidalbegeved ARBUERMMNDA | n
and cogmpdetceel PAIR@nN KIOn mi ke underscore the nee
receipnorhe mutant mo d e &t r uDnect aetrend cndfipERi@ew Ip e tels es re
traffi ckledsnambrtdhree, andg a@p ablwaisg frel@mygi pbht hwa
ba mporGeannotme edi ting ERpGEPRTcddsepiutodp a-Blwaxkgi n

repocawelrd addr esBpitthamse cthad diem@ &d @ ctubse weornud adg ean
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detecfteorpbor protein -tagngnhi bbdyespeovercoam
of current RPARK2ramnmtniabodciped.ope tag would al so |
variants are stably produced and 4 mafffliuok ed cte
or luminescent reporters could tracktiexariess.i
These strategies would clarify whether the pa
receptor rcersul hsteaand compl ete Addist icoimaphgedin
transcriptomic or pbobs phBRannt eoer supr ehbbkogt
identify compensatory signaling pathways that
whet her truncated PAR2 engages alternative s
compensatoryhwagsesalifnptmar receptors. Toget h
resolve the di s crdeepfaincciieenst bneotdweel esr &AdRRidmprgo o d
PAR2 structure dictates signaling outcomes 1in
Whil e-13AMnhi bition of canonical PAR2 signal
genetic appr owac lkense,ed é€dr tthoer def i ne i ts phar m
Admini stration of the antibodyabyoOPApmhmonaeas
types, and quantifying its binding to epithel
|l eukocytes wiTlhli sbe oiump orbtea mtc.hi eved wulsli nagn df | u
i maghiynmgmunohi st oMbe miovyter , nonsnpeedciiaftiecd beifrfdeicnt gs
rul ed out as these could influenckEomaimpbeges
anti body Fc regions can engage Fc receptors o
potentially alteriMmnt iligtea® & M & c tciowd tdi oenn gsatgaet ew i
recegt bf etrheannt layn unblawemd mesndt ywyde PAR2 k-abckout

woul d hel p-imedepaihdeAR2 ef fects. Finall vy, PAR2
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Additional File 1

A) Table S1. Selected physicochemical characterization of NC7000 MWCNTSs'.

Physicochemical Characteristic

Amorphous Carbon 4.68%

Carbon? 92.05% (EDX); 97.8% (XPS)
Oxygen 3.19% (EDX); 1.4 (XPS)
Trace metals (ICP-MS)

Al 4.43%

TE 0.54%

Avg. Diameter (TEM) 12 nm

Length (TEM, SEM) 1,350 nm

BET Surface Area 24 m?/g

Pore volume 61 ml/g

'Data from: Taylor-Just et al., 2020, Part. Fibre Toxicol., 17:60.

2Carbon measured by EDX (energy dispersive X-ray analysis) or XPS (X-ray
Photoelectron spectroscopy).

3TE = transition elements (Co and Fe)

B) Fig. S1. Representative TEM image of NC7000 MWCNTSs used in this study.
From: Bartone et al., ACS Nano, 18:26215-32.
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Additional File 2
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Fig. S2. Control IgG2a treatment has no effect on
cellularity and biomarkers of lung injury in BALF of
mice co-exposed to MWCNTs and HDME.

(A-C) Total protein, LDH, and total cell counts in
BALF of mice. (D-F) Differential cell counts

from cytospins showing macrophages, eosinophils,
and neutrophils. (G) Serum IgE levels of mice
exposed to MWCNTs and HDME with or without
the isotype control IgG2a. *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001 compared to vehicle
determined by two-way ANOVA with Tukey’s
post-hoc test. Data are presented as mean

+/- SEM; each data point is an individual mouse.
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Additional File 3
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Fig. S3. Control IgG2 treatment has no effect on mediators and biomarkers of
inflammation and fibrosis in the lungs of mice exposed to MWCNTs and HDME.
Relative mRNA expression of (A) Col1a1, (B) Tgf-31, (C) Arg-1, (D) Stat6,

(E) //-33, and (F) Muc5bh. *p<0.05, **p<0.01, ***p<0.001 compared to vehicle
determined by two-way ANOVA with Tukey’s post-hoc test. Data are presented
as mean +/- SEM; each data point is an individual mouse.
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