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1 GENERAL | NTRODUCTI ON

Dr

us

ug discovery and ddbvelyemamenf ocam takeadb t o be

e, with the devel opment of a singl2. 8drhuigl |dsotn

Di Mats.ial 2016; eSchlla0n@det . Dal SWuAh)e costs of devel c

(
have doubled every 10 y(ePahrRSMAf,ar20thidag p apti d4 0 nya ar:
c

ost of research and developmenton( R&Decof thoovoelg
industry, with patients and healthcare systems
in drud Terfefteeasl 2015)

The |l argest contributor to the increase in drug
trial phases, which is the most expen(sMulel asrtda ge
201.6)Approxi mately 90% of drugs fail during the ¢
unmanageabl e toxiickiet ypr oppoeorrt i cersug and | ack of co
strategi ¢ Kpll ani h@andi s, 2004et Mal 2 a2B2k)t w2@Eh6 ;200.0
20175040 of clinical failures were due to | ack o
due to unmanad®aowlde nt &x iMuintryo, 2019; Harrison, 2
A major area of significant i nterest is the de
di seases as these diseases contri but®ugaeaowaarlamo&s t
Ni kai do., TMel 4 ec et p@G@\Mlebni ¢ has highlighted t he
suggesting individuaiCo2whonfeuoatftfenedhaB8ARSAN i nci
devel oping asthma, chronic obstructive pul monar
(I'LD)lLbumgpwdcance(rMade t.emlsZ®62 4)

1. RESPI RATORY DI SEASES

1. 1. MCI DENCE AND I MPORTANCE OF RESPI RATORY DI SEA
The World Health Organmiesatiiran of WH@) sreape®r tassd a ma
and disabil iatnyd Iwdwvehr OOCPsDpamatngt phiedbf ¢etaidomg cau
death wo (Floa wimd eo f I nternational Respiratory Soc
Respiratory2Dil2eadVelhr o2n0i2cO0 )r espiratory di seases

COPD are major contri but okrcsontnu nti tcea brl ies idn ¢ elasrede

t h
of
&
Pn
de

at are not direc({(lThettanshkbth@l8y)f eb-h6lhet we e
people gl obali3% afndt had f EKAtkBondu. nadtl i2®® 1; Sugawa
Ni kai dAst Bthad4)and COPD are further explored i
eumonia is another significant respiratory di

ath in chil@mhenmwotraldwi ler ate of | ower respir-r
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pneumonia and acute brongéopl e()lyesuae eodfs 14nt mirinla
Respiratory Societies The Global. I mpact of Respi
Lung diseases vary across the world, ranging fr
social/ environmenretlalt ealnddi weralsiersg The main cause
acut e infections ( 3mald %)g,napt o gri essesaisvee g Bdr 16 %) e
(29. 6%  gawara & NbBbmaekimg a2@H4)di seases are the si
of preventable illnesses and death, accounting f
114, 000 deat hs at(tSruighamtaerda t& NiThlei We,c o2@1 4aj or f
grouge environment al and soci al factors such as
poor |l ivingoocondaandasconwnpati ondahesgpbaoters alll
susceptibility t o acut e infectious di seases,
(Sugawara & Nikaido, 2014)

—

ung caalceadiirmg cause of cancer .d@deadtlh owo rdledawihdse
yearnd is the most common cause of cancer death
Eurgpeith cigarette smoking account( $.g etwomal most
2007 ; Worl d Cancer Resear ctht hFeurn dr ilsnkt efrancattoirosn ailn,c
to radon, asbeshosingndgeahsesuch as (adidoaomg a
et. al2022)

The burden of respiratory disease is hThghsihnhst he
a result of the | ack of available treatments the
a result, current treatments for COPD and asthnm
bronchodil ator s, muscarinic aehtdgomiost azmd ever tc
relief of symptoms for patien{(€azerokae&kyMatéereat
Al t hough some new drugs are in development, it

and approved for clinical use due to the challen

di sease duWltazaemdsa & MaherdyrugORtpatments for res
further explored in Chhetleac kKiofe-cpriendiledatsi vineto eperil es
l ed to the | ack of novel therapeutics treatment

on drug therapies that do not adequately treat t

1. 1CRALLENGES OF DEVELOPI NG NOVEL RESPI RATORY TH

The gl obal respiratory drug -Grearrkeett e i(@heouarirdes tol,y

202.8Hpwever, respiratory drug devel opment suffer:
with a calculated cumulative probability to reac
t hel46% probability for drugq Basettsphobd?20iTehpet datulger

devel opment problem for respi-facooryi adlrugndehas c
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causes that contribut e( MeosRteher saenta.v@lr 20 1C2u)fr a inlgu rt én e
drug devel opmemnte fFpirgoudrice n¥. 1, drugs undergo ext «
devel opmentchbiehiocal presting, typically in ani mal
efficacy. Once proven safe and effective, the d
human clailmi,caelacthriphase increasing in patient nun
in human patients befof(RogheEemnal 2pPI)bmahaty thaulkgs
to fail in the clinical trial phase 1 Boarremdesdue t
al, 2015; &ogelmelz2y

The primary source of <clinical tri a{( Hivaenty.uale i s
201.6)Poor understanding of the underlying compl e
l ead to the poor drug performance and |l eads to
drugs i n dIMemskewxr aantdiigall2s012; MMeil A o& PBROOZO e xampl e
despite being considered as one of the | eading c

have only had one new drug class (phosphodiester

de
w0
Th
ne
sy
ap

A
on
di
of
go
dr
(s
i n
Wi
of
20

c a(dkta aets.tal 201u)rrent therapies manage the dise
rk to be done before the disease can be consi
ere are several examples of COPD treatments
utrophi l el astase inhibitor for management of
ndryoanmei ch has | ed some to question whether t |
proaches are curreni{¥bygeetanp.lmly2edl X)or COPD

possi ble approach to decrease attrition rates
validation of drug targets in preclinical res
sease mechanism and how the drug theéevaeiebecaw

di ckRammotl .l A1 2 0 2NO)v e | compounds undergo preclin
ing to human <clinical trials, utilising repre
ugs are intemrmdedexamwpwbek obnduced ani mal mo de |l
uch as COPD, pneumon,iaan,d pausltnmomaar yarfei buxed st o

f or maitm owirw@g response such a(sY.eflf.etWaayg2ah8; to
I'l'iams & Romaomweva20l6)espite the effort to hum
translation and theref(oB.e XJhitigrad A0 Lg,eaMdaedli t & o
08; Mullard, 2tl.6gl 2v0aln0)der Wor p
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Research and preclinical Clinical Trial Clinical Trial Clinical Trial Post market
Development (2 Years) Phase 1 Phase 2 Phase 3 approval
(4 Years) (2 Years) (2 Years) (2 Years) (15 Years)

Therapy- Market
Establish drug Confirm related approval and
dose and safety and adverse post approval
overall safety, establish events and longitudinal
understand efficacy comparing safety and
kinetics benchmarks efficacyvs efficacy
comparator surveillance

Identify a Verify drug
potential activity and
drug baseline
compound safety

Figure 1.1: Pathway of drug development and approval. Figure adapted from (Purandare,
2021).

Current drug devel opment processes would greatly
investigation and interrogation of a healthy or

novel drug compounds on (aHoheunnga,nT Preedl Bepv amad d emosd et

effectively replicate the human pathophysiology
bet ween the animal studies and human clinical tr
clinic and i mprove screrembaalgi lhiittys dfo 4§ hocaeasmei !

et. al 2Thled9r)e i s an ovetrevhegilMmd eemgnmaoniowdisetd s t o reduce
attrition aasatéhef cdrugnt model s are nioh Viepo es
situation whi cphr eldée &add vieo ppower of any adverse ef
(Foredtesal 2014; Hacker &2Ba8xi s 2028j) sHwehd, expl o
to improve the intial selection criteria for no

novel humainmirimbee Bt
1. PRUG DELI VERY AND RESPI RATORY PHYSI OLOGY

1. 2TARGETS FOR RESPI RATORY THERAPI ES: LUNG STRL
SUBTYPES

Model s of the |l ung must be representative of t|
substructures. To gain insight into tackling thi
paramount to developi nQurmi ngprespeint ati oe, maidel i s
nose or mouth, passes through the glottis and |
is called the conducting zone and is made up o

branches whirchbt deahsrcihhieoo etsh e Foirgounr e 1. 2) . Thet
branches before r each(ilgv itthzek ylehsgnl ir8a¥t poirrya tzoornye z o
up with respiratory bronchiol es, alveol ar duct
responsible for (glaswiotuzskhechalndehea i s surrounde
cartilage for support and as the bronchi branch
cartilage and an increase in smooth muscle tiss:s
bronchiolar genecatiohagethEirguie ho2). As the b
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regi on, the smooth muscle becomes thinner and t |

surrounded by dense connec(tLiewe ttziksys u e 0Owli8t; h Setlaansft

Structure Inner Cilia Goblet cells | Cartilage Smooth
diameter (mm) muscle
Larynx 35-45 ++ +++ +++ 0
Trachea 20-25 +++ +H+ +++ +
(C-shaped)
Primary 12-16 +++ + +++ ++
bronchi (rings)
! Secondary 10-12 ++ + +++ ++
=] bronchi lates
Conducting —| Feyes - (p )
zone —_—— — A
Y Tertiary 8-10 -+ ++ ++ ++
bronchi (plates)
Smaller 1-8 +++ + + ++
bronchi (plates)
Bronchioles 0.5-1 ++ + 0 +++
Terminal <0.5 ++ 0 0 F
bronchioles
Respiratow <0.5 + 0 G .
bronchioles
Respiratory —|
zone Alveolar 0.3 o 0 G :
sacs

Figure 1.2: Anatomical features of the respiratory and conducting zones of the airways.
Indication of the size and biological components of each structure within the respiratory tract.
0 indicates not present, + indicates sparce, ++ indicates present and +++ indicates abundant.
The figure was obtained from (Stanfield, 2016).

The lining of the respiratory tract from the tr
lined with <cilisaetceacetcerygl gobmetuxcells and <club
pseudostratified columnar cell s |ini nt hteh el abrrgoenrc ha
Goblet cells are |l ess abundant in the bronchiole

l i pids, glycoproteins and i@MOBdaemat&rYurcket ok9d 14&;s
al, 2008; Levitzky, AROhBugBtaheti emhdn 26LB)types
characterisddt,heirret eareesst $nigl | cell types in the

(Travegl an202® )l ung epithelium is further explor.
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BRONCHUS BRONCHIOLUS ALVEOLUS

AIR FLOW

P

s Se e
CR —H43%° o j'.-;,_,\_-m'l,}‘.-‘,)‘ GV

O
e

BLOOD FLOW

Figure 1.3: Cross-section schematic of the bronchus, bronchioles and alveoli and the
resident cells present in each section. CC: Ciliated Cell, GC: Goblet Cell, MU: Mucus, CIL:
Cilia, TJ: Tight Junction, BM: Basement Membrane, SM: Smooth Muscle Cell, BG: Bronchial
Gland, CR: Cartilage Ring, ECM: Extracellular Matrix, T1: Type 1 Alveolar Cell, T2: Type 2
Alveolar Cell and AM: Alveolar Macrophage. Airflow and blood flow labelled on the respective
sides of the diagram. Figure adapted from (Weibel, 2011).

The terminal bronchioles | ead into the respirato
and alveol ar ducts which |l ead to t he Salawmdaleil d,
201.6)The alveol walls consist of a single | ayer
interspersed with type |II alveolar cells and

in close proximity to pulmonaryngeapt ¢( laa\vietsz k yo,
2018; Stanfi®mdotR0Omh6E3Icl e surrounds the branche:

are responsible for the diameter of the | umen

the |l umen in size and when relaxddtanhéi el de

Smooth muscle and its functionsoaréehif.dMuskérisexpl

such as the diaphragm and intercoast al muscl es

the thoracic cavity to facilitate inspiration

(Levitzky, 2018; Stanfield, 2016)

Changes in the structural features of t he ai

increased mucus production and smooth muscl e

emphysema, and inflammation | eading et otitshiuek einni

pul monary fibrosis. Together, all/l of these chang

patiEe@dttanfield, 2016)



Ch

apter 1: Gener al I ntroduction 8

1.

Re
pr
i n
p a
re
di
of
pr

Ma
on
mi
co
p h
Pi
Zh
co
ab

Ho
re
b a
Wo
pr
al
oe
Le
t h
ab
on
re

ne

Cu
2
co

fu

2P2L MONAIRUDEL | VERY

spiratory treatments mainly rely on drug del i\
eferably achieved (bByorigrehha lgitn2g0 1i8e)ds casi ac hi eve
hal ers (nebulizers, derdyospeo wdnehraliewrhsad!| emhsi cchr ament
rticlescitloi d@dthed nroeng i( ®rod oetfi. cgahlhle9 TmM)agdr ug partic
ach the respiratory tract l and on the epithel
ssolve i(MDdwings f& ukaeddahet.2a00L0;8TMe® | divs sl ved f
the drug is then available for absorption ac

oceed to thei(Ddwiteesn d& dF & cad aghe,t s220 AP;8 7Do |l ovi c h

jor advantages of inhaled drug therapy of resfg
set with | ower drug doses as the drug is del
ni mally invasive so increasi ngl epsast ileonctabls neeotnmegpl

mpared to the oral Pastse menabbypamsi wdhi £thr ptr
armacokinetic conditions and Lraebd urdtsi o&n Doofl osvyi sct
l cer & Amighi, 2 0 1e0t;. aSI@xOh1led;, el toenpnle2aMia 9 or L .

areg . al 2008n)hal ati on therapy may also be appli
nditions, i n whi c hp acsass emea vadbiod a rsare aonfd fai rpsott e nt
sorption ar &€ Lmdjiorn sb&n &foiltosyi ch, 2003)

wever, a major disadvantage is that typically
spiratory tract after administration from an i
ck of the throat due to (tthewpramyl sLi9®r6 ; f rNemv mt
od & BarnesFurtfh®i)mor e, in a process call ed n
oduced by goblet cells in the epithelium traps
|l ergens and xenobiotics) and the <ciliated cel
sophhs: to be disposed ©OBreemzeé h& TumglstRhyRO08B8RrCA
vitzky, 2018; S$uaontielidry20leéprance is design
e body, however, this Dbiological mechani sm ca
sorption and subsequent mechanism of action o

the mphethed é ubei ng absorbed and transported a

ceptors on navsrcplbkp r embat BOOTMh)e efficacy of such
gatively affected if the drug is cleared prior
rrent treatments for COPD and asthma include b

A @mdrenergic receptor agomifdtasnmg tSAMBY) ddr maqd (
rticogtSéramifd ®) dBe c200lnée)t hasone dipropionate (cc
mar at-&ct(il @ dpfagani st/ LABA) , sal but amol sul phat
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xinafoate (LABA) are all i nhal ed dr ugs( Jtohiantt ma
Formul ary Commi tQtehee,r 2t0r2eda)t ment s t hat ar e i nha
antipsychotics (e.g. | oxapine), influenza treatn

Huma@pJoint Formul aryTBemmitteat mdARd4) and mechani

further explored in Chapter Five of this thesis.
1. MIODELLI NG OF RESPI RATORY PHYSI OLOGY AND DI SEAS

1. SRESPI RATONRWMODEL S

vel opment nofimomdeedesl and i mpheoevemenéentwdpeles !l t ai ¢
vel op more physdoldgitc aalclcyu rraetledwanptr edi ct huma
mpoumdsnecessary to i mprove and stream | ie the
e transl ati on -colfi ndiactaal fsrtoang et hteo @wuheer ecriti nprcead | itn

-

ug screening processes for toxicity, efifnicacy,
credl culture model(s. anhctiVeeln @®dIL 8model s

< o " o a g
> o ®

Il nduced ani mal models of respiratory disease (su
and asthma) are used to observe and investigate
targets for drugs as wellnasrpgovie@¥. okleegt Wanlfgo r ma
2018; Williams.T& pRocnadn,y,2dload)ent models are used
| ack of di sease features in rodent s, such as t he
idiopathic pul monaay rfaoadertss sar eMoa teloiveat,e nose b
of inhaled compounds is greatly di f(fMorveinat alc omp a
2020; Ogi & Aruga,et2.04I1320X@)dsamapedial so been us:
respiratory frequency amtdo thiudmaln wvroelsupmer al eirrnyg palr
devel opment of aerosol exposur e( et Deotdls@ImBBOmMiSc)k i n
Sheep have been utilised for their respiratory

similar t(oSchwemaents. md k2 00RBi)g model s are used to
deposition in the labrspy pandninidalsedi duwgon, me t
(ADMEHUuUue to the similarities to human respiratory
transpOSdaett. sal 2008; Underwood & Raebur hj mioaé) or
their nose and mouth anatomy which renders aer
intratracheal pr Wemysosl eleetnda F L D 8NlQutman pr i mat es &
considered the gold Bamahdand Drowdg (A DK otwhsat g ra,t i o1
they require extensive handling with specialise
housing costs compared to the prl&SwWchesamadeO}y a
Howeverhumaonn pri mates and dogs have been found

results in predicting (Baiekewpy 20dd$ponses in humas
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Ani mal studies have major ethical concerns surro
taking a significant( Vdrmegthntal @aCO0B8p mespecisesdygi ff
bet ween preclinical ani mal model s can resul't ir
effectively predictin@B.t héitaonagl 2ddmes ;& trModell 2n@ed & ;

Mul | ar d, 2016;etvern 20 s Warampm i ncrease the diffic
developers to progress drug canldheaeadewseltdpmargth

met hoods accur at e hy mpneesdpiocnts et taos drewcgosme i ncreasi n.
valuable in recent years.

1. SBRERESPI RATORY MODBWSYO

Ex vliuvnog model s are where the whole organ i s r emc
and then perfused via the pulmonary <circulation
possibilities to measure drug transfer ofsrsom t h
( Ehr heatr.dgl 201T7th)ese model s have been used to stud
examining the |ink between phat Guaedkian e2t&tc2s) and
vimodel s retain the compl-egl IBDamadtrrai exg keonie ntthse oofr gc
are the closest to the in vivo situation. They
to aid the investigation of | unge acetdievwnat,y oxrnydy etnaa
i nfec¢®i aoestl.ig@el 2019; eXx. aW.20ll8e etMcAU2@Y4; eMe@heiros
2012; Sadaarli2d Ho)wever, these models have a very |
compl ex handling procedures, coupled with the sh
l ow throughput mAdeebtl.ioagl 2t0Ned ;lelingaW2 0l 8eetMcAlul ey
2014 ; Medeial @8 12;etSad&10i14d )

Slices of the lung can be taken to bEEwus@aoper d
t. al200h)e slices keep the abdacrangamenti eemss
functions for dxnwiewoet Bahoweher, they still mai I
to the whole lung explants due to their |l ow thr
viability is longer than whole lung explants (u]
devel apimog el for | ¢ ®Rg nasté.iapl X0 ;e esslasl @2f0alati;. aB a i
2016 ; B®r ahR®009; eMa zad @10datti;, aUl2I0 15)

1. 3RBSPI RATORY MOAGDELIRO

>

vmiotdred i s an umbrella term for a complex rang
from simple 2D monolayers and more complex cocul
nd OoegaChip (OOC) Curervignctewiotdred s mostly compri se

nglteymgelmonol ayers (such as epithelium, endot |

«Q u

rown in a flat 2D culture system where cells a
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adhered to g(As-Sechni phagt2@20; Breslin & Ob6drisc
da Rocha, 2019 2DRyea&t | 2008 ure has been establi
met abolism screening as it is easy to automate
throughput due (tkapadaty. GalkEDIliégi tSyanyal . & Kosovs|

However, t her e i s queeifl It heiigniifrnahkinlti tgr ittd repr
representation of complex interactions between
i n vaisvot hey do not reproduce the natural =structu
cell, -eaxdraee¢ll | ul ar environment (deefSaczaolar ant
et . al 2014; Kepta.ga Iz ¢ Gdhieds e i nteractions ar e res
proliferation, differentiation, vitality, gene e
met abolism, and so are cruciianl vhiaodréedvda kodrog& c@themn,

201 2; 8t sak2003; etHi @lka2nmalngd ; ePta npola2l 0o0On7i)

I n December 2022, the FDA Modernisation Act 2.0
met hodol ogies (NAMs) for the submission of precl
bodies to progress a novel drug compocwchdsti @i b yma
ani mal testing to O6nonc-bi olboagsye dt etsetsstd imantchl outldsi cnegn
(Streests.eagl 202T3n)i s highl i ght si n henotdrdd/ &8 h 0 g médnrats anfa ¢
significant impact on the dcluignideanoldep meé mtg il meli
a power ful role in the sullmi €3 iea@an eo ftvhetlala adu lutgu rt e

model s, several different types of cells can be
1. AN VI TRO MODELS OF THE HUMAN LUNG

1. 4TMYPES OF I N VI TRO CELL SOURCES

There are sever al types of human <cel |l sources
repr eseinnt awmbtdred of the human | ung A skuenymasrd wsrecde ic
cells are primary cells, which are cultured dire

such as human (trachea) bronchY.alW. eepGhtehhe2 0 81 ; c ¢
Mc Caué¢teyal 2@tV )mary <cultures of human | ung epith
representative model s of Saedto naall2 @Ry eapi tohé Imiaa ly
have the potential to |l ose their phenotype or d
Typ2zal veol ar epiotslkeelsivalf acelaing expresggdanhveodadi f:
epitheli als aoelllls as having signi,Fimanedvawndat abnl
CoOgttAinestl.igel 20 0BO% restricts their experimental ut
di stributed to theSaets . eamlr2cOn2 0c)o mmuni ty
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Stem cells are another source that have the pot
There are three main source of stem cells: Embry
pluripotent s{¥m WeelltClaIif{2i0PLS/C) eNlc Gad RI0ely’ ; e tNaavr ot h

2019, Van Deetr. gSla2nBlefbh)r yoni ¢ stem cell s are pluri
from the inner cel l mass-rehewmweembr d,eyt hmeay oa
abnormalities dur i(nwanp alsesraegbea aidrebdd®)tmarn @ r estri ct
their use is the ethical concerns of destroying
considered beyt h§ cmé | ms  E@sanisonka bKauf man, 1981;

Nebraska: Medi caduCénséeem 2&8persi hre (eésguebone n
are multipotent cell srrenBlway Rawde cluil miutred coaldfi t
influence stem cell surviva(lVanhiehr @ a mad & 1gn)i f i
i PSCs are somatic cells which are reprogramed t

taken from patients to reprodugéthbs thiasedbeenctls
i PSdCeri ved | ung (MgiCtahredleipd 120d&l; 1 svaretDerl 28d&amden

cell source i s acceearsdibdocema nadr ihggisn ah mwenver, t her
in gene editing human cells as ther(eSedsl gkKootvesnt i
al, 2019; University of Nebr aska: Medi cal Center
Cel |l |l ines are another widely used source for c¢
ot her celll sources is that they are al most an u
and bypass many ethical concerns$ mahatanar d@umami ¢ a
(Hi ckey & da Rocha, 201 el Kadri n&s Dhager .be2d1 )
applications (e.g. vaccine producti on, drug test

and therapeutic proteins) and have greatly furth
popul ati drFocdtteczell 1 S98t,. &Hlad013; Gar g.C8 nhhoann g ,u n2g0 1 |

epithelial cel | | i nes3,ust4ds li,n lecarsBEASRI00a alk teu i sCa l
al, 20lLé&d)e i s-depmdr g eivin ew of these cell | ines ex
t h e Hiosw.e vneors, t cel | | i-cheersi vae e oalnlcserwhi ch have a h

and can |l ead to misleadiimng wiietsawud Cicoredatph2 e i 2t o
Hogen . al 20héy can al so have major differences i
such as lacking tight junctil6HBE]J®ABr4®dDg lehowiadmuc us
2015; Hickey & . DhefRecdhiaf,f 2 Qch@kde s i tegedlolf eltihnees t o n
healltuhmyg@g sponse,t hawevetill a vatuiabiealasdatatacgeg
as previouégFysette paolrlt9e9adt, . &Hlad0 1 3 Garg. & Zhang, 2 (
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Table 1.1: Advantages and disadvantages of the three major sources for human cells for the development of human relevant cell
models.

Cell Source Primary Cells Stem Cells Cell Lines

9 human (trachea) bronchial

epithelial cells (NH(T)BEC) (Y. W. ) ] o 9 Calu-3, H441, 16HBE140- and A549 (Braakhuis et
Examples 1iPSC derived Lung Epithelial cells

Chen et al., 2017; McCauley et al., 2015).

al., 2017).

T Unlimited mammalian cell source, cost effective and

bypass many ethical concerns (Hickey & da Rocha,

9 Embryonic stem cells are pluripotent 2019; Kaur & Dufour, 2012).
1 Directly from their organ and self-renew (Van Der Sanden et al., 1 Used in many applications (e.g. vaccine production,
source/patient (Y. W. Chen et al., | 2010). drug testing for metabolism and toxicity, gene function
Advantages 2017; McCauley et al., 2017). 9 Adult stem cells are multi-potent/tissue and therapeutic proteins) (Foster et al., 1998; Gao et
9 Most representative of normal specific (Van Der Sanden et al., 2010). al., 2013; Garg & Zhang, 2016).
lung cells (Sato et al., 2020). 1iPSCs can become pluripotent (Van Der | T Ability to create a tumour model for use in drug
Sanden et al., 2010). screening (Ekert et al., 2014).

1 Most cost effective and least ethically concerning
source of cells

1 Potential to lose their phenotype | § Stem cells can develop abnormalities 1 Cancer-derived cells which have a high proliferation

(Ainslie et al., 2019). (Van Der Sanden et al., 2010). rate and can lead to misleading results compared to in

1 Significant variation between 9 Adult stem cells have limited self- vivo organs (Courcot et al., 2012; Hogan et al., 2014)
Disadvantages | donors and limited availability renewal (Van Der Sanden et al., 2010). 1 Major differences. in gene and protein expression

(Ainslie et al., 2019). 1 Ethical concerns from embryonic and such as lacking tight junctions (A549) or mucus

1 Restricted ability to be widely iPSC sources (Evans & Kaufman, 1981; production (16HBE140-)(Braakhuis et al., 2015;

distributed (Sato et al., 2020). Sedldkova et al., 2019). Hickey & da Rocha, 2019)
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1. 4BRI. DGI NG THE GARPDBENWEEHBRKREULTURE APPROACHES

Simple 2D model s dann&lv acalplt ue revitrheen ment -wi th t
ti ssue and organ interactions, which can be i mp
proceissmegiYvol etWan@BPaB)i cularly when comparing t
culture with those within a native 3D tissue s
appar(eBmtker & ChCeenl,l s20glr20)wn i n a monol ayer are f

sprdadcelhyavleutno support in the vertical di mensi o
cel l fwmicah omas resulted in the adoption of cel
primary/ i PSC |ines cannopghy®i mlho gt a@bBhaekdeorn a& tCheesns,
201.2)

Lung cells grown submerged in media have lvadmr oco

key events khaowwmi dowewvew,r the major drawback to
l ung epithelium is theihascshhafededrugmidiehivieplyi ¢
ituation where epithel (Al-SEelkghilemank2@iithjee ctel tl &
re then not a truei meperpe stehnetlatuino na nodf Itahcek i n g

i 2018;etPezlz20 b1 ; etWhalt T28T8h)i s has | ed to the o

s
a
characteristics such as mucus producb.i oGezend i a
a
scaffold structdrigaiwhi oh ealflacw a&iud t ure (det ail e

I n 3D tissue culture systemnisi,kecesltlrsucdair ede wehli ccp
representative of ti { Buessted il 202 ngGrnirfgfainti I m& S
O6Brdatenal 2002et . SA10k®xAG) t hey mi mic anat omical str
produced are more similar (iBg otgleedd endl p2@mis5e; s Gsreeeenn
Yamad a, 2007 ; Schmei.c hibd wev eBri,s stehlely, a2r0ed 3not wi t h
Some examples of using 3D culture systems show t
response, sensitivity, réefawkahtce&akEagkbbt anejt g

Swartz,du2e00t6o) t he differences betweeimnvtwheéi onl suc

as the absence of an extracellular matrix (ECM),
l ung actually being a cancerous cel/l l'ine. As w
compl ex, some systems catny ofndry amafienw ah emurcse.l [ Onvit

they are more representative and can be wused i
systems such as schmddeod dsulotrurged I adhrt ek &keop cselvlies &
( Ai nestl.igel 201%c hArnteamyapl 2020; &t . .2 B2t hGill2pilmM ;

Mazzodtenal 2009 et Niad RONLSet OAN2013pt Hal B300b6; Waghne
Bonenfant etParl2®&di4,, Wagner, Bonhealf 2Mady Stoykpese va fc
3D cell culture have been employed in various f

cul ture models have been summarised in Table 1.2
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1. 4. RUNGOCULTBRE

I'n the culture methods explored in this chapter
mul tiple cell Thyepsees-cneuslIitpios st bhltceosc udsrnt eanaalalreed hi gh
relevant for drug research as itnh i keant ipsrsouveisde t
more representative than ani matl hrnooudgehlpsut whtielsstti n
det ambreidt ori ng of dcegl efheetacvonowrcel | The mul t i
mi cgmal e model of a region of i ndadckt tsitwhicoahua £ st
are more representative ¢Bi sestebadilezs00i2n; |Qrviifnfg tohr
2006; @&Braillem02et .Salok®g0)

Ceklbculttewcrheni ques are a cruci al t oaln t¥oi koer ecaetlel ¢
culture models for drug devel opment research an
types that perform specific(Whaysab2o®iHowalverol ¢ & €
can be very complicated to culture and optimise
| abour intensi ve. With the employment of vari ol

di ver se rangeswode tiimtsauref aces asmirtuhct D e multthiade lrle

functional h(uBrhaant i car gea nisn gi€eurl ,t u20 h4ga)r equi res a h
environment to meet the potentially disparate r
t herefore, requires optimisation. This can achi

reproduoai Blisswmwe (nWedelad 2020)

1. 4. QRGANOI DS AND SPHEROI DS

Spheroids and adrng aBriDtircdesl larset raunct wriet ht hoante aorre nfoorrel
types di fferendriqqaningi,nganwi tshdInf cl ose proximity
complex and organised cell structures that recap
ofn vergans ofCltevendgbe2@rhmerati on of spheroids a
cells to be suspended or embeddedcelnl ai n3tDe rnaacttrii ox
the cells to form a structure th@aYien sahgaol@kene
Organoids are generated from pluripotent stem c
bi ochemical and physical cues of tissue devel oy
all owing the cell s-otgadi 5fet empfeocddgha hca(addsneecd St er
& Knoblichet . 28112401 6Y)i n

The culture of spheroids can be accomplished by
l ow attachment conditiomnsiphe.ag.natanm@ilny dreoplvetd
such as decel(lTuwlranteira k20 E€M tWozeli2ONl§a)t ur al Iy deri v
is often used as a supporting scaffold with con

maintain cell function during the formation of
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Engel Hoé-8nvar m matri x, dbhs off gembwo hass a gelatin
mi xture harvested fr ddeomoabk20 ket clamalode!, | Sampazi
et . al 2HbWwWever ,-damiwmad matrices-td®datthr var ombiblait f
cannot be easily tailored to obt@Klheiummamue& oVigrat
2005)They also often contain signalling factors

human cel |ISeveptalmesphegrimdaves been derived from h
l ung ti ssues, embryonic stem cell s (ESCs) or

tracheopheres, bronchospheres or alveol ospheres
empl oyed to study |l ung deg¥I|Baprhamts k@ak® 0da8t hoph W
Cheamt. al 2012t. R6ER OOt . A2 @1 3)

Organoids are siomptelodbndedl lsowhfoovever, their cul
houtd@days depending on (Aemadhopktadtldet .&xkledl4,;
Zancri. al 20hé)i nner cells are difficult to expos

l ead to a hechkat geancdo pilesesrueess wi t h uni f o(rArinsyl iag o u
et. al 2BALOhough organoids are able to capture cel
advant age obvaesred® Dascsedyls in screening drugs and d
structur al and fuinnctviiomwmalued eaturmegant reduces |
empl oyed as a represent(aGlievveermsad e &1d&bf;a [tNtg@uly8e)n n g
Structurally, spheroids do not effectively recaj
do not recaipmt wdiravdoei ttelca ur e as airway epitheld]
sphere/ masses or embedded in ECM. Spheroids are
an -Riqui d i n{dAmhameal 2014t . Bhke0tldet Zahd2B16)

1. 4. MABRI X EMBEDDED CULTURES

I n ysiovmmeet y peerse embedded within a complex 3D micr
ECM component s, bi ological dé.agtof spBRahndaesady hbou
2013; G.etHuadmgdd 7ni mi ¢ t he ECM, hydrogels are fa
celilns vi Hydrogel s formed from synthetic polymers
mechani cal properties as the native tissues, w
bi opol ymers can present bioddntwasECNH &omlBhedént s
S:H. kitmal 2018; Mohammed & Murphyet2AD201%phiner .

The pul monary ECM has been found to be a bioacti

phenotype and function with roles in thepmairnt en
respof8es geets.sal 2016; WiCihtaem,ge 201 :m) the lung ECM
architecture, and viscoelasticity are associated

di seases, including asthma, COPDHearnede riadli2o0plast;h iYc
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Zhoet . al 2019l yacryl amide hydrogel has been usce
promot i ngmoaoltphh amus chSeMA h c teixmpr €ssi on whermltreate
(Mar i rekowaili201PXD)l yacryl amide has also been used t
cell s woTthh eRLiEE hel i al cell s, which expressed a r
on stiffer matrices dqda&Ilrlomtnwalr20 @)t eagkaongatedha
used to embed fibroblasts from COPD/ emphysema pa
to effectively contract the col ([ €gepdteydllro0led) an
The properties of engineered biomaterials <coul |
mi crostructures such as organoi dsadbesi vt Icihqara
mechani cal properties e.g. stiffnessmetstyeansdre
degr ad@Krn atnedc hvaill20bh@) cell s are kept viabl e wit
sust anhneend e mhe chdbemever t herebekestwkheavmavaikapdepar

harvesting the cells from (Mezmelteak2®@2)YXs t o be
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Table 1.2: A summary table of the different types of advanced cell culture models/techniques and their associated advantages and disadvantages.

based cultures

and Matrigel
Synthetic self-
assembling
peptide hydrogels

Sustain cell viability, polarity, and function

Matrices vary between
preparations so standardised
protocols needed

Model Description Advantages Disadvantages References
Hydrogels (ECM
like): Harvesting cells to be optimised
Natural products Problems of mass transfer if not
Gel/matrix- such as collagen Situation like ECM seen in vivo. coupled to a perfused system. (Mazzoleni et al.,

2009)

3D Spheroids
and

Organoids

Multicellular
spheroids

Simple

Allows coculture with different cell types.
Recapitulates a tissue-like organisation
(polarity, function, viability)

Scaffolds can be avoided.

Primary or iPSC-derived cells

Self-renewal and self-organizing,
recapitulating

Produce multiple differentiated cell types from

the same donor

Short term cultures (hours-
days) Low to medium
throughput

Lack of immune system and
cells are typically immature.
Limited size of spheroids due to
necrotic cores

Limited recapitulation of
respiratory organisation as
respiratory structures are not

spheres

(Ainslie et al., 2019;
Amann et al., 2014;
Ekert et al., 2014;
Han et al., 2014;
Mazzoleni et al.,
2009; Zanoni et al.,
2016)
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Scaffold and
insert based

models

Cells cultured on
an insert
membrane or
scaffold with
basolateral

compartment.

Produced using
naturally, derived
materials (e.qg.
collagen or fibrin)
or synthetic
polymers (e.qg.
PDMS).

Long-term cultivation (weeks-months)
Perfusion/flow is possible (used with
OOC/MPS devices)

Direct application of substances

Can mimic various pathologies using cell
lines, primary or stem cells.

Apical side can be exposed to air with media
in a basolateral compartment (ALI culture)
Maintains the characteristics of various
disease pathologies.

Cells can be seeded on vascular or airway
compartments.

Reproduce heterogenetic of human disease.
Provides physical, structural, and biochemical
support.

Sustain cell viability and tissue-like functions.
Can be used in dynamic/perfused culture
systems.

Use of cell lines, primary or stem cells

Cells are seeded in two or three
dimensions.

Initial seeding is stochastic.
Limited nutrients and oxygen to
the inner portion of the scaffold
Lack of complexity and
modifiability

Usually only a single cell type

(Ainslie et al., 2019;
Bérubé et al., 2009;
A. J. Booth et al.,
2012; Brandenberger
et al., 2010; Choe et
al., 2006; Ehrhardt et
al., 2017; Gilpin et al.,
2014; Marrazzo et al.,
2016; Mazzoleni et
al., 2009; Nichols et
al. , 201 3et
al., 2013; Papritz et
al., 2010; H. Sun et
al., 2016; Wagner,
Bonenfant, Parsons,
et al., 2014; Wagner,
Bonenfant,
Sokocevic, et al.,
2014)
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3D Micro-
physiological
System (MPS)/
Organ-on-a-
Chip (O0Cs)

Biometric devices
that can capture
the natural
physiology of
human/animal
tissues in a
micro-

environment

Precise dynamic control over
microenvironment

Microfluidics increase duration of viability by
providing oxygen/nutrients and waste
removal.

Fluid flow provides shear stress.

Perfusate analysis for secreted factors with
mechanical stretch possible

Full cellular complexity of epithelium, ciliated
and non-ciliated cells, apical mucous
secretions, expression of ion channels, tight
junctions

Can mimic blood and air barriers through the
culture of alveolar epithelium in air and
endothelial cells in media.

Use of cell lines, primary or stem cells

Highly variable manufacturing
protocols

Usually lack cellular
components of the immune
system (e.g., lymphocytes,
macrophages, and dendritic
cells)

Low to medium throughput
Relatively labour-intensive

(Ainslie et al., 2019;
Artzy-Schnirman et
al., 2020)
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1. 4.RI-B.QUI D I NTERFACE (ALI ) CULTURE

It can be challenging to recapitulate essenti al
pol afBawyet |l @l 201\8ar i ous scafli@oaded m@inat fionrsmesr t hav
empl oyed to create an extra | ayer iof wiotned exity
I nsseased systems harbour a suspended membrane wh
all owing cells to be grown on the insert and/ or
particul ar i-hasedstulnuiesefortpeael mbnhryycebl sr
| i giuntder f ac(leAdlegL.l 3l 1990;etAialskRPiDé&9; etBRuURBRR1O0;

Brandenbergk201C®;t. @i@®06; €homd20it@;etEhalhzad d?;

Kl eeith. a1 2011; eMapt da@026pt Pap01@; Sakadami cu2®@6k

l ung epithelial cells is an essential feavuwe of
situation epithel i a(lAdeeel.rlas 1®9d perx pAdd e & otnad i &ii ons ,
epithelial cells can produce a 3D, multicellular
and ciliated (aShak aggoabnhie,tC&cloeld € )sc ul tluirgeudi tdem f aclei ¢ Wil

(submerged cultures) arien nedntv orreopnrneesnetn taantdi vseo odfo t
into represent a(tliavceeop.hxeeln2d@ ¥y f)ds met hods represen
altermaatdi nmore physiologically representative op
of ALI <cultures also allows for a direct applica
further rdmr essierroth BiRhneaB®al 201 0)

ALI culture has been employed using several sour
andocub(tkKlreet . nal 2011 etNa@alRP6ab;etSexlonh@bn) has previ
been reported that submerged culture may reduce
expressed3bgelClad uand the influences of submerge
factor on transepithelial eneeacbtirliictayl troe sciosmtmomc @ ¢
mar ker s i n-cle@(HEEdckrdeogal 2003; Forbes. &REHhubairdn, i 20
and robustness to medi3a ammadni JpGtHeBeH dl 4800 miatly O & | ud u e
submerged cul tBre,el Wt hre@altted to have reduce
submer ged( RRiuekgeulpE200Th)e i mportance of ALI cul tur
promoting cellular dif f(edee ndtbinagtlildro 4i;et YmanidnPer 2y) c u
Primary tracheal and bronchi al epithelial cell s

recapituilmateibad et eri stics of wupper airway epit|

cel | |l ayers with tight jundt. i oCeest,e reedi 2 0 1a8 ; @ hRde znzuucl i
al, 2011;etWhalt t®3&8) whi |l st simple 2D culture has
effect #t\he ohwigdplput screening tool for early in th

are more human phybiyoRAbpiad dlolwsr ele lugv @aretvel oper s t

mi mi c and predict human response.
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1. 4. 2SSCAAFIF.OLD/ FBNSSSEHRDT CULTURE
Aiding the cultur-mrasadad amulAtLur,essclhaadfvfeol lleen estab

mo d e | that i s moreineginad a ntidneinuwec ad ff otltldes t he ms e
be mad e from materi al s such as coll agen/ fibr
polydi met hyl si(lMxzaznelte(nrBDMBPBHhgsi de utilisation
scaffolds are advantageous in their use to enab
side of the scaffold membrane. This can all ow f
wel |l as r ecapiotgwelnatuisn g stpheec thse toefr | ung( A.i sJk.u eB amtdh

et. al2012t. Gill2®ile; eMazzd @I0®9®iet NptBAOILS3et . ODIN2G 1 I,
H. ®@unal2016; Wagner, ®&8bnahZ®Gh4; Wagmsern,s,Bonenf a
et. al2014)

However, initial seeding is stochastic which ca
can also require expensivealmamaudiadcd utrfee anan torpd v 6
PDMS due to its drug &dabd6fptdenapsopbavieebi mited
nutrients to their i nner portions potentially
overcome by incorpomiatiophysical 6 diPdbaloramgrahi pms (
(OO0OQdevi(chk.s J.etBoaolt2m 1 2e;t . Gl 12@0ilMd ; eMa zazd @10OmMiet Ni c hol
al, 2013et OAN2013pt Hal 3006 ; Wagner, Bonahfanmnt; P
Wagner, Bonenf a&nt al30KRdgevic,

Commercially available cell culftandwpklketesi haee
been employed 1o snmoWdWebep tlhangenable Iung epithel

at anTrAaniswel | inserts have been shawmri|taonmax oir lyi
mar kers compared to submerged cell cultures when
|l i ke zinc oxi(dleeentzna nnod pAMBI)clodasaude achieved by cul
epithelial cells on tihmsanpd craeclmosviidneg otfh ea tTirsasnusew e
from the apical side once a monol ayer has been ¢

t he basol at girlall uscthraambeed). Tihne Fiingpulreemeln.t3ati on of Al
Transwell s gener at es a more compl ex and physi o
epithel i um, generating a differentiated respir.:

junctions with api cpaoll aand yhasmlcdatnerproduction an

(e.g. ciliated cell s, BukbBweetr ycgeglol,€e20c2llp)b| @rei 1§ v 1
the orientation of the apical cel l surface to t|
the |l umen, this aids in the transport of ions an

' i pids at one dfTfapghaatcOl73urfaces
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Transwel | model s have successtruddsy sbueceln aiss efdl utoi
propionate and sal but amol for their depbsutéedn
epitheCiogetil apl 2019et .Halghd1l2a, 2 0elt3.; alV2 0 K2umaz 0 2 2
Ot her avenues of odseareovhmlluaavta omeerf i nhaled toxi

flavouring extracts and nanoparticles (zinc ox
i nvestigati on of( Jbita.rdlo2u0s2 2eatt.haol g&dn2sl ; eN° ad 2011 ;
Sinmst. al 2008¢t .Sdaluz@Z)i s is further explored in C
Five of this thesis.

Transwel |

Api cal com

Mi croporous

Basol ater al (

A

Fi gultde Di agram ofEiansTerranswiettHin a standard cell

illustrating the apical and basol atfer al compartn

1. 4. 2COMMERCI AL AL CULTURE MODELS

A few commerci al dasmpl eAd | ofl ungs emotd e Esanar e t he
Epi Al Eenoldaerl s fr &andlat e EMu Simd&EAd Pd rAl E enold&il rs
from EP{EpeAi xway 3D in Vitro MicrotTiheswe smo d2d k

utilise primary cells from the human r-eaperadory
and differentiated epithelial cells {(B®aI eB® m ci
al, 201ITh)e model s have been developed to model d
and have been wutilised in applications such as

i mmune responses and b@fteHaah@Vi208&H0wenvfeerc,t i tomes
model s are not immortalised so cannot be expande
l ine model s. New cultures require purchasing thi

per experiment than(B®iag®gle2010) ne model s
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1. 4AMIBCROPHYSI OLOGI CAL SYSTEMSA-QHIPE) (/| @RG)ANMODEL S

1. 4. BENERAL FEATURES OF MPS AND OOC MODELS AND S
Orgam-chip (OM@Cor ooprhy ssyslt egnisc a(lMP S) are microfl ui
growing cell ssiimedmichamedrse in order to model

ti ssues suchrganperfugiPoretamd 29 tHUgntacnh cel | s ar e

in these devices from the three sources of cel
increase the human relevancy of the culture mode
of the MPS/ OOC devicesi orms/ ftlouiid cfolrow rtali reo wpgeh ftulse
replicianebitbwe@ed/ interstitial fluid fl dwi essthbé ei en

al, 2019; D. Hu h, Matt hzawsg | aMa trHnsail 2,0 IR S/t ©Q @G
devices allow the study of cells under physiolog
regul at e physiol ogi cal stress, chemi cafgcelsli gnal

inter@Atémai a & Beebe, alLD9%%t ARULEOO08ect Wal X@0 4)

MPS/ OOC devices also involve other physical for
and mechani cal compression at a physiologicall
mi croenvironment to effectimemyotdiddRi.e |l Bgpo tah ré& pKie
201.2)Passive stimuld.i is also considered, includi
geometric c(olnhfoimpesitmenat 202 0T hese devices influence

such as polarity, gene expressi onnawidhwdjufrfi exrge rt thie
natur al physiol ogy of human/ ani mal tissues ind
MPS/ OCC d(eAiimestlsigel 201A9)ongsi de these physiologica
featur es, t hese devices can be fabricatiewte to <c

feedback of t he ti ssue heal t h and functi on suc

electrical r esmentt&Sniceiemmamaddo Fo)r simplicity, al/l
devices will be referred to as MPS devices withi
Using MPS tan sinmblratnenent s has great potential to
bet ween biomarkers and <clinical outcomes due to
ti ssues culturéed8hani ahé& UOepgbees a2 RD4ARBe)l iEavmlra MP
model s have great potential to enhance the under
candi dat e sel ection efficiency, thereby decr ea:
decreasing drug attrition, paltli e;nft swhwiidh wielwl auwldt
therapeut(iAi reegiltiiped 29 19)

I n the simplest MPS modehambtehewet hsaasbshnhghbetecmaml
there are more complex desdlyambewi g hc anwoe catre dmaobry

me mbr anes, l'ined with different typesu@Bhateild s |
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& I ngber, 201 4H20H@N)esne devices are versatile wi
tissues they can model . Ot her MPS devslpepgeéerfs cha
models to further increase the physical rel evanc
mi mic the(Alwveol ius, WhnddX4) ot her s have devel oped
adoptable MPS devices that can incorporate est
scaffold/inse(tCNb®8s®d QOIL®9)r es

The design of MPS differs according to the tis:

stimul.i investigat ed.mmeé hxeiimad|lar eorngualnt i Py £t e ms  wi
through (Al veol i x, CNBioeolEmM] a2 2 ERu CXsBMOEDL;) 20 .
KirkstaHowe2@2?24)there is massive potential to co

a mwlrtgian platform system and be able to study t
to another e(8edl hgwngabWMPBYdevices that concentr
fl ow between t wo ohravneorbee eonr gdaenv etl yoppeesd CaNn dBicoomme r
Liver/ I ntestine, Kirkstall:: -LPeBacaHendasakelyi velrnt eSit g
Li vSekriKn dney-sL ub(gW.erlL. Kt . gheal7et .Falu20l6,; Mas c hme
Loreetz.,al 2015;etRammld 19 ;e tS.cali 2mMex%0)

Al | of these MPS devices could be used to study
and study the responses to inhaled compounds t
phar macokinetics (PK) and toxicity to wulctsi mat el
(Ar-Sekhni emapal 2020 ;etNaawr2dtfth)e FDA Moder ni sati on Ac
the openness of regulators to accept data from
drug developers are already usingabMPSevstienngen
standardi sation f rroend rfeogrul cart wg sd @ vse Iroepgeuris t o f ul
their preclii®Pogalanpgil RORBNetStale2s0s2e3r)

1.4.8BLK®LTATI ONS OF MPS MODELS

Many MPS manufacturers use synthetic polymers s
develop the consumable plates, which i s popul a
cyt ot o xDacnikttuy. al 202 2; e Sc il n2eOkkHgwe v er , the wuse of
controversial because of its afiNiiathyzétteonaddd®8060b h
Toepke & Beebe, 2006 al 201 mpWamgls wi th. 6a, |tohge
guantitative measure of the hydrophobicity of a
PDMS channel s of (tJhe DM&PtWaahlegyd Wth)e n conducting exp
with drug molecules using devices containing PDI
considered and potentially | eading to adsorpti
decreasing tHhe.edsetWamlgud¥P2DOMS | acks the ECM si mi
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reqguire to exhibit phenotwymes reiqmiilres ttcalthat S
coated with hydrogels such as (Maadli 8kedwawid01A)yen

Anot her major issue of MPS devices is the 1|1 abou
develop and analyse than( Aiynpsticigel 2 ED9 Yt bhler moe esy at
newer technology, the absence of standardisati or
the reproducibility of experimenssabeefbbsbdi aet :
produtBionaest ava@a022Ah)al ysis of some MPS is anot he
smal | sizes and |l ower fluid volumes require hig
ELI SA and quantitative polymerase chain reactio
capabil iytsyt ebfbsett h@khowng28d®wever, the | ower vol ume
for reducing the costs for drug devel opment pr

compound. The | atter reduction of compound requ
physiological studi &exi(dhlaydtiamg! AOME; alngdhi da, 20
Lee & Sung,A Z30&)i ficant drawback of MPS model s
ton viesponse as-vbhemeurtaace of the cells in the
the scalability of dose response to the whol e
preval ent when the endpoint assays nustewmaanr e no

respomniek ewoal 20h8) anal ysis of MPS models is exp
this thesis.

1. 4. 8PS. AND OOC MODELS OF THE RESPI RATORY SYSTEM
MPS have i mmense potenti al itno Vbietnrgohmo dnolsgd a = ptrlees

the potenti al to incorporate ALI culture with ai
Air flow and cyclical stretch recapitulate the
subsequent cell ul awi tsht rmé chisum Pmirhmucs omhe bl ood

experianewdhvoh not only provides enhanced nutrier
shear EAr-8elgni remanml 2020; &StedhBROWE)as !l iad 2019)
detailed key practical features that should be <c
( Ai nestl.igel 2019)

T User friendly interface/ culture.

T Reasonable throughput, incorporating replicat
1T Reproduci bl e-awmid hil dtorwv amit@bi | ity on a stable
T Automated sampling from air and/or fluid comj
T Materials with Ilittle to no drug binding.

T Ability to modul ate cells to mimic disease 0]
1T Physiologically relevant metabolic and gene ¢
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T Ability to image cells without interference |
T Pseudostratified epithelium with met abol i cal
producing mucus.

Amenable to coculture.

Applicable to smal/l mol ecul es, bi ologics, gel

Ext enidnedciutl t ar ei4t iweeesk s() 2

These considerations of MPS devices should be ai

the culture of lung MPS model s.
There are many commercially available MPS devi ce
been used to model the human |l ung. Emul ate comm

the Wyss institute(Emul Haz¥2aFjde UOOCed-B8%t gmi mCbsp

a breathing strien ctwinmamt ipoor osise me mblpamer.i dEbe t Or

precise mixture of gas, power, aftuvadaawauwwem motdrue te
which then controls the rate dEmMmuUllaotvi0&rdEdnud tart eet ¢
have develoccpdmouded of the human | ung, utilising
basal stem cells cultured under ALI and primary
cells on opposing sides of t-bapmkemhrgwnbarepeéercat
lufd. Huh, Matthews, -Z8MaamapgodoHa Mdn1ddty aalla2 OnITeh)e

vascul ar channel is exposed to continuous fluid

0.0017TDPaHuUN, Matthews, -ZlMa mmateot,HsaMo2n loéyta. A ki n
201.8)Emul ateds <chip has been-Co¥edantdo irnddIluiematae
infection, obsendaecéddupgult manai yyoedema and how
forces influence (Dsedsbh, ddMaetl bpmen-ZK®ammat oHs Mot
et. al 20dt0.;2I1S2020)

SimilarXpavael ceolmer ci al i ¢ednrogAltbi pbBwhit immigds

the biomechanical mi c-cobendi banmeet of the &auman
positive and negative prestsungesebhsacpaor bescméimhb
on the apical side of the membrane, andniemddkti hnegl
the alveolar environment with the porous membra
chambeAs O. eStatRD15; Et . Rl 288 kiycl i c strain/s
been proven to influence the metabolic activity
cells, increasing the permeability of the epithe
greater than ¢$¢#at OcetSobaldXk@l®ns

Ot her MPS devices combine ALI ti ssue cul ture

Physi ofMiumiog< cul tures are c-42dydR&d pilmttehevi Bar rtiha
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flow in the basal compartment at a flow rfate of
an@el |fQaurltt ur ¢ Phrasneratl 20 2rh)e cel |l culture medium i
an inlet valve, the movement of this valve pumps

regulating flow to ensure consistent fluid move

ump' s opeeamanghewibger vati ons, maintaining phys

- ©

evebDemamrgkyal 201Tch)e pl ates are built with a mix

and polyurethane, avo(ibomardikhyl 80 (Thkxi vBa r MPNES
has been used to opti méiececulmouaded sy odnd hei hemaad |
using primary human |l ung epithelial and fibrobl
these models resulting in a more physiological r
(Phan. al 2023)

These commercial systems TaHhesypehavenitlkedi i ndt a&wina
with cell mani pul ation ampecudt emidoatoiron sag eq ud
cel(lZscheppamg2B8daé8)ti onally, the portability and
needs to be proven to validate the models and m:
(Low & TagTle RHylsfi)oMi mi x system has -LArphatefl e
can house commercially available models (e.g. M
(e.g. Tr@aN wkild ,s) 2e0t1l 95| 2RO2Bo)ywe v e r due to its dep
culture, inserts it lacks the capacity to induce
The stretch force on the Emulate chip stretch is
chips areeacdiomasngihaons, which is more akiwiwvo tF
t han t heexatirbantetdhe Emull ®t e Hdavi Mat t hews, - Mammo't
Zaval a,etHsilm,010 ; et .l 2Dt1TBl)& i Al veol i X model s bo
medi a exchange however, it is not the most physi
Bi o PhysioMimix system and the Emulate chip inc
stress on t he cseddinns i(nbwlowarnesttkya lt h@&1 0 ; D. Hu h, M e

Mammot o, MawtbdbwaetHail 8010; At. @l 28016 ki

Emul ate and Alveoli X both use a PDMS membrane ir
fibronectin or coll ageinn t®ICWd Vileicah vied oyr e egpd 9 ctahl e
of the cell culture protocol when using the chij
involving hydr o(ph.o bHuwh moMaetctuh eevss ,-ZMaammaepdbHaMbpnt o
2010; A. eQ.. a9t2wWclksi; at. Pl 2WHogvever ,-12hMPBaff rioenr
CN Bio uses COC (cyclic olefin copolymer). cocC
bi ol ogi cal i nertness, which is advantageous for
hydrophobicity of COC <¢oultdhepossteudy o©lialsloermeg ep h
compounds whil st advantageous t(oAgéhto sael 2r02t2 )c o mp a
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The Emul at e mo de |l has t he |l owe st t hroughput o]
encompassing uni t requiring mor e chips to i nc
experimental wuniformity across the chips ndue to
MPS manuf(alx.t uHeh, Matt hews, -ZMamrhat, e tHsMhRtOdly0g

Srivastawnd 2Whé)yeas the Alveoli X and PhywseildMi mi x
format similar to the standard cell culture pl a
Physi oMi mi x MPS, increasing the throughput by he
pl athemg tcan be maintained at once whilst reduci n

as the format of the plates is (shamamrgikdyh20bB@s t
D. Hu h, Matt hews, -AVevwaroda @t, HgMlobh(t Io0/;a At . @l 2801 6¢ Ki

The complexity and cost of these systems requir
single experiment which requires optimisation o
systems cogthebdteeglt 208 Mi s is made more difficul

being of such | ow vol ume, and therefore it can
increases the complexity d¢fSedt &iit® hadt2a0bliol;e tWi kasnwdo
al, 201™)e | ow volume of samples is a major issu
equi pped with microchannels as small as 30 Om an

up to 80 Ol Bhfatmedi@ mngber ,et2.0414D0 IH)weDer St ub & i
Bi o BaAe2r pearnte can have up to 1 (rRheaetqomtl20R8¢ i n e
challenge in sampils nghywaidtntcempobdxici il ity and tr
be tested and validated through (Wiedente. atd2@1LV pn

The MPS culture devices and their schematics ar e
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Y S
©AlveoliX A.G.
B ®
W R o
1 Epithelial channel
2 Human epithelial cells
Vacuum channel
1 M
Ht dothelial cells
6 Endothelial channel
C ©Emulate Inc.

©CN Bio Innovations Ltd

Figure 1.5: (A) AX12 lung chip based on a 96-well plate format, consisting of two chips

supported by a plate, each of which comprise six independent units. The ultrathin membrane

(blue) is deflected by negative pressure inside the basal chip chamber through an integrated

micro-diaphragm (gray). Images from (AlveoliX, 2024) (B) The Human Emulation system from

Emulate Inc. comprising organ chips which fit into the Pod™ carrier. The Zoé™ culture module

controls the rate of flow and stretch for up to 12 chips. The Orb™ provides the precise mixture

of gas, power, and vacuum stretch required by the Zoé™ culture module. Images from

(Emulate, 2024) (C) The Barrier-12 plate allows the culture of cells on commercial inserts such

as Transwell® inserts, with circulating flow in the basolateral chamber pumped through

microchannels at a customisable flow rate.
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1. 4CHARACTERI SATI ON APPROACHES FOR TI SSUE CULTUR
1. 4. MNALYSI GOM®MFLEX CELL CULTURE MODELS

Overall, the value of MPS/ OOCs has been demonstr
with various feasible improvements and discussio

( Ai nestl.i@l 201 %;chArnteznaml 2020 ; D. Huh, Matt hews, M
Zaval aetHailR0l®Et. KIl&i0dl; etScali m@EO6) main challeng

t

a

heise wiytst@ems is scaling and is-saatesubf DI ume

rea used in cell culture technology, |l eading t

data from the model(sWitkog wohagel 2hTutmBayn iblolduyst r at es tt

ensure the correct tools of analysis are used to
data from small Chlanmes eof ssampltdese model s req
of analysis, incorporating several technigues to
and its f ung¢ tmipomavadnttu ee sof Amharacterising the mod
phenotype of the cells, which is the observable
expsrsei on and environmental factors thgiNatnbhaénc

Human Genome Resear chhelrnesstevteartad, azx02ady)s can be ¢

c

T

haracterise the phenotype of the cell mo d e | i nc
Immunofl uorescdndduomagecagtly | abelled antibodi
tar,gepri mari langpodueiens, fluorescent i mage t ha
expression afhdt heptasgant key features of the
junctiongOamrd | ci&kl i Caok, 20183)

Hi st oOlbngegr veelkthel ayer sseicit itome vdalreaws safnyd expr ess
proteins in cefl |tsheasniduht dass ueisl nidac belde te acl dtldl st
they become visually det{®Ramedsfa, b0L0pght micro
FIl ow cytometry: Rapid analysis of the size, gr
characterise and collect the cell using fluor
i mag(li Dbrge secth.eal 202 1)

Transepithelial el ectrical resistance (TEER):
paracellul ar pat hway in the cell monolayer, T
destructive method of quantifying tlBeiinntvvagmrint
et. al2015; Zucco, 2005)

Quantitative polymerase chain reaction (gPCR):

epithelial features such as transporters and r
(Wages,. 2004)
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Once the phenotype has been established, t he fu
assessed to understand how the model can be be
Assessment of functionality includes methods suc
T Enzymenked i mmunosorbent assays (ELI SAs): Me a s

proteins and glycoproteins for tcheec ualotaurgesiug of
compoumnBdrsiti sh Society for etmmpdrRdlldgy, 2024; Ju
1T Apparent pesppeadmegiotydd 8t andard of the assessm
and function of cellul ar barriers through th
radi ol abell ed ¢ omp o(uildsse nfzr e€g uHeanetnl eyl e b s220H0230; 1 2Ar t
K-J . beeal 2005 ; eStr.ianli2voalsbaenmbelyti.eal 200 9)

These methods can be used to study and validate

as assess the effects offLéeats.saly2s0200n) di sease model

However, there are di sallvBRthagse sleixgtihmieeert aapdyi

l ab variability when condititemgpearad ume@t PtassEIrE
and cell cul t ur e (nverdinuient acsdnip@ddash ot ui cotwil rt & lpll EAs i s

expensilvebtamtdensi ve as they have | ong incwhbati on
high I|ikelihood of false positive/ negative resul

or antibodygS.i nStahkebtmbdlo¥0 1TBN)ee of such traoer col
determpppanPi nterfere with the transport process
int e@3riitryiexagdB0IA:m) i mprovement on this approach
of high sensitivity chemical iamualdy tgiacsalc hirosnan wrge
mas s spectr-MBIEEMS) (fUx evaluati omebébdlrrangi cf | uXx
proteomi avhstchhdiclasamnce t he paoswseafylso fieatiMdPad 2 0 et ; Lin
al, 2020i)qui d chromatography <coupled to mass sg
mentioned above, is a common approach for t he
proteomics, metabolomics and (bynohdeE8tBnhtdhaggd
it is a highly generic and known analytical t ec
used i n OOCJaneatl.daxsli z0 ;. ali20 2Q0u)r r entMS/, h dsC/ dGrCl y

been used as a readout for only a few MPS model s
useFieltl.aal 2016et Hal 2@k7; Maschmeyera,l 219d detn Bdirad,

2016; esteldle2rthiry i s further explored in Chapter
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1. 4.BI.QANALYTI CAL METHODOLOGIES I N TlI SSUE CULTUR

1. 4. OVERWV.I EW OF ANALYTI CAL | NSTRUMENTATI ON FOR E

There are many types of analytical instrumentati
in a robust and repeatable method. Analysing the
in cell culture media requires aesebempbumdsméthb

each ot
met abol

protein

her to reduce the interference at the de
ites in cell culture media can be compl e

bound drug di fferwhgchetwaeheddugochabBEag

if the sample prepa(rRaatsinouns siesal R2dtl lagrd eaqdichittei on, t h
of sample avail alalng riesg ud frteesn amihniignhally sensiti ve
the processed sample. These two main challenges
process method and the instrument type utilised.
Gas chromatography (GC) is used for screening |

anal ysi
l'iquid

S ; however, GC nmmettheondss var ea ntdi grolrye [td bmeu rc
chromatography (LC) alternatived C)Hiigh pe

t he mo st commonly used chromatographic techni

det er mi
Dani el
col umn
i sting
mpl e
mpoun
bi ol

ompone

nu O O O u o
- O o

uf fici

—

hrough
chr omat

reduce

ning drug quantities in pharmacklHati ica)| [
C. , 202 0; aRaBINMdiss&mpl e and mobile phase i
packed with a material t hat retains thi

ui shed by (Rasmuoeseml 285k embl es separati
to identify individual compounds as a r e:
ds with stati o(nthadatairnd 2AEBi)nstpluameads al ar
ogical sampl es i s di fficult due to the

ntpsr o(te.ign.s,, ) ptAamacancinterfere with the

ent for full separation of complex sampl
a sampl e (ekkadetcitalod Wing:)t &pdirifgchr mance | i q
ography is increasingly adopted due to i

elution times (aRas mwermeeald2e0tlelc)t i on | i mi t s



Chapter 1: Gener al |l ntroducti on 34

HPLC
um L
) k pump Sample I H,Jr Pre column
injection | |
| |
(L Analytical
B/- Filter I T 1 column
|
Mobile | | Column
phase | | oven
reservoir | ;J
Detector
PIRN Data system
Waste

Figure 1.6: Diagram highlighting the main structure of an LC system. Figure obtained
from (Rasmussen et al., 2011).

The detectors that icmast rbiemecnotuaptliieodn tios LvCGari ed i n
sensitivity. The most common detectors wused are
can detect compounds that absorb Iight from a d

and a photwddettectnoracan record the entire spec
seco(narri s, Dani HPULMC .i,s 2u0sle0d) i n industry for th
compounds in blood and urine and costs are rela
met hods. However, the sample must be able to abs:s
that canhigihsormamd that can be challlRasgnueeg ewmith b
2011)Bi ol ogi calc osmprgerxdk st arr ge't analytes are ofte
amount s. Al so, UV/ Vis detection is not t he most
detection ranging from |low Og/mL to ng/ mL. Subs

i s more tyipieadl ffgr (lRgecamnekemi 28011; Sharma, 2024)



Chapter 1: Gener al |l ntroducti on 35

1. 4. 4AMRS2 . SPECTROMETRY

Ma s s spectrometry ( MS) i s an anal ytical t ech
atoms/ mol ecul es/ fr a(gdbmennttrso doufc tnmoolne ctuol eMalS iSpectr
typically coupled witMSgaswrchi gmadogVeSp mmtn@q &€ ap h
the most sensitive and costly detector coupled

drugs in biollRaiscnmallsseampD &)

Once the sample | eaves the LC and reaches the MS
This |l eads to an unstable molecular ion which q
ions are then accelerated out ofngt te itcdhre ga@uri we
bet ween the mass (m) and the electric charge (2z)
are then transferred to the detector which meas¢t

at each n/Harvalsye Dani el Cet. 202011loRasm@auw g ®ean can
t hrough <chemical ionisation-MSwhirchatimpsmbaeti € om
chemical ionisation (APCI), (Figure 1.7) both of
that do not contain aci diRa@asomusbaal 20 fAlnnh etxit o reanle |
i mportant ionisation technique is electrospray
used technique for M@Srouphedl t@wuHPLLahhICe ( mobi
the analyte) i s sprayed as aar ef icnhearagerdo shoyl aann de |
evaporating the mobile phase/solvent, and | eavir

extracted for further a(nthelty sail 00Y3 ;t Heeh smmallRPH éahnal y

Cylindrical electrode

A B High voltage

Drying gas 2-5kV Drying gas

Needle with high
electrical potential

Mobile phase ‘:—5 :C' Yt Mobllepk_F—_~ e

> —3p Mass analyzer

——» Mass analyzer °
from HPLC A - (vacuum) from HPLC P ° (vacuum)
I Narrow capillary l
Heated capillary

Figure 1.7: Diagrams of the two common ionisation techniques for mass spectrometry.

(A) Chemical ionisation and (B) Electrospray ionisation. Figures obtained from (Rasmussen
et al., 2011).

The ions travel through a magnetic or electrical
m/ z which separates the ions. This is achieved t

parall el met al rods are connectedawvelect hioabhyt
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detector l mpeded whereas unstable i1io@Bethial the
200.3)

Tand-M& ( MS/ MS) is where the quadrupole system i ¢
a linear fashion. The first quadrupole (Q1l) sele
complicat ecdomsnndmitngnesampl e purifitbaet MGnapabgedar
analyte reaches the second quadrupole (Q2) wher
further fragment t hiinsdu cse dk ndoiwsns cacsi actoildn s(i®InD) . T
spectrum from CI D can gbuea dmounpiotloer e(dQ3b)y ptrhoev itdh inrg
i nformation of (tHet . neoll2e0cOull;a riR & sognlis® B &S/ MS i s t he
mo s t sensitive technique to analyse and quantif
samples due to the separation of analytes by t

compounds in the MSWMShciomponemeéent | imits of de
pg/ mL to 100 ng/mL depehHast emlniantgh @2 @pweounthe
samples are still considered oO0dirtyoé and require

that is comeMS/iM$.e with

A B

Detector
Formation of product ions

Selection of precursor lon l Measurement of product lons

Lo

[1on source|-——=—=-4=—=—=-—=—=—==-—- Detector ]
lon source Q1 T Q2 Q3
RF and dc
voltages N, or Ar

Figure 1.8: Diagram of a (A) quadrupole and a (B) triple quadrupole found in mass

spectrometry detectors. Diagrams obtained from (Rasmussen et al., 2011).

1. 4. ASAMBLE PREPARATI ON OF BI OLOGI CAL SAMPLES

80% of analysis time of biological sampl es i s se&
components such as proteins and exchange the sol
solvent compati bl ¢ RaistmuasHRlaC 28Y4)ema prec-i pitati

l iquid extraction (LLE), and solid phase extra
techniques for the prepar atMSOH. okitbimrd RDG B d s an
i quekdraction (LLE) is the traditional extracti ol

bet ween two i mmi spcriobvliedisnogl yaélnctl SeibanmdeX Q@ ¥ Aa,ct Ras mu s s
et. al 2RA14d)ngle extraction step can extract the &
behind the inorganic salts, proteins, and hydrop
LLE is widely wused in inmndotensyyvehawdwdeno mbitweui §h
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solvents wused are harsh and can acausee | s aafsetca ucs
emul sion issues and pfhHsehitaphaGk2 septagmitd @nh)

Solpphdase extraction (SPE) is based on partitioni
and a solid phase which is made of s(oRabsemuts speanr t i
et. al 28RE) provides a clean extract, however it i

devel opment and sample analysis due to selecting
elution conditions being ¢Liahatc.ad!l 2®mIAERt hmught 8P

is feasible for automation with greatly reduced

LLE, it has a much highdmr. c destta rag e2r0 1s2g melaes mlihsasre nL
2011)
Protein pbgcbppgaattcosolvents is a simplesesedmpl e

for fast ssamplasmmdcldéasm gt ugg bpmHot kdgnangl!l 201 2;
Ras musete.nal 2Bdaéatredures are based on denaturing p
compounds bound to them. This is performed by
reagents such -asl abild orgwatersolvents. The samg
t he supaeédarsnactoalnitect ed( Ramlds ttamaall 2yGkU; RRa s naul s2s0elnl )
Solvents such as acetonitrile or methanol are u
mobile phases and excellent solubility propertie
a superior organic plasma protesnthpaeciopheantor g
sol véeRbbestonal 2B06&ver, the process can |l ead to |
precipitate with the denatured proteins and s ma
pl asma are stildl present and can (cReawssmeuescmd i nt ¢
201Pyotein precipitation has been shown to show
compared to SMBOndetd | dlloEPROYI;0r ,Pr200t0e5i)n preci pitat|
preferred method for sampl e pr épsairnaptliiocs & syp adirdu g
aut omgtRiaesmuets.eal 2011)
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1. A&l MS AND OBJECTI VES

There i s i mited predictability i n responses f
di fferences resulting in 90% of drugs recently
promising result@cBinktibammadlmpepdbddaéRDOB,; Mul | ar d,
van deretWoarl@ONH®DPA moderni sation Act 2.0 in 2023
new approach methodol ogies (NAMs) such as MPS/ O
safety and efficacy data, replacind Sttheedrsaepald t o
2023)

With the employment of MPS technolbigysuéehentenfa

with 3D multicellular structures that can be cu
(Bhatia & I nglbteirl,i 2i0nd aMPS devices for itnhevipveor f u
bl ood flow or interstitial fluid flow experienc¢
availability as well as exposing dAAri6xz ftnd rprays i o
et . al 2020; eetedaBROYISNCorporating ALI culture an
perfusion of culture medium results i(MnBhhatmoa e& pl
Il ngber, 2@®tI4 @ 2DrlideatY. aMahget . aAe@h&) val ue of MF
devilt®edbeen demonstrated in both academic | abs a

and differiOhAgi nesgtlcinpel 2I0d gy hAi teanppl 2020; D. Huh, Me
Mammot o, MawwbdbwpaetHgiladplet. Kl 2D0Dal;etScali2meX0)

Using stem or primary <cells, a MPS device coul d
pat hophysiology and study the responses to inhal
(PD) and pharmacokinetics (PK) and toxs cang to
t her apAnt-8akni emaal 2020 ;e tNaawr2dtllOhough t he benefi
devices have been proven, there are few commerci
t hat have beerxdllaraomeaijyadrsidtdlyas mdh tmowlredvsai | abl e

are Stnateaded pri mar(yEpcieAilr wauyl t3ur ee n Vi tro Microtdi
2024)

Many of the primary cell models are expensive ar
culture, reducing the access to these models to

expense and time to optimise trhe swdrtwas swe rTen ee xa

earlier in this chapter. As an al most unlimited
a cost effecti vpeasasl ttehrenamarnvy dosthsy and et hical (
pri mary hhamawne&kildgey & da Rocha, 20.19TheKraeurh a&v eD
been well documented academic models wutilising

toxicity and flux as well as wused A.o Lmoe&l@ol addniss e a
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1994; Ehrhaett al RKA6Rer Forbes, e20@020E0aptubayps hk
2010; dtnoale2020; ekKe raslc2hOn2e3r; eMu. kahler(jle2eet Rad d 8B 8 ;
S. Sakamoalb2018t. HleA @21l etShe¢dalPaetYasl RiOOWe Zabne
et. al 2003)

A coculture model would be the most representat
epithelium and relevant a second pul monary cell

such as a perfused MPS device, woul d eil evrasma e off |
the lung model and produce a tmvoe ehumapm elsemd atl wt
understanding the interactions between smooth mt
particularly how the interaseaveasamcdnt hiebut @ et (

therapeuti c( Zeoaporun8l sKkHoweve@0l5many of the cocul

have been published were not directly cultured
periods, so there is not enough data to indicate
t heeoculethwrig onhaehi al 20 1e5t;. ala2Zn0 1 8aet Mal 200 %; Muddl
et .. al 202DhHhi s i s an area that i S yet to be f
Considering this, the ai mdiewitolkies tgarad jiccddd r d cst € roi
an i n vihrtomchoal |l madalhat i s represent aitn vegi voo t
mi croenvironment. This modelsisihhmwue st ih@atee tthiee ploil

responsges dfung mi cr oiennhvaid reagigorend uantdos st i mol ant s

manner that it® thassitatadblon. Usi ng vV aeriiosues tahses a
mo d e | to determine npampeodxmrieadi carhanges and bar
measur ement of bi ological response to drug com

coupled hei tuske of anal yti-MSlt a odeéetiske esnudcehie irauvsg r le d
concentmomatdieder mine the elucidation of biological
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Thepeci fic amldj ead tmsv eodwvetrlei aast iesil ®ws:

1.Devel op and opti mi sechcaerlalc tceurlitsuer ea nads saasysse stso
a.Optimise assays for the assessment of
epithelial monol atylee mmdielcharacteri s
b.Devel op and optimise assays for the as
efficacy and fl ux.

2.l nvestigate the influence -3o0fe phiatshoellaituenr acle Iple
a.Assess the influence of aseopliattheerlalu mp eor
| otgegrm cul ture.
b.Determine of the ideal window for interrt

3.Develop and optimise a perfused MPS bronchi
a.Optimise a novel Cocukpaoaesemodeéel vei ahchi
the bronchi-amoephtmescluen i nterface.

b.Assess of the influence of the cocul tur e
c. Assess the influence of basol ater al per f
4 Assess the application of the epithelial b &

ADME and efficacy eval-Radagoni stspul monary b

a.Evaluate the influence of p €r faugso noins tagn
terbutaline, -3acerpoistshetlhiealCablaur r i er .
b.Assess the influence of perfusion on the

epithiembath muscle MPS model
c.Assess the influence of perfusion on t

smooth muscle target.
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2METHODS AND MATERI ALS
2. 0NTRODUCTI ON

Complex cell culture systems such as micreoephysio
contengoiemtd analysis to characterise the differ
guality control parameters. Thnal wsl & ohcsupder ba
drug cont ematr kaenrd nbeiaoy Drechenenals2 0 1AM)al ysi ng compoun
bi omarkers is a critical step in the wutilisatic¢
produce more accurate, preci se, and reproduci bl
met abolism, pharmacoki netsi ¢ /PKH ®@DRa e dett{ nabl BOCL 85t u d
The primary obstaclies wpsb@mser edobyet heound sca
is a result of the micro and nanoscales of wvolu
which can potentially result in | ess accurate tr
bodywi kewoal 2013)

Anot her signitfhinda@nts aimpd ees iag e very | imited in a
vol umes. This requires highly sensitive biochemi
capabil ity dfSetdi eekowgt2enisou)r t her mor e, scaling thi
for each function and | iwiol umeerat gdsoiivh iatsys ue .
201.8pwever, the | ow volume is advantageous for r
processes as it all ewacemaddedba@amemptsesyed durin
The | atter reduction of compound requirements h
studies absobwpi ngn, di stributi onADMae@atnab otloixsint i &1y
(Ahacitaml!l 2018; | shi da, 2018; S. H. Lee & Sung, :
The |l atter chall enges highlight the need to de\
bi ochemical assays that can use small volumes of
changes in the model and charactelrearsgemntyr edtf men
Common endpoint assays used include | uminescenc
Gl o for cell viability analysis or, col ori metr.i

Radioactive Cytotoxicity Asseaegsfohrobhghdeher theh

| actate dehydrogenase (LDH) release.

There are wersitcwxstnheer assays that can be utili
determine tissue heal t h and ftuaonsephnbhbkel yalk Olne
resi stance (TEER). TEER reflects the ionic condu
epithelialZmococol,ayY&ER) i nvasnore technique to cont

the barrier integrity of a cellular monol ayer. E



Chapter 2anMaet Bodal s 43

monol ayer, TEER can be reliable method to verify
(SrinietagdrR015)

During TEER measur ement , t hpeh oesppi-htahfetleiruent B $a | w anseh e
This PBS wash can be analysed for respiratory mu
repor t(eHdeltdh.yal Lb98Tth)i s protocol was adapted and opt
study using a sieailaftlMmedholut outHiallil si ng bovi ne
as an alternative for the generatiofSoht hdiemenml |
Phelegs al202Zth)i s al l-omwsadioveaanahysis of the mucus
on the cel la-lisquuinfideecr efAalalfe) cultured Il ung epitheli.au

di srupting the culture or sacrificing wells.

Apparent pe&gppeesasbeislsimeynt( i s i mo ngdoil ddeorsetda ntdhaer d t o as
uptake rate of chemi aazlro/sdr wlags eipn(ttAdh astetine | b&d diHyare in e
2003; Aretturad 204 2; eteal 200-Dp mbeti.eadl 2TV0O83e tests ar
time and co@HubeaftfsecchtainW20®s ) aareesadli ity adopted f
assessment of the permeabil,ahgviéelnumweldpidtolcailmea
as a reliable assay by( @iungetipdael 2a0cladd e niF ocr bgerso u&p sE
2005; eFfr@sd 2019 etGCadbgi5;etGramli2n0gletr; aMi20o 1 3 ; Sriniv
e al2015; Mt . Val 238uilr@ehs hs ensi ti vity bioanalytical

—

to quantify the | ow concentrations of molecul es
been achieved using r a(dg roil nai leved sl aehd 2 OcddddSMapmpuarrdesn t
per meadbsddyw ycan be used to characterise the barrtr

i n various conditions.

Il mmunofl uorescent (1F) antibody staining is a t
antibodies to detect a specific target and is a
resedgOdlklI | & Codk, 2dELIFR)tion can be direct thro
|l abell ed antibody directly to the protein or ind
fluor dmhbeerld ed anti body bound to tHOdeitst& Lwtoikl
201.3)This all ows images to be taken on a fluores
the structures in the cell monol ayer.

Hi st olsoguysed to identify expression of proteins

visually detectabl d Raywddriag,ht 2 OflhOc)s 0 s soppyer f or med
embeddd elgl and/ or siamptes inspaeaffin wax, secti
t hrowughi ous staining techniques that can be app
structRaméasr a, .R0rl®Y)tine stain used to study cha

haematoxylin and eosin (H&E) stain. Haemat oxyl i
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acids of the cell nucl eus and eosin is an acidioc
the <cel hssa@ssuibnt bl ue nucl ei and red cytoplasmn
mor phol ogy-sien t(aRcaomdamss a, .2010)

MPS tissue culture systems have also been anal
nucleic acid analysis such as polymer aR@R chain
ampl idfeioexsy nuc | BNAf raacgimde n(t s . Being a very sensiti
gualitative tool for the detection of DNA from
(gPCtRhe number of tsgmgdetesinaledcuinneetrh e pteicidue con
Al t hough other nucleic acid ampiemaicas i tometmehinc
(Wages,.U2004psing gPCR to analyse the cell mo d e |
phenotyping of the cell development within the N

of key characteristics such as transporters and

Al l the methods mentioned above can be used to
cultures IintaBses swdthieallybsads ayssi sease (thedel s
al, 20200 i mportant aspect of comparative bioa

toxicokinetic/ phaarmesheo kmemetuirce metnu i eod chemi cal

in biological matrices. These results can be us:¢
efficacy of drug product s. Thi s il lustrates t
appropriatel yalvyat ii dalt emMetbh @an( EMA, 2022) . Ensuri
is fit for purpose is essenti al for the method
When developing and validating the bioanalytical
todamworked towards as a point of i mprovement f o

for Harmonisation (I CH) has released a guidance
(I'CH M10). This has been adopted by theU&uropea
American Food and Drug Administration (FDA) (EMA

The EMA I CH M10 guideline document detail s key

chromatography of the analyte including selecti
(Il ower 1T imit of quantification (LLO®) quanthed iltiad
(UL OQ) , accur ac(YEMA,d BoXxk)) wimepg this document for
of aM3S. Cmet hod and its subsequent validation 1is

reliable bioanalytical met hod.
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2. HAPTER Al MS

The maisnofaitnhi s chapter are to detail t he mat e
characterise and monitor the development of the
OOC system.

2. BIATERI ALS

2. 3GENERAL CHEMI CALS

Al chemicals wused were obtained from Sigma Al c
deioniH®du(hd ess stated other®@EskQ @b0ai Redeu&i Uk
Wat er Purification System (Sigma Aldrich, UK) .
sterilised or sterilised prior to use nhhrobuhegeh at

ToucheR alveeOH fr om ETBEI chiaem t iUKi) c

2. 3TRANSWELLSE COLLAGEN COATI NG REAGENTS

Rat tail type 1 cO@odmigeg (B3780SOigémetds, The Neth
Acid (>99%) (FisRerysSsienflfacdmeKdse size (Cat #
(Corning Costar, UK) . 50 mlneRalAuBitatiinbes waGeei

i rrigaQ)on Blalxd er Healt hcar e, UK) .

2.3CBLL CULTURE REAGENTS

CalBucell line was obtained from the American Typ
Cal3u cell s were cultured in Eagleds mini-mum es:¢
glutami ne, and sodium bicarbonat e) w-Eg he ntthieal a d «

Ami no Aci ds péNEeésAy epnh b8 myci n.foeAbedliitseeonm | (I FBS) non
USA origin used throughout the project is the sa
from QRilgmd ch (Pool e,umvarss stu,pplUk)me nMedi with a fi
of 1% sodium pyruvat e, 1% NEAA, 1% Penicillin/ St

Hu mabn o n cdmoalmhs cceé |l s ( BSMC) -2(60a&%6t, Nm.t QNO. 18TL1386
cultusm@Bi2esmoomhs cceéil owhehdi m Bu |B (e# GCTLt8R2)onz a,

UK) . The following wereGiused ErExpplgEeser &€nzgumlet rl
Reco\ece |l tfueezmemdg um, 0. 4% w/v Trypan Blue sol ut
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2. 3PHYSI OMI MI XE-ONMRIGANP ( O0OC) MI CROPHYSI OLOGI CAL
(MPS) I NSTRUMENTS

Al l MPS materials and pl atseist eweirne N tBaiion eldn naonvda tt
Bio Innovations Ltd, UK) . This includes the Phy
desiccant, docking station and MP$2pphaeewdsi used
in conjunctiDmarmwsivwdslielcd st  ection 2.3.2) in the

Section 2.4. 6.

2. 3LBNG MUCUS QUANTI FI CATI ON REAGENTS

Al c blaune powdleacamatdiicd (>99%) (Fisher Scientific,
gland muci n, magnes soudn uondleasyil gbat{ MgCBEDPS) (Si gma
UK) . Sterile watk® f(oBraxitrerri gHaetailotnh c(ad c , UK) . 1.
(Grein@me Bidustria), 96 well white/cleardJWottom

2. SABPARENT PERMEABI LI TY REAGENTS

Hankhiad anesaeldb!| uti on (HBSS) suppl dMmhrytde d x et hy 12)0
pi per-athapesul fHEPIECS)a (iTche(r mo Fi 9JKaed Sapepheménte
wi 200 mil Dcose (Sigma Aldrich, UKNa.F LB uaonrde slcuwed ir
Yel |l ow g&litgm@LM) dri cih,otWkK)me dOyalqlckp 19a6t es ( Ther me
Scient YKi c

2. 3QUANTI TATI VE POLYMERASE CHAI N REACTI ON ( QPCR)

Zymo GQGRINA KMi ni prep Kit (Zymo Research, USA) wused
from cells. -MeagevmtBNag&®Qi agen, Ger ntahaygMamppl i e
Uni versal PCR Master Mi x, Applied Biosystems Ta

GAPDH, MUC5AC, FOXZO0)X TS®GHB1AICI(aCldiNll), MDR1 ( AB
MRP1 (ABCC1l), OCT1 (SLC22Ad9mo o@&T N\Vu s(cSLleC2AxAS )n, (
and SM22, Applie€apaob gt RNEAKIHI gand ®iFarsa Amp

Opti cWeél |19 6Re aRItBhaer o Fi sher Scientific, UK) .

2. 3FIBXATI ON AND | MMUNOFLUORESCENCE (I F) REAGENTS

4% wawvaformal dehyde (PFAG gdl+lt)i+ @amaitn aRB&xa FI uc
super <clonal, andmogse (AM+exa gblaworané 47, and Hoe
Fi sher Sci &rOtlri d b lzi,-h uudka)i. i pol ycl onal antibody, MU
human ant i boovdiyseeramati bumi n ( BSA) |, mnidoruédacti aEpredi a

Super Fr cEsAdhPelsuison sl ides, Epredia CowvMar £olni ps 5
st erdilsposslali e#dt essdal pel s (Fisher Scient i f2i0c,, UK)
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phal ligeitdrianmet hy | rhodamine B i s otXli0Oo0Oc y(asiagtnea (AT RilrT
UK) .

2. BHOSTOLBGAKGENTS

Al c blaune powNecl ear fast red (Acros), haeamatdoxyl i/

g acacetacicd ( #F9%%)er Sci.enti fi c, UK)

2. 3.L1QUI D CHROMATRAGERBPEHRFECTROMEMR)Y RBEAGENTS

Terbut al-s uwmlep ha&tme ssaalltb ua(n&ingh3a Al dr i ¢ch  MSUKJ)r.ad®pt i 1
wat eHO) ( acetMaCN,ri ded (f or MMX garcaidde, nbeQ hHi armo | an
per f or iaghuchedo mat o g HR pgrtyade ammoni um acetate (Fish
1.5 mL Eppendor f -Oniegl sAu(s®rrdianer ETHhéeoEn®k aScki et d f i
al phanushemriahbee s awel 96pl ate (Thermo Fisher Scien
mLrounbdt t samp bteor atgbe 3§ an@APIPLEUS-SER ( VWR, USA) .

2. BEQUI PMENT

Mi crobiological safety cabinets (MBSC) used wer
used were Eppeh@d70i CeEpXprdaor f , UK) . Tfthreons ol v e
Monmouth S$C€Ciecwilfaice CT1100 (Monmout h, UK) . Aspi
from Integra (Ilntegra, Switzerl and) . Centrifug:
(Thermo Fisher Scientific, (BKPennadnodThtamet &EPp p dared o |
el ectrescalt @aBER) (was measured using the @&M3I)X helia

with STX2 Chopstick Electrode for EVOM2 and EVC
l nstrument s, Hertfordshire, UKl uorPd sgit enecegl @ d er s |
(Bi ot ek, USA) abnsdo rtbhaenpt Baytetatbeyr ( Enzo Li fe Scienc
anal ytical bal ance used W&dDULt ICabiSevi tBdawii asc eMSE1
(Sartorius, Ger many) . FOE GepmMOR a amMalnwoi Mimer Joe n \
spectrophotohatmer (Cobtleg UK), @pahi s5laBFbeswy s Re ak
Time BYGR em arEd96éWet i tiFast Thermal Cycler (Appli
States) was used. For imaging the fluorescent | &
the Apotome 2 module (Car]l Zei ss Micr eMsSddovpSy Gmb |
anal ysi s, t hXe vwdatMircsroTQas used (Waters Limited,
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2. BIETHODS

2.5CHELL THAWI NG METHOD

Cells were removed from |iquid nitrogen cryostor
water bath. The cell suspension was transferred
10 mL of the appmegrcall oultureamewwiasmedTwetbel
medium to retrieve residual cells. The cell susftg
remodriemet hyl BMISP oXhdes(Upernatant was aspirated,
suspended in 10 mL medium. Thawed cells were pla
The seeded flasks were icmcbhat edpixdrd2Z (ALy s 5t 6 a
them to settle before changing medi um.

2. 5CARLB CELL CULTURE METHOD

CalBucells (-péapswgre ldai ntained using 6 mL Eagl eb

(EMEM) with al/l supplements added in TFB5%I| asks
confluence. For subcul tur e, cell s wemle afspPBat e
before aspiration again. Afterwards, 3 mL TryplLE
10 min. The cells were then suspended in 10 mL o
neutralise the trypsin, col ltehca esdu si pnetnos iao nl 5¢ emmlLt r
200 x g for 5 min. The medium was subsequently &
in 1 mL of <cell culture medi um. The cell s were

volume of Trypan Blue ©bl wtfi omhe Thiextarfé¢ en r d0

haemocytometer and Ilive cells were counted. The
medi um and split in a 1:3 flask ratio by adding
medi um. When seedinlge onelTr adseswsli t°g e U b%ulind mass 3 >

speci fied.

2. 5HBMAN BRONCHI AL SMOOTH MUSCLE CELL (BSMC) CUL

BSMC cells (passage 1 to 4) waset¢tchasmpali eendntieidn
wi t h t hea SSmGM | eQuot Ki t in T75 fl asks95¢8&nd S ul
confluence. For subculture, cells were rinsed wi
TrypLE at 37AC for 3 mins. The celelld warl & utrtee mer
containing FBS to neutralise the TryplLE, coll e
suspension was <centrifuged at 200 x g delrl s5 mi
resuspended in 1 mL of cell culture medium. The

T75 flask. When seeding, t‘bel t’elnt mdesnsiptexci s ed . v
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2. 5CRYOSTORAGE OF CELLS

When freezing cell s, a freezing medium was prep
medium for ReeoEeCdlsl) @ulture FreezindceMeédi warwe
detached using TrypLE (1X) as previomlslme diessmr ik
before being counted. Af ter counting, cell s we
removed befouspkeaidrerg ri&a the freezing medium in
x1%c el | s/ mL. 1.5 mL aliquots were dispemaepepanaodlnt o
chamber and8GA®rewerarti ght before being transferr

nitrogen cryostorage container.

2. 5TBANSWELLSE COLLAGEN COATI NG METHOD
Using sH®ri geadidal acetic acid (17.4 M) was di l

concentration of 0.02 M. o hiec e ofl awurt i 20 nmiars tt dh emo @

bei negcoilade before addition ofRdthet sitlockypgeol 1agehl

Og/ mL) was ditalteédawustiing acied to form a final coi
solution. The solution was mixed by inversion
Transwells in the <swWOplOLedof2 4t Hveetldl ol lasdesn. asdad e d
apical compartment of the insert and 500 OL to t
The plate of Transwells was subsequently placed
coll agen solution wasVabesaheparsdittde aBri anrgs viehlel s

washed with PBS wusing 100 OL in the apical C O m|

chamber. The PBS was aspirated, and the PBS was!
then |l eft in the MBSGv wiot hd rtyh e hlei dT rsalnisgMet! [I'ys & sokr
dry, the plate was closed and sealed with autocl

in the -§AC)gfeor( 4up to 2 weeks.

2. 5PBYSI OMI MI XE-ONMROGHAN® ( OOC) MI CROPHYSI OLOGI CAL
( MPS) METHOD

The MPS system was set up and used in accordance with the standard operating procedures
(SOPs) that are followed internally by CN Bio Innovations and by external customers. The set
up is shown in Figure 2.1. Briefly, the system was set up by wiping the docking station with
10% Chemgene, followed by 70% ethanol, before it was placed in a cleaned incubator. The
controller was set up outside the incubator with fresh desiccant in the compartment to reduce
system humidity. Electrical and pneumatic umbilical cords link the controller to the docking
station. Upon switching on the controller, checks were completed to ensure the pressure in
the system was within the correct parameters and was stable. The drivers were cleaned with
10% Chemgene and 70% Ethanol before being placed in an MSBC. A sterile Barrier-12 MPS
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plate was taken into the MSBC, opened, and placed into the driver and locked into place.
Medium was added to the wells before the plate-driver was placed on the docking station in
the incubator. The perfusion speed was set to 0.5 pL/s and left for 2 h minimum to ensure
good flow and priming in the plate.

/ Controller

Umbilical
Cord

Plate

Driver Docking
/ Station

Figure 2.1: Labelled diagram of the PhysioMimix OOC system components and set up.

2. 5CULTURE OF QHIEIKY 3SINOMI MI X OOC SYSTEM

Perfusion flow was stopped after priming (Section 2.5.6) and the plate-driver were placed in
the MSBC. All medium was aspirated and replaced with 600 pL fresh media in each well.

The collagen coated. Br.awmeswel lsed Sfecnt Fo@me BISIME t h e
seeding, the Transwells were flippedM8BGi dEhae own
BSMC <cells were detached as p2.efri@®awsd ye nddeesdc ra e
counted. After counting, the cells wére50di0Lutoefd
the cell suspension was added to the basol ater al
was supplemented with 25 OL of medium. The i d
carefully transferred to an inccuwebdtsort of oat t2acihn
membr ane. After, the Transwwkl|li nseMPS wkatef hng

OL medium was added to the apical compartment,

Cal3u cel | s.
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For Gakell seeding, cells were (betcd Headc asntpecd,vi
and then diluted to a 2de2B80tOPL obdf 100e 0061 keslsp:
to the apical chamber -&ofi wéhre was ephamhdt drmewipt n
flow set. After 24 h, perfusion speed was3 set t
days.

2. 5AIBRI QUI D | NTERFACE (ALI') CULTURE METHOD

Al l medi um was removed from the apical and basol
hafter seeding. 600 OL of medium was added to th
compartment was | eft 8mpeVy)] sexposainigitphiedCiabtéish
(ALI1) .

2. 5TRANSEPI THELI AL ELECTRI CAL RESI STANCE (TEER)
TEER was meywsaddcidng 200 OL of PBS to the apical

and incubated for a minimum of 20 min before bei
Meter 3 (EVOM3) with STX2 Chopstick Electrode,

stiicrk the apical chamber and the Il ong stick I
measurement had stabil i¥)wdst measasiesdtalMbies( ®amsp
a Transwell with no cells to be ushed caed |la rkelsamsk
The measurement was then nofymalTihsee dP BtSo wsausr faascpei |
collected for analgsidefaiome@ heac@®Bémedmagaerepl| ace
the basolasedascsibed

2. 5. LUNG MUCWANITFI CATI ON METHOD

Buf fer solacteitamicd( @ntdmédpneddrtmr i de) was prepared
mL gl aci al acet HOaadi @®. 04818 mf dadgnesi um chl or i
tube. Alcian blue (0.1% w/v) solution was prepar
g afciapowde®3 0 % w/v solution was prepared by
mL of PBS solution. The solutions were inverted
mai ntained in a water bath jadl I3y Aewumssadr wsfeor Tt
did not all/l di ssolve at room temperature. St and

mg/ mbowofsudmaxigl amdgi n in PBS solution. Using thi

of standards were prepared by serial dilution 1in
a final volume of 1 mL for each solution.
For sample collection, 200 OL of warmed PBS was

and incubated @©f87ABOamidn5%TEER measurements Wwe
poianst descri bed iFoISeocwiinogn t2h.e3.360 mi n i ncubation,
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carefully collected into 1.5 -8nOLA CE pupretnidi@md a a |uybseis

t hawed, the samples were vortexed to ensure hom
diluted in 150 OL PBS (1:4 dil ul imel)l.s Thrics sdregr
replicates per sample. 200 OL oteeaochosstsapdantew

Eppendorf tubes. Then, 66 OL of the Alcian bl ue
standard replicate tube. Thensampltes amdthtearmdar

temperature for 2 h. After incubation, the Eppen
30 min. The supernatant was then carefully rem
di scarded in a suitawkeecoheaidessoThatpdl Usi g
SDS soluti on, pi petting the suspension up and dc
and standards were transferred to a white walle
bubbl es. | f pbruebsbel nets, wwirset i ng the plate with 709
empl oyed to collapse the bubbl es. Tthhee pHB yad neo ywa

Absorbance 96aBkkarbaReadet ate reader.

2. 5. APPARENT PERMEA®I|I LMETTYH QDP

Fl uorescein sodium salt (NBRhUTf was @d-BlOuctoestle ,D o2 02 2
mM HEPES in HBSS). Standards were made wusing 11

of NaFL to a final concentration of 0.02 OM. The
bl aciwed®b6 pl at ePapdd ufhf ebrl,aneknsuring to | eave an en

sample to avoid signal bl eaching through to adja

200 OL and 750 OL of the buffer was added to tF
Transwel |, respectively. The Transwell pl ate was
CQ. The buffer was aspirapafifandwdasoabdtedftbredl
chamber and 200 OL of the NaFL at 22.38 OM was a
pl ates were then inc@®an ea m@ltat3g AChakar 58 200 r
30, 60, 120 and 180 min, 3 x Bal Osi 0é eslmpheb T
were taken and pl boedoimetdo bdmckp®d®huevel | plate. T

was replenished with 150 OL buffer before being
again. At 180 min, 3 oxm hellapwaslalchanmbaekemffrea
pl ates were read i mmediately after sampling on a
and Emission 528 nm). Transwell s/ cells were was
basolateral) 3 beimeg betoreeditberculture or tak
l ogarithmic standard curveioowhstbhbenematcedt uati ngr
fluorescence values. The equation of the resulti

of the samples at each ti me -lpooggnetd (TilhGeM )s atnp | elst
concentration (OM)byThhe wasumel tioplciaMaRilnat e t h
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micromoles (e.g. OM x 750 OL / 1,000,000 = Omol)
was then calculated by the addition of the amoun
ti mepoints. Using these values t hcealSLuQPaE ef utnhcet isc
of the line against the timepoints in s ((=SLOPI
as dQ/dt (Omol / s), Equation 2.1 was.pbsed to calc

ml;
—wd= r

Equation 2.1
dQ/:dtamount of a compound i nathienchtdsomnl atfertdlmec on
A: surfacleaaswe? bf (cm
Co: initial concentration in apical compartment (

2.5 QUANTI TATI VE POLYMERASE CHAI N REACTI ON ( QPCR)

Cell lysis, RNA extraction and puri®RNAaMi anpwesp
Ki t and the protocol provided by the manufactur
Transwel | model s. The RNJAe wws§egnuoavnat i Naineal| Mirsarnog t

Spectrophot omet er. TOLspht hdei RNAcBMAMP! @ was t a
Applied Bi osCasptaeccmst-tysiBRINEAKi t with 11 OL of RNA Bu
Enzyme Mix and 10 OL 2x RT Buffer). TaVerEi2toi OL n
9 eWe | | Fast Thwirtnalt hCey cdreagr am set to 37AC for 6
and holding at 4AC.

Using the calculated RNA concentration, the c¢cDN
Free water to give a final concentration of 10
target was prepared using 10 OL of tfhet hTea gThaagnmaln
Gene Expression Assay (20¥y epriwmérerand@h7sOnL800LR
plated in EaFdMStcr OpAMiIPt &1 Re@@Gcti on Plate and 2 OL
was added to the 18 OL ih6oReexiéeBERCRhSYy Quamt &8 |
used to analyse samples, with each cDNA sampl e &
GAPDH.

2.5 FIX.ATI ON AND | MMUNOFLUORESCENCE (I F) METHOD

In this protocol, al |l volumes used were 100 OL
basol ater al chamber unlwases wepshcdd iied. PES anwiwe & |
fixed wiflbor-4%0mMFA. After, the PFA was removed an
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in PBS and aspirated 3 times. The cells were the

and then kept in at 4AC for a maximum of 2 weeks

Cells were permeabilid6dianuasPBS by3tntTubbonxn for
washed in PBST (PBS20wWi tehnd0 .als%p iTrweeteend 3 t i mes. T
incubated for 1 h in blocking buffer (ABS™W/ .v BS/
Primary antibodies were made up in blocking buf
prepared, the solution was vortexed for 10 s Dbe
Bl ocking buffer was aspirated fgousitrhe FAB3h.s wkedrl
was taped on to the bench and 50 OL of primary a

ensuring adequate space between the droplets. Tr
placed on the droplet, théondy0ommi ®L wat wheepr it ma
of the Transwell. The inserts were covered using
of 2 h at room temperature in the dark.

The Transwells were returned to the plate and w
antibodies were made up in blocking buffer (200

the bench and 50 OL of secondary anmj bedygumimxg v

adequate space between the droplets. Transwell s
the dropl et, then 100 OL of the secondary antib
Transwell. The inserts were dcaocaebad edsifmg a mi me
h at room temperature in the dark. The Transwel

three times in PBST.

Gl ass slides were | abelled with conditions and

squeezed on to the slide. AII PBST was aspiratec
on a tissue to ensure all liquid hasebwas erxmove
from the Transwell . Once the membrane had been |
t he membrane and placed into the drop offhmountir

membr waeompl etely submerged aindc@maher malumnpi wasmed i
top of t he mount i nTghemesdliiademe mhbemaael eft to dry

overnight before taking images and subsequent st

2. 5 HISTOLOGY METHOD

After the fixat 503 sstngp ai scaé pteilonthe membrane \
Transwel | . Once t he me mbr ane had been rel eased,
membrane and placed in a 2mL Eppendorf tube cont
then transported ambrnihkegd&niRetrisoltygyfD&€part ment

carried out.
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Briefly, the membranes were placed on | ens paper
in an embedding cassette and submerged in 70% et
10 min steps of increasing grades ofwetbhangeé70
of xylene as a <c¢clearing solvent. The wrapped m
cassette and infiltrated with two changes of m
membr anes were cut in half with a micwerneme b
embedded in paraffin with the cut surface down,

placed on top. The mould/ cassette was then qui ck

paraffin block with the membr asnesc teinobnddudd sdlti c & & e

and collected on positively charged gl ass slides

A routine haematoxylin and eosin (H&E) procedure
deparaffinised with three changes of xylene for

with two changes of 100% ethanol aindde s9 5wWe reet htameo
washed in gently running tap water for 3 min bef
for 4 min then washed again for 3 min. The slide

then washed again for 2 unhnbitdhambadatce df om D . rmi%n

wash with tap water. The slides were then placed
in eosin Y solution for 15 s. The slides were ¢t}
1 min each andpadarhfeoir méhdk wiatme 100% et hanol . Final

in xylene three times for 3 min each before moul

glass coverslip was placed on the slide.

For the alcian bilamecisnsa,i ntimg ffolrl cawiindg Pirostdur e
the staining solutionggwelfcei ama dbel uuep i waassl DdOi | shsbow 8ve
acetaccd solution. 20 wasldimdisn lWielb ullpesatiée | ed wat
de0) foll owed by.tdheg &Nddi.teialohnef @sfotl urteedon was t hen
to a boil before cooling and filtering before us

The sections were deparaffinised with three che

sections were rehydrated with two ch@nogeaclhf 100C

before platedasombb®Wwéeon for 30 min. After, the sl
5 min before being plaoédtionNuUuctedd mast Rbd
washed in water for 5 min thwifaedc trhersi mlge drne dl 0i01

and then mounting medium placed on top before a
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2.5 STATI STI CAL TESTI NG METHODS

Al l experiments had a mini mum oonfe tehxrceeep ttieocnh nw hcearl
two technical r ep.lRiecsaitl ¢ ss wweerr e speovsasiabghtt ieesdt ibcya | t es
appr ogroirattdaendd avtea e per f or me dGruasp hmPya idshne 1s0o. f3t. wa r5e

Normal ity of the data was evalSuatrendvbywousiahgty
UnpaiTtedts were used to cgmpamps whiMhhrt dsednliotoo saf t
test peANO¥meanal ysis was performed on experi men
were compar eyd paistth tTeuskt PReep d aotremk dme-wayr ANOWA t o

understand the effect of ,t vaon dv a&rhiea btl hefsk ea cermocsas r |

gr ouwisTbkppshitocest peBignmedcance dfeddatfa Pwas <r0e (L
2. BGMS MATERI ALS AND METHODS

2. 6 . STAINDARDS AND SOLUTI ONS PREPARATI ON

Ammonium acetate 200 mM was prepared by adding 7
then dissolving and making up to volume wusing O
prepared by dissodalimngt almommg i af 1D3mL of Opti ma
concentration of 1,000,000 ng/mL. This was furth
obtain a final concentration of 200 ng/mL. This
froze&OAa. When required a tube waes dmdaw2d5 omlk d
D3Sal but maol (200 ng/ mL) was added to 47.5 mL Org
ng/ mLSal3but amol in 95:5 acetonitrile: water. A
calculate the concentration oonf. tThee bfurtsadlipgntes tdeeimn
salt was weighted out (mg) and multiplied by 0.8
wei ght of salt) (225.8 g/ mol [/ 274. 3@ eg/omol r+l @.
water (50:50) soltwengti v(emLa) friengaui rceodncentrati on o
standards were made up from the stock solution:
medim 100, 000 ng/ mL, 100 OL of 100,000 ng/mL + 9
OL of 10,000 ng/mL + 900 OL of media = 1,000 n
standards are made up: 600 (x2), 500, 400, 300,
wod king standards were made up to then produce a
precision at 600, 450, 300, 150 and 50 ng/ mL.

2. 6. SAMPLE PROCESSI NG METHOD

To process the standards and the samples, 50 OL
mL Eppendorf tube. 2581 Owt armoNleCMEDyFarsL abBded and
vortexed fOhem,0 the samples were centrifuged f o

Eppendorf centrifuge 541D. 250 OL of the superna
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and then cappseld twistehptaunpr eThe samples were then
MS3 Dipjiatsledker at 750/ min before injection. Thi

standards, sampl es, and blank sampl es.

2.6 . MOBIL.LE PHASE PREPARATI ON AND MASS SPECTROMET

Mobil e phase preparation required every 100 mL c
(0.1%) amdmorianmgtate (10mM). Mobile phase A was
water e.g., a@n@nomlaczettOa tmreM i n wacteetro n+i t3r8i0l famLmind O . 4

aci d. Mobil e Phase Bcevasnwattrealtdeo gof, S@méAdi @0 mN
acetate in water + @d®etmdn iwtartielré randabdd @O..nAT hreL s a mp |
were then run on -& Mad¢reoAscwXiengyr PBEHI Ami de 1. 7

VanGuard fit 2.1 x 50 mm col umn. Run time was 5
injection volume of 1 OL. The gradient used was
80: 20, 2.5 mi n 1: 99, 3.5 mi h0.1: B e s 3r. ®mentirny 9wa
performed in electrospray positive mode with in

voltage 1.0 kV, soUC€Ccedé¢smpeati amnled,d Odereatwalet &g
20 V, cone gd&danfdl dwsb® & alt i o nt. g avsu Irét bi optimein@ @ G rLi nhg
( MRM) settings employed for ¢€elaklBédcompound are as

Table 2.1: MRM setting for positive ion MS/MS analysis of terbutaline and D3-

salbutamol.
Parent lon Daughter lon Dwell Cone | Collision

Compound
(M/Z) (M/Z) (s) V) V)
Terbutaline 226.1204 107.0095 0.081 40 28
Terbutaline 226.1204 124.9688 0.081 40 22
D3-Salbutamol 243.2235 151.1301 0.081 2 18
D3-Salbutamol 243.2235 169.1513 0.081 2 12

Once anal pgpsesak,ragddmonse of whaitveé dizud rbbdy®e d h@n s e
of the internal st aeldatreidsvpeodasadi ovre (rRRBRFEwd ®hiten eRRF
pl otted against the concehiblhan®onTlbe geywatriicre -

wassed to quantify the samples analysed.
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2. CHAPTER CONCLUSI ONS

The methodol ogies and materials wutilisewerien t hi
outl i nbdsi nMeatptceds have been o gvtSi mmestehdo da ntch att h ewi
empl oyed has been devel oped and val i(deaMAe,d 2u0s2 2n)g
to establish a criterion for the dewvMS onmpertemad .and
Consequently, the ai mweset achf eved SesStuibsieg2ehar
chapters wildl reference the appropriate section
addressing specific research objectives i-n t hos:
MS dat a.
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SDEVELOPMENT OF THECARBRMBWRSEDICHI AL EPI THELI UM MOD

3.0NTRODUCTI ON

3. 1LUNG EPI THELI UM FEATURES

The primary barrier for absorption for inhaled
epitheLabimri s & D&8rownicthal 2e@83Y) hel i al ti ssue ha
predominately | ined wsietchr ectiilnigatgeodb |ceetl |cse | | nsu caunsd
cells are pseudostratified columnar cell s in t
bronchGoblest cells protduvaesmimabhsaleedhiTbhs is sub

pushuwepd the airways thy ttthe meaedsdmpmaguddei di apesded e
t htkei gedstrigBér eeze & Tur k,t.Rd@008Fr drekstzky,. 2018;
Goblcet | s are | ess abundant in the bronchioles an
i pids, gl ycoproteins (aBirde e znef | & mimart kert y 1248240 d I8, ma
Levitzky, 2018; Stanfield, 2016)

Theolparised epithelial cells function as barri
preventing the free diffusion of substances thro
Tight jfummdtisommbol d cell s topgesbeuetanfiocmnar ol t
sol treosm one side to the other, cewilbhappeatceght | u
ofhn interl ocki nogacnreotswd rakh moaf nreantbglasnceat i ons wher e
celalrsec o mtwictthi n a( teddts.haaly22Babmonary epithelium
has been advantageous in its ability to study me
i mi tgddycPBproteins and onfdamibesi &n Ethmdmas gar t €r0D &
Schanker, 19¢t6.; alHA0M 1)t on

3. 1LNG EPI THELI UM CELL SOURCES

The three maini oemotdedsr sves efSexpli onedhé&sd source
are relevant for the purchase of human bronchi al

are significant drawbdck$seadtesncPrnmafyprcouheur

l ung epithelial cells serve as repr egqemtcattsi ve m
al, 2008t. Sh2®20; WitddhilcdmIBee tYaanalydaOk ¢ vermri, mar y
cells are difficulhaveebgmoibtiacantsusanri amibdyabet we

expen@GAivestl.igel 2016t . 828826 cell s are another S Ol
have the potential to di fafnedrreen tsieaetne aisn tao ssod vuetri aol
of availabl ¢ Kpmsiem@r @l Z2RBddwesver, there are ethical
editing hamdnthbheVyl are costly t(oSepdrskhhaasse2 Ghd) ma
Cel |l | awedehyeused source for cell culture mode!

cel |l sources is they are almost -anhf eatiwetandd hluy
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many ethical concerns that are typicallHiyc kaesys o0& i ¢
da Rocha, 2019; KaQ@eal |& IDiufeosurhawe 1gen wused i n n
vaccine producti on, drug testing for metabolism
proteins) and have greatly furtheorsdsipacpwlnatiifdmr

of cell s.

Despite their utility, icte lils liinmmpecst ¢aainet e ctaor edolt se w
have a high proliferation rate and cani fread to |
orgamMsourtcotal 2012e¢et Hag2a@é#Wh) .l ines can display ma
gene and protein expression such as |l acking ti

(16HBEJ)@Br aalkhuiad 2015; Hi ckey & ohaseBoehna)] y2018)
reduce their representative aliEKkiettyt aolf2 0tithdei sh e al
therefore important to consider the advantages

their use for specific applications.

3. ILBGNB6RONCHI RAILT HE LGEWNMI NES

Within this project, a substantial aim was to d:¢
any cell culbwywrasiapocammeyci al | yToa vaacihliaebvlee tcheils
sustainabl e and acwaessesq Wilreedc.el Celslo ulricree s, whi |l st
have many advantages. They can be accessed and
whil st maintainbngnkbayafceealplust bseucohhlas ti ght |junc

produdirenpredicti ve outbhc opmeosd uccainn gb et hneascee key pt
and biological features, thus allowing identifi
t herapRndaakshup$s2015etGazaado; Hi ckey & da Rocha

Ai nsdtieal(2019) detail ed key functional par amet
characterized in a lung mimordep h ¥ iro [t &ighnesth lraebay st €
201:9)

M1 Pseudostratified epithelium with met abolical

producing mucus.

T Smooth muscle contractility

T Cell viability and functional capabilities mq
T Qualification with compounds including bioan:
T Comparability and super2BDrni tygwiotdorewdesr exi sting,

There are severwaelrcecorsl dbbirad $1i tsih atr ol) ewce bpreeavi ous

reported to express features representative of h

1.16 HB E-(4A0. L. eCozndnido4)
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2. BEASBR(Forbes, 2@00al PHelpjenBtad ®ROMNLL2Db)

3.NuHllil Zabeteral 200 3)

4 NCH29(2Yos hets.ugel 2004)

5.Cal3f Gr aientgearl 2006t . KFr20615)

The 16 HBEdI4lo | i ne was est aebtl i(BhRMhbdbyr €Cpaurzteard a
i mmortalised bronchihawlasepistoh alt-eabd delma&leiirhg ar t
patient. TheelabbBErbodne er ous andr estuacicne stsifgultl yj unct
directional ion transp@OAt Ilaf teBo.zaehuBdotomdph)l 8 pabbag
retains the characteristic epithelial c-dilalsl est or

been widely used as an alternative (A. pLi mE@oyehs
et. al 1994; ekermslchhHIBHBEES4 ODs can form intercellu
containing kegyhpraset eiomsul Z0O)L oas | waee ks hadwii Bah

mucociliary odbisfefrbveeedve ent LdngdmHe i @gb.ndlaZBa @ ver,
16 HBE-Id400 not form cilia and most disadvantageous
form a polarised celll | aydEhwihheam dde,to. wWam Ladtdr2a;n Saeilr

et. al2021)

BEA-3B are another immortalised cell ' ine aof norn
no-nancesougpcédowever, there is no further i nf or m
background whi ch are al|l recogni sed as i mport e
prope(Recabtel al 1988t. Se20@BIEPABS cel |l s have been usec
of pul monary cell bi ology, pat hol ogicdlZ.giYaucess,
al, 20 1Ho)we v er , the cell l'ine has -svi mhl ahmedi s@dky
confluent | ayers of polarised cell s, di ffuse ex|

di fferentiation mar ker s r e(gFaorrdbl eess,s 206f @ Ot ghleBR Bcilupl i t nukr
St ewaatr.tal 20120b)

Nukli asi mmortalised bronchi al epi tyheedri adl cemdl d i a
generated as a relevant control i - -2p aardadl flred mt o
cystic fibrRaabaepal 2860MBe cel | l ine expresses t|
suchz@a®mnd Cal uvadiBgwhi ch corwietstp o mgpgehd aarad@aes when
grown awWdemui d (Ab)t ecruftabcoed et Molreignaal 20 ITSh)e c el | [ 1 ne
be passaged multiple times; however, it has bee
increases with whadssagpencmmeragedodr ehdemt>eso%el
te5% after p(aZsasbangeer a2 2003P)ng culture times are ne
fully differentiaté BSAhsed mrehiuiosafl eaygcodredienhg 2t o t
Culture Coll ¢Seé¢odnall ABS®R) | aboratories require 1
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access, enhanced safety protocols and speciali se
1 (B9L I abs and are not a(@eB¢s )263d6ible to estab

NCH292 i s-smalnoncell l ung car ci noma cel | Il i ne
mucoepider moi d c atyeisomodmab |farcokm fa¢ Baz be ts.n@&I11DB®B4 )
NCH292 have been reported to form tar atnisgetpti t had i
electricalTEEBRabtascde¢rease over 9 days in cul
transporltuciaft eh avdel lbdeve er(weach Schiet fghaod®; Yoshi:
et. al 2000)r res,podidfi ngs e IZdchaalsi sbaeteino nd eosfcr i bed, s u
| ack of ti(gHetigtiungkc2 0@ scell | ine has also been r
ciliary function. Wi t h t hese f acthoeresns ien mnnd,
bi ophar maceut(iYoaslheitseuged 200 H)

The @Galcuel | Il ine was ori-gpintahdlyi adlerglvaendd fadan cad
bronchi al rregiomad ChuasafbFaghm&l dr empCaA,l aled1%) have
a columnar phenotype and are recogni sEe@aedt exhi k
al, 1997; F.cCrab3usc e lll99 8have tahesuabialbiltyy rtectfrorcmi v
i s physiologically relev@eadta @l 20 &Mhperno ngcrhoi vanl aetp i
| ower |ZOtkilghtofjunction and Uldvaere EER wealpwad etdh
YxchundlekMys . -53008x chunder ALI (c@Gmalilentgean 2006t . KIFI eft

201 MUCS5AC muci nha®calesdedbeecetne  GaaieAth kal 200 6 ; Kr e
et. al2015)

Cal3u cel |l dermarvstgoacstde dcor rwd ladve inet B permeabil it
model drugs whenosgingand®a@CacRPMI 2650 amd oMunci | Ai
attLdnd Adddi Si onsevslka202Th)e-3Cabbls have al so beece
haveompar apV al PPe sexwiuvdhvwog absorption rates from
(FurubeyashR020Ckt . lan@@®&O6)physiologically relevant
one of the factors contri Butciend tld nteh easa dmpet iodn

used organotypic cell l'ine in inhalation biophar

Thexpression of various transporB8Becel hasi beeand
have showed similar exXpMukshssEing maét20 1p2r,i n2adrly7 ac, e IRost
et. al 2020; Aet . .Salka0fogpwar ti cul ar i mpor ttardcfed,uxt he
transporters MRPULe amale BCREPNBi 1 @aéndlishien eCxaplrue s si on
found to be comparable to primadry Sadeadlimsatlf@roolnd )t h e
(Rotol iet. RdRIOIMRP1, BCRP angl ywmDdRplr cltrieen df @ Pc as s et
(ABC) proteins that play a crucial role in trans

evidence indicating expression in lung tissue a
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responsi ble for the del i veadyr erferrgisopiagdmirsyt o,r uagl
agents and cdqgmBoisgqustl ¢eromied G1R0 18I ckah. @le20 D®) n

Thpresence of multiple dragdsioc beanhi conf i ameigs i he
Dat a suggests t hat Organi c Cati on Transporters
absorption of bronchod{({ Basqubl baoh z6é6laalkPakheap]
Nickel al 2016; etSapabmoiizh)e OCT transg@dgdrntkercsararierso
compri se of el ectrogeni c -deMTelnd é 8L C2QRCATIN2 a(nsdL C.
transpokaepesselall 2CaBi el | sbdaarveshown to express th
subtypes as normal (OCdAa¢ hiOLIMT3ep OCANILIi amd OCTN2)
si dMukhenj ead 201 2)

For all the points dis®ubsedchpirelvi oeakl y] i hbaeh&€&sa
devel opment of a bronchial ALI mo d e | in a perfu
mo st appropriate commercially avaiyablbehcabkl t he
formation of tight junctions, muc @S5y a@a k peng stshieon &
next section, the methods of culture t hax have
model s wi || be discussed.

3. 1CAL-BI N VI RIOOICBIIMODEL S
3. 1.8TAT.I C -TAMODELS

Traditional 2D culture hasbmeragded i owmlatl Wrye ,beleaawe
di scover yamsfedi csudrttur e, ALI culture was establ i sl
standard for-3cept uhdlcyalfeattpedrl ZA06pj or area of st
been the deposition, di ffusion and -3t reamistploglti uon

monol afgley pewdberrugs such as fluticasone propiona
studied for their depositioncuplrtodrn ¢ & (e@iidt dtarllaannsim c
et. al201%;t. khd@loil 2 a, 2e13apl YX02Ru@a@MB22) avenues of
have been the eval uati on of i nhal ed toxicant s,
nanoparticles (zinc oxide and titanium dioxide
pat hogé&ns al 2022et . Dal X02nl ; eM? abaoeet. 81 m80 8 ; Stue
et. al2023)

The <cultu+de ceflAl€adaat been popul ar in research a
academic disciplines. apR0Bb6yuyghr Gedi nhgestandar di s
3 cell 6Gnaieftgearl 200h)ere have been sépgoimadwpainn di
aspects of culture, i ntchleu dlienbgga (hb sotfir eotbbeF pmiet &d |
anAdlLl cdurabebore assays and deslulmmaeeé dierdg i hemaibt
Cel |l seeding de#sicteilé¢s |ldfnet h eh aGael ur wdgleleeitn Sl 0s
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cel l’/Ci mget .aali2019; ¢torastm@ah; eMukslex(lede;etPas man
al, 292 1del 12§ Fometteral 200 0 ; e tGr ali 2n0gOebe;t . thd @0il 2 a , 201
2019pt Jpl 2022t Mal 2ON&L . Mi 201 3, 20tl 6l DA 2

3. 03xld I%s(/Vecm Keamarl 2@822hough many studies wused
densities, the TEER values reported are highly d
i ntlradboratory va3iaunktsref tChils al so highlights
alone to charantrirersef ancti onThoer a hées gbnriof nicchainatl anm
of variation in the | engwiht hofs cArhd rceud @ aurr ceh eprrsi or
i nterrogate t he(ikit mad20 22ta taMi®R@\ 38n d2 Golteh)er s pr ef e
bet ween 11 4dmMHaehd ad a2ysl 2 a, 2013, e20ADPD20HMHbagts Meniam d |
al, 2015 ;etPaaslmadrAl )s mal | number also prefer | ongetl
days), but this is mostly for the characterisati
(Cingett.amli2019; eV. aKgmae; eMukalex(Qjl€dee variation b
seeding densities and the r.gpalotastwhiarstat consiodl
AL cul t urse spheorwino di.M h iha bgl hel ti Bjehlt ;reed t o opti mi se
density and the ALI €3ulTtiruarnes woed rli ondo doefl tbheef 0oCal umo
characterisation.

Table 3.1: Calu-3 models observed under both static and dynamic conditions, culture

details on seeding density, TEER, ALl culture duration, and morphological

characteristics. The permeability coefficients (Papp) Of these models were determined for the
molecules Lucifer Yellow (LY), FITC-Dextran (Dex), and Fluorescein Sodium (NaFL)

) ) Apical -
Static/ Density TEER ALl
) ; Basolateral Morphology Reference
Dynamic | (cells/cm?) | ( Y * & 1 Days
Papp (cm/s)
) (V. Kumar et
Static 3.03 x10° 1000 - 2 -
al., 2022)
(Ehrhardt,
] NaFL Z01, E- )
Static 1 x10° 500 20 ) Fiegel, et al.,
1x107 cadherin
2002)
] 500- LY (Cingolani et
Static 1 x10° 11 -
1500 3.4 x107 al., 2019)
] i (Pasman et
Static 1 x10°% 200 Dex 2.5x10'6 14 Z01
al., 2021)
Z01, E-
) 600- ) )
Static 5 x10° - 8 cadherin, (Ji et al., 2022)
1000
MUCS5AC
) (Haghi et al.,
Static 5 x10° 425 - 14 -
2013)
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NaFL (Meindl et al.,
Static 5 x10° 484 i 14 MUCS5AC
2.7 x1017 2015)
NaFL (Haghi et al.,
Static 5 x10° N/A i 12 -
6.25 x10'6 2019)
] Cell size 79.1 Stuetz et al.,
Static 5 x10° 101 - 14
pm 2023)
] LY Consistent cell (Min et al.,
Static 5 x10° 400 8
0.86 x107 monolayer 2016)
] LY (Min et al.,
Static 5 x10° 400 8 -
0.73 x107 2013)
Microvilli, ZO1,
] NaFL Mucus, (Grainger et
Static 5 x10° 303 11 N
3.36 x107 pseudostratified al., 2006)
monolayer
) LY ) (Carius et al.,
Dynamic 1x10° 484 0 Occludin, ZO1
0.5 x10-¢ 2021)
) Dex Z01, VE- (Sui & Lee,
Dynamic 5 x10% 600 5 )
2.5 x107 Cadherin 2023)
3.1.CGal2mMP Mo del s
Bi omechanical signals influence the growth and d
and are well documented as modul ators of cel |l S
(Jaalouk & LammeWwdthgn 20@9)human body, the cel
combination of bi ochemical and biomechanical S
( Thompesto.nal 202 ®bpmechani cal cues are often extr
active. Passive biomechanical stimul.i include €
confinement. Active stimuld:i include connective
s h e arre ssst, interstitial fl ui(dTHhHdrmpastaana t 2 ONadnbyp st at i
physiol ogical processes rely on bi omechani cal
phar maceuticals and other stimuli which creates
cuesiinnteytsit @bfmst. al 2019 ; eTth camm@RDBeb )bi omechani cal
the lung receives are: airflow from,i sgdpientathi @ars

result of | ung ex pands ibd ro ofdr d rh obm/ d(aittr haientkgsa 1t 21 Gadl 8 ;f | U
Levitzky, 2018; Stanfield, 2016)

Hultet (210 d)reported the i mportance of mi mi cking
primary human alveolar epithelium by incorporati
infl ammatory respons(eD.t hHwth ,waVsatd lhwreonsd aZtkbardmima t o,
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Yuan Ks$ima]2C¢6O)ic tenswhliechstirsaian resul t of t he s
i nhal ati on and kkltooad Ifdwwl evel i n t he human [ u
experiencing around 12% of strain, whilst wunder

i s higher as the (tWaststresall 8 6 803)ee Isauscthi cixtaynpl e i s i

di sease state, bronchoconstriction | eads to comp
of smooth muscle activation, | ealgsicrhg ntpoe rellienv a& eDd
200.1)

The pul monary vasculature is unique as it has th
than the systemic circulation, with high Dblood
arterial pressure. The pul monatrltye vteri anrss pponrdt aa ft etr

bodyos Dbl olokd vSuruenseh & ShiPmodm@ana2le@&) rcul ation |
arteries carry deoxygenated blood through the c
before returning to(Khe Sheash &i SAmdwmeg ateh @ eIt
physi ol ogical i mportant mechanical stimuli, perf
empl oyied WIRtSr s ystems to improve the daeauliHulkaer di f
phenoftV¥pemmpgsoml| 2020b)

Despite the physi oloWASnadegkdJVvacrstdadg ecsuboftir ¢ oh de
wi daddppt ech fwwotdred s of | ung epAt-Behnikemapl 202Q) t u

It is a relatively new technology, and because o
use them appropriately. Furthermore, cdmpaorued to
i nt erf Aiil nestl.igel 2A18Nysi s of some chips is another
sizes and |l ower fluid volumes require highly se
and gPCR. This Ilimits the highhdweawaearg,h ptunte claopwaebri
is advantageous for reducing the costs for drug
amount s of (cDemplo8kiadvy @1 201Bhe l atter reducti on

reqguiraéambeens exploited in various physiological

( Ahadeitanal 2018; I shi da, 2018;. ciwevHer ,Lenean& Shn @,

designed using PDMS, which is a highly hydropho

adsorption, thus reducing its suitability for dr

Wi thin MPSelmodleilrses chave not been widely used anct
in MPS model deveHolpmeNMatt hews, -ZBammat o YatMon He y
al, 201&t. dlah018bpept Mal 200D08; &t. RI| 28t1HBywkeiver, the
have been MPS devi ces3 tehpatt huetliiluins, e dd etmhoen sGalau i ng
the Galell l ine as a suitable alternative to pr

model Canpus(Zadlddeported a perfuseldl eanpidteH eloifum hneo
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groiwn parallel to the static Tr ahcsewelPslk ensoidteyl ,f awi
both mopdGatetusal 202Tlh)e perfesedbimoskédepintdel i al
barri dgrha&wpahent permeability of deodeamed| bpr 286 86
perfusion compared to (@Garestttgatli2d BTlr3a n sitwledctla ttraaa e |
perfused model waan adfl fee d toi okee ivbedrrari inehri s mo d e | wa
undlelknot ALI so reduces the physi ol ogdTihceala urtehloervsa i
di scussed the potenti al of i ncorporating ALI i n
explore the phenotypical differenec3escebleltsween t he
Sui and20eBee,ported a microfluidic device that u

produce flow along a c¢ hk3anmar oluanydeerr, nceedftl hu sad e@aMmg
density, but 12, 5pér to@Rilic ek | U.Be,s p2AI)Ea 30 g

mo de |l (a brontbi xlreaekl ahi md )caocludvwiutmedel ! rbo/n aar \
endot hel i um, they successfully produced a barri
cobbl estone epithel i wmiwighht tjhuencp e sosneshbcaenddo fetre
function witt uarfelscxe isnt i@y J@8FixadyPax§ue & Lee, 202
Howe wehreey cul tured the epit hneilgrhdm dta o/l Id efdo re n5o udge
timer the cell sast a hdkeiyf fuweerrebnLtfticual tteu r @y € hpmuigdr, . t he

use of a bronchi al cel | |l ine as an alveol ar mo d e
characteristics of the cell |l ine woul d have be:
alveolar epithelium (i Tee aushmpbkbewkaeriablt ef toct

the fluxdeaftwddn TLit mihlagr seexe msitvodiSeusi & Lee, 2023)

Baptest(zmdidr”reported a microfluidic “teViltd gmotwm a
i bLflor 11 cdawdwtiivnhe human pri mary endothelial cel/l
(Bapteitstaal 2@2®) | arly to Suimo&deleeut(i2B0i2s3e)thl €ahlius
mi crocurved poasus membopgaéee alveolar epitheliun
junctions i.ntawascholepppen-@Gaimo haltaly®&areda compar abl
manntedhuman primary alveolar epit-hiekeé@UBnap taitsthae i r
al, 2BP2Rmpary alveolar cells were also used in mo
fluid fl ow, r-cecasyu | AL In gBcauplitieudrtedad 0 2c20)ncl uded t hat t

microfluidic device woudadasemi aalprecedspitr édr men

MPS models of epithelial ti ssue barriers such a
cell s gr odwm pddit sAdal 2 0 2Ho)wever ;3 tmoaeCalpuy oduced | ac
physiol ogical relevance due tolLtihe domparidsadn fife
and this study failed to assess the .extherst meofdetl |

has 1 mmensangotiesntai gplr oof of <conceptBaopft etshtiasl MP S
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di d not intend to assess t he cel | mo d el funct i «

function with assays sdalhedd edEERI| @rc ufllesorf@gc dnt

Madi #dadvrestagaOddBeported a me3deelpiviihtel i@arl wwcel | s c L

Transwel | insert forPcéll2k(asand i-Pedddov se&th y 2 12XAD3)

Alt hough the monol ayer was established in a Tra
cul tukbkeldmpaort ami cyoft luée dinde gftlacbwoinkkahse d11 f or 72 h
OL/min with the médimoamel eavwidngrtahel | ing through
was estabilni sslhadlaidtlsecoat oxi city assessment. The al
in Calueéexpression (tight junctions) through im

significantbgyi faé ff d dexl Hadnelu nwc | ear whet hea tadsgulkthan

of the flow or the coculture with the hepatic ch

The models described above incorporated key MPS
complex cell culture model s c(oec.ugs.) upnehri fl ussti oort,h eTrr a
have increased the complexity by incorporating

to grow on such a(sBanmpitxitrsagcdu2r v2B)SwWwmb el s ,tamat ar e
purpose built are wuseful in their application

commerci al devices require for adoption as a re
cel |l cTuhletdvd? C.a l3u model s were for niche stheies s
al vebmdrmariwhi ch is not suitable model bfrorncthheali rca

|l i oBapteitstad 202 2; Sui. t& elrese ,we2r0e2 3not( CGaurketuuspé d at
2021; MBddedestanal 2WWRi3gh, as previously discussed,
of differedhtdéalli 1 gtnC adiynmerneco( pappteitstad 2022e¢t Car i u:

al, 202 1let .Calviext9 7 ; For besodvI&tthna MaA@2 2;d oAet Sakam
al, 2015; SuiA &maljeocer, i2s0s2u3¢) of these MPS model s i
characterisation described in these articles. Th
to accurately replicate the tissue microstructur

3. HAPTER Al MS

Literature has shd3ywiMPPebfrosnedi £lal model s t o be
devel opment of an eff@azteitveal @p@pd@wWdHvern ,als dmeg rafert h
model s that have been da8veropetdiaticesédltithe Ca
mo de(l Bapteitstad 202 2; Sui. &nLden,e 20@23)ed3 weslel, laisnd h
establi shed as a-odciompcleep tb amordieelr, ptrhoeorfe i s a | ack
MPS model, for which it has3 mwedH gr oorei shea,s ssiimdd
to nor mal omamiaal bael |l s ( NHBE) Cwhean aclull9tou7r;e dF oarth e
1998; Geniab2006t. 5e2®21)
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Devel opment of a bronchi al MPS model requires t|

human rel evance of cul ture wi t h perfusion and

applications. Further more, an understamarneg of
| aboratories and wuse for e.g. drug transport, [
(Ai nestl.igel 20MA)t hin this chapter, a perfused bronc
and characterise@, buonbthsahgcehtb-ICeahud dc ulInttwerrd d ca
over daelroomgul ture (up to 28 days). Tdeen smiotdyela nvd |
culture Il ength and assessed using relevant assay
barrier function, mucus assays t o assess b

mmunofl uorebBicendleroaggndg t o assess expirtehsesliiounm o f

—h

eatures such as tigmhhejphenhobppeanti mhei msedel
through gPCR analysis of gene expression of tran
and bronchial Z@aAtMUEGSA GCauatlnaGl

3. BMETHODS

3. 30RTI MI ZI NG THE SEEDI NG-SDBNRIOINCHIGRH EALPUIT HELI AL
ON A TRANSWELL I NSERT

The Qalcuell s underwent culture and maintbedance p
25. 2, &n4d Wi.th Transwells coated wit & 5colThaeg ecne lals
were seeded onto the coated i nsewetlsl apnldatpd aocre da it
12 MPS pl at e, foll owing. 7t.heThnee thbhhoyds iionMi S8 ot isoyns t &
according 6.06.Selcnt iboont 2.static and MPS plates, cel
1x 20 3%1@andSceX1®B/ AMmMterserdimggf the flow rate was

the MPS plate. Al cekHlisguwear @ nttrea f saictei o(nAelLd )t oc oa
seeding and cultured for 7 days at ALI . TEER mea
of medi um, f wltlocwil n gi n6.hS®e cgRieameabi | ity coeffici
determined wusing Lucifer Yellow (LY), dosed at

di luting a stock solution of 25 mg/mL in HBSS (F
Secti®mml2. Brightfield images were <captured wusi

(Il'nvitrogen, USA) at each media change.

3. SBPRRFUSI ON ACCELERATED THE FORMATI ON -®F A F!
EPI THELI AL BARRI ER MODEL BY 7 DAYS

The Qalcuell s underwent culture and maintbedance p
25. 2, &nd Wi.th Transwells prepared ab.cbo.r dlihneg cteol It
were seeded onto the TFwealnls welldtse s rh2sdMPnBdespriBia tr2edi e .

described i5n7 SewttbntBe PhysioMi mix system conf
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25. 6. Flow was OIn/igiian edhat MPS5pl ate after 24 h
transitidngdidoiaiterface ( Aslele)di an@n daintdi onma i 48 ah n

days. TEER measurements were conducted at each
outl ined 25n9 SeRrtiigmt field i mages were captured u
(I'nvitrogen, USA) during -@Ql&dc ammeds aecbangsesagel(rF
USA) was used to determine cell number by the &
presetnhte idhélel manudbacpuottocol was foll owed- Brief
Gl o substrate solution was added to the cell | a
temperature for 12 min before 100 OL of cell cul
solutioanwhserted to a black bottomed 96 well pl e

FLx800 Fluorescence plate reader.

Permeability aghoenfefrieci kenttesr n{iMed using Lucifer Y
detailed ibnl1SecqPOR &nal ysis was performed at AL
procedures outlb ne&d iwn t®dedtmmumo2.l uorescence (I F
descri bed b.nl3Seclth oinnt2ensity was measured using |
the intensity of average of HoeZcOhland 3IMBA@2RRA G nIdF t
i mages. The intensity of thédel antensiwyg wés Hobel
the same area to norZzmail MWB@5 AACh et oi nttheen sDNA iorft ens
performed on multiple areas of a single images
then performed on a total of 3 images per condit

were conducted asi ®dpe@ified in Se

3. 3LBGNG TERM CHARACTERI SATI ON OF THE3 AMPS PERF
BRONCHI AL EPI THELI AL MODEL

The QGalcuel |l s under went culture and maintbedance p
25. 2, &nd Wi.th Transwells prepared ab.cbo.r dlihneg cteol It
were seeded onto the Twealnls welldtse s RA2sdMiPnBdespriBia tr2ed] e .
described i5n7 SewttbntBe PhysioMi mix system conf
25.6. Flow was initiated at 0.5 OL/s in the MPS
transitionegdidoiaterface (pMlele)di am@n daintdi onma i4n& ai n «
days. TEER measurements were conducted at each ¢
outlined i5n9SekPéerfr mealkil iably weoreef fd eti eernmhisnegdP by pe
flux study as déthl.d eMduduwns Seuwdntoinf i2cati on proced
specified 5 mM0Section 2.
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3. RESULTS AND DI SCUSSI ON

3.40RTI MI SI NG THE SEEDI NG-3DBNROINCHIOH EPUUIT HELI AL
ON A TRANSWELL | NSERT

Initially, the model was optimised f @mresveodisny
described in tlhelell i’/ €Cimiget apl 2019; ¢élorat haad;
Mukheefepal 2013 ;etPaasin2aBn2 @ °c 0 |2 Vc mKaitmaa | 2 0 2a2n)d
5x20el I /Fometteral 2000 ; etGrali Z@®E6e;t . Haal R0il 2 a 2013, 2
et. al 2022pt Mpi 200et;. aMi 2201 3, 2tl 6l BSA2ne)taz 24 wel |
Transwel | with a suftfhnice eaqweat eodf t0o. 383 ,c0M0 cel |
cell?%/cm00, 000 cell scpbkltZ wemt LB85p8RQQ0Ccélls pe
cel %/ cm

The | owest density, 33,000 cells/well, showed a
and perfused conditions (Figure 3.1). However, t
in both conditions. This indi cgaotwd h tphhats et raer dc enla
achieved the optimum coverage of the Transwel/l <
cell s/ well density showed similar gaps at day 0,
monol ayer that was mae n3t.a2i)n e dl haet hDagyh e7s t( Fdiegnusri t vy
showed a complete monol ayer at Day 0, and so t

di fferentiati on-lbiyqutihde isnttaerrtf aocfe tchuel taurre ( Fi gur e

bet ween tanmed speartficsed morphol ogy of the cells f
observed in the conditions. However, for cell s
i mage shows the initial culture growing more a
monoeray whereas the perfused Day 7 i mages show

cells (Figure 3.2).
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Figure 3.1: Seeding density 1x10° cells/cm? (33,000 cells/well) required up to 7 days of
ALI culture to reach confluency. Brightfield images of Calu-3 cell growth in static and
perfused conditions seeded at a density of 1x10° cells/cm? (33,000 cells/well), on days 0, 4
and 7 of ALI culture. Scale bar = 100 pm.

Day 0 Day 4 Day 7

Static

Perfused

Figure 3.2: Seeding density 3x10° cells/cm? (100,000 cells/well) required up to 4 days of

ALI culture to reach confluency. Brightfield images of Calu-3 cell growth in static and
perfused conditions seeded at a density of 3x10° cells/cm? (100,000 cells/well), on days 0, 4
and 7 of ALI culture. Scale bar = 100 pm.
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Day 0 Day 4 Day 7

FigwBRBeSedi ng d&xmM¥balyl A 6,8000 cel | s¢é deeolnlf)l usetnacyh
day OBALBbhtfield -3 maggrledswtohf iGalsut ati ¢ asdegedf use
at a dexdiCteyl |&1/6¢5M 00 cel losn wkdysg 0, 4 a%dal7e of A
bar = 100 Om.

Static

Perfused

Barrier formation as assessed by TEER measur emen

100,000 and 165,000 cell s/ wel/l in theas®8atic an
However, the perfused condition seeded at 100, 0O
TEER until Day 7 when the resistance was the sa
Overall, the TEER measurements i n thhee psetrdtuisced
condition but, in both conditions, the 33,000 c
when in the static system it reached similar val
cell s/ well in the perfusedI|ldydthemrreesd shtedch cap prfo:

densities. This suggesd3 edartrhiagr tvhceulpke ridea sredr e ap a
barrier achieved in the static condition.



Chapter 3: Devel opmen3 Borfonchhei aPe rEpuistende Iddlmi Mo de

A B
<~ 3507 3507 -~ 33K
§ 3007 § 3007 & 100K
3250—_ 3250—_ - 165K
» 200 2 2007
< - o -
S oo s S
o = 100K R
w504 165K w504
= ] —A ~ 1
0- 0- o
I T T 1 I I 1 1 I ) 1 1 I T 1 1
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
Day(s) Day(s)

Figure 3.4: Perfused cells had a lower TEER profile than their static equivalent, whilst
100K and 165K cells/well had similar TEER profiles. Transepithelial Electrical Resistance
(TEER) measurements reported as Ohms (m)/cm? for the static (A) and perfused (B)
conditions with all three densities in each graph. 33K = 1x10° cells/cm?, 100K = 3x10°
cells/cm?, 165K = 5x10° cellsicm? ( NQ3)

The fluorescent dye Lucifer Yellow (LY) was use
the monol ayers by the movement of a solute thro
pat hway. Lucifer Yellow is a fluomresodnts nadIlecdu
mol ecul es through the paracellul ar pathway whi cl
the barrier function of epithetbppalofcalYl 9. ndThhat a
integrity of t he barri err eamaarhcahs gbreoeunp su saesd ab yme
alongsi deCaTréuRsal 202 1; e€Ci Abh»d0 %) aMi22001136,)Fi gur e 3. 5
A shows in the static condi ti on, the 2p%63 ,hG0 c
indicating a |l ow barrier integrity, despite this
no significant di fference between the 33,000 an
33,000 cell s/ wel lapphalduea t bavert meahO®, 000 cel |l s/ w

Papyalue for 33,000 cells/ well seeding density me
The 100, 000 cteyl Ihseédwea Imudcehn smga er comnsi splint attes t
33,000 or 165,00 cell s/ well. I n the perfapsed col
(Figure 3.5 B). Although there was no significa
cell s/ well seeding density, the | arge wvariation
could indicate inconsistencies WwWkem sesdilmng odt Vi
in the successful seeding of cefuscbhnobhal tbhegmen

f ormati on.

Figure 3.6 shows t hegy alounpsarh etome erf dthet iPc and pe

each respective cell seeding density. Thagp, per fu
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than the static culture when seeded at 33,000 ce
arise from the Dbarrier not being as sufficient
compared to the static culture. Tédachiwag talhes os ar
value as the other two seeding densitiwpgwas(Figur
achieved in th8 medébLsaethelQalseeded at 100,000 a
compared to the same conditiand Ch.static cultur

R @ e .
5 8x10 7 5 8x10 7~
§ 6x10 7 S 6x10 7
a 1 N 1
4><10'7'_ O 4x107-
2><JD'7'_ 2x10 -7

0- T | 0- '%I -

33 100 165 33 100 165

Cells/Well (x1000) Cells/Well (x1000)

Figure 3.5: The Py Of LY is variable across seeding densities and culture conditions.
Pagp Of LY across the Calu-3 monolayer at Day 7 of ALI culture in the (A) static and (B)
perfused conditions. Both graphs show the P4y of all three densities (ANOVA * = P<0.05)
(N=3).
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Figure 3.6: Papp Of LY was lowest in the 3x10° cells/cm? (100,000 cells/well) density in
both conditions. Comparison of the P4y, of LY in the static and perfused conditions across
the Calu-3 monolayer at Day 7 in the three densities: (A) 1x10° cells/cm? (33,000 cells/well),
(B) 3x10° cells/cm? (100,000 cells/well) and (C) 3x10° cells/cm? (165,000 cells/well) (Unpaired
T-test * = P<0.05, **** = P<0.0001) (N=3).

Previous3l ymodCeallsu have been reported to shdw Papp
cm/'s with cells seeétrdl |l&¢Cambde amli2toypdofatl 7x BO and
X10cm/ s when seédeldl|?gfvdert x 120l 201 3wi t2h0 1gdxi mum TEE
values reco5@admatas4d0doet ai l ed in Table 3.°1. Wit!l
cel l?2swlaecmobserved to produceapminghTEERamMiealslue eme %t
was al so see’teiln?dfelnen i 5txyl @ cTehlel ?2sB/xcindt he opti mum se
density in terms of variability betwegpeal uepdt ca
6. 77%cIn s with a maxi mumwcrkiERR tvlaé uge roff u Ledd condi
into considerationdtthleseesuhgaygehTiEeBER amd wAs ap
t hat the 100gebedanvnbl €£fWwelclt | & ¥ . b aArsr itehre bnyosDh ef
consi stent, and functional seeding density, 100

density for all &xpperiitrhedtisumvimoldeCasl i n this the:

3. 4PRRFUSI ON ACCELERATES THE FORMATI ON -®F A F
EPI THELI AL BARRI ER MODEL BY 7 DAYS

To determine if the perfused conditi edlf@mesay ted
was used to determine the number of cells preser
t he .ceTd sdetermine the number of cetlhles amsessaey a c C L

fipetfoomedn increasing number of cedmREPtomawene
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val agsaicnestith mherFi gure 3.7 A shows t he& rrcwerhbde moadfel c
in the perfused alhhde esstuwalttisc wernedinatondi fferent fr
day (7 and 14) regardless of <conditiobay Tr/hetroe w

Day ,b4at this was wmiognisftiactainsttliyc ad il fyf er ent . Thi s

reduction of cdall 1dctheicel] |l dsaby | ikely to have
increasingly in a differentiated state due to &
i nducltri otnhi s case, it no$g lkhiskenley ablohti cahkey acei v

been Dopy,thbsiAfmPei nswlkarnsud idlerl gr DWAhr apdiAdat i on
et. al2017)

Figure 3.7 B hiel |ITUESSBER avtaelsu etsh aotf tt he static3 and pe

epithelial barrier exhibited similar patterns.
TEER profile than the perfused model . However,
i dent iweaed n btete t wo model s. This was a result 01
observed in the stdayccwmbdeteoperi ode $peci fical

Day 2 to Day 5 was foll owed amytdesi Z2aklreeadreo pnh
another drop by Day 14. Similarly, the perfused
from Day 2 to Day 5, followed by a decline by D
model . From Day &@rtos®adymddel timai pt ai ned a stead
formation of a stable barrier, before experienci
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Figure 3.7: Perfusion did not affect cell viability but reduced the TEER profile of Calu-3
epithelium. Cell viability determined by number of viable cells present at Day 7 and Day 14
of ALI culture in the static and perfused condition determined by using the (A) Cell Titer-Glo®
luminescence assay which was not significantly different between he samples (ANOVA ns =
P>0.05). (B) Transepithelial Electrical Resistance (TEER) measurements of the static and
perfused Calu-3 models performed every 2/3 days with from day 0 ALI till day 14 ALI ( NO4 ) .

The apparent permeability of Lucifer Yellow was
of the epithelial barrier model s, as previously
tighter barrier in the perfusaeyd 7mo dweilt hc d nopneerre dv a
the replicates of the perfused model compared t
observed between the static and perfused model s
variation in both thésst&tiigaurand. Bedhdsdec méd én®et
the avegpalgeLYP i n the perf ufcen sc)o nhist ieovn d(en.t5 TxoInp
average value of t he’ cant/ast)i,c whad ccehl mazy. 7Bex 18® r es
expression of tight junctions or |l ower per meabi
perfused condition. When directly compared, t he
with both the shauiimg amidg lperr fwasreidance on Day 14
the asmevalgue to be higher for Day 14®ctnh/asn) Deanyd 7
perfused ’)( lc ¥yMkiltdi ons however, the difference we

error bar s.

This increase in variance between Days 7 and D

condition was interesting and although tiahere wa
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values on each respective day, it would be benef
by increasing replicatgasnsuanyb eorns ,t hree pseaantei nvge Itl h e oR
and the l ength of culture at AL f o%c ne/xsa,mptl ltee |
perfuse3d mbadeu at day GpyAdllu e atdh aan |tohweerl iPt er at ur e

density and an ext(rMaend agyl 2i0nl 3A Ls D @civél yt qu rteh e3 per f us

epithelial barrier to have a tighter barrier the
A B ns
5x10-7— 2.5x106 !
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Figure 3.8: Perfusion resulted in a significantly lower P value than the static model
at day 7 ALI. Comparison of the apparent permeability (Papp) Of Lucifer Yellow (LY) across the
Calu-3 epithelial Transwell model in the static and perfused conditions at (A) Day 7 ALI and
(B) day 14 ALI culture (Unpaired T-test ns = P>0.05, ** = P<0.005) (N=3).
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Figure 3.9: There was an increase in variability in Papp, between Day 7 and Day 14 of the
Calu-3 epithelial barrier in both conditions but no significant difference in permeability.
Comparison of the apparent permeability (Papp) Of Lucifer Yellow (LY) across the Calu-3
epithelial Transwell model at day 7 and day 14 of air-liquid interface (ALI) culture in the (A)
static and (B) perfused conditions (Unpaired T-test ns = P>0.05) (N=3).

After assessing the barrier integrity, the cell
phenotype. From anal-gsasnetl fossmesus mmMdGE5AC) a
(01, it was evident that the morphology of the
perfused system at D8ycel(Bigwdeé ud3.edO0O)n Qa&lrd usec
a more uniform |l ayer of epitheliyaeld cpeatlcsh ewsh eorfe ac
growing on top-3okepatbeptweay&€ml uThi s was even mor
14, where the static model seemed to have furth
Cal3u monol ayer (Figure 3.11). I nterestingly, by
early signs offerhesé¢chesondhlia may be the reason
i n wevlell I vari agpifonLyYi mtt DayP 14 (Fig. 3.9) as thes
with the barriejfunattiegmg ty and tight
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Figure 3.10: Perfused Calu-3 Transwell model established a more uniform monolayer
than the static model at Day 7. Calu-3 cells cultured in static or perfused conditions were
cultured for 7 days before being fixed and stained with antibodies against ZO1 (green),

MUCS5AC (magenta) and Hoechst for DNA (blue). Scale bar = 100 pm
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Figure 3.11: At Day 14, the perfused Calu-3 Transwell model exhibited a more uniform
monolayer than the static model. Calu-3 cells cultured in static or perfused conditions were
cultured for 7 days before being fixed and stained with antibodies against ZO1 (green),

MUCS5AC (magenta) and Hoechst for DNA (blue). Scale bar = 100 um
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Using | mageld/ Fiji, the pixel intensity of speci
was detected in the intensity of DNA from Day

conditions (Figure 3.12 A). When mdrimaloinseditgmitf
i ncrease i n Zexdipmr etshsed omeroffused conditi on was dete
condition in both Day 7 and Day 14 of ALI cul tur
the perfused model thax. t2heB)s.t altntce rmeodteil nd IFyi,g ubrce
perfused model had sZiOgenx pfriecsasnitdnrny adte cDraeya sledd c o mp a |
this could be a result of the increased DNA in
0l eakierd barrier indicated sbgyssayxh @Firgsmueé t3 .wa)s
this could explain to reduction in TEER at Day

(Figure 3.7).

The MUCS5AC staining intensity was similar in tl
ti mepoints however, a reduction was observed in
from Day 7 to Day 14 which was not sreeenc oinns itshtee np
MUCS5AC expression i-8 eéepiet pelrifalsedarcCai ar .

Hoechst (DNA ZO1 MUC5AC
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Figure 3.12: Perfusion causes increased ZO1l expression and maintains mucus
expression. DNA fluorescence intensity of the greyscale image showing (A) Hoechst 33342.
(B) ZO1 intensity of the greyscale image showing only ZO1 scaled to the DNA intensity of the
same image shown in (A). (C) MUCS5AC intensity of the greyscale image showing only
MUCS5AC scaled to the DNA intensity of the same image shown in (A) (ANOVA * = <0.05, **
= <0.005, **** = <0.0001) (N=4).
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gPCR analysis was used to determine the expressi
2 bfladrenor agenptireatnsport to explore whether the c
expressi-dncelClag uhave been found to exhibit expr.e
transporters and proven rekapgoernobleeefpoiort agoni al
sal but(a&Maoml ewkal 2013; &ukhle2 D28, 2 0 le7tb.; a 1S2a0 102mo n
Consequently, these transporter subtypes were a
OCT1 (SLC22A1) transporter was highly expressed
fold increase whereas the st-dbpid modmpadedpt ayet
GAPDH housekeeping gene, respectively (Figure 3
reached similar | evels of expression to the perf
was previously showd tlhabet hd gdpdirminmcyhCead u model |,
and perfusion enhances this expression however,
in this(Bastlahkc2020)

A significant increase in expression of the soluwu
at Day 14 when compared to the Day 7 counterpart
no difference was observed between Itrheprteaewi ocuosn
studies, expressi-8nwat OETHBEmi ne@ahs comparabl e

8 ALI to the primary HrRonmwoHiiadétVmasldzaQZTWEp eawawan
di fference between the static or perfused condit
(ABCC1) transporter (Figure 3.13 C). I n both ¢
expression was observed from ®daly §Fhawi nlgd,t hvei th
expression at Day 14 overall. ABCCZH dchladks epx perve sosuis
in Galcuumpared to the houwk&eeas nigngtmies RPLASY or
of & o0l increase was oObseé(Redoct benp Bl 2012100, GAPD

Clauvdian@dii ght junctions were also assessed for
There was no noticeable difference between the s
f oZrOkxpression, however there was a significant
static modealPA)( FAgsirgnBfilcanl éxpresasieonnw&saolkds e
Day 7 to Day 14 for &HB)t,h hrnoglhellisg h(tFiinggu rteh e3 .tli g h't
bet ween the conditions was simijamct Howsevwerr ef dn

evident #fyranh utehrse grkenerated from the paracell ul ar
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Figure 3.13: Perfusion increased the expression of the cation transporter OCTN2 in
Calu-3 epithelium at Day 7. gPCR expression of three different transport proteins that are
present in the Calu-3 epithelial cells in the static and perfused model at Days 7 and 14 when
cultured at ALI. (A) SLC22A1/0CT1, (B) SLC22A5/0CTN2 and (C) ABCC1/MRP1. (ANOVA
* = P<0.05, ** = P<0.005, *** = P<0.0005, **** = P<0.0001) (N=4).
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Figure 3.14: Static and perfused conditions resulted in a similar expression of tight
junction proteins. gPCR expression of two tight junction proteins that are present in the Calu-
3 epithelial cells in the static and perfused models at Days 7 and 14 of ALI culture. (A)
TJP1/Z01 and (B) CLDN1/Claudin-1. (ANOVA * = P<0.05, ** = P<0.005, *** = P<0.0005, ****
= P<0.0001) ( NO4) .
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Toget her, these experiments determined t8Bat the
Transwel | model to express a tighter epithelial
from adpal Bes of the Lucifer Yelalwav wpeas agen drud tae d
the perfused model were | ower than the @l ues r

expression was similar for the static and perf uc

a tighter barrier i ndiecateisnug ttehde i me refnthsainocne dmaf yu nt
tight junctions. The I F images and subsequent i
oZO1ight junction expression at Day 7.p,f potteme i al

Cdu-3 barrier in perfused conditions. This highli
of t he model as genetic and protein | evel expr
di fferences such as the passive peghnesabtihe tpye roffu:
Cal-ia MPS bronchi al mo d e | is superior in its barri

Cal3u Transwel | model

3. 4LGNGERM MAI NTENANCE OF THE AL-B BRRNUSEBL CA
EPI THELI AL TRANSWELL MODEL FOR 28 DAYS

The next assessment was to -et sr muheut3emdddleat C
in the different culture conditions, to under st
cul tTuhree .&GalTu answel | model was cul turwidtbmmutclte ssf u
integrity assessed using TEER at every media cha
TEER measur ement es-pb2acaabl w8t gid 8%.s 3HHolwe v er , t h
TEER values were not PBdaysids,, cladIntdmnyd dI3If fehrewmitngt:
fluctuations in the TEER profile of5) bwhhchtabutc
be a result of the morphol ogical changes previ ol
the i ni-X imdnoCadyuer .



Chapter 3: Devel opmen3 Borfonchhei aPle rEpuistende I@d®Imu Mo d e

A B
~4001 Two -Way ANOVA
e Day(s) Summary P-Value
S i 2 C <0.0001
5300 5 ns 0.1184
n 7 i 0.0073
£ 2001 9 0.0003
o 12 o 0.0020
14 a 14 ns 0.3803
E 100 & Static 16 = 0.0080
= Perfused 19 ns 0.2885
0- ertuse 21 ns 0.6633
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Figure 3.15: Perfusion resulted in a lower TEER profile than the static Calu-3 model.
(A) TEER measurements of the Calu-3 Transwell model across 28-days at ALl in the static
and perfused conditions with the (B) statistical P-values of the Two-Way ANOVA showing the
significant differences between the two conditions (Static vs Perfused) on each timepoint

(NO12)

The ability of the epithelial barriers to resis
permeability of sodium fluorescein (NaFL) and h
permeability -Brackbkt uf(eBEmr@darucset . i 26 L2 ; etGral nger
2006; edta.gali2019et Mal 2@ 1Th)egp fP NaFL was assessed ev
on the same Transwells in both the static and pe
as seen in the prevapwalsuexpferti menper ftiheed model

static(Fmgdetk 3Byy 14i4ttahhed ¢ model hadpweaelawehse dt & i tmh
perfusegdasmopdreelvi ousl y 6Aeamd( Bl)guitbawe2®r f hbyperfu
model di spl agywead uleeswdrmhalP t he static model , befor
stati comolleefri 8 rGeC A.nld D)
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Figure 3.16: Papp was significantly lower in the perfused model than the static at Days 7
and 21. P4pp values of NaFL across the Calu-3 monolayer in the static and perfused conditions
on Days (A) 7, (B) 14, (C) 21 and (D) 28. (Unpaired T-test * = P<0.05, ** = P<0.002). (N=6)

The perfused@wdaysigniPficantly | ower thhM)Days 7
However, t hegwasaaysi2zg8niPfi cantly higher than Day 14
barrier was more permeable after 28 days in cult
was maintained. The static model showed little ¢
l4deiqiggni fi cantDlay 8l adweer ttoharhe Dag2kasred 28 rmai i
the meamlRiex1®BmMBdd &18Im/ s respbet daebyon Days 21
became more variabl e, although thennaoitf fséargenndaea cla
the difference between the mean values showed an
Xx10c m/ s) to Day®c2m/ s()5.i8n9 txhlel ogytea thiea , md dels. sugges
perfusedemedalteidg hftuerbtar onel up to 21 days- in cul

experimentalachoewvsatmeds e static model
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Figure 3.17: Perfusion resulted in a consistent Calu-3 barrier for up to 21 days. Papp Of
NaFL across the 28-day ALI culture for the (A) static and (B) perfused Calu-3 Transwell and
MPS models. (ANOVA * = P<0.05, ** = P<0.001, *** = P<0.0002, **** =P<0.0001) (N=6).

To understand more about the functionality of the models over time, an optimised alcian blue
mucus quantification assay was used to quantify acidic mucins produced by goblet cells. PBS
washes from Day 2 post-ALI onwards were collected and analysed. From Figure 3.18 A, it can
be confirmed that the mucin expression of the static model reached its highest level at Day 21
and was maintained until Day 28, whereas the perfused model reached the highest value at
Day 14, and this was maintained until Day 28 (Figure 3.18 B). The data became more variable
in both the static and perfused models from Day 14 onwards, compared to Days 2 and 7 which
had more consistent values. There was no significant difference between the amount of mucus

generated from the static and perfused model for day-to-day comparators.
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A

1007 ANOVA | Summary | P-Value

° 2vs. 7 ** 0.0015

- 80 2vs. 14 ** 0.0025
g 2vs. 21 ** 0.0038
T:’ 601 2vs. 28 ** 0.0020
C 7vs. 14 ** 0.0034
; 407 7vs. 21 ** 0.0051
P 7 vs. 28 ** 0.0026

201 14 vs. 21 * 0.0312
_ﬁ 14 vs. 28 *r 0.0072

0- T T T T 21vs. 28 ns 0.9352
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= 2vs. 21 At 0.0032
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Figure 3.18: Maximum mucus expression was reached at Day 14 for both the perfused
model and static model. Mucus quantification of the PBS wash post-TEER measurements
on Days 2, 7, 14, 21 and 28 for the (A) static and (B) perfused Calu-3 Transwell models with
the tables showing the statistical differences between the days within the condition as
evaluated using an ANOVA statistical test. (ANOVA * = P<0.05, ** = P<0.001) (N=6)

Within this exdpeepmehel| i al Cahdwurier was formed b

perfused models and was successfully maintained
measurements. The perf#8siMPE megel t @@ ndearnadtih stg@at ur
barri r for 21 days with reduced variance and a

e
barrier than the static ThedarnaxatmubbayuZéuanex prag s
e

reach
confirmed that by Day 7, the perfused model
could be used to investigate t rbaandsrpeogrntel rfgliucx

agoni st s.

d at Day 14 for t he peerrf utsheadn neotdaetl i, c umpo dte

had

roef c e
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3. 6HAPTER CONCLUSI ONS

Thaim of thwas €hapareacteri ze-ttehen efuffeutre adfurl og

cul ture o3 Trhaen sGweellu moidgeu i dati natnerdaiarce utilising
system. This wacshisaaumerk,s fifeu Idlayt lna g eincee mattiefdi ed t he
mo d e | to differentiate into an effective barrie

characteristics such as mucus expression and ti
mai ntained until Day ZJlarsAeld ,mondeglhldagmthegudsdd f
bet ween Day 7 and Day 21 of ALI culture. The st a

it required up to 7 days | onger to establish a |
at Day 14 ALY . .maAigmat ami,nedisnti/l Day 21 ALI howeve
hi gher functional variability than the perfusec
perf use3d eQuailtuhel i al model gener atledk ea enpoirteh ecloinusm ¢
daysoser than the static model, increasing the
mini mum culture period required before use in th
studies, disease modelling etc3d3 nmModeabdmrgwaifsicirwsred,

from Day 7 ALI and the assays establicbedl twad & |

f or mat wi th human bronchi al smooth muscle cell s
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4 DEVELOPMENT OF THE PERFUSED BRONCHI AL COCULTURE
4. LNTRODUCTI ON

In the Il ungs, the epithelial |l ayer is attached
epithelial |l ayer and the | ayer bel ow, the | amir
i mmune cells embedded in extracel |lllaglt ama.tali x (E
2018bECM is made up of proteins such as(lkil@astin
et. al20XxW) | agen is the main component of ECM pr
11, V and XI making up almost 90% of total <coll
abundant in the lung tissue withrtehe |(fiAssipdatari bei r
al, 2017Bl Rinca2@11)

The smooth muscle |l ayer is | pcated|ROIlBMNnNptoh d | a
muscle |ines the airway walls fromumbe. 2Pl E&Feair
is a positive correlation between the thicknes:
di ameter of t He&baernrawalyl 99B0menc hi al smooth muscl e
have a fusiform shape with a single nucleus, |
mul ti nuCl et edZ0 @) BSMCsl) mai ntain minimal tone i

are cruci al in regulati ngrammthealc2a0 1™hreey ocfontt me | a
di stribution of airflow throughout the Il ung and
forced expirati(odnamersd &c oQuagrhriorhge , sPOONONHN muscl e c
vari ous directions, unl i ke skeletal muscl e whi
(StanfieldThi2s016énhgani sation allows <contraction
bi opsies obtained through bronchoscopy, airways
be close to t h(ePeeppei.tahl20&dBIQulr aydr 2). This proxi mi
cel l types may have an i mpact on the phenotype

| ayer s.
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Motor neuron

Neuromuscular
junctions

Varicosites along neuron

- Gap junctions
(b) Smooth muscle

Figure 4.1: Comparison of the histology cross-section images and diagrams of the (A)

structure of skeletal muscle cells and the (B) structure of smooth muscle. Figure taken

from (Stanfield, 2016).

Epithelium

Smooth Muscle

Figure 4.2: Histology cross-section image of the human bronchiole wall highlighting
the proximity of the epithelium and smooth muscle tissue layers. Image obtained from

(Sheffield, 2017)
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4. 1CONTRACTI ON AND RELAXATI ON I N SMOOTH MUSCLE C

The maturation and differentiation of smooth mus

of contractMaek pr 2Ditdnes cel |l s exhibit sever al meé
mat uration i4#amowdihngnualtMalct cal goni n, transgel
SM22) a-MHCSMs off oaetisfal 201A3)ongsi de the | atter pr o
chain (MYH11) is the major contractile protein
that can bind to actin thereby fa(d.l iR.adBeapgl drhse
1985BMA is another major contributor to smooth
forms the filament | attice to whi c h( Weybobs,i.n2 0h0e3a)d
SM22 is a protein that binds to actin filaments
net woBkapeétandl L9%A3I) erations in the expsSMAsSi on o
and SM22 could contribute to changes in smooth m

or shorten( mags evted olc2 Ot 1y5 )

Smooth muscle contraction is regul ath®d?@&rough
released from within the cell or from extracell
acetylcholingamnmdskMbyornse((Waczhedliagak2012 et Matler a

2020; Meums$ 20 1Bn)ce 2tenet e€Cas t he cytopl asm, it t he
cascade that eventually activates myosin |ight c
the actin filaments are pulled inward by the myc
and resuhtragsSien&o & Gransee, 20R2)] agbanbneli d, t?Ph
occur because of t he d?&cornecaesnet riant iionntsr aicne Itlhuel asrmoG
This is through the c¢closing of the cal c?dfiumt awhann
the cell or by the sarcoplasmf*¢WebbicAD0B) absorhb

4. 1IBRONCHI AL SMOOTH MUSCLE I N DI SEASE STATES

Bronchi al epithelial cell s and smoot h muscl e

pat hogenesis of chroni c Hrummgc hdiiasle aespei.t hFeolri ad x adnapl
enl arged smooth muscle mass and increased <cyto
(Deacon & Knox,et2@12x;02G¢ netyu naal yunlA8s)t hma i s a c¢h
infl ammatory disorder of the airways with increa
resulting in episodes of coughing, wheezing ani
remodel |l ing and narrowirerg@gsefd tsme od ihr wmassixd il ficilboanit re
airway hyperresponsiveness and hypersecretion

effectiveness d¢Wabrdondhd®diTl atWarsd, | 0. hasdbkeenche
that the distance between the basal membr ane of

the airways of asthmatic patients (Wasttitsshb2022; co
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Pepet . al 200T5h)e t hi ckening of the smooth muscl e |
significant characteristic of bronchial remodel

muscle mass to asthma sever i(tBeasufdwrs i& Beduwletrs 4

Il ncreased smooth muscle thiclkmesnd chadhsalrsuac th eveen |
di se@G®PD) patients with airway hyperreactivity,
greater than healthy subjects buUKuwana atl®98h a

Ri eests. al L@OBDP i s a diagnosis that includes sever a
infl ammati on, remodel ling of the | ower airways &
of infl ammatory and i mmune processes. Due to th

COPD prevalence is(Uwagéasih@pglpbaivipusly ment
changaesthe expressiUBMmMAoaanMYBMR2 in smooth musc
contribute to changes in smooth muscle force pr
These proteins are therefore being considered a
narrowing of-r @as pweaye shsy pienr ast hma and Patse®dratli sea
201.5)

4. 1PRBRL. MARWRONBCHI AL EPI THELP RIIMMARSNDOOT H MUSCLE
cocuLTuwWkEH L MODELS

Ani manl wiodel s are usedgéorsmam whespense to potenti

well as inducing respiratory disebdseWangpl2aaove;l
Williams & RBmwayeR01@dst ani mal model s have a
features that are present in humans and the dep
human oral ( Mateah aatli 200n2 O ; Ogi & Arugat . 202813 )fad
Ani mal model s have a | imited predictability of
di fferences, resulting in 90% of drugs f(aBi.l i ng

Jiaeag. al 2014 ;etMogell 2 CS8; Mul | ard, e2Q1a6;20vhds der
highlights itnh amotidedds ftorat can address ta@ne®rns c
anat omy andphiypatohogy t o study di sease and eva
respofhGets. al2010pt Kaspet3)

The communication between epithelial cells and s
aspect in the response of smooth muscle cells
stimulants interact with the epitmescbe,| eadggegr
airway contraction which can be exacerbated in
COPD |l eading to increase smooth muscle prolifera
(Chung & Adcock, 2008; .ErTlhee &Hr®memp ald d,ep2@ h4e) i

medi ators which diffuse through the | amina propr
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airway narrowing, which is exaceHbmaaegtdnaIn2 0als&)h ma
Studies have shown that the epithelium influenc
(Abohal ak.a, Ai2rowvay epithelium i S al so t he prio
neurotransmitters that resul t( Ganleladsawa@l 3 moot h n
Cel |l culture models of the bronchi al epithelium
studying drug transport and uptake, with the 2D
for | ow cost, high throughput scdeentnongthéebwevVva
complexity and a result are |l ess suited to monit
di sease or the therapeutic effe¢Hnwaaneassls2001f5)dr u
Combining two or more cel/l types i nt oc otchuel tsuarnee

mode&lo.culctaumr ebe direct woculntduimeet e det é€st share &
and are in direct cont aotc uviitnutrodomess aan op hhyesri, ¢ d In dd
the cell s, but they (¥karal2tie8pamel dneceddnae@mmaenl y
used to compartmentalise different cell types wi
I nterest in understanding the interactions bet wi
increasing, particularly how the i(nhRDeacaxn i& nksn ocxo
2015)€Ca@l turing requires a highly specific envir
requirements of the different cell types and, th
t he goal of developing mor aiitcsocmeEl enYoedserl sp2020x i b
There have bceoecnu Isteudredr @1 o f bronchi al epithelial

smooth muscle cells for wvarious purposes. I n o
epithelial (NHBE) <cells were differentiated in £
was appl sedi eoma plug on the top of each Transwel
over t he apical surface of t he NHBE-t wad¢ &ls , re
transcel l usiami parestsoarehat ipmuendiacitrewda yd uoa msgt rmacxt i
ast hma exa(cleeerbapl 28 18basol at er al media collected
epit heellilasl wer e tprra msafreyr raeidr wtaoy cerhared ht mus cl edi r
coculwasr ¢« ul tured for 1 h prior to administrati ol
coculwtasr @bserved to amplify the(lcemtab2z018k) res,|
Ma |l ae/ti @21009) , reporctoed Inondreidn doifr ecHBE di fferenti at
21 days on Transovaegdcoculbtedrbe BSHEs 8 hepasveploat e. Thi
coculitnemreeased the proliferation of BSMCs with a
i n ¢deulstuprer nat ant6,s-8lclhamad mMatri x met ®NI dphramt e

BSMCs OWMalyavi aal 20 0Tehec ulwiurhe t he chemokines cont
BSMCs proliferation, observed by injuring the e
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released from the epithelium which in ithurvn vioncr
when rabbit trachea was injured | e(aMlalnaytitel i ncr
200.9)

Anot her modelcodulatasigpdodecéed t o i +aAwastcieglatae trhhmia
exacerbation by tahe AdUl tfore 2df dMHWBE bef ore expos.t
culture medium was then wused in cul tausrteh maittitc e

BSMCs on a baseplate for 24 h, resulting in asth

| ayer asn sverevheevere asthmatic patientasstdamat was

BSMCs. Theira wmo@dehs -AblFrenghaxststemar eand so this n
an area of (LCrehdtean @@ @Ho)wever, this waosc ualgtauirne an
so the model |l acked the physiological rel evance

model reported, dy2Madavmadel repo(2BA5Hyc eNHGIEI
were cultured at cAolclu lfwtowrhe’rBRSMCbdefdoownaon the bas
the transport of bronchodf{Hateki 2,1 291dhéigsi fmadd Il yn c
only |l ackedcuédtoawtendat ti me with the BSMCs, but
di fferentiation of the epithelium as primary epi

the previously discussed model s.

4. 1CEBLL LI NE Al RWAY EPI THELI UM AND ERICMARVYREMOOT
MODEL S

Only ac®iwngntoedred pairing smooth musc(eatvihéaim an ¢
primary cel Cak3u otwhaer itdhitam it fhiiesd s2Bdepithel BEASCeEe
or NHBE cell scoweudt whéhr Bamhypy BSMCs on a base pl
in a proliferative phenotype of theSMKMmodtolwemusc
intracellular calcium concentration and higher
a molecule that elic{(O8Suelehitwa® bl dhh yeaitn( aBEBML)s

described a OOGC3 mogietl helfi UGl qur own at -dhalyl dfiorrecnt
coculwtdurhe BSMC ormplaathfywdirto g enlc or por ated airfl ow anc
Theoculsthorwed t-her €adiuned tight junction expressi
BSMC expidSdfdesd confirmed by i mmunopHlUmaeesa@aénce
201.8)Despite the model being developed to includ

did not detail their incorporation, resulting in

Muddete (a21020) r epor tceodc ualntduredn swiet h a dHiambli aal set
(2015) but u3ds edap itthhee lGaallu cel | ' ine instead of p
Cal3u epithelium wak4 cdhaysuraetd Abr Hhéfore use dur
sal but amol ont,ovhtihes t e pand dielhdiivimeec BSMCs on t he bas
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the culture well Wwaodel3Or mbad déeambidedssay inter
deposition system that coul idn bwihwes mdc ady nanmi alst
compare different for fmiHlaati cald 2 0df5 eitrivhaall@ddd@Tdde u g s
presence o3 ItehweerCadiugni ficantly reduced the tran
the donor to receiver chamber compared to a Tr a
min to be the effective incubdtsenstimeetoAPbNPoOdE
from the BSMC cul t u(rMudebine atl 2ed 2l0gd s ep !l at e

Table 4.1 summarn i wieotcruchnbhdudreelhse descri bed with the
complexity and human lurg@crudslteavrpnce edHdbwe Haghit la
were not maintained Haoghiloingklrs ;¢ hMad W@RIN)st t he
previous models reported by Malavia and Lan onl
after st(ilnaent a tail 20 18 b et Mall 2wi0®her ef or e, the cell

establ icdeulftour eenough to indicat-ewcehl i sfguahten
resultant diff erceorctuiletiwniriceno rMmeentt,o stchet hi s i s an &
fully investigated.

Table 4.1: Summary of all coculture models discussed. Normal Human Bronchial
Epithelium (NHBE), Bronchial Smooth Muscle Cells (BSMCs), air-liquid interface (ALI), BEAS-
2B (human epithelial cell line).

_ _ Indirect
Epithelial Smooth ALl Coculture o
_ _ Application or Reference
Cells Muscle Cells | Period period .
Direct
Disease _ (Lan et al.,
NHBE BSMCs 14 days 1 hour Indirect
Model 2018b).
o (Malavia
14-21 Epithelium _
NHBE BSMCs 8 days _ Indirect et al.,
days Injury
2009)
BSMCs and _
_ Disease _ (Celle et
NHBE Asthmatic 21 days 1 day Indirect
Model al., 2022)
BSMCs
Drug _ (Haghi et
NHBE BSMCs 3 days 3 days Indirect
Transport al., 2015)
_ (0O6Sul
NHBE or Contraction _
BSMCs N/A 1 day Indirect etal.,
BEAS-2B Model
2017)
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(Humayun
Calu-3 BSMCs 7 days 7 days OOC Model | Direct et al.,
2018)
11-14 _ Drug _ (Muddle et
Calu-3 BSMCs 30 minutes Indirect
days Transport al., 2020)

4. HAPTER Al MS

The aim of this Chapter was to develop and as
physi ol ogi cal lIcyocrudmpoutrede na fat d ivfef3e remitti had leidu n€ ad wl t

arHlriquid interface and primary bronchi al smooth
Transwel | insert for a prolonged pervioalbi ITihtiys a
seeding BSMCs on the basolateral face of a Trans

density of -BSIMCsmoinmbocad t ur ec.btTuhhe eafefdé utm acfomposi

perfusionawsessaadd,o utilising assays previously
el ectrical resistance ( TaFsE R)f aspopda ruemn tf | pueorrneesacheiilni
guanti ficati on, i mmunofl uorescence (IcFo)cudttairmein
mo d e | and the resultant effects of -tz eplpeetrd usd eod

in conjunction with the PhysioMi mix OOC system.
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4. BETHODS AND MATERI ALS

4. SBBRONCHI AL SMOOTH MUSCLE SEEDI NG DENSITY A
OPTI MI SATI ON

The primary bronchi al smoot h mus(clUcen zcae lalss0&®2we)r e
reputabl e cel | provider with tshwddrad nabmeneger aiedli
accessible wiitmitnhathengrosftect budget . The pri ma
Lonza specific medium, Smooth Muscle Cell Gr owt
made up with multiple supplements that are | is:

purchased alongsi deft lhte ec eglrli ana r Tyhyde SoviCils 0 Guaausc aas 168bn
mal e that -swmeokBaenopti mum seeding ddansoift yt haen dB StMC
had to be determined and the two | ocatwednls cho
Transwel | pl ates sdidmislca i bted Htatepdh € pad 2WildbuestiMall av i a
20009; Mudddle2®@”® )t he basol ater al face of the Tr
decrease the distance between the epif(ttheerhayuum and
et . al 20118)yree densities were chosen using the p
cell s/ wétbkel (M(/ &tiOeavi @l 200195, 000 celftitsl wWeltmid x1
30,000 cel |l ¢ avlell?}(/Hatphs 1120015 et Mad @D &0)

BSMC cells were maintaineds 2Fsordessecerdiimnegd BiSTMCS e co
basol ater al face of the Transwel |l s, the Transwel
tip box in an M8B88Ce dbaead8ISMLCsfrom culture fl ask:
in Section 2.3.1.2 and resuspended and counted.
densities described above. 50 OL of the cell S U S
each Telalnsfwvn = 3 replicates)suapmdembened hwi tdhh 0B
medi um. The | id was then closed on the box and t
for 2 h minimum to allow the cells to attach to
were flippewlelilntoulesan?®4é¢ 2pDatdDL medi um was added
compartmentOLaond @meédi um was added to the basol at

apical medi um was removed.

For the baseplate seeding of the BSMCs, the cell
descri bed. Thereafter, the cells were diluted t
suspension was -waldledplt @t ¢ h&n® 4i ncud aft ieds tf oc h&Bg &
medi um. Medi um changes were performed on each we

analysis on Day 7.
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Table 4.2: Supplements in the Lonza Smooth Muscle Cell Growth Medium (SmGM).
Components in the SmGM medium with the final concentrations and their purposes in in vitro
cell culture

Name Concentration Purpose References
Human Epidermal 3 na/mi Stimulates proliferation in epithelial | (Fitzgerald
ng/m
Growth Factor (hEGF) cells et al,, 2001)
_ _ Regulates biological functions such
Human Fibroblastic _ _ _ (Yunetal.,
2 ng/ml as cellular proliferation, survival,
Growth Factor (hFGF) _ o 2010)
and differentiation.
Gentamicin: broad spectrum
o 30 pg/ml antibiotic preventing bacterial (Amphoteric
Gentamicin sulphate o _ _ _
o Gentamicin infection in B 2024;
and Amphotericin o _ o
and 15 ng/ml Amphotericin: antifungal agent Gentamicin
(GA-1000) . . .
Amphotericin preventing yeast and multicellular | (50 Mg/mL)
fungi 2024)
Acts as a growth factor with anti-
_ _ _ _ (Straus,
Insulin 0.1% apoptotic and mitogenic effects, 1981)
synergistic with hFGF.
(The Basics
of Fetal
Foetal Bovine Serum _ )
5% Nutrients for cell growth Bovine
(FBS)
Serum Use
UK 2024)
Onbay 7, the several assays to determine cell he:
CytoTox RaHiIiMarctive Cy{PtomegaffgruS®\Baydeter mi na
cel l stress/ cytotoxiciitryt rtahcredd quil etridet hgdtr egeinanse
released byTHeg smanwfeddtsur er protocol was foll ow

culture medium was taken andveplla@ddtien aamndblI50c IOLb
Substrate Mix was added in the same well. The p
shakear tehren 50 OL of the Stop Solution Bhasoyadded.
Absorbance 96 Pl at e Reader (Enzo Celi F eGTistEe enc e
l umi nescence assay (Promega, USA) was wused to d
ATP pntesien the cell SprDbhecmdnwfasctf ol drowed. Brief
Ti tGdro substrate solution was addedt hdartkhetc elolo ml

temper at umieneffoorr e12200 OL of <cel | culture medium
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solution was transferred to a black bottomed 96
FLx800 Fluorescehlte @dlaltee weraedegt ai ned ibnl&ccord
with volumes adjusted for the basempmoaused pAFae pr
smooth musCabtkogueéei BdNbbE8O2( Si gAmhad r i ¢ h, UK) and the
anti beey AdapsBmoot h Muscle Actin Monocl|l on@m# Antib
149 7 682an,dGoat -Morutsie | g GSU HetrLdEl, Beabmbi nant Secondo
Anti body, EA4&8A28 E(Ttherr mo Fi sher) .Scientific, UK

4. BEQTABLI SHI GGCUHEUREDEL I N STATI C CONDI TI ONS AN
OPTI MI SATI ON

Cal3u cell s and BSMC cell s were maiadtancceSe @isi dme s2
respectively. -BSME|I lamdwerad useeded adb 7eskuti bede
Physi oMi mi x system was not empl oyed for t hese

eval ufadredcul turing were either 100% of the smoot
(v/v) rati o of3 tMeedi IIMGM:CeCalsu wer e-3eimomerc ud ¢ ard & c
BSMC monocuwelotcwdognuoes t her side of a Transwel | i n
medi um or 100% 9m@Mcmddiuum. was raised to ALI aft
14 days with medi udn cdhypnngeTEERewgs 2performed at
medi um as descr iSh@dhei CySeodommae H.addn ve Cytot oxi
(Promega,foUSA)he determination of cel | stress

dehydrogenase (LDH) release was plehrd omanmeuwf aactt uD ae
protocol was ad descr i bvlud uisn gSueacnttii ofni cda.t3i.0ln, aasbsoavy
as described5.ilm0 SenctDays 27 and 14 ALlapy Anpapsar ent
performed as desdrlbeanibayecitiamd?214 of ALI

4. SBEBALUATI NG THE EFFECTS OF (PCECRHAHUSMOENEDN THE

Cal3u cell s and BSMC cell s were maoiadtanceSe &isi dm s2
respectively. -3BESMC |asndveCaxl seeded aSs 7dasndrichiédui |
were maintai nBlde foul tfurdeeywas raised to ALI afterl
days with medi unr8 cdhaaynsg e TeEvEeRr ywa2s per f or med at ev
as describeds. Bn Section 2.

Mucus quantification assay was HdlO0f ommaedayads 7d @ana
Apparent pespmewbsl peyf 0P me dS eacst iHoefislc2roinb edda yisn 7 an
of AbLikation and i mmunofluorescence were conducte
primary antibodO&msntabbidiRk@OHOe Al p-Emoot h Muscl e Ac
Monocl onal Anti bod¥ #(18A%32a naBitdscisenccoendary anti
Go at -Raarbtbii t |l gG (H+RA)dseligpatlyS€cosdary ErPtliusody,
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48&atA3278MmdGoat -Morutsie |1 gG (H+L)AdKiog ibleyd GCreecdnda
Anti body, B |Pel xuas Boh4UTArE2 728 her mo Fi sher Scientif
i mmunofl uorescence PbBahlidestdnuasneedt hwéd mrdhodami ne B i
CatP1® 5 Bi gma Al drich, UKgctfiom itrhet I'se ad enliln gc ytfo Fk e
33342 HBa&t{ Fher mo Fisher Scientific, UK) for stai
Chain Reaction (gPCR) was performed as descri be:«
USMA (ACTA2) and SM2B351BATGLeN)moCaFti sther Scienti fic
was performed 8scddibsi42bed in
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4. RESULTS AND DI SCUSSI ON

4. 4ABRONCHI AL SMOOTH MUSCLE SEEDI NG DENSITY A
OPTI MI SATI ON

When develcoopciunigtowlrdtde descri bed in this chapter, s

muscle proved a challenge as there was not an es
t hat was commercially and readily available. Al
muscleT0ébB | | mmortalized Human BAcoandcenmiagl, S2nDo204t
they were not readily available for purchase ar
source. Alongside this, there is |Iimited publi s/
Stem cells were considered but tbeypra&wveé oaspegndi s

complex to culture and can easilloyppgleodEe htital plteoma

of the origins of the cell source. Again, this w
source.

Primary bronchial smooth muscle cells were more
repositories AmetudangTAPECCU(RruirnearCo IBreocntcihoingl /
Smooth Muscle Cell sSBCSN»OIBI | ANT@md 2ABM) (Appl i e

Bi ol ogi cal Mat er(ilamnsorit rad o zpear aHuenda)n Br onchi al St
Applied Biologica) Maotwervieal, s tlhrec.c,el224rom ABM
the project budget and ATCC did not Hadwe ptrh anaael |
bronchi al smooth muscle cells (BSMCs) from Lonzece
and without disease states and a | arge reposito
was identified as the vendby of theionemdee 0D Vv
cost of each vial keeping within thetohuddeteasfe t
state(lcendas, 2024)

The cell density of BSMCs was optimised on the b
morien Vi ke architec3d uempi tofeltihuem Caandu BSMC cel | (-
novel concept of seeding on a Transwell for thi
t he membrane required optimisation. Seedndg denc:
l ung epithelium cocultures were used as a guide

densities were chosen usingniclkee Br ®Wi0ouwst!l hedeavle
cel I%(/Mamt avi al 200Q%), 000 c edclesl/I#glclaan(d8 3xX0L XMW 00 cel |l s
x1*¢ el I%p(/Haehi al 2015etMad@0€h)i s was then seeded
face of Transwel | s, and the equi vavedrdt pdersi ttit

Transwells are shipped in (baseplate).
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I'n both t hxeeldeathsaved skeasep!| ated | groups, there
di fference in the number of viable BSMCs obseryv
confirms the equivalence of outcomel fands&8e@®@00g

cell s/ well, as both result in the same number
cell s/ well . The 30,000 cell s/ wel!l density incre
whereas the 3,000 cell s/ wel!l tmnogeaesdil by wa3. 3 |
variance in the number of cells at Day 7 in the |
a |l arger cell number present in the baseplate se

as the cells have pohawhbechstopf flcreawnasiwiea 38 2c ocrmp a r
with Zfbasem ate well). However, t herien wtalse sd glinli
growth on the baseplate compared to the Transwe
15, 000 cel Igs/dweenlsli tsye,ediensul ting in no significan;
Transwell and baseplate seeding | ocations. This
cells as they are |l ess |ikely to be homagenous i

baseplate compared to the Transwell

The cell stress exhibited by the | obpecbnveffobhe
assessment was to understand if the effect of se
Transwel | had a detriment al effect on-steleadedel |

cells displayed no mor & extdreals < ettt H an atthd hlra sapnleat
was seen across all t hree wlaesnsdn iierscr(ddga rien 4t IBe

LDH release in the ihi ghen Wensxpli @isneduby tthhe | &

and therefore more pronounced LDH release is d
proliferation
The formation of t he BSMCs at each | ocati on a

i mmunofl uorescence midc.y6os Tlo® wihpdvipgls me posd.i ti ve st
USMA in all cell densities after 7 days of cult
mul tiple directions, however this was more pr omi
the basepl at @ ns ivroivipahro | toag yt o s mp8t anmusikctlTdhhez@el 6
cells aligHAeadkei Mmimussl dn both seeding UWSMAati ons
contractile proteins confirming the chawasteri s

retained.
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Figure 4.3: Transwell- or baseplate-seeded BSMCs showed little significant difference
in cell number or cellular stress after 7 days of culture. BSMCs were seeded at three
densities (3,000, 15,000 or 30,000 cells/well) on either the baseplate of the well (BP) or on the
underside of the Transwell (TI). (A) Total cell number and (B) LDH release were assessed
after 7 days of culture (ANOVA ns = P>0.05, * = P<0.05) ( NO 3)

The intenbB$MA iommurmef|l uorescence was measured as
(Hoechst 33342) and examinedefnern ttiles iampladtocaft it
4.7 A), which revealed the baSMMdIlianttee ntsoi thya vceo nap a
the Transwell . No sighs$ éiicna dit® Mdi fi fndreenrsdd ywabset we
seeding densities on the baseplate seeding | ocat
three densities on the Tranistweldn ithtserTr. armBsvdl0l
significantly KNBNMAeoni hhensirtaywswél |l insert comp
densities (Figure 4.7 B)USMAppyesmgnt hper thelrl as

of cells were similar bet ween the three densiti e
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F-Actin Alpha Smooth Muscle Actin
a7 .- -

Transwell

Baseplate

Figure 4.4. Baseplate and Transwell-seeded BSMCs at 3,000 cells/well were
morphologically similar. 3,000 BSMCs were seeded on either the baseplate or the
underside of a Transwell insert for 7 days, before being fixed and stained using antibodies
against anti- a-SMA (green), Phalloidin (actin- red) and Hoescht-3332 (DNAT blue). Scale bar
=100 pm.

Alpha Smooth Muscle Actin

Transwell

Baseplate

Figure 4.5: Baseplate and Transwell-seeded BSMCs at 15,000 cells/well were
morphologically similar. 15,000 BSMCs were seeded on either the baseplate or the
underside of a Transwell insert for 7 days, before being fixed and stained using antibodies

against anti- a-SMA (green), Phalloidin (actin- red) and Hoescht-3332 (DNAT blue). Scale bar
=100 pm.
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F-Actin Alpha Smooth Muscle Actin

Transwell

Baseplate

Figure 4.6: Baseplate and Transwell-seeded BSMCs at 15,000 cells/well were
morphologically similar. 15,000 BSMCs were seeded on either the baseplate or the
underside of a Transwell insert for 7 days, before being fixed and stained using antibodies
against anti- a-SMA (green), Phalloidin (actin- red) and Hoescht-3332 (DNAT blue). Scale bar
=100 pm.
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Figure 4.7: 3,000 cells/well had the highest expression of U-SMA when grown on the
Transwell inserts. (A) The i nt e+SMA is rgported as 8 ratio of the Hoechst 33342
intensity in the same image with all densities in both seeding locations, with the (B) intensity
for the Transwell insert (ANOVA ** = P<0.01, **** = P<0.0001) (N=3)
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Toget her, these results confirmed that seeding o
was as viable as the tweddi tciudrtalr ec wplltauree wan ht meo
observed. The 3,000 cell s/ wehilg hdeern sa th®yM Aatp paaiadr e d
equi valent wviability -ttiomesse efdii gnlge ra.t Tah ed esnnsoiottyh tneu
on the basolateral face of the Transwekbiteseéeure
than the basepl ateheesthedt BSMCsche cells were cl
epithelium as seen in Figure 4.2. Consequently,
to seed the BSMCs on the basol ater al “cfealclé /actm a ¢

f or cbkelathdr enonocul ture of t he BSMCs.

4. AEQTABLI SHI GGCUHEUEDEL I N STATI C CONDI TI ONS AN
OPTI MI SATI ON

To deter mi mec wlptoutnrbea t i on s, BSMCs were seeded on t
Transwel | ins-@8rteblkefower €abaeded on the apical
The wells were maintained in either 1030%MeSdmnGM me
LDH rel eaami wad em days 0, 2, 7 and 14 &aDHALI <cu
release was detected to be higher in the 100% Sn
Day 0 ALI (48 h after seeding) (Figure 4.8 A).
coculathdr enonocuBt weltDH arl &sl ease was at a | ow | evel
indicate increased cell stress.

At Day 2 (Figure 4.8 B), the pattern of signifi

monocul ture having similar LDH release for the t
BSMC and3 Cadlul s were more stressed in etamed y 100 %
ti mepoints in the culture compared to the 50/50

concentrations of the suppl ementwass ualhs casarn hien chrF
in LDH released from Day 0 to 2 sAlrle,s swhaisc ha nmpeoyr tl
cells undergo apoptosis under continued CR.Iture
Kumearn. al 20 IHo)wever, by Day 7 the LDH |l evels decr .
C). This shows the LDH release at Day 2 could ha
undergoing a growth phase and as they dieflflesr ent.i
resulting in a higher I evel of LDH r el esahsoews Al t h
the LDH reteasHtoumet thé gher3 trhcamo d thlet Crad 4, t her e
l evel of LDHcoelUbmwdmredi nnthgenéialal | §p the 100% St
showed higher | evel s coftulcobnmpeaaleada steo ftore t5Me 50
This was not t3r uneo nfoocru ltthuer eCahlouwwe ver ,t haem ciutl t mayy b
with theda nB8Wa&s Inouwred
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At Day 14, al | the cells had a hiogchudhtawrilHg rtel e a
hi ghest LDH release for both medium composition:¢
LDH release between t he ctowa | maadnieu ni-hteynpCeasl cui bt ut &b
(Figure 4. D). This shows the celll model s had r
not determining the cell stress. For botihhet he 5
hi ghest LDH rel ease cwasu lmmowrdda yg H dlohaéauurli ttttdred f  wa s
a cause of stress on the cell s. Unfortunately, t
controls for LDH as this would require the sacr
empl oy such controls withrananéed t@espyisomnifticzd |
heal t h. Positive controls would have been cell s
as the sample wells and dosedlOnv) ht a rdeeltea ge ntth €

amount of & DMHe@atdi védh control would be the bl ank

cell s.
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FiguwB&No significarntDH mefease cafbtOdns® iSmGM medi um
Cal3u medium or 100% BEBDBMwmedmomit 6 A@,0B2oMNCH)days
an@dD)4 ofiqurd interface (ALI) awdy aANOWYA ersexqnlet
alongside thavagr aNIOVA(Twe P<0. 05, * ok = P<0.01,
P<0.00RD3) .

The barrier integrity was assessed datesévercyi ¢aba:
TEER assay. Overalll, it was found that TEER of
medi um was higher than that of the 5@0EQ@| ¢toameos
compari sons, (Figure 4.9 A and Figure 4.9 B). TE¥
in the 100 % compared to the 50/50 @Gomposicuil 6wrfe
epithelium had the same signifi camar ednctroe atstree i ;C

medi um composition starting from Day O ALI . Thi s
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was better at establishing a tight epithelial ba
hi ghest TEER at Day 14. When comg@Baripng htethe uTmE BR &
t heoculetpurtenel i um in each medium, the highest TEE
Day 12 and l14cokdoWeéawe =, stihgeni fi cantly higher i nci
to th&8 @Gamhwcul ture for both medium compositions.
was associaathedg hweirt MEBRNpt b&olB@®d $i0ti on (Figures
Figure 4.9 D).
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Figure 4.9: Transepithelial Electrical Resistance (TEER) of the 100% SmGM media was
higher than the 50:50 composition. (A) Calu-3 epithelial barrier integrity of the Calu-3
monoculture in both medium types and the (B) coculture epithelium in both medium types. (C)
Comparison of the barrier integrity of the Calu-3 monoculture against the coculture epithelium
in the 50/50 medium and the (D) 100 media (Two-Way ANOVA * = P<0.05) (N=6)

Anot her assessment of thephbaNakFleromnbDays iTyamwdsl
the two days there was ng diogveivfeir c da mte dDiafyf er evrad
variance, and the spread of data was marginally
error bars on Day 7 meant t her e iwaest wieoe ns ttahtd sma nc
orcocubtume either of the medium composition. By
bet ween the culture models were evident. Bet wee

medi um seemed btld sthh@®vde aedtiaght erappalruvesr pfravdtibed
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NaFL tragswaos tsi gPni ficantlyg uleopwetehefiloumt BRI an t he
epithelium in both media compositions (Figure 4.
profiles, confirmed the 100 %-38 mGC M Itnoe doie wond uwiet ha a i
more i mpermeabl e epithelium ba3ralkoné¢é hmeagahel enos
medi um.
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Figure 4.10: Apparent permeability (Papp) of sodium fluorescein (NaFL) through the

Calu-3 epithelium barrier was lowest in the coculture 100% SmGM media. Papp in either
monoculture or coculture with BSMCs in the 50/50 or 100 media at (A) Day 7 and (B) Day 14
(ANOVA * = P<0.05, ** = P<0.01, *** = P<0.001, **** = P<0.0001) (N=3)

To determine the functionality of the brenchi al
epithelium in thecmdwmasrwhva simed amfdf using PBS anc
the lung mucus quantification assay that was de
mucus producedd bcye Inl keheCal W0 % SmGM medi um was h

A) .

signi f

kept

coul d-B3have af

cal po

cul tur exd0/immO tnmmeedi um composition (Figure 4.

hi gher mucus amount in all/l the welbveurebyabDaPai s
c oc ulmouwured in the 100 % SmGM medium had a

Og) than-3tmenGauut udree (B8kbnslgder ati on to be
number of wells aS8Sambabtel formnt /8as Qkhteweeats( tt three
had more replicates (n = 6), which

monocul ture wells having a | ower statisti
details the Iincusageaeafntormitelde fmom Day 7 t

14, (
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Cal3u 100 had a significantly higher increase 1in
Cal3u 5050 and Coculture 100, showing the 100% S m(

expression-3icmetths €dlam t he 50/50 medi um.
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Figure 4.11: Mucus produced by the Calu-3 epithelium in the 100% SmGM was higher
than the 50/50 media in the monoculture and coculture. Calu-3 cells were grown at ALl
and mucus removed using a PBS wash and then analysed using the alcian blue mucus
guantification assay. Mucus (ug) was analysed at (A) Day 7 and (B) Day 14 and (C)
percentage increase of mucus from day 7 to 14 (ANOVA * = P<0.05, ** = P<0.01, *** =
P<0.001, **** = P<0.0001) ( NO3) .

This experiment acoandlotfnr€sd | cuehlalts tvhiet h BSMCs on op

a Transwel | insert membrane was not only possi bl
alteredatheterist-8cepiofhe¢éhieuv@al uesul ting in a ti
the TEER profajp el vaensd. theespH t e t he higher |l evels
generated positive effects seen on epithelial fu
barrier, and is recommentdlee omeldi ume comppsi maoyn b
muscle cell s. As a resul t, t he 100% SmMGM medi u

experimentation.
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4. AEBALUATI NG THE EFFECTS OF PERHFWBSIUDOLC UQLN UREE CA)
MODEL

The effect of @ec d lutoudceel orptimé sed in the previ
investigated antdtheveaidmatasdsapgs ngs befowas( $ectio
identify the key areas of differentiation in th
the perfusion. To eval uatce ctuhndoukedf ewcass ocou | tpuerre du s

and perfused condiBiand BEMEgmownbhulCalbues in bot

The barrier integrity of the epithelium was moni
perfused and static-3comodiocudnsaref (FhguiCal d. 12 A
3/ BSME&@cul(tFirgaure 4. 12 B) were similar fr ®@myDay O
3when the perfused condition in both cultures wae
However, t he perf use-c&anawlctulhtaeds @ nmubcoht hy ammoenaon T E E R
and maintained a mor e croonsssi sttheentd aTyEsE Ra sp rvBaf si | see ear
experiments i nc@@hapwaesr enBo.r eThceonsi st ent both in 1
across t-Heysevkenure. I t owacsu letesrdéeneédt hat at mer e ¢
barrier from Day O-3Amonwkedl ¢ aus et hadCalotw establ i s
any note at Day O (Figure 4.13 A). The spread of
the -Balswatic cultucectulhtalnmethlee spatiwesed conditi
evidemouygllthe perfusion resulted i morcedatnede @ TEE
Cal3u monocul ture (Figure 4.13 B). cldheulstewmrbeedat i o

to generate a more reproducible and robust epith
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Figure 4.12: Transepithelial electrical resistance (TEER) profiles of the static and
perfused conditions of both cultures was similar across seven days. (A) Calu-3
monoculture and the (B) Calu-3/BSMC coculture (Two-Way ANOVA *** = P<0.001) (N=6)
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Figure 4.13: Transepithelial electrical resistance (TEER) profiles of the coculture were
lower than the Calu-3 monoculture. (A) Static and the (B) perfused conditions of the Calu-
3 monoculture and Calu-3/BSMC coculture (Two-Way ANOVA ** = P<0.01, *** = P<0.001,
*kk = P<0.0001) (N=6)

The Daygddt ® (Figure 4.13 A and Figure 4. 10 B) ag
t hei fferences in the variance for the models in
insert and the BSMC monoculture were also assess
had an influence on the passive dibtfadiopnndft Nal
the passive diffusion of NaFL was | ower in the B
presence of BSMCs di d afhfee cptartahcee | diuflfaws inoanr kreart, e
culture condition (Figure 4.13 A and Figure 4.1
magnitude *highaen &m@énhhahi al | ay®r. was in place (

As previously seen with the TEER wlatodrienenot¢ hlet gt

had a wyyédei Bnce, resulting in no significant di"
However, once the perf u.gy @mi avracse i md ¢ el crawg h tthieg
variation between replicates. This resulted in a

a significapmalsy elsavaebrl i ®chcewlnoudreelt heomparee3 to t h

monocul ture. Withowdcurletpi pbef usmowasthéoser in f
Cal3u monocul tur e, however the perfusion resultec
tighter barrier, i mpl yi nfgora tdhef fceo nebeibncaattatmotn ea fh att

the perfusion.
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Figure 4.14: Apparent permeability (Papp) of sodium fluorescein (NaFL) across the
barrier model was lower in coculture perfused than Calu-3 perfused. Transwell insert with
no cells (Blank), Bronchial Smooth Muscle Cell Monoculture (BSMC), Calu-3 monoculture, or
Calu-3/BSMC coculture grown on the membrane. The Payp is expressed in cm/s in the (A)
static and (B) perfused conditions. (ANOVA * = P<0.05, *** = P<0.0002, **** =P<0.0001)
( NO3) .

From Figure 4.15, the apparent permeability of |
conditions can be seen to possess no significant
of perfusion in reducing the3apbpaeremtaspersmhadliils
seems t heex piemt enent reproducibility i's yet t o b
established a significant difference at Day 14 \
culture. Hoawp Vet het hhear Porelry i de thneort mitnhaent f or t he

mol ecules, only this paracellular marker, NaFL.
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Figure 4.15: Apparent permeability (Papp) Of the static Calu-3 monoculture was similar
to the Calu-3 perfused monoculture which in turn was significantly higher than the
perfused coculture model (ANOVA * = P<0.05) (N=6).

The mucus expawvysALbnwas si mi3l amoniocutt her €alamd t |
3/ BSMGculrtewgraag dl ess of perf udDiagn ¢ @Hieg lpteerrfdu. sleéd A)
model generated maroe unaitaartss ¢ haandd tohweo cCualltuur e st at
perf useiddenTthiifsi ed t he combi natcioxnm Indofdreadh et o eqg € nuesri a
a higheexpuessi ng phenotdy peiftrheer ituhme whelnu gr own
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Figure 4.16: Significantly higher mucus expression from the Calu-3 epithelium in the
perfused coculture model compared to the static equivalent and perfused monoculture.
Calu-3 cells were grown at ALl and mucus removed using a PBS wash and then analysed
using the alcian blue mucus quantification assay. Mucus (ug) was analysed at (A) Day 3 and
(B) day 7 air-liquid interface (ALI) measured using the alcian blue mucus quantification assay
(ANOVA * = P<0.05, *** = P<0.0002) (N=6).

The gPCR of the MUCS5AC mucin express-erpgrgesaengu:
Gobl et( Scteelalasr 41 2P 12bdwed the same trend as the mu
where thecopeulmosiredd had a higher expression of th
coculotrured t her mo#oaowldtedr e TBalsushows the differe
the MUCS5AC mucin and resultant mucus evpubksarien
condition. The |l atter trend in expression was al
of cilia(eMxprSesdMadaleZzedsid3 )t he SLC22A1 gene which
organic cation transporter OCT1.i 3hempCiTéatoedan
transport of drugéMekbkEkenpead @dllFayamel 4. 17 C con:
t heoculatlwrnee was not sufficient to generate a di
Cal3u cell s but the combi natcioocnu |lgiduinraechaet epderd uph emo
t hat had differenti a3 enho rmovaw! tfuroem itnh es tGatliuc and
indicating a significant di fferenticatciubwiutchecurr
BSMCs.



ChaptieDevdel opment of the Perfused Br onc hliza2 Cocu

83
53 $$
4n 83 4

e 4 8 E . s
i . . i ]

Q g [}

g 2 c 2 ] A g’ 24

s s £

5 o &)

T 17 T I o 17

g & <

0- 0- 0-
%&\o L 6\\0 966 ’Z;\\o > %\0 geb rz§\o > & e?’b
> & o & 2 & zo} N & & &
& Q% @ g & e &% @ e
e X @ NI RNR S IR SN
IO MO OO o OIS
NSNS PO AN o N 7N
S & O 9 S & O o & & g
N\ ooo o < N [ox < N X
) N\ A}
Cell Type/Condition Cell Type/Condition Cell Type/Condition

Figure 4.17: Quantitative polymerase chain reaction (QPCR) analysis of the Calu-3
epithelium showed the coculture perfused model to express MUC5AC, FOXJ1 and
SLCC22A1 genes by one-fold higher than the static equivalent. Cells quantified for the
genes (A) MUC5AC, (B) FOXJ1, and (C) SLC22A1. The gene expression is expressed as fold
change difference from Calu-3 static cells after difference in expression from undifferentiated
cells was calculated to give rise to 2® ®fANOVA * = P<0.05, ** = P<0.01) (N=3).

The bronchial smooth muscle cells wereUSMMm)l ysed
gene, ACTA2, which is one of the major (Memtor,act i
200.3)Anot her keySMRa2r keernei,s whhiech i s an early mar
di fferenGemaCarnds, TROZ2ALCTA2 expression increase
BSMCs wlterc uvilmtiurhe t he epithelium compared to the
(Figure 4. 1®adA) noTkeéegaificant di fference bet we
conditions, however, showind ephbatheheumreerhceb
di fferentiation into a more contractile phenotyyg
integéegti hhe SM22 marker showed a simil drhetrend
pefrusedculmoudeel shgai ficantly higher expression
monocul tBr @eCdlus edo awnldtttarheec ( Fi gure 4.18 B). Th
t hat t hec peulfnuosded generated a more contractile
equi valent.
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Figure 4.18: Quantitative polymerase chain reaction (QPCR) analysis of the Bronchial
Smooth Muscle Cells (BSMCs) showed the coculture perfused model to have the
highest contractile phenotype expressed. BSMCs quantified for the genes (A) ACTA2 and
(B) SM22. The gene expression is expressed as fold change difference from monoculture
BSMC static cells after difference in expression from undifferentiated cells was calculated to
give rise to 2® ?fANOVA ** = P<0.01, *** = <0.001, **** = P<0.0001) (N=3).

| mmunofl uorescence microscopy analysis of the ¢
mor phol ogical changes that oc¢cXuapietdhdlni urmeumBEaCs
andcooultl@ihe BSMCs UsSMAi amdtFaor, and under perfusi

seem to align in a defined direction, remini sce.l
to grow without a defined polarity, with cells o
be a resslhttaof sthess regdlutsiimgn,f rwimht hehepeell s

direction of the flow, but thi-8 masonattvyvet keeéen
grew in patterns as previously seen (Section 3.4
of cells grdwiengromithap ofonol ayer whereas t he pe
more uniform s hceeelf(lFsoduregpi 4 h28 ) apiTthle e |Gaalauu litnu rteh e
model (static and perfused conditions) was mor e
3 moculture with a uniform monol ZQ&rn gthft ¢ mpintch e lo
(Figure 4. 21) . colchuel ¢ pieteli @lsieddm exaggerated this
approximately single <daetghaf jcuenicltsi owmi tehx pd eefsisn eoc
it was not possiblecdoulitmaigeeot aei BBMCduento t he

3 cells on the transparent-smembfanei minsocofl ogr €8k
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Figure 4.19: Static and perfused BSMCs were morphologically similar. BSMCs were
maintained on the underside of a Transwell insert in static and perfused conditions for 7 days,
before being fixed and stained using antibodies against anti- U-SMA (green), Phalloidin (actin-
red) and Hoescht-3332 (DNA T blue). Scale = 50 ym.

F-Actin Z0-1 Merge

Static

Perfused

Figure 4.20: Static Calu-3 had more Opat che pdafused Cawu8bdrrer. t han t
Calu-3 cells were maintained at ALI on a Transwell insert in static and perfused mono-culture

conditions for 7 days, before being fixed and stained using antibodies against anti- ZO1

(green), Phalloidin (actin- red) and Hoescht-3332 (DNA i blue). Scale = 50 pm.
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Figure 4.21: Perfused coculture epithelium had a more uniform cell barrier cells than
the static coculture barrier. Calu-3 cells were maintained at ALI on a Transwell insert in
coculture with BSMC cells in static and perfused conditions for 7 days, before being fixed and
stained using antibodies against anti- ZO1 (green), Phalloidin (actin- red) and Hoescht-3332
(DNA'T blue). Scale = 50 pym.

The histology icmagesst sbbnwkdviaew of the cells to
mor phol ogy in two dimensions (Figure 4.22). The
i mmunofl uorescence microscopy hamalaynsadsy swesr e( Fviigsu
422 A and Ri B0re The perfused epithelium showed a
4. 22 D) however, owvddthldiufrieerpiend usiedni ficantly i
epithelium had become more ccodlulnsnaand wa t dho s iss tne
| ayer covering the api €aThimembomfier idd gtulhee o 22|
per f ucsoecdul waig esigni ficantly di fferent to-3the s t
monocul ture regardless of perfusion. This differ

di fferentwicztuidure dtnlga ¢ thletourbe ned wi th perfusion.
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in morphology between the.cA¥Ptdatiiones(oBnldttucraoel,t u
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juncstiioon contrast to the static equivalent whioch
to the s3 amdmroCwlltuur e mor phol ogy. The daaquliteur & ur
was | ess per meabdcec ulatanrsee e By athe apparent pern
fluorescein. cOlce lhpaedr ¢ausb@d gher expression of mu
equivalent and -B8hmopectusede CaWwhi c hl .vifeod dr enfi Igehcetre
expression of the MUC5AC gene, qguantified by qP
in this modell ywsiitsh cqoPndfR radmiagngyc medse i n the ACTAZ2
whencoaulctourpear ed t o monocul tawaceu latawruet hie-h gled h ua e
incredse he differentiation gene naorckudBSUBTGI2.2 com
This experiment conficmedIlwtitithe embiursd toinomr esful t e
di fferentiated celB phbenbeypemf anddt B&SIMC®ineehdi dt h
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4. 6HAPTER CONCLUSI ONS

Wit hiaohahpt BeoculotBusMCs on the basol ater al side of
Cal3u epithelium difflemgantdi davtnd e e & th asbuhcecsehsesdh e | | vy .

i mpact of per £tosiubwaigoenaltshbi sexami ned and found
di fferenti at i e3n eopfi tbhoetlhi utnh ea nCda | taio & uBaBheCNse cwui It thui rne d
in the Physi-od@hinpx s@s ¢ em. WwWihlal viod xvte setvgagsufadw $ evdy t |
coculmowred 's suitability as a drug transpmdt ass
BSMCs, such as brompechomdisl atgceaya Itmdnwle ef f ect i vene:

these drugs on the target cell s.
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SEVALUATI ON OF THE PERFUSED BRONCHI AL COCULTURE

S.LNTRODUCTI ON

Treatment with inhaled therapeutics is critical
are many lung diseases that affect the gl obal p
di seases that burden many peopl e, rRathmdj samder
(COPD), wildl be explored to f ulilwy tworadeelr sftoarn du steh
screening pharmacol ogi cal treatments for the di

| ower airways with symptomswawnchmyp@aantgi vintfyy almenad |
wheezing, breathlessness, (€oeuvubbinhgtad20chEismst i 3

The Global initiative for Asthma (GI NA) classi fi
and sever éGhsbamal nitiati Msthoma Adtlrod S %D®F Ve en
peopl e @GAbbadth.yal 220m0d. )a f f-1le5c% so f1 0t h e WKS upgoapwa raat i & n
Ni kai do.,Ch20h4)r obstructive pul mohthepdidngeasnasé¢C
death in the world, responcEWHOe 20200008 afchtobat
respiratory disorder that progressively | eads t
respiratoRghéni sone& .GOPDdies ,ar0W@hrell a term f ol
including
1.Chronic bronchitis, which is(&aperimnmaoent &b st
200.9)
2.Chronic respiratory failure, which is define
bronchitis wi(tRmhlypexaer&i .&irodet, 2009)
3. Emphysema, which is destruction of the walls
terminal bronchiole with an abnoMamaNee hc2@@S ;e

Snider, 1985)

COPD is often |linked to tobacco smoking, however

around0%0o0f COPD patienstmolgeondbal 69 anei nomment al

as vehicle fumes, occupational hazardst (tdbhet,
progression off EItohniheeti dnos 282 @ ; Raherison & Girod:c
Barnes,. 2M0h0Lr)e are patients with simultaneous
mor bidities are r e&€PPniosveedA CAPl as 2ivma ; HU Medi c
Board, . 20bh8erstanding the symptoms and disease
understanding of why and how inhaled therapeutic

of COPD and ast hma.
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5. 1. NHALED TREATMENTS FOR ASTHMA AND COPD

Ast hma and COPD have been traditionally treated
of the inddlalmma¢ Apogohseétalkd 202001 ally, mil d ast hma
bronchodil ator medacabagonsustcls { SABRNIr tsal,but amol

often ter med AfrefFomdievioduelds cwiti onmoder ate asth

contwidlhese treat ment s, inhaled corticostaareoi ds (
recommehBEH/ SI GN, 2019; Gl obal I nRepuastea W &fS f or A
treathhgnpathiaerrassul t mpdgr omed | ung efdwrcdtihoennnienemd f or

t heevreerl imedi( Aaltaimens Best adtl.,all2a0s0sbe, r spon ,2; Adams, B
et. al 200Bo)wever, there are patients that cannot

and theseffiisci ent evidenceaesporse ablkil ahi @n sdho spe
corticosteroiLds Zehhanagh2 D fl 4 fedwe rr arieidi cati on i n conj
I CS does not achieve sufficient control of the

omgt boaggoni sts (LABA) as the preferred addition
or sever(eBTad tSH nsaN , 2019; Gl obal . Rmintdioant isede f o1 a
ave shown LABAawimaemtliGgIns fi cant benefit for uncc

>

including i mproved l ung function, reduction i n

exacer b(abuicohnasit meal 2010)

COPD tr eadgimeinlasri Btma tr eat ment and ranges from SA
i mmedi ately t ol ol@AgBtAi ngn dmuasnd aargiomiics t s ( Et AeM AT for
mai ntenance for moderate to severely affected pa
the treat ment for ast hma, but they have been us:¢
exacerbations alongside LABA andioh &t&aMArdraat

obstrucMagogwmwsood, Da@la)o t heir ubiquity in manage
COPD, the wutility of the model devel oped in Chayg
phar macol ogy wi || be explored in this chapter. F
pharmhegy of bronchodilation in brief.

5. IMRCHANI SM OF CONTRACTI ON AND RELAXATI ON I N SM

Smooth muscle contraction is regulath®d?@&rough
released from within the cell or from extracell
acetylcholine, amdemM ocAset(yMcholine i s a neur o
parasympathetic nervous system and is released
muscarinic receptors | ocat(eCh zaem |.t@hle2 Osln2oeottMa t neursac |
2020; Meurad 201S8Smoot h muscle contraction is medi

activatipomtefnGegoegleed o Ms, subsequently activa
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initiating the release of therspbosph€iembbRenge

al, 2012, 2&8R2.1al Mak@rean acti vates the sarcopl asmi
cell to Zied eWeskb Ca2Ti@8ns can also enter the cell
space t hroughgatttead va@alltcagen channel s, whi ch ar e

depol arisation of the smooth muscle ceSileak té&r
Gransee, 201 2; Stanfield, 2016; .WaOndc,e 2Je.hPe eTCg Wa |

the cytopl asm, it reversibly &iadndnodtud i @alcmang U leix
compl ex activates myosin light chain kinase ( ML(
myosin cross bridges. The myosoi nacptriont efiinlsa maernet st
filaments are pulled inward by the myosin whict

resulting i(Biearkt r&a dGtriamrs e e, 20T h; sStianfiildlud,traa
5. 1.

Cytosolic dense
Myosin filament body

ongasee S ——

; A~X A
N ~ ~ _

s

Activated smooth muscle cell

Figure 5.1: Smooth muscle contraction and the resultant muscle fibre shortening from
the myosin proteins pulling the actin filaments. Figure from (Gunst & Zhang, 2008).
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axation occurs due to tAHeonmWeenmteramstei dnms iinnt rtah
cle cells. This is titcrhangnteltshe whli @hi g opfs tt Hh
o the cell, or by the sarcopl &red br e t2i0dwBIl) u
oth muscle cells also express myosin |ight ¢
phosphoryl ation of my osin even i n the pre
cent(rSateickn & Grandempj @nod&)lmgway | i hg rel axatio
oth muscle cell s -2aradrtehnreorugg hc trheec elpée toa s . Thi
mul ated by endogenous compounds such as adre
tein that in turn stimuheanecatadlenwyey |t teg cd arswe
cyclic adenosine monophosphate (cAMP) whi ch
ough plasma membrane hyper pol?acroinscaetnitornat(iloenad i
ucing mgbain phgéoppiNetgbanl @0 11,; Sieck & Gran
d, J. P. T., War d,. Jc.AMPnd sL eraeccho,gnd Gle@) as a si |
nchial smooth muscle cells (BSMCs) that is h
oth muscl e bmPARr easgpoonn sse¢ st s uc h Matse rtaealb2i@ 20) ne
refore, the changes in cAMP concentrations in
BSMCs r(eHaapitdatalo2n0 15 et Mad@aD&o0)

A2NHALBIS OARIANTAGONI STS

way smooth muscle (ASHMYyimanitgctihoowuigh medi &t
plsadkcMptors, which are also the predominant
are involved in the diCazzdneab20h2 pivkiaat &1 @0

.0)Anot her muscMyy i misghlrye ceexpproessed on airway s

ir activat madreoorc®HpAR)ct snfedi at ed relaxatio
sphor ykprtdtoeni m,f Wi t h consequent inhibition of
lic adenosine monophosphate (dAMB)enNnge ke rGrtoisos

.8)Meceptors ar e ajlusnoc tlioocraatle dmeimmb rparees of neur o

airway smooth musadet whektedaheyi m eglairceesy mpat h
nerve(Caemihall 2012)

rRagct i ng muscarinic antagonists (LAMA) s uch a .

c

eptor s, wahcet ri enags nsuhsocratr i ni ¢ antagonists (SAMA)

t harvdsrM c e p(tLarpswor t hAMAR Ocladn cause a potential pr

reuncti onal acetylcholine rlelaeddasneg it tah ed ed xatyreadc

esponse after the eff ec(tlsi pavfort.Mas 8AMANI 6 wec @]

ntagonists are not-treeomomaamrdgedemar olf orsdhabl e as

goni sts i nhibi't bronchoconstriction and corti

owever they are recommended i(nNatoing uanlc tHeoanr tw,i tLh
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Bl ood I nstitute: Nati onal Ast hma Education Prog
Ast hma. . 2007)

5.1 RBET2AW)ADRENOCEPTOR AGONI STS

bradr enociempttohes hwman wli Wred yardd sd me bparti esvearyt simo ot h
muscl el orbgl epithelial ahdeghdot hetehl s(c@ifetigs mast
al, 1B9BB-pdr enocheHdR)ori § a tmeseebveerp rodftceniump |l ed recept c
( GPCRsf ammAReyrmai nly distributed in blooAnalkwsel s
et. al 1985; eGraklB®®R) agonists are airway smooth
are the main course of treat ment owdf c tbib-ldRc hodi |
agomri s(tLABAuch as sal met epodvpadnede nt 0 amo tpehraoorlma c o
advant ag essh cancvteibnAgs ( SABAsgmepryol onged bronchodi l e
protection against (Adkced Br dMccTlhhos pdosm1997; B &
199.8ABshad ongert lnamrs e$3(ABplash oho urd tf e@atns | asol F or wup

h(E. H. eNa.l ale2 803! meter ol , a LABA, has a prol o
compared to sal butamol in healthy and asthmatic
establishing sal meter ol as a mor e effective tr
(Lundkackl 1993t Spard ilMPmRhe prol onged exposure i
compounddés | ipophilic property which results in

receptors (&nda hteied jald. 99 3)

Sel ective SABAs, such as sal but amol and terbu
symptomati c management of airway obstructi on, a

transport across the efARhehiailr Wayr s md dtaly hme s ¢ h

et. al201T5h)e transport of sal butamol and terbutal]
well as the transporter proteins (Hagdhi. al@Oda2mi;c
Hor vat .hal 2005S7a)l but amol and terbutaline are simil e

they are more effecti vseeltehdeRvigomprse n alainme ,i sa pmor
no-ael e ®tARagon(iBrtugBank Onlleirrmal,taac2tli2wkdhtee = cept or s

on bronchial ,cmuctimhgmusedlaxuastcilosnadnfl stohd nhreease

movement of airway cilia, andedoaeevadheuldaergrper me
submucosal( Boeeldeetmagf 2019 ;etQ.al2M@&wWHhut al i ne and sal
when admi nasmet-ededyi,nhaleerequal |y efdnd aad wlutss i
with mild or mo d er astod ac( DEnaredtn agelr2b0altdi;e hLianlds ay
199.Hdpwever, in adults with mild to moderate ast!t
was significantly more effective than sal butamo
function and for 44% of pati(e@itcsubB &k aalsd Xeh)e pr ef
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Terbutaline Salbutamol

Figure 5.2: Terbutaline and salbutamol have similar molecular structure which could
account for their clinical similarities. Mol ecul ar s t-adiesoteptoragonisssf t he f
(A) terbutaline and (B) salbutamol.

5. 1L 8. VIOGRCOQULTUWMIDELFSORSSESSBRGNCHODI LATDRON
I n \Ciatt3uoepi t hel i al model s current| yb-AIR eag d roirs tass s
are typically cultured in monoculture, static co

transport assessment for Hbrwegysshsueh wase sabbuwtte

assessing treabupm@middé n@alepi t hel itane ntoidned oaft t hi s |

revilTehner e are a | imitedt rangluafedthbhdoeshodil at o
di fferentiated epithelkithmr wilimi BSHMGs t hwi thtumbef u
Cal3u epithelium. The two models which use similat
Both models used Transwell i nsertBSMCsukulutedeoer

the baseplate of the culture well

Hagkt (la0)8escribed a pricmatyte@dlLt hdbleifuonir2 &
coculwiurhe BSMC grown OhRathe al29adl)astterdy eval uat e
guantified the cAMP released from BSMCs after
presencei mffl aammait ory -bcAgro&ainer TGEG&Ecrease i n c¢cAMP
guanti fied i nBStMGocewkEttthreeh n umn BSNQ@ehta.l anh2a015)

Howeverd, fthleirences nfordoenk rteh ev alraitatbelre bet ween donor

a major drawback in wutilising prirmdry sepginphealtiaan
note that the | imited differentiation time of t
t i me (72hr), may have i mpacted t he results of

di fferentiation. As shown wionc@hdptegmesd, oveauldti st

can critically i mpatch cehlel pthyemeost.y pFeusr tolferbmor e, t

two cell types could generate gpekbkevhmios .-dodiy ¢ dhe m
cocul tur eemaswfriotcoegtetmeisagenfidn cctaindan al di fferent
t woel | types as seen in Chapter 4 of this thesi

epithelium and the BSMC | ayers with the medium b

of physiedleovgainccael. r
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Muddete a(2020) i nt-8epgiutctedl idalChraudcalt i at-4d ddy ALI
This model was developed for use in a cocul tur
deposition of sal but amol in various formulati on
formul ations on pri maheg @ESIMibsd edr owars Mwuphr eehseemnlt
2020)They reported a significant reduction in t
chamber o (the well bel ow t3hewvelrrea npsrweesleln tinn sveerf’tb)e cw
scenario of bronchodilators taking up to 30 min
response from the BSMCs. Howe vear(,21d 1 X)e, tthhee noodlell
in indirect cocul tur e, with the BSMCs <cultured
reported beyt ,Maltdldé e cocul t uraei nwals foml y30s unsitn and
rowt h/ differentiation stages were perf-oeméd in
communication that could influence cellul ar behe

which could further imi ghhlei gaimtouait f fodr elmaueg transp
response fromMudelt BaMEZ620)

5. HAPTER Al MS

The aim of this chapter was to investigate and e
of (a) mediating drug flux across an epithelial
of BSMCs asab-ARz2ganitdstef butaline hemisulfate. By
LGMS method described in Chapter 2 to quantify t
the MPS model and employing an optimised cAMP a:c
the Dbronchioids | amolruded tamea daveldap meomt of a nove
met hod to analyse drug concentration in cell cul

chr omat oetgarnadpechny mass s p MSt/ MEBmetimyst(fluent .
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5. METHODS

5. 30RTI MI SI NG EXTRACTI ON SOLVENTS FOR Bl OANALYSI

Standards and 100 ng/ mL samples were p2epared as
The samples were extr act2e d .valist 2d eesxctrri dcetdi d m sSelcv @

for extraction of terbutaline from the 1000 ng/
solvent composi tHXn L 5webr,e 9(OMel®N: 85: 15, 80: 20, ar
were performed in triplicate for each solvent <co

as describexd G6.n1.S3cti on

5. 30RTI MI SI NG VOLUME OF EXTRACTI ON SOLVENT FOR B

Standards and 100 and 1000 ng/mL solutions wer
Sectd.om. 1 The samples were extract édwliateh deexstcrra chteid
solvent volumes changed for extraction of terbu
sampl es. The extraction solvent vol umes were 15
performed in triplicate for eacehr ssoMeweenta sa ndde stchr
SectZd.o;n. 1. 3

5. 30BTI MI SI NG THE VOLUME OF EXTRACTED MEDI A SAMP
METHOD

Standards solutions were prepar d6ad. firhesvifoodd loywi
concentdafti abs: 25, 50, 100, 500, 1000 ng/ mL and
in triplicate and extracte®MeONHN( %5:05)0Lwiotfh elxQ rn
D3Sal but amsd&empl e andessttraamdtairalns wer e perfor med i
sol vaesntdescri bead. 6. aln8B2¢ttheonnstrument parameters
Sect?2o06. 1.3

5. BA3SESSI NG EXTRACTI ON RECOVERY AND MATRI X EFFE

Al | preparation and extraction steps az.e6.tlh.el sal
an@. 6. 1Working standards and calibration standa
media and one i n MENH@NI5 :wh)i.chThvease 2 sets of st
for matri x eff ectunwnaasl yesxitsr.acBleadn ki nmetdhie same f a
supernatant was extracted, the sample was then
terbutaline bef ozbeelionw edcettiaoinl.s Ttalbd est2Zandar ds use
medimextracts and the volumes of each standard r
amount of terbutaline. The volume was removed fr

repl eni sthheed dwiutgh spi ke.
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Table 5.1: Spiked media samples for determination of recovery.

Concentration Expected Amount in 50 pL Volume of Standard
(ng/mL) Sample (ng) Standard (uL) Used
50 25 25
100 5 = 100 ng/mL
200 10 10
300 15 15
400 20 20 1000 ng/mL
500 25 25
600 30 30

5. 3VALI DATI ON OMS TMETHQD FOR TERBUSWLPMATHEMALT
I'N CELL CULTURE MEDI UM METHOD

As previously deg88c6i2hea, lia2zBhdbedt B3ons

5. SAMALBSIOFAMPLE | NTEGRIDITY UWBWBNHI N THE CALI BRATI
RANGE

Calibration curves with A and B sampl eSasmpgre gen

in cultumwernmaeddel uunp c @ A 8n6gi/ nilnl0Og mMM) o f t esrublupthaaltien e

and0®L samples were taken and diluted 1 uimn 5 ( 2C¢
This is the highest «c¢oneseauntprhattieons adft tfeorrb uutsael iinr
experiment s, subsequently dil ut eTdhetno abfd ewi temisru |

homogeni sati on, 50 nOlacwaos damceh.oBi,ekhs?2 andards we
made up as desc?2ibathdl ml $ecsttiammdards and sampl es

the instrument paramete2.s6.als. 3described in Sectioc

5. 3LNVESTI GATI ON OF TOTAL RECOVERY OF TERBUTALI N
12 PLATES AND TRANSWETH NOQSERODISS PRESENT

Transwel | inserts were collagen coated as previ

Physi oMi mi x OOC System was set up as described i

Terbutaline hemisulfate (3 mg) was weighed in a
medi um (SmGM) was addedadtt saadswldermalrti bhbaetd was Sect
to generate a concentration of 1000 Og/mL (3650
in SmGM to give rise to a final concentration
terbutaline hemisulfatapwezali twe btaispdtaegcriah twhr

basol ater al to apical di r edt.i olhh ea clraossosl attheg aTr a
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contained 750 OL of medium and the apical cont a
which was contained the medium with 10 OM of ter
whil st the opposite compartment whichewasveseampl

chamber 0.

Dosing the inserts consisted of aspirating all m
chamber. The donor chamber was then dosed with o
at 37AC ajod pa% tGO sth ak®®Wtr gm.me points 60, 180, al
medium in the receiver chamber was pipetted int

fresh mewaumed toABMA®4024 hr ,pobe desiengpr and
chamber cawlelr@mtteod separate Epbpead&ppewdadfs. vial s
storesdoAd until they -M8ranaklWhwieadahat yaMsd ftcre LC

samples and standards were prepared and anal ysed

5. STBRBUTALI NE TRANSPORT ACROSS A -DI MFERMODEIATED

Cal3u cell s were maintained as described in Secti
monocul ture on the collagen coated Transwell s it
in Sections 2.5.5 to 2.5.8 and cleil diw tdeerf e cma i( mrAtL
establishment. A solution of terbutaline hemisul
described i n Section 5.3.1, at a concentration
appropriate compartment either side of the inser
The transport of terbutaline hemisulfate was i nyv
as well as the basol ater al to apical direction

compartment contained 750 OL of nrmddiodm merdd utmhe T

compartment which was contained the medium with

Adonor chamber o, whilst the opposite compartment
the fAreceiver chambero. The daesisnagmea nads sdaenspclriinbg
Section Bh&3 Caputhelial cells were also detached
well for 15 min in the incubator before the add,]
200 OL with the detached cells were pviaalesd wenrteo
then st-&0A@ wntil they -M®@ranalhyawiesd. f or LC

When anal ysM3, ftore LsCampl es and standards were ¢
described in Sedct.Blanfol. 6he. Het@ached cell sampl
t hawed and warmed to room temperature before bei
samples were sonicated for 10 min before anothe
taken and2%@déld ofo 1alnbgu/tnaln{obld ON5:: 5SH2O) . The samp

under went anot her 10 mi n sonicati on before ano-t
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centrifuged and foll owed the sample preparation
2.6.1. 2.

5. 30BTI MI SATI ON OF THE CAMP QUANTI FI CATI ON ASSAY

The HitHunterE c¢cAMP Assay for Small Mol ecul es
guantification of intracell 2bet owAMPhefr ehgeBSM(
are |listed and the ratio and volumes of the rea

cAMP Detectiacgre SlcltTadibllded 5i.n

Table 5.2: Reagents in the HitHunter® cAMP Assay kit

Reagents
CcAMP Antibody Reagent
cAMP Lysis Buffer
Substrate Reagent 1

Substrate Reagent 2
CAMP Solution D
CAMP Solution A

Table 5.3: Working cAMP Detection Solution reagent composition with ratio and
volumes.

Reagent Volume Ratio Volume (mL)
CAMP Lysis Buffer 19 3.8
Substrate Reagent 1 5 1.0
Substrate Reagent 2 1 0.2
cAMP Solution D 25 5.0
Total 50 10

Bronchi al Smooth Muscle Cells {WBRIMCswhiwer avad d¢ ede

plates in triplicate for each density in each co
The densities seeded were:

1.3 000 cell s/ well
2.6 000 cell s/ well
3.12 000 cell s/ well
4.20 000 cell s/ well
5.30 000 cell s/ well
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6.40 000 cell s/ well

The cells were maintained for 24 h tiecodblitgw t h
met hyl xanthine (I BMX) (Sigma Aldrich, UK), was \

mM) in cell culture medi um. | sopr enadliisnseo | (v&idg mao
1 mg/mL (4048 OM) in cell culture medium before
OM) in cell culture medium.

The 4 conditions wer e:

1.Control with 1 BMX

2.Control without | BMX

3.Dosed with | BMX

4 Dosed without | BMX

The relevant wells were incubated with 100 OL of
control wells (without | BMX) were incubated with

were then washed with fresh medium teefadrieneb qilmg

OM) for 30 min. The Control conditions were incu
Thereafter, the cAMP assay was performed accordi
20 OL cAMP Antibody Reagent anan 8%oIl0Lt iodn woa K i anct
each well and then the plate was incubated for

i ncubati on, 80 OL of cAMP Solution A was added
room temperature over nieght .t hfef tpdra tteh iwsaFsL rt & Gabnastfieo
Fl uorescence Pl ate tRe artehaed ( Bmoné@k deBg Aveat

5. 3. ENMALUATI ON OF THE BRONCHI AL COCULTURE MPS MO
A BEIZA)ADRENERGI C RECEPTOR AGONI ST

Cal3u and BSMC cells were maint &i headbh dBs2.tiencsieeda

and grown in coculture on the collagen coated Tr
detailed in Sections 2.5.5 to 2.5.8 and -maint a
i sobumetlhyl xant hine (I BMX) was6 wmeg/gmle d( 2a.n5d ndN)Il uit
culture Tmedi omerts were aspirated of alll medi um
medi um with I BMX (2.5 mM) in tkrae lhb@soladt drealstc IB:
372C and 5% AdQer the incubation, the cells were w

with terbutaline. Ter but adiisnseodhvetnuicgds U luft eetde twa s2 . v«
(10 OM) as described in Section 5.3.1.

Al | mediremowaesd, fresh mdadi turheadbheasd!| §d760akbley hambe
apical whaasimserd with 200 OL terbutaline solution
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vi al
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Theli
wi t h
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pl at
drop
for

Ant i
i ncu
and

Pl at

Dur i
usin
of ¢
vi al
wer e
samp
wer e
(MeCN:

desc

5% A@ time points 30, 6 0, 120 and 180 min al
pipetted i nto tame Emhyreenidessrnfi svhieadl waintdn fr esh me
80 mins, the basol ater al and the apical cha
S . These Eppendor f -80AQ sumeirle tthheeyn W&roer etdh aa

ysis.

t Hunt er E cAMP Assay for Smaalsl pMoladc uigds mi Bur

the reagents made up as2 pheanwfuasdtyurderscpit dt
adjusted for use on the Transwell i nsert. Br
e |lid with the BSMCs facing up and 80 OL of
|l et on the basol averriang ftaltee odl Itsh.e T misserwags ¢
5 min before the #fwiltle 8Wal0Le dvamsp ttiakaln ploatae 9
body Reagent were added to the wells along
bated at room temperature in the dark for 1
left to incabatreadiemg nt lyd t |FLmif8n0eOs cFel nucoer eosnc et
e Reader (Biotek, USA) for 0.1 s/ well

ng the first incubation3se¢epiptodl itdle caIMPs awe
g 100 OL of TrypLE on each well for 15 min i
el | culture medi um. The fuldl a2c0e0d GLn twoi tEhp pteh
s and tr a®iGA®Whreredarnal ytsh8d ftohre LsGmples and s
prepared and analysed as described in Sect
l es, the samples were @doicesSedtisomi abl g he
first sonicated for 30 min atStadrbuttmenod d di5t:
H20) to the 50 OL sample. After, the sampl
rii®eat i on 2.6. 1. 2.
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5. RESULTS AND DI SCUSSI ON

5. 40RTI MI SI NG EXTRACTI ON SOLVENTS FOR Bl OANALYSI

To develop the sample preparati ®&n 6metitRo dwalsogynipr

necessary to identify the optimum solvent comp
terbut atsiune hhaetnei from t he cell culture media. Th
terbut alsiunlep hhaet®iL i anl i®dOu @wted | culture medium at a
ng/ mwsL presente83 i oFilpgwieng extraction in tripli:

met hodol ogy 20f6 .wHet2ht i waar i ous (chbwmpoweift iOprti ma gr ad
ac et onwatreil t: Wrbe:s5,( 90: 10, 85: 15, 80: 20, and 765: ¢
was highesMeCHAHO095( BNOQVA P=<0.0001) which indicaea
terbutaline from the sample of <cell culture medi
to the others with a significantly higher respon
sel ectuesde fionr 2S.e6c.wla.®2na mi xt ur MeCONFH-®5: 5 (v / v)

8558
5555
5585
SLLLLE
5555
200009 ]
15000-
(4]
Q
z
10000
1]
D)
o
5000- ﬂl
AR
. o o
K- LY

Extraction Solvent
Ratio (ACN:H20)

Figure 5.3: Peak area response was highest in 95:5 v/iv MeCN: H,O. Peak area response
of terbutaline at 100 ng/mL with the different extraction solvent ratio with statistical significance
of 95:5 solvent shown (ANOVA **** = P<0.0001) (N=3).
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5. 40RTI MI SI NG THE VOLUME OF EXTRACTI ON SOLVENT F

The best volume of extraction solvent to extract
culture medwamsm sampiepdi mi se the extraction proc
on two concentration | evel shidilO00sandt d€I00& mtg/ at
volume of 250 OL significantly morete@dstglWw@sngkim

P= 0.000518; 1000 ng/mL P = 0.000015), demonstr a
extraction of terbutali noessfranr acreged ocful damnrcee nmerds
forward, 250 OL was the extraction volume to be

cul ture medi um.

15000~
5 5
| ' e 150 L
plha
gloooo— e 250 L
< -
X
o
o 50004
Imfl M
100 1000

Concentration (ng/mL)

Figure 5.4: 250 pL extraction volume resulted in the highest peak area response. Peak
area response of terbutaline at 100 and 1000 ng/mL at the two extraction solvent volumes 150
and 250 pL with statistically significant shown (unpaired T-test 100 ng/mL P= 0.000518 1000
ng/mL P = 0.000015) (N=3).

5. 40BTI MI SI NG THE VOLUME OF EXTRACTED MEDI UM SAM

The purpose of this experiment was to deter mine
extracts of t-seu Ibpuht aatl e nfer chre mi wo v ol umes of cel l
assessed across the calibration rangeefnmcemi 0 t
|l i near regression and the use of the equation of
sampl e analysed to deter mi ndgiagaauwr ¢y ofh otwse tcheel
bet ween the slopes of the e 500 Glnds &mp 0L esxatnrpd o
in a steePmrhisgloer. peak areas rfeoseudithhev ex 0y Q@L fdan
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out comeesn wusing the |inear regression ana-lysis t

val ues at each concenstdr ati on as seen in Tabl e

Tabl £4deémonstrates that using a 50 OL sample vol

concentrati rEqualgdwwinahi nont he acceplt2ébrE ea crraorsge tf
concentration range analysed. The | owest concent
25 ng/mL for 50 OL volume whereas for the 25 OL
sample volume 6tdl 9% chicevedcy at 25 ng/ mL, hi
sensitivity achieved at 50 OL sample voodlumme. C
successfully quantified as | ow as 10 ng/lmL whe
calculation was well bel ow the pass threshold o
sample volume was the most appropriateufoe oév
terbut alsiunep hhaetnei extracted from cell culture med

o

c ~ 47

o

o

o

X

o

S5 27

@ & .

[o)

o

O_

C PP ESEOOO O S
SIS IS YR I SR

Concentration (ng/mL)
- 50eL Y =0.004670*X + 0.08800
-0~ 25¢eL Y =0.002588*X + 0.06980

Figwbe 50 OL sample resulted imtarbieghet hgnadihe
samplLéeénear regression armredlajjsive agfespomizetr dlaicea r
from cell culture medium across witrlantglee f e @ua t1i0¢
t hlei (eNO3) .
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Table 5.4: Nominal concentration of each standard level calculated from the calibration

curve using Equation 5.1 (N=3)

Concentration (ng/mL)
Sample
10 15 25 50 100 500 1000
Volume (pL)
25 -49.29 1.69 61.36 96.48 96.24 113.63 96.71
50 31.00 40.37 77.39 88.24 116.89 | 104.63 98.75

P40 mrk uge <

_ n
=3 O™ g <>

boon igbm fme v o

Equation 5.1

5. 4A8SESSI NG EXTRACOVERY AND MATRI X EFFECT

Matrix effect is defined as an alteration of t |
uni dentified componer(tEMAI, n.2I0RLs)sasnméeé et maft ri xcove
extraction process is determined by comparing tfF
medi um that has been processed against the resp
been processed and shbtskegqueBhMAyt.&s8(idgaud ewibt. 6 s h o
chromatograms of terbutaline at two concentrati
which have been take through the extraction pr ooc
the peak shapes and height ocamatnéegksgi Olhe bhatswd
bet ween the concentrations of each matrix was si
of -ABI but amol from the same samples as Figure 5.

alter the chromatodgmraply dof the internal s

EquathZwas used to calculate the percent@agle reco
The recovery of terbutaline from cell culture

process was consistent throughbahowheacoargatofat
189. 02% recovery across the calibration range,

recovery (at 50 ng/mL) and the Wwaghiestagreeadment
the EMA Bioanalysis Validation acoewariyemeeaets wai
consistent but ndtEMAeced2@nily 100%

As sholmmlI56n the matwasal etifated with terbutaline
and sol vBMeCINHIO 5a®2ross t he cTahlei bmaattriioxn erfafnegce. was
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usi ng Egqg3iaantd oinndsi.cates the matrix effect ranges
the validation critrEiMA, ofZ02@ madrre xt hegprbetE®% t her
téaspeci f,rcomtlading the matrix effect was not det
fromell cul t uCoen cnteuddiiunng., the extraction-1pr% cess
across the calibration range -&.n@4 % hveh inaht rwas ewif te
acceptance criteria and the next steps are to va

Media 100ng/mL 95:5 100ng/mL
4x107 4x107
Z =
% 3x107+ % 3x1074
c c
2 3
£ 2x1074 £ 2x1074
< K
c o
.g’ 1x107 (%’ 1x107
0- — 0- /\
Tttt | DL DL LA DL DL DL DL |
06 08 10 12 1.4 16 18 20 06 08 10 12 14 16 18 20
Retention Time (min) Retention Time (min)
Media 600ng/mL 95:5 600ng/mL
4x107 4x107
2 2
= 3x1074 = 3x107
c c
2 i)
£ 2x1074 £ 2x1074
[ K
o o
.(‘n_” 1x107 (/9)" 1x107
0- 0-
| DL DL LA DL DL DL DL | | DL DL LA DL DL DL DL |
06 08 10 12 14 16 18 20 06 08 10 12 14 16 18 20
Retention Time (min) Retention Time (min)
Fi gub.6e The medi um sampd & Rixghart si draal i ntensi
concentration than tiCadromlayemgtr aenguiofaltemtbut al i ne

600 ng/mL in extracted medium samples and extrac
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Media 10ng/mL in 100ng/mL Media 10ng/mL in 600ng/mL
8x106+ 8x106+
2 6 2
7 6x10°4 % 6x1064
c c
8 3
£ 4x10%+4 £ 4x1064
© ©
S 5x106 5 2u106
& 2x106+ 5 2x106+ J
0- 0-
Tttt Tttt
06 08 10 12 14 16 18 20 06 08 10 12 14 16 18 20
Retention Time (min) Retention Time (min)
95:5 10ng/mL in 100ng/mL 95:5 10ng/mL in 600ng/mL
8x106 8x1064
> >
= 6x106- = 6x106-
c c
2 2
£ 4x1064 £ 4x1064
© ©
c c
.‘U_-*;’ 2x106 Ui')’ 2x106
0- 0-
Tttt T Tttt T
06 08 10 12 14 16 18 20 06 08 10 12 14 16 18 20
Retention Time (min) Retention Time (min)

Figwr7e The signal -Saténsiampl owabB3similar regardl

concentration and only a slight i ncrease in s
compared to the €£€brvoenat ogxtamacob$. D3 Sal but amol a
and solvent (95:5 Acetonitrile: Water) samples o

extraction.
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Tabb® Recovery of terbutal i neexfprroens sceer laesn talatger e
of the ratio of the RRF of terbutaline extractec
at that concentration spiked into blank media s
performed at seven(besBfentration | evels
Concentration (ng/ mL)
50 100| 200 300 400 500 600
MediimExtra 0.27 0.51 1.00 1.47 1.942.82€ 2.6H75
( RRF%R9D | (10.| (3.1 (2 (19.] (3.1 (4.5 (4.4
Me d&uimSpi ke 0.33 0.6¢1.13 1.65 2.23 2.3600| 3. 11
(RRF®%RSD) (12.| (1.¢ (3 (3. (1. 727((2.9 (1.6
Recovery| 81.185.24289.(0 89.0 86.986.1 85. 72
Equath2 n

Table 5.6: Matrix effect of cell culture medium on terbutaline response. Expressed as a

percentage of the ratio of the RRF of terbutaline extracted from media samples to the RRF of

terbutaline at that concentration extracted from solvent samples extracted in the same method

and performed at seven concentration levels (N=3).

Concentration (ng/ mL)
50 100 200 300 400 500 600
Medim( RRf 0.27/, 0.514 1.60 1.47 1.94 2.236 2.65
(%RS)D) | (10. | (3.1 (2.4 (10.] (3.1 (4.5 (4.
Sol vent 0.25 0.49 0.97 1.87/ 1.80 2.14 2.50
( %R S)D) (0.3 (2.2 (0.5 (1.8 (1.9 (1.5 (0. 8
Matri x 106 104 103.{107.|1108 105 105
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143 B m>10 <

{13 Wm0 «Fof

; 1L
figp m® 4>TFr <

Equation 5.3

5. 4VvALI DATI ON OMSTMETHODTERRBUTALI NSUHEMATE | N
CELL CULTURE MEDI UM

The validat i-M$1 mdt htohde fLo t he anaiswdiphraocfe tseaid but
determined by the criteria set by(EMA, EBMMA2B) oana

criatceomisi sted of the caRNRbmanomnnalrecenhbhle@®ngt ao

and N15 % at al | ot her concentrations, wi th a mi
75% should meet the criteria incduwdliintgy Q@aen tLrLAOQ
standaN2lG%ariomi nal concentration at the | owest |
% at all ot her concentr atwhoenrser dphreee ¢ ivei en amfdaB ds t
(RSP does not exceed 208&%t aal lLLOQhamdcdbddentr at
standmudshte at 3 |l evels (low, medium, and high) a
each ICavely. over silgondelrasih@0I%d aitet he LLOQ. Thi s
be met on at | east 3 separateWruhisnotvers 2prdajyesc

requi-f epdurfpiotse, but not clinical bi oanaNg28%s, th
of the nominal concentration for all -cladwalllsataefd
val aems’d t he QC standards.

Fi gbBr% shows the calibration |Iines generated fror
range ié005aag/ mL. The equation of the |ines was u
the samples and then the percentage oafsihnlge Emamitn
5, 2) as det abi7/lfeod iCml Tdbbrlag i on 1. The equation wa
concentration of the QC standards and the perce
detail edS8ifmrTa&Cmlle br at aowad. ubdstdaconfirm the

acceptance criteria and the next two validation
The calibration curves generated from5b&alTihdeat i ol
validation data for al | 5%Bwirtuhn st haer ea cpcreepst eamntceed cirni
al | three runs passed the acceptance <criteria

anal ysi s of tseurlbpuhtaatlei nien hceenhil culture medi um.



Chapter

5:

Eval

uati

on of

t

he Perfused

Bri&m®c hi

Relative Response
Factor (RRF)

©c o R P DM DM W W
o U o v o U o u
11 1 1 1 1

- Calibration 1
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1
I S N N N
RENENESE A S S S

Concentration (ng/mL)

Calibration

1

2
3

Equation

RZ

Y =0.005293 * X + 0.1019 0.99
Y =0.004657 * X + 0.1164 0.99
Y =0.004821 * X + 0.0831 0.99

Figure 5.8: All three calibration curves were similar in gradient and y-intercept.

Calibration curves generated from the validation calibration runs across the full concentration

range with the linear regression and equation of the lines with the linearity (R?).

Table 5.7: Summary table of all calculated values of from the calibration curves in

Figure 5.9 (N=3).

Calibration
Standards 50 50 100 200 300 400 500 600 600
(ng/mL)
AverageRRF | 0.34 | 0.35 | 054 | 1.05 | 145 | 217 | 254 | 2.82 | 2.83
and (RSD%) | (3.64) | (7.31) | (5.29) | (2.46) | (3.97) | (2.19) | (5.04) | (2.57) | (1.42)
Concentration
(ng/mL) 47.7 | 49.8 | 90.3 | 200.5 | 286.4 | 440.2 | 521.4 | 581.1 | 583.0
Nominal
Concentration | 955 | 99.5 | 90.3 | 100.3 | 95.5 | 110.0 | 104.3 | 96.9 | 97.2
(%)

al



Chapter 5: Evaluation of the Perfused Brnéddchi al

Table 5.8: Quality control (QC) standards summary table for all QC samples in the

validation runs (N=5).

QC Standards (ng/mL) 50 150 300 450 600
Average RRF and 0.34 0.81 1.37 2.30 2.78
(RSD%) (5.65) (4.84) (4.86) (3.24) (1.87)
Concentration (ng/mL) 48.7 148.4 268.7 468.8 572.8

Nominal Concentration
(%)

97.3 98.9 89.6 104.2 95.5

Table 5.9: Summary table of all LC-MS validation data with the validation criteria from
the EMA ICH M10 Bioanalytical Validation (EMA, 2022).

Categ Criteri a Run 1 Run 2 Run 3
. 4 .9%% at L110.24% a86.% 9%t L
Calibrfl N20% Nomalhl

Cur v e concentrallO0O.04%9 0. t®. 31| 1.617. 31
f orotalbdl f oro tatsd f orotalsdn

. 2. %lat 4. %4 at 10.% 0a't L
N20% Noanli In
concentrall0.414 0§1.3%4.%9| 6. 588.% 5

Accur f oarl | ol f orotalsd f orotalsdn
and
Preci 5. ®5a't 3.54% at10.03% a

%WRSMBoes not
20% addloncent|1. 84. g 2. 9462 % 2. 286. %2

f oarl | ol forotalsd f orotalsdr

Carry|Less than 2 0 % 0 % 0%

5. 4AMALYSI NG SAMPLE | NTEIGRUTED WHMIEENHI N THE CALI B
RANGE

Int egrity of dilution is the assessment of t he
confirming that the dilution does not i mpact t |
concentration (&MAf h OBBiad yergperi ment validated
calibration |ine when diluting samples that are

i mit of guanti fication (ULOQ) of the <calibrati
highest comcemtatatwas anticipated to be analysed
is dosed on to the cell cuTherresupdsimewishlad 2

the calcul ated concentrations o-1f15%eofdiil uatle d o m &
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concentration, thus passing the acceptance cri
Val i dat i on EdMAG u ReOr2t2 )

Table 5.10: Concentration of the diluted samples. Nominal concentration calculated using

Equation 5.1 with standard deviation (N=5).

Dilution Sample Average Concentration (xSTDEV) Nominal Concentration
(ng/mL) (%)
1 2971.35 (+133.36) 108.44
2 2907.70 (£176.61) 106.12
3 2927.70 (+147.69) 106.85
4 3046.30 (x70.44) 111.18
5 2588.82 (+88.45) 94.48
Total Average 2888.37 105.41

5. 4TERBUTALI NE CAN BE EFFECTI VELCEILEIXTRRACTBRE FF
MEDI UMTHEN TRANSWELL | INTSHEERTNMP & NB AIRPR | PFELRAWIETSH NO
CELLS PRESENT

To accurately determine the total amount of t e

transport studies and quantified by LCMS, t he i

Bar flizerpl ate and Transwel |l inserts watshafti rtshe art
perfusion microchannels could have an iinfluence
transported in bot h-Bt ramammspBorRurdihreg otoirens t(hAe ma
consumabl es being used wer e considered. Th

polytetrafluoroethyl ene ( PiwreR) mairhld rua ree sp | awkhei 1 is
polystyrene and tlh2e ppleartfeu siesd nBaadrer icefr cycl i c ol ef
di fference in plastic may hauvsepean fiigicfdbu edhdcileg § na nt
therefore the extent of this binding by terbute
attributed before tHenei ratnrad d/wsdtsi oonf otfheceddlsl. c
guantified a®etpaplOnecttouguayntamotrd of t deug present
chamber was expressed as a percentage of the tot
the donor cha®thbred KiFGMue e5 5.

The amount of terbutaline recovered in the rece
percentage of the total dose of terbutali-ne) f ol
B) direction of a Transwell inswas$ caaldeul atatdi €F

59 A) . ForB tdhier ekti on, 80.96% and 89.81% on ave
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ectivelly. (ITaAht deier5éBct i on, 30.76% and 30.54% ¢
ss the membrane into the receiver chamber a

ition, resppctively (Table 5.

e was no statistical di fference between the
nt of drug found MWayt A&NOtVWO Pelha®dmbér sThEwe wa
erence in the amount of dA udgi menc wiheeh dtomeo r mec ch
rated from perfused condition wells containi
the static condition. However, this differe
mass baladahces(TTablopab ftu ®end had more total dru
chambers than the static condition. To not e,
he third replicate was | ost-M&urninsdramennst:
nt of dmbgegrisn ftohme bolid condi tions-Afodi t @et ban
al so cal cubd&@8t)yed Thki gauver ag.e percentage of
art mentB faomr-& téhiereicti ons in each condition <c
daridodewofi at he rep)licates (Tabl e 5.

e was a | arge increaseB idi rtehcet inbahsTsli iTmablheanycse
been a resultmafgnbobhdeslitimatli exfgt tihre t he com
final timepoint as it was assumed to be the
r 24 h evapor aapioanhombwoasd idu b ei heexgpieecniggda | o wi
me than added i nonteesatlilmpgt ircenrsudft i cdhrgugdg nprasnsent
n the high concentrwhi om wastdebjapptcical o cdhamp
nt of solvent evaporation would have caused
rmi ned amount, since the amount recovered wa
ease) mu |l t ivpolliuende b(yw hn aersi tnveahsl the dBRArd i r ect i ons ,
e was soomes adnaddmmass baladhées may have been
/ me dbieafmgbty removed from the plate. Thi s wa
igdndni,t would be em@plelcwedl drmainnacceissi bhe
of lui di c c¢halnxh edadsfatoefr tahsep iBaartriioenr o.f t he volu
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Q 1 % g ] ® Perfused
Q 80T Q 80
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Figure 5.9: Marginal difference in terbutaline permeation and adsorption were observed
in perfused and static conditions. Proportion of terbutaline (% total dosed amount) in the
compartments in both the static and perfused conditions in the (A) apical to basolateral
direction and the (B) basolateral to apical direction (Two-Way ANOVA ns = P> 0.05, *** =
P<0.001) ( NO2) .

Table 5.11: Average amount of terbutaline in each chamber relative to the total dosed
amount. Percentage of the total amount and standard deviation in each compartment of the
Calu-3 epithelial Transwell model in static and perfused in the apical to basolateral direction
and the basolateral to apical direction

_ _ o Receiver (%) Donor (%) Mass balance (%)
Direction Condition
+STDEV +STDEV +STDEV
Apical to Static 80.96 + 7.07 12.94 £ 0.80 93.91 + 7.87
Basolateral Perfused 89.81 + 6.86 10.36 + 1.25 100.16 + 5.60
Basolateral Static 30.76 £ 0.84 56.11 + 0.88 86.00 £ 1.48
to Apical Perfused 30.54 + 0.60 51.32+1.79 81.86 + 1.49

Comparing tt-kweBrAansport directions for both perfu
interesting recmunditt i o'Bedfs amlEP oAt resulted in a
amount of terbutaline in ®Ahdirecei deé)(.€ hlgtmbiesr 5ttoh
noted that the rec®8i temanspambeid si hhehéaAol ater al
theABdirection, the rapiedalerc occnmpaarrbtemne nits. tThhee d o n

AB direction had a significantly-Al awerecpeonentl



Chapter 5: Evaluation of the Perfused Brnémchi al

di fference may be attributed to the diff@&rence

i
direction, the receiver chamber contained 750 C
whereas -AnditrhectBi on the receiver AdamBerAoaeil yerco
chamber has a | arger 6sinkd volume than the do
mai ntenance of a diffusion gradient into the r ec

i nto the receiver c¢hfanbeaerebéeWhenrneoas cihm ntbheer Bhas a
than the receiver chamber which had been dosed v

drug concentration as the diff-Bsdonegtriadnent i s

>
vy

$§888

§588% —
1007 [—1 ® ApicaltoBaso 100 ® Apicalto Baso

1 % ® Baso to Apical
80
] §888

60

i ® Basoto Apical
80 538388

60

407 407

207 207

0- T -I 0 T T
Receiver Donor Receiver Donor

% of Total Drug Dosed
% of Total Drug Dosed

Compartment Compartment

Figwrl®dThere is a significant difference in the
bet ween the tiwo diaetctiand pePfopeditimadbtut ahsne
of tot al d)o sierd tatmo umd mp @A tmeetnites d onn difiBpiearnf ussred t h
condition, comparing the apical to basol ater al
diredtTiddmy ANOVA ***x*x( NOP)<0.0001)

The,ppf terbutaline across the Transwell i nsert
calculate® faoad -A hekki Bectioh¥. (Fhguraté. of terbut :
wasimilar in both directi oAddg,horugdcartclee sasmoalfnttsh e f

in each chamber differed depending on the direc:

reached the receiver chamber was similar in eac
perfused conditi om héwi npgasmsa vef fpeeatmeabi |l ity of
Transwel | membrane and resulting in simiiBar r esu

statindi ti on had a sibfgd.i 3Fcchmst)l yt haonsdtranteP BB ( 2. 6 5 X
cm/ s) apAd pterd uBedchRsplkRa@wever, this difference



Chapter 5: Evaluation of the Perfused Brnéwchi al

significantly fastArdipregaoreiadon larnd iisn mdree Bi ndi ca
statistics with-B2dremplcitéd @datne v si 8A tddgrleAcadtosas i n tl!

S
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Figure 5.11: The rate of permeability was not different for either transport direction,
regardless of condition. Apparent permeability (Papp) Of terbutaline hemisulphate across the
blank Transwell insert in the static and perfused conditions in the two directions (apical to
basolateral and basolateral to apical) (ANOVA ns = P>0.05, **** = P<0.0001) ( NO2) .

This experiment has shown the sampling method of
results in the successful analytical +BeamwdeBy of
A directions across the Transwell sruiplpwtrad tTd e
sampling/ pipetting error as wel/l as over/under ¢
l oss through evaporation during the assay. Ther

static plate and-l12he |l @daref U nad eB arkr idfru@moecover e
moving forward, both culture plates can be wused
with the cell barrier model s. The differences i
depending on the dif faugirarbudliede dtoi otnh ec amo | luane
respective donor and retkeotcal cdarmonbretr sofaf eagir
However, the rate of terbutaline diffusing acros
in both conditlitesnss.ugTlgheesste -lrBeaspu ahe ®Basr net detri

sample collection and subsequent quantification
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next step was to evaluate the t-Baeppbheéel odmtErdn

barrier model in the static and perfused conditi

5.4TBE TRANSPORT RATE OF TERBUTALI NE [I-BOG HI GHER
BASOLATERAL DI RECTI ON MMWNS THMEDEIALTUHAN THETBASOLAT|
API CAL

Assessment -Bfbahei €al was Traams epi tolual iusli nEgl ect r i
( TEER) across the 12 days ofil2culTther d EERf wiae d o gin
|l ower in the perfused cultures compared to the s
was no significantl idkhd eTEERepr dohi beswaseen in t
previous chapters. The TEER values th¥ebtmderd ves we
Day 12 for both conditi én smnonloacwdrt utrhea ne xppreervi inoewnst ¢

whi ch may indicate poor tight junction formati on
2007 S s ns §3%
N/-\
£
=2 1501 ‘| ‘
= ® um o
- o '] o3
E 1o n & m , o
o — o 3
[
x - [
|_
O-
1 1 1 1
3 5 7 ©»
Day(s
® Static ye) B Perfused

Figure 5.12: The static Calu-3 barrier model had a higher TEER profile than the perfused
Calu-3 barrier model. TEER measurements of the Calu-3 Transwell models in the static and
perfused conditions from days 3 to 12 post ALI (Two-Way ANOVA ns = P>0.05, * = P<0.05,
** = P<0.01) (N=6).

The amount ofintehbutateneer and donor c-M&8mbers w
guantify the drug concentrations and amounts in
percentage of thABdionadt ido@a() Fiag@-aAadirkecti on (Fig
513B) Thwas no signidda claettiwtedgorf fceorndadn t eonber tr an:c
direction. An aooVvertahgege dafug2 d.eax%hed t ABdieeeiven c
of the static model withi o2%. 3pBebil(lel Sdf eéqui L880e mi
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however, these were not statistically difference
(N\L4. 38%) with the d$t.a57%) aitn |tolwerr espeociThee rec
| ower TEER in theomeparfaeadetdo moftlell 3tnadtiicat e a weak
resulting in the higher average amoBndi n&8otieomut
the perfudede vieldeel amount of terbutaline that re:
was not ¢iygudi f ifee & ehtetr fdo m ewwa s o nc sroc It theirwe evi denc

this assumption.

>
o]

° _- ° _-
2 100 2 100 %
8 go- 8 go-
o 80_ ® Static o 80_ ® Static
> ]
5 60 ® Pperfused a 6077 ® Perfused
I <
< 407 m 5 407
= 1 = ]
5 20-—. S 204 é
] 1 X ]
0- 0 ml T ﬁr&_
Recelver Donor Cells Receiver Donor Cells
Compartment Compartment
Fi gbn&There was no significant difference in the
of the cell mo d eclosn, d iradigossrr d |1eB0sompddmd i on of ter but
total dosed amount) in the compartments (iM both

apical to basol at(eBbaals odiarteecrtailo nt oa nadla ychadl N @M A encst i
= P>0(N53) .

More terbutaline waB dOramesespoothedihmmct henBR with
percentage of drug present -B nditrheec trieoceie idvhaara cdthhaemb
for both perfusi onl 4k oandTthB psn esdh(oEnhhgetwraeer Sy.r eat er

transport aofn tt@mkhb vAeal i m& a e3r oespsi tthheel iGd |l BAar r i er
di r e Htoiwerv.er, this increase in amount transported
as the perfused conbiftitownBhedrkeethAgm ¢EI4 a3 8 %)

theABdirectiofhéNSobame. di fferences of the chamt

amount of drug in each chamber howeved3 , h eqgihteh@lriesl
cel l |l ayer is more | i kel grgtaonaipcrtroadnuscpeo rtthenrasy d(i @G Te)r
a | ocalised expression on the | uminal3 scuelflasc,e

although the relative expression of (8acslyusubownp
201.0)
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The higher amount of drwas ial $d eagxreg veed awmimtnibte
of drug extracted ABoimr eet il agn i aoBpjidkEr resd¢ aftiogant rhee

514A) . This may be a result of thettheamsgbetrercedip
upt ake fBorcotmpeaer/Adt rraon Bportt swasn in the perfused c
514B)This was not a significant di fference howev
512 . There was not a cell extraction validation
from cells within this thesis so these values ca
however t he observabl ehtdi &heriemtceer edi dnghi Hhhdrt

experimentation.

Overall drug mass Icdloasrec da or elcd0d0We r ywiwwahs a di ffere
of the total dose of terbutaline applied to the
study (IThAbl &hibs shows the method described in
guantification of the terbutaline from cedl cul't
3 cell mo d e | present .
A 3 883 B

; S o
8 100 |% 3
o 1 b 14 O 8o+
2 g0 ) = 1 ® Apical to Baso
2 E ® Apical to Baso 5 60 ]
= 60 . - 1 ® Baso to Apical
a i ® Baso to Apical 8 40-
© o
5 407 [ m
- : 1 & .
“azo-_. S ' o)
X 1 0 T T T

A P e

<& Qo\ Q,\\% z"e\ o° N

> o @) &

e Q

< Compartment

Compartment

Figure 5.14: More drug was transported in the A-B direction than the B-A direction after
180 mins. Proportion of terbutaline (% of total dosed amount) in the compartments in the (A)
static condition and the (B) perfused condition, comparing the two transport directions (Two-
Way ANOVA ns = P>0.05, * = =P<0.05, ** = P<0.01, *** = p<0.001, *** = P<0.0001) (N=3).



Chapter

5: Eval uati on

of

t he

Perfused

Bri®om®c

Table 5.12: Average amount of terbutaline in each chamber relative to the total amount

dosed after 180 mins. Percentage (%) of the total amount of terbutaline and standard

deviation (STDEV) in each compartment of the Calu-3 epithelial Transwell model in static and

perfused in the apical to basolateral direction and the basolateral to apical direction. The

associated TEER values for each condition is indicated (N=3).

hi al

diprectio

he di
var i a
rat e
wi t h

. Mass
Receiver Donor TEER
_ _ o Cells (%) balance
Direction | Condition (%) (%) (Wcm?)
+STDEV (%)
+STDEV | *STDEV +STDEV
+STDEV
_ 20.23 73.73 9.18 103.13 106.45
_ Static
Apical to +1.57 +5.03 + 0.67 + 3.56 + 37.23
Basolateral 29.38 68.79 7.21 105.38 61.84
Perfused
+14.38 +8.81 + 2.59 +4.12 + 40.66
_ 10.59 92.04 4.02 106.65 106.45
Static
Basolateral +1.93 +7.89 +0.44 +6.35 + 37.23
to Apical 13.68 82.95 2.85 99.48 61.84
Perfused
+ 5.64 +5.90 + 0.68 +4.20 + 40.66
The apparent ppromeabelrbuyal PBeepctbebki aheb&nftuer
significantl®B HigkhetiioA dihmadédtih@® B( Hiheurce nd.i t i on
not affreadcdte toiethe permeability in both
values werd. &kilfohe e &xBl@®(m/ s respectively), t
statistically significant due to the | arge
the associated TEER values). The amount and
AB directiBA dhmectihen, again in agreement
expression in the a3piacalll ssiiogn todi thhee tCradrus por t

terbut al

i ne.
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Figure 5.15: Rate of permeability was higher in the A-B direction in both conditions.
Apparent permeability (Papp) Of terbutaline hemisulfate across the Calu-3 epithelial barrier in
the static and perfused conditions in the two directions (apical to basolateral and basolateral
to apical) (ANOVA ns = P>0.05, ** = P<0.01) (N=3).

I n conclapioal tbhebasol ater al direction had a hi
than the basolateral to apical direction with mo
i Nn-BAdirecti onrA tdhanelchtihsm nBay be OCQuUheavtiongt hae | ocal i
expressiapionlthbecCha&30e edofl strhaensport cation drug ¢
(Bosquillodhe3Ch@purier effectively reduced the :
chamber as well as the rate the drug was trans
chamber (29. 88 afmdompBred to the blank inserts (
in tBeabmd Birection (Pdpygvarse re2ddi)c.edTtheg up to in

condi tfiwmlnd 1dompared to the experiment wWhere no c
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5. 4THE PRESENCEI SOBUIBWMIETHYLXANTHI NE (I BMX) OPT
HI THUNTERE CAMP ASSAY FOR SMALL MOLECULES FOR Tt}
I NTRACELLULAR CAMP

Toassess the muscle relaxation response upon exp:
assayed as a surrogate marker. This required th
for tihegpeelalnd seeding densities emplsoiynegd tihne t |
Hit Hunter E cAMP Assay for Small Mol ecul es (Eur o
the addtiitsiobumeytlh @l xant hine (I BMX) to evaluate th
throughoutl BMX iassaynonspecifiest amakdht dor eafk spho:
intracellular c¢cAMP, and trhaey edmhan d doeft hpAcbReviechest o
have been producEBEssayam,ce2 @l ;al RPARDI; e eStc.haloeder

201.2)The influence of the presence of | BMX on th
Hi t Hunter E cAMP Assay was explored i n-steHe cprieseen
b adrenergic receptor agoni st . The addition of
intracellul ar cAMP due to the activation of t
i soprenalinebaidneineggic tkeeeptors.

The cAMP response measured in the control cells
| BMX compared to without | BMX present at all <cel
the presence of | BMX r educessttihneulbiit@esdk dBo8vahu lotf i rc g
a higher response of intracellular cAMP. wWea&n me a
comparing the cells dosed with 10 OM isoprenali
even more evident. The | BMX respbthed fnom thbhehBE
al l densities compared to the BSMCs dos6Bd .with |
When comparing the <control and dosed BSMCs wit
di fference in the amount of CcAMP present in the

(Figué@) .5.This demonstrated that the absence of

of c¢cAMP by phosphodiesterase, resulting in the

being negated. I n compardofsolNnBMX, tthhe hdkopedseel | s
higher in response than the cdod)rol cells at al

Across the BSMC densities in dosed and control ¢
bet ween cell number and cAMP was observed, wher
increasing cell number. This highlhieglatbed itttye t dr a
i ncreases in intracellular cAMP | evel s, renderir

to subtle differences in cell response and activ
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Figure 5.16: 3-isobutyl-1-methylxanthine (IBMX) resulted in more sensitive
measurements of cyclic adenosine monophosphate (CAMP). The cAMP response of
Bronchial Smooth Muscle Cells (BSMCs) across a range of densities was measured using the
HitHunter® cAMP Assay for Small Molecules on (A) control cells in the presence and absence
of IBMX, (B) cells dosed with isoprenaline (10 uM) in the presence and absence of IBMX, (C)
control and dosed cells without IBMX and (D) control and dosed cells with IBMX present.
(Two-Way ANOVA * = P<0.05, ** = P<0.01, *** = P<0.001 and **** = P<0.001) (N=3).

This experiment confirmed that the presence of |

to gain a more sensitive response from the HitH

measur e t he intracellul ar c AMPb, agonisuutbsequehht
i soprenaline, sal but amol and terbutaline on BSM(
performed with the cells incubated with | BMX pr

the relaxation of BSMCs sugtalaisnédyYyonchodil ator s
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5.4 THE. PERFUSEB3/ BAMUO COCULTURE MPS MODEL ELI CI
SENSI TI VE RES&@NRSRAGOMNI STS THAN THE STATI C MODEL

Utsiinig the coculture MPS model established in Sec
terbutaline across the epithelial/ smooth8muscl e
combined with the optimized 9 AMRPubhdsa®py ofrdm 8&e

assessment of the influence of a perfm2Ad&kd cocu
agonists such as terbutaline.

The barrier inB8egmoinbgudt urkeew@al Ui ke that as se:c¢
(Figu7A) 5. The same can be said for7B)hewictolcut h e
perfused models having a | ower overal/l TEER pro
monocul ture and the coculture model s. I nteresti.

exhibited a significantly hogthletrurTe&e ERodall uewhihal
previously seen in the cobtel BalI2 i wloalted iwheBectui ¢
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Figure 5.17: Transepithelial Electrical Resistance (TEER) profile of the perfused
coculture model was lower than the static equivalent. TEER measurements of the (A)
Calu-3 monoculture and the (B) Calu-3/BSMC coculture Transwell models in the static and
perfused conditions (Two-Way ANOVA ** = P<0.01, *** = P<0.001, **** = P<0.0001) ( NO6 ) .

Comparing the TEER profi-Bemofilet hagaonstut her eof€
t he static ceoxchuilbtiureed o dgénld rf | TTBEBEDR Iwal ues at Day 2
to the monocul tur8A)modele (vRirgwrtde om. bf data on D

static coculture model compared to the static
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significant increase in the coculture model TE|I
replicates. The perfused models of the monocul't
profile until Day 7 where the coculturéehmodehoTE

of the monocul tuB8&)modéei s( WagurcenSi $tent with th
4, whereby from Day 7 the-3bampiitdrlpumpemtitdre «fo
di fferentiated to exhibittlay pdiefnfodryepret tthoatt hwea sme
Chapter 4).
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Figure 5.18: Transepithelial Electrical Resistance (TEER) profile of the coculture
models was higher than the monoculture models at day 7. Comparison of the TEER
measurements of the Calu-3 monoculture and the Calu-3/BSMC coculture Transwell models
in the (A) static and (B) perfused conditions (Two-Way ANOVA ns = P>0.05, ** = P<0.01, ****
= P<0.0001) ( NO6) .

Mucin producti@nefpiamett hemCavlas quantified to unc¢
the epithelium anepitthhee Irieaslud it tdgi adetyigo2n of AL (o
the mucus was quantifiable and, i Bt emoedsetli nlgd d/, a
significantly higher mucin expressi®A .c cAmip aDraeyd 7t
| arge increases of mucus expression were seen &
change was seen in the ®8B¢ul Thre amgdehsi (Fugurat
of the differentiation of the models over ti me
di fferentiation experienced in esacgwlitfurcea nmo dle Ifsf.
bet ween st ated monndo cpuelrtfuurse at Day 7, however t hi

had a significantly | ower mucus expression comp
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5.9B) . I nterestingly, previously in Section 4. 4.
expressed a higher I evel of mucus compared to th
the static coculture model reachengp aa eglr ¢ @t ¢ hea md
coculture model in Section 4.4.3 (51 Og) wherea
similar amount of mucus. This increase i n mucus
interesting and i s uncu3e arelwhsatt osiimuwlrataesde tehlxep r @e
this experiment as al/l experiment al par ameters
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Figure 5.19: More mucus is produced by the coculture epithelium than the monoculture
epithelium. Mucus (pg) produced by the Calu-3 epithelium in the monoculture and coculture
models in the static and perfused conditions, quantified on (A) day 2 of air-liquid interface (ALI)
culture and (B) day 7 ALI culture (ANOVA ns = P>0.05, ** = P<0.01, *** = P<0.001, **** =
P<0.0001) (N=6).

Next, to determine the differences in permeabil:i
to the model and assessed for transport -B)nn the :
The percentage of the total t eeirvbairt ad h amrmab aro,s ede li |

and the donor c¢B@&mbeB a(nki gli)r.e TBSh.er e was no signi

amount of terbutaline reachi 2@A)t hoer rtehceei dvoerro rc hcat
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(Fi gw®roe) 5S5bhet ween3 tnhoen oCQaullut ure and the coculture

condition. However, there was significantly mor e
of the BSMC monoculture model than the ictoicaht ur e
showing 8hepCahelium was acting as the effectiyv
terbutaline across the epithelial model . BSMCs ¢

not form a permeation barrier.

The amount of terbutaline extracted from the Calu-3 epithelial cells after 180 min exposure
was quantified. It indicated that there was no significant difference between the coculture and
the Calu-3 monoculture model regardless of condition (Figure 5.20 B) however, no drug was
extracted from the BSMCs in any condition/cell model due to the cAMP assay requiring the
lysis of the cells to extract the intracellular cAMP, resulting in the cell sample being consumed
and the cAMP assay matrix cannot be used in the LC-MS analysis. In the static condition, the
mass balance of the BSMCs (102.51+11.86%) and the Calu-3 (111.02+28.22%) was
significantly higher than that of the coculture (96.72+1.42%). This indicated that there may
have been volume loss through evaporation and/or over-estimation of the calculated drug in
the chambers for the BSMCs and the Calu-3 samples as this increase in mass balance was
similarly observed in the perfused condition (Table 5.13).

Table 5.13: Average amount of terbutaline in each compartment of each model after 180
minutes. Percentage of the total dosed amount with the standard deviation of the replicates
(N=3).

condition | Cell Model Receiver (%) Donor (%) Cells (%) | Unaccounted
+STDEV +STDEV +STDEV (%) £tSTDEV

BSMC 35.35+3.75 67.16+11.30 N/A 102.51+11.86

Static Calu-3 21.55+28.02 88.70+£17.79 | 0.77+£0.30 | 111.02+28.22
Coculture 6.75+5.75 88.30+4.45 1.67+0.21 96.72+1.42

BSMC 40.72+4.41 75.89+14.81 N/A 116.61+19.06

Perfused Calu-3 7.81+3.42 94.06+13.20 | 0.97+0.44 | 102.84+15.96
Coculture 5.74+4.00 92.48+2.60 1.29£1.50 99.51+3.65




Chapter 5: Evaluation of the Perfused Brné&é®chi al

$8

% of Total Drug Dosed
w » ul (o2}
o o o o
1 1 1 1

% of Total Drug Dosed
it

N
o
1

B
]

0- 0 T T T T

1 1
IS S N N I S
RN SR S > O Q > &> &
D& LK 2 >R SR
@C’ QY & Q% 7 Q% K e ! ¢ O o (& o D e
SO L e X O RO WR ARSI

VTN S NP X @ > . > ?
P P PSR T O O

00

Cell type/Condition

Cell type/Condition Cell type/Condition

Figure 5.20: The amount of drug in each compartment was similar between the
coculture and the Calu-3 monoculture models. Amount of terbutaline (%) in the apical to
basolateral direction in both the static and perfused conditions of the different models: BSMC
monoculture, Calu-3 monoculture, and the Calu-3/BSMC coculture. (A) Percentage of the
terbutaline (%) dose in the basolateral chamber after 180 min, (B) Percentage of the
terbutaline (%) dose in the Calu-3 epithelial cells after 180 min, (C) Percentage of the
terbutaline (%) dose in the apical chamber after 180 min (ANOVA *** = P<0.001, **** =
P<0.0001) (N=3).

After 180 min, the rate of terbutaline tapansport
(Fi g®rle b5lihealPues demonstrated that the BSMC monc«

permeability to terbutaline than t ke ecpactunletluruen n
be a-dredtee mi ning barrier for terbutaline transpo
the perfusion condition. 't was-3almom oxhud wru r teh anto

had no significant dilTfhfeersd me3e snoiGral pehrarde aabihliigther
P.pyalue than the8 pedf daded sCaltic coculture model
been a result of the increased3vataancembdet heor
to the other models which could bwhicohrwaculedl res

a similar average value to the other model s.
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Figure 5.21: The presence of Calu-3 cells significantly reduced the transport of
terbutaline. Apparent permeability (Papp) Of terbutaline across the cell model after 180 minutes
(ANOVA ns = P>0.05, * = P<0.05, **** = P<0.0001) (N=3).

The percentage of drug that was cal weAatwds in
determined as the total amount of t er3buetpaltihned itahl
|l ayer to act upon the BSMCs, which are the dr uq
per meated drug on their targettenmienedspoinrsg tolfe
assay discussed and optimised previously. The t
avail abl e t dbraadcrte nueprogni ct hreecept o9 sc alnc ulhaet eBdS MCrsd v
observed that a significantly higher amount of ¢
than the coculture in both the 208t.i cHoawedv egrer ftuh:

was no significant difference between the static

I n the coculture model, d-Beepiot hdlei plr elsayper whi c
passive permeability, |l ess terbutaline reached t
drug to Batdremetrlye ¢ receptors in the assay windoc
BSMCs by the action of terbutaline was assessed
assay. | BMX was present in the media before the

opmiisation of the 8ssTahgewi o ASI®€ct pourl S. detected we
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the BSMC monoculture and the coculture 2nBdel s, r
Al t hough the coculture models had significantly
(Figuz2a) 5.the -baoweraltled | drug dose elicited a si
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Figure 5.22: The coculture models exhibited a similar cAMP response to terbutaline
with less terbutaline reaching the BSMCs in the coculture than the monoculture. (A)
Amount of terbutaline (ng) that reaches the BSMCs in the monoculture and coculture model
and the resultant (B) cAMP response as determined by the HitHunter® cAMP Assay (RLU)
(N=3).

To determine the difference in response, the cAM
drug available in the receiver chamber for cell
per ng of available terbutaline ™28 amadcuhateAMB
data generated from 2MBe JhmplresuilmnakRitgwvmaé uRs i nd
response to ter bnuotramalnies eodn baasd®sse This indicatec

significantly higher i n StMCe moamouwlutlurug emandbeale | t I al
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and perfused condjtidhe pErfusedScocul ture mod:¢
sensitive CcCAMP response to terbutaline than the
(Fi gerde 5.

Despite the | ower amount of drug available for t
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Figure 5.23: The coculture models resulted in a more sensitive cCAMP response to
terbutaline after 180 mins. cAMP response per ng (RLU/ng) of available terbutaline in the

receiver chamber (N=3).
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5. HAPTER CONCLUSI ONS

The perfused coculture model showed great promi :
assessment of bronchodilators such as terbutalin
resulted in a more sensitive BSMCs ephfeunsa toynp eu swhni
the B-aeripdrate. Within this chapter, the opti mi
Hi t Hunter E cAMP Assay for Smal | Mol ecul es assay
intracellul ar CAMP levels in BSMEsnerkhtewdghmh thheg

measurable difference -beawennstodoseltl aaldl et Al
the transport rate and amount of terbutaline wa
transport across t-%hee diitfifrelrtehneh i sattaetdi cCaalnud per f us
both coculture and monoculture. The effect of th

s evaluated on drug transported across to the
the smooth musctlhee, BdSeMGesr neixnhiinbgi t a more sensitiyv

en in cocul3t wred Ivwi tam dCealounbi ned with perfusion
the monocultured BSMCs.
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6 GENERAL DI SCUSSI ON
6. OVERVI EW OF THE SCOPE OF THI S THESI S

Respiratory drug devel opment suffers an overall

cumul ative probability to reach the <cl-14%cal m
probability for drugs (uBsagd@tetsa | 20O @& maqg tolre rc adiisxee @9
is the |l ack of efficacy and safety conc(ekinsng@t h
et . al 2014 ;etMoaell20e0r8 ; Mul | ard, e20 1af ;2 Tieédnm e dies aMor
overwhel mt eggneeeéri nr onboudseté s t o reduce thasattridt
the current model s are notinr egpimedsemy.atphlkesiodl| otgl
pat hhophywhibtbgyeadpsr etdd cpoboe power of any adver
candi dhoebes al 2014; Hacker & Raf.alth,er 20 2h(a;s Heem
increasing interest in the potential of microphy
understanding of di sease states and improve drtu
decreasing the reliance on aungi matlt rmotdieolns, aand do
ultimately provide patients with( Aiensstlaiged 2819¢r n e
It is within this wider context, t hat the aim
airways for enhanced reliability and prediction

6. OVERCOMI NG CURRENT LIIMN TVATIERDXWLS MOBPEL S

2D cell culture had oweaméé gtha b lhirsdhtegghr muattriwge f or
toxicity ansdc  rmeed(rdlanpdaij centy.slk2a0 16; Sanyal .@QelKlosovs
culture models of the bronchial epithelium have

drug transport and uptake, with 2Dimedotaft bUpbws

higbhroughput screening. Howetvert héeheyl acle ofdao
mo st model s contain one icredbi Itivtpe,t or ersaig rt d chigc ei
representation of complex interactiomnsn Medwoeeen h
Souza Caertv.ad hd014; Kapadg@gd2Y0®Har esul t, t hese moo
suited to monitor changes in the epithelial ba

effectiveness of drugs on the targtweddl landduwelt
textracellul arreaecvidaememti 20a4@ogcul t uring bronchi
cells with bronchial smooth muscle cells may acl
reprodiurci biltesaie model s, particularly when consi d
efficacynfolfammatiory resp(iViat opy 2 @aldn) ccaotmboinnsat i on
MPS stiomul atenvoronments, there is great potenti a
bet ween biomarkers and clinical outcomes due to

ti ssues cul tur(eBlhatni a h& Idnegvbiecte,salDAT&h)e EKwyr i ssue
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be addressed ar e t hsey ssted nescstt abhl iosfh itnhge tcheel Icul t ur
MPS conditions that conitmivnotired $ 0 the validity o

6. Bl CROPHYSI OLOGI CAL SYSTEMS AND RECAPI TULATI
Bl OMECHANI CAL STI MULI

The biomechanical sti mulii the lung receives are
nor mal bresat hengh as a result of launndg belxopoadn s i
fl ow/interst{Ft aamtksdll 224008 ;f lloewi tzky,. 2MR8; m&dalng i
utilising microfluidics and mechanical stresses
chambers to incorporate stretch can recapitul at
ti ssmeviWothin this thesis, the advantages of CN
highlighted-:12Thd aBar riinecror por at es basol ater al p
interstitial fluid flowvexipablientkedwbyat@nganmnib
basol ater al face of the Transwell inserts based
flexible for model devel ogypnoli fcd o ITWRECeOE) atwd i ch  me
bi ologically inert and advantageous to the stud
compat i bdley dvii ment lpy PB MEAdxern.ea | 2Th2e2 J)o-we hl f or mat of
Bar flizerpl ate all owed the use of culture inserts
all owing for an almost seamless tr aweslilt ipolnatfer otnt

i nserts are shippeldpli mt e.t oAst hee tBaitrl r@adblrdy ®Bhaesl
Physi oMi mi x OOC has reasonable throughput with 1
compartments in a-weséer fbrmandliynw a@apend at e, wi th |
applicable to smal/l mol ecul eisn awidtl rbbali omé ogi mes, al
amenabl e t ¢ Ac oestl.igeluzrOel 9)

The PhysioMimix system was user friendly with t
modi fy flow rates and troubleshoot any pressure

the plate driver and dock withinontha&mii matuiban oir f

adequately cleaned along with the umbilical fron
open access through the back of an incubator, a
sterile environment.

6. ENHANCEMENT OF -3HEROWCHI AL EPI THELI UM MODEL

I't was previously denmomqdt2rodt6e S8thywt GrCaiameers cul t
provided tihe \rileopsreesste ntiant i viimvooo € hi al epithelial
comprising a pseudostratified columnar epitheld]i
( Gr aientg.eal 200F60)r t hi s -3r caeddrmr, wealeu chosen as t he

epithelium for devel opment and characterisation
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summari zed initially for overview, before prog

devel opment and characterisation approaches that

Wit hin t his thesi s, barrier functionality and
transepithelial electrical resistance ( TEER)

per meabadpp idtyudiPes of relevant markers as TEER re

paracellular pathway in the epit helldatr odoyntod atyrec
indicates the paracellul ar water flow,( Zascwel |
200.5)

I'n Chapter 3 of this theaiha,ncietd wahse blagarn-etrhd umad
3 epithelial model with the | oweap) tvalnsese!|l dahiae
by Day 7 which took the static model up to 14 da)
and producing a more wuniform monol ayer from a

hi ghltihgghtbsenefits of the MPS system as demonstr a
were challenges +dexpmai meaimilng oibutst me.spalofies he
variecehetexperi ments across Chapters 3 and 4.

exhibited by both the static and perfused model

variation experienced in cell culture in general
to be an issue that is experienced by many resea
|l iterature values of the same mar ker s, | uci fer as

which can be attributed topesmHdiesad{(ag degbiighted A
i Sect3.on) Fhé passage numBecebfFsthe €&€al umportant
the expression of proteins and transporters can
Cal3u célChseitusal 2021; eCi pgd08%] Ehrhapd2POBi eGehijin
et. al 2006¢t.Ha®Ril5, 201t9;alMaOddeédtg.vaMi2r0 13, 2016)

The edffercftusi oal ®d nepgihtehagBldtumunpr eaesed€aettig(d®0 2 1)
previousltyhateperrftiesded moB8Bekpot hehe udalk,@eNalFt ed i n
decreasing by 26% compared ( ©anehwesad 2#8itdivge vErans w
this model was -lciuglutiudr eidn tienr flaicgeui(dtLl ) and so can
that described in Chapter 3 of this thesis.

Al t hough perfusion was explored by this MPS mo

stretch and airflow were not represented in this
MPS pl at es. The recapitulation ofwhstnr edtecvhe | mmps tn
representative model s of t he heal t hy human [ u
experienced in the airway epithelium when tissu

st atTeschumperlin & Dratzeal 2CR0OMMkr eWatrers alt hough
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stretch i s experienced by some paritns vmbdtdraodhe | u
devel opers must be cautious to model specific p
mi nd. Asi nweglilv eatsch occurring across all di mensio
stretch uEmblaae2®@24;y D. (Dan) ndHaurmhp or2a0tlibn)g ai r f |
established by some commerci al model s (bAlowedo!| i x)
barrier in the alveolus which was not the aim of
A major |imitation of these experiments and all
replicates were explored due to | imitations 1in
enhance the statistical power of t hlea veen ald yesn s,
performed i f consumable resource would have allo

6. ®6PTI MI SATI ON OR MBHREONCAUWL EPI THELI UM MODEL

InChapt ef 383hi,s tttheesisedi ng-3devasi testatbl Cahed for

there was no consensus in the |literature on an
epithelial barrier. From |literattaekl?almtdemns Wemwe
as 1°5cxelld?u/semd by multiple researchdrosshei sedinsagf
densjtiwbwsecrhe not begxdlher adu t h@@ishget amli 2019et Fost e
al, 2000;etGrali 7@yk6e;t . Hhalril2a, 2013,eR2.04A1920eMb;r si ima
al, 2022; eV. aKgmaret Mgl 2@ 1et;. aMi2n0 1 3, 2012k6; aMukher
2013; Pats.maln2 0 2 1et .Sa luzet 223 )

Wit hihihnbke,sni stnhoreper fused-MPiS¢ endnbhons, the RKRigher

cellZ%/bamd a THERlaantd.,300 LY atfcrm/ 8SThkaOvaleesaby Mi
2016 after 8 days in ALI <culture at the same see
(4@m0mM and signi fapmfan(it8Y. Yo' ¢xudMlelyanP i n t he(dMunrent
et. al 201T&hlekER me as ur d mevretr s dfecersi§ hgxcled |%si/ncdi cat ed

potential fail uvartteL,tmol yf orrema @ltitlagpay = wi th practic
TEER values peastoabltiostbeady 7, comparlesdogowimt hal beiet at
at Day(C1lnAwotl.amli2 0 Ho)we vRaygg,s ttahbel iChAptder n3 at this
was 4. 78m¥sWhich compared fav@&udalklingfswd rh hCitrhgo Ivad
et. al2019) and significantly | ower fbodahl?®#/hemhig
Th s i ndi catgead dtl heasts, of t het Heo woearr aTsEeHrRI micdislé uwoems |

of its ppermeaddsulldsatrydi es reporting higher TEER v

The seeding dencséeltlyswacdm &8s txallOl i shed as the optim
becat$stmeasur enlehBER ovfal ugefahnhd Pndicated a functi
establ i Bahye(db .b5’ cxn/O8he only article th@\Y. rkepoart ed
al, 20@Rorted a si ghBEHER ©Aadg<¢ My thhiagnhetrhe @®B10Or ent ¢
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q*c m) . Ho weuvneaert . almeasured the TEER when the cul't
paracellular marker used. ALI was only establ i sl
the deposition of dry powder i nhal er formul at i

exampl e elf Isiesvteeed above t#BatTramplweyé¢éd molde | Calsu an
epithelial mo d e | wi t hout detailed optimization

approaches for ALI epithelial modelling.

After the o@hdptieratd,onddasnt rtohhee 83 adb.82a s 5 esisned h e
static and perufsusngd TEERhiathidd dagoenr f meoedeé st abl i shed
an aver agoget MITEER) Oacr osdsayt MAd | 1w u lht.ygYe ePr agi ng 2. 7.
X 10c m/ sDagt 7 ALI x a%cdn/1sDa2ylt 1 4CArmhparedst atic model s
3 in literature, TEERewd2s0 )EbEWED 00t a n a Cdentlyldbahla n i
20326400 M/ withapahei B7cBm/xBa@( AlLLl ) and/cén/ Bawil®d
ALJr)espec(tGivredeyl aal 20 1e9t;. aMi2n0 1Ad )t hough the TEER ve

|l ower in3thar Céu establtildoredl ii he rChtatphtee ra gS3par ¢ s
permeability was | ower on average than the two
variability and inconsistencies with the cultur
model s across | ab.orlan opdrhtse eathlda gu,sccarss i It ywienf cel |

the model rCd magrod eadi2ably@l Xt @ | |dmrcdni gher in the m
reportMidetbyadd® xXkt@!| I3 nwbmtbe seeding density fo
established in Chaptlesr/ Ot Wwadses3cneglll0 seeding densi
3.4.2 hel pednoe €t dhulnicth omabardmiugr dtiiHdmnusitba two

|l iterdatsprid e t he | oWw@irn gleBEaRa |v2a0l 169¢; . aMi 20 1Teh)i s al s o
hi ghlights how atlhoen eT EaErRe vaameuiemsisc f f 0 ¢ & fautnucatieonhar
as thev@aEE®Rs the model establwhiheld wear eChlagpwer t3h
l'iteratudiedreptortsans] ate tothamotboper mambl et bd

6. SA3ISESSMENT OF BARRI ER FUNCTI ONS AND THEI R LI M

The perfused model estqghiwi s theyd® |l au eBERR @fn 20wk r a g
X 1%0c m/ sDagt 7 ALl xdfadm/1sDadpt THi s again htpgbhl TEERed
values are not always indicati ve-30feppgarheaedaédlallulbaa
The perfusal owel eallrElEOBVe sy &Pl ue t han the | iterature
mar kers across BhdrpeasiveBwmindalElRy i s used as an i
for barrier permeabilluday vasultd ei N djweatad pd Rhaicgeh d ru

mar ker however, in the perfused modeg$semde metl at
have as strong a correlation. However, this may
bet ween the two conditions, with the perfused m

all owing for an more accpearaftues etk amb thagh tdamt ainn e d
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patches on top of the monol ayer that could have

same well, this may also account for the increa:
the static model compared to the measurements in
Establishinags paenm f MB$ammo deeldi d ot er , moe @i trheesltirune t

barrier than the comparfatoinv & hset antoidce | md@ enlp it theed | ti
the challenges ofompamnan dlEgEURa natsi taat i vd umatkem, of

TEEReasur ement s dedepsrtorvuicdtei vae nneent hod of moni torir

cel l health across the <culture period whi ch w
establishment before investigating t hte tphaatacietl | il
i mportant to use TEER in conjunction with othe]

bet ween modell asbamalt omy rat udi es.

FroChapt 8ecBiomandcdoBaptCer 4;3 thlag rCa&lru model was
using the NaFL paTfTheebddi afromalr kase of NaFL af
permeability marker was to characterise the mod
nonradioactive fluorophore compounds |l ack the s

monol ayer per npeodri |sipeyc idfuiec taoct i vi {Pudfyf BubdMouoph

200Radi ol abell ed mannitol would have been more
radiol abell ed mar keslselrfesluilte amd ai nschroerats e s t h
permeability assay that N a(FM.a daadr eag, u alt 99 8y; aTpspurka ptra
199.9)

The staBi mo€al uwas establisheds dmgiexdi ffcamamh xalv@
atDay 7 t®Bcm/ sx1labt day 21 ALI, with a gE®BR heveragi
perfused model rangedopffrbm2é&mbih¥ ®agg &'1dho/ s at

Day 21 ALI with a GEHBRespezOO veasy . AiTdreirfei cant di f
in the ngnygecbhed wePbr t wo condinsgd o@en ecadedHh il leintges i r
cel |l ,omhletr er-edxmpteern ment variability may be a resul
suppl ement/ medi a coampdoasrat i darheqniop agmret t hat coul
the health/functionality of cells to vary bet wee
NaFL flux, valuésm/ashDhazto®@O0aALl %cdl6é. 28 xhay 11 ALI
been r e(ppohrrtheadr det . il 29 ORet Halghlhé,),Bf the static
perfused model both fal/l within the reported ra

exhi bidpifngNaPFL t hat has been se3emmopdredvwsi.ousl y i n

LY and NaFL were used as they are reliable par ac
of the epithelial barrier and have been used ex

the barrier properties of | urMmg tepl{iheebethbhakel | s
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2019;etMianl AEhG)har det. i 2@0@2;t . R WML 90457 Dal tons)
NaFL (376 Daltons) are representative of the sm
patients of | ung disease such as bronchodil ator
of under 500 Da. However,y lvwaasgemotmod £xcaid e dp ea nmk
provided more representative view of the barrier
junctionapdrbasiizer resi st anee xtta afno r(eti, Pr0 Ob ddai) e 4
sed to asse&ssmotyhredr aGanl ubhtdent daiteuruese of such a | &
ddition to the NaFL and LY used may have produc
arrier, tight junction por(ePassm&n ah20hyr aSeil | &l

023)However, for the purposes of the study for

u N T 9 C

mal |l er mol ecul ar weight markers | ike LY and NakF
han the hdaxteanFI TC

—

6. 5T2GHT JUNCTI ON EXPRESSI ON AND LI MI TATI ONS OF

I n parallel to the assessment of barrier propert
to epithelial function, the wunderlying cell bi o
characterised. Techniques empl oydd & xnagn cdhegd otfo pi
expressihomstamd gyet ermine the morphology of the ¢
the gene expression exhibited by the cells in e
guantitative pol ymer ase nchtahiins rtehaecstiison t(hgeP ZR)1. t\
characterised in gene and protein expression stu
as it one of the major proteins in the airway ep
of water andzZ&loltuitgehst. jTuhrect i-8ncpt esegcewnnatCalAll
confirmed by I F and gPCR in I|literature, therefor
the ZO1l protein has precedence-3i motilt€dh rathaalact er
2021; Ehr heartdta,l 2Ri0€g e tGr @mli n0gtea ;a 1J2i0 2 2 ;e tP aasI2a0m2 1 ;

Sui & Lee, 2023)

I n Chapter 3, Section 3.4. 2, the morphology and
Cal3u model was established in the static and perf
di fferences in the morphology afs,t wdeagelbly mdadecelpe

condition exhibited a more uniform, pseudostrat
me mbr ane. Conversely, the static condition exhi
cells growing on top iosfr ulpadalg Itehyeerusnidforangltlys ,of
This resulted in difficulties in generating a re€
cell patches residing across multipl e -sptlamkeisng n
i magese odeltlh | ayer however this was noftocswscess

sections of the image. The image <clarity may hayv
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power ful, confocal mi croscope whichptamlkd dietft en
than the widefield miThroZOdpexphas swamCabBmdn i n
modehsi miilnamor pthoo ltohgey 201 expression exhibited f
previously investigated t(hCarecitgdatl 20@dct EOnbaofitt
et. al 2002; eGral BQgé&B, all2022;etPadima®m21,; Sui. & Lee

Whereas the perfused model showed a morphol ogy ¢
of cells than exhibited in the I|Iiterature hither
ZOl expression intensity was higher in the perf
anal ysed wusing Fiji |l mage J imageekptessibn apa

have contributed apwaltthes refdutctd oMaRFIn fPl uorescent

Cal3u model comparedcdcysbo®Pmyheldst ahbwed this mor ph
prominently, with the static model exhibiting a
cells growing on top of a basadi tmonofl atyheer , e g intch el
which increases the artefacts and blurriness s
exhibited fewer of the | atter patches than the
monol ayer. 't is curriemdd,y tumatl etalre dlugerhwptoithres
static compared to perfused cell model s discuss

di sordered mor pipelrdgiys e8lf sCyasl tue mo nyyevta | suiemsi lcaormpRar e
to the monol aydr syfsttelme per f us

Al t hough | F images are a suitable approach for

mor phol ogical differences, the protein expressio
t hrough fluorescence intensity me as lemextmamy s . A
approach, gene expression studies for tight junc
3.4. 2. The gPCR quantification suggested there

junction expression from Day ©DntohDwgvéd in the
condition af slidggniinécrcaamtse Swas observed over the s
agreement with the I F intensity measurements, an
gene expression measurpmesnsison.ndOfprodvei se,ext he
expressed transcripts to proteins by the ti me

inti mated by the | F observations. Another analy
guantify the incrreascfe pmotf®ilds expuelssdaw western
all ow a second physical analysis of tight Jjunct
and culture timepoints and reduce the reliance o
Further tight junction proteins, such as-3occlud

epithelium and have a similar function to ZO1l i
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claudin (CLDN1) tight junction expression was ni(
junctions, h o wetviean iwas taamfsicrrmed and quantifie
Al t hough there was no significant difference be
CLDN1 gene expression, there was a significant i
7 and Dayhldomai tbiodns. The increased expression
account f orpjtrhet Heo wetratPi ¢ ¢ oOicdciltuidoinns pbrye sDeanyc el 4i.n
3 cell l ine has been confirmed in the |iteratur
to characterise for the perfused model to prov
providing the maihie beaprirtiheerl i{alla ceitunsanl 2 @@&EAtd her i n

i s acelell ladhesi on protein tiBatcehds hgem mapdretre d

groups and contributes to the align(nanretushl t he
2021; Ehr haertdta |l 2R02g a1J210 2 2 ; Sui ThLeepr2a028n col
added another potenti al | ayer of understanding t
3 monolayer in perfused conditions compared to s

6. STBANSPORTER EXPRESSI ON ANALYSI S

Anot her key <cell bi ology contributor to the perr
the presence of drug transporter proteins. As th
t hought to facilitate the pul moarcér yasalbssad rbpttiaano |
OCT1 and OCTN2 transporter gene expression wa !
(Bosquillon, 201G 20dKedar. dd@2K &b ; e tS.ah lo2n® ICA)l u

cells have been shown to express these OCT sut

(Mukhenj ead 201 2)

I n this study, the perfused condition expressed
the OCT1 transporter compared to the static co
expression until Day 14 when t he oft agd e nmeoxdperl e g i
This indicated that the enhanced | evel of drug
perfusion may enhance t-Bemodéebkvdmece sofudyheg Cah
bronchodilators | ike salbutamalnspondtercrbuyupaksne
significantly higher at Day 14 compared to Day
showing once again the culture past Day 7- ALI wa
3 model to a more matphhremoanypedoRrUettmati anedf [
expression with the use of an assay such as wes

studies to confirm the expression differences be
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6. SDBTECTI ON OF MUCI NS PRESENT AND METHOD LI MITA

Airway mucus has been characterised as a key f u

and characterised in a lung MPS model cohtaheaesai
mucssecreting (ghibrestitipgd 10119 ; St.anMe aed Wr,i 2 1t6he a mi
mucus that has been secreted is aitkewp gaeyamewneéeur

healatnhdy f untcitsisolneadlsc¢ess or decreased mucus expres

SsymptAdint.way mucus consists of a viscoelastic gel

water (ca. 95%), gl y&é&prowbaedna ¢ makEmunceiinn opariott@e ionfs
salts, |ipids, anetcelbkolar B8ebsit &aBdndurner, :
maj or compdree mucafs, and MUC5AC and MUCS5B are th
human airway mucus. MUCSH5AC is secreted by gobl et

(Hovenebteragl 1996t. Re1d97; efThar200&) . The presence
MUC5AC was confirmed to -Decelxlprleismes dw hHjegr tachum g aic
et. al 20e0t6.;al1J2i022e¢t Mali 2@15)

I n Chapter 3, the expression of the MUQBAC mucir
al, 2022et Mgl 2@ 1T5h)eu smuecx pr essed was al so quanti fi
alcian blue mucus quantdesccatinéh b(gaslaly pl D98Q) na
The assay was optimised for analysing mucus that
measur ement met hod. This wash was passive in ol
Consequently, it is likely that not wavkerit heheue
was not a | arge discrepancy between the replicat
the experiments in Chapter 3 and Chapter 4, i ndi
due

peri dthe. alcian blue stainingrefvi nasdyugbkgcopr €alt

t o -dietsst rruacrt i ve natur e isnuivnatdredesf ovemoakxt enda

3 cells but ifmagnhnaeamaysuuvarle meantti voef mucus secretion,
the blue colour from images taken of the alcian
of the red, 0 Ge-Bar teutal ad 12RO )al ci an bl ue mucus (@

assay descretbwals byl slal bpti mi sed or the quantific

a humanowmrdligoon model however, after reviewing the
first instance of wutilising this methodd fcoerl It he
Il i ne, and is therefore a highly beneficial t ool

in futur(eontthtiebeps al 2020)

6. 5MBCUS QUANTI FI CATI ON AND METHOD LI MI TATI ONS

Mucus quantification was based on |inear regress

submaxillary gland muci n. Whi |l st it is not the
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that are expressed by a -Bumaorcocseslthenexpeaechmanst
of mucus was consistent proving the assay to be
medi um changed the expressi on-31 mu etbusrueb fi nt hGh aputceu
Section 4.3.2, an average of 59 Og was quantifie
in the EMEM medi um, however when mixed in a 50:
amount of mucus decreased to 30mOghewmecessi nar &
o 52 Og (Figure 4.11). Upon investigation of t
ontained hEGF and hFGF which <could have incre

|l ycoproteins due to the two gr odwitfhf efraecnttoirast i eomh

—

obl et cel I-3 monnltahyeerCalTuhe t wo growth factors ma

T Q Q O

ormation of tight junction fr ondaDyayc u7l tounrwea ridss ,r e
o establish the elptitrmayialsdatrmrars!| ajgpe etihva RLhe d
in the 100% SmGH cel it sredmPalred to the 50/50 eql

—

Lanséey(al0l19) descridHdeadhkend ¢mrzyimmem assay that g u
expression-3i ncetlthHe IGanleu and3 tgwoo wont haetr2sALd a@aolratl 8a
seeding denspPaegl IcEk@mdésed02. 18 (nlgd weetl d g 1020 InBu)c u s
This is extremely | ow in comparison to mucus gqua
by day 21 however, this 4nawkleeh shseacyg shud itn o fmad rhee <s=a
to mucin glycoproteins than the alcian blue st ai
debri s, resulting in inaccurate mucus dquantitie
using mucin extracteeallisomnbtmand o9&dmphesbovi ne

generate a more relevant assay to the human cell

6. bl MI TATI ONS OF THE CURRENT BRONCHI AL COCULTURE

Having established a functional epithelial barr
potenti al applications of MPS model s that repl
pul monary airways. The communi c atoiootnh bmeutswel een ctehl
in the airways is a vital characteristic in the
smooth muscle from stimulants in the environment
and disease (sAmdlaltaksas,uest0.2@8], 2 GHA3INeaoas has been a
interest in understanding the interactions betwe

interactions can contribute to re(shhadacadmr& Knaosx
201.5)However, model s curdreamgtaldy ennsvd d otnaneenu all u sstt@ n
physiological ifreavinvas oxrn enséntbi opsies obtained

airways smooth muscle cells have beenPeeheovanl t o ©b
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2005)This proximity of the different cell type:
expressed by the cells of the two tissue | ayers.
The models developed in |Iiterature do not accur
bronchial smooth muscle to the bronchial epithel
cocultures with a physical separ ameidouvhes . ahe ce
2020)0t her model s describe smooth muscle cells
medi um for as short as one hour with the cells n

peri{baden. al 201080bher models only described an ind
is an insufficient time to determine mdgrCgphododleogi c
et. al2022; e®06 KU 1210i1Siogmme model s descri bed different
were then indirectly cocultured wi(tMalBasSWMCs | f or
200.9)Only one direct coculture model was describ
scaffold however, the model was not explored for
the culture being contéaHoamdgwhah2®l&n OOC model

6. ADDRESSI NG THE NEED FOR A PHYSI OLOGI CALLY RE
COCULTURE MODEL

Al the | atter models in the I|literature descridtl
bet ween the epithelial cells and the smootmh musc
viaaeaatomy of the bronchial tissue. Wi thin Chapt:

was described -3vheekl $s hand€athe BSMCs occupied th
direct contact with each other on eihtohuegrh stihdeer eo f
is a physical separatiomn hbetmeendm annbe aelvles ydue
membrane | ayer with porest@0l.l4 chmmuanlilcoaws odi rtence
more akin to the baseénmmenai enbeintberca sugrset aokfe g e

A key requirement was for the model that was dev
and consumabl e sources t hat wer e sustainabl e a
mar ket pl ace. Cel | l'ines were explored d$oirbltehi s
smooth muscle cell l ines that were commercially
unsustainable and a more expensive option than g

and expensive differentiati omhireaelgus moat.h Amuaclir e s

explored as described in many of the | iterature
chosen due to the availability of the number of
sourced, reducing a@mdhotrhe acdxatbidfi tegaah swkisall keep

typical research projects, with (poarema.,i ad024) e X
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The successful creation of the smooth muscle cel

| F i magi GgMmdfprtditeei n, which is one of the major

muscle cells and has previously rbeteei rnuss eidn tloi tie
mode(lHs umagu.nal 2018; Weblth,e 20 @®3)ence of this prote
4. 19 illustrated the contfuac¢cthieremopet enmtpioanal gemhet |

increased expression of the AOSNA wesestiobatfiem:
increased in the BSMCs wh8n dheultuted Wwinhkdi hge
increased expression ob@lthenAG@TMmdrgensenmayi ves cc
from the BSMCs when in cocul-B3uepiwhehi ahecdl fder
mar ker ¢centtrhaect i | e SM2 2 gene, whi ch i s an ear
di ffer drGteinatCiaoc.s , T h2i0s24g)ene was highly expressed
significantly higher than the static coculture.
smooth muscle cells when in coculture combined
i netMPS. The coculture combined with the perfusi

expression of the BSMCs pot diitkiea Iplhye neoxt hyipltei.t i ng a

I n the current wor k, t he exXpr esasnidosmvu e € arriercieq t
acetylcholine receptors which mgdCiaaztza |. @oln2t0Orlazec;t i |
Mat eagta. al 2020t MalR2®48) not perfor med. The <char a

receptor expression responsible for contractile
as Western blots would have provided an indicat
compariemd ¥vibesue, and its andmpdiahedaldi §eamaseoptorc

Anot her receptor that could have >Aeencibdehedfit ed
whi ch, when activated?'coteraesttat aodewhieabede@ace
o BSMCsNelstonal 2011; Sieck & Gransee, 201 2; War d,
201.0) As t his receptor i s t he target for bron
phar macol ogi cal action of which was explored in
for future work to identify and quantihfayvet he e
enhanced the data coupled to the cAMP response o
A key criticism ofsetchtei ddnastba Hper e siemitteedd ifunmi3ér of
i m her ug deoxsp enrgi Tnheenrtee wer e | arge error badat aseen
which coul d havsel ginniffbiuceassnocempd i fbheetawneceen t he condi t i
cell modkbis could be remedied through an increas
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common occurrence in academic studies, and to a
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phar macol ogical studies remai he ttathegerplrated. f



Chapter 6: Gener al Di scussion 187

| arger number of
mor e depth and

phar macodynamics
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wells investigated would give
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BRONCHI AL SMOOTH MUSCLE CELLU

Terbutaline concentrations in the blood plasma 4

to a tot al dose
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a 10 OM concentration of terbutaline was suffi

(Hasegawal 2006 ;

ar abx@&het Nai 2@a@o)om this ratior
dose of 10 OM was
to be transported

considered as a suf3f epi émtel ¢ am

across and el icit a relaxation

was sufficient t o orsess utl -8 i @alitarhaenlsipuomm tamdcrgener ¢

response form the BSMCs, although a higher conce
exaggerate the cAMP response to elicit more subt
culture model s.f The bat mll ¥ 8ateip®@mad ory model s is 1|
to sal butamol ,i nf odriavwah iicsh rneoardei Iny s énv acidol vaebl | aet ifoonrs i
comparison to terbutaline. I n hindsight, it may
i nstead of terbutaline, however, the pharmacol o
nderstanding of the wutitliiotny odf btrioen crhooddd Il aft corr trhe
delivery.

The CcAMP response waldi tmtwrstuearel dAMPt hAessay for S

(Eurofi nmsh,atUSvA)s

utilised in thet 2029 ) cbodvevieed

their paper, the cAMP responses of BSMCs to sal
CAMP response toSNDg§Mpdeh alail 2€ 2T0h)eD c AMP assessmer
termi nal assay, requiring cell di sruption, whioct
t hesi s. An alternative assay that could been ut
changes in iffduacelgl ulhaer c@antractile rEb@onse o]
indicaasrdescribddal aied y tad r2a0t1®P)eh assays are su
determine the contractile response of the BSMCs
cocul ture model as a |l ongitudinal di sease model ,
stimul. of di seasec omdgtgriincst ofrer. gmd ctt @enli inre ) . Thi s

|l ogi cal body of

di scussed.

future work based on t he ut il i

The coculture model showed significant reducti ol

the basol ater al

chamber compared to the blank Tr
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sal but amoll transpoeMudEyk e MU R2DI28DNf or t unat el vy, t he
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decrease in the permeated dosepeff fusrldutcalciun e uc a
reduction in drug permeation was not shown to

di ffusion barrier to drug per meati on.

This evalwuation of the perfused coculture model
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5 induced a emoBEXMGermeliaxati on response to bronc
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to occur wultimately producing a model that is mo
semsive prediction pharmacodynamics and efficaci
6. BUTURE WORK
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