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1 ABSTRACT

Drug Inhalation is one of the most effective administration routes; in fact, first
pass metabolism Isypassedrapid action onset is enabled and drug doses can be
kept relatively low compared to other administration routes.

The most recenBD in vitro madelsallow to mimicsome of thgoulmonary tissue
functionalities Thesemodek reproduce the ailiquid interface, with beating cilia
and mucus production, since differéppesof cells are present. Thereforegsie
modek could be possiblyapplied to muti-disciplinary investigationgollowing

liquid, dry powder or aerosol treatment

In this thesis, an integratetiategy is proposewith the aimto increase the rate of
success in the drug candidate selection phitsslly, safety data should be
integrated with earlypharmacokinetic§PK) and efficacy indications in order to
increase chances to select the candidate with the highest safetyamafijinthis
ambitious objedte in mind, ahumanbased 3D model wemyaluatedas model for
the toxicity assessment and drug permeability evaluatiome examples dhe
initial work previously conducted by other autharglerthe supervision of myself
and other colleagues will be discusg¢edmari, 2019; Sembgeri2020)

In particular, &commercially available 3D respiratory mo&ma | | Was beén
qualified for: a) sensibility and specificity in the evaluation kfng toxicity
potentialof new compound<) permeabilityto test dug transport through tissues
for formulation screeningpurposes c) guantitative cytokine secretion on cell
supernatantd) cilia beating and mucailiary clearanceevaluationby image
analysis

Thesetests performed on a human tissue could provide more Ieeliebults also
because all testgere performedh the same model and this could be helpfulata
integration This approachcould allow to fill gapsn drug discoveryfor human
relevant screening of new chemical entities (NCBgkst brmulation selection
including physiochemical equivalence evaluation generic drug developrrent

vitro andin silico data can béelpfulin predictng PK and toxicity profiles prior to



preclinical and clinical studies. This allows to respect the 3Rs principle of
replacement, reduction and refinement of in vivo studies. The proposed integrated
testingstrategy(ITS) has the potential to reduce the attrition in drug development,
to optimize the inhaled formulation, to screen compounds for candidkgetion

and to rduce in vivo studies.

For the toxicity tests, weknown respiratory toxic compound were tested both in
theS ma | | wodeldhd in the A549 cell line model. On the basis of restuits, t
Smal | Ai rdeemedbtd ke lless sensitive than AFt®bably due tdhe 3D
structure physiological feature€ilia beating and mucus production cemdeed
protect the cells from the toxic effetiming thein vivoresponse.

For the permeability study, wethown inhalation compounds with very different
permeability valuesvere evaluated both i@ ma | | Ai r dhd imtbedsendard

Caco2 cell modelForlow and highpermeable compounds results obtained were
comparable in the two tesbnsideredsystems. The most evident difference was
observedwith medium permeable compoundsuggestingt h a t the Small A
model should express different efflux pumps on their surface form the standard

Caco2 cell model

The Smal | Ai raBoevaloaled s wira raodel for theinflammatory
mediatoraassessment he treatment witif GF-b allowed to confirm thactivation

of the signalling via Smad®&hile, inconclusive results were obtained with regards

to cytokines and ROS release following Bleomycin treatment.

The Smal |l Ai rfikallyrewldated agwitre model for the assessment

of theMuco-ciliary ClearanceNICC). Results obtained in this project, showed that

the Small AirE can be a promising model toc
with compound acting on ATP release afystic fibrosis transmebrane

conductance Inhibitet 72 CFTR172inl).

More test considering different compound, study design and end points has to be
conductedin order to identify &anuman relevanin vitro lung modetlto be applied

in many fields of analysis
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2 INTRODUCTION AND BACKGROUND

Respiratory drug deliveryhas raised a verystrong interestwithin the
pharmaceutical field. Inhalation therapy hheen primarily applied for the
treatment of respiratory diseasdshalationtherapiesare extensively useth
asthma chronc obstructive pulmonary diseag€OPD) and cystic fibrosis
therapiesFor localeffects inhaled drugs are delivered directly to the site of action
in the lung, providing fast onset of action (within 5 minufeg)u et al., 2015)The

lung has been used as an administration route for systemic delivery of anesthetics
and many other therapeutic and recreational di@gada, 200Q)Different reasons
lead toan increased interest in the respiratory administration routkiding the
emergence of biotherapeutics that have delivery is§egesheir large molecular
size, hydrophilicity and lability make difficult their formulation in tradrtad oral
dosage forms such as tablets and capsufe) et al.,, 200land a better
understanding of the absorption properties of the luGgsatexposuresurface,

high permeability, relatively low metabolic capacity aich blood supply make

the lungsa suitablealternative nofinvasive routdor systemic drug administration
(Chan et al., 2014; Forbes et al., 2019mall molecules can brapidly adsorbed
from the lung, with highbioavailability. Fast drug delivery is particularly effective

to relieve acute symptoms suchpas, migraine and naus@aarr & Otulana, 2006;
Patton & Byron, 2007) For example, in January 2006)e Food and Drug
Administration (FDA) and the European Agency for the Evaluation of Medicinal
Product§EMA) approved the first inhaled therapeutic macromolecule for systemic
delivery,thehuman i nsulin (ExuberaE), to treat
diabetegLenzer et al., 2006)

The advances in aerosol and formulattechnology as well as inhaler device
technology, now allow to deliver therapeutic molecules to defined lung regions
(Anderson et al., 2005 ommercial manufacturing processes now in placéor

the production of delivery systems tvercome issues such hgh coss and
therapeutidimitations of biologics. The inhalation route has been evaluated also
for low molecular weight drugs, previously administered by injectiona faster
induction, or to improve the therapeutic ratio fivugs acting in the lun@Gonda,
2000)
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Drug discoveryo reach the candidate selectisithallengingtime consumingnd
an expensive proces#lso, the dug development process articulatedthrough
several stages tassesssafday, efficacy, and regulatorycompliance (Error!

eference source not found.

No. of Compounds
4arget Identification and Validatiom P 4 Screening R
: : » Biological activity
[ Compound Library Deagn} » ADME
~ Toxicology
» Preformulation
[ High Throughput Screening]
1% /
Lead Identification i}
Methods
Lead Optimization » insilico
» invitro
» invivo

\ [ Candidate Drug SelectionJ /

4

Drug Development

Figurel. Stepsof a generic drug discovery process. cansiderablenumber of compounds
discovered in the early phase aereenedy appropriate screeningrodels to select the
potential candidate drug (Lead Optimization) for possilplegression into drug
development. The screening process consists of the integration of data obtained with in
silico, in vitro and in vivo modelgaken from ATronde, 2002)

The first step in developing a new drughe target identification andalidation.
Thousands of compounds may be potential candidates for the development of a new
drug. However, after early testirmgn a specific targgiHit to Lead phase)pnly a

small number of compounds show to be promising and can proceed for further
studies At this stage, the aim is to maintain the desired properties of lead
compounds while improving on possible deficiencies of their structures, with a
view to produce a preclinical drug candid@tead Optimisation phaselror this

process, amtegrated approads recommended. The combination of specialists in
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computational chemistry, medical chemistry, drygharmacokinetic and
metabolismand otlerresearctareas can provide unique insights into this late stage
of the procesgHughes et al., 2011Pnce a compounbas proved to beith the
desired characteristics, usually described by Target Product Profile, it can be
progressed to a development phalBee package of studies in the development
phase consists of Absorpti@nstribution/Metabolism/Excretion (ADMBEjtudies
physicachemical characterisationformulation feasibility studies toxicity and
mutagenicity,dose selectiomnd route of administratiorOnly if the compound
pasgsall the preclinical tesit is thenmoved to the first in human clinical trial.

The evaluation o#ll these properties of the new compound requineslico, in

vitro andin vivo studies

A large amount of drug discovery programsdail bringing novel compounds to
themarket.In particulr, unacceptable toxicity in the respiratory tract represents a
major issue in the development of inhaled therapies and it has been reported to
account for approximately 30% of inhaled project fail(@ook et al., 2014)
Usually, respiratory toxicities have been identified at a relatively late stage in
preclinical testing(Sivars et al.,, 2018)Therefore, an early assessment and
predictionof toxicity potential can reduce late stage attrition with an impact on the

number of animals used.

2.1 The 3Rs principles andintegrated approaches to testing and assessment
(IATA)

Since drug development is a long and costly process, in order to avaitgtiase,
resources and animals, it is desirable to screen out drug candidates that are not
suitable for development as potential medicindghin the drug discovery and
development process, laboratorgimalsd use occursin a stepwise manner.
Pharmacokinete and pharmacodynamic properties amssessedfirst, then
followed by efficacy studiesbefore proceedinginto candidate selection and
regulatory safety testing.

The different stages of the drug development are regulated by the International
Conference on Harmonization (ICH) guidelines (e.g., ICH M3(R2)). The aim of

13



these guidelines is to harmonize the regulatory studies for medicines between the
European Union, Japan atiet Unites StateRespiratory drug development entails

the standard pclinical toxicology tests, including genotoxicity studies and
carcinogenic potential evaluatiolm. addition to safety assessmeahidiesin vivo
pharmacokinetigstudiesin animals provide data on tleeitcomeof a drug and its
metabolites in the body hyeasuremendf the drug concentratienn plasma or
tissuesThe information obtaineduring theearlycharacterization of toxic effect is
used to estimate an initial safe starting dose and dose range for the human clinical
trials. These data together Withe toxicological data, are needed for the regulatory
submission, prior to starting Phase I clinical trials.

The preclinical studies for the inhalation toxicity evaluation are technologically
challenging and expensive.fact, to expose animals to drsigy inhalation, special
equipment, facilitiesspecificknowledge and skills are needed. Furthermore, the
administration vianhalationroute requires amounts of test compolarderthan
thatfor other routes of administration due to the continuous faesbsol deliver

and the significant compoundaste in the inhalatiodevice

The conduction o vivostudies is highly regulated. Directive 2010/63/@\hich

revise theDirective 86/609/EEMn the protection of animals used for scientific
purposeswas adopted on 22 September 201 his Directive is firmly based on

the principle of the8Rs, to replace, reduce and refine the use of animals used for
scientific purposes, in all aspects of the development, manufacture and testing of
medicines.

The adopbn of the 3Rs principl@ot onlyhasan impact oranimak, butin some
casesalso offer scientific and business benefijsreducingcosts andmproving
efficiency.

Both in vivo andin vitro models have advantages and disadvantages. The term
Amodel 6 i mplies an appr eRysiologyt The reell o f

t he

cultures technologies are the basis of thesol | ed fAalternativeo

critical question about tha vitro models is howvell the cells in culture camimic
the cell behaviours in the organissmnilarly, the extent of human relevance needs
to be consideredlso for laboratory animatsn a casdy-case basis

14



Up to now,models héstic enough to recapitulate the complexdia tissue or

organ as standlone are extremely raréherefore,an integration of different

approaches is currently considered asnhg forward in toxicology, this approach

is calledintegrated Testing Strategi@3'S) (Hartung et al., 2013)

Extrapolation of animal data to predict a human outcome presents numerous
challenges due to physiological, anatomicaahd metabolic differences across

species.

Bothc i enti yc and eshdvacanduttedcoo nssiigdneiryactainotn i nt
investment in developing and using reliable humelavant approaches without the

use of animal to assess the toxicity of inhaledstances.

Aworkshopon A Al ternative Approaches for Acut
Address Global Regulatoryand Néhe gu |l at or y Da {ClippiRgerqui r e me
Allen, Jarabek, et al., 2018onsideredcurrent testing requirements and the
usefulnes®f using integrated approaches that combine existing datanwitro

and/or computational approaches.

The integration of e xiasht e immigc ail n 6 gorr obpheeri toine,
Ssubss anechepeech t man exposur ei,n awididmbag ial ifagoo m
mo d @riplemented in thenhaled drug development could hatpoptimizing the

research approachith an impact or8Rs principle Furthermore,iered testing can

hel p i n an e arhighly toxid sulrstaricgasing assagsnthabavie

higher throughput andreless expensivtéhanin vivo studies followed by more in

depth testing of the remaining substances with more sophistinatii methods.

The report fdifithelCeéentuy A T¥$i oag and Strateg
to transform toxicity testing from a systdrmased on studies in laboratory animals

to oneestablishegrimarily onin vitro methods that evaluate changes in normal

cellular signalling pathways using humeglevant ells or tissuegKrewski et al.,

2010)

Transition to these more predictive approachegures the production and

acquisition of mechanistic data to better characterize biological systems in
formalized descriptionsConsiderablgrogress is being made in teeplanatiorof
cellularresponse network&ind connections betweepathways consisting of

complex interactions of genes, proteins, and small molecules that maintain normal

15



cellular function andreinvolved in the cellular response to compound treatment
(Krewski et al., 2010)Cellular response pathways thgiyen aperturkaton, are
expected tdead toadverse health effects are termed toxicity pathways.

This concept of pathwalyased approachas risk assessment h&sgrther evolved

in the conceptob Adver se Outcome Pathwayso6 (AOPs)
framework that describes a logical sequential chain of causally linked events at
different levels of biological organisatipwhich follows exposure to a chemical
and leads to an adverse health effétien et al., 2014)

Conceptually, an AOP can bensidere@sa series of essential, measurable events
startingwith the initial interaction of a stressor with a molecule in a target cell or
tissue (i.e., the molecular initiating eveMIE), progressing throughnainter
connectedseries of key events at different levels of biological organization (cell,
tissue, organ)eading tothe manifestation of a toxic evefadverse outcome, AO

in single individuals orin populations Error! Reference source not found).
OPsshowedas a linear series of key eventsfant they constituteinterdependent
networks of events with feedback loops in which disease outcomes artedndia
modified (Bal-Price & Meek, 2017)

Molecular Organelle Cellular Tissue Organ Organism
[responm]mspome [’esponses} [responses}[mJ

rRPA=ZIMIN

Molecular
i Adverse
mét\:::i: 9 Key Events (KEs) Outcome
(A0)
(MIE)

Key Event Relationship (KER)

“B=

Figure2. An AOP consists of kegwents (KEs) and key events relationships (KERS) starting from
an initial interaction of a chemical with the biological system (molecular initiating event;
MIE) through a sequence of KEs leading to an adverse outcome (AO) of regulatory
relevance(taken fomBal-Price A., 2017.
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In 2012, the OECD launched a Development Program
(http://www.oecd.org/chemicalsafety/testing/adveysecomepathways
molecularscreeningandtoxicogenomics.htinwith the subsequent releasd# a
guidelinefor the description of AOP§OECD, 2013)and aHandbook(OECD,
2016) which describesbest practices for defining, documenting and assessing
AOPs in an associated AOP knowledge bas@R-KB), based orbackground
experienceThe AOP approach isonceptually similar to thaif mode of action
(MOA)defined as a fdbiologically plausible
adverse effect .

Well characterizeOPs may thereforgrovide a helpfusupport indataevaluation
and integration in targeted and efficient testing strategm®smonlydefinedas
integratedapproaches tdesting andassessmen{lATA) (Worth & Blaauboer,
2018)

IATA are structured approaches that integrate and wdiffarent types otlata for

the purposes of hazard identification and characterization amnsk@assessmermaf

a chemical(Tollefsen et al., 2014 Based on the phase a IATA is intended for
(compoundscreening and prioritization, risk assessneg)t its composition might

be different In fact, different data requirementaatureof tess (e.g.in vitro, in
chemco, in vivo), use of possibl@ontesting methodse(g., QSAR, reaeacross),
data integration approaches and acceptable level of uncectaimiderations will
drive thelATA.

2.2 Respiratory tract anatomy and physiology

The structure of the mammalian | ung i s o0}
exchanging. It is a complex organ and its
determined by (iWes bmil¢r @9tlr7yctur e

The respiratory tract i n humans and ani:
di vided into two functionalt hreegponat ot e
regiTdire. conductciomgi at sways nasal cavity,

trachea, bronchi andstlbheomchi olsesr ahspohe:
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Figure 3. A. Structure othe airways;B. The trachea and mogroximally airways are lined by a
pseudostratified epithelium formed by ciliated and secretory cells. (C) The small airways
are lined by a simple cuboidal epithelium with fewer goblet cells. (D) The alveolar region
is made of type | and type #lveolarcells (eken fromBustamantéViarin X.M., 2017).

Air enters the respiratory system throuc

pharynx and the | arynx which opens into

18



passesbrtoon cthh e, where branches into the r
l ungs, theelmdarmclimabdanmcltbronchi ol es unt.
The-bdaiomd barrier of the gas exchange ar e:
cells (surfdGoomn aome side and the ®Hapillar
on the other side oftTaonhtden ba62jment meml
The pul monary epithelium is iIimportant f ot
respiratory system. As one of the primar:
environment, t he rceosnpsitraanttd ryy esxypsotseemd it o

potenti al pathogens, a(®l oppeThgrad®@®dr e n

di fferent defanse i mreommmidsimn g mechani cal
filtrati oaailand nouceoar ance), chhemieansle an
mechasfiTsmnde, 2002)

Epithelium

The airway <consists of morethhaknd®s dof
epithelial celwi tHapéeranhtsoaivmawaysregi ons
presence of d(iUpaedheynay c& IRaltnybpeersg, 2018)
In general, e epithelial cells of the proximal airway candié@dedinto the surface

epithelialc e | | st rosfc htehael and bronchial regions a
gl ands.

The epithelium at the | evel of tracheobr
nooi |l i ated secretory <cell s, and basal C

( PNECsp)r easrealmts Isa nghidn cell Ust ers throughout

ai rvagmucosal glands ( SMGs) , characteri z
ciliated cells, mydcdwungc elilserbiaqgd DH18Qu st «
of ptrhoexi mal cartilaginous airway

Cil i atceodh scteiltlust e the main el ement in the
are covered with cilia and are rsooghly ¢
mor phol ogi cal appearance between species
basal l amina via desmosommamsi.n ldini ahmemanrs ,ar

range nmroml @ngth i n t hemmgrmoxiemalntadi rgeaye r
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ai rwaly.ciElaicum i s anchored to the cell Cy
axonég@bhang et &®OIn. t h2008)api cal surface, 1
particles trapped i n tfheownucus creating :
The ciliated cells are involved in the r
epitheliurPafrtkereti mjlur,by 2006)

Basal. Clehd sbasal cells form a monol ayer ¢
are responsible for the pseudostratified
arcconnected to the basement membrane thr
t hbeas er t he attachmecntl iocaft ecdi Iciod tuemrdn aarn dc en

|l amina. The distribution of biasatices$l!l s
airwayndraot di &aferent ani mal species. Ai
taller epithelium and more basal cell s 1
shorter epithelium.

The first role of the basal cells is to repopulate all the major cell types acting as a
stan cell(Hong et al.,, 2004)Fur t her mor e, sdé \hiad e maes ail n cied d

involved in regulating physiologic and i
response to wvarious i nhal ed agent s, axc
neuropeptides i nto t he | at er al intercel
neurogenic inflammation (increased vascu!
vasodilatation, gland secretion; ion trar
cholinergic tr(avmsaimiWw silkdmre; & ¢caghixchi, 200
Noniliatedryé€bel dsstri-butiahedf siemomet ory

tracheobronchi aldidpmiettpal iaarlo ndelltlh etmamesc i e
ciliated cells predominasecrnatd mge( gobleet

(with appreximat eldy cel Ve( Changver yhifgob | 20

rat smo stth epsreecsreenttor y cel | i's the serous cel
the Cl ara celel oifs stelceg edmmiry tcyel | i n the
(Pl opper .et al ., 1983)

1 TheGoblet cellsare the principal secretory cells situated in the epithelium

of the conducting airways, with their apical surfacestrpding into the
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lumen. They are intercalated among ciliated cells and connected to adjacent
cells by tight junctions; together these cells form a selective barrier lining
along the respiratory tract. The morphology of goblet cells is highly
polarized, with the nucleus and other organelles localzéte base of the

cell. Under healthy conditions, goblet celtsgetherwith submucosal
glands, secrete high molecular weight mwecglycoproteins that allow t to
properlycaptureand remove particleand therefore tprotect the epithelial
surface.Once trapped, the particlese removed from the airways by the
ciliated cells, by a process named muda@ary clearanc€Alvarado & Arce,

2016; Rogers et al., 1993)

1 Another secretory type of cell are tGéara cell{Club cells or nortiliated
bronchiolar secretory cells)which are predominantly present in the
terminal and respiratory bronchioles epithelium of maminalsding man,
and in the upper airways of some species such as mice. Their primary
function is to secrete the lung surfactaand other specific proteins that
contribute to the ASL (Air Surface Liquid), to serve as progenitor cells for
ciliated and seetory epithelial cells and to metabolize xenobiotic
compounds. Indeed, Clara cedise ableo metabolize xenobiotics through
their cytochrome p450 monooxygenase activity, a functiomta&eshem
susceptible to injury by lipophilic compoun(Baron et al., 1988)

1 The predominant secretory cells in rat surface epithelium ar8ufface
Serous Cell{Rogers et al., 1993)They morphologically resemble the
saous cell type of the submucosal gland, and they have been identified in

the human for the first time by Rogers AV et al. in 1993.

I n the alveolar region, four <cell types
al veol ar brush cell s (t(ypleoppdr), aln9d9 6Ga)l v e

1 Alveolar type | cells (AT). The AT-I are large and flat squamous cells.
They comprise 95% of the alveolar epithelium ameir relatively simple
structure allow them to act as a thin, gaermeable mentanes (Rozycki,

2014) These cells aralso involved in themaintenancef ion and fluid
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balance. The ATl contains a number of ion transport channels, including
the amiloridesensitive epithelial sodium channels (ENaCystic fibrosis
transmembrane conductancegulator chloride channelCFTR), and a
variety of potassium channels, which h&gmaintain the electrochemical

gradient needed for ion moveméHhiollenhorst et al., 2011)

9 Alveolar type | cells (AT-1I). The ATl cells, which cover B5% of the

alveolar surface area, are cuboidal epithelial cells and haveldizsed

defenders of the alveolus for their imnmunomodulatory functions. The AT

Il cells can produce cytokines and chemokines, such asitTNF6,1L-1 b

monocyte chemoattractant protein 1 (MCR macrophage inflammatory
proteinl@U, (dPwthemel @l)e@ROdn cger anul oc
macrophage colony stimulating factor (886F) in response to various

forms of lung injury induced by bacteria, viruses, or mechanical ventilation.

AT-Il cells also produce, secrete, and recycle surfagtamhich can

enhance chemotaxis, bacterial uptake and phagocytosis by alveolar
macrophages, but can also inhibit cytokine production in response to LPS

(Wong & Johnson, 2013)

1 Alveolar macrophaged he alveolar macrophages are a type of white blood

cells and take part in the cellular composaftthe immune system, they

are the first response to invading respiratory pathogens. They origimate fro
monocytes in the blood and evolve in the lungs. Since inhaled drug particles

may be recognized as pathogens, these cells play an important role in the
drugds pharmacokineti c. Further more,
producing a wide range of prand anti n pammat ory cytokines
cleared from the alveoli to the bronct
the airways by the muedliary escalator(Sibille & Reynolds, 1990;

Stanke, 2015)

The Airway Surface Liquid
The airways aaNier wlaiyn eSdu rwiatche Li qui d ( ASL)

Around the cilia is the ,agueeuasubamercusés
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(gel madmskee Thendow viscosity of the sol
whil e the gel phacd etsrapghei AISd]l ddspa cr u
the airways and al veol.i from any potent.i
predominantly from the mucus gland and ¢
(Widdicombe, 2002)

The major macr omol ecul ar yeonsatriet uteme s mw

gl ycoproteins. The muMUM@epeot eand m@maey eao

are expressed i n t he-f ar mwags muc nes$ udviiUrCc
MuUC5B, MUC2, MUC8, and MUC19. In healthy
expressCMU@BAreas mucosal cell s of t he
primaril Y GMURE&EBer g .etThal .s,ec2@@2)n of m
stimulated by many factors, including par
ATP. I ncreased production and secretion

airway di seasebCdh,r o0b stdn mgt iavei Paudgm nar
(COPID and cy$CkRofNeDbyWoxsw,s 2006)

Water transport across e¢giptihdleild ails tsans
solutes, which <c¢creates | ocal concentrat.i
results in water movement by osmosi s.
The regul ationsodf t Ne ivoelssatnss\®Irtatoeccur s
apical domain of the airway epithelial ce&e
Na channel and CFTR, and most of their

within the apicald. pHuaasinga ememdr.ane 001)

The sursfactant

Bet ween these twartlelag eg wsr fold ¢ mAgsnghuarvfleaecrtea n t
a conmplmosiuni queofplsarsp hpss etpe @b ed by Cl ar
anAlFl I cel | s.

Thesipreci fic function i satt ot redudlengaurar ys ua
i nterface.

About 80% of surfactants aacentgliybduetri oopnhso
sphingomyelin. Roughly 10% of mammal i an

phosplodtmposli ti on assure funceiidinqunder d
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i nterface areaA R0 iofg suedmiproawo fbagct ant

prot etanB,C( 8BPYJ BernhardThe@OouuwdphgtdSePopéi | i c
Aand-DSRre -dapendent | ectins and are i mpo
mechani sm of the |l ung as wel(lHaaasg sinma nhal& e
Di emel , ZBB6l) wo hydrophobiBc aqne fSaRcé ant

essential to optimize alveolar surfactant

al vepbaol dr can pr omot e st haen ds oclounbsiel g uteyn tolfy dtrh
of poorslioyl draueps . Further more,shatge@opgul mon:
capabilities in spreading, facilitating
par t(i\elleassga et al ., 2018)

2.3 In vivomodelsfor inhaled compounds studies

For the purposes oéssessingtoxic end points and ADME/PK of inhaled
compounds, animdlased studiebave limitationsin a variety of aspects. These
include not only ethicatonsiderationselating to animal experimentsut alsg and
above alltheir biological relevanceheir high costs and technical complexity need
to be also considered\irways in rodent andin human are anatomically very
different. These variationmodify air flow raies and air speed in the airwaysich
affect the depositiothe clearance and the retentmininhaled agent&Clippinger,
Allen, Jarabek, et al., 2018)

There areevidentdifferences in the anatomy and geometry of airw&adents
have less extensive airway branching than humarn$ie mouse, there are six to
eight generations of intqaulmonay branches with a stereotypical branching
pattern While in humans, there are more generations of intrapulmonary branches,
with catilage plates and smooth muscle surrounding the intrapulmonary aiavays
the the lunglevel (Clippinger, Allen, Jarabek, et al., 2018; Mat&tello et al.,
2011) The trachea of a nage has an internal diameterapproximatelyl . 5 asnm
opposed tothe average human trachdhat has an internal diameter of
approximatelyl 2  (hacroix et al., 2018)Also, the cells type composition differs

between non clinical species and hum@ligopinger, Allen, Jarabek, et al., 2018)
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The breathing modds one of the most obvious and significant physiological
differencesbetween rodents antumans. Humans are orona&akathers while
rodents breathenandatory via nose. This differencecausesa less adequate
filt ration of particles and gaseas the humansdue tooral breathing compared to
nasal breathingwith a consequengreater delivery of material to the peripheral
airways(Clippinger, Allen, Jarabek, et al., 2018)

Other aspectsthat differ among speciegare the chemotactic attraction of
macrophagesmplicated in clearanceand bochemi@l mechanisms of airway
activationanddetoxification(Bogdanffy & Keller, 1999; Csanady et al., 1993)

An essetial requirement fora nonanimal method is the relevance and
comparability with the anatomicaharacteristics that it should represéeing
modeled Based onthese consideratignanimal models caonly reproduce some
aspects of complex humaiiseases such as lung fibrosspphysemgMoore &
Hogaboam, 2008and COPD (Wright et al., 2008) Because ofsignificant
differences in lung physiology they are not able to recapitulate the full spectrum of
human path@hysiology and this can explaimhy over 80% of drugs that pass
preclinicalphasesn rodents fail tademonstrate efficacy ipatientsduring clinical
trials (Miller & Spence, 2017)

The ideal model wouldnableto reproducenot only the differentphenotypic
lesions such asemphysema, small airway remodeling (including goblet cell
metaplasia), atonic bronchitis, and pulmonary hypertensiobut also the
molecular mechanisms leading to them in hum&ns.example, severalifferent
approaches have been ugetheeffortto represenCOPD in animals, but there are
some more general principlémtwill affect any COPD modeduchasconsiderable
differences among species in lung development and maturation; in lung anatomy

andresponsiveneds toxic agentWright et al., 2008)

2.4 |n vitro cell-models

Cell-basedmodelsare crucial in the drug discovery and development prodess.
be suitablefor in vitro studies(toxicology studies, permeability evaluation and
compound efficacy assessment) the cell culture models shsuidlate the
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functions and the defense mechanism of the lung epithelium in the best possible
manner

Well-known in vitro models are beingoutinely used tassesshe air pollution
mediated respiratory toxicity and lung diseasesnttancé&nowledge on molecular
and pathophysiological mechanisri®r example if a compound is known to be
metabolized (or if it is unknowif the compounds sibjected to goxification or
detoxificationmediatedby the metabolisiy anin vitro cell culturemodelmust be
metabolically competentSimilarly, if the transport of a compound has to be
evaluated the model should express thbysiologicalbarrier functonalities and
transporters

Many pulmonary models have been developed satreral levebf complexity.In
vitro cell culture can bset upby using primary cultures or continuously growing
cell lines.Thein vitro lung modelextendirom simple celfree biochemical assays,
to submerged monocultuneodelsto the moshewandsophisticatednulti-cell type
cultures grown at ailiquid interface

The simplestoption is the standard submerged tdonensional cell culture
characterized bpw costandhigh-throughputHowever, hesestandard submerged
cell cultures do notrepresenthe lungphysiologysuch as theellsexposureo air.
The complexity ofin vitro models can then benhancedwith the addition of
characteristics thgirogressrely correspond witithe humarcondition Examples

of such models include exultures, consistingf two or more cell types in one well,
and threedimensional (3D) culture®y increasing the complexity of models, the
physiological relevancgenerallyincreases and thentailsthat also the quality and
the reliability of datahat can be obtainddom these more complex models can be
significantly improvedIn line with the complexity of models and the physiological

relevancealso the osts increaser{gure 4).
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Figure 4. Respiratory models available from simple to comfiiaken fromLacroix G., 2013

Cell lines cell lines are usually obtained by transforming primary cultures of
epithelial cells, using viral vectors (e.g. the largantigen of the SV40 or human
papillomavirus)(Mathias et al., 1996)Usually, the @ntinuous cell cultures are
more reproducible ansimplerto use than primary cell cultures: they are easier to
handle, do not display intelonor variability and have prolongedlife span.
However they often do not have the differentiated morphology and the biochemical
characteristics of the original tiss(ldiemstraet al., 2018)

The differentiation, such as the formation of cilia, the production of surfactadt
mucus, the expression of transporters and proteins may be affected or reduced under
submerged culture conditions, the passage number of the celégeaxdtilhg density,
composition of the culturenedium and the time in cultu@orbes & Ehrhardt,
2005)

For this reason, it is important tpalify cell cultures byassessing thextent of
correlationwith thein vivosituationin humansMany cell lines from different part

of therespirabry system are available.
A549 Cell line The A549 together with N&H441 are human pulmonary epithelial

cell lines widely used as models for the alveolar epithelium for biopharmaceutical
researcl{Ehrhardt et al., 2008; Salomon et al., 2014)
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A549 is probably the mostequently used alveolar epithelial cell line. It is derived
from humanlung adenocarcinoma and when they are grown on filter inieey
have a morphology similar to alveolar type Il cells. A549 cells contain
multilamellar cytoplasmic inclusion bodieskd those typically found in human
lung ATII cells, although these hallmarks disappear as culture time incréages
cells synthesize lecithin with a high percentage of desaturated fatty acids via the
cytidine diphosphocholine pathway and therefore thasetbeen used to study the
regulation of pulmonary surfactargynthesigLieber et al.1976) These cells do

not form tight monolayers of polarised cells, due to the lack of capacity to form
functional tight junctiongFoster et al., 1998)

A549 cells might be a useful model in other areas of biophaeutizal research,
including metabolism studies or cytotoxicgyudies for various substances. This
cell linespossess P450 IA1 and P450 IIBthese isozymes are significant due to
their possible role in bioac@ion of precarcinogensvhich may lead tdung

cancer

NCI-H441 human bronchiolar epithelial ®INCI-H441 is a human epithelial cell

line, isolated from a papillary adenocarcinoma of the lung. They are capable of
forming a polarised monolayarith tight junctions, showing characteristic of both
AT-Il and bronchiolar Clara cell§Shlyonsky et al., 2005)This cell line
functionally expresse®-glycoprotein and several members of the organic cation
transporter familySalomon et al., 2014 herefore, the NGH441 cells cultured

at an aitliquid interface ould replicate the phenotypic and functional ion transport
characteristics of primary cultures of human type Il alveolar epithelial balishe
culture conditions strongly influence the morphological, phenotypic and functional
characteristics of the met(Ren et al., 2016)

The Calu3 and 16HBE14gell lines two immortalized human brohial epithelial

cell lines, have been suggested as suitable models to investigate the airway
epithelial barrier function (i.e., tight junction properti@ajan et al., 2000; Winton

et al., 1998)

Calu3 cell line. The Calu3 is an adenocarcinoma cell line of smucosal

glandularepithelial origin,comprising a mixed phenotype of ciliated and secretory
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cells (Mathias et al., 2002)The Calu3cells form in vitro polarized and well
differentiated monolayersvith tight junctions,and theycan be cultured at thé'a

liquid interfacewith a morphologysimilar to in vivo bronchial epithelial cellslt

has been reported that the use of submerged culture conditions may reduce the level
of differentiated morphologgxpressed by CalB cells(Florea et al., 2003; Foster

et al, 2000)

16HBE140 Thel6HBE14ccell line, originally developed by SV40 large T antigen
transformation of normal bronchial epithelial cells, are-oitiated, butin culture

they are able to form functional tight junctions aondexpress a wide rangef
transporters. Even if this cell line is not capable of generating the desired phenotype
at the airinterface, it has been used for dra@sorption and drug/epithelial
interaction studie@Manford et al., 2005)

BEAS-2B. The BEAS2B cell line was originally developed by immortalization of
normal human bronchial epithelial cells using AB8%40 virusAnother cell line
frequently used to study epithalicell structure and function, metabolism, cytokine
regulationand interaction of xenobiotics is the Bronchial epithelial cell line (BEAS
2B), but since BEASB cells do not generate tight junctions, the use of this cell

line in drug permeability/transptostudies is limitedNoah et al., 1995)

Primary cell culturesThe cultures of primary cells presegharacteristics closer

to thein vivo situation,andtherefore they can represent a good model for the drug
transport and toxicity studies. Howeyprimary cells from animals or humans have
a limited lifespanin culture in addition, scarce tissue availability and time
consuming isolation procedurasehurdles that need to be considefddghi et al.,
2014) Primay airway epithelial cells may be isolated from bronchial biopsies
during bronchoscopy and cultured on porous supports at diguad interface
(ALI) resulting in a polarized mueailiary differentiated airway epithelial cells
(Fulcher & Randell, 2013)

Although methods for isolating and culturing adult ratirinetype Il cells and fetal

human type Il cells have been available for years, only limited success has been
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achieved in maintaining the differentiatédnctions of adli human alveolar
epithelial cells in primary cultuse(J. Wang et al., 2007For examplealveolar
epithelium is composed of structural type | and surfagiemducing type Il cells
(Fehrenbach, 2001)solation and culture of type Il humaiveolar cells from
healthyhuman lung are able to generate confluent monolayers of cells expressing
tight jundional proteingElbert et al., 1999 However, over time these type Il cells
change their morphology and develop a typiékd phenotype(S. Wang &
Hubmayr, 2011) Despite the disadvantages that primary cultures possess, an
advantage of using primary cultures is that they provide the clasegtro
representationf the native epithelium.

Models of tracheobronchial epithelium from primary human airway epithelia have
not been widely used so far to assess trandpechuse primary culturespresent

a heterogeneous population of different cell types and therefgsdappmenof the
modelresults to be time consumiagd shows great variabiliffrorbes & Ehrhardt,
2005)

For over a century, traditional 2D cell cultutesve beemised in drug discovery.
Thereis increasingevidence that the cell cultures as thin monolayers on plastic
surfaces under submerged condition (the traditional 2D model) do not adequately
enablehumanrelevantstudies of celbehavia. These traditional models do not
take into consideration the coibntions of different cell types within the airway
microenvironment, such as fibroblasts, endothelial cells, and immune cells that can
be responsible of exposure outcomes. Thus, to achieve greater physiological
relevance, other relevant airway cell typessmbe incorporated into 3D and
organotypic in vitro model@aber & McCullough, 2018)

Thiscomprehensiohas accelerated the development of more complex 3D models,
where cells grow in multiple layers, better reflecting the normal cell interactions
that occur in their natural environment.

In these models, multiple epélal and norepithelial cell types plus an
extracellular matrix that contributes regulate belhavior are represented

Examples of such 3D models are organoid or spheroid cultures, as well as various

dynamic airliquid interface (ALI) models (e.g., g on a chip).
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The most recenbronchial ALI models represent a fully differentiated epithelium
with more than one cell type (ciliated cells, goblet cells, and basal cells) that are
often combined with immunocompetent cells (dendritic cells, macrophages,
neurophils) (Upadhyy & Palmberg, 2018)ALI systems therefore have the
potential to conceptually provide relevant data since it is possible to construct them
from humanderived cells and create modeling scenarios that are cldssino/ivo
situation Recently, eadyto-use cultures of primary epithelial cefiave been made
commercially available (e.g. Epi airwayeE
and Epithelix, respectivelyHowever,these models are still in their infancy and
they have not yet undergone a pnopealification process; for this reason, not
manydataare currentlyavailable in the public domain

Briefly, to produce the cell culturesnaay cells are obtained frohrealthypatients
undergoing surgical lung lobectomy. The epithelial cellssoiatedby enzymatic
digestion, amplified and culturedirectly on the microporous membrane of
Transwellinserts The cultures argrown in a commercially available defined
airway culturemedium. Once confluentte cultures are switched to ALI. After 3

4 weeks of culturethe epithelium becomes fully differentiatédacroix et al.,
2018)

The complexity of then vitro models of human airways is due to the presence of
different cell types. In this regard, Small&ir with 17% Club cells and 2% goblet
cells, replicates better the morphology and function of the human small airways
vitro. (S. Huang et al., 2017)FurthermoreSmallAirE contairs basal cells and
ciliated cells, showing cilia beating and mugbary clearance. Therefore, these
features make thé&mallAir™ a unique and @werful tool for studying the
physiology and function of small airways andliould provide nevapproach for

lung diseases assessment and drug developiresrbix et al., 2018)

Lung-on-a-chip

Most in vitro models are twalimensional (2D) and therefore do not mimic the
inherently complex nature of tissues. For exemple, intracellular signalimgapet
are affected by the log®olarity when grown in 2D culturdhese model doat

recreate the active tisstissue interface between the misrascular endothelium
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and parenchymale tissues where transpioffuids, nutrient and regulatory factors
take place. Moreovere, they do not allow the application of dynamic mechanical
forcesthat are critical for the development and fucntion of spetifgsueqHuh et

al., 2010) Recently, the integration of microfluidiowith advanced biological
approaches such awganoids, referred asrganon-a-chip models, have been
developed and extensively investigated.

Lungonachip is a micreengineered cell culture model that replicateg t
microarchitecture, breathing movements and primary physiological functions of the
human lung(Huh et al., 2010) This model is representing a new approach with
strong potential to study the complex pathophysiology of lung disaad improve

the drug development(Shrestha et al., 2020Yypically, they are created in
microfabricated polymeric devices consisting of multiple layef cell culture
chambers to mimic threéimensional micrearchitecture of the tracheobronchial
airways and alveal(Clippinger, Allen, Jarabek, et al., 2018)typical lungon-a

chip is represented iRigure 5. The device structure allows -@ultures of human
alveolar epithelial cells and pulmonary microvascular endothelial cells on the
opposite sides of a membranA. computercontrolled cyclic vacuungsystemcan
mimic physiological breathing motions and concomit#sgue deformatiofHuh

et al., 2010)

Side chambers

Figure 5. Representation of a lurgta-chip structure. A. Image of a polymeric device. B. Structure
of a lungon-a-chip: human alveolar epithelial cells and pulmonanyicrovascular
endothelial cells are caultures on the opposite sides of a membrane. C. A computer
controlled cyclic vacuum system can mimic physiological breathing motions and
concomitant tissue deformatigmodified from Clippinger et al., 2018).
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2.5 Lung Toxicity

As previously mentioned,hé unacceptable toxicity associated with irddhl
therapies represents the major obstacle in the development of idnadgCook

et al., 2014)Respiratory toxicities are typically identified at a relatively late stage
in preclinical testing. Thereforduring the development of new molecules, an early
identificaion and prediction of potential lung toxicity would help in reduding
attritionin drugresearch and development, with a possible impact on the 3Rs too.
The pathophysiological mechanisms associated with pulmonary tissue damage by
the use of xenobioticare diversegprobably due to the heterogeneity of the lung
compositionwith many different cell types, each one with different sensibility to
toxic agents(Castell et al., 2005Pulmonary drug toxicity may result from a direct

or indirect drug effectTo date, more than 380 medications are known to cause
druginduced respiratory diseasgsohlich, 2017)

Drugs with highpotentialto causesevere lungoxicity belong to very different
chemical classes and therapeutic categories, including but not limiteg to
chemostatic (i.e. bleomycin, busulfan, and cyclophosiia), ii) cardiovascular
drugs (i.e. amiodarone and hydroxymethylglut&®g@lA reductase inhibitors), iii)
antrinflammatory drugs (i.e. aspirin, methotrexate, gold, penicillamine,
azathioprine, sulfasalazine), and antimicrobials (e.g. nitrofurantoin, Gerpin

B, and sulphonamides).

The accumulation in the lung and the Iespgecific bioactivation may play a crucial
role in the toxic effect. Due to its high incidence and high mortality ©6@%,
amiodarondanduced lung disease is one of the kstatied(Frohlich, 2017)

Various respiratory cells can be used to screen the cytotoxicity of a specific drug to
lung cells. In general, A549 celis asuitablecell line because their cytochromes
(CYPs) enzyme expression pattern is more simildéinéon vivo situation(Castell

et al., 2005)

Furthermorea more relevargxposure systems, such aslajuid interface culture

with exposure to the formulation as aerosol or small treatment volume, may

improve the predictive value for reactionvivo (Lacroix et al., 2018)
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2.6 Factorsaffecting drug delivery to the lungs

The evaluation oin vivo events postleposition of theompoundsuch as the lung
distribution and pulmonary pharmacokinetisedsto consider that the lunigas
several efficient defence mechansthat have the function to eliminate the
exogenous substances, including inhaled therapeutic agents. The drug disposition
in the lung is the result of the kinetics of absorption andatorptive clearance
mechanisra As shown inFigure 6, different events can occur after the inhalation
of a compound.Most of the lung absorption takes plade the alveolar region,
where a thin (approximatelydm) and large (approximately 146) epithelium is
present, to the pulmonary blood circulati®artof theabsorption can occur in the
thicker (1660um) and smaller (R n¥) tracheobronchial airwaygSakagami,
2006)

Inhalation
E‘ Mucociliary
Ci
Tracheobronchial ] == b A Yy
(MC)
r"‘(
MC Absorption
= Blood
- Absorption
/ s
/ N
7 A
4 A
/ \

Metabolism Phagocytosis

Figure 6. Mechanism following inhalation and lung deposition (MC= Muiltary Clearance;
GIT= Gastrointestinal tract(taken fromSakagami M., 2006)

An inhaledsubstancenay be eliminated from the lung by different ralpsorptive
mechanismsuch the mucailiary or cough clearanaato the gastrointestinal tract,
by phagocytosis and/or metabolism in the mucus or lungetissducing the

bioavailability for inhaled therapeutics.



2.6.1 The Mucociliary Clearance (MCC)

The airways, from the nose to the alveoli are continuously exposed to pathogenic
agents, particulates and gaseous material with potentially harmful étiecefore

a series oflefencemechanism are in placdo protect the respiratory tract from
these insults. The upper airways protect the lung with the anatomical barriers.
Factors such athe mucus layer, macrophages, alveolar epitheliumtaedbasal
membrane can inhibit drug permeation into the circulation, associated with the
cough reflex and muecoiliary clearance with enzymes and immunoglobulin A.
Furthermore, drug availdity can be affected by the cellular uptake pathways,
proteolytic degradatioand surfactant interactigiNicod, 2005) The inhaled drugs

have to overcome these defesystensto ensure efficient drug deposition as well

as retention in and absorption from the lung.

The MCC is the primary innate defenmechanism of the lunghisis the process

of physically eliminating the particddfrom the lunginto the gastrointestinal tract

by the coordinate interaction of th& surface liquid ASL) and cilia beating.

The functional components are the protectivecous layer, the airway surface
liquid layer, and the cilia on the surface of ciliated cells.

The cilia are specialized organelles that beat in metachronal waves to propel
pathogens and inhaled particles trapped in the mucous layer out of the airveays. Th
cilia beatings regulated bynultiple physiologicafactors

The adult lung is estimated to cont&iB x 10 total motile cilia, 6.5 to im long

with a diameter of 0.1 um. The core structure is the highly conserved axoneme that
is extendedrom the baal body in the apical region of ciliated cells into the-peri
ciliary liquid. The ciliary axonemédFigure 7) consists of nine outer doublet
microtubulessurrounding two central single microtubules.

The cilia of the airways beat in a coordinated fashion that results in metachronal
waves. The basal CBF ranges between 10 and 2&&tr & Christensen, 2007)
yielding a muceciliary clearance velocity ofD5.5 mm/min (Hofmann &
Asgharian,2003) The cilia beating fr-adiegneggmcy ( CBI

agonists, intracellular increasaMP and c®IP and intracellular increase C&*
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(BustamanteMarin & Ostrowski, 2017) The CBF can also be affected by pH
changes anttmperaturéecause there is aptimal temperature for the enzymatic

hydrolysis of ATR with low temperaturedecreasigthe CBFE

Outer doublet microtubules

| B microtubule A microtubule |

Inner dynein
arm

Radial spoke
Inner sheath

Central singlet microtubules

Figure 7. Cilia Axonema structure. The core structure is the axonemal with the characteristic 9+2
pattern consisting of nine peripheral doublets microtubules surrounding a central pair of
single microtubulegtaken fromBustamantéMarine X.M., 2017).

The standat measurement of MCC rates in humans requires the inhalation of a
non-permeating radiolableld marker. This method is nguitable for routine
experimental studiesherefore various methods have been used to study MCC in
many different animal oexvivo models(Bustamantévarin & Ostrowski, 2017)

The recent models of differentiated human airways cultures, such ALI 3D snodel
have shown to be able to maintaining the coordinated activity, providing a valid
tool to monitorthe MCC. Impaired MCC is a feature of many airway diseases,
including both genetic and acquired disorders. For example, in cystic fibrosis,
mutations in the cystic fibrosis transmembrane conductance regulator protein result
in a viscous, thick mucus thatimnot be easily cleared, leading to repeated
infections, bronchiectasis, and, eventually, respiratory faiMae in detail, the
cystic fibrosis is caused by mutations in CFTR, a gene encoding an ion channel
[cystic fibrosis transmembrane conductanceulagr (CFTR)] that transports

chloride and bicarbonate across epithelial cell membranes. Lung disease is
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considered the cause of most mortality in people with CF and it is provoked by a
host defense impairment which leads to bacterial infec{idosgger et al., 2015)
Ballard and colleagues pioneered the use of ex vivo pig tracheas for studies of MCC
and Joo N.$Ballard et al., 2002; Joo et al., 201&)d colleagues extended this
approach to the ex vivo ferret trachea.

Muco-ciliary dysfunction is also a major component of other diseases, including
COPD and asthma.

Therefore, there is &igh interest in better unddaending the MCC for the
development of therapeutic approaches to improve ciliary clearapediemts

The MCC and therefore thgermanencéme of an inhaled drug in the lungs is a

factor that affect the drug absorption.

2.6.2 Phagocytosis by Alveoldvlacrophages

In the alveoli regionthe alveolar macrophages (AM) form the malefencdo the
transport of macromolecules from the lungs into the bloodstream, particularly for
medium tolargesizedproteins (Lombry et al., 2004)Macrophages are key
component of the primary innate immune response and are present in almost all
tissues bthe body. In the lung, they are the most abundant imrmoelhe/pe present
under homoeostatic conditio(Byrne et al., 2015)

Theyphagogteinsoluble particles that are deposited in the alveolar region and
then they are removed by the lymphatic system or moved into the ciliated airways

and eliminated via the mueoliary clearancéLabiris & Dolovich, 2003)

2.6.3 Lung metabolism

Although the lungsave thegrimary functionof gas exchangesythey also perform
several important nerespiratory functions. During the breathing, the respiratory
tract is frequently exposed to environmental toxicants and carcinogens and it pla
an important role in their detoxification. The same enzymes involved in the
detoxification process may also contribute to the metabolism and elimination of
inhaled, orally and intravenously administered dr@génaz et al., 2018)Some

inhaled drugs such as theophylline, salmeterol, isoprendtindesonide, and
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ciclesonide have been found to undergo significant metabolism in thé&Jloseph

et al., 2013) Every compound administered intravenously, intramudgular
subcutaneously or topically circulates through the lung before reaching the liver
and therefore it may be subject to the lung metabqétmaz et al., 2018)

All metabolic enzymes found in the liver are also present in the &ltgughat a

lower level. For examplecytochrome P450 isi20 times lower in the lung
compared to the liver. Phase 1 cytochroR#s0 (CYP450) enzymes, flavin
containing monooxygenases (FMO), monoamine oxidase (MAO), aldehyde
dehydrogenase, NADPHCYP450 reductase, for example, are all present in the
lung (Labiris & Dolovich, 2003) The enzyme involved in the drug meddism are

shown in theFigure 8.
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Monooxygenases Sulfotransferases . F
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Esterases Glutathione S-ransferases \
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Figure 8. Metabolic pathways and the roté efflux transportergtaken fromMortensN.P., 2014.

The human lung, however, appears to be a poor site for sulphation.

Proteins and peptides undergo hydrolysistlgy proteases present in the lung.
Sources for the proteases are the alveolar macrophages and other inflammatory
cells, such aseutrophils. Therefore, the combined administration of proteins and
peptides with protease inhibitors, such as bacitracin and sodium glycholate, can
reduce the metabolism and increase the lung abso(pabiris & Dolovich, 2003)

Certain cells in the airways are known to have a high metabolic activdly,asu

Clara cells.
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Type Il alveolar epithelial cells express enzymes required for metabolism, such as
cytochrome P 450, but type | cells are thought to have little capacity for metabolism
(Mortensen & Hickey, 2014)

Bio- transformationoccurringin the lungs can be expled in order to improve
airway selectivity and minimize systemic siefecs of some inhaled drugs,
designed as prodrug.

For example, the prodrug beclomethasone dipropionate is metabolized to the more
active 17beclamethasone monopropionate by esterases in the lungs, reducing the
sideeffects in the oropharyngeal tract.

Metabolism of inhaled chemicals is not always beneficial. For example, some
innocuous chemicals in cigarette smoke are metabolized into potential carcinogens
by the lung(Joseph et al., 2013)

Regarding the expression of metabolising enz/meitro cell line, the principal

phase | metabolising enzyme, cytochrome P450 (CYP) has been studied in A549
(Foster et al., 1998), GaB (Foster et al., 2000BEAS-2B (GarciaCanbn et al.,

2013) but published datarestill limited in this areaA recent review observes that

in the several substructures and within them the various cell types possess a
different pattern of xenobiotimetabolizing enzyme®esch et al., 2019)

2.7 Mechanisms of drug transport across the lung barrier

Thepulmonary epithelium is the most significant barrier to absorption. It separates
the airfilled compartment of the respiratory system from #dogieousnterstitial
compartment andt the same timgt regulates the exchange of solutes and water
between thse compartments.

The two cell types in the alveolar epithelium form a narrow band formeigtuty
junctions TJ) between the adjacent squamous alveolar type 11§&€&lls and much
broader TJ complexes between adjacentl Ahd the cuboidal alveolar type II
(AT-II) cells. This reflects the heterogeneity of clauillin) expression in alveolar
epithelial cells. Bothalveolar epithelial cell types express cldn3, cldn4 and the
splice variant cldn18 with different pattermas shown irFigure 9 (Wittekindt,
2017)
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T)
AT-l / AT-II

T)
AT-1 / AT-I

AT-I: AT-II:
cldn18 > cldn3 > cldn4 cldn3 > cldn4 > cldn18

Figure9. Structure of alveolar epithelium. The tight junctions between adjaEhtells are
narrower than thee between ATand ATII cells (taken fromWittekindt, 2017).

The process of absorption is described-iture 10 and it canoccur viapassive
diffusion or carrietmediated active transport via paracellular or transcellular
pathway depending on the drug and site of absorftioret al., 2013)

ab ¢ d
©
@ )0
v
- 0]

Figure 10. Epithelium drug transport mechanisma. Transellular diffusion, b. Paracallular
transport, c. Vesicle mediated transport, and d. Carrier mediated tranfpéen from
(Ghadiri et al., 2019).

Passive transportMost exogenous macromolecules are thought to be absorbed
from the airspaces nespecifically through tight junctions anda endocytic
vesicles (Patton et al., 2004)

Small lipophilic moleculesand compoundare generally absorbed via transcellular
diffusion, in whichthey pass from the apical tihe basolateral side by traveling
through the cellular membrane. The hydrophilic molecules magscitbe
epithelium viathe paracellular routenvhich they pass through aqueous pores in the

intercellular junction. For small hydrophilic molecules, molecular weight and
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degree of ionization seem to affect the absorption date to the interaction with
the proteins and lipids forming the poBecausea soluteendsto pass from a point
of higher concentration to a point of lower concentrabigrpassive diffusionthe
flux through the membrane can be calculated as the net numpasshgmnoles
per unit areain unit time perpendicular to unit area and it is represented by the
following formula (Eqg. 1)
O 6 28 W0
a0 W——. =i,
0 N0 0Qo
Eq. 1.dm = moles of substance, A = unit area, dt = unit time, V = volume, dc =

concentration of substan(®aldan, 2017)

Some interspecies differences are ndtedvatersoluble drugs, whereas the rate

of absorption of lipophilic compounds about the samgSchanker et al., 1986)
This can be duedtinter-species differences mlveolar porenumber angoresize
(Manford et al., 2005)

The existence of membrane vesicles within the alveolar endothelial and epithelial
type | cells has long baaecognized. In particular, tlmeajority of the vesicles are
noncoatedand morphologicallyclassifiedas caveolae (Gumbleton, 2001). The
general view is that alveolar vesiateediated trafficking across the -&ilood
barrierworksas a minor pathway inrptein absorption (Gumbleton, 2001; Patton,
1996).

Active absorption A number of compounds undergo active or cammediated
transport. This transport moves molecules against the concentration gradient
suchi,it is energydependent anid can be inHiited by competitor compounaath
similar structuralcharacteristicgPatton J.S., 1996). The absorption rates of
molecules transported by this way are saturable, such thalisbebedoercentage
decreaseby increasing concentration. The actialesorption deperscon the lung
regional expression of receptorst@ansportergLiu et al., 2013)

The lungs express a broad range of both uptake and efflux trarsg@&bsquillon,
2010),whose roleon the disposition of inhaled drugs has received little attention
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so far Active transport may affect thpermanencéme of a drug on the epithelium

and thereforé affect the absorption kinetic. Lung transporters ntigainvolved

in the uptake of drugs from systengicculation, and their possible accumulation in

the lung causing pulmonary toxicity or affecting the drug pharmacodynamics.
(Haghi, 2014)

The most notable among the transpmstis the efflux transporter-gp. Other
transporters include the breast cancer resistance protein (BCRP), the multidrug
resistanceelated protein (MRP), the OCT/Ns organic anion transporters (OAT),
organic anion transporting polypeptide (OATP) and qlemtide transporters
(PEPT1/PEPT2).

T P-gp

P-glycoproteinisan ef pux transporter encoded
resistance) gene.-gp substrates cover a broad range of drug classes,
althoughmany arelipophilic or large amphiphilic molecules contaig
electronegative groups theanform hydrogen bonds. The functionality of
P-gp is usually assessed heasuring the bidirectional efflux ratio (i.e.
basalto-apical:apicato-basal) of a substrate such as rhodamin 123 or
digoxin. Digoxin is not entirelgelective for Ryp as it is also a substrate
for organic anion transporting polypeptide transpor{@iadiova M.,
2009)

The Rgp is found in bronchial cell lines (e.g. C&8uand NHBE cells on

the apical surface, similarly to human alveolar epitheatells (Haghi

M.,2014) as well as in Caea cell line.

1T MRP

Multidrug resistanceelated proteins belong to the adenosine
triphosphate binding cassette superfamily of membrane transporters
ABC superfamily that obtain the energy ATP hydrolysis(Scheffer et

al., 2002)

MRPs areresponsible for efflux of amphipathic anions, glutathione S
conjugated drugs and MRP1 expression showgobnal difference and
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its high expression in bronchi and alveoli may p#ayole as defense
mechanisn{Haghi et al., 2014)

MRP expressiorhasbeendemonstrateth thewhole lung in the apical
or basal surface gbrimary epithelial cells isolated and culturedm

human lung samples amdimmortalized cell lines such as Ca&8{Haghi

et al., 2014)

1 BCRP

Breast cancer resistant proteins act as an efflux transporter with a broad
range of substrates. It is the third most abundant transpagpeessed in
thehumanlung andit has been showed to be involved in thegpant of
beclomethasone, ciclesonidapmetasone and ciprofloxacin. Moderate
expression levels of BCRRave beerpbservedin primary bronchial
epithelial cells,whereasslightly lower levelwere observedn Calu3
cells(Haghi, 2014)

1 OCT, OCTN

Organic cation trasporters (OCTareencoded by members of the solute
carrier (SLC) The study of OCT transporters has been mainly focused
on liver, kidneys, intestine and blddatain barrier, but several common
inhaled drugs positively charged at physiological pH, haea beported
to interact with OCT (Salomon J.J. 2012)
Differences have been observed in the OCT expression agiffergnt
airway cell lineqIngoglia et al., 2015)

1 OAT and OATP

Organic anion transporter@OAT) and Organic anion transporting
polypeptides(OATP) mediate adsorption and elimination of organic
ions. Little or noexpression of OATS in cultured bronchial epithelial and
A549 celk was observed and the isofo@AT4 was the only transporter
expressed exclusively in CaBiand 16HBE140, suggesting a very
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limited role ofthis transporter in the distribution of drugs hretlung
(Haghi M., 2014).

The OATPstransport (uptake and efflux) cationic, neutral, zwitterionic
and anionic compounds. The OASBhare someubstrates with Hgp,
BCRP and MRP efflux transporters, therefore, the net disposition of a
substrate molecule nais from thecombined contribution o&ll these
transporters. In cultured bronchial epithelial cells, significant variation in

the expression profiles of OATPs has been observed (Haghi M.,.2014)

1 PEPT

Oligopeptide transporters (PEPT1, PEPT2) transpaxice range of
peptide and nopeptide drugs. In whole human Iwgonly the
expression of PEPT1 was reported. Higpression of PEPTRas been
observedn all bronchial cell lines and primary bronchial and alveolar
cells, while PET1 has beeronly expressed in Cal@, 16HBE140,
BEAS-2B and primary bronchialells Haghi M., 2014).

Due to these differergxpressiorof transportes among the lung cell lines, it is
necessary to take into consideration the possikititymany compoundso be
deliverad via multiple transporters. Therefore, the knowledge of transporters
involved in the delivery of the drug of interastimportant in the selection of
immortalized lung cell lines for the better evaluation of compound transport
(understanding and/@redction in transport studigSakamoto A., 2015)

2.8 EXposure System

The purpose of delivery of inhaled substances to ALI cultures is to mimic the
physiological processes happening in the Iukgrosol effects on lung cells are
often addressed in environmentiaicology (Aufderheide & Mohr, 2000; Bitterle

et al., 200% These investigation are mainly focused in evaluating-teng effects

of low-dose exposed materials like dust or particulate matter and pol{titanm et

al., 2011)
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In contrast, pharmaceutical aerosols are aimed to deliver a specific dose of a given
drug with a singleadministration Drugs canbe applied directly pipetting liquid
formulation onto the ALburfaceDifferent methodfiave been used to expose cells
cultured at ALl to aerosolized compounds either in dry powder form or by
nebulization of solutions. Drugs can be delivered through the air using drug
delivery systems that mimic methods of depoasitin different regions of the lung

that can be integrated with the inhalers device for human administration.

The Inertial impaction devices represent the basis on which many currently devices
operate. It works on the principle of inertia; devices useaiassef perpendicular
nozzles, stages and collection plates to separate particles based upon the magnitude
of their inertia(Karra et al., 2019Figure 11).

k3

656

F" Air Flow Direction

. @ - Differently Sized Particles

Figure 11 Schematic representation of an inertial impaction. Arrows indicating airflow direction
and particle separation based on inertial force, smaller particlee able to follow the
airflow and therefore to continue to the next stage, whereas larger particles cannot due
to the impact onto the surface (taken from Karra et al., 2019)

This method is used in devices such as impingers (twin stage impinger and multi
stage liquid impinger)(Figure 12) and impactors (Marpi#liller, Anderson
cascade and next generation).

An example of the use of this device for the ALI treatment is showEdyure 12
where a transwell containing cell monolayer is added at a specijie(&tarra et

al., 2019)
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Multi-Stage Liquid Impinger

ml

Inhaler Device

__ *— Connecting Tube

#—— Transwell Insert
= _#&=——Cell Layer on
Porous Filter
Transwell
Containing s
Cell Monolayer

Figure 12. Schematic representation of a MuBitage Liquid Impinger (modified from Karra et al.,
2019).

In electrostatic impaction devices, aerosolised particles are charged and flow
through a humidifier. The deposition onto cells grown at ALkllswed by an

electrode below the membrane which attract the charged pa(Eaiese 13).

Aerosol delivery tube Aerosol fiow

(counter electrode)

-

— Y @ 5 @® e Agrosol flow

Cell culture at ALI Transwell insert

Microporous Insert holder plate
membrane (electrode)

Figure 13. Schematicepresentation of the aerosol flow and particle deposition on the cell culture
by electrostatic precipitatiomtodified from Geiser et al., 2017)

Sedimentation and diffusion devices are based on pressure differences to gently
deposit compounds onto cefiggure 14. Particles are flowed through a tube at high
pressure, and with low pressure outlets above wells housing insert with cell
cultures. Air will raturally flow from an area of high to low pressure allowing

sedimentation and diffusidiiKarra et al., 2019)
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Figure 14 Schematic representation of Pressure Derived Sedimentation and Diffusion devices
(Taken from Karra et al., 2019).

Commercial @vices using pressure differentze deposit particles with airflow
include CULTEX® (Figure 15 (Aufderheide et al., 2017)VITROCELL®
(Mulhopt et al., 2016{Figure 16 andFigure 17) and the Preciselnhale Xpose ALI
(Figure 18) (Ji et al.,2017)

Figure 15 CULTEX® RFSmodule(Taken from Cultex® websj)te
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Figure 16. Vitrocell® exposure system for liquid aerosols with single droplet sedimentation
(Taken from Vitrocell@Systemsvebsite)

Figure 17. Vitrocell® exposure system fdry powder can be applied from all commercially
available inhalers or via direct dosin@faken from Vitrocell® Systems website)

Figure 18. Xpos@Ll ®3D cell exposure modul@aken from Inhaltion Sciendes
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https://www.vitrocell.com/inhalation-toxicology/exposure-systems/vitrocell-cloud-system/vitrocell-cloud-6

3 AIM OF THE PROJECT

The aim of this projeatasto evaluate the implementationar Integrated Strategy
(IS) to be applied to the drug development process of new and generic inhaled
drugs. The ideavasto integratea preliminaryscreeningmethodfor the toxic
potential evaluation with multidisciplinary approach applied to a unique 3D human
lung model to evaluate diffent parameters such as toxicipgrmeability through

the tissueand inflammatory end pointhese datahould be integrated witim

silico models in order to obtain more predictive data for the selection of the best
candidate to be progressed in-phaical investigations and in clinical trials. This
approach isxpected to reducthe rate of failure in clinical trials. Furthermore, this
approach is expected kave an impact on the number of animals to be used in
vivo studies for the regulatory submission. In this projbet research has been
focused orthe fdlowing main aspects

1) Characterization oBmallAirE cell model as potentiéh vitro model:
1 for respiratory acute toxicity test

1 for transport assessmesftdrug compounds anacotine contained

in the aerosol produced cigarette
71 for inflammatorymediators and enpoints evaluation
1 for the muceciliary clearance assessment

2) Evaluation of a possible integrated approach consisting in the use of
different parameters including toxicity, permeability data collection and
MCC obtained in thén vitro SmallAirE cell model together witin silico

methods such asnultiple path particle dosimetry model (MPRD)
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4 MATERIALS AND METHODS
4.1 Materials

Smal | Ai r&nd itshsal essp e c ultdrémediuBwweselobtaedrfrén c
Epithelix Sarl (Switzerland). Each batch was supplied with a Certificate of Analysis
reporting donor information (sex and age), cell information (cell type, data of
seeding and data of air/liquid interface) and quality control ressteility,
Micoplasma,Transepithelal electrical resistance (TEERJlia beating frequency,
morphology, mucus and virus testing). The tissues were supplied cultured in
Transwells, transferred in 24ell Falcon® plates(Corning Incorporated,
Tewksbury, Massachusetts, USA).

A549 cells adenocarcinomic human alveolar basal epithelial ¢ATCC® CCL-

1 8 5 Rvpre obtained fromATCC, Manassas, Virginia, USA. The cells were
cultured on cell culture CorningE T75 fI
Massachusetts. USA) i n RPMI Medi um con
Fisher Scientific, Waltham, Massachusetts, USA). For the toxiedt cell were

cultured in 96well Falcon® plates (Corning Incorporated, Tewksbury,
Massachusetts, USA)

The permeability test substancé&albutamol (Lot. SC/48032), Budesonide
(Certified Reference Material European Pharmacopoeia Reference Standard
Council of Europe EDQMCS30026, Code: B1157300, Batch: 5.0), Fluticasone
Propionate (Lot. ACR933), Propranolol Hydrochloride (Lot. BCBD8251V),
Tiotropium Bromide Monohydrate (Lot. TIMHNORS802) and Theophylline (Lot.
091M0214V), were purchased from Sigkrich (Merck KGaA, Darmstadt,
Germany). Digoxin (ID D6003, Lot. BCBT0180). GF120918 (ID SRP010305e,
Lot. FE650161550) was purchased from Sequoia Research Products Ltd
(Pangbourne, UK). Dimethyl sulfoxide (DMSQyas purchased from Sigma
Aldrich (Merck KGaA, Darmstdt, Germany).

For the permeability nicotine testcigarettes and-kquid were provided by a

Client and details are not reported due to a disclosure agreement, Lucifer Yellow
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(ID L0144, Lot. MKBB2552) was purchased from Siglarich (Merck KGaA,

Darmstalt, Germany).

For the toxicity test, Dimithylamin€CAS 12440-3), Glycidol (CAS 55652-5),
Dimethylamine CAS 12440-3), Hydrogen PeroxyddCAS 772284-1) were
purchased from Sigmaldrich Corporation §t. Louis, Missouri, USA

Recombinant human TGk (240B) was purchased from R&D System, Inc.,
Minneapolis, USA. LPSfrom P. aeruginosaSerotype 1P and Bleomycin were
purchased form Sigmaldrich (Merck KGaA, Darmstadt, Germany)

Hank's Balanced Salt Solution (HBSS) was purchased $igmaAldrich (Merck
KGaA, Darmstadt, Germany). HBSSH was obtained by adding 10 ananb2.5
HEPES Gibco®, Thermo Fisher Scientific, Waltham, Massachusetts, )USA

toxicity test and permeability respectively.

Resazurin for the toxicity was purchased from Sighigrich (Corporation, St.
Louis, Missouri, USA.

LDH-GI o E Cyt ot okitiPromegs CofpsratianyMadison, USA)

For the cytokines analysis thdILLIPLEX map Human Cytokine/Chemokine
Magnetic Bead Panel Immunology Multiplex Assay(HCYTOMAG-60K-08)
purchased from Merck KGaA, Darmstadt, Germavas usedFor the SMAD2
analysis used the45MA-5 MULTI-ARRAY® 96 Sm Spot GAM Plate, purchased

from Mesoscale Discovery, Maryland, US#as

For the evaluation of muediliary clearance of ciliary movemertjicro particles
based on polystyrene (BEADS) uM, Forskolin (FRSK) and CFTRIRh72 were
all purchased from Sigmaldrich Corpoation (St. Louis, Missouri, USA).

4.2 Test System
421 Small AirE 3D Model

The Smal | Aarrived in agarsusdiheyswere transéel in a 24well plate

and culturedby A L | met hod (Air Liquid Il AteEface)
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culture nedium added with penicilliestreptomycin, in the basolateral
compartment.Tissues were incubated t 37 AC in humidiyed &
containing 5% ©2and100% humidity The medium was changed ever$ days.

The S ma préséniednétive tissue propertiesuch asa pseudostratified

morphology, the presence of multiple cell types (mucus producing, goblet cells,

ciliated cells with actively beatingli@a, basal cells and club cells), functional tight
junctionsand mucugFigure 19). Each batch of tissues showed a TEER values

above2 00 qlLcm2 an dfrequandy ibetwedn esaand 2gHz. The
experiments were conducted at least one week and 5 weeks after the atheal of

tissues.

Basal cells

AIR-LIQUID
INTERFACE

un[‘ ‘ll [ ] 'l" < .\/--q—cil--
AR e L ) e e — e
’ (ls / .' ° ,. h Clara cells

Figure 19. Schematic representato n o f  STiake ftorA the Bpithelix web site.

4.2.2 A549 Cell Model

The cells were cultured in adherent and submerged condition in RPMI Medium

with GluatwaMAKXKEAC in humidiyed aiand at mosp|
100% humidity inc e | | c u | Geluculere passagless< 20 were used for the
experiment. The day before the treatment 5000 cells/well ofwaeliGplate were

incubatedat 37°Cfor approximatty 24 hours.

This model was used as further respiratory model in acute toxicity test.

4.3 Methods
4.3.1 Acute Toxicity Assay Protocol

To avoid to generate and characterize an aerosol, the substances solutions were
applied directly t oinsertsend AS49 dulaurese Stazk Smal
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solution were diluted iHBSSHHank 6 s Bal anced Saahd Sol ut
HEPES 10mM).

Approxi mately 24 hours before the treat
visually inspected to insure the quality of the epithelia and rinsed apically with

200pL HBSSH. The washing step allows removing accumulated mucus and
therefore minimizes the risksd interference with the test.

Treatment Protocol fosingle dose Acut&oxicity AssayTest 1 and Test 2) in
Smal | AbeforeE the treatment the TEERf each  SissaelwhsAi r E
measuredTwo different study design were evaluated as follow: Test 1 with
treatment period of 6 hours and Test 2 with a treatment period of 72 hours. A
volume of 10QuL of Dimethylamine 0.73 mg/mL (Test 1) and of LPS 1@@mL,

CdCk 100puM and TGFb 10ng/mL (Test 2) was applied onto the surface of
tranwells (in triplicate)and th@ incubated for 6 hours or 72 hours respectively at
37 AC in humidiyed ai ro Adtdrtmoncybdtienpeiodc ont ai n
transwellsand cell cultures were washed witBSSH addedvith CaCb and a
cytotoxicity assay was performed The TERas measured after 24 hour and at the
end of the treatment period and compared with TEERrpegment values.

One tissue for each treatment of Test 2 was then processed for the histological

observation.

Treatment Protocol foDoserelated AcuteToxicity Assay Test 3) i n Smal
and A549 cell modelChemicals tested in the evaluation of acute toxicity after a

single treatment of a range of concentration were selected from substances
previously tested and publishéthckson et al., 2018jor whichin vivohuman or

animal inhalation toxicity are available. In particular compounds chosen with the

respective toxicity classification are reportedablel.
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Tablel. Compounds tested in the acute toxicity test with the respective toxicity classification.

Test chemical GHSacute EPA acute Respiratory
classificatior? classificatio®? Tract irritation
reported (SDS)

Glycidol 3 (H331) NA Yes
Dimethylamine 4 v Yes
Diethylamine 4 v Yes
Hydrogen Peroxydy 3 (H331) NA Yes
(H202),

&  GHS = Globally Harmonized System Aclribalation Toxicity classifications (Category 1 and
2: Fatal if inhaled; Category 3: Toxic if inhaled; Category 4: Harmful if inhaled; Category 5: may
be harmful if inhaled)

b EPA = Environmental Protection Agency Acute Inhalation Toxicity classificatiGasegory I:
Fatal if inhaled; Category Il: may be fatal if inhaled; Category Ill: Harmful if inhaled; Category
IV: caution)

NA = not available

The concentration range tested was selected on the basis of literature data
(Jackson et al., 2018nd confirmed after preliminary test. In detail the
concentrations were tested are reportedTiable2:

Table2. Range of concentration test for each compound in the acute toxicity test both in the 3D
SmallAie model and A549 cell model.

Test chemical Test chemical concentratio Test system
Glycidol 1, 4 and 12 mg/mL SmallAirE
Ab49
Dimethylamine 0.5, 1 and 1.5 mg/mL SmallAirE
A549
Diethylamine 0.5, 1.5 and 3 mg/mL SmallAirE
Ab49
Hydrogen Peroxyde 5, 15 and 30 mg/mL SmallAirE
(H202) 0.1, 0.5 and 1 mg/mL A549

For the test, a volume of 30 of test chemical solution was applied onto the
surface ofranswellqin duplicate) and in the wells with A549 cultures (in triplicate)
and then incubatedfor3hour8a? AC i n humidiyed air
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CO2 After the incubation periodranswellsand cell cultures were washed with
HBSS addedwith CaCh and HEPES (10mM) and a cytotoxicity assay was

performed.

4.3.2 Viability Assayi Resazurin Tet

Resazurin is a netoxic, cell permeable redox indicator thadergoes colorimetric
change in response to cellular metabolic reduction. The reducedrésonyfin, is

pink and highly fluorescent, and the intensity of fluorescence produced is
proportional to the number of living cellBigure 20).

NADH NAD*

HOTH\T/,Oj:/«\\//-O HO 0] 0
=y J\ = = [ I /:]: j
2 N* =
| N

o

Resazurin Resorufin

Figure 20. Structure of resazurin substrate and fluorescent resorufin product resulting from
reduction in viablecells (taken fromproductsheet)

To measure the cell viability, h e S marbniswellsweke transferred in a new

24 wells plate containing 5Q@ of 6yM Resazurin in HBS§L.25 mM CaCl2and

10 mM Hepes), a volume of 2Q€L of the Resazurin solutiomas also applied ¢o

the apical surfacd-or the A549 cultures, a volume of 200 of 6 uM Resazurin

solution was applied into each wellhdplates werghen incubated for 1 h 37 °C

i n humidiyed air at moAfieptheencubaticnpl®fiLafi ni ng 5
the apical solution was transferreda 96wells plate and the fluorescence of the
transformed product was measurddubrimeter Tecan Infinite F200Tecan,

Mannedorf; excitation filter = 535 nm; emission filter = 590 nm). As baseline
controlavol me of 1 0 @ransfdrmed Resazuwim solutiovasused in

triplicate.

55



Thetranswellswere then transferred in a new 24 wells plate containingZO&f
fresh medium and placed into the incuba®r7( AC i n humidiyed air
containing 5% COR

Data handling To determine the percentage of viability, the average absorbance
values (A) of the replicate apical samples and baseline cavdrelcalculated using

thefollowing equation:

00 & T b 0 01 QOO BDMITMONE 01 £ a
ANOTAYA) ——————————————————————— 0 JU I
Tt o0 mREal dmoimen: o

where A(treated) is the absorbance of compound treated tissue, A (base line
control) is the absorbance of the Aibansformed Resazurin solution, A (negative

contmol) is the absorbance of the tissues treated with vehicle (HBSSH).

Any possible effecon treatment group was assessed by the comparison with the
negative control group. Statistical anal
unpaired t test. Viability inpercentage was graphically represented with the more
appropriate plot and reported in tables with individual values and group means *
standard error meaSEM) for each test item tested.

P-values <0.05 was considered statistically significant. Statiséinalysis was

performed using SAS v.9.Mo statistical analysis was performed tbe Test 1

given the low number of replicafduplicates)

4.3.3 Trans-epithelial electrical resistance (TEER) measurement

Transepithelial electrical resistance (TEER) is a @hd accepted quantitative
technique to measure the integrity of tight junction dynamics in monolayers cell
culture models.

TEER is the measurement of electrical resistance across a cellular monolayer and
is a very sensitive and relialteethod to confirm the integrity and permeability of

the monolaye(Srinivasan et al., 2015TEER measurements was performed using

a Millipore Millicell-ERS cat. no. MERS 000 01 (Merck KGaA, Darmstdmjt)

placing electrodes on both sides of a cell layer grown on a semipermeable
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membrane and measuring both current and voltage across the cdlFigyes 21).

TEER values were determined for all cultures before and after the experiments.
detal, br the TEER measurement of Small AirE
0.5 mL HBSSH in the apitand basolateral compartments, respectively was added.

The TEER values were calculated as followise resistance of the culture
membrane will be subtracted (160 f or & nir@sért) foin the measured

values and then normalizedtivthe surface of thimsert 0.33cn?) and TEER was

finally presented as Ohm-&t q L% m

Elsctrode Elecomds

T -

I Layver of calls

Semipermeabile Membrane

Figure 21. Transepithelial/ transendothelial electrical resistance (TEER) measemnt with
chopstick electrodesaken fromSrinivasan et al., 2005

Statistical analysis was petestdEERend wusing
g -cm2was graphically represented with the more appropriate plot and reported in

tables with individual values and group mear3E#M for each test item tested.

434 Smal |l AirE Hystology

Histology observation was performed after Toxicity Test 2 only. Tissiere
rinsed in PBS and fixed by immersion in 4% formaldehsa@lationfor 30 minand
then washed with HBSS with&?*/Mg?*. For the dehydration process, tissues were
placed in successive baths as follow:

Ethanol 30%, 15 min

Ethanol 50%, 15 min

Ethanol 70%15 min

Ethanol 90%, 15 min
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Ethanol 100%, 30 min
Xylene-Ethanol (1:1), 30 min
Xylene 30 min

Paraffin at 60°C, 1 hr

Transwellswere than mbedded into paraffirsectioned and processed for staining
with Hematoxylin EosinSlides were evaluated by microcagianalysis.

4.3.5 Permeability Assay
4351 Permeabil ity st-lihidteeatmentn Smal | Ai r E

The aim of this assay wasdetermine passive cellular permeability (Papp) and

Pgp activity through the human Small AirE
The permeability of the Salbutamol, Budsonide, Tiotropium Bromide
Theophylline and Digoxiron SmallAiE tissues was assessé&hch compound

was dissolved at 10 mM in DMSO and then diluted gui0n HBSSH.

The apical and basolateral compartmentere the donor and acceptor
compartmentsyesgectively in A to B permeability and oppaosiy in B to A

permeability Figure 22).

Drug
1 = P-gp-mediated transport

A 2 = Passive diffusion
apical
(apica) Cell monolayer

(basolateral) "l Filter membrane

Figure 22.Schematic representation of permeably pro¢tden from Palumbo et al., 2008

In details, for the A to B permeabilitya volume of2 0 0 & dompouhd
formulations at @& Min HBSSH baer was applied onto the donor (apical)
compartment anda volume of500¢ L H B $&ltddded into the acceptor
(basolateral) compartment. To assay the permeability a volume ef LOOf r om t he

acceptor compartment aadrolumeof1& L from t he donor compar
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min was sampledlhe amples were analyzed by HPLKAS to measure the drug

content.

For the B to A permeabilitya volume o6 0 0  delst canpound formulation at

10e M i n H B&wWasapdiad intathe donor (basolateral) compartment and

avolume of200e L HBSSH into the acceptor (apical
permeability a volume of 16 L f rom t he acceptor compar:t
the donor compartment after 60 min was sampled. The samptesanalyzed by

HPLCI MS/MS to measure the drug content.

Data Handling For each treatment, the apparent permeability, Efflux Ratio and the

Recovery was calculated.

The apparent permeability (Papp) index is defined as the initial flux of compound
through the membrane (normalized by membrane surface area and donor
concentrationjPalumbo et al., 2008t represent how likely is a compound to pass
through the test system.

The Papp values were calculated for directiortdA] and [B toA], according to

the following equation:

Were dQ/dt is the stegebtate flux across the cell laygahé amount of test item
expressed aarea ratio), CO is the initial concentration (mol/mL) in the donor
chamber and A is the surfaaeea of the filter (0.333 chior 24 well plates)The

Papp was expressed as nm/sec aretage + standard deviation (SD) for A to B
and for B to A directions was calculated for each treatment. The Papp can be used

to predict oral/intestinal bioavailability on the basis of a classification based on

Papp of reference compounds as reportéichivie 3.

59



Table 3. Permeability classification: correlation between in vitro Papp and predicted in vivo
absorption.

In vitro Papp Predicted in vivo absorption

Papp O 10 nm/ sec|0-20% (Low)

10 nm/ sec OPapp |2070% (Medium)

Papp > 100 nm/sec 70-100% (High)

The Efflux Ratio (ER) is calculated according the following equation:

0 "Q Qa4 Yord "QF)'? ? L~)
00D

When a drug diffuses onlylpassive diffusion both A to B and B to A permeability
should be similar and therefore the ER should results about 1. While, when a drug
is thesubstrate of specific transporters, the permeabjiityresult increased in the
direction A to B f an uptaketransports involvedor in B to A directionwhenan
efflux pump is engaged With an ERgreater thar2 the compound might be
considered substratdé efflux transporters such asgp, whereas with a ER lower

than 2 is generallgot consideredubstrate fothese kig of transporters.

4.3.5.2 Permeability Assay aerosol treatment

Fortheassessmemf the permeability after aerosol treatmédr@ CULTEX® RFS
Compact (Cultex Laboratories GmbH, Hannover, Germany) has been evaluated as
exposure device for nebulized formulation.

The CULTEX® RFS Compact consists of two main parts, the aegusding
module and the sampling module where 6 cell cuingerts can be allocated. The
deviceexpose3 insert positions tthe aerosokreatment anthe remaining 3 insert

positionstheclean airat the same tim@-igure 23)
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Figure 23. Schematic representation of exposure module of the CULTEX® Compact device Cultex
Laboratories GmbH, Hannover, Germany.

For the application of a commercially available formulation for nebulizers, the
CULTEX® device was connected to a simple nebulizer (Aerosol TurboBOY SX,

Pari GmbH, Starnberg, Germany).

Briefly, Broncovaleas® (4 mL at 5 mg/ml suspension for nebulization) and
Budesonide Aircort® (2 mL at 0.5 mg/ml suspension for nebulization) were

nebul zed and the aerosol was applied onto
ml/min. After the nebulization, samples of @0 of HBSSH from basolateral
compartment and 10L (after the addition of 10QL of HBSSH)from the apical
compartment were collected. Samples were thealysed by a HPLBIS/MS

method for the quantification.

In addition, theCULTEX® RFS Compact, connected to a Borgwaldt smoking
machine LM1E (Borgwaldt KC, Hamburg, Germany), was usedlesign a
protocol for theassessment aficotine permeability after-emoke exposure. Two
experiments have been conducted with two different commeretaaeettes
containing the samelguid. Briefly, the ecigarette was connected to the smoking
machine Figure 24) and the diquid aerosol (containing nicotine) and vehicle was
distributed on the tissues following the CORESTA recommended puffing regime
Method No81 (CORESTA, 2015)A number of 16uffs were taken with a puff
volume of 55mL in 3seconds, with a puff interval of 27 s. For a better distributio
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the eliquid aerosol was diluted with regular airl{znin) before being sucked into

the CULTEX®> RFS compact via a vacuum pump with a flow rate of

5 mL/min/insert. Twotranswellswith SmallAirE tissues and an insert without
cells were exposed for eatbst. In test 2 two runs were conducted. The insert
without cells was used as reference to quantify the amount of nicotine that has
actually reached the tissues. In each experiment vehicle-Agdice containing
nicotine have been applied. In additionasitive control (HO2 10%) was applied

asliquid formulation.

\ Smoking

Cultex® machine

System

Figure 24. Image of the instrument set up for the assessment of nicotine permeability through the
Small AirE tissues. CULTEXE RFS Compact, on t
smoking machine LM1E

For each test TEER before and afteaneoke exposure was asshsAfter the e
smoke exposure, cell viability by Resazurin test and the integrity of tissues by
Yellow Luciferase Assay were assessed. At the end of-imoie exposure, one
sample of 100 pL of medium from the sampling chamber was collected at different
time points (2 and 5 minutes after the exposure). The concentration of nicotine was
guantified by qualified method using liquid chromatography with tandem mass

spectrometry detection (L®IS/MS).
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4.3.5.3 Luciferase Yellow Assay

This assay allows to assess the paracellular permeability as indicator of the integrity

of the tissues using the yellow luciferase marker (LY) and therefore allows to
determine if the permeability is due to a damaged tissue or to a physiological
transportWhen the tissue is constitutbyselective barrier sealed by tight junction,

no or really low paracellular flux is present and the transcellular pathway is the only

way to cross the tissue. Molecules as LY that are unable to pass a cell monolayer
grown an microporous membranes by transcellular pathway can be used to evaluate

the barrier status.

LY permeability was measured in one dire
Residual solutions in the apical compartment after the treatment was gently
removel and 20QuL of donor working solution containingy at 200 uM in culture

medium were then added to thecAmpartment and 6Q@L of receiver working

solution (culture medium) to the ®@®mpartment. The cells were incubated at 37°C

for 60 min.

A volume of 1@ pL from receiver wells, 10QiL/well of donor solution containing

100pM LY and 100uL/well of Transport medium were transferred to-\9éll

clear bottom black plate (NuncE F96 Mic
Thermo Fisher Scientific, Waltham, Massas#its, USA). Fluorescence was

measured by using a fluorescence plate reader (FLUOstar OPTIMA Microplate
Reader, BMG LABTECH, Ortenberg, Germany)Eat= 485nm, Em=535nm.

Data handling The percent permeability from the fluorescence values was

calculaed as follows:

bidQQQOOFaETE

Where RFU are the relative fluorescence unit values (subtracted by the background
mean values); RFU apical is the mean value of the donor solution LMMOO
A % LY rejection >98% is considered acceptable, between 98% and 95% is

considered acceptable with caution and < 95% is considered not acceptable.
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4.3.5.4 Permeability Assay NGI

The regional deposition in the lung is determined by the aerodynamic diameter of
the particles. Impactors are the instruments of choice for the in vitro assessment of
delivery efficiency of inhalation products. Thext Generation ImpactoNGI) is

a highperformance cascade impactor with seven stdggare 25) and it operated

at any inlet flowrate between 30 and 100 L/min with the cut sizes spanning a
particle size range nominally from O0-28n to 1tpum aerodynamic diameter which

are collected in specific cup.

Figure25. Next Generation | mpactor in fAopenod positior

One NGI cup was modified by creating holes in the cup where transwells were
allocated as showed Figure 26. A Volume of 500 pL of medium was transfeire

in each well . Two wells weretransvelld to al l
while one well was occupied with a transwell without tissues in order to measure

the total compound applied. The transwell without tissue was equipped with plain

filter to collect the dose deposited. The efficiency of modified cup was checked

with a leak tester and found satisfactory.
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Figure 26. Images ofNext Generation Impactor Cup modified, with tissue insert allocated. A. Top
View B. Side view.

A preliminary test without tissues was performed to confirm that the same amount
of compound was deposited in each we&his test was carried out as the final
experiment except fadding filters in the empty tnawells rather than the tissues.
The modifed cup was positioned at stage 3 place and three filters were inserted into
the empty wells. Spiriva (Tiotropium Bromiddly power inhalerDPI) capsules

and devices were used to test the modified cup. Prior to run the test, the Critical
Flow Controller vas adjusted to 39/min by using a calibratiolbosage Unit
Sampling Apparatus tub®USA tubg and then a Leak test was performed on the
NGI impactor toverify eventual pressure leakage in the modified system. The NGI
impactor was attached to the leak éesind a bung was placed into the throat to
seal it. A pressure of kKPawas initially appliedbefore adjusting it to 4Pa and the
pressure was recorded after 20 seconds. The resulting lealesst® be lower

than 100Pa/s to pass and it was calculated as follows:
Leak rate = (4 P recorded) x 1000/20.

After the Leak test, the flow rate of the NGl impactor was checked to bd &n89

and then 5 btropium Bromide (181g) capsules were fired into the NGI impactor.
The filters were collected after the firing and they were placed into three
scintillation vials with the addition of 1ml of diluent (b@ Ammonium
dihydrogen phosphate buffer @B/ Methanol 70/306 v/v). The samplewere
collected and they werthen analsed by HPLCGUV at 237nm, with a flow of
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1.7ml/min and a column temperature of 40°C. To confirm the data reproducibility,

the test was performed twice.

The final test was performed at the same condition reported above with 2
SmallAirE  transwells and 1 insert without tissueAfter the treatment the

SmallAirE transwellswere incubatecat 37 AC in humidiyed &
containing 5% CO2and100% humidityfor 1 hour. After the incubation period, a

sampleof 100puL of mediumfrom eachbasolateral compartmewas collected A

volume of 10QuL of medium was added to the apical compartment to dissolve and

collect the possible compound deposibedo the surface.

4.3.6 PhospheSMAD2 (pSMAD2) measurement

Smal |l Air E cul t ur e sombinant EGFbt (final adnaemtrationi t h 1 e
20 ng/ml) for 1 and Jours A the end of the incubation period, the cells were lysed
in complete TRIS lysis buffer angtSMAD?2 (at residues S465/S467) and total
SMAD2 wasmeasured with an MSbased assay 45MA-5 MULTI-ARRAY®

96 Sm Spot GAM Platdyie s 0 Scal e Di sSMAD2evasyafagsedds s ay ) .
using two immunessay in parallelthe capture antibody (against total SMAD2
form) wascommon to the two assays, whereas the detection antibaslgither
antitotal SMAD2 or ati-phospheSMAD2 (Ser465/46#specific. The use of
appropriate MSD microplates (9¢ll-small spot Gat Anti Mousel GAM - plate)

with carbon electrodes integrated into the bottom of each well and a detection
antibody conjugated with electrochemiluminescdabels (SULFGT A GE)
provided a specific electrochemiluminescent signal proportional to the target of
interest measurable using a MSD reader.

Briefly, tissues were lysed in complete Thsis buffer and scraped after 1 hr
incubation on ice. After a cleag step, protein concentratiovasassessed using
BCA kit (Bicinchoninic Acid Assay protein determination kit) and the supernatant
used immediately for SMAD2 analysis or stored&at°C.

GAM plates were blocked with 3% Blocker A imi§ Buffer Saline wih Tween 20
(TBST) for approximately 1 hour at RT, then the plate were coated with capture
antibody [mouse antSMADZ2/3 antibody (BD, 610843), 1:250 dilutiprand
incubated for 2hr. Tissue lysate (10pggstransferred to MSD plates and incubated
overnight at 4°C. Detection antibodies (rabbit -4mital SMAD2 Thermo Fisher,
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51-1300, 1:500 dilution or rabbit apthospheSMAD2 (Merck Millipore, 04953,
antibody 1:50 dilutionyvere added to the MSD plate. Aft2hr incubation, MSD
Sulfo-Tag labeled antiabbit diluted 1:500 were added and incubated for 1hr. 1X
Read Buffer was added and plates were read immediately in a MSD reader (e.g.
MSD Sector 6000).

Data handling A semiquantitative determination of pdspSMAD2/SMAD?2
level was used, normalizing phospBMAD2 (pSMAD?2) levels to total SMAD2
levels(tSMAD2). Values are expressed as means + standard error.
Statistical analysis was performed using GraphPad R@snSTATISTICA 10 by
a OneWay ANOVA followedby Post Hoc Fisher LSD test.

4.3.7 Cytokines and pranflammatory mediatorsneasurement

For the analysis afytokines angpro-i nf | ammat ory medi ators r e
cultures were treated triplicate with a Bleomycin at concentration of 10, 30 and

100uM applied onto the surface (1pQ).

Supernatant in the lower chamber was collected aftéroRdsand 72hours The

guantification of 16, RANTES, IR10, ETXN, IL-4, MIP-1 b , -8, GRO was

performed using a Luminex be&dsed Multiplex AssayMILLIPLEX wmapP

Human Cytokine/Chemokine Magnetic Bead Pandmmunology Multiplex

Assay)according to manufacturer instructions.

4.3.8 Lactate Dehydrogenase (L) assay

Lactate DehydrogenageDH) assessment was performed in the samples obtained

from the medium of SmallAk cul t ures treated in tripld.i
concentration of 10, 30 a0 uM in the upper chamber for 24 hours and 72 hours.

The LDHrelease was quantified usifgetLDHG| o E Cyt ot oxi city Ass
The LDHGl o E Cytotoxi city Bsuwnmescem methodfores a s
guantifying LDH release. The bright luminescent signal provides the sensitivity to
determine cytotoxicity in 3D microtissue spheroids, microfluidic cell culture chips,

primary cells and stem cell$he method is based on a bioluminescence reaction.

LDH catalyzes the oxidation of lactate with concomitant reduction of NAD+ to
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NADH. Reductase uses NADH and reductase substrate to generate luciferin, which

is converted to a bioluminescent signal by &®&| o E r L u(Eigufe@®.a s e

The light signal generated is proportional to the amount of LDH present

In the LDHGI o E Assay pr ot ocdidn, Reageht (cOntainihlgDH De't
Lactate, NAD+, Reductase, Reductase Substrate and@itr@ E r Luwasf er as e)
added to 25 pL sample of diluted cell culture medifder 1 hour of incubation at

room temperaturehe luminescent signal generateds read by a lumometer

(Victordv, PerkinElmer, Waltham, Massachusetts, USA)

Figure 27. Schematic representation of LBGIOE cyt ot oxi ci ty assay mechani s

Data handling results were expressed as fold increase compared to the negative.

4.3.9 ROSmeasurement

For the measurement of reactive oxygen species (ROS) released in the medium by
t he S maalftdr hdatmént witlBleomycin at concentration of 10, 30 and

100 uM in for 24 hours and 72 hoyrthe ROSGIoE H.O, Assay was used. This
method is a bmogeneous, rapid and sensitive luminescent assay that measures the
level of the ROS hydrogen peroxide>(b4).

ROS generated in cells can actsggallingmolecules and, in excess, can lead to
cell damage or deatfwittmann et al., 2012)Among the several ROS that are
generated in cell cultures, the®% is the most convenient to assay because it has
the longest halfife of all ROS incultured cells.

The ROSGIoE Assay mechanism for 3, measurement is shown igure 28.

An H2Oz substrate reacts directly with2B- to generate a lu@fin precursor. Upon
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