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Abstract

Urbanization and globalization are prevailing social phenomena that multiply and com-
plexify the sources of modern pollution. Amongst others, air pollution has been rec-
ognized as an omnipresent life-threatening hazard, comprising a wide range of toxic air-
borne xenobiotics that expose man to acute and chronic threats. The defense mechanisms
involved in hazardous exposure responses are complex and comprise local and systemic
biological pathways. Due to this complexity, animal models are considered prime study
models. However, in light of animal experimentation reduction (3Rs), we developed and
investigated an alternative in vitro method to study systemic-like responses to inhalation-
like exposures. In this context, a coculture platform was established to emulate inter-
organ crosstalks between the pulmonary barrier, which constitutes the route of entry of
inhaled compounds, and the liver, which plays a major role in xenobiotic metabolism.
Both compartments respectively comprised a Calu-3 insert and a HepG2/C3A biochip
which were jointly cultured in a dynamically-stimulated environment for 72 hours. The
present model was characterized using acetaminophen (APAP), a well-documented hep-
atotoxicant, to visibly assess the passage and circulation of a xenobiotic through the de-
vice. Two kinds of models were developed: (1) the developmental model allowed for the
technical setup of the coculture, and (2) the physiological-like model better approximates
a vivo environment. Based on viability, and functionality parameters the developmental
model showed that the Calu-3 bronchial barrier and the HepG2/C3A biochip can suc-
cessfully be maintained viable and function in a dynamic coculture setting for 3 days. Ina
stress-induced environment, present results reported that the coculture model emulated
active and functional in vitro crosstalk that seemingly was responsive to high (1.5 and 3
mM) and low (12 and 24 M) xenobiotic exposure doses. Lung/liver crosstalk induced
modulation of stress response dynamics, delaying cytotoxicity, proving that APAP fate,
biological behaviors and cellular stress responses were modulated in a broader systemic-

like environment.
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Résumé

L'urbanisation et la mondialisation sont des phénomenes de société qui multiplient et
complexifient les sources de pollution. Parmi elles, la pollution atmosphérique impacte
notablement la santé humaine a 1’échelle mondiale de par son caractere transfrontiere [1]-
[3]. L'appareil respiratoire est une voie d’absorption de nombreux xénobiotiques, sous
forme de gaz, d’aérosols ou de nanoparticules. Une fois dans les voies respiratoires, les
substances inhalées sont susceptibles d’interagir avec les cellules pulmonaires. Les mé-
canismes par lesquels des xénobiotiques inhalés induisent des dommages pulmonaires
sont complexes, notamment en raison de ’hétérogénéité cellulaire des poumons. En rai-
son de cette complexité, les modéles animaux constituent un outil de référence pour les
études toxicologiques prédictives, cependant, dans le contexte européen de réduction de
I'expérimentation animale (REACH, et les régles 3R), le développement de méthodes al-
ternatives fiables est devenu une nécessité. Les modeles in vitro sont de bons candidats
car plus simple et moins couteux a mettre en ceuvre que les modéles vivo et permettent de
travailler avec des cellules ou des tissus d’origine humaine ce qui contribue a améliorer
la pertinence des résultats. Cependant, I’extrapolation limitée du vitro au vivo est sou-
vent liée a un manque de complexité des modeles, notamment en raison de 1’absence
de communication inter-organes. Les technologies des multi-organes sur puce cherchent
a surmonter ces limitations en connectant plusieurs organoides métaboliquement actifs
au sein d'un méme circuit de culture afin de reproduire des interactions de type sys-
témiques. Dans ce contexte, nous décrivons un modele permettant de connecter in vitro,
par le biais de la microfluidique, une barriere pulmonaire (voie d’entrée des xénobio-
tiques inhalés) a un organe détoxifiant tel que le foie, afin d’évaluer la toxicité liée a
un stress inhalatoire de fagcon plus systémique. Cette approche permet de considérer
la biotransformation des composés inhalés et 1'interaction inter-organes comme possible
modulateurs de la toxicité.

Le projet étant dans les premiéres phase de développement, la robustesse expérimentale
était au coeur du projet. L'objectif principal était de prouver qu’une substance modele
était capable de transiter dans le dispositif, au travers des deux compartiments tissulaires,
afin de pouvoir étudier la dynamique inter-organes poumon/foie en condition de stress

xénobiotique. Le projet a été articulé en trois phases expérimentales :

* Caractérisation des réponses biologiques spécifiques aux tissus pulmonaire et hépa-
tique en réponse a un stress. La viabilité, la fonctionnalité et les activités métaboliques

des monocultures ont été évaluées apres exposition a une substance modele.

¢ Adaptation et préparation des monocultures aux conditions de co-culture (milieu



de co-culture, effet du flux sur le développement tissulaire pulmonaire) afin de
préserver la viabilité et la fonctionnalité des tissus.

* Les compartiments pulmonaire et hépatique ont été réunis et cultivés jointement
dans un circuit de culture microfluidique fermé. La co-culture a été exposée a une
substance modele a travers la barriere pulmonaire afin d’imiter un mode d’exposition
inhalatoire. Les parameétres de viabilité et de fonctionnalité des tissus ont été évalué
post-culture afin de mettre en évidence quelconque phénomeéne d’interaction inter-
organe.

zZ N A

Le modele développé étant destiné a étre utilisé pour étudier les risques liés a I’exposition
a la pollution atmosphérique, inhalée par les voies respiratoires, le compartiment pul-
monaire est la cible principale de 1’étude. La caractérisation du modele de co-culture a
été réalisé grace a 'exposition d'un agent hépatotoxique de référence, largement étudié
dans la littérature : I’acétaminophene aussi connu sous le nom de paracétamol (APAP).
L’exposition a la barriere pulmonaire n’est pas physiologique mais permet d’observer
quantitativement le passage et la circulation du xénobiotique a travers le dispositif car
I’APAP interfére avec la viabilité et les performances métaboliques hépatique, permettant
ainsi de vérifier que le compartiment hépatique peut avoir acces a 1’exposition effectuée
a travers la barriére pulmonaire.

Deux types de modéles de co-culture ont été développé :

* Un modéle de développement a permis la mise en place technique de la plate-
forme de co-culture. Cette configuration comprend un tissu pulmonaire Calu-3,
cultivé en condition submergé, connecté a une biopuce hépatique HepG2/C3A.
Les concentrations d’exposition choisies pour ce modele reposent sur des seuils
d’hépatotoxicité connus, 1,5 mM et 3 mM, afin de permettre une meilleure quan-
tification des réponses biologiques. Ces concentrations correspondent a des con-
centrations dites " systémiques ", auxquelles le compartiment hépatique aura acces
par le flux, apres dilution dans le milieu circulant. Les concentrations d’APAP dé-
posées localement en amont sur la barriere Calu-3 tiennent compte de la dilution
du milieu total qui suit. Pour atteindre des valeurs systémiques de 1,5 mM et 3
mM, les expositions locales ont été fixées a 7,5 mM et 15 mM du c6té pulmonaire
respectivement.

¢ Un modeéle plus physiologique se rapprochant davantage d’une exposition vivo.
Le tissu Calu-3 est soumis a une breve période de différentiation a I'interface air-
liquide (ALI) et le mode d’exposition repose sur un volume d’exposition faible (200
uL) qui impose localement une concentration d’exposition de 0,5 et 1 mM d’APAP
sur la barriére Calu-3 qui se diluera ensuite a respectivement 12 et 24 M dans le

milieu systémique.



Evaluation du profil cytotoxique des monocultures pulmonaire
et hépatique en réponse a 1’exposition d’une substance modele

: étude du cas de 1’acétaminophene

Etude de la réponse au stress d’une biopuce HepG2/C3A métaboliquement ac-
tive

Le tissu hépatique a été reconstruit en condition de culture dynamique au sein d’une
biopuce microstructurée en PDMS développée et caractérisée précédemment [4]-[10].
Ce mode de culture a déja été utilisé pour la culture de cellules HepG2/C3A et a per-
mis 'amélioration de la fonctionnalité hépatique in vitro, notamment du métabolisme
xénobiotique [8]-[11]. Nos observations morphologiques et les données métaboliques
coincident avec la littérature, et indiquent dans 1'ensemble que les biopuces de cellules
HepG2/C3A utilisées sont différenciées et métaboliquement actives, et qu’elles sont ca-
pable de percevoir et répondre a I’exposition d’APAP. Les réponses biologiques a 1’exposition
d’APAP ont déja été étudiées, mais a des doses plus faibles, ne dépassant pas 1 mM [5],
[8]. Les environnements de culture cellulaire testés a 1,5 et 3 mM d’APAP ont induit une
cytotoxicité importante. L’hépatotoxicité de ’APAP est liée a la production du métabolite
réactif N-acetyl-p-benzoquinone imine (NAPQI), via les cytochromes P450 (CYP) [12]. Le
NAPQI peut étre conjugué au glutathion (GSH) via les GST pour produire un métabo-
lite APAP-glutathion (APAP-GSH) non toxique, cependant, en condition de production
excessive de NAPQI les stocks de GSH peuvent s’épuiser, ce qui bloque la détoxifica-
tion du NAPQI et entraine son accumulation. Conformément a Prot et al. le suivi de
I'activité CYP1A des cellules HepG2/C3A, par le biais du test EROD, permet de suivre
la production de NAPQI toxique [13]. Nos résultats indiquent que 1’APAP induit une
augmentation de l'activité métabolique du CYP1A des 3 mM d’exposition, et peut-étre
méme des 1,5 mM puisque le métabolisme tend a étre déja plus élevé que 'activité basale,
impliquant que la production de NAPQI serait accrue. Une quantification des conjugués
APAP-GSH permettrait de suivre le processus de détoxification des NAPQI [14]. Cepen-
dant, une détoxification des NAPQI produit serait peu probable étant donné qu'une aug-
mentation importante de la mortalité cellulaire a été constaté. Malgré 1’apparente cyto-
toxicité provoquait par les expositions, les niveaux d’albumine mesurés indiquent que la
différenciation des cellules HepG2/C3A n’a pas été affectée.

Il semblerait donc que les biopuces de cellules HepG2/C3A percgoivent I’APAP, a des con-
centrations hépatotoxiques, et sont capable de répondre a ce stress. L’APAP provoque
une cytotoxicité apparente a partir de 1,5 mM, qui s’intensifie 8 3 mM, mais qui ne
provoque malgré tout aucune dédifférenciation cellulaire.

Analyse des effets de I’APAP sur la barriére pulmonaire Calu-3

Les cellules Calu-3 ont été choisies pour modéliser le compartiment pulmonaire. Elles
forment un tissu cohésif de cellules sécrétrices et ciliés. Méme si les cellules sont immor-
talisées, elles possédent des propriétés semblables a celles des cellules primaires (TEER,



perméabilité tissulaire), notamment en matiere de métabolisme xénobiotique. En effet, la
littérature rapporte la présence de métabolisme de phase I (CYP1A1, 2B6, 2E1), II (UGTs)
et des transporteurs de phase III (MRP1, P-gp) actifs [15]-[19].

Les tissus Calu-3 cultivés en condition submergé ont bénéficié d’'un volume de milieu
apical suffisant pour atteindre des concentrations d’exposition élevées, la solubilité de
I’APAP étant un facteur critique. Les observations morphologiques et de viabilité cellu-
laire ont montré que les expositions de 7,5 et 15 mM d’APAP induisent une cytotoxicité
apparente non dose-dépendante. Les cellules présentaient notamment une morphologie
anormalement agrandie, pouvant étre corrélée, d’apres la littérature, a des cellules sénes-
centes. L’augmentation de la taille des cellules entrainerait une augmentation du rapport
cytoplasme/ADN, qui contribuerait a 1’arrét du cycle cellulaire [20]. L’APAP a égale-
ment affecté le métabolisme mitochondrial des cellules Calu-3, I’activité ayant diminué
de pres de moitié. Cela pourrait étre dii a 'accumulation de NAPQI étant donné que
la littérature rapporte que les mitochondries sont les principales cibles des NAPQI [21].
Ce phénomene se traduisant par un stress oxydatif mitochondrial dans le foie [22], des
mesures des especes réactives de I'oxygene (ROS) pourrait étre réalisées afin d’étudier si
la réduction de l'activité mitochondriale chez les cellules Calu-3 pourrait aussi étre liée
a un stress oxydatif et donc possiblement a 1'accumulation de NAPQI. Cette perte de
viabilité expliquerait alors I'impact que les expositions ont eu sur la cohésion tissulaire,
s’étant notamment traduit par la perte de fonction barriere. Les résulats ont rapporté
une baisse de TEER, qui selon la classification établie dans la littérature ont fait passer
les tissus Calu-3 de "serré", avec des valeurs supérieures a 2000 Q.cm?, a "intermédiaire"
tendant plutot vers "fuyant" puisque les valeurs se situent aux alentours de 300 Q).cm?
[23]. L'intégrité de la barriere dépend de l'architecture des jonctions intercellulaires [24].
Les immunomarquages des jonctions d’adhérence E-Cadherin et des jonctions serrées
Claudin-1 ont révélé que I’APAP perturbait le réseau de Claudin-1. Les jonctions ser-
rées sont impliquées dans la régulation de la perméabilité macromoléculaire et ionique,
en controdlant I’acces aux espaces paracellulaires [25], ce qui expliquerait I’augmentation
de la perméabilité tissulaire mesurée par le test de Lucifer Yellow. La perte de la fonc-
tion barriére s’est également traduit par la diminution du taux de mucines MUC5AC
détectées a la surface des tissus Calu-3. Alors que la littérature rapporte qu’in vivo les
agressions extérieures activent la production de mucine des voies aériennes [26], 1a baisse
du taux de mucines de surface pourrait donc indiquer que I’APAP interférerait avec la
production de mucine. Cela pourrait étre dii au fait que les cellules sont déja trop endom-
magées par l’exposition pour maintenir un métabolisme actif. Il semblerait donc que les
tissus Calu-3 percoivent et répondent au stress causé par 1’exposition d’APAP a fortes
concentrations d’exposition.

Complexification du modéle pulmonaire vers des conditions de culture et d’exposition
plus physiologiques

Le protocole de reconstruction comprend 24 heures de différentiation a l'interface air-
liquide, un volume (200 uL) et des concentrations (0,5 and 1 mM) d’exposition plus



faibles. Ce mode de différentiation a largement été étudié et souligné pour les avan-
tages fonctionnels qu’il confére aux tissus pulmonaires [27]. En ce qui concerne les tissus
Calu-3, les équipes de Forbes et Kristan ont documenté la fagon dont 1’ALI a permis une
différentiation tissulaire semblables aux épithéliums des voies respiratoires in vivo, no-
tamment par I'amélioration de la production de mucus couvrant la surface cellulaire et la
pseudostratification du tissu [28], [29]. Ces caractéristiques morphologiques et fonction-
nelles se sont également manifestées dans nos tissus Calu-3 semi-ALI

Les valeurs de TEER et de perméabilité des tissus différenciées a1’ALI excedent habituelle-
ment ceux des tissus cultivés en condition submergé, or ce constat ne se s’est pas traduit
dans nos expériences, probablement dti au fait que les tissus n’ont pas bénéficié d’assez
de temps pour se réadapter completement a la culture apres le passage a 1’ALI, sachant
qu’ils subissent un changement abrupt d’approvisionnement en nutriments et en oxygeéne
lorsque le milieu apical est retiré. Cette phase d’adaptation pourrait provoquer une
phase de latence momentanée dans la culture. Malgré tout, en raison de I’amélioration
globale de la différenciation tissulaire, les échantillons semi-ALI devraient présentés de
meilleures propriétés cytoprotectrices, ainsi les effets indésirables liés aux expositions a
I’APAP devraient étre atténués. Comme il n’y a pas de données sur l'effet de I'exposition
directe de I’APAP sur des modeles pulmonaires in vitro, les seules données que nous
pouvons utiliser sont les effets traditionnellement documentés sur cellules hépatiques.
Alors que Prot et al. rapportent que l'acétaminophéne a entrainé une EC50 a 1 mM
d’exposition pendant 72 heures de contact avec les biopuces HepG2/C3A [8], la viabil-
ité et la fonctionnalité des tissus Calu-3 sont restées stables a une exposition de 0,5 et 1
mM. L'absence d’effets pourrait étre due a I’amélioration de la production de mucus qui
pourrait moduler la toxicité de ’APAP [29]. L’APAP étant hydrophobe, le mucus peut le
retenir momentanément et partiellement. Par conséquent, réduire ou au moins retarder
le contact de I’APAP avec les cellules Calu-3 pourrait réduire la toxicité observée. Cepen-
dant, il semblerait qu’une toxicité a commencé a se dégager de fagon dose-dépendante,

entrainant des changements subtils des activités mitochondriales et des TEER.

En conclusion, 1'utilisation de lignées cellulaires a permis de générer des données ro-
bustes et reproductibles rendant 'interprétation des données plus claire. Le fait que les
tissus bronchiques et hépatiques aient été reconstruits respectivement sur des inserts de
culture et des biopuces, facilite leur manipulation et leur observation (silicone transpar-
ent pour la biopuce, membrane semi-opaque pour l'insert). Dans I’ensemble, les données
actuelles montrent que les reconstructions pulmonaire et hépatique ont généré des tissus
assez différenciés pour répondre métaboliquement a une exposition xénobiotique tout en
restant viables.

Transition de 1a monoculture a la co-culture

Avant de réunir les deux tissus en culture, quelques tests et ajustements ont été effectués
pour veiller a ce que les conditions de co-culture permettent de maintenir la viabilité et



les fonctionnalités tissulaires des deux compartiments précédemment établis. La mise
en co-culture implique un espace de culture commun ott un milieu commun circule en
continu grace a une perfusion microfluidique. Dans le cadre du projet, et dans le temps
qui nous a été imparti, nous avons choisi d’étudier les principaux parametres suivants

pour suivre I'évolution et I’adaptation des tissus au nouveau mode de culture :

¢ Choix d’un milieu de co-culture commun : sachant que le modéle de co-culture
en était aux premiers stades de développement et que le choix du milieu de cul-
ture est une étude a part entiere, 'optimisation de la composition du milieu de
co-culture n’était pas encore une priorité. Ce type d’étude correspond a des étapes
plus avancées de 1’'optimisation du modéle. Néanmoins, comme le modele de co-
culture est destiné a étudier l'interaction entre les deux tissus, le milieu commun ne
doit interférer que tres peu avec les caractéristiques de viabilité et de différenciation
des tissus. Nous avons caractérisé I’effet du milieu a base de RPMI 1640 (milieu de
culture des cellules Calu-3) sur les cellules HepG2/C3A. Le milieu RPMI 1640 ne
semble par induire de perturbation cellulaire, les cellules ne pergoivent ni de cy-
totoxicité ou de stress cellulaire. Cependant, la sécrétion d’albumine hépatique est
réduite, ce qui pourrait indiquer que la différenciation des cellules HepG2/C3A a
été affectée par le changement de milieu. Néanmoins, globalement le comporte-
ment des cellules HepG2/C3A cultivés en milieu RPMI 1640 est resté le méme que
dans leur milieu de prédilection, c’est-a-dire qu’elles sont sensibles a I'exposition

d’APAP et qu’elles répondent au stress de la méme fagon.

e Effet de la perfusion microfluidique sur le développement de la barriere bronchique
: dans le contexte de notre projet, la stimulation mécanique du compartiment pul-
monaire est mineure, en condition de co-culture les inserts Calu-3 sont intégrés
dans un circuit microfluidisé, donc la contrainte de cisaillement générée ne con-
cerne que la région basale de la membrane, imposant des forces de friction in-
directes. Les résultats ont montré que les tissus cultivés en condition submergés
et semi-ALI réagissent différemment au flux, et que globalement la culture dy-
namique semble favoriser un meilleur développement des tissus.

* Potentiel d’absorption passive des équipements de culture cellulaire : Les résul-
tats de quantification ont révélé que le matériel de culture n’absorbe pas ’APAP
et donc que la biodisponibilité reste la méme que les concentrations d’exposition
initiales. Les effets biologiques expérimentaux observés peuvent donc étre corrélés

aux concentrations d’exposition théoriques.

¢ Recirculation du milieu dans le circuit fermé durant la période de culture : La quan-
tification de la perméabilité basale des tissus indique qu'une réexposition a I’APAP
par le coté baso-latéral est plausible étant donné que les mesures indiquent que la
perméabilité basale des tissus est supérieure a la perméabilité apicale.



Analyse de la dynamique de co-culture hépato-pulmonaire en réponse

a I’exposition a I’acétaminophéne

Mise en évidence de I'impact de la co-culture sur la modulation de la réponse
au stress grace au modéele de développement

Dans I’ensemble, les résultats montrent que les compartiments pulmonaire et hépatique
peuvent étre cultivés ensemble pendant 72 heures, étant donné qu’ils présentent des com-
portements cellulaires stables et fonctionnels, similaires a ceux de la monoculture, bien
que la co-culture ait entrainé une réorganisation de 1’architecture tissulaire du tissu Calu-
3. La perte du marquage de la Claudine-1 aurait d@i entrainer une augmentation de la
perméabilité de la barriere, puisqu’ils sont responsables de la régulation de 1’accés aux
espaces paracellulaires [25], or ce n’était pas le cas. La compréhension de l'implication
des cellules HepG2/C3A dans le maintien de la perméabilité des tissus Calu-3 malgré
la perte de l'intégrité tissulaire nécessiterait une étude plus approfondie. Comme les
poumons et le foie n’interagissent pas directement in vivo, ces effets n’ont pas été ob-
servés ou étudiés dans la littérature.

Les conditions de co-culture ont permis le passage de I’APAP a travers la barriére Calu-3
et dans le systeme circulatoire. En effet, "’ APAP a été détecté dans le milieu circulant et
a probablement atteint le compartiment hépatique, I'homéostasie ayant été altérée. Dans
I’ensemble, les expositions a I’APAP ont suscité des comportements cellulaires similaires
a ceux de la monoculture, a savoir que la présence d’APAP entrainait une cytotoxicité ap-
parente, mais l'intensité des effets étaient réduits et les réponses tissulaires suivaient une
cinétique différente dans le cadre de la co-culture. Alors que les CYP1A étaient a peine
induits dans les biopuces monocultivées exposées a 3 mM d’APAP, les mesures d’activité
des biopuces HepG2/C3A cocultivées révelent une induction plus précoce et 5 fois plus
intense, probablement associée a une production accrue de NAPQI toxique, cependant,
les effets cytotoxiques associés ne sont pas proportionnels, ce qui signifierait qu'une dé-
toxification de NAPQI aurait lieu. De plus, étant donné que la littérature rapporte que les
NAPOQI ciblent les mitochondriales [21], sa possible détoxification expliquerait pourquoi
le métabolisme mitochondrial des cellules Calu-3 cocultivées a été mieux préservé qu’en
monoculture.

Le renforcement des possibles mécanismes de détoxification entrainant une cytotoxic-
ité retardée en condition de co-culture, met en évidence une interaction active et fonc-
tionnelle entre les deux compartiments du modele. Des observations similaires ont été
évaluées dans d’autres modéles poumon/foie récemment développés ot1 une induction
retardée de la toxicité a également été observée apres des expositions a l'aflatoxine Bl
[30], [31].



Mise en évidence de la sensibilité du modeéle de co-culture a de faibles doses
d’exposition

Le modeéle de reconstruction pulmonaire plus physiologique, comprenant une période
de différentiation a ’ALI du tissu Calu-3, na pas perturbé ’homéostasie de la co-culture
poumon/foie. De la méme fagon que pour le modele de développement précédemment
décrit, la présence de la biopuce HepG2/C3A a perturbé la pseudostratification du tissu
pulmonaire Calu-3 ainsi que son réseau de jonctions adherens E-Cadherin. Néanmoins,
I’APAP a pu traverser la barriére semi-ALI du modele et rejoindre le milieu circulant
commun, et méme a de faibles concentrations d’exposition, ’APAP semble encore pou-
voir atteindre le compartiment hépatique, comme en témoignent de légers changements
dans la synthese de 1’albumine hépatique. Les comportements cellulaires de la co-culture
semi-ALI en réponse aux traitements a I’APAP sont similaires & ceux observés en mono-
culture, c’est-a-dire qu’aucune interférence n’a été observé en matiere de viabilité ou de
fonctionnalité hépatique ou bronchique. Le modele de co-culture semi-ALI est suffisam-
ment métaboliquement compétent pour répondre & de faibles doses d’exposition, étant
donné que les métabolites APAP-glucuronide et APAP-sulfate ont été fortement détectés

dans les milieux post-culture.

Dans 'ensemble, le modele méritera probablement d’étre amélioré pour optimiser le
mode d’exposition a I’ALI et pour complexifier les reconstructions pulmonaires et hé-
patiques afin d’obtenir une meilleure représentation du vivo. La présente co-culture
poumon/foie présente un potentiel prometteur pour permettre 'amélioration des pré-
dictions des risques et des dangers liés a la toxicité par inhalation.
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Chapter 1

General research context

1.1 Airborne hazards

Air, more precisely oxygen, is one of the vital components that enabled and sustains life
on Earth. The quality of ambient air is closely linked to climate and ecosystems both of
which are regulated by the coexistence of the biotic (living organisms) and the abiotic (hy-
drosphere, lithosphere, and atmosphere) realms. Typically composed of 78% nitrogen,
21% oxygen, and 1% a combination of carbon, helium, methane, argon, and hydrogen,
the natural state of air has been challenged by human presence on Earth. Indeed, anthro-
pogenic air pollution has been referred to as one of the biggest public health hazards of
modern society. The World Health Organization (WHO) reports that 99% of the global
population breathes highly polluted air and estimated at least 7 million related deaths
each year [32]. Sources of air pollution are multiple, context-specific, and increasingly
threaten human health [33]-[35].

1.1.1 Genesis and evolution through time

Air pollution is defined as any physical, chemical, or biological hazard released in ambi-
ent air. Human activity has dictated the way air pollution has evolved since the dawn of
civilization. Exposure to polluted air has fundamentally been influenced by lifestyle. In-
deed, adverse effects can be traced back to ancient societies where indoor fires were used
for domestic use (e.g. heating). Dwellings were poorly ventilated and smoke probably
engulfed small villages which surely impacted human health. Egyptian and Peruvian
mummified lungs of that period displayed blackened tissues, a sign of anthracosis [36],
[37]. Meanwhile, cities continued rising faster than urban planning could develop which
multiplied pollution sources. For instance, bathrooms remained rare, chamber pots were
emptied into streets, and city ditches were used as latrines. Therefore, airborne hazards
were various and omnipresent in public spaces. Localized exposures globalized when
industrial activities flourished especially when smelting and mining appeared. Evolu-
tion of human activities towards lead and copper production, and then coal mining [38],
endangered air quality on a further global scale. Coal was at the heart of the Industrial
Revolution, and global production increased by almost 80% in the span of a century, from
the 1800s to the 1900s. Coal was essential to the rise of industrial civilization until fossil

energies offered higher profit opportunities [39]. The fast-growing pace of the industrial
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era was enabled by the globalization of exchanges. Improved transport infrastructures
allowed to respond to the increasing demand for energy by supplying faster and in big-
ger quantities to industries and households. Although the Industrial Revolution allowed
for unprecedented technological, and societal progress, it introduced humanity to a new
pollution era. Economic growth encouraged the urbanization of cities which often went
hand in hand with the destruction of surrounding nature. For instance, early 1900s Ger-
man official reports linked damage to cropland and forests to increasing rates of air pol-
lution on a regional scale in the Ruhr area [40]. The rapid increase of industrial cities has
not been inconsequential, as it led to ecological catastrophes such as 1952’s Great London
Smog. Heavy loaded atmospheric pollution in the capital for 5 consecutive days not only
killed over 4,000 people but affected the life expectancy of English people several months
after this episode as death rates remained unusually high [41]. This episode highlighted
the relationship between air pollution and human health. Air pollution is a complex mix
of naturally occurring or man-made gases and particles in the atmosphere. Pollutants
stem from two types of sources:

* Geogenic and biogenic emissions are emitted naturally respectively by non-living
and living sources (e.g. volcanic eruptions, volatile organic compound emissions

from forests).

¢ Anthropogenic sources engineered by human activities and resulting in the release
of airborne compounds into the atmosphere

Since the Industrial Revolution, the atmospheric concentration of greenhouse gases has
increased enough to contribute to historically high global temperatures [42]. The planet’s
average temperature rose by 0.8°C since 1880, and predictions estimate that this trend
could intensify and peak towards an additional 1.8°C to 5.8°C by the end of the twenty-
first century. Regulations, such as the 1970 Clean Air Act Amendments, and working
groups, such as the Environmental Protection Agency in the United States, have emerged
around the globe to work towards air pollution regulations (National Ambient Air Qual-
ity Standards) to protect human and environmental health.

1.1.2 Exposure categories

An individual’s exposome varies throughout life according to exposure sources, patterns,
and intensity. When it comes to atmospheric exposome, pollutants have taken a consid-
erable share in modern societies. They can be classified based on where they originated:

* Primary pollutants are emitted directly from a source into the atmosphere. Amongst
them, carbon monoxide (CO), volatile organic compounds (VOCs), nitrogen oxides
(NOy), sulfur dioxides (SO,), and particulate matter (PM) are well known for in-
ducing highly hazardous atmospheric conditions.

¢ Secondary pollutants are stable compounds formed in the atmosphere as a result
of chemical reactions between primary pollutants and atmospheric compounds.
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Ground-level ozone (O3) for example is one of the most widely known secondary
pollutants. It is formed between oxides of nitrogen and VOCs. It composes the
characteristic smog of urban areas, and has been described as causing adverse ef-
fects on human health [43].

They can also be found under different shapes [44]:

¢ Gaseous air pollutants can be carbon- (CO, CO,, CHy), nitrogen- (NO, N.O, NH3),
sulfur- (504), or halogen-based [45]. Ground-level ozone (O3) for instance is a major
gaseous air pollutant.

¢ Particulate matter or aerosols are small liquid droplets, loaded with microscopic
solid particles, suspended in the air. They are categorized according to their size:
particles less than 100 microns (PMjg), 10 microns (PMyy), 4 microns (PMy), 2.5
microns (PM;5), or 0.1 microns (PM ). Particulate pollution is made up of a variety
of components, including acids (nitrates and sulfates), organic chemicals, metals,
soil or dust particles, and allergens [46].

All these different airborne elements can diffuse in the atmosphere in various ways. They

can be emitted by a direct source or stagnate and compose the ambient air as immissions.

1.1.2.1 Natural sources

Natural pollution sources of air are part of the environment’s natural equilibrium. How-
ever, the danger of their occurrence resides in the intensity of associated manifestations
which can considerably disrupt air quality and threaten human health. For example, the
important forest fires that broke out this summer in the Gironde department in France,
destroying more than 7,000 hectares of forest in the space of a few weeks, caused severe
air pollution episodes where the alert threshold for suspended particles (PM;g) was ex-
ceeded (50 ug/m?>) [47]. The threat relating to these events is also complexified by their
transborder nature, as they can easily be carried out through air streams and travel long
distances, affecting global atmospheric composition [48].

Categories of natural pollutants are diverse and ubiquitous in ambient environments.
Depending on their nature, their presence is conveyed or triggered in different ways.
Biological agents constitute a source of natural air pollution, and airborne allergens are
the most common; they are antigens capable of eliciting an allergic immune response
with accompanying clinical symptoms (e.g. rhinitis, asthma) [49], [50]. Primary sources
include occupational dust emanating from plants (pollens), and fungi (spores). Their sol-
ubility, stability, and molecular properties influence their entry route into the body and
the organ(s) they can reach and in which they can induce an immune response. In ambi-
ent air, they disperse via air movements, mainly according to meteorological factors, and
settle based on their aerodynamic phenotype. Their spreading can also be facilitated by
attaching to living organisms (humans, animals). Their allergenic potential can report-
edly be aggravated by their ability to attach air pollutants to their surface [51].
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The potency of natural pollution has been increased by anthropological activities, partic-
ularly greenhouse gas emissions. Indeed, they contribute to the premature warming of
the atmosphere which induces weather pattern fluctuations that are important factors in
natural pollution instability. Heat waves, wind, and rain streams have been disrupted
and exacerbated by climate change, and their impact on air quality has increased global
mortality and morbidity rates [52], [53]. For instance, maximum atmospheric ozone
concentrations, reported as health hazardous, have been documented to be prolonged
and aggravated by higher temperatures [54]. Another study showed that for every 1°C
temperature increase during the 2006 heat wave in Porto (Portugal), global mortality in-
creased by 2.7%, and chronic obstructive pulmonary disease (COPD) patient morbidity
increased by 5.4% [55]. What progressively turns cities into urban heat islands increases
natural sources of air pollutant emissions by accelerating, amplifying, or provoking nat-
ural disasters (e.g. hurricanes, flooding, soil erosion). As climate models suggest that a
1°C increase can induce a two to sixfold risk of wildfire occurrence in the western United
States [56]. Not only do they generate great amounts of air toxics but these types of
events favor the movement of populations. These changes can accelerate disease spread-
ing [57] in particular air traveling pathogens (e.g. mycotoxins, bacteria, viruses). Cough-
ing and sneezing are bodily functions that generate aerosols which are particle and often
pathogen-loaded [58], [59]. Airborne transmissions are greatly facilitated and accelerated
when the human density in a given area is high, especially in small enclosed areas [60],
[61]. Highly contagious episodes can present threats on a global scale. The pandemic
linked to COVID-19 is a recent example of the socio-economic repercussions of such a
health disaster [62], [63].

1.1.2.2 Anthropogenic sources

Anthropogenic pollution of the atmosphere is categorized in two different groups: sta-
tionary and mobile sources. Population growth is associated to an increasingly energy
intensive system. To satisfy this need, globalization and urbanization were pre-industrial
drivers that significantly enabled productivity [64], up to this day. The energy sector is
one of the most potent of our time, the emissions discharged by manufacturing processes
such as energy production (e.g. power plants, heat production), extraction, and distri-
bution (e.g. oil, coal, gas) contributes to the concerning rise of air pollution and more
specifically heat-trapping greenhouse gases. The two main associated greenhouse gases
are carbon dioxide (CO,) and methane (CH4). Ground-level ozone (O3) in smog also
accounts for a significant share of the pollution emanating from industries. Nowadays,
industrial activities account for the second-largest source of air pollution. The indus-
trial sector is the most demanding in terms of energy consumption, and consequently
accounts for almost 43% of energy-related carbon dioxide release.

Agriculture is a large source of anthropogenic pollution. This sector is a major producer
of nitrous oxides, ammonia (byproducts of fertilizer) and methane (livestock) and re-
leases considerable amounts of pesticides [65]-[68]. Fertilizers and mechanization of
practices have been implemented to intensify agricultural yields to keep up with the
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growing demand. Agricultural practices vary according to local laws and customs, how-
ever the Fifth Assessment Report of the Intergovernmental Panel on Climate Change re-
ported that they accounted for at least one third of the global anthropogenic greenhouse
gas emissions [69].

The sector of transportation is also a big consumer of energy, on average 22% of global
primary energy are utilized by transports. The predominant fuels are diesel and gasoline,
and their combustion emits high levels of particulate matter (PM; 5 and PM;) and nitro-
gen oxides (precursor of O3 and smog) [70] which reportedly threaten human health by
provoking chronic disorders such as asthma, or even death [71]-[73]. Transport-related
pollution defies all social barriers, as adverse effects are not only concentrated in disad-
vantageous populations but impact both developed and developing regions worldwide.
The sources of industrial pollution mentioned above are among the most recognized but
represent only a part of those existing and involved in the deterioration of the current
air quality. Many of these emissions generate heat, change temperature and therefore
influence global climate which impacts worldwide health.

1.1.3 Socio-sanitary concerns related to increasing levels of air pollution

The greatest threat posed by air pollution is its ubiquity in the air. It not only dominates
outdoor spaces but also settles indoors. Therefore, exposure has become inevitable and
constant. Schools, bars, the inside of transport vehicles, and houses are daily places that
display poor air quality. Indoor pollution originates from different sources:

¢ Outdoor pollution circulates and invades indoor spaces
* Surrounding facilities (e.g. paint, insulation)
* Domestic activities such as cooking, heating, or cleaning habits

A lot of those vary according to local laws and customs. In developing countries, for
instance, households still use to this day biomass or coal to heat and cook [74]-[76]. Due
to the stagnation of indoor air, airborne pollutants are present in higher concentrations
in enclosed spaces rather than outdoors [77]. Fine particles, nitrogen dioxide, carbon
monoxide, VOCs, and biological allergens are among the indoor pollutants of utmost
concern to human health. Because air pollution is ubiquitous in the environment and
exposures can be acute, chronic, or both, quantifying the associated health hazards is
challenging, however the WHO estimates that deaths attributable to air pollution expo-
sure account for 11% of lung cancer deaths, 23% of COPD deaths, and 12% of ischaemic
heart disease [74]. As we reportedly spend 90% of our time indoors [78], improving our
knowledge of inhalation toxicology is crucial to predicting and preventing the risks and
hazards associated with air pollution.

Overall, air pollution is currently impacting all levels of our society. On a global scale, it
disturbs our biosphere, global warming has repercussions on ecosystems, and ecological
disasters, such as the extinction of fauna and flora, are increasingly frequent and threaten
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the socio-economic stability of our societies, as well as the individual well-being of world-
wide populations [79]. Studies show that exposure is also linked to the development of
respiratory, cardiovascular, mental, and perinatal disorders [80] as well as the develop-
ment of severe mental illnesses [81]. Private and governmental entities and authorities
are working towards the management of air pollution to reduce rates to acceptable levels
or possible elimination [82]. For this purpose, guidelines and air quality standards were
issued as a tool to monitor risk through limit values [83]. In Europe, they exist under the
terms of AQLVs (Air Quality Limit Values (AQLVs), and in the USA under the National
Ambient Air Quality Standards (NAAQS). While both standards and directives are based
on different mechanisms, significant success has been achieved in the reduction of over-
all emissions and associated health and environmental effects. The European Directive
measures levels of pollution and identifies emission sources in specific geographical ar-
eas of risk, whereas the USA establish global air quality criterion considering all sources
of the pollutants and their precursors [84].

1.2 The respiratory tract: target organ of inhalation-type expo-

sures

1.2.1 Anatomy and physiology of the respiratory apparatus

Internalization of oxygen is vital to ensure bodily functions. Air enters through the res-
piratory tract which is structurally divided into upper and lower airways. The upper
airway begins at the nose and continues along the throat, pharynx, larynx, and trachea,
making the way into the lower airway comprising the bronchi leading to the lungs. The
lungs are asymmetrically paired organs lodged in the thoracic cavity, surrounded by the
rib cage (Fig. 1.1). They are lined by the pleura which is a two-layered serous membrane
formed by an outer parietal and an inner visceral layer. Both layers glide over each other

to allow pulmonary ventilation movements.

38



1.2. The respiratory tract: target organ of inhalation-type exposures

Nasal \
cavi
a R

Upper respiratory tract

Pharynx

Trachea

\‘J\
Tracheobronchial region
Bronchi

Terminal bronchiole — -~

Respiratory bronchiole ——— 1
i‘ J
g\; Alveolar region

Alveolar duct 3

Alveolus

FIGURE 1.1: Diagram of the three physiological regions comprising the
human respiratory tract. Reproduced with permission from [85].

The respiratory system is compartmentalized into two functional sections (Fig. 1.3):

¢ The conduction airways, comprising the trachea, the bronchi, and bronchioles, en-
sure the transport and filtration of inhaled air. They are made of pseudostratified
columnar ciliated epithelia, which protect the distal areas of the lungs from air-
borne threats. Three key mechanisms work to this end: air humidification, mucus
secretion, and clearance. Morphology and function vary along the bronchial tree,
and are modulated by the local cellular composition of tissues.

* The acinar airways, also known to be the respiratory division, are in charge of gas
exchange, and are composed of respiratory bronchioles, alveolar ducts, alveolar
sacs, and alveoli. Fibrous tissue, smooth muscles, vessels, and nerves accompany
the air passages. This zone is responsible for oxygen supply and carbon dioxide

removal.

The lining of respiratory airways comprises a variety of cells and epithelia structures
that carry out vital functions to support pulmonary homeostasis, including fluid bal-
ance, metabolism, clearance, and inflammatory response to injury. Overall, epithelia
continuously line the internal and external surfaces of the lungs. They are formed by
juxtaposed cells joined by intercellular junctions allowing them to coherently function
as a unified tissue to serve as a barrier and a surface of exchange. Cellular junctional
complexes ensure key functions such as paracellular permeability (tight junctions [86]),
intercellular communication (gap junctions [87]), or even cell-cell contact maintaining
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tissue integrity (adherens junctions [88]) 1.2. Epithelial cells rest on a dense basement
membrane, via hemidesmosomes, that comprises a type IV collagen and laminin-based
upper layer, known as the lamina densa, secreted by epithelial cells, and a type IIl and V
collagen and fibronectin based lower layer, the lamina reticularis, synthesized by subep-
ithelial fibroblasts [89]. This membrane acts as cell anchorage, enables cell polarity, and

separates the epithelium from the underlying subepithelial compartment [90].

I Airway Lumen I

Junctional

Complex < % %H Adherens Junction

Intermediate
Filaments

Basal Lamina

FIGURE 1.2: Schematic diagram of the various epithelial cell junctional
complexes. Tight junctions are essential in maintaining the barrier prop-
erties of epithelial sheets. Adherens junctions are associated with actin
filaments, usually forming an adhesion belt around the cells. Desmosomes
form cell—cell contacts and associated with intermediate filaments. Gap
junctions allow the passage of small water-soluble ions and molecules.
Hemi-desmosomes resemble half a desmosomes and form cell-ECM junc-
tions. Reproduced with permission from [91].

Epithelia structure lining the respiratory airways vary depending on the location in the
bronchial tree [92]:

¢ Pseudostratified columnar epithelium from the trachea to the bronchioles. They are

majorly colonized by ciliated, basal, and secretory (goblet) cells.

* Non-stratified cuboidal epithelium line the bronchioles. They are characterized by

the presence of Clara cells

¢ Simple squamous (type I) and cuboidal (type II) pneumocytes (also known as alve-
olar epithelial cells (AEC)) constitute the alveolar epithelium

According to the respiratory airway section, the epithelium rests on differently composed
subepithelial tissues, comprising the lamina propria (connective tissue), cartilage and
muscle fibers.

At least eight morphologically distinct epithelial cell types are present in human respi-
ratory epithelium. They can be classified into three categories according to structural,
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FIGURE 1.3: Model of the human airway tract according to its characteris-

tic hierarchical branching systems from the trachea (generation 0) through

the acinar airways (generations 15-23), and ending in alveolar sacs. Repro-
duced with permission from [93].

functional and biochemical criteria: basal, ciliated and secretory [94]. In addition, im-
mune cells, inflammatory cells and phagocytic cells migrate to and remain within the
epithelium or transit through to the lumen.

Basal cells are ubiquitous in the conducting airways, their presence decreases the deeper
the airways go [95]. Their attachment to the basement membrane determines their struc-
tural role. They also act as progenitors of pulmonary epithelia, i.e. they have the ability
to proliferate and differentiate into every other cell type that composes the respiratory
system [96], [97].

Club cells, also known as Clara cells, compose bronchial and bronchiolar epithelia [98].
They are filled with secretory granules that upon release line the surface of epithelia with
surfactant [99]. They also play a metabolic protective role as they contain high levels of
glutathione et de cytochrome P450 (CYP450) capable of biotransforming inhaled xeno-
biotics [100]. They also contribute to the restoration and the cellular renewal of tissues
as they are progenitors capable of differentiating into ciliated and mucus-secreting cells
[101], [102]. Columnar ciliated epithelial cells are predominant in the airways, they ac-
count for over 50% of all pulmonary epithelial cells [94], [103]. They are characterized
by the presence of cilia at their apical pole, typically 300 cilia per cell [104]. Cilia syn-
chronously rotate creating a mucociliary movement enabling the clearance of the epithe-
lium which consists in the evacuation of any foreign body trapped in the mucus lining
[105]

Mucous cells, also known as goblet cells, are secretory cells of the airway epithelium
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[106]. They produce the mucus that lines the epithelium. The viscoelastic properties of
mucus are involved in the proper mucocilary clearance process [107]. Mucus is mainly
composed of glycoproteins also known as mucins (MUC) which include different types,
the main ones being MUC5AC and MUCSB [108]. Similar to goblet cells, serous cells are
secretory cells. They are referred to as "immobile neutrophils" because they contribute to
the defense of the respiratory tract by secreting antimicrobial substances [109]. They also
serve in the regeneration of the epithelium since they can differentiate into mucous cells
[110].

Pulmonary neuroendocrine cells are sparsely found throughout the bronchial tree [111].
They either exist as single cells or in a grouped conformation as innervated cellular clus-
ters known as neuro-epithelial bodies. They are multi-functional epithelial cells which
act as interpulmonary sensors and endocrine mediators that trigger biological responses
to inhaled compounds [112].
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FIGURE 1.4: Schematic illustration of the cellular diversity comprising hu-
man lower airways. Adapted from [113].

A respiratory unit is composed of a respiratory bronchiole, alveolar ducts, chambers and
alveoli. The alveolus is the functional area of the lung, where gas exchange occurs. Alve-
oli are the functional unit of the lung. Briefly, oxygen-poor blood rises from the organs
to the heart and travels to the lungs, through the pulmonary arteries, where it diffuses
into the pulmonary capillaries. Hematosis is the process by which blood is reoxygenated
in the lungs. It occurs at the alveolar-capillary barrier, where inhaled oxygen enters the
bloodstream and blood carbon dioxide is evacuated into the alveolar space. Human adult
lungs comprise on average 300 million alveoli, providing roughly a total exchange sur-
face of 80 to 140 m? [114]-[116]. Alveoli are structurally composed by type I and type II
AEC.
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Type I AEC (AECI) are non-dividing, terminally differentiated cells with a flat squamous
morphology, arranged in a monolayer. They cover about 95% of the alveolar surface [117]
and provide the majority of the alveoli periphery. They also cover the blood capillaries
thus forming the alveolar-capillary barrier, which is where gas exchanges occur. Their cy-
tosol contains few organelles, but numerous pinocytosis vesicles, capable of transporting
macromolecules from the alveolar cavity to the interalveolar septum. While type II AEC
(AECII) are microvilli-covered spherical cells that insure alveolar tissue renewal thanks
to advanced plasticity and self-renewal capacities. AECII are in fact the progenitor cells
of AECI [118]. They cover less than 5% of the alveolar surface [119]. They contain in-
tracellular surfactant packed lamellar bodies to ensure surface-regulatory properties of
endoalveolar the surface during the breathing cycle. AECII also have immunological
properties, such as the synthesis of pro-inflammatory cytokines and chemokines (e.g.
TNEF-«, IL-1, IL-6, and IL-8) and of antibiotic and anti-oxidant substances [120], [121].
Respiration is an essential function that is mainly protected by muco-ciliary defense
mechanisms. Breathing allows for gas exchanges and cellular respiration along with
many other vital processes including blood pH regulation, anti-microbial defense and
body temperature control [122].

1.2.2 Entry routes and distribution of inhaled particles in the respiratory tract

Breathing is an autonomous function that provides continuous oxygenation to ensure
proper bodily functioning. Oxygen is drawn into the lungs from the surrounding air re-
gardless of its composition, exposing the body to all sorts of airborne threats, and there-
fore represents a major route of exposure to gases, volatile compounds, aerosols and
respirable particles. There is a multitude of different airborne matter and various factors
influence the way their uptake into the body. Within the framework of my project, the
focus is placed on anthropological sources of air pollution.

Inhaled particles are of different sizes and can travel through the air or stagnate according
to their physicochemical, and aerodynamical properties. As shown in Fig. 1.5, their size
greatly influences their route of entry.

Percentage of Particles Inhaled and Deposited
Particle Aerodynamic Diameter

Respiratory Tract Region 0.1 pm I pm 10 pm 100 p#m
Head airways 2.1 29 81 50
Tracheobronchial 2.7 2.7 1.5 =(0.1
Alveolar 14 12 1.9 =0.1

FIGURE 1.5: Particle deposition along the respiratory tract according to
particle diameter [123].

Once the particles have entered the lungs, they can follow three main deposition mecha-
nisms (Fig. 1.6 and 1.4) [124] :
¢ The distinguishing feature of the respiratory system lays in its architecture. Branch-

ing and ramification imposes a shifting geometry that influences the convection
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movement linked to inhalation [125], [126]. As a result, the particles contained in
the inhaled air are carried by an airstream subject to repeated deviations. Some of
them are not able to follow the orientation of this turbulent airflow, and collide on
the surface of the tissues. This type of deposition is called impaction and concerns
particles over a 5 ym [127].

Particles settle by gravity on the surface of the surrounding tissue when the in-
haled airflow is no longer sufficient to sustain a proper airstream. Gravitational
forces regulate this type of deposition, which is known as sedimentation. Shape,
dimension and mass density of inhaled particles influence the sedimentation pat-
terns in different airway sites. This kind of mechanism mainly occurs in the lower
airways where the airflow is reduced because of increasing pulmonary ramification
and size reduction of airways. Sedimentation deposition concerns particles over a

1 pym.

A random motion known as Brownian motion, which is similar to the motion of gas
molecules, is acquired by particles smaller than 0.5 yum. The smaller the particle,
the more energetic is the associated Brownian motion. Their deposition is therefore
random and can lead to the diffusion of particles into the airway walls, especially
in small airways and alveoli, where the airflow is very low. Due to their small size,
these particles can cross the epithelial barrier easily and enter the bloodstream [128].
For instance, diffusion mechanisms are involved in the deposition of nanoparticles
[129].

Flow streamline
----- Particle trajectory
J Gravity
0—0-0

FIGURE 1.6: Particle deposition in the airway by sedimentation (A), by
impaction (B), and by diffusion (C). Adapted from [85].
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FIGURE 1.7: Diagram of the various deposition mechanisms of inhaled
particles that occur along the respiratory tract. Adapted from [130].

Two other deposition mechanisms exist, they represent a small share of the occurring

pulmonary depositions:

* Electrostatic precipitation involves the way the charges of inhaled particles interact
with the charges of the surrounding airway environment (image forces) or with the
charges of other particles present in the airstream (space forces) through repulsion
or attraction.

¢ Interception occurs when a particle is trapped in the airway wall because an edge
came close enough and touched its surface. This mechanism mainly concerns long
and elongated particles such as fibers [131].

1.2.3 Pulmonary elimination pathways
1.2.3.1 Mechanical clearance

Once particles entered and settled into the walls of the respiratory tract, the organism
proceeds to the removal of these particles. Different clearance mechanisms are deployed

for this purpose, such those involving mechanical transport:

¢ Ciliated airways covered with mucus can achieve mucociliary clearance. Particles
trapped in the aqueous lining can be moved up, by ciliary movements (mucociliary
escalator), to the upper tracheobronchial area and expelled by coughing or swal-
lowing. This kind of mechanical transport works to prevent inhaled hazardous
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compounds from reaching the lower airways [105]. Despite the crucial role that
mucus and other airway epithelial secretions play in protecting the lungs, chronic
mucus hyperproduction often results in impaired mucus clearance which can ob-
struct the airways and cause infections. These kinds of disorders can lead to high
morbidity in asthma, idiopathic pulmonary fibrosis, or cystic fibrosis cases for in-
stance [132].

* Because the alveolar region lacks ciliated cells and mucus lining, alveolar macrophages
are essential to the protection of this area. They are cells of the innate immunity, and
display a considerable functional plasticity that allows them ensure the homeostasis
and the defense of the lower airways. Under normal circumstances they act as sen-
tinel cells and they help orchestrate the activation of the immune cascade through
cytokines, and chemokines secretion [133]. By recruiting and differentiating circu-
lating monocytes, thanks to chemokine attraction, their number is increased dur-
ing the inflammatory response [134]. They engulf the particles or pathogens of
interest and head to the interstitium to reach the lymphatic circulation up to the
lymph nodes, or carry themselves up to ciliated airways to undergo mucociliary
clearance [135]. Though other resident immune cell types, including lymphocytes,
neutrophils, and mast cells, are also present, alveolar macrophages constitute the

main lineage of innate immunity protection [136].

Besides the mechanical removal of particles by mucociliary or alveolar macrophage clear-
ance, particles can also dissolve into the airway lining and cells (endocytosis). Dissolu-
tion also represent an important share of the pulmonary clearing mechanisms as they
facilitated the passage into the vascular system. Dissolution rates depend on the pul-
monary region, conducting airways are thicker than those of the acinar regions which
causes the dissolution to be slower in these areas, and on the physicochemical proper-
ties of the particle: higher solubility allows for faster dissolution [137], however the lipid
and protein composition of pulmonary lining increases the solubility of lipophilic com-
pounds [138]. Nevertheless, reduced dissolution of inhaled xenobiotics can translate into
poor clearance and an accumulation of toxicants. If dissolution processes are inefficient,
mechanical clearance intervenes.

Because of morphological and cellular heterogeneity of the respiratory tract, clearance
processes vary according to the airway region. The nasal cavities are the first protec-
tive barrier of the upper airways. They efficiently trap large compounds are evacuate
them by sneezing or blowing [139]. If inhaled particles enter further distal regions, they
are rather subject to mechanical clearance processes. Oral coughing and swallowing ex-
pel the byproducts of the mucociliary clearance occurring in ciliated and mucus-loaded
epithelia. Whereas in alveolar regions, clearance is dependent on the solubility of the de-
posited particles. Small and hydrophilic compounds diffuse easily through the alveolo-
capillary barrier into the lymph or the blood [140], which is why bigger or lipophilic
toxicants are rather subject to phagocytosis clearance [85].
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FIGURE 1.8: Schematic of pulmonary clearance mechanisms. Mechani-
cal processes include macrophage phagocytosis and mucociliary clearance.
Adapted from [85].

1.2.3.2 Metabolic clearance

1.2.3.2.1 Human xenobiotic transport and metabolism principles

Foreign compounds that enter the body undergo the ADME process, which stands for ab-
sorption, distribution, metabolism, and elimination. Associated transport and metabolic
pathways ensure the detoxification and excretion of internalized harmful compounds.
The toxicity linked to these exogenous substances can be attributed either to their parent
form or to their metabolites [141], [142].

Four phases articulate the ADME process:

0. Phase 0 covers the vectorial transcellular uptake of compounds [143]. The family of
solute carrier transporters (SLC) is in charge of running this transport [144], [145].
The selective cell entry and intracellular concentration of internalized compounds
are determined at this stage.

The metabolic detoxification is ensured by so-called drug-metabolizing enzymes (DME)
that biotransform xenobiotics to more hydrophilic forms, to facilitate their extraction
[146]. This metabolism comprises phase I and II reactions.

1. Phase I functionalization enzymes are responsible for oxidation, reduction, or hy-
drolysis reactions to yield polar water-soluble metabolites [147]. Phase I metabolism
can lead to xenobiotic inactivation or activation. The CYP450 superfamily largely
contributes to the phase I metabolism by primarily catalyzing oxidation reactions.
They are membrane-bound isoenzymes [148] present across the body but most
abundantly concentrated in the liver [149]. Oxidative reactions require the aid of
cofactors such as NADPH-cytochrome P450 reductase [150]:

RH+ O, + NADPH + H" — ROH + H,O + NADP* (1.1)

47



Chapter 1. General research context

Apart from CYP450, other key phase I metabolizing enzymes include flavin-containing
monooxygenases (FMO), monoamine oxidases, alcohol dehydrogenases, aldehyde
dehydrogenases, aldo-keto reductase, NADPH:quinone reductases, and hydrolytic
enzymes [147], [151], [152].

2. If phase I is insufficient for excretion, the transferase enzymes of phase II will ini-
tiate the conjugation of the metabolites to endogenous hydrophilic groups [153],
[154]. Acetylation, methylation, glucuronidation, and sulfation reactions can take
place in this manner, as can the addition of glutathione or amino acids. Phase
IT metabolism usually results in toxicological inactivation or detoxification. Con-
jugated metabolites are further subject to specific transport machinery, because
their hydrophilicity is increased, which facilitates their extraction. Glutathione S-
transferases (GST), and UDP-glucuronosyltransferases (UGT) are mainly involved
in phase II. Sulfotransferases (SULT), and N-acetyltransferases also contribute to
conjugating metabolization.

3. Phase III marks the end of the xenobiotic metabolism pathways and ensures the
transport of substrates across the plasma membrane and out of the cell [155]. This
elimination is ensured by the ATP-binding cassette transmembrane transporters
(ABC) (e.g. e.g. multidrug resistance-associated protein 2 (MRP2), and P-glycoprotein

(P-gp)) [156].

1.2.3.2.2 Pulmonary xenobiotic metabolic clearance

Even though the hepatic xenobiotic metabolism predominantly handles foreign com-
pounds that enter the body, the lungs also possess metabolic clearance capacities that
play a part in the disposition of intentionally (e.g. drugs) or unintentionally (e.g. airborne
pollutants) inhaled compounds [157]. Gene expression and functional data have shown
that the characteristic airway substructures, and within them the various cell types, pos-
sess different patterns of xenobiotic metabolizing enzymes and therefore the associated
enzymatic activities in the lungs depend on the temporal and spatial disposition of sub-
strates. For instance, as alveolar diffusion is rapid, a significant portion of compounds
will permeate towards the systemic circulation without being metabolized [158], while
compounds trapped in the nasal epithelium will most likely undergo metabolization
as the region reportedly displays four-fold higher rates of NADPH-CYP450 reductase
than the liver [159]. Most of the xenobiotic metabolizing activities are associated with
Clara cells and AECIL In fact, the bronchial region’s main source of CY450 comes from
Clara cells. Other significantly active xenobiotic-metabolizing cells include basal cells,
ciliated cells, AECI, macrophages, and vascular endothelial cells [160], [161]. Because
the lungs only have a small fraction of the drug-metabolizing and efflux transporter ac-
tivity of the gut and liver [162], [163] and they are known to be far more permeable to
macromolecules than any other portal of entry in the body [164], even more than the

gastrointestinal tract [165], a number of molecules can be delivered very “cleanly” into

48



1.3. Respiratory systemic crosstalk

the body through the lungs without yielding an array of metabolites. However, for com-
pounds subject to metabolization, several cytochrome (CYP) isoforms are expressed as
well as other biotransformation enzymes such SULT, UGT, GST, esterases, peptidases,
cyclo-oxygenases, and FMO [160], [164], [166], [167]. For instance, many of the well-
characterized CYP450 are expressed primarily in the liver, however, they appear to be
present, at low levels, in extrahepatic tissues [168]: human lungs contain most of the
hepatic CYP enzymes that are involved in the metabolism of foreign compounds [169]-
[171]. Although pulmonary metabolism widely serves detoxification purposes, it is also
reportedly involved in biological activation processes leading to reactive metabolites. In-
deed, oxidative CYP-catalyzed reactions in the lungs have been documented to lead to
the bioactivation of pro-carcinogens and other organic toxicants. This phenomenon af-
fects the parent molecule’s bioavailability, toxicodynamics, toxicokinetics, and clearance
profile [172]. Because the biggest metabolic activity share goes to phase I metabolism, it
is important to note that oxidative CYP-catalyzed reactions within the lungs have been
documented to lead to the bioactivation of pro-carcinogens and other organic toxicants
[173]. Biotransformation of inhaled xenobiotics into toxic metabolites has been studied
in the context of environmental exposure to air pollutants [174] and occupational expo-
sure to anthropogenic aerosols such as pesticides [175]. For instance, human pulmonary
CYP1A1 metabolizes benzo(a)-pyrene (a polycyclic aromatic hydrocarbon formed dur-
ing incomplete diesel combustion) into an an extremely reactive metabolite capable of
covalently binding to cellular nucleophiles (e.g. DNA) leading to mutations and eventu-
ally altered cell growth and cancer [173].

Previously described mechanical transport clearance mechanisms limit the time avail-
able for the metabolic clearance to take place. Gender, age, genetic (e.g. polymorphism),
and environmental (e.g. smoking habits) factors also affect the way xenobiotic metabolic
clearance unfolds [176], [177].

1.3 Respiratory systemic crosstalk

Organs are interconnected in the body and communicate via the blood and lymphatic
circulatory systems to maintain proper local and systemic homeostasis. Given this multi-
organ crosstalk setting, the lungs are being studied in a broader systemic framework,
especially in the context of disorders and diseases that involve them and other extrapul-
monary organs such as kidneys, the gut, the brain, and the heart [178]-[182]. As toxicity
is closely linked to hepatic metabolism, pulmonary and hepatic crosstalks have also been
investigated and their interaction has mostly been highlighted in pathological contexts
[183]. Li and Kim’s teams documented the impact of inhaled pollutants (e.g. black car-
bon emissions) on the development of liver pathologies by respectively describing the
induction of hepatic inflammatory reactions [184], and the oxidative stress, DNA dam-
age, and lipid peroxidation induced in hepatic cells [185]. As the crosstalk is bilateral,
data has also revealed a range of pulmonary abnormalities (e.g. dyspnea, hydrothorax)
associated with liver diseases [186].
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As previously described, toxicity can also arise from secondary metabolites. Guo’s study
on pregnant rats showed how the hepatic metabolization of pyrrolizidine alkaloids fa-
vors the development of fetal abnormalities in the liver and lungs. Indeed, the biotrans-
formation of the alkaloids by the maternal liver generated by-products capable of cross-
ing the placental barrier and inducing hepatic and pulmonary tissue abnormalities in the
fetus [187].

Although this interaction has been discovered through pathologies and disorders, the
lung-liver crosstalk has recently been considered a therapeutic tool to convey insulin de-
livery for type 1 and 2 diabetes patients [188].

1.4 The liver

1.4.1 Anatomy and physiology

The human liver is a 1.5 kg gland, located in the abdominal area, divided into a left
and right lobe, both separated by the falciform ligament and enveloped by an external
thin and fibrous layer called Glisson’s capsule. Each lobe consists of numerous hexag-
onal lobules, which represent the functional units of the liver [189]. These lobules hold
parenchymal cells (hepatocytes) and non-parenchymal cells (e.g. endothelial cells, biliary
epithelial cells, Kupffer cells and hepatic stellate cells (HSC)). Each functional unit is irri-
gated by means of a central vein and portal triads, present at each of the lobule’s corners,
which comprise a bile duct and a branch of the hepatic artery, and the portal vein (Fig
1.9).

The liver is a highly vascularized organ through which flows two liters of blood per
minute. This bloodstream circulates through the hepatic artery and the portal vein which
respectively supply the liver with oxygen and nutrient-rich blood. Both bloods mix and
flow from the portal triads towards the central vein through sinusoidal capillary net-
works. A multitude of exchanges occur and impact blood composition during this circu-
lation, dividing lobules into 3 zones according to the Rappaport acinus model [191]:

* The periportal zone located near the portal triads where blood is enriched with

oxygen, nutrients and carries xenobiotics.
¢ The transitional zone.

¢ The pericentral zone where the blood composition contrasts with that found in the
periportal area, i.e. it is low in oxygen and nutrients, and carries little xenobiotic

compounds.

The oxygen and nutrient gradients from the periportal to the pericentral zone leads to a
metabolic zonation of cell activity, therefore creating a diversity of hepatocyte functional
status (Fig. 1.10).

Meanwhile, bile flows through bile canaliculi towards the bile duct of the portal triad to
aid its evacuation from the liver into the gallbladder [193].
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FIGURE 1.9: Diagram showing the liver and its structural hepatic lobule
units (a) comprising a central vein and surrounded by portal triads at the
corners. (b) Blood vessels of the portal triad travel to the central vein
through sinusoids, which run between plates of hepatocytes. (c) Micro-
graph of a lobule showing the central vein (C), hepatocyte plates (H), and
components of the portal triad: a portal vein (PV), a hepatic arteriole (HA)
and a bile ductile (B) (x220, hematoxylin and eosin staining). Adapted
from [190].

The human liver possesses more than 500 physiological functions revolving around three
pillars: biotransformation, storage and synthesis [194]. Given that it receives about 80%
of its blood supply from the gastrointestinal tract via the hepatic portal vein, the liver is

prone to ensure metabolic and immune functions [195].

To fulfil them, the liver is composed of numerous different cell types. Hepatocytes repre-
sent the majority of the liver’s cellular composition, comprising 60% of hepatic cells, and
deal with hepatic metabolism (e.g. plasmatic protein synthesis, bile secretion or xeno-
biotic metabolism) [197]. Hepatocytes are hepatic parenchymal cells, central for basic
liver function. As the first organ exposed to venous blood from the gut, the liver has
developed advanced filtration capacities to process dietary nutrients (e.g. glucose, lipids,
iron), and eliminate toxins. Overall, hepatocytes are involved in the secretion of proteins
and lipids, the formation of bile, endocytosis-based filtering of blood, and detoxification
of xenobiotics. As a result, this translates on a cellular level to the presence of numerous
mitochondria (responsible for energy production), and large amounts of endoplasmic
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FIGURE 1.10: Hepatic zonation along the periportal-pericentral axis re-
sulting in graded gene expression and the spatial separation of certain
metabolic processes to periportal (red) and pericentral (blue) regions.

Adapted from [192].
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FIGURE 1.11: Diagram of the organization of the different cell types sur-
rounding a hepatic sinusoid. Adapted from [196].

reticulum, where ribosome containing rough endoplasmic reticulum supports protein

synthesis activities, whereas the smooth endoplasmic reticulum incorporates biotrans-

formation enzymes.

Hepatocytes synthesize and secrete a variety of key proteins into the bloodstream, includ-

ing transferrin (iron transporting glycoprotein), plasminogen (anticoagulant), and fib-

rinogen (coagulant). Among all, serum albumin is the most highly secreted liver-specific

protein. Albumin is involved in the maintenance of osmotic pressure [198], features an-

tioxidant properties, as it possesses abundant reduced sulfhydryl groups that scavenge

oxygen-free radicals such as nitric oxide [199], and displays interesting binding func-

tions (e.g. bilirubin, calcium) [200] that can influence the bioavailability of circulating
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compounds.

Hepatocytes are also implicated in the systemic regulation of glucose and lipids as they
carry out the metabolism of carbohydrates (namely glycogenesis, glucogenesis, and gly-
colysis) and lipids to maintain proper homeostasis. Several forms of regulation exist for
these metabolic processes, including substrate concentration, and hormonal levels (e.g.
insulin) [201].

From a structural point of view, in vivo hepatocytes are organized into plates, called liver
plate, which accommodate a polarized cell layer that separates sinusoidal blood from
canalicular bile [202]. Hepatocytes possess a unique polarity (canalicular apical, and
sinusoidal basolateral membranes) important for bile purposes which aid the removal of
xenobiotics and endogenous waste [193]. Following synthesis, bile is carried out across
the apical membrane into the bile canaliculi, which empties into the gall bladder before
being released into the intestine. Cholangiocytes form the intra- and extrahepatic bile
ducts [203].

On the basolateral side, the liver sinusoidal endothelial cells (LSEC) form the wall of hep-
atic sinusoids through which blood circulates in the liver, and display several functions:

* They form a permeable exchange barrier, thanks to their fenestration (open pores
of 100 nm), of solutes between blood and the space of Disse. The space of Disse is
a perisinusoidal space, located between hepatocytes and a sinusoid, that contains
blood plasma. Hepatocytes microvillis extend into this space, allowing proteins
and other plasma components from the sinusoids to be absorbed by the hepatocytes
[204].

¢ They maintain immune homeostasis by mediating immune responses ranging from

filtration, endocytosis, antigen presentation to leukocyte recruitment [205].

¢ They maintain immune homeostasis by mediating immune responses ranging from
filtration, endocytosis, antigen presentation to leukocyte recruitment [205].

Kupffer cells are also involved in the hepatic inflammatory response. They are hepatic
macrophages residing in the lumen of the hepatic sinusoids. They are found through-
out the liver but especially in the periportal zone. They are involved in the maintenance
of hepatic homeostasis and the acute and chronic hepatic response to stress, through
phagocytosis and immune signaling [206]. Pit cells are another kind of hepatic sinu-
soidal cell that contribute to the immune response in the liver. They act as natural killer
(NK) cells, and are located inside the sinusoidal lumen, where they adhere to endothe-
lial and Kupffer cells [207]. The Disse space also contains HSC, also known as Ito cells.
They are versatile mesenchymal cells capable of storing vitamin A droplets, and are key
players of liver regeneration upon injury as they have the ability to transdifferentiate into
myofibroblasts-like cells and produce collagen extracellular matrix [208].

The liver is involved in the maintenance of essential processes [209] but hepatic zonation
imposes a regionalization of functionality according to the lobular region. Oxygen and
nutrient supply regulate the metabolic capacity of hepatocytes and thus the diversity of
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their activities (Fig. 1.10). The periportal zone concentrates gluconeogenesis, albumin
synthesis and ureagenesis, while the pericentral zone favors glycogenesis, glycolysis, li-
pogenesis, bile production and xenobiotic metabolism [210].

1.4.2 Hepatic detoxification metabolism

Organs communicate through a systemic cardiovascular closed circulatory loop, which
allows endogenous and exogenous compounds (e.g. hormones, drugs) to travel through
the body and into other organs via the endothelium. Regarding the liver, the hepatic
artery supplies 25% of the blood flow, while 75% originates from the portal vein which
is perfused by splanchnic blood (25% from the spleen and the pancreas, and 75% from
the stomach and the intestines). The liver is the main site of clearance of xenobiotics in
the body. The associated metabolism follows the phase I to Il ADME phases previously
described in 1.2.3.2.1.Briefly, the associated metabolism converts compounds into further
hydrophilic derivatives to facilitate their excretion. However, in some cases, metabolic
enzymes convert substances into their active or reactive form. Metabolite conjugates are
then excreted into the biliary system by efflux pumps (e.g. MRP2) (Fig.1.12).
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FIGURE 1.12: Sequential steps of drug elimination by metabolism and
membrane transport. The diagram depicts the situation in the liver.
Phase 0 delivers drugs by carrier-mediated uptake (i.e. organic anion
transporters (OATs), organic anion transporting polypeptide (OATP), and
Na+-dependent taurocholate cotransporting polypeptide (NTCP)) from
the blood into a metabolizing cell. The excretion phase III of metabolite
conjugates is achieved by transporter pumps such as MRP2, multidrug-
resistance protein 1 (MDR1)/P-gp and breast cancer-resistant protein
(BCRP) at the canalicular hepatocyte membrane. If this route is disturbed,
efflux pumps at the basolateral blood-facing membrane are inserted by de-
mand — such as MRP3, 4 and 6 — for metabolite elimination. Reproduced
with permission from [155].

Hepatic biotransformation can be impacted by lobular microarchitecture [211], blood
flow [212], [213], or even enterohepatic circulation [214].
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1.4.2.1 Acetaminophen case study

Acetaminophen (APAP), also known as paracetamol, is the most commonly used over-
the-counter analgesic worldwide [215]. When taken at the recommended doses, APAP is
safe and causes only minimal side effects. However, overdosage results in hepatotoxic-
ity [14]. Acetaminophen-induced liver damage is the most prevalent drug-induced liver
injury [216], [217].

The liver is the primary site of the metabolism of APAP. Phase II conjugating enzymes
mainly metabolize APAP into non-toxic acetaminophen-sulfate (APAP-SULF) or acetaminophen-
glucuronide (APAP-GLU) metabolites, which are effectively eliminated in urine. How-
ever, toxic doses of APAP lead to saturation of the sulfate, and glucuronide pathways
[218] and therefore the metabolization of APAP is overridden by oxidizing CYP450 en-
zymes, and more specifically by CYP2E1, CYP1A2, and CYP3A4. The switch towards
phase I metabolizing pathways favors the production of a toxic reactive metabolite called
N-acetyl-p-benzoquinone imine (NAPQI) [219] which leads to the depletion of the detox-
ifying glutathione pathway, and the formation of hepatotoxic NAPQI-protein adducts
which, in excess, cause mitochondrial oxidative stress [220]. High levels of stress result
in the loss of mitochondrial membrane potential, the stop of ATP production, and the
initiation of cell death [22].
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FIGURE 1.13: Major APAP metabolic pathways. Reproduced with permis-
sion from [221].

Consequently, as the metabolic pathways associated to the biotransformation of APAP
are well understood, it is frequently utilized as a model hepatotoxicant [4], [5], [222].
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1.5 Predictive studies for inhalation toxicology

Early inhalation toxicology investigations, up until the 1950s, were primarily concerned
with military and industrial hazards relating to foundries, mining activities, and high ex-
posure concentrations [223], [224]. To assess the toxicity of inhalants, the standard end-
point was to study acute and chronic-like exposures [225], associated induced patholo-
gies, and test animal lethality by measuring the lethal concentration 50 (LC50), which
corresponds to the exposure concentration that induces lethality of half of the tested an-
imals. Data acquired by these tests were not sufficient to obtain proper extrapolation of
toxicological data from animals to humans [226]. Since the 1990s, epidemiological data
highlighted the link between low-level PM exposures, associated with urbanism, and
mortality and morbidity rates [227]-[231]. Respiratory toxicology research has contin-
uously adapted to the evolution of lifestyle and emerging technologies to improve the
predictivity of data to the diversification of airborne hazard sources. Air pollution has
become the leading environmental cause of death in the world. Interindividual variabil-
ity, immune response, and physicochemical properties of inhalants are among the key
aspects investigated to empower the accuracy of predictive studies.

1.5.1 In vivo models

Epidemiologic studies are often the starting point of public health research. Data ob-
tained from regional outbreaks and real clinical cases are particularly relevant to map-
ping and understanding the determinants of a disease or a disorder. Associated toxicity
mechanisms are complex and involve local and systemic biological responses. Because
of this physiological complexity, animals are considered prime study models. Animal
models have allowed considerable progress in this field since they maintain the intricacy
of living systems and therefore make an assessment of organ—organ crosstalk and non-
target organ toxicity possible [232]. However, the inherent complexity of interconnected
tissues makes mechanistic pathway analysis unsure and hardly identifiable, which con-
fuses data [233].

Furthermore, animals have shown to display very different responses to stress compared
to their human counterparts. Indeed, animals present basic anatomical, physiological,
and biochemical differences that introduce translational gaps [234]. For instance, struc-
tural differences exist between human and rodent lungs: the basal cells that allow epithe-
lial regeneration in humans are present only in the trachea of mice [98], and mucus cells
are less prevalent in mouse models [235]. Oesch and coworkers also addressed this issue
by extensively reviewing the DME found within human lungs and contrasted data from
various animal and human studies, emphasizing the need of considering interspecies
variations when researching pulmonary drug metabolism [236]. These significant physi-
ological differences perturb the predictivity related to clinical outcomes and explain the
frequent failure of clinical trials [237], [238]. In addition to the scientific bias induced by
the use of animal models, this kind of experimentation suffers from numerous other lim-
itations such as high costs, labor intensive and time-consuming experiments, and most
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importantly ethical concerns as animals are sensitive beings capable of consciously per-
ceiving pain and experiencing suffering.

1.5.2 European research framework: reduction, replacement and refinement
(Three Rs) of animal use for scientific purposes

English researchers, William Russel and Rex Burch wrote and published in 1959 the foun-
dation of what is well known to regulate Europe’s animal experimentation policies nowa-
days, the 3Rs. « The Principles of Humane Experimental Techniques » placed animal
welfare at the heart of applied sciences and good laboratory practices [239]. Their goals
were to establish and outline the best practices for experimental scientists when design-
ing in vivo studies while considering any potential replacement, reduction, or refining of
animal use [240]. According to the authors, the regulation of the use of animals through
the 3R rule would involve a series of considerations:

¢ « Replacement » intends to evaluate the contribution that animal experimentation
would bring to the advancement of a scientific project and therefore if the impor-
tance of use of animals is strictly necessary or can be compensated by other means.

e If animal experimentation has been identified as essential to scientific research, «
Reduction » is concerned with reducing the amount of animal resources used to the

strict minimum.

* « Refinement » focused on avoiding or minimizing at best the suffering caused by
animal experimentation.

The 3Rs reinforce the ethical considerations around pain, harm, and suffering caused
to animals during experimentation in basic research context but also for higher educa-
tion or training purposes. In the European Union, transparency and report obligations
for this matter are reinforced by the Directive 2010/63/EU amended by Regulation (EU)
2019/1010. Animal accommodation and care guidelines are delivered by the Recommen-
dation 2007/526/EU, and a status report on the evaluation of animal experimentation
practices is also to be sent to the European Commission for examination. To facilitate and
standardize the delivered reports, the Decision 2020/569/EU has established a common
submitting format. Therefore, advanced in vitro approaches continue to be developed
and establish themselves as promising alternative methods able to coherently emulate
human physiology.

1.5.3 In silico modeling

In silico methods refer to computer-aided simulations, based on the mathematical mod-
eling of qualitative and quantitative vivo and vitro data, to predict in vivo biological out-
comes. They draw their resources from databases and use machine learning techniques,
such as active learning, to empower predictions [241]. In silico models are controllable,
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cost- and time-effective, as they minimize expenses related to conventional trial and er-
ror approaches in the laboratory. Although they can store and analyze large amounts of
data, the reliability of their predictions depends primarily on the accuracy of the data on
which the algorithms are based.

In silico modeling is particularly used in the pharmaceutical industry for drug screen-
ing purposes. PBPK (Physiologically Based Pharmacokinetics) and QSAR (Quantitative
Structure-Activity Relationship) models are particularly relevant to predicting the ADME
phases of a drug. The PBPK model converts the ADME features of organs into mathemat-
ical functions and compartmentalizes related biotransformation kinetics to determine a
drug’s pharmacokinetics profile in plasma and tissues to predict its bioavailability in vivo
[242]. Whereas the QSAR models are used to predict the physicochemical, and biologi-
cal behaviors of compounds in a given vivo setting based on their chemical structure as
the model assumes that compounds with comparable molecular structures have similar
biological activities [243]. Both methods can be tuned to exposure conditions (e.g. ad-
ministration routes, exposure duration, doses) and models (e.g. human, mouse), and are
therefore versatile and adaptable [244].

1.5.4 In vitro modeling

In vitro cell culture systems enable the growth of cells, derived from living organisms, out
of their biological setting and in a miniaturized controlled environment supplemented
with a synthetic medium. Depending on the culture mode, native and tissue-specific
cellular behaviors such as proliferation and metabolic capacities can be emulated. In vitro
models are good alternatives to animal models as they are simpler and less expensive to
implement, and more importantly, they offer the possibility of working with tissue and
cells of human origin, which empowers the accuracy of in vitro to in vivo extrapolation.

1.5.4.1 Cell sources

A variety of cell types are available for in vitro tissue engineering, and the following is a
brief description of their characteristics.

Cell lines are characterized by an unlimited life span, which makes them highly prolif-
erative and stable cells. This proliferative feature allows cell lines to be maintained in
culture for long periods through consecutive subculturing. They can be pooled from ac-
tive tumors or based on normal cells and immortalized (e.g. by viral transfection of an
oncogene). The cellular degeneration resulting from these genetic changes gives them the
main disadvantage of generally losing some or all functionality of the tissue they origi-
nate from. Nevertheless, cell lines are abundantly available and are therefore suitable for
large-scale studies such as high-throughput toxicity screening.

Primary cells are directly harvested from biopsies of living organs; thus, they maintain
better physiological functions than any other cell type used for vitro modeling. Vitro cul-
ture settings are far from physiological vivo environments cells originate from, which is
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why their lifespan is limited to few subculturing cycles. Their use in vitro is frequently as-
sociated with dedifferentiation because cells tend to favor proliferation over functionality.
Nevertheless, in vitro culture techniques are working towards model complexification by
offering 3D culture modes that better mimic the physiological context and reduce phe-
notypical damages. Availability of primary cells is however limited, access to biopsies is
restricted, and inter-individual variability in between donors is a bias to factor into ro-
bustness aspects of primary cell-based models.

Stem cells are characterized by their self-renewal capacity and their ability to differenti-
ate into any cell type, which is why they appear as a promising alternative to primary
cell cultures as they offer unlimited and stable sources of multiple cell types [245].

The choice of cell type will be based on the scientific and technical aspects related to
the underlying research topic. Cell lines have proven particularly relevant for high-
throughput studies, especially for pharmacological screening. Whereas a more mecha-
nistic approach to study biological responses involved in cell toxicity phenomena would
require the use of primary cultures for which native viability and functionality parame-
ters are better preserved [246].

1.5.4.2 Pulmonary models

Tissue engineering has enabled the creation of in vitro respiratory tissue models for clini-
cal and fundamental research applications, with a primary focus on the rebuilding of the
tracheal and proximal (bronchial tissue) and distal (alveoli) airways.

Two-dimensional (2D) models
2D monocultures can be achieved in culture flasks and plates under submerged condi-
tions. Most commonly used culture surfaces are polystyrene-based. As polystyrene is
naturally unfit for cell anchorage, plasma treatments or surface coatings (e.g. collagen or
polylysine) can be carried out to enable cell adhesion [247]. To better approximate vivo
environments, as lungs are constantly and directly exposed to atmospheric air, culture
inserts (e.g. permeable polyester membrane) have been developed to lift 2D cultures at
the air-liquid interface (ALI) to better approximate a physiological environment. In this
setting, the basolateral section is submerged in a culture medium while the apical side of
the epithelium is exposed to air. This culture mode has proven to empower the differen-
tiation of respiratory epithelia on a morphological and functional level [248]-[250]. The
ALI culture mode also benefits inhalation studies as it allows to expose the epithelia to
physiological modes of exposure that include gaseous and aerosolized exposures, repre-
sentative of inhalation routes (e.g. vacuum chamber, VitroCell® nebulizer) [27]. In vitro
pulmonary epithelia are widely reconstructed using cancerous cell lines such as A549 and
Calu-3. Although they only partially retain phenotypical and functional capacities, they
allow for stable, reproducible, easily scalable, and cost-effective modeling. In vitro tis-
sue reconstruction can also be achieved using artificially immortalized cell lines, such as
BEAS-2B, and 16 HBE14°~ that are normal cells immortalized by viral transduction. Re-
cently developed hAELVI cell line displays promising potential to improve the accuracy
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of in vitro models, as they were immortalized from primary alveolar cells and display
vivo-like phenotypes and alveolar permeability functions. Details referring to their cellu-
lar characteristics are recapitulated in 1.1. This table is meant to outline the key properties

of the most commonly used cell types for in vitro lung tissue reconstruction.

TABLE 1.1: Brief recapitulate of the distinct characteristics of commonly
used human pulmonary cells for in vitro modeling [28], [251]-[258]

Cell identity Cell type Description
- Derived from a pulmonary adenocarci-
noma from submucosal gland serous cells
Bronchial - Fully differentiated ciliated and mucus-
Calu-3 1 111 . - . .
epithelial-like producing epithelial layer displaying strong
barrier functions (tight junctions, adherent
junctions, desmosomes)
- Normal cells immortalized using aden-
Bronchial ovirus 12-5V40 viral transduction
BEAS-2B 111 1 - Weak barrier function (lack mucus secre-
epithelial-like . o . s
tion, tight junctions and cilia)
- Secrete cytokines and anti-oxidants
- Normal cells immortalized using aden-
ovirus SV40°~ viral transduction
- Limited barrier function (cilia and tight
16HBE14°- Bronchial junctions network only)
epithelial-like - Differentiated and multi-layered epithe-
lium
- Secrete cytokines
Alveolar type T Derived from a pulmonary adenocarci-
A549 pneumocytes- notma
like y - Produce surfactant
- Lack tight junction network
Possess alve- Isolat‘ed from a pulmonary papillary ade-
olar type I nocarcinoma
- Form polarized tight monolayers and ex-
pneumocytes- . . .
. press organic cation transporters with P-
like and bron- . .
NCI-H441 . 1. 1.1 glycoprotein (relevant to pharmaceutical re-
chiolar epithelial
. search)
cell characteris-
. . - Secrete surfactant
tics (i.e. Clara . . . . .
cells) - Higher transepithelial electrical resistance
values than A549
- Primary human alveolar epithelial cells im-
Alveolar type I mortalized by lentiviral transduction
hAELVI pneumocytes- - Strong barrier functions (tight junctions
like network, high TEER)

- Reflects vivo-like alveolar permeability

However, cell lines are very homogeneous populations that don’t recapitulate the com-
plexity of airway epithelia. For this reason, the use of primary cells in already commer-
cially available tissue models (e.g. MatTek’s EpiAirway, Epithelix’s MucilAir), or isolated

60



1.5. Predictive studies for inhalation toxicology

from partial lung resections, or bronchial brushes, allow for greater vivo-like morpholog-
ical and functional pulmonary representation although they introduce limitations such
as donor variability, sourcing limitations and high experimental costs. Primary human
bronchial and alveolar cells, along with primary rat alveolar cells are the most commonly
used for in vitro modeling. The exposure of primary cells to the ALI empowers cellular
differentiation into basal, ciliated, and goblet cells resulting in an overall better function-
alization of the tissue through the production of mucins, the empowerment of barrier
functions through, for example, tight junction networks, and cilia beating motions [259].
Even though 2D models are relevant to studying barrier transport and permeability ki-
netics [260], cell behavior is altered because environmental cues are different from native
tissues [261]. This has led to an increase in the development of more complex three-
dimensional (3D) models. 3D human airway models have been proven to improve the
toxicity prediction accuracy of inhaled substances [262], [263].

Inhalation toxicology also tends to move towards models that include two or more cell
types (co- or multicultural systems), and that can also comprise an extracellular matrix.
Whilst the alveolar/bronchial cells are primarily responsible for barrier formation, co-
cultures [264], [265], tricultures [266], [267], and even tetracultures [268] have been de-
veloped to recreate the physiological complexity that occurs during local cellular cross-
talk in the lungs, such as inflammatory responses involving pneumocyte and alveolar
macrophage interactions. Cocultures are typically seeded and cultured on culture inserts
(Fig. 1.14).

Inverted Fibroblasts, dendritic cells or
transwell endothelial cells

membrane /
I M
2.

1.
Epithelial cells Macrophages
- .M/ \.‘_ S o Fibroblasts,
dendritic cells
or endothelial cells
3. 4,

FIGURE 1.14: Diagram showing a method for triple co-culture of cells as a
complex in vitro permeability model. Fibroblasts, dendritic or endothelial
cells adhere to the inverted basolateral side of a culture insert (1, 2), the
culture insert is replaced into the receiver well so that epithelial cells may
be cultured on the apical side (3), and macrophages may also be added to
apical side of the culture insert. Reproduced with permission from [158].
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Spheroids and organoids

3D multicellular models, such as spheroids and organoids, serve as biomimetic platforms
for investigating intracellular communications, cell-extra cellular matrix (ECM) interac-
tions, and overall organ development as they further approach in vivo-like environments
(Fig. 1.15). Spheroids self-assembled cell clusters, established from cell lines or patient-
derived cells [269]. They are constituted of an internal necrotic core that develops from
a lack of nutrients and oxygen along with a waste buildup, and outer layers made of ac-
tive and proliferating cells [270]. Even though spheroids are not architecturally relevant
as barrier models, their culture offers interesting prospects to expand in vitro pulmonary
functionalities, Takahashi et al. [271] demonstrated how AEC2 spheroids revealed the
expression of alveolar specific protein (SP-C) which until then had not been expressed in
other in vitro alveolar models, and offer new prospects to in vitro tumor modeling [272].
Organoids are also capable of self-assembly and can be produced from both stem cells
and patient-derived cells. They comprise multiple cell types, can self-renew, and dis-
play sufficient differentiation to mimic some level of functionality of the native target
organ [273]. They present themselves as powerful disease modeling tools for personal-
ized medicine as patient-derived diseased cells have been revealed to self-assemble into
organoids that replicated the associated genetic disorders and phenotypes [274]. Basal,
secretory, and type II alveolar cells are the key pulmonary cell types that have been used
to engineer lung organoids. They can replicate some aspects of the intricate pulmonary
architecture, especially that of the alveolar sac in the distal area, and the associated func-
tional heterogeneity.
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FIGURE 1.15: Main characteristics of 2D monolayered cell culture, and 3D
spheroid and organoid cultures. Adapted from [275].
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Decellularized ECM and biomaterial-based scaffolds

Scaffolds are great structural tools to guide in vitro tissue reconstruction. Decellularized
lungs offer a unique native-like scaffold that, combined with specialized bioreactors, re-
capitulates vascularization, and ventilation processes [276]. Whole or resected lungs are
treated with detergent-based protocols to strip the cellular components out of the tissues
while maintaining the extracellular matrix and 3D microarchitectures of the airways and
vascular channels as intact as possible (Fig. 1.16) [277], [278]. Decellularized scaffolds
have proven particularly relevant to guiding the physiological differentiation of embry-
onic stem cell derived-embryoid bodies into AEC2, AEC1 and Club cell like-cells [279].

Cadaveric lung 6 hr 18 hr

v

FIGURE 1.16: Pictures recapitulating the decellularization process of a
porcine lung resulting in the loss of opacity caused by the evacuation of
cellular material [276].

Because human decellularized ECM is difficult to come by, natural collagen and gelatin,
as well as synthetic poly(e-caprolactone) (PCL), are employed to create scaffolds [280],
[281]. Hybrid scaffolds can also be useful for tissue reconstruction, they are created by
combining natural and synthetic biomaterials.

Scaffolds can then be electrospun or 3D bioprinted into patterns of interest [282].
Electrospinning consists of a jet-like extrusion, conducted by an electrostatic force, col-
lected onto a charged collector forming a network of continuous polymer fibers [283].
This technique allows for a high degree of control over fiber diameter, alignment, and
porosity of the generated scaffold. Several reports have demonstrated the potential of
electrospun meshes for the development of lung biomimetic platforms, showing suit-
ability for mono- or coculture settings [284], [285].

3D bioprinting is an additive manufacturing technique that involves a printing system
able to precisely deposit biological material such as cells and biocompatible matrices into
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complex and functional 3D architectures to reconstruct living tissues and organs. Bio-
printing offers controlled deposition of biomaterial and the ability to build precise 3D re-
constructs layer-by-layer. Depending on the physicochemical properties of the bioink, the
extrusion can be adapted to three extrusion techniques: laser, inkjet, or microextrusion-
based bioprinting, respectively from the finest to the largest deposition [286]. This tech-
nique has been successfully used for healthy [287], and pathological lung modeling [288].

Lung-on-a-chip

Organ-on-chip technology is being increasingly harnessed to model pulmonary tissue
engineered constructs. Interest is growing as these sophisticated microstructured devices
enable dynamically-stimulated cell culture environments thanks to continuous perfusion
of microfluidic flow. Huh et al. described the first lung-on-chip in 2010 [289]. They
created their chip using a lithography-based manufacturing process, with central upper
and lower channels separated by a flexible and microporous membrane, and surrounded
by two vacuum chambers. The upper channel was used to cultivate alveolar cells at the
ALI, while the bottom channel was used to culture endothelial cells under continuous
microfluidic perfusion (Fig. 1.17). The vacuum chambers created cyclic deformations
of the tissues that resembled in vivo breathing patterns, allowing to reproduce in vitro
alveolar dilation.

Side chambers Vacuum

FIGURE 1.17: (A) Human breathing lung-on-a-chip polydimethylsiloxane

(PDMS) microdevice. (Wyss Institute) (B) Scheme of the compartmental-

ized cell culture inside the chip, stimulated the mechanical stretching of
physiological-like breathing movements [289].
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Since, lung-on-chips have been adapted to different architectures and designs (e.g. hexag-
onal mesh culture membrane, additional channels, fluidic coupling to culture chamber
bioreactors), and variations of pulmonary cocultures (e.g. pulmonary fibroblasts to con-
sider tissue remodeling properties) [290], [291]. They even have been integrated into
broader systemic platforms that integrate other tissue constructs, to recreate multiorgan
microengineered platforms that consider inter-organ crosstalks [292].

1.5.4.3 Hepatic models

Before any kind of sophisticated in vitro modeling techniques, liver tissue slices were
used for toxicity testing as they could, to some extent, retain native functionality features
[293], [294], for up to 3 days [295]. Nevertheless, tissue functions decrease overall rapidly
and necrosis is unavoidable, making the use of tissue slices a non-viable option, in addi-
tion to the fact that their also subject to inter-individual variation.

Many of the vitro models currently developed still use cell lines as they are well-characterized,
robust, and highly proliferating cells that require lower handling costs than primary hu-
man hepatocyte (PHH) or stem cell cultures. HepaRG and HepG2 are the most com-
monly used.

HepaRG is a bipotent human progenitor cell line, isolated from a hepatocholangiocarci-
noma, able to differentiate into hepatocyte-like and cholangiocyte-like cells. Many hep-
atic activities, such as CYP450 and phase Il enzymes, are retained in hepatocyte-like cells,
making them especially useful to toxicity and drug screening studies [296]. Because of
their high proliferative capacity, partially preserved xenobiotic activities, and ability to
provide repeatable data, they constitute valuable alternatives to PHH [297].

HepG2 cell line, is derived from a human hepatocellular carcinoma, and is most com-
monly used in hepatotoxicity pathway analysis studies [298]. Cells display an epithelial-
like morphology and fulfill a variety of differentiated hepatic functions (e.g. glycogen-
esis, plasma proteins secretion) [296]. However, expression levels of phase I and II en-
zymes and uptake transporters are shown to be lower than in human hepatocytes, and
rates also seem to differ between passages [299]. Even though they are not representative
of PHH, they are a well characterized cell line, with abundant available data, and the low
basal activity of CYP450 (especially CYP1A2, CYP2B6, and CYP3A4) make them good
candidates in studies of CYP inducers [300]. Therefore, primary cells are still considered
to be the most relevant for in vitro modeling as they retain native metabolic functions
[301]. They are particularly relevant for fundamental research purposes, such as better
understanding hepatic mechanistic regulation processes. However, the maintenance of
viability and functionality is delicate, and tends to fade rapidly as they are extremely
sensitive to the cell culture conditions. Added to the fact that they are difficult to source
and costly to handle, primary hepatic cells present significant limitations to their use for
in vitro modeling [302].

However, in recent years the use of stem cells has helped to overcome these limitations.
The most highly explored stem cells for hepatic cells differentiation are induced pluripo-
tent stem cells (iPSCs) [303]. Differentiation protocols vary depending on the targeted cell
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type. Hepatocyte-like cells derived from iPSCs exhibit little batch variability and native-
like metabolic functions, most interestingly xenobiotic-related functions. The limitations
related to the use of these kind of cells lay in the terminal differentiation of the differenti-
ated cells, and the high cost, time-consuming, and delicate handling of experimentations.

2D models
Standard static 2D monolayer culture systems are traditionally directly plated on a cul-
ture treated Petri dish to form a tissue. Although these models are easy, reproducible and
cost-effective to manipulate, they lack the architectural complexity of in vivo tissues, and
culture conditions only allow the maintenance of proper phenotypes for short periods
of time before morphological alterations leading to loss of hepatic-like functions occur
[304].

Sandwich culture

This culture method recreates the natural linear alignment of hepatocytes in vivo, i.e. the
sandwich culture configuration involves growing cells between two layers of ECM (e.g.
collagen or Matrigel”™). The composition of the ECM is primordial as it influences cellu-
lar behavior [305], as Moghe et al. documented how collagen sandwich promoted further
polarized differentiation of hepatocytes compared to Matrigel’™ sandwich configuration
[306]. Sandwich hepatic cultures are particularly interesting for hepatotoxicity and hep-
atobiliary transport studies. Cell-cell contacts and cell-matrix interactions are facilitated
by this configuration, as cells can attach three-dimensionally. These biological behav-
iors promote the responsiveness of cultured hepatic tissues to stress [307], along with
hepatic-specific metabolic functions [308]. However, sandwich cultures can usually only
be sustained for short periods as liver-specific functions are unstable and decrease over
time [309]. Therefore, long-term hepatotoxicity assessments are not suited to these kinds
of models.

Still, the sandwich culture has been of particular interest to recreate naturally-occurring
in vivo spacing, such as the space of Disse [310].

a 2D monolayer b Sandwich culture

-

o AM&.A,..,&._\
Extracellular matrix

FIGURE 1.18: Diagram of hepatic culture configurations. (a) Conventional
2D monolayer. (b) Sandwich culture method. [311].

Spheroids
Spheroid offer a scaffold-free approach to 3D culture. They can be obtained by different
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means (Fig. 1.19):

¢ The hanging drop method: a drop of hepatic cell suspension is placed on the bottom
of a Petri dish lid, where gravity causes the cells to aggregate and self-assemble into
spheroids [312].

* Non-adhesive agglomeration: when cells are seeded onto low-attachment culture
plates, they spontaneously self-assemble [313].

UH » ©C HH UH N N HU

A B Nonadhesive coating

FIGURE 1.19: Diagram of 3D spheroids generated by hanging drop
method (A) or by cell culture on non-adhesive surfaces (B). Adapted from
[314].

Because their organization is based on random self-assembly, they do not relevantly
recreate vivo-like structures, however, spheroid culture promotes increases viability, as
long as the diameter does not exceed 200 ym (particularly for PHH), and retains proper
xenobiotic phase I and II enzymes for several weeks [313]. Their functions can be in-
creased if they are paired to dynamic culture conditions (bioreactors) as nutrient and

oxygen are constantly being resupplied [315].

Liver-on-a-chip
Because hemodynamics and other fluid shear stress are biomechanical constraints in-
herent to the liver [316], [317], perfusion systems known as bioreactors have been de-
veloped to better approach physiological hepatic microenvironments, such as zonation
[318]. The dynamic culture conditions emulated by native-like mechanical cues have
proven to elongate the survival, and empower the functionality of hepatic cells. Speci-
ficities relating to biochips have been previously described in 1.5.4.2.
The choice of material and design of a biochip are key parameters that allow to mod-
ulate culture conditions to support different types of modeling (e.g. sandwich culture,
spheroids). PDMS-based chips have proven to be of particular interest for hepatocyte
vitro culture as they offer transparency, oxygen-permeability, and biocompatibility fea-
tures [6]. However, other materials have been used, and thermoplastics offer interesting
scalable and low-cost alternatives [319]. According to the material, biochip microfabrica-
tion can be achieved through different methods such as photolithography, hot embossing
or 3D printing [320], [321].
Liver-on-chips can accommodate different type kinds of vitro modeling:

* Monolayered cultures can be used for monoculture or coculture purposes. Hepatic

cocultures often involve hepatocytes in conjunction with non-parenchymal cells
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(e.g. circulating Kupffer cells). Sandwich cell cultures can assist in tissue recon-
struction inside biochips. For instance, primary hepatocyte culture was aided by
a sandwich method, and paired with a compartmentalization of the biochip, via
the addition of a porous membrane, to recapitulate the indirect sheer stress that
hepatocytes undergo in vivo (Fig. 1.20) [322].
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FIGURE 1.20: Cross-sectional diagram of a sandwich cultured hepatocyte
monoculture [322].

¢ Spheroids-on-a-chip can be achieved by playing with the microarchitecture of the
inner cell cultivating surface to control organotypic cell assembly [323]. For in-
stance, a succession of concave microchambers were designed to favor cell aggre-
gations into spheroids in the a dynamically perfused hepatic biochip [324]. Or by
patterning cell deposition and adjusting a directional medium flow, that mimics
portal to central vein blood flow, to create spheroids that served as building blocks

to shape lobule-like constructs [325].

* Scaffolds can be embedded into biochips to provide vivo-like mechanical, biochem-
ical, and structural environments of healthy or diseased vivo liver. For instance,
an alginate-based cryogel allowed to reproduce the elastic properties of a cirrhotic
tissue [326]. Decellularized liver matrix or gelatin metharcyloyl (GelMA) are other

commonly used scaffolds.

Overall, the versatility of tissue reconstruction that can be carried out in biochips em-
powers the differentiation and functionality of liver-on-chip models which makes them

promising vitro alternatives to investigate vivo-like biological behaviors.
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1.6 Objectives and approach of the thesis: The Lung/Liver co-

culture platform

The respiratory system is exposed daily to a wide range of airborne xenobiotics. Toxicity
mechanisms are complex and involve local and systemic responses that can aggravate,
stabilize, or protect our bodies from adverse effects. Because of this complexity, animals
are considered prime study models. However, in the European context of animal exper-
imentation reduction (3Rs), we developed and investigated a new alternative method
to emulate in vitro dynamic interactions between the lungs and the liver. In the context
of respiratory toxicity, in vitro cocultures have contributed value to studies by increas-
ing biological complexity and therefore better mimicking in vivo environments [327]-
[330]. Since our multi-organ platform is intended for toxicological research, we included
a liver construct because of how closely toxicity in the body is tied to hepatic xenobiotic
metabolism. In addition, and according to literature, both organs reportedly also interact
under stress (1.3). This approach allows to consider pulmonary and hepatic inter-organ
crosstalks as possible modulators of toxicity and therefore acknowledge toxicity at a more
systemic level when it comes to evaluating associated risks and hazards of inhaled xeno-
biotics.

As the coculture platform is currently in the development phase, experimental robustness
is at the heart of the project. The main goal of this thesis was to use a model substance
to highlight the passage and circulation of a xenobiotic through the device and to show
the relevance of both compartments to respond simultaneously to xenobiotic stress. The
project was therefore articulated into three experimental phases:

1. Characterization of tissue-specific toxicological behaviors of lung and liver con-
structs through monoculture settings. Viability, functionality and metabolic ac-
tivities of both compartments were separately assessed following exposure to the
model substance.

2. An adaptation and preparation both monocultures to coculture settings was con-
ducted prior to coculture (e.g. common media, characterization of dynamic culture

conditions) in order to best preserve optimal viability and functionality.

3. Pulmonary and hepatic culture compartments were united and jointly cultured into
a single closed circuited coculture platform. The coculture was exposed, through
the pulmonary to mimic in an inhalation-like exposure mode, to the model sub-
stance. Assessment of tissue viability and functionality parameters were used to
highlight any associated crosstalk behaviors compared to monoculture settings.
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Chapter 2

Material and methods

2.1 Cell sources

2.1.1 Bronchial cells

Calu-3 are human bronchial epithelial cells isolated from a lung adenocarcinoma: This
cell line was obtained from the American Type Culture Collection (ATCC) (reference
ATCC-HTB-55).

2.1.2 Hepatic cells

HepG2/C3A is a clonal derivative of HepG2 human hepatocypte cell line isolated from
a hepatocellular carcinoma. This cell line was obtained from the ATCC (reference CRL-
10741).

2.2 Pulmonary monoculture

2.2.1 Culture media

Cryopreserved Calu-3 cells were grown and expanded using Roswell Park Memorial In-
stitute 1640 supplemented with stable L-Glutamine (RPMI 1640 GlutaMAX Supplement,
ThermoFischer Scientific), and completed with 10% of Fetal Bovine Serum (FBS, Gibco)
and 1% of 100 units/mL Penicillin-Streptomycin (PAN Biotech).

2.2.2 Cell culture

Calu-3 cells were expanded in two-dimensional (2D) monolayers in 75 cm? flasks (Corn-
ing, Falcon) seeded at an initial density of 20 000 cells per cm?, in a 5% CO, supplied
incubator at 37°C, reaching 70 to 80% confluence in 7 days. Cells were cultured from
passage 32 through 40.

2.2.3 Tissue reconstruction

Calu-3 2D monolayers were amplified up to 80% of confluence. Calu-3 cells were then
detached using 0.25% Trypsin-EDTA (1X) (Gibco) and seeded, at 200.103 cells per insert,
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onto Transwell polystyrene membrane culture inserts (Transwell Permeable Supports,
Costar). To complete proper barrier reconstruction, tissues were grown under submerged
conditions for 11 days. Late differentiation stages were complexified in “semi” air-liquid
interfaced (semi-ALI) conditions where tissues were subject to 24-hour air-lifted culture
at day 10. Medium changes occurred every 2 days (Fig. 2.1).

2.2.4 Experimental setup

— Viability
+ Morphology
- Live/Dead

— Function
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Submerged culture (TEER)

+ Tight junction
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cell seeding onto the cultured inserts
culture inserts

FIGURE 2.1: Experimental design of bronchial tissue reconstruction ac-
cording to culture conditions.

As soon as the bronchial barrier completes reconstruction (when trans-epithelial
resistance (TEER) measurements exceed 1000 Q2.cm?), 72-hour exposure to solubilized
APAP was carried out. Submerged tissues received 1 mL of solution apically and semi-
ALI tissues received 200 pL (Fig. 2.1). Following exposure, a variety of biochemical
assays (protocols will be later described) were performed to assess associated biological

behavior.

2.3 Hepatic monoculture: liver-on-a-chip

2.3.1 Biochip design and microfabrication

The inner microarchitecture of biochips is digitally conceived and printed by photolithog-
raphy onto wafer containing SU-8 photoresist. The final design comprises two sides, a
hollow media reservoir for the upper compartment and a series of microstructured cham-
bers and channels for the bottom cell cultivating side (Fig. 2.2). 10:1 (w/w) polydimethyl-
siloxane (PDMS) and cross-linking agent (Sylgard 184, Dow Corning) mixture was used
to manufacture biochips. The mix was poured onto the microdesigned molds and cured
for 2 hours at 70°C. Both sides were sealed together through reactive air plasma treat-
ment of their surfaces to achieve the completed biochip. The final assembled biochip
holds a total volume of 40 pL and covers a cell growth area of 2cm?. This design has been

documented in a previous study [7].
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@

700 pm

200 um

FIGURE 2.2: Sketch and photos of the PDMS microsystem (a) compris-
ing an upper smooth side and a bottom microstructured compartment (b)
made of a succession of channels and chambers (c).

2.3.2 Culture media

Cryopreserved HepG2/C3A cells were grown and expanded using Minimum Essential
Medium (MEM, Corning) supplemented with 10% of Fetal Bovine Serum (FBS, Gibco),
1% of Penicillin-Streptomycin (10 000 U/mL Penicillin and 10 mg/mL Streptomycin)
(PAN Biotech), 1% of L-Glutamine (100X) (PAN Biotech), 1% of N-2-hydroxyethylpiperazine-
N-2-ethane sulfonic acid (HEPES) buffer (1M) (Gibco), 1% of Sodium Pyruvate (100X)
(Gibco) and 1% of MEM non-essential amino acids (BioWest).

2.3.3 2D culture

HepG2/C3A cells were amplified in two-dimensional (2D) monolayers in 75 cm? flasks
(Corning, Falcon), seeded at an initial density of 20 000 cells per cm?, in a 5% CO, sup-
plied incubator at 37°C, reaching up to 90% of confluence in 7 days. Cells were cultured
from passage 6 through 15.

2.3.4 3D culture

Hepatic tissue reconstruction takes place in previously described biochips which pro-
vide a dynamically stimulated environment. All cell culture material was sterilized prior
to experimentation thanks to an autoclave cycle peeking at 120°C for 20 minutes. Prior
to cell culture, biochips had to firstly be coated with a 0.36 mg/ml Collagen I (Corn-
ing Life Science) solution to allow cell adhesion. This solution was prepared in Phos-
phate Buffer Saline (PBS, Gibco) (1X, pH 7.4). Coated biochips are then kept at rest for 1
hour in a 5% CO; incubator at 37°C before being rinsed with culture media. Amplified
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HepG2/C3A cells were detached using 0.25% Trypsin-EDTA (1X) (Gibco) and seeded
into culture ready-biochips at an initial density of 500.10° cells per biochip. Seeded mi-
crosystems are then kept at rest 24 hours, in a 5% CO, incubator at 37°C, to complete cell
adhesion. Hepatic biochips were then boxed into an Integrated Dynamic Cell Culture
in Microsystems (IDCCM) device to proceed to tissue reconstruction (Fig. 2.3). IDCCM
box was a polycarbonate-based culture platform accommodating up to 12 parallelized
microchips. It is composed of a bottom part, comprising attachments for biochips and
associated media reservoirs, and a top part for tubing. Both parts are joined and sealed
together by a silicon seal and a metal clamping system. Once mounted, the device is
set at a continuous microfluidic flow rate of 25 pL per min, through and out of the mi-
crochannels, thanks to a peristaltic pump. This specific culture device was developed in
UTC’s Biomechanics and Bioengineering (BMBI) Laboratory and patented in 2011 [331].

—————= Perfusion ports
——————= Tubing lid
——— = Silicon seal

—— Well plate

——= Biochip attachment connectors

————= Biochips

FIGURE 2.3: IDCCM box. Side (a) and bottom (b) photo of the device en-
abling parallelized dynamic monoculture of hepatic biochips. (c) Mounted
culture-ready device. Based on [332].

2.3.5 Experimental setup

Biochips are coated and seeded at day 0. Boxed and dynamically cultured from day 1 to
4, during which 72-hour exposures to solubilized APAP were carried out (Fig. 2.4). APAP
solution was prepared in hepatic culture media. Chosen exposure concentrations rely on
documented hepatotoxicity thresholds: 1.5 mM and 3 mM [4]. A variety of biochemical
assays (protocols will be later described) were performed post-exposure to assess associ-
ated biological behavior.
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FIGURE 2.4: Experimental design of hepatic tissue reconstruction.

2.4 Lung/Liver coculture: the Lung/Liver (LuLi) platform

2.4.1 Coculture platform: Integrated Insert in a Dynamic Microfluidic Plat-
form (IIDMP)

Both compartments were serially connected (Fig. 2.5) using the Integrated Insert in Dy-
namic Microfluidic Platform (IIDMP) device. This coculture platform is a polycarbonate-
based box able to accommodate 3 parallelized cocultures. Itis composed of a bottom part,
comprising wells for 6-plate sized Transwell culture inserts, attachments for biochips and
associated media reservoirs, and a top part for tubing (Fig. 2.6). Both parts are joined and
sealed together by a silicon seal and screws. Once mounted (Fig. 2.7), the device is set
at a continuous microfluidic flow rate of 25 pL per min, thanks to a peristaltic pump.
Flow was directed from the insert to the biochip in a closed loop. In this study, dynamic
cocultures were maintained for 72 hours, in a 5% CO, incubator at 37°C. Two IIDMPs
were used per experiment, accommodating a total of 6 parallelized coculture circuits.
This specific culture device was developed in UTC’s Biomechanics and Bioengineering
(BMBI) Laboratory in 2014 [333].

/\

@

Bronchial
I L Reservoir
/|

Hepatic
biochip

Nl

FIGURE 2.5: Schematic close-up of a functional unit of the IIDMP box.
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FIGURE 2.7: Side photos of two mounted culture-ready IIDMP boxes on a
peristaltic pump.

2.4.2 Bronchial and hepatic coculture
2.4.2.1 Coculture media

Subject of a later study detailed in Chapter 4.

2.4.2.2 Experimental setup

Pulmonary inserts and hepatic biochips were matured separately, respectively up to day
11 and 1, according to previously described protocols. In the same way as monocultures,
lung/liver cocultures were carried out in 2 modes: submerged and semi-ALI These cul-
ture conditions concern the pulmonary compartments which received respectively 2 mL
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FIGURE 2.8: Experimental design of pulmonary and hepatic coculture.

and 200 pL of media or solubilized APAP solution apically. A variety of biochemical as-
says (protocols will be later described) were performed post-culture to assess associated

biological behavior.

2.4.2.3 The developmental model

Bronchial
insert
2mL ‘ Reservoir
4mlL 4 mL
Hepatic
biochip

FIGURE 2.9: Schematic representation of the associated volumes of the de-
velopmental model functional coculture unit.

The submerged coculture condition was our developmental model. The full circuit
encloses a total volume of 10 mL (Fig. 2.9). APAP exposure solutions were deposited on
the pulmonary barrier at concentrations recalled as local exposure concentrations, which
were imposed at 7.5 mM and 15 mM. When APAP passes the barrier to join dynamic
circulation within the device, it is further diluted into the circulating media hence de-
creasing the recalled systemic exposure concentrations to respectively 1.5 mM and 3 mM
(Fig. 2.10).
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FIGURE 2.10: Schematic illustration of the associated local and systemic
APAP exposure concentrations of the developmental model.

2.4.24 The physiological-like model
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FIGURE 2.11: Schematic representation of the associated volumes of the
physiological-like model functional coculture unit.

The semi-ALI coculture condition was considered to be a physiological-like model
because of differentiation and exposure modes. The full circuit encloses a total volume of
8.5 mL, setting systemic APAP exposure concentrations at 12 uM and 24 pM. Associated
local concentrations imposed through the pulmonary compartment were respectively 0.5
mM and 1 mM.
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FIGURE 2.12: Schematic illustration of the associated local and systemic
APAP exposure concentrations of the physiological-like model.
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2.5 Biological assays

2,51 Pulmonary viability assay
2.5.1.1 Mitochondrial activity assessment

Mitochondrial activity was assessed by Prestoblue assay (Prestoblue’™ Cell viability
Reagent, Fischer Scientific). Non-cytotoxic fluorogenic probe passively entered living
cells in its non-fluorescent form (reazurin) and reduced into resorufin by mitochondria, a
soluble red fluorescent product, that diffused out of the cells and was directly measured
by spectrophotometry (excitation wavelength of 535 nm and emission wavelength of 595
nm, Spectafluor Plus, TECAN).

2.5.1.2 Live and Dead assay

Pulmonary inserts were washed with Hanks” Balanced Salt solution (with CaCl, and
MgCl,, pH 7.4) (HBSS) (Invitrogen) and incubated, 20 minutes at 37°C away from light, in
a solution of calcein-AM and ethidium bromide according to manufacturer instructions
(Live/deadTM Viability /Cytotoxicity Kit, for mammalian cells, ThermoFisher). Nuclei
were stained by 3 #M of Hoechst 33342 dye (Fischer Scientific). Samples were visualized
by epifluorescence microscopy (Leica DMI6000 B).

2.5.2 Pulmonary functionality: barrier properties
2.5.2.1 Trans-epithelial electrical resistance measurement

The quantitative measurement of barrier integrity was achieved using double electrodes
(STX2 set and EndOhm-24SNAP 147581 from World Precision Instruments) connected to
Millicell-ERS (Electrical Resistance System) (Millipore) to measure passing current. Every
series of measurements, included measuring the blank resistance (Rgank) of an acellu-
larized membrane and the resistance across a cellularized membrane (Rtorar). TEER
values are reported (TEERrEporTED) In units of Q.cm? and calculated as:

TEERReporTeD = (RroTAL — RBLANK)(Q) X MAREA(C?) (2.1)

2.5.2.2 Lucifer Yellow permeability assay

Barrier function was quantified by Lucifer Yellow permeability assay (LY) (Lucifer Yellow
CH dipotassium salt, Sigma-Aldrich) on post-culture Calu-3 tissues. Briefly, tissues were
washed with pre-warmed (37°C) HBSS (with CaCl, and MgCl,, pH 7.4) (Invitrogen) on
both apical and baso-lateral compartments. Lucifer Yellow CH dipotassium salt was then
diluted in HBSS and added to the donor compartment (either apical or basal side to mea-
sure respectively apical to basal or basal to apical permeability) at a final concentration
of 100 ug/mL. After 1 hour of incubation at 37°C and 5% CO,, aliquots from the donor
and receiver compartments were collected in a black 96-well micro-plate for determina-
tion of fluorescence leakage of the LY with a fluorescence microplate reader (TECAN,
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Spectrafluor plus) (Aexcitation = 485 nm, Agpission = 530 nm). The apparent permeability
coefficient (Pgpp, unit: cm.s~ ') was calculated as follows:
dQ 1
Pipp = — X —— 2.2
= ar * AG 22)
Where dQ/dt was the amount of compound transported per second (mg.sfl), A was
the surface area of the culture membrane (cm?) and Cy the initial donor concentration

(mg/mL). The mass balance (R, unit: %) was calculated as:

A+D

R=1
00 x Dy

(2.3)

Where A and D were the amounts of compounds in the apical and basal compartments
respectively, and DO the initial amount of Lucifer Yellow introduced at t0 in the donor
compartment. Mass balances of all compounds were between 46 and 86%.

2.5.2.3 Tight junction immunostaining

Post-culture exposed and non-exposed samples were collected, rinsed 3 times with PBS
(1X, pH 7.4) (Gibco) and fixed with 4% paraformaldehyde (PFA) solution. Cells were
permeabilized with 100X Triton (BDH) a 0,1% at room temperature. Non-specific sites
were blocked by immersing the sections into 2% bovine serum albumin (BSA, Gibco). E-
cadherin immunostaining procedure: primary antibodies (purified mouse anti-E-cadherin,
BD Laboratories) were added at 5 ng/mL to the sections for 1 hour at room temperature.
Then, the sections were rinsed 3 times with Phosphate Buffer Saline (PBS) at room tem-
perature. Secondary antibodies (Goat Anti-Mouse Cyanine 3, Jackson ImmunoResearch),
diluted in the range recommended by the manufacturer, were added to the sections for
1 hour at room temperature in a dark chamber. Then, the sections were rinsed 3 last
times with PBS at room temperature. Claudin-1 immunostaining procedure: primary an-
tibodies (Rabbit anti-Claudin-1 polyclonal antibody MH25, Invitrogen) were added at 20
png/mL to the sections for 1 hour at room temperature. Then, the sections were rinsed 3
times with PBS at room temperature. Secondary antibodies (Alexa 488 goat anti-rabbit
IgG (H+L), Thermo Scientific), diluted in the range recommended by the manufacturer,
were added to the sections for 1 hour at room temperature in a dark chamber. Then,
the sections were rinsed 3 last times with PBS at room temperature. Due to antibody
depletion of the initially utilized stocks, initial protocol was adapted to a new set of an-
tibodies: rabbit anti-Claudin-1 primary antibody (Claudin 1 antibodies (MH25), Invitro-
gen) at 20 png/mL, paired with 4 ng/mL AlexaFluor 680 goat anti-rabbit IgG secondary
antibody (Thermo Scientific) and rat anti-CD324 antibody (Invitrogen) at 5 pg/mL (In-
vitrogen) paired with 1:100 diluted Cyanine 2 AffiniPure goat anti-rat IgG secondary
antibody (Jackson ImmunoResearch). Despite antibody changes, all images in this thesis
were standardized in order to represent green and red staining respectively as Claudin-1
and E-Cadherin tight junctions. All samples also received a 1 mg/mL 4;6-diamidino-2-
phenylindole (DAPI) immunostaining (MBD0015, Merck) and final mounting between a
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slide and a glass. Immunofluorescence microscopy scans where achieved with confocal
microscopy (Zeiss LSM 710).

2.5.2.4 Periodic acid Schiff (PAS) staining

Periodic acid-Schiff is a staining method that offers the opportunity to quantitatively
visualize carbohydrates, such as glycoproteins, in tissues. We used this technique to
observe mucin secretion of post-cultured bronchial tissues. Calu-3 reconstructs were har-
vested on day 14 and rinsed with HBSS (with CaCl, and MgCl,, pH 7.4) (Invitrogen)
before being fixed with 4% paraformaldehyde solution. Fixed tissues were then rinsed
3 times with deionized water and oxidized in contact with 0.5% periodic acid solution
(Sigma) for 5 minutes. After that, they were rinsed 3 additional times with deionized
water before they were stained by Schiff reagent (Merck) for 15 minutes. Stained tissues
were then rinsed 3 times with tap water before a final 1-minute hematoxylin counter-
staining. PAS stained tissues were then rinsed 3 final times with tap water. Tissues were
observed using Leica’s TL3000 Ergo transmitted light base.

2.5.2.5 Mucin secretion

Quantitative detection of MUC5AC in post-culture supernatants samples was achieved
using the Human MUCS5AC ELISA kit (CliniSciences) according to manufacturer instruc-
tions.

2.5.3 Hepatic viability assay
2.5.3.1 Cell count

HepG2/C3A cells within post-culture biochips were detached using 0.25% Trypsin-EDTA
(1X) (Gibco) and counted using a Malassez” hemocytometer. Cell viability was assessed
by Trypan blue dye exclusion.

2.5.3.2 Live and Dead assay

Cellularized biochips were carefully washed with PBS (Gibco) (1X, pH 7.4), using a mi-
cropipette, and incubated, 20 minutes at 37°C away from light, in a solution of calcein-
AM and ethidium bromide according to manufacturer instructions (Live/deadTM Vi-
ability /Cytotoxicity Kit, for mammalian cells, ThermoFisher). Nuclei were stained by 3
uM of Hoechst 33342 dye (Fischer Scientific). Samples were visualized by epifluorescence
microscopy (Leica DMI6000 B).
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2.5.4 Hepatic functionality assay
2.5.4.1 Glucose consumption

Glucose consumption was quantified in post-culture media samples using the glucose
oxidase method comprising two enzymatic phases: oxidation of glucose into glucono-
delta- lactone and H,O;, by the glucose oxidase enzyme (GOD), followed by the reaction
of HyO, with 4-aminoantipyrine and phenol forming a red quinone imine, catalyzed
by the peroxidase enzyme (POD). Enzymatic reactions were performed and measured
by a chemistry analyzer (INDIKO, ThermoFisher) with the GOD-POD system glucose
reagents kit (ThermoFisher).

2.5.4.2 Albumin synthesis

Hepatic albumin secretion was quantified in post-culture media samples by ELISA assay
according to manufacturer instructions (Human albumin ELISA Quantitation Set, Bethyl
Laboratories).

2.5.5 Hepatic metabolism
2.5.5.1 EROD assay (CYPA1/2 and CYP2B detoxifying activity)

CYP1A1/2 and CYP2B activity levels of post-culture hepatic biochips were measured
using 5-ethoxyresorufin (10 mM) as substrate. Resorufin formation by 7-ethoxyresorufin
O-deethylation (EROD) was quantified by fluorescence intensity measurement (A,ycitation
=535 nm, Agpission = 595 nm) (TECAN, Spectrafluor plus) after 1 h incubation in presence
of salicylamide (3 mM), which inhibits phase II enzymes.

2.5.6 Metabolic assay: mass spectrometry: metabolite detection

Samples were treated externally by the mass spectrometry platform of the Enzyme and
Cell Engineering (GEC) department (UMR CNRS 7025) in UTC.

An Agilent QQQ 6460 mass spectrometer with a jet stream electrospray ion source and
an Agilent 1200 series fast resolution LC system (Wilmington, DE) was employed to de-
tect acetaminophen and associated metabolites in culture medium samples. MassHunter
software was used for system control, data acquisition, and data processing. LC sep-
aration was performed on an Agilent poroshel C18 reverse phase column (100 mm x
4.6 mm i.d., 2.6 ym particle size) with a gradient program at a flow rate of 1 mL/min.
The mobile phase A consisted of 100% HPLC grade water with 0.1% formic acid and
mobile phase B consisted of 100% HPLC grade acetonitrile. The gradient started with
2% solvent B, held at 2% B for 1 minute before being increased to 20% B then increased
to 95% in 1 minute and was then held at 95% B for 2 additional minutes. The column
was re-equilibrated with 2% B for 3 minutes. Total run time was 12 minutes with a 10
uL injection volume. The mass spectrometer was operated in positive and negative jet
stream ESI modes. Nitrogen was used as a nebulizer, turbo (heater) gas, curtain, and
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collision-activated dissociation gas. The capillary voltage was +3800 V and 3500 B. The
ion source gas temperatures were 350°C with flows of 12 L/min. Jetstream gas temper-
atures were 350°C with flows of 12 L/min. APAP and metabolites were measured by
selective reaction monitoring (SRM). Fig. 2.13 lists the optimal mass spectrometric set-
tings (fragmentor and collision energy) for each quantifying and qualifying transition.
The calibration curve was performed with internal calibration using 0.5 ym APAP-D4 in
acetonitrile. The samples are prepared by taking 20 yL of medium and adding 80 uL of
the internal standard solution to the actenotrile in a 1 mL glass vial, then centrifuged for
5 minutes at 13500 rpm before being transferred from a vial with a 200 pL glass insert.

Stream

Time Segment 1

Scan Segments
Cpd Name  ISTD? Prec lon M51 Res Prod lon M52 Res Dwell Frag (V) CE(V) Cell Acc Polarity
v

APAR D4 Yes 156 Unit'Enh 114 Unit'Enh 20 20 8 7 Positive
(B=40) (B480)

AFPAP Ne 152.07 UnitEnh 110.1 Unit'Enh 20 &0 2 7 Positive
(E400) (B450)

APAP Mo 152.07 Unit'Enh 85.1 Unit'Enh 20 20 a2 7 Positive
(B<4@0) (B0}

AFPAP Me 328.1 Unit'Enh 150.1 Unit'Enh 20 120 10 7T Megative
GSH (8480} (6480}

APAP Mo 326.1 Unit'Enh 107 Unit'Enh 20 120 10 7 Megative
GESH (B0} (B400)

AFAF Mo 230.1 Unit'Enh 150 Unit'Enh 10 120 12 7 Megative
SULF (8480} (6480}

APAF Mo 230.1 Unit'Enh 107 Unit'Enh 10 120 20 7 Megative
SULF (B0} (B40)

FIGURE 2.13: Optimal mass spectrometric settings for each quantifying
and qualifying transition.

2.5.7 Statistical analysis

Data are presented as the mean + standard deviations. Histogram charts are comple-
mented by scatter plots, which gather the samples that constitute the groups. n repre-
sents the number of independent experiments performed. Group comparison statistical
tests were chosen based on analysis of dataset variance and normality (Fig. 2.14).
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Unpaired data
’—I—\ —
Normality Non-normality Normality Non-normality|

Unpaired t test

Mann-
Whitney test

ANOVA

Kruskal-Wallis
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FIGURE 2.14: Statistical decision tree employed in this thesis.



Chapter 2. Material and methods

Statistical analysis was performed using GraphPad Instat v.3.10. P values less than 0.05
were considered statistically significant and are presented as follow: * p < 0.05, ** p <
0.01, *** p < 0.001.
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Chapter 3

Evaluating cytotoxic profile of a
model molecule in hepatic and
pulmonary monocultures: an
acetaminophen case study

The present coculture platform was at the early stages of development, which is why ex-
perimental robustness was at the heart of our project. The focus was to demonstrate the
value and utility of our model to study toxicology at a further systemic level, by consid-
ering organ crosstalk as possible modulators of toxicity. As the developed model is in-
tended to be used to investigate toxicity related to airborne pollution exposure, inhaled
through the respiratory tract, the lung compartment is the key study target. To prove
our concept, we had to ensure that the associated hepatic compartment could access and
respond to xenobiotic exposure when carried out through the pulmonary barrier. Our
study began by choosing an appropriate model substance which’s passage and circula-
tion could quantitatively be followed through the device. APAP was our xenobiotic of
choice, as it is known and well-documented to induce significant hepatic toxicity. Thus,
causing notable biological responses during its transit through the device, and especially
in contact with hepatic cells, would attest to the capacity of a given xenobiotic to nav-
igate through both compartments of the coculture. Before using it in a joined culture
configuration, we characterized tissue-specific biological behaviors in response to APAP
by exposing lung and liver monocultures in individual settings. This chapter unfolds the

associated results.
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Chapter 3. Evaluating cytotoxic profile of a model molecule in hepatic and pulmonary
monocultures: an acetaminophen case study

3.1 Assessing hepatic response to hepatotoxic stress

3.1.1 Morphological observations do not reveal noticeable differences at 1.5
mM and 3 mM APAP exposure concentrations

HepG2/C3A cells were inoculated into pre-sterilized and collagen I-coated biochips. The
biochips were incubated for 24 hours at 37°C to facilitate cell adhesion before being dy-

namically cultured under a continuous microfluidic flow for 24 hours.

Day1 Dﬂ 4 : post-exposure
Non-exposed 15 mM APAP exposure 3 mM APAP exposure

FIGURE 3.1: Phase contrast microscopy of monocultured HepG2/C3A
biochips (a) on day 1 and (b, ¢, d) day 4 of untreated (b) and 72-hour ex-
posed samples (c, d) (1.5 mM APAP or 3 mM APAP). (Scale bar = 100 ym)

Phase contrast microscopy showed that inoculation and adhesion of hepatocytes to the
biochips were successful, as cells are elongated and homogeneously dispersed through-
out the microchambers and channels of the system (3.1 a). Cell proliferation was obvi-
ous from day 1 to 4 as cell shapes are further blurred into each other because of high
density proximity. Following 72-hour dynamic monocultures, non-exposed and exposed
samples displayed similar morphological features (3.1 a, c and d). As confluence was
high, cellular phenotype was hard to assess, however microscopic observations showed
no significant differences despite APAP exposure and regardless of increasing exposure
concentrations: cellular density organization and morphology seemed to remain intact at
1.5 mM and 3 mM exposure concentrations.

3.1.2 Viability assays highlight a significant decrease of live cells

HepG2/C3A cells were stained using a Live/Dead ™ viability / cytotoxicity kit, and counted
by Trypan blue dye exclusion, on day 4, to determine the effect of APAP on cell viability
following 72h of exposure. As biochips were cultured in a perfused environment, dead
cells were carried away by the flow, we, therefore, focused our interest on the evaluation
of green fluorescence intensity, associated with live-cell labeling. Epifluorescent micro-
scopic observations (Fig. 3.2) showed that treated samples displayed a gradual decrease
of green fluorescent signal correlated to increasing concentrations of APAP exposure.
Qualitative data was paired with quantitative cell counts (Fig. 3.3) which revealed a sig-
nificant drop of live cells correlated with APAP treatment and exposure concentration.
Collected viability data suggested that APAP induced dose-dependent hepatic toxicity at

3 mM in a dynamic exposure configuration.
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3.1. Assessing hepatic response to hepatotoxic stress

( Day1 J

Non-exposed 1.5 mM APAP exposure 3 mM APAP exposure

FIGURE 3.2: Cytotoxicity assay (Live and Dead) on day 1 and 4 of un-

treated and APAP-exposed HepG2/C3A biochips. Red fluorescence: cal-

cein AM staining of dead cells, green fluorescence: ethidium bromide
staining of live cells. Scale bar: 100 ym
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FIGURE 3.3: Evolution of monocultured HepG2/C3A cell proliferation
rates according to APAP exposure concentration (significance analyzed by
Kruskal-Wallis test. n > 4)

3.1.3 APAP exposure does not impair hepatic differentiation

Measurement of albumin secretion rate was investigated (Fig. 3.4) to provide more dy-
namic insight into the impact of APAP on modulation of albumin metabolism and there-
fore hepatic functionality of monocultured HepG2/C3A cells. In non-exposed and ex-
posed culture conditions, albumin synthesis was detected. Rates were variable as stan-
dard deviations were spread, production varied on average from 88.94 + 50.91 to 188.53
+ 129 ng/10° cells/h. Results showed comparable metabolic activities despite APAP ex-
posure. The statistical ANOVA test did not reveal any significant differences between the
three tested conditions. APAP did not impact hepatic functionality at 1.5 mM and 3 mM

exposure concentrations.
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monocultures: an acetaminophen case study
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FIGURE 3.4: Albumin secretion rates of HepG2/C3A on day 4 according
to APAP treatment. Statistically analyzed by one-way analysis of variance
(ANOVA) test. n = 3.

3.1.4 Functional characterization reveals increased metabolic activities fol-
lowing exposures

Glucose is a vital fuel for proper cell machinery function, and CYP1A1/2 are prominent
detoxifying enzymes, analyzing basal and xenobiotic metabolisms allowed for a better
understanding of hepatic response to a stress-induced environment. Both parameters
gave an overview of the metabolic profiles of monocultured HepG2/C3A cells in re-
sponse to APAP. Glucose rates were analyzed, in post-cultured supernatants, collected
data is displayed in Fig. 3.5.
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FIGURE 3.5: Glucose consumption of HepG2/C3A cells cultured in per-
fused biochips for 72 hours, with or without APAP. Statistically analyzed
by ANOVA test, Tukey-Kramer post-hoc multiple comparisons test. n = 3.

Results showed that cell consumption increased when tissues were treated with APAP.
HepG2/C3A cells consumed up to 2.5 times more glucose in an APAP-exposed environ-
ment. However, no dose-dependent effect of exposure was found.
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monoculture standard
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FIGURE 3.6: Comparison of CYP1A1/2 detoxifying activities on day 4
according to APAP exposure concentrations. Statistically analyzed by
Kruskal Wallis test. n > 3.

In parallel, CYP1A1/2 activity was significantly stronger when APAP was present. Fig-
ure 3.6 shows how the collected data highlighted a significant difference between the
CYP activity of 3 mM-exposed and non-exposed samples. These results suggest that
APAP stimulates the induction of CYP1A1/2 activities as of 3 mM exposures.

3.2 Investigating APAP toxicity on the bronchial barrier: the sub-
merged bronchial monoculture standard
3.2.1 Viability assays show tissue response to hepatotoxic exposure concen-

trations

At the end of the culture on day 14, the cell viability of untreated and treated Calu-
3 bronchial tissues was measured. Untreated samples were considered as fully viable
standards to which APAP-exposed tissues were compared with.

Non-exposed 7.5 mM APAP exposure 15 mM APAP exposure

FIGURE 3.7: Viability of submerged monocultures of Calu-3 bronchial tis-

sues (Live and Dead assay) tissues on day 14 exposed and non-exposed

to APAP. Green — Calcein AM-stained: viable cells; Red — Ethidium
homodimer-stained: dead cells. Scale bar: 100 # m
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Live and Dead stainings showed an increased amount of red signaling, associated with
cell mortality (Fig. 3.7). These results tied with basal cell activity measurements, as-
sociated with mitochondrial resorufin production assay (Fig. 3.8), which significantly
dropped in the presence of APAP. Overall, it seemed that viability of treated tissues was

significantly impacted by exposure.
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FIGURE 3.8: Relative mitochondrial activity of APAP-exposed monocul-

tured Calu-3 bronchial tissues compared to non-exposed samples, mea-

sured by PrestoBlue’™ through fluorescent resorufin production, on day

14 after 72h exposures to various APAP concentrations. Statistically an-

alyzed by ANOVA, post-hoc Tukey-Kramer multiple comparisons test.
n > 6.

3.2.2 Immunostaining reveals barrier architecture disruption following APAP
exposures

Immunofluorescence staining of Calu-3 bronchial epithelia exposed or unexposed to APAP
were analyzed using confocal microscopy. Established culture protocols allowed for ef-
fectively reconstructed tissues, as immunofluorescence showed that the epithelial cells
were linked by continuous staining of adherens junction protein E-Cadherin, and tight
junction protein Claudin-1 (Fig. 3.9 a, b). Both highly colocalized along cell peripheries
while Claudin-1 also diffused within the cytoplasm. APAP exposure did not perturb
E-Cadherin expression and localization (Fig. 3.9 b, c), however labeling revealed a mor-
phological change in cellular phenotype, as cell size increased. Meanwhile, APAP-treated
tissues demonstrated discontinuous staining of Claudin-1 proteins (Fig. 3.9 e, f), indicat-
ing disruption of tight junctions. No dose-dependent effect was found between treated

conditions.
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monoculture standard
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FIGURE 3.9: Confocal microscopy imaging of nuclei (blue), E-Cadherin

(red), and Claudin-1 (green) immunostained adherens and tight junction

complexes on day 14 in APAP-exposed (b, ¢, e, f) and non-exposed (a, d)
submerged Calu-3 monocultures. Scale bar: 20 # m

3.2.3 Functional assays confirm impaired barrier functions

Integrity, permeability, and mucin secretion of Calu-3 reconstructs were monitored to
evaluate barrier properties. Non-invasive TEER measurements revealed that bronchial
tissues continued to grow up to day 11, as Kruskal Wallis comparisons test revealed a
significant increase in resistance values from day 10 to 11 (Fig. 3.10), the resistance then
plateaued, and measurements culminated on average up to 3228 & 1507 Q).cm? highlight-
ing the development of a strongly cohesive barrier at day 14. When tissues were grown
in the presence of APAP, the measured electrical resistance significantly dropped by 3000
Q.cm? (168 4= 54 O).cm?) compared to non-exposed tissues.
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FIGURE 3.10: Transepithelial electrical resistance (TEER) measurement of
submerged Calu-3 bronchial tissues over time following 72h APAP expo-
sures. Statistically analyzed by Kruskal-Wallis Comparisons Test. n = 6.
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To better understand this phenomenon, we used Lucifer Yellow dye to evaluate perme-
ability of exposed tissues (Fig. 3.11). Results confirmed TEER data. Associated P,
values significantly increased in a non-dose-dependent manner from untreated barriers
approaching average P, values of 0.029 x 107 + 0.02 cm.s ! to 15 mM APAP-exposed

tissues leveling up to 3.736 x 107% + 1.09 cm.s 1.

Papp (x10”° cm.s™) Permeability rate (%)

Cell free culture insert

Apical permeability 80581 100
0 mM 0,029 + 0,02 0,05

Submerged 7.5 mM 1,031+0,14 % 1,70
15 mM 3,736 +1,09 6,17

FIGURE 3.11: Permeability of non-exposed and APAP exposed Calu-3

bronchial tissues (P,,, values) measured through the transport of 100

ug/mL Lucifer Yellow (from the apical to the basal compartment). Sta-
tistically analyzed by Kruskal Wallis test. n = 3.

To further functionally characterize the effect of exposure on Calu-3, Periodic acid-Schiff
stainings were carried out on fixed post-culture tissue to visually assess mucin secretion,
as the mucus layer is a core protective function of bronchial tissue [334]. Associated ob-
servations are displayed in Fig. 3.12, and showed a gradual dose-dependent decrease in

stain intensity.

Non-exposed 7,5 mM APAP exposure 15 mM APAP exposure

FIGURE 3.12: Correlation between PAS stained-mucin secretion and APAP
exposure concentrations. Scale bar = 400 ym.

Regarding the MUC5AC dosage, the results presented in Fig.3.13 show a drastic drop in
the concentrations of mucins detected in the supernatants of samples exposed to APAP.
There is no dose-dependent effect at the tested exposure concentrations tested as the
mucins concentration averages found for the samples exposed to 7.5 and 15 mM are sim-
ilar.
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physiological-like bronchial model
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FIGURE 3.13: Measurements of MUC5AC concentrations of submerged

Calu-3 bronchial tissues according to APAP exposure. Statistically ana-

lyzed by ANOVA, Tukey-Kramer post-hoc multiple comparisons test. n =
6.

3.3 Empowering pulmonary model relevance: introducing a
physiological-like bronchial model

Because submerged tissue reconstruction overlooked vivo pulmonary physiology, we
complexified the bronchial model to obtain further relevantly differentiated tissues. In
vitro air-liquid interfaced (ALI) lung cell culture models have proven to enhance physio-
logical differentiation [27] [335], because of how closely apically air-exposed cells mimic
healthy human in vivo anatomical features of cells in the respiratory tract [336]. We con-
sidered that relevantly complexifying the cell function of the pulmonary barrier would
empower the predictability of our coculture model. Calu-3 tissues were grown under
submerged cultures conditions for 10 days, until confluence was reached. An additional
ALI period was imposed for 24 hours for the semi-ALI monocultured condition from day
10 to 11 (see 2.2.4 in Chapter 2). Thus, tissue morphology was followed from day 11 until
the end of culture period on day 14 (Fig. 3.14). Contrast phase microscopy showed that
as soon as tissue reached the ALI (d11), an opaque veil appeared, covering the surface of
the epithelial tissues. This specific veil sparsened when a thin layer of culture medium
(200 uL) was added to the apical side from day 11 to 14, however it appeared to remain

present compared to the submerged tissues.
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Submerged monoculture “Semi-ALI” monoculture

di11

di2

d13

d14

FIGURE 3.14: Phase contrast microscopy observations of Calu-3 bronchial
tissue reconstruction evolution through time according to culture condi-
tions (scale bar = 100 ym).
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physiological-like bronchial model

Regarding tissue functionality, it appeared that culture mode did not impact barrier per-
meability as Lucifer Yellow assay did not reveal any significant difference between sub-
merged and semi-ALI Py, values (Fig. 3.15).

Papp (x10° cm.s™) Permeability rate (%)

Cell free culture insert

, n 60,581 100

Apical permeability
Liquid-Liquid Interfaced Culture 0,029 +0,02 0,048
Semi Air-Liquid Interfaced Culture 0,033 +0,03 0,054

FIGURE 3.15: Permeability of submerged and “semi-ALI"” Calu-3 bronchial

tissues (P;pp values) measured through the transport of 100 pg/mL Lucifer

Yellow (from the apical to the basal compartment). Statistically analyzed
by unpaired t test. n = 3.

PAS staining did not reveal any obvious staining differences between submerged and
semi-ALI samples with regards to color intensity. However, the subtle variation con-
cerned the organization patterns of mucins visible at the tissue surface of semi-ALI sam-
ples. Indeed, a few small agglomerates of intense staining were sparsely observable (Fig.
3.16A). This difference was quantitatively reflected when MUC5AC dosage was assayed
(Fig. 3.16B). The results in Fig. 3.16B showed that the concentration of mucins found at
the surface of semi-ALI tissues was 4 times higher than those of submerged tissues. ALI

culture would therefore favor the development of better mucin-loaded tissues.
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FIGURE 3.16: (A) PAS staining of submerged and semi-ALI non-exposed

Calu-3 tissues at day 14. Scale bar = 400 ym. (B) Quantification of

MUCS5AC concentrations measured in post-culture apical supernatant of

submerged and semi-ALI Calu-3 tissues at day 14. Statistically analyzed
by Mann-Whitney test. n = 6.
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3.4 Exploring bronchial sensibility to low dose exposures: par-

tial air-liquid interfaced monoculture

In the semi-ALI culture setting, Calu-3 tissues are covered with a small volume of medium
(200 uL) to better approximate physiological exposure conditions. APAP exposure con-
centrations were lowered to 0.5 mM and 1 mM because of solubilization thresholds (14
mg/mL at 25°C) [337].

3.4.1 Morphology, viability and function remain unchanged

Phase contrast microscopy showed cohesive Calu-3 bronchial reconstructs up till the end
of the culture on day 14, despite APAP exposure (Fig. 3.17A). No obvious differences
were noted between untreated and treated samples. APAP did not seem to impact mor-
phology at the tissue level. This observation was confirmed by adherens and tight junc-
tion immunostaining (Fig. 3.17B). Indeed, tissue cohesiveness remained unchanged as
E-Cadherin and Claudin-1 stainings stayed localized, at the cell-cell contact sites, regard-
less of exposure (Fig. 3.17Ba, Bb).

A I Day11 ) Dyliposteposwe

B Non-exposed 0,5mM APAP exposure 1mM APAP exposure

- -

. -

FIGURE 3.17: (A) Phase contrast microscopic imaging of semi air-liquid
interfaced monocultures of Calu-3 bronchial tissues cultured up to matu-
ration on day 11 (a) and on 14 days (b, ¢, d) post-acetaminophen exposures
at 0,5 mM (c) and 1 mM (d). Non-exposed samples (a) were kept within ev-
ery experiment as controls (scale bar = 100 ym). (B) Confocal microscopy
imaging of nuclein (blue), Claudin-1 (green), E-Cadherin (red) immunos-
tained adherens and tight junction complexes in semi air-liquid interfaced

monocultures of Calu-3 bronchial tissues at day 14 exposed (b, ¢, e, f) and
non-exposed (a, d) to APAP. Scale bar = 20 ym).

E-Cadherin

Claudin-1
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monoculture

Concerning tissue viability, Live/Dead assay did not reveal any increase in dead cells
between conditions (Fig.3.18A) as red signaling remained minimal throughout all con-
ditions. Similarly, one-way analysis of variance (ANOVA) did not reveal any significant
changes in basal metabolic cell function, as APAP-treated tissues reported steady mi-
tochondrial resorufin activity close to the values of the unexposed control (Fig.3.18B).
Overall, according to our results, APAP did not have any impact on the viability of Calu-
3 tissue reconstructs.

A Non-exposed 0,5 mM APAP exposure 1mM APAP exposure
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FIGURE 3.18: Viability assays of semi-ALI monocultured Calu-3 bronchial

tissues post-culture on day 14. (A) Live and Dead assay of exposed and

non-exposed samples to APAP. Green — Calcein AM-stained viable cells;

Red - Ethidium homodimer-stained dead cells. Scale bar = 100 ym). (B)

Mitochondrial activity measured by PrestoBlue’™ through fluorescent re-

sorufin production, according to various APAP exposure concentrations.
Statistically analyzed by ANOVA test. n = 6.

Along the same lines as previously presented data, the Calu-3 barrier function remained
strong in the presence of APAP, TEER measurements revealed stable electrical resistance
values (Fig.3.19) peaking at 2696 + 1153 Q).cm?. However, even though exposure doses
were low, Calu-3 semi-ALI tissues seemed to perceive a stress-induced environment as
Kruskal Wallis statistical analysis revealed a significant increase of resistance from day 11
to day 14 only for non-exposed samples, meaning that APAP interrupted tissue growth.
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FIGURE 3.19: Transepithelial electrical resistance (TEER) measurement of
semi-ALI Calu-3 bronchial tissues over time according to 72h APAP expo-
sures. Statistically analyzed by Kruskal Wallis test. n > 6.

In order to get more of an insight into tissue functionality of semi-ALI samples, PAS stain-
ing, MUC5AC concentrations and Lucifer Yellow permeability assays were measured.

PAS stainings revealed the same kinds of dispersion patterns as previously mentioned
in section 3.3. Agglomerates of intense staining on the surface of the tissues are present
as seen previously on unexposed tissues and also on those exposed to APAP (Fig. 3.20).
There was no discernible difference between the three studied culture conditions in terms

of Coloring intensity or organization.
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FIGURE 3.20: PAS staining of semi-ALI cultured bronchial tissues on day
14 according to APAP exposure. Scale bar = 400 pym.

These qualitative observations were confirmed by the quantitative results obtained from
the dosage of MUC5AC concentrations measured in post-culture supernatants (Fig 3.21).
No significant concentrations differences were noted between non-exposed and exposed
tissues. All means average around 2000 ng/mL. APAP did not impact the MUC5AC
homeostasis of semi-ALI monocultured Calu-3 tissues.

98



3.5. Discussion

8000
[ ]
7000
7
6000
)
)
[ ]
5 5000
= °
‘e 4000
-7}
L]
g
€ 3000
v
=
8 2000
= : .
1000 ® H
] L ]
0
0 mM 0.5 mM 1mM

APAP exposure concentration

FIGURE 3.21: Measurement of MUC5AC concentrations in the super-
natants of post-cultured semi-ALI bronchial tissues according to APAP ex-
posure. Statistically analyzed by ANOVA test. n = 6.

Kruskal Wallis statistical analysis did not reveal any significative difference between
Papp values of semi-ALI tissues. APAP exposure did not perturn barrier functions of
Calu-3 tissues (Fig. 3.22).

Papp (x10° cm.s™) Permeability rate (%)

Cell free culture insert

Apical permeability 60,581 100
0 mM 0,033 £ 0,03 0,054

Semi-ALI 0.5 mM 0,042 + 0,06 0,070
1mM 0,013 £ 0,01 0,022

FIGURE 3.22: Permeability of non-exposed and APAP exposed semi-ALI

Calu-3 bronchial tissues (P;,p values) measured through the transport of

100 ug/mL Lucifer Yellow (from the apical to the basal compartment). Sta-
tistically analyzed by Kruskal Wallis test. n = 3.

3.5 Discussion

The pulmonary and hepatic in vitro models represent the building blocks of the coculture
model. To demonstrate the relevancy of the model for systemic-like toxicological inves-
tigations, we chose to work with robust and already characterized in vitro reconstructs

that displayed active metabolic features.

3.5.1 Recreating a metabolically competent hepatic construct

The hepatic compartment was established using a previously developed and character-
ized PDMS microstructured biochip [4]-[10]. Among other applications, this culture
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mode has been utilized for the culture of HepG2/C3A cells and has proven to improve in
vitro hepatic functionality and more interestingly enhance cellular cytoprotective mech-
anisms notably through the upregulating of gene-related expressions and activities of
phase I and II drug-metabolizing enzymes [8]. Improved hepatic metabolism in mi-
crofluidic biochips has been linked to culture media renewal, which ensures continuous
transport of nutrients and oxygen, and the mechanical stimulation imposed by the per-
fusion [11]. The improvement of these metabolic capacities is of particular significance
in drug metabolism investigations, and therefore relevant for the proof of concept of the
lung/liver coculture model. The present results appeared consistent with previous stud-
ies based on morphological observations, albumin secretion, CYP1A activity, and glucose
consumption rates. Overall, data indicate that the dynamic culture allowed for the estab-
lishment of differentiated, and metabolically active HepG2/C3A cells at the basal and
xenobiotic metabolic levels.

The mechanisms related to APAP hepatoxicity have already been extensively investi-
gated. The goal was to expand on this pool of data by utilizing APAP as a tool to define
the tissue-specific toxicological profile of the hepatic compartment under our study’s
culture settings. The biological responses of HepG2/C3A biochips to APAP exposure
have already been investigated, however at lower doses of no more than 1 mM [5],
[8]. The tested 1.5 and 3 mM APAP-induced cell culture environments, induced per-
ceivable adverse effects on HepG2/C3A biochips. As previously described, the hepa-
toxicity of APAP is related to the production of the reactive metabolite NAPQI. NAPQI
is normally conjugated to glutathione (GSH) via GSTs to produce a non-toxic APAP-
glutathione (APAP-GSH) metabolite. However, excessive NAPQI production depletes
GSH stocks, causing NAPQI to accumulate. CYP activities are involved in the biotrans-
formation of APAP to NAPQI [12]. Consistent with Prot et al. monitoring CYP1A activity
in HepG2/C3A cells, through EROD assay, allows following the production of NAPQI
[13]. The results indicate that APAP induces CYP1A metabolism as of 3 mM exposures,
and perhaps as early as 1.5 mM since the values tend to be already higher than the base-
line activity of controls at these doses, implying that NAPQI metabolites are being in-
creasingly produced. To follow the detoxification process of NAPQI, APAP-GSH conju-
gates should be quantified through mass spectrometry in post-culture supernatants [14].
However, detoxification of NAPQI to APAP-GSH is unlikely as exposures cause a sub-
stantial increase in cell mortality (Live and Dead assays, and cell counts). Therefore,
the measured glucose consumption corresponds to the activity of a reduced cell number,
which implies that the significant increase in glucose consumption is related to a signif-
icant increase in cell activity. Despite the hepatotoxicity, the measured albumin levels
indicate that the differentiation of HepG2/C3A cells was not impacted.

According to the present results, HepG2/C3A biochips sense and react to APAP expo-
sures, which cause substantial hepatotoxicity in HepG2/C3A biochips at 1.5 mM expo-
sures, which rises at 3 mM exposures via an increase in cell activity and cell death. How-
ever, toxicity does not seem to induce their dedifferentiation. The characterization of
these biological responses provides a base to better identify possible lung/liver crosstalk
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behaviors within coculture conditions.

3.5.2 Investigating the effects of APAP on the bronchial Calu-3 barrier

As the pulmonary barrier is intended for drug permeation investigations the primary re-
quirement is that it should provide correct barrier functions, which is why we chose to
work with the Calu-3 cell line as associated confluent monolayers display strong barrier
functions. Even though Calu-3 are immortalized cells, they still possess many relevant
characteristics of primary airway cells (e.g. TEER, permeability) including an active xeno-
biotic metabolism through the presence of active phase I CYPs (1A1, 2B6, and 2E1), phase
IT UGTs, and phase III efflux transporters (e.g. MRP1, P-gp), making them appropriate
study models for toxicological investigations [15]-[19].

The submerged bronchial monoculture allowed to benefit of a consequent apical expo-
sure volume at the tissue surface to reach high exposure concentrations, as APAP solubil-
ity is a constraining technical factor. The results indicate no dose-dependent differences
in the effects of 7.5 and 15 mM APAP exposure doses. APAP induced apparent cytotoxic-
ity that was notably reflected by an increase in cell death (Live/Dead), and an increase in
cell size. Abnormally large morphology has been correlated in vitro to senescent cells. Ac-
cording to the literature, increasing cell size causes an increase in the cytoplasm to DNA
ratio, which contributes to cell cycle arrest in senescent cells [20]. Furthermore, APAP
also affected the mitochondrial metabolism of Calu-3 cells as the activity decreased by
almost half of what it was in the basal state. This could be attributed to NAPQI accu-
mulation due to phase II metabolizing enzyme saturation caused by APAP overdose, as
studies report that mitochondrial proteins are the main targets of NAPQI in the injury
process of APAP hepatotoxicity proteins [21]. As this phenomenon translates into mi-
tochondrial oxidative stress in the liver [22], additional Reactive Oxygen Species (ROS)
measurements could be carried out to investigate if the reduction of mitochondrial ac-
tivity could be linked to mitochondrial oxidative stress, as it is in the liver, and therefore
could be associated to NAPQI accumulation. This loss of viability could impact the tissue
cohesion and thus explain the loss of barrier function that became apparent, particularly
through a drop in TEER, which according to the classification established in the literature
makes the Calu-3 epithelium pass from "tight", with values exceeding 2000 Q.cm?, to "in-
termediate” tending more towards "leaky" as the values are around or less than 300 Q.cm?
[23]. Barrier function is strongly linked to the state of intercellular junctions. The bar-
rier’s integrity is determined by the cellular continuity of tissue and the effectiveness of
adhesions formed with neighboring cells [24]. Immunostaining of E-Cadherin adherens
junctions and Claudin-1 tight junctions revealed that APAP disrupted Claudin-1 architec-
ture. Tight junctions are particularly involved in the regulation of macromolecular and
ionic permeability, by regulating access to the paracellular spaces [25], which explains
the increase in tissue permeability measured by Lucifer Yellow. The loss of the barrier
function was also reflected by the decrease in the level of MUC5AC mucins detected on
the surface of Calu-3 tissues, as it has been established that the diffusion of small hy-
drophobic molecules is slowed down by mucus [338] due to transient interactions with
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mucins - glycoproteins rich in cysteine [339], a hydrophobic amino acid, which makes
up 2% of mucus [340]. While the literature reports that in vivo, external aggressions (e.g.
infectious pathogens) drive airway remodeling, notably through goblet cell hyperplasia,
which activates airway mucin production [26], it appears that APAP treatment limits the
mucin production of Calu-3 cells. This may be due to the fact that the cells are already
too damaged by exposure to maintain an active metabolism. Therefore, the measured
MUC5AC may come from the secretions before APAP altered the metabolism.

3.5.3 Complexification of the bronchial model portfolio towards more physi-
ological culture and exposure conditions

The reconstruction protocol, incorporating 24 hours of ALI differentiation, and lower vol-
ume (200 uL) and exposure doses (0.5 and 1 mM), provide semi-ALI tissues with culture
conditions that better approximate a vivo environment. The physiologically enhanced
differentiation of tissues in ALI has been widely documented and valued for the func-
tional benefits it confers to lung tissues [27], concerning Calu-3 tissues, Forbes and Kris-
tan’s teams documented how ALI produced tissues more similar to vivo airway epithelia
as they displayed higher quantity of mucus covering the cell surface, and a pseudos-
tratification of the tissue with more columnar cells [28], [29], which also translated in
our present semi-ALI Calu-3 bronchial constructs. TEER values and permeability of ALI
tissues often exceed those of submerged tissues; however, this was not the case in our ex-
periments. This is most likely due to the tissues not having enough time to fully readapt
to the culture after the passage to the ALI i.e. when the apical medium is removed, an
abrupt loss of apical nutrient supply occurs along with changes in oxygen levels, this
adaptation phase could cause a momentary lag phase in the culture.

Overall, because of tissue differentiation enhancement, semi-ALI samples should be as-
sociated with higher cytoprotective tissue properties, therefore adverse effects linked to
APAP exposures are expected to be lessened. Because there has been no documented
assessment of the effect of direct APAP exposure on lung models in vitro, the only data
we can use are the traditionally documented effects of APAP on liver cells. While Prot
et al. reports that acetaminophen led to an EC50 at a 1 mM concentration for 72 hours
of contact in HepG2/C3A biochips [8], the viability and functionality of Calu-3 tissues
remain stable at 0.5 and 1 mM exposure. The absence of significant adverse effects could
be due to the improved mucus production which could modulate the toxicity of APAP
[29]. Since APAP is hydrophobic, the mucus may briefly and partially retain it. Therefore,
reducing or at least delaying the exposure of Calu-3 cells to APAP might reduce its toxic-
ity. However, there appears to be a progressive trend of dose-dependent toxicity causing
increasingly subtle changes in mitochondrial activities and TEER.

Although our primary interest was not to study the effect of APAP on the pulmonary
barrier per se because APAP medication is orally ingested, direct exposure to the pul-
monary barrier has no physiological significance. It seems that the effect of APAP on the
lungs is gaining interest as studies increasingly link chronic exposure to APAP to asthma

102



3.6. Conclusion

and COPD [341]. Therefore, the present findings could contribute to the growing body
of knowledge on the mechanisms that APAP triggers to produce pulmonary toxicity.

3.6 Conclusion

To conclude, the utilization of cell lines benefited in generating robust and reproducible
data making the interpretation of data clearer. The fact that bronchial and hepatic tissues
were reconstructed respectively on culture inserts and biochips, facilitates their handling,
and observation (transparent silicone for the biochip, semi-opaque membrane for the in-
sert). Overall, the present data shows that the liver and lung constructs were successfully
reconstructed as they resulted in differentiated and viable tissues. Both compartments
metabolically respond to hepatotoxicant exposures while remaining viable throughout.
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Chapter 4

Ensuring stable transition of
monocultured pulmonary and
hepatic compartments into a
coculture setting

We have demonstrated the relevancy of the culture and reconstruction protocols, de-
scribed in the Chapter 2, for the proper differentiation of bronchial, and hepatic tissues
as constructs displayed distinct key organ functions, even though they were established
from cell lines. Before joining both constructs in culture, some tests and adjustments were
conducted to ensure that the culture conditions allowed to maintain the viability and the
cellular and tissue functionalities of both compartments established in the Chapter 3. The
coculture setting involves a common culture space where a common media flows contin-
uously thanks to microfluidic perfusion. Within the framework of the project, and in the
time allotted to us, we have chosen to study the following main parameters to monitor
the evolution and adaptation of the tissues to the new culture mode:

¢ Choice and impact of a common coculture medium on tissue viability and func-

tionality
¢ The effect of microfluidic perfusion on the development of the bronchial barrier

* Passive absorption potential of the cell culture equipment (e.g. coculture box, tub-
ing)

* Recirculation of the common medium within the closed-circuit during the culture
period

If any of the previously described parameters cannot be adapted to the coculture setting,
they will be accounted for during result interpretation. The results presented in this chap-
ter represent important technical input to better comprehend the biological phenomena
at stake during coculture, and therefore allow for relevant interpretation as technical bi-
ases will be discriminated from cocultured-related biological responses. This will allow
us to better define the functionality range of the device.
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compartments into a coculture setting

4.1 Choosing a relevant common media to support functional
hepato-pulmonary coculture: characterization of hepatic biochip

culture in RPMI 1640 supplemented media

Many culture media have been developed, and are available on the market, making the
vitro culture of many different cell types possible. The composition of the media is based
on key components, such as buffering agents (regulates pH), carbohydrates (source of
energy), amino acids (source of energy), salts (maintains osmotic balance), proteins (e.g.
albumin, transferrin), lipids, and vitamins (essential to cell growth and proliferation).
The ratio of these constituents vary according to cell culture needs. Media are considered
"defined" if their composition is known and determined.

RPMI 1640 is a general-purpose media used to culture a broad range of cells (in Chap-
ter 2) for the culture of Calu-3 has also been reportedly used for the culture of hepatic
cell lines [342]. As the Calu-3 RPMI-based culture media is richer in supplements and
additives than the HepG2/C3A MEM-based media, we chose to test its potential as a
coculture media, by testing its compatibility for the culture of HepG2/C3A.

4.1.1 Non-exposed dynamic culture condition

All biochips are seeded in the same MEM-based culture medium, which explains why
phase contrast microscopy shows that cell adhesion is the same in all biochips at d1.
After 72 hours of monoculture, under the same dynamic culture conditions as described
in Chapter 3, no visible change occurred in terms of cell density in the microchannels
and microchambres of the MEM-based and RPMI-based hepatic biochips cultures. The
proliferation of HepG2/C3A cells seemed to follow the same trend as in their native
MEM-based medium (Fig 4.1).

Day1 HepG2/C3Ain HepG2/C3Ain RIMI-based media

FIGURE 4.1: Phase contrast microscopy of monocultured HepG2/C3A
biochips on day 1 and day 4 after 72-hour dynamic culture in MEM-based
or RPMI-based culture medium. (Scale bar = 100 y#m).
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These qualitative observations were paired to quantitative cell counts. Results show a
slight decrease of cells when HepG2/C3A are cultured in a RPMI-based medium com-
pared to the cell count of MEM-based biochip cultures, however this was not significant
(Fig 4.2).
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media) supplemented media)

FIGURE 4.2: Monocultured HepG2/C3A cell count according to culture
media. Statistically analyzed by unpaired t test. n > 6.

Albumin synthesis rates were investigated (Fig. 4.3A) to explore hepatic differentiation.
Even though cells cultured in RPMI-based medium continued to secrete albumin, mea-
surements revealed that the medium impacted the production rates. The Mann-Whitney
statistical test revealed a significant decrease between both culture media. Hepatic tis-
sues cultured in RPMI-based medium secrete on average 3 times less, the values dropped
from 186 + 129 to 60 + 43 ng/10° cells/h. Mann-Whitney’s statistical test revealed that
the drop was significant.

A B

600 200

180

ok

500 E—
160

140
400
120

300 100

200

Albumin synthesis (ng/10° cells/h)
pmol/h/106 cells)

100 £

CYP1A1/2 activity (resorufin production in

HepG2/C3A (MEM HepG2/C3A (RPMI HepG2/C3A HepG2/C3A
supplemented media) 1640 supplemented (MEM (RPMI 1640
media) suppl ted suppl ted
media) media)

FIGURE 4.3: Metabolic insight of HepG2/C3A biochips according to cul-
ture medium. (A) Albumin secretion rates. (B) CYP1A1/2 activity. Statis-
tically analyzed by Mann-Whitney test. n > 3.
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To test whether the change in medium stimulates the metabolic activity of HepG2/C3A
cells, CYP1A /2 activity was measured (Fig 4.3B). Although the standard deviation was
large, the metabolic activity levels of cells grown in MEM-based and RPMI-based me-
dia were similar, respectively at 39 49 and 52 + 37 pmol/10° cell/h. Thus, the medium

change did not induce an induction of the detoxification metabolism of HepG2/C3A.

4.1.2 Dynamic hepatotoxic exposure culture condition

After documenting the effect of culture medium on the basal state of hepatic cells, the
impact of medium change was investigated under stress conditions, i.e. exposure to
APAP. The results presented in the Chapter 3 showed that the effects imposed by APAP
exposure are roughly the same at 1.5 mM or 3 mM, which is why we chose to work with a
3 mM APAP exposure in the context of the tests carried out to select the culture medium.
APAP exposure induced the same type of cell confluence in both MEM and RPMI-based
cultures. Even though cell morphology is hardly distinguishable because of high cell
density, phase contrast microscopy does not reveal any more major notable differences in
between culture settings (Fig. 4.4).

APAP-exposed HepG2/C3Ain APAP-exposed HepG2/C3A in
RPMI enriched media

FIGURE 4.4: Phase contrast microscopy of monocultured APAP-exposed
HepG2/C3A biochips on day 1 and day 4 after 72-hour dynamic culture in
MEM-based or RPMI-based culture medium. (Scale bar = 100 ym).

Similarly, to the observations in Fig. 4.4 the results of cell counts showed that the culture
medium did not further disrupt the perceived hepatotoxic stress of HepG2/C3A. Mean
values approached 600,000 cells per biochip at d4 after 72 hours of continuous exposure
(Fig 4.5A). Regarding the metabolic response, the induction of CYP1A1/2 activity (Fig
4.5B) was impacted by the change of medium. Indeed, the cells show on average an
activity nearly 2 times higher than in MEM-based medium.
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FIGURE 4.5: Monocultured APAP-exposed HepG2/C3A biochip (A) cell

count and (B) CYP1A1/2 activities according to culture media. Statistically

analyzed respectively by (A) unpaired t test and (B) Mann-Whitney test.
n > 3.

Thus, it appeared that culturing HepG2/C3A exposed to APAP in RPMI-based medium

does not elevate mortality but changes the way cells respond to stress.

4.2 Assessing the effect of dynamic flow on the epithelial barrier

Calu-3 bronchial tissues have so far been classically grown in static culture conditions.
In contrast to monoculture settings, the culture medium dynamically circulates through
the coculture box to facilitate communication between the various tissue compartments.
Only the basolateral side of the bronchial barrier perceives medium perfusion, which is
continuously maintained during the entire culture period. To comprehend the impact of
flow on the bronchial barrier, coculture-specific dynamic culture conditions were repli-
cated and adapted to a Calu-3 monoculture setting. Viability and barrier function prop-
erties were investigated. To gain perspective on the matter, the experiments were carried
out on Calu-3 submerged tissues, both unexposed and 15 mM-exposed to APAP (for the
same reasons as previously stated in section 4.1.2), and semi-ALI-grown tissues. Because
the exposure doses (0.5 and 1 mM) did not elicit any particular biological responses in
semi-ALI-cultured tissues, none of the APAP-exposed semi-ALI tissues were evaluated
for this study (cf. Chapter 3). As a result, unexposed semi-ALI tissues were considered

to be sufficiently representative of this group of cultures.

421 Culture conditions affect the morphology of Calu-3 tissues

After 72 hours of basolateral perfusion, Calu-3 tissues remained cohesive and confluent
(Fig. 4.6). In contrast to what was previously observed in static culture, APAP no longer
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incited morphological change when exposure was coupled to dynamic tissue culture. In-
deed, although cells were hardly distinguishable because of the confluence of the tissue,
the difference in cell refringence that was observed following exposure in static condi-
tions for submerged tissues did not persist in dynamic conditions. The impact of the
culture mode was also noticeable in samples grown in semi-ALI conditions. The cell re-
lief that appeared as aggregates under static conditions appeared much more intense and

homogeneous under dynamic culture conditions.

Static monocultured tissues

Non-exposed submerged Non-exposed “semi-ALI”
Calu-3 tissue Calu-3 tissue

Dynamically monocultured tissues

Non-exposed submerged Non-exposed “semi-ALI”
Calu-3 tissue Calu-3 tissue

FIGURE 4.6: Phase contrast microscopy observations of submerged and
semi-ALI Calu-3 bronchial tissue constructs according to culture condi-
tions and APAP exposure. (Scale bar = 100 y#m).

These morphological differences were confirmed when Claudin-1 and E-Cadherin cell
junctions were immunolabeled. The samples displayed in (Fig. 4.7) were nor stained or
imaged at the same time, for this reason, only localization of stainings can be compared.
While it was observed that APAP exposure and ALI culture conditions caused a change in
labeling in static culture conditions, this was no longer the case for dynamically cultured
tissues. Not only were the labelings much less diffuse and more localized to the intercel-
lular zone, but they were also far better preserved across exposures than what was ob-
served under static conditions. Moreover, it appeared that exposure to APAP had much
less impact on dynamically grown tissues. Indeed, while APAP caused an increase in
cell size under static conditions, dynamically grown tissues maintained similar cell sizes
to unexposed tissues even though cellular phenotypes displayed an elongated shapes.
Thus, it seemed that flow contributed to the retention of the morphological features of the
bronchial tissues under stress conditions. Regarding semi-ALI tissues, the localization of
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E-Cadherin labeling remained similar between culture modes, except that Claudin-1 la-
beling appeared much less diffuse in dynamically cultured samples. It seemed that the
effects of the flow are less perceptible on tissues grown in semi-ALI than in submerged

conditions.

Static monocultured tissues

Non-exposed submerged 15 mM APAP-exposed Non-exposed “semi-ALl”
Calu-3 tissue submerged Calu-3 tissue Calu-3 tissue

E-Cadherin

Claudin-1

Dynamically monocultured tissues

Non-exposed submerged 15 mM APAP-exposed Non-exposed “semi-ALI”
Calu-3 tissue submerged Calu-3 tissue Calu-3 tissue

E-Cadherin

Claudin-1

FIGURE 4.7: Confocal microscopy imaging of nuclei (blue), E-Cadherin

(red) and Claudin-1 (green) immunostained adherens and tight junction

complexes in Calu-3 tissues on day 14 according to culture conditions and
APAP exposure. Scale bar = 20 ym).
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4.2.2 The flow does not interfere with basal Calu-3 metabolism

In the same way that perfusion improved the morphology of Calu-3 tissues, it also con-
tributed to the maintenance of cell viability, as shown in Figure 4.8. The collected data
showed that measurements of mitochondrial activity were similar to those in static cul-
tures, as unpaired t-test analysis revealed no significant differences between culture set-
tings. The exposure of APAP leading to decrease in resorufin production observed in
static culture conditions persisted in dynamic culture conditions.
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FIGURE 4.8: Relative mitochondrial activity of monocultured non-exposed
submerged (A) and semi-ALI (C), and APAP-exposed submerged (B) Calu-
3 bronchial tissues, measured by PrestoBlue’™ through fluorescent re-
sorufin production, on day 14 according to culture conditions and APAP
exposure. Statistically analyzed by unpaired t test. n > 5.
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4.2.3 Dynamic flow tends to empower bronchial resilience to stress

To investigate the effect of basolateral perfusion on the barrier function of Calu-3 tissues,
TEER measurements, Lucifer Yellow permeability assays, PAS labeling, and MUC5AC
mucin assay were performed.

TEER measurements confirmed that the cohesive reconstruction of the bronchial barrier
carried on despite the change in culture conditions, as the culture mode did not cause any
significant fluctuations in TEER of submerged and semi-ALI-cultured control samples
(Fig. 4.9).
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FIGURE 4.9: TEER measurements of (A) submerged and (B) semi-ALI cul-

tured Calu-3 bronchial tissues according to culture mode and APAP ex-

posure. Statistically analyzed respectively by (A) Kruskal Wallis and (B)
Mann-Whitney tests. n > 5.

The TEERs of static submerged Calu-3 cultures were significantly higher than those of
semi-ALI tissues. This gap persisted under dynamic culture circumstances, but decreased.
The dynamic culture setting also benefited the maintenance of barrier integrity in the face
of a stress-induced environment as no TEER disruption was reported following APAP
exposure of submerged tissues, as opposed to what had been reported in static cultures.
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Indeed, the substantial statistical significance between TEER values of non-exposed and
APAP-exposed submerged samples was lost under a dynamic culture setting (Fig. 4.9A).
The apparent permeability data obtained from Lucifer Yellow assays supported the pre-
viously described TEER results (Fig. 4.10).

Papp (x10* cm.s™) Permeability rate (%)
Static monoculture | Dynamic monoculture Static monoculture Dynamic monoculture
Cell free culture insert
Apical permeability 60,581 100
mM 0,029 + 0,02 —, 0,023 + 0,02 0,05 0,04
Submerged 15 mM 3,736 + 1,09 ]: 0,049 + 0,01 6,17 0,08
Semi-ALI 0mM 0,033 + 0,03 0,050 + 0,07 0,05 0,08

FIGURE 4.10: Papp values of static and dynamic Calu-3 bronchial tis-

sue cultures measured through the transport of 100 ng/mL Lucifer Yel-

low (from the apical to the basal compartment). Statistically analyzed by
Kruskal Wallis test. n > 5.

While APAP initially caused a 120 fold increase of permeability in submerged tissues,
their dynamic counterparts maintained similar permeability to unexposed tissues. Re-
garding semi-ALI tissues, Kruskal-Wallis statistical analysis did not reveal any fluctua-
tion in Papp values between static and dynamically cultured tissues. Not only did the
culture mode change not perturb barrier function but it seemed that perfusion had the
potential to empower tissue resistance to stress.

PAS labeling allowed for visually assessing the presence and organization of mucins
found on the surface of Calu-3 tissues. The macroscopic images in Fig 4.11 showed that
although static submerged and semi-ALI tissues displayed similar labelings, it seemed

that a subtle difference in color dispersion began to appear on semi-ALI constructs.

Non-exposed submerged Calu-3 15 mM APAP-exposed submerged Non-exposed “semi-ALI” Calu-3
tissue Calu-3 tissue tissue
. » ]
PEE
Vg =

Static monocultures

Dynamically stimulated
monocultures

5

FIGURE 4.11: Brighfield macroscopic imaging of PAS staining of Calu-3
bronchial tissue surfaces according to culture settings and APAP exposure.
Scale bar = 400 pym.
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Dynamic culture conditions further revealed these staining differences as staining pat-
terns of submerged samples remained diffuse and homogeneous throughout the tissue
while semi-ALI barriers displayed more intense and cluster-structured stainings. The
decrease in staining intensity associated with APAP exposure remained the same as in
the static culture conditions. PAS staining revealed that dynamic culture settings induce
similar mucin-related behaviors but overall intensified the concentration and dispersion
patterns.

ELISAs were used to detect MUC5AC in cell supernatants (Fig. 4.12). The results showed
that the concentration of dosed mucins decreased drastically for all cultures tested, espe-

cially for the unexposed submerged and semi-ALI controls.
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FIGURE 4.12: Measurements of MUC5AC concentrations of non-exposed

submerged (A), non-exposed semi-ALI (C), and APAP-exposed sub-

merged (B) Calu-3 bronchial tissues according to culture conditions. (D)

compares MUCS5AC concentrations of dynamically cultured non-exposed

submerged and semi-ALI samples. Statistically analyzed by Mann-
Whitney test. n > 2.

Indeed, measurements revealed that concentrations dropped respectively on average
from 395 to 25 and 2318 to 289 ng of MUCS5AC per mL. Even though the assays were
performed on a small number of samples, the results indicated that the flow impacted
the mucins of Calu-3 tissues. Even yet, MUC5AC concentrations in semi-ALlI tissues
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were on average 11 times higher than in submerged tissues (Fig. 4.12D).

4.3 Considering potential cell culture equipment bias

4.3.1 Investigating passive uptake of APAP by the coculture equipment

The goal was to investigate whether the culture equipment (IIDMP coculture box, culture
insert, biochip, tubing) could induce possible biases by passively absorbing a part of the
exposed APAP during the culture period. This kind of phenomenon would impact the
exposure conditions as it would consequently reduce the fraction available to the cells.
For this, the coculture conditions were recreated but in an acellular environment, and the
culture supernatants were recovered at the end of the experiment to analyze their APAP
content by mass spectrometry. The 1.5 and 3 mM APAP exposure conditions were tested
for this purpose.

The results are presented in Fig. 4.13 They show that the concentrations initially intro-
duced in the system at t0 are found at the same concentrations after 72 hours of dynamic

culture.
APAP (mM)

Apical 1.3128

1.5 mM
Basal 1.3518
Apical 2.7189

3mM
Basal 2.6675

FIGURE 4.13: Mass spectrometry measurements of APAP levels after 72
hours of acellular culture in the IDMP box. n = 1.

These findings imply that even at the greatest exposure levels, APAP is not absorbed by

the culture equipment.

4.3.2 Estimating recirculation of APAP through the coculture system

As the coculture medium circulates in a closed circuit continuously for 72 hours, it was
necessary to determine the basolateral permeability of the cellularized culture insert to
assess whether recirculation and therefore re-exposure of the tissue to APAP and its as-
sociated metabolites was possible. To do so, Calu-3 monocultures were grown under
coculture conditions, in the same way as for the tests previously presented in the section
4.2. They were collected at the end of the culture period and used for Lucifer Yellow
tests. Instead of measuring the transport of the reagent from the apical to the basal com-
partment, Lucifer Yellow was introduced into the basal side of the insert to assess the
transport from the basal to the apical compartment to assess basal-to-apical permeability.
Measured Papp values are indicated in Figure 4.14. Even though the rates were low, the
results show that the tissues also supported basal to apical transport. The basal perme-
ability was even higher than those measured apically (cf. 4.2.3). The permeability did
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Papp (x10° cm.s™)

) » - Permeability rate (%)
Basal-to-apical permeability coefficient
Cell free culture insert 24267 100
Basal permeability !
0 mM 0,058 + 0,08 0,241
Submerged 15 mM 0,071 £ 0,03 0,291
Semi-ALI 0 mM 0,108 + 0,10 0,446

FIGURE 4.14: Papp values of dynamically monocultured Calu-3 bronchial
tissues measured through the transport of 100 pg/mL Lucifer Yellow (from
the basal to the apical compartment). n = 2.

not seem to be affected by high exposure concentrations, but it appeared to be sensitive
to the culture mode since the semi-ALI tissues had a permeability almost twice as high
as the submerged tissues.

4.4 Discussion

4.4.1 APAP bioavailability features in the coculture setting

The quantification of APAP concentrations within the acellular coculture platform con-
firms the previously documented data by T. Bricks [343] which reveals that the mate-
rials of the present culture equipment don’t absorb APAP passively and therefore that
the bioavailability of paracetamol in coculture conditions remains the same as the initial
exposure. The observed experimental biological effects can therefore be related to the
theoretical exposure concentrations.

4.4.2 Adapting HepG2/C3A biochip culture to RPMI-based culture

The lung and liver compartments are reconstructed based on distinct protocols involving
different culture media. As the coculture model is in the early stages of development
and the choice of culture medium is a full-fledged study, the optimization of the culture
medium composition was not yet a primary focus. This kind of investigation belongs to
later stages of model optimization. Nevertheless, as the coculture model is intended to
study the interaction between both tissues, the common media should only minimally
interfere with tissue viability and differentiation features.

We started by characterizing the effect of RPMI-based medium (Calu-3 culture medium)
on HepG2/C3A monoculture. Although there was a large dispersion of data, it does
not appear that the medium induces cell death or increased CYP1A activities, which
means that the cells did not seem to perceive any cytotoxicity or cellular stress. Indeed,
as CYP1A play a prominent role in the oxidative metabolism of xenobiotics, their ac-
tivation would mean that the cells could be detoxifying the culture media. However,
hepatic albumin secretion is reduced in RPMI-based medium, which could mean that
HepG2/C3A differentiation was impacted by the medium change. To test whether this
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presumed dedifferentiation could affect the cellular stress response, HepG2/C3A cells
were treated with 3 mM APAP for 72 hours in RPMI-based medium. The results show
that the medium change did not cause increased mortality rates however did seem to
induce higher activation of CYP1A detoxification activities. Even if the induction values
seem higher in RPMI-based monocultures, they remain in the same range as those of sim-
ilarly cultured and exposed HepG2/C3A biochip monocultures [7], i.e. even though the
measured activity is more intense, it does not appear abnormally high. The key aspect
is that the behavior of HepG2/C3A cells in RPMI-based medium remains the same as in
MEM-based medium, i.e. HepG2/C3A biochips remain sensitive to APAP exposure and
the induction intensity between untreated and APAP-treated samples is similar. More-
over, due to the size of the standard deviations and the lack of experimental replicates,
we cannot definitively conclude that the RPMI-based medium induces lower albumin
secretion rates and higher CYP1A activities in HepG2/C3A biochips.

Even if the coculture medium could be further optimized to ensure complete preserva-
tion of the original MEM-based hepatic functions, the cellular behaviors of HepG2/C3A
in both tested media remain comparable, indicating that the cells are capable of adapting
to the change in media, thus RPMI-based medium can be used for coculture purposes.

4.4.3 Identifying coculture setting bias

In vivo, the bronchial region predominantly undergoes compressive cyclic motions caused
by bronchoconstriction, as they participate in the breathing motions that bring the air in
and out of the respiratory system [344]. In the context of our project, the mechanical
stimulation of the lung compartment is minor, under coculture conditions Calu-3 culture
inserts are embedded within a microfluidized circuit, therefore the generated sheer stress
only concerns the basal region of the membrane, imposing indirect frictional forces to the
epithelial barrier. However, because the physical microenvironment locally sensed by
cells has been documented to contribute to their differentiation (e.g. substrate stiffness,
cyclic stretch, air-liquid interface) it was important to verify how the basal flow affected
the development of the Calu-3 compartment.

Even though submerged and semi-ALI tissues react differently to flow, dynamic culture
appears to promote improved epithelial development. Immunostainings show signif-
icantly enhanced labeling localization of adherens (E-cadherin) and tight (Claudin-1)
junctions, creating a network of continuous intercellular junctions at their native cell-cell
contact sites, which could lead to a better tissue differentiation and functionality through
an enhanced tissue polarization as tight and adherens junctions reportedly interact to es-
tablish apical-basal epithelial cell polarity [345]. The fluorescent labelings also appear
more contrasted, the shaded areas do not reflect discontinuities but rather the relief of
pseudostratified tissue, which further resembles vivo physiology. These observations are
also visible on the phase contrast microscopy images. Immunostaining also reveals a
morphological change in the cells shape, which appear to be slightly more elongated and
flattened overall, which could be attributed to the fact that tight junction transmembrane

proteins are linked to the actin cytoskeleton via protein complexes containing zonula

118



4.4. Discussion

occludens (ZO) proteins. Thus, to determine if the flow causes a directional reorgani-
zation of the cytoskeleton, actin labeling may be employed. This epithelial architectural
rearrangement might explain why submerged tissues are more resistant to APAP expo-
sure. The considerable decrease in TEER and increase in permeability generated by the
treatment do not translate to the dynamic culture state. However, despite the benefits
of microfluidization of Calu-3 tissue culture, it appears that APAP continues to disrupt
mucin metabolism in the same way as in static culture.

While APAP exposures have usually only been considered on the apical side of the
bronchial barrier, it is presumed that within the coculture platform APAP and its asso-
ciated metabolites recirculate continuously throughout the culture period, which would
mean that the bronchial compartment could suffer a continuous re-exposure through its
basal cell pole. The quantification of the basal permeability of the tissues indicates that
such an APAP re-exposure is plausible as basal tissue permeability is superior to apical
permeability, especially given the pores of the culture membrane are 0.4 um wide and
APAP and NAPQI (cytotoxic metabolites) are respectively 49.3 and 46.5 A2 [337], [346]
i.e. 4.93 et 4.65 nm? and could therefore readily breach the membrane and fall back into
contact with the cells.

Overall, the adaptation of Calu-3 cells towards further physiological behaviors in dy-
namic culture settings is not surprising, despite their immortalized nature, as airway
epithelial cells are known to respond in vivo to mechanical forces and control the airway
response to applied loads by modulating key aspects of inflammation and produce fac-
tors that influence the activity of fibroblasts and smooth muscle cells [347]. Besides, it
has been documented that dynamic culture has been used as a tool to emulate native
microenvironments that enhance 2D pulmonary cultures [348].
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Chapter 5

Analysis of hepatic and bronchial
coculture dynamics in response to
acetaminophen exposure for

organ-to-organ interaction studies

Environmental, occupational, or other external airborne sources of pollution have been
increasingly jeopardizing human health worldwide [1]-[3] propelling respiratory toxi-
cology to the forefront [349].

Understanding biological mechanisms involved in the deterioration of human health due
to air pollution could allow for further global risk assessment and management. Ani-
mal models are a reference tool for predictive studies of the toxicological effects of in-
haled substances. However, in the European context of reduced animal testing (REACH,
and the 3R rules), the development of reliable alternative methods has become a neces-
sity. Conventionally used animal models have also demonstrated inter-species variability
which challenges transferability of data from animal to human studies. In vitro models
present as alternative candidates to fill these translational gaps [350]. They are simpler
and less expensive to implement than in vivo models and allow working with human
cells or tissues which allows for better approximation of vivo physiological conditions
and therefore empowers their relevance for accurate predictability. However, limited ex-
trapolation from vitro to vivo is often linked to a lack of complexity in cell culture models,
particularly due to the absence of multi-organ crosstalks emulation. Restricted physio-
logical pertinence of current in vitro assays prevents the implementation of alternative
and more predictive methods in inhalation toxicology. Multi-organ-on-chip technolo-
gies seek to overcome these limitations by connecting several metabolically active and
complex tissue entities within the same culture circuit to reproduce systemic vivo inter-
actions. It is in this context that our project stemmed, here, we describe a model that
enables in vitro coculture of a pulmonary barrier (route of entry of inhaled xenobiotics)
with a detoxifying organ such as the liver. This approach allows to consider biotrans-
formation of inhaled compounds and inter-organ crosstalks as possible modulators of
toxicity and therefore acknowledges toxicity at a further systemic level when it comes to
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evaluating associated risks and hazards of inhaled xenobiotics. Currently still in the de-
velopment phase of the coculture model, experimental robustness was at the heart of the
project. The present model was characterized using the previously described hepatotox-
icant APAP. Exposure to the pulmonary barrier is not accurate but allowed us to visibly
observe the passage and circulation of a xenobiotic through the device as APAP inter-
fered with hepatic viability and metabolic performances. Moreover, previously obtained
monoculture data gave us an insight into the individual specificity of each compartment’s
biological responses, therefore, new behavioral patterns could be directly associated with
the synergic culture of hepatic and pulmonary compartments.

2 types of LuLi models were developed:

¢ The developmental model allowed for the technical setup of the coculture platform.

This configuration comprised a classically cultured submerged Calu-3 bronchial
tissue connected to a HepG2/C3A hepatic biochip. The chosen exposure concen-
trations for this model relied on documented hepatotoxicity thresholds, 1.5 mM
and 3 mM, to allow better quantification of biological responses. These concentra-
tions correspond to so-called “systemic” concentrations, to which the hepatic com-
partment will have access through the flow, following dilution into the circulating
media. The concentrations of APAP locally deposited upstream on the barrier take
into account the dilution of the total medium that follows. To reach systemic values
of 1.5 mM and 3 mM the local exposures were set at 7.5 mM and 15 mM on the
pulmonary side respectively (previously described in Chapter 2 Fig. 2.9).

* The physiological model allowed for further complexification of the model to bet-
ter approximate a human vivo situation. The culture setup is the same as the pre-
viously described developmental model, however, includes an additional differen-
tiation stage which comprises a bronchial air-liquid interfaced culture period. The
exposure mode also was adapted, and liquid inoculation of APAP solutions was
lowered to a smaller volume of 200 pL (previously described in Chapter 2 Fig. 2.11)
to mimic further physiological exposure conditions. Locally deposited APAP con-
centrations for this model were set at 0.5 mM and 1 mM, because of solubilization
threshold restrictions at this volume. Associated systemic concentrations, reaching
the flowing circulation and the hepatic compartment, were respectively 12 yM and
24 uM.

Although the interactions between the lungs and the liver in toxicology are recognized
[184], [187], [351], dedicated study models still rely on the use of in vivo tests. This chapter
recapitulates the results and potential of our newly developed microphysiological sys-
tem to study the absorption, distribution, metabolism, elimination and potential toxicity
(ADMET) of airborne xenobiotics [352], [353].
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5.1 The developmental model: a tool for the coculture platform

validation

5.1.1 APAP passes the bronchial barrier, joins the systemic circulation and is
metabolized by the lung/liver coculture

To verify that APAP is able to cross the bronchial barrier into the systemic circulation
of the coculture platform, we quantified APAP levels in post-culture supernatants from
lung/liver cocultures. Following the 72 hour coculture period, samples were taken from
the apical compartment of the bronchial insert, and from the basal side which corre-
sponds to the circulating culture medium. As a reminder, in order to reach systemic
exposure concentrations of 1.5 mM and 3 mM, initial and local exposure concentrations
were 7.5 mM and 15 mM respectively on the apical side of the Calu-3 barrier. The results
are shown in Fig. 5.1 and revealed that APAP passed the bronchial barrier and reached
the circulating medium as it was detected on the apical and basal side. The coculture
systems reached equilibrium as the measured levels approached the theoretical concen-
trations of 1.5 mM and 3 mM.

In addition to APAP levels, the secondary metabolites APAP-SULF and APAP-GLU were
determined. Both were found mainly in the basal compartments. They were found at
the same final concentrations for the 1.5 mM and 3 mM exposures. This suggests that the

lung/liver coculture was capable of metabolizing APAP at hepatotoxic exposure concen-

trations.
Coculture
APAP exposure concentration (mM) APAP (mM) APAP-GLU (mM) APAP-SULF (mM)
0 0,013 + 0,008 0+0 00
0 0,005 + 0,002 0+0 00
7.5 1,844 + 0,587 0,039 + 0,092 0+£0
1.5 1,872 + 0,378 0,135 + 0,140 0,0120 + 0,0133
15 2,267 + 1,259 0+0 0+0
3 3,178 + 0,756 0,089 + 0,122 0,0072 + 0,0095

FIGURE 5.1: Mass spectrometry measurements of APAP, APAP-GLU and
APAP-SULF levels in post-culture supernatants of bronchial and hepatic
submerged cocultures according to APAP exposure.

5.1.2 Both compartments display higher viability compared to monoculture
conditions

Because the results in Chapter 4, revealed that perfusion impacts the morphology of
Calu-3 submerged tissues, cocultured tissue morphology presented in Fig.5.2 will be
compared to dynamically monocultured tissues.

At the end of the coculture period, in an APAP-exposed or unexposed environment,
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both compartments were collected and tissue morphology was observed through phase-
contrast microscopy to assess the effects of exposure and culture conditions on tissue
growth (Fig.5.2).

Calu-3 bronchial tissues remained confluent and cohesive under coculture settings, re-

gardless of the stress-induced environment (co-cultured non-exposed samples in Fig.
5.2).

MONOCULTURE

Dynamic monocultures

COCULTURE

Non-exposed 7.5 mM APAP exposure

FIGURE 5.2: Phase contrast microscopy of monocultured and cocultured
submerged untreated and 72-hour APAP-exposed Calu-3 bronchial tissues
(7.5 mM APAP or 15 mM APAP) on day 14. Scale bar = 100 ym.

Overall their morphology remained unchanged, throughout both 7.5 mM and 15 mM
APAP exposures, compared to monocultures. Indeed, where monoculture exposures led
to a clear dose-dependent change in cell refringency (monocultured exposed samples in
Fig. 5.2), this morphological pattern did not translate to cocultured tissues.

Cocultured bronchial tissues were also subject to PrestoBlue assays, to pair previously
presented qualitative morphological observations (Fig. 5.2) with quantitative viability
measurements. Monoculture and coculture results were compared back to back in Fig.
5.3.
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T 1 Monoculture
\ ] coculture
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Mitochondrial resorufin production (RFU)

10 000

APAP exposure concentration

FIGURE 5.3: Bronchial mitochondrial activity of monocultured vs

cocultured APAP-exposed submerged Calu-3 tissues measured by

PrestoBlue™™ at d14 after 72h exposures. Statistical analysis assessed by
Kruskal Wallis multiple comparisons. n > 4

Statistical analysis revealed that the exposure-dependent decrease of mitochondrial activ-
ity observed during monoculture exposures carried on to the coculture setting, although
adverse effects were decreased. Metabolisms associated with 7.5 mM and 15 mM APAP
exposures were significantly increased in the coculture setting. No dose-dependent ef-
fects were detected in monocultures, as both exposure concentrations significantly in-
duced an activity drop. While coculture settings led to a significant drop only at 15 mM.
In the same way;, as for the pulmonary compartment, the hepatic biochip underwent a se-
ries of viability assessments to investigate the effect of coculture on tissue growth. In Fig.
5.4, we recapitulate microscopic observations of post-cocultured hepatic compartments.

COCULTURE

Non-exposed 1.5 mM APAP exposure

FIGURE 5.4: Phase contrast microscopy of cocultured untreated and 72-
hour APAP-exposed HepG2/C3A biochips (1.5 mM APAP or 3 mM APAP)
on day 4.
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These results showed that the biochips remained confluent up until the end of the culture
period, even when APAP was perfused through the platform. Typical cuboidal-shaped
phenotypes, characteristic of hepatocyte-like HepG2/C3A cells, were recognizable. The
tissue within biochips was dense but appeared to sparsen, in an exposure-dependent
manner, as cell shapes seemed to be better distinguishable.
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FIGURE 5.5: Evolution of monocultured vs cocultured HepG2/C3A cell

proliferation according to APAP exposure concentration and culture mode

(significance analyzed by Kruskal-Wallis Comparisons Test with post-hoc
Dunn’s test for multiple comparisons). n > 3

Similarly to the previously presented bronchial data trends, cell count (Fig. 5.5) showed
that the dose-dependent drops induced by APAP in monoculture settings diminished
in coculture configurations. Statistical analysis revealed alleviated differences between
APAP-exposed cell counts as cocultured exposed biochips featured smaller cell count

variations.

5.1.3 Coculture benefits the maintenance of bronchial barrier functions up to
15 mM APAP exposures

Based on the results previously described in Chapter 4, continuous perfusion during dy-
namic monoculture conditions has shown to influence the development of Calu-3 barrier.
Therefore, the coculture TEER, Lucifer Yellow, MUC5AC and immunostaining results
presented in this section were compared to dynamic rather than static monoculture data.
Kruskal Wallis analysis showed that the coculture did not disturb the growth of the
bronchial barrier, as no statistical significance was found between the means of the dif-
ferent culture modes. Resistance values remained high and were in the range of 2833 +
558 O).cm? and 1443 + 583 Q).cm?. The TEER gap between unexposed and APAP-exposed
tissues decreased under coculture conditions. It seemed that the addition of a liver com-
partment to the bronchial culture might strengthen the integrity of the barrier under hep-

atotoxic stress conditions.
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FIGURE 5.6: Transepithelial electrical resistance (TEER) measurement of

monocultured and cocultured submerged Calu-3 bronchial tissues over

time following 72h APAP exposures. Statistically analyzed by Kruskal-
Wallis Comparisons Test. n > 5

Intercellular junction immunostainings allowed us to further depict the barrier integrity
status of cocultured tissues. The samples shown in Fig. 5.7 were not stained or con-
focally imaged at the same time or following the same staining protocols. It is for this
reason that the staining intensity between samples can not be compared, only the local-
ization of stainings can be criticized.

Coculture seemed to impact the junctional architecture of Calu-3 tissues, regardless of
APAP exposure, as Claudin-1 stainings appeared disrupted from their native peripheral
localization compared to monocultured samples. However, with respect to the adherens
E-Cadherin junctions, the associated stainings remained localized at the cell-cell interface
without any diffusion. Moreover, APAP exposures no longer destabilized cellular pheno-
typical features of Calu-3 tissues (previously enlarged and elongated in monocultures),
as exposed-cocultured tissues displayed similar cell size and shape to unexposed tissues.
Therefore, coculture seemed to benefit the maintenance of bronchial phenotypical fea-
tures and adherens junctional architecture in the face of hepatotoxic stress.
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E-Cadherin

Claudin-1

MONOCULTURE

Dynamic monocultures

Non-exposed 15 mM APAP exposure

COCULTURE

Non-exposed 7,5 mM APAP exposure 15 mM APAP exposure

FIGURE 5.7: Confocal microscopy imaging of nuclei (blue), Claudin-1
(green) and E-Cadherin (red) immunostained adherens and tight junction

complexes in submerged monocultures and cocultures of Calu-3 bronchial
tissues at day 14 exposed and non-exposed to APAP. Scale bar = 20 ym).

E-Cadherin

Claudin-1
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To further investigate barrier functionality, Lucifer Yellow assays were carried out (Fig.
5.8). Even if there is no statistical significance in the Papp results because data was
obtained on a limited number of samples, a tendency toward a slight increase in per-
meability from an exposure of 15 mM of APAP emerged in coculture settings. Overall,
cocultured-bronchial permeability remained minimal, under 1%. Coculture did not dis-
rupt the permeability of the barrier.

Papp (x10 cm.s™) Permeability rate (%)
Cell free culture insert
Apical permeability i b
Monoculture
0 mM 0,028 £ 0,02 — 0,045
15 mM 0,049 + 0,01 0,081
Coculture B

0 mM 0,041 +0,04 | 0,067

Submerged 7.5 mM 0,052 + 0,03 0,085
15 mM 0,143 + 0,08 0,235

FIGURE 5.8: Papp measurements of cocultured Calu-3 tissues compared
to monocultures according to APAP exposure. Statistically analyzed by
Kruskal Wallis test. n > 3

The apparent biological pattern observed in the Lucifer Yellow permeability results was
reinforced by the results of the MUC5AC assays shown in Fig. 5.9. Indeed, the MUC5AC
were not impacted by the culture mode as the concentrations of the unexposed cocul-
tured tissues are similar to those of the monocultures. In the same way, as described in
monoculture, APAP affects the MUC5AC of Calu-3 tissues, especially as of 15 mM ex-
posures. These effects were exacerbated in coculture, as concentrations dropped from
8.603 £ 1.3 ng/mL to 0.075 £ 0.2 ng/mL, which represented a 115-fold decrease.
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Monoculture Coculture Monoculture Coculture Monoculture Coculture

Non-exposed submerged 7.5 mM APAP-exposed 15 mM APAP-exposed semi-
Calu-3 tissues semi-ALI Calu-3 tissues ALI Calu-3 tissues

FIGURE 5.9: MUC5AC concentrations measured by ELISA in post-culture
supernatants of submerged monocultured and cocultured Calu-3 tissues.
Statistically analyzed by Kruskal-Wallis test. n > 2
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5.1.4 Coculture improves and protects hepatic differentiation

The results presented in Fig. 5.10 compare the quantification of albumin, determined
from post-culture supernatants, measured in monocultured and cocultured HepG2/C3A
biochips. Although the amount of data collected was limited, particular biological be-
haviors emerged. The results suggested that coculture induced an increase in albumin
synthesis of about 40 ng/10° cells/h compared to monocultures. While albumin con-
centrations decreased in monocultures following APAP exposure, these ratios did not
change in coculture. Not only did coculture benefit albumin synthesis for HepG2/C3A
biochips, but it also enhanced the resistance of the hepatic compartment to hepatotoxic

APAP exposures.
Monoxculture
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FIGURE 5.10: Albumin secretion rates of monocultured and submerged

cocultured HepG2/C3A biochips according to APAP treatment. Statisti-

cally analyzed by ANOVA, Tukey-Kramer post-hoc multiple comparisons
test. n > 3.

5.1.5 Coculture induces early hepatic xenobiotic metabolic responses to stress-

induced environments

Here, we were interested in the metabolic activity of CYP1A1/2, from HepG2/C3A co-
cultured cells, involved in the metabolization of APAP in NAPQI [354][14].

The statistical analysis of data was performed in three steps, first independently, blue
significance indicates monoculture data comparison, and yellow significance points to
coculture data comparison. Monoculture to coculture data comparison is shown as the

black significance.
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FIGURE 5.11: Comparison of CYP1A1/2 activities in monocultured and
cocultured HepG2/C3A cells on day 4 according to APAP exposure con-
centrations. Statistically analyzed by Kruskal-Wallis test. n > 3.

Even though the results presented in Fig. 5.11 did not show any statistical significant
increase, it seems that the culture mode influenced the metabolic state of the tissues as
EROD values for both non-exposed cocultured controls were higher than monocultures.
Upon contact with APAP, the biological responses differed according to culture condi-
tions: cocultured HepG2/C3A cells were subject to an earlier induction of CYP1A1/2
activity at 1.5 mM APAP exposure concentration whereas the stimulation of the activity
in monocultured cells only occurs at 3 mM. Moreover, at the same exposure dose (1.5
mM), the cocultured cells respond significantly stronger. The maximum intensity of CYP
activity perceived under coculture conditions was about 5 times greater than that under
monoculture. Maximum CYP activity peaked at 256 + 101 pmol of resorufin per hour per
10° cells, whilst in monoculture the maximum only reached 75 + 21 pmol of resorufin per
hour per 10° cells. Thus, the presence of a bronchial barrier influenced the metabolic re-

sponse of the hepatic cells to APAP.
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5.2 The physiological-like model: a step towards complexifying

the coculture design

For the same reason as previously described in the section 5.1, the cocultured tissue mor-
phology, immunostainings and MUC5AC concentrations will be compared to dynami-

cally monocultured tissues.

5.2.1 Mass spectrometry highlights the coculture’s capacity to perceive and
metabolize low concentrations of APAP

Similar to the developmental model, APAP levels were determined in the apical compart-
ment of the bronchial and basal barrier common to the systemic and common segment
of the coculture platform. The results showed that APAP was detected in the device at
concentrations approaching equilibrium for exposures of 12 yM. Traces of the secondary
metabolites APAP-GLU and APAP-SULF were also revealed by mass spectrometry. The
measured doses were higher in the apical compartment of the barrier than on the basal
side. These results suggest that APAP was able to cross the pulmonary barrier into the

systemic circulation and was metabolized by the coculture.

Coculture
APAP exposure concentration (mM) APAP (mM) APAP-GLU (mM) APAP-SULF (mM)

Apical 0 0,0006 + 0,0012 00 0+0

Basal 0 0,0011 + 0,0019 5E-05 + 0,0001 8E-06 + 2E-05
Apical 0.012 0,0106 + 0,0034 0,0986 + 0,1060 0,0016 + 0,0023

Basal 0.012 0,0108 + 0,0010 0,0126 + 0,0036 0,0003 + 0,0001
Apical 0.024 0,0176 + 0,0131 0,1666 + 0,1841 0,0004 + 0,0006

Basal 0.024 0,0127 + 0,0004 0,0101 + 0,0039 0,0002 + 6E-05

FIGURE 5.12: Mass spectrometry measurements of APAP, APAP-GLU and
APAP-SULF levels in post-culture supernatants of bronchial and hepatic
semi-ALI cocultures according to APAP exposure.

5.2.2 Both compartments show viable and differentiated tissue properties

At the end of each experiment, culture inserts were collected and morphology was rou-
tinely monitored, by phase-contrast microscopy, to get a brief overview of tissue differ-
entiation. A representative sample of these observations is showcased in Fig.5.13.
Phase-contrast observations (Fig. 5.13) showed us that the pluristratification phenomenon
observed in monoculture conditions persisted in coculture while becoming more homog-
enized. The refractive clusters corresponded more to a stratification of the tissue than
to the secretion of mucus because it rather leaved a semi-opaque veil on the surface of
the tissue that it covered, letting the tissue beneath show through (monocultured non-
exposed controls in Fig. 5.13), but this was not the case here.
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MONOCULTURE

Dynamic monocultures

Non-exposed

COCULTURE

Non-exposed 0.5 mM APAP exposure

FIGURE 5.13: Phase contrast microscopy of monocultured and cocultured
semi-ALI untreated and 72-hour APAP-exposed Calu-3 bronchial tissues
on day 14. (Scale bar = 100 pm.

Pluristratification seemed to be more homogeneous on cocultured tissues because the re-
fringency is better diffused than that of the agglomerates observed in monoculture con-
ditions. No obvious morphological difference between exposed and unexposed tissues
were noticed. It seemed that APAP did not modify the morphology of the lung compart-
ment cultured in semi-ALI conditions.

The immunolabeling results presented in Fig.5.14 showed that the contiguous adherens
junctions formed under monoculture conditions did not persist for E-Cadherin in cocul-
ture settings. While the labeling remained highly localized for Claudin-1, E-Cadherin
underwent configuration changes that mostly delocalized its initial cell periphery label-
ing. It should also be noted that although the majority of junctions have been disrupted,
some of them remained in their original conformation in the cell periphery.
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E-Cadherin

Claudin-1

MONOCULTURE

Dynamic monocultures
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E-Cadherin

Claudin-1

COCULTURE

Non-exposed 0.5 mM APAP exposure 1 mM APAP exposure

FIGURE 5.14: Confocal microscopy imaging of nuclei (blue), Claudin-1
(green) and E-Cadherin (red) immunostained tight and adherens junction
complexes in semi-ALI monocultures and cocultures of Calu-3 bronchial
tissues at day 14 exposed and non-exposed to APAP. (Scale bar = 20 ym).
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Given that immunostainings revealed a configuration change in bronchial tight junctions,
affected by the culture mode, TEER measurements were conducted to further charac-
terize barrier functionality. Quantitative results are presented in Fig.5.15. In monocul-
ture conditions, TEER results had shown us (previously described in Chapter 3) that
APAP exposure (0.5 mM and 1 mM) disturbed the proper development of Calu-3 tis-
sue cohesion. Indeed, statistical analysis of the results had pointed out a significant dif-
ference between resistance values at d11 and d14 only regarding unexposed conditions
(2696 + 1153 Q).cm?), which attested to the progression of tissue integrity through time.
This effect faded in coculture, where APAP no longer had an impact on tissue integrity as
Kruskal Wallis Comparisons Test did not reveal any tissue resistance differences during
the culture period.
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FIGURE 5.15: Transepithelial electrical resistance (TEER) measurement of

monocultured and cocultured semi-ALI Calu-3 bronchial tissues over time

following 72h APAP exposures. Statistically analyzed by Kruskal-Wallis
test. n > 4

To further investigate cocultured Calu-3 barrier functions, MUC5AC were measured by
ELISA and the results are presented in Fig. 3.21. As for previous measurements de-
scribed in this thesis, the assays were carried out on post-culture supernatants. Event
though data samples were small it does not seem that MUC5AC concentrations of co-
cultured bronchial tissues were different from monocultures. In addition, average MUC
concentrations did not vary between APAP-exposed and non-exposed samples. These
measurements suggested that neither the culture mode nor the exposure of APAP at 0.5
mM and 1 mM impaired the development of semi-ALI bronchial tissues. However, be-
cause the available data was so limited, further quantification is required to support this
hypothesis.
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FIGURE 5.16: MUC5AC concentrations measured by ELISA in post-culture
supernatants of semi-ALI monocultured and cocultured Calu-3 bronchial
tissues. Statistically analyzed by Kruskal-Wallis test. n > 2

PrestoBlue measurements were performed to gain insight into the barrier’s viability (Fig.

5.17). The added presence of a hepatic biochip to the circuit did not seem to disturb the

bronchial mitochondrial activity.
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FIGURE 5.17: Bronchial mitochondrial activity of monocultured vs cocul-

tured APAP-exposed semi-ALI Calu-3 tissues measured by PrestoBlue™™

at d14 after 72h exposures. Statistically analyzed by Kruskal-Wallis test.
n>3
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Indeed, the measured activities remained comparable to the previously collected mono-
culture data. Mitochondrial biotransformation of reazurin in fluorescent resorufin re-
mained regular, despite 0.5 mM and 1 mM APAP exposures, no significant differences
were found between the different stress-induced conditions and culture modes.

Along with the controls performed on the lung compartment, we also monitored the
liver compartment by assessing the same kinds of parameters, i.e. viability and cell
metabolism, to attest to the impact of the presence of the bronchial barrier to the circuit,
and if this affected the biological response of the hepatic tissue to APAP exposure.
Trypan Blue cell counts were performed on biochips recovered at the end of the culture.
Quantitative data are shown in Fig. 5.18. Statistical analysis using the Kruskal-Wallis
test followed by the Dunn’s Multiple Comparisons Test, described that the cell counts
collected on the unexposed and 0.5 mM and 1 mM exposed biochips did not show any
significant cell count differences. APAP did not induce any cell death under co-culture
conditions and at the tested concentrations.
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FIGURE 5.18: Evolution of cell proliferation of cocultured HepG2/C3A
in semi-ALI coculture mode according to APAP exposure concentration.
Statistically analyzed by Kruskal-Wallis test. n > 3

To monitor hepatic differentiation status of HepG2/C3A biochips, albumin production
was measured in post-culture supernatants and results are shown in Fig. 5.19.

The collected data suggested that coculture albumin rates remain stable regardless of
APAP exposure. ANOVA statistical test revealed a significant decrease of albumin at
24 uM APAP exposure, which means that HepG2/C3A cocultured biochips perceive the
exposure as of 24 uM. Hepatic differentiation of hepatocyte-like cells was affected by low
exposure concentrations of APAP, starting from 24 yM.

To investigate if low exposure concentrations also induce the xenobiotic metabolism of
HepG2/C3A biochips, EROD assay were implemented.In addition, and as previously
mentioned, it was also relevant to investigate CYP1A1/2 activites since they are involved
in the metabolism of APAP to NAPQ]I, one of its secondary metabolites responsible for
its cytotoxicity.
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FIGURE 5.19: Albumin secretion rates of semi-ALI cocultured

HepG2/C3A biochips according to APAP treatment. Statistically an-

alyzed by ANOVA test, Tukey-Kramer post-hoc multiple comparisons
test. n > 3.

The results obtained are shown in Fig.5.20 and showed that hepatic cells comprised active
CYP1A1/2, displaying a basal activity level of approximately 61 + 34 pmol of resorufin
per hour per 10° cells (unexposed tissue). Statistical testing revealed no significant differ-
ence between the unexposed control and the exposed samples. CYP activity stabilized at
around 49 + 24 pmol of resorufin per hour per 10° cells. Thus, APAP did not induce an
increase in CYP1A1/2 activity at the 0.5 mM and 1 mM exposure concentrations over a

72-hour exposure period.
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FIGURE 5.20: Comparison of CYP1A1/2 activities in semi-ALI cocultured

HepG2/C3A biochips according to APAP exposure concentrations. Statis-
tically analyzed by ANOVA test. n > 3.
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5.3 Discussion

5.3.1 Highlighting the impact of coculture on the modulation of Calu-3 and
HepG2/C3A cellular stress response

Overall, present results show that the lung and liver compartments can be successfully
cocultured during 72 hours of joint culture as they display stable and functional cellu-
lar behaviors, similar to monoculture. The presence of a foreign tissue did not induce a
stressful culture environment for either of the tissues, a ROS assay would help confirm
this hypothesis, however, it did cause a reorganization of the Calu-3 tissue architecture.
The loss of Claudin-1 labeling at cell-cell contact sites should have resulted in increased
permeability of the barrier, as they are responsible for regulating access to paracellular
spaces [25], yet this was not the case. Mucociliary clearance, intercellular apical junc-
tional complexes, and protective mucus production all contribute to the barrier function
of the airway epithelial tract in vivo. As mucin metabolism was not altered in coculture,
and mucociliary clearance mechanisms do not apply to insert culture mode because the
system is closed, neither could have compensated for the preservation of Calu-3 perme-
ability. Understanding the involvement of the HepG2/C3A cells in maintaining Calu-3
permeability despite the loss of paracellular diffusion integrity would require further
study. As the lungs and liver do not interact directly in vivo, these effects have not been
observed or studied in the literature.

Nevertheless, the coculture setting allowed the passage of APAP through the Calu-3
barrier and into the circulatory system. Indeed, APAP was detected in the circulating
medium and likely reached the liver compartment as the hepatic homeostasis of the
biochip was impaired.

Overall APAP exposures elicited similar cellular behavior patterns, meaning that APAP
presence was associated with apparent cytotoxicity, however, the intensity of associated
adverse effects was reduced, and tissue responses followed a different kinetic in the co-
culture setting. While the presence of APAP-SULF and APAP-GLU in the medium is in-
dicative of active phase II metabolism, CYP1A activities allow following the production
of reactive NAPQI [13]. Indeed, while CYP1A were barely induced in monocultured 3
mM APAP-exposed biochips, activity measurements of cocultured HepG2/C3A biochips
reveal an earlier and 5-fold intenser induction, probably associated with increased pro-
duction of toxic NAPQI, however, associated cytotoxic effects are not proportional which
would mean that the detoxification of NAPQI is actively occurring. Moreover, given
that the literature documents that NAPQI targets mitochondrial proteins [21], its pos-
sible detoxification would also explain why the mitochondrial metabolism of Calu-3 is
higher than in the monoculture setting. Quantification of the APAP-GSH metabolite, re-
sulting from the detoxification of NAPQI, could clarify this hypothesis. However, it is
important to emphasize that the current data is not sufficient to identify the implication
levels of bronchial and hepatic metabolism in the biotransformation of APAP. For this
purpose, further metabolic screening of the hepatic biochip should be performed and the
Calu-3 compartment should be subjected to an array of metabolic tests to estimate the
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activity levels of phase I and Il DMEs.

As the exposure concentration raises (3 mM), cocultures seem to display disrupted hep-
atic and bronchial xenobiotic metabolism respectively as CYP1A activity reduce and
APAP-GLU and APAP-SULF metabolites are absence of the apical side of the bronchial
barrier. As a result, produced NAPQI could freely circulate through the coculture, no
longer undergoing enhanced detoxification processes previously described, which would
explain why the adverse effects are more pronounced than for 1.5 mM-APAP exposed
cocultures. However, even so, the effects remain diminished compared to their monocul-
tured counterpart where NAPQI was probably not detoxified either. Delayed cytotoxic-
ity suggests that at least a part of the NAPQI was metabolized into a non-toxic metabo-
lite (APAP-GSH), implying that the detoxification metabolism would have been at least
momentarily active during the 72-hour culture period, before the exhaustion of cellu-
lar defense mechanisms. To verify this hypothesis, the state of Calu-3 and HepG2/C3A
metabolisms could be punctually assessed throughout the coculture period to verify if a
gradual decrease occurs.

The present developmental model shows that a Calu-3 bronchial barrier and a HepG2/C3A
biochip can successfully be maintained viable and functional in a dynamic coculture set-
ting within the IIDMP box for 3 days. The hepatic and bronchial cellular responses to
APAP exposure were modified in a coculture setting, notably by the enhancement of cy-
toprotective detoxification processes resulting in delayed cytotoxicity, highlighting active
and functional organ crosstalk between both compartments of the coculture model. Sim-
ilar observations were assessed in other recently developed lung/liver models where a
delayed and protective decrease of toxicity was also observed following aflatoxin B1 ex-
posures [30], [31].

5.3.2 Revealing the sensitivity of the coculture model to low exposure doses

Present data show that ALI differentiation did not perturb the coculture model, i.e. both
bronchial barrier and HepG2/C3A can maintain viability and functionality in a joint cul-
ture setting. Much like the developmental model, it appears that the presence of the
HepG2/C3A biochip disrupted the architecture of the semi-ALI Calu-3 tissue through
the loss of E-Cadherin labeling. E-Cadherin adherens junctions are calcium-dependent
junctions responsible for cell-cell adhesion and are also involved in the regulation of ep-
ithelial differentiation and the immune response in stress-induced environments. While
it seems that tissue cohesiveness has not been compromised, the lack of differentiation
can be seen in the tissue’s loss of pseudostratification. Further investigation is required
to comprehend the influence of the HepG2/C3A biochip on the development of Calu-3
tissue. However, before considering any model complexification, commonly through the
inclusion of immune cells (e.g. macrophages) in toxicological models, E-Cadherin loss
should be addressed and corrected as they also are involved in the immune response in
stress-induced environments, as their absence correlates with an increase in proinflam-

matory activity in bronchial epithelium (e.g. increased T helper type 2-mediated factors)
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which could constitute an epithelial molecular switch from a tolerogenic to an immuno-
genic phenotype [355]. Thus, disruption of the E-Cadherin network in Calu-3 tissues
would therefore compromise the relevance of predictive studies.

Nevertheless, APAP was able to cross the barrier of the physiological-like model and join
the circulating media, and even at low exposure concentrations, APAP still appears to be
able to reach the hepatic compartment, as evidenced by the slight changes in hepatic al-
bumin synthesis. The cellular behaviors of the coculture in response to APAP treatments
are similar to those observed in monocultures, i.e., no reported interferences with the vi-
ability or functionality of the hepatic and bronchial compartments.

The present coculture model is metabolically competent enough to handle low exposure
doses as APAP-GLU and APAP-SULF metabolites were strongly detected in post-culture
media, and it seems that both hepatic and bronchial metabolism are involved in the bio-
transformation of APAP as metabolites were found in apical and basal compartments of
the culture platform. Even though the present physiological-like model requires further
adjusting to enable the proper differentiation of the Calu-3 barrier, ALI systems seem
promising to refine pulmonary responsiveness of epithelial cells to xenobiotic exposure
as the literature reported that this was the case for other pulmonary cells such as ALI
cocultured A549 and THP-1, in response to ceria and titania nanoparticle exposure [356].
Panas et al. revealed also how ALI increased the release of IL-8 in A549 in stress-induced
environments, a major mediator of the inflammatory response, compared to submerged
conditions [357].
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In an effort to contribute to the emergence of new alternative approaches for improved
inhalation risk assessments, we introduce a new lung/liver coculture model allowing to
acknowledge toxicity at a further systemic level.

During this thesis, we successfully recreated HepG2/C3A biochip and Calu-3 bronchial
barrier models to use as the building blocks of the present lung/liver coculture model.
Characterizing tissue-specific behaviors of monocultures prior to coculture allowed to
better understand and identify lung/liver-specific interactions. The present model was
characterized using a well-documented hepatotoxicant: APAP. APAP exposure to the
pulmonary barrier is not physiological but allowed for quantitative passage and circula-
tion through the device, as it interfered with hepatic homeostasis, proving that a given
substance was capable of transiting and interacting with both compartments of the plat-
form. 2 kinds of lung/liver models were developed:

¢ The developmental model allowed the technical set up of the model.

* The physiological-like model began to better approximate human vivo differentia-
tion and exposure conditions, as ALI opens the way to physiological aerosolized
exposures (e.g. nebulized exposure via the VitroCell® Cloud device).

Although preliminary, present results report that the developed model emulates active
and functional in vitro crosstalk between a bronchial barrier and a liver biochip, and that
this interaction is seemingly responsive to high and low xenobiotic exposure doses. In the
context of APAP-induced toxicity, the crosstalk induced a modulation of stress response
dynamics, delaying cytotoxicity, proving that xenobiotic fate, biological behaviors and
cellular stress responses can be modulated in a broader systemic-like environment.

Although the existing interactions between the lungs and the liver are recognized, dedi-
cated study models continue to rely on the use of in vivo tests. The literature reports a rise
of lung/liver coculture platforms that offer the possibility to connect pulmonary tissue
models (bronchial or alveolar) with hepatocytes for the evaluation of inhaled xenobiotics
[30], [31], [358]. The present coculture model offers a novel way of cost-effectively co-
culturing pulmonary and hepatic reconstructs and its apparent functionality allows to
obtain preliminary investigate predictions in 72 hours. The present model offers a huge
culture versatility, as the IDMP box that houses the coculture displays a plug-and-go de-
sign. Indeed, culture platform integrates culture insert and biochip culture modes, both
of which have been utilized for many kinds of cultures. Studies of complexification of
the pulmonary compartment are underway, in particular by using hAELVI cells (healthy
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human alveolar cell line) in order to recreate an alveolar-capillary barrier. This versa-
tility could allow to modulate the model according to the molecule of interest, bearing
in mind that the physico-chemical properties influence the in vivo deposition in the res-
piratory tract, the current configuration allows to modify the nature of the pulmonary
compartment according to the study. Considering that epithelial barrier functions are
driven by mucus secretion, junctional network but also immune signaling, the addition
of immune cells could also improve the relevancy of observed biological outcomes. Thus,
immunocompetent pulmonary in vitro models are emerging in toxicology intended mod-
els [359], [360]. Regarding the hepatic compartment, the biochip used during this study
has been previously declined through architecture and cellular composition accessing a
portfolio of different hepatic models, notably leveraging the culture of different cell types
such as primary human and animal cells, and iPSCs [361]-[363].

The culture versatility offered by the culture supports used in this model suggest that
the lung/liver device could easily be tailored to offer better functionality and vitro to vivo
extrapolation, to empower the predictivity of the coculture model.

Overall, the model will likely benefit from improvements to optimize ALI exposure mode
and to complexify pulmonary and hepatic reconstructs to obtain a better representation
of the vivo. The present lung/liver co-culture displays promising potential to empower
the prediction of inhalation-like exposures.
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FIGURE 5.21: Schematic representation of the present coculture model
comprising a pulmonary barrier and a hepatic biochip joined in a closed
microfluidic culture circuit. Made by Dr. Augustin Lerebours.
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